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ABSTRACT

Previous studies have identified an elevated crash
injury risk of 8-12 year olds restrained in seat belts
compared to their younger counterparts in child
restraints. This age group is of particular importance
as they represent the transition age between those
recommended to use an add-on restraint system such
as a booster seat versus those recommended to use
the adult seat belt system provided with the vehicle.
In order understand the unique restraint needs of this
particular age group, research is needed to compare
their injury risk to other age occupants following best
practice for restraint. Therefore the objective of this
project was to compare the injury risk for children
and adults who are age-optimally restrained (by seat
row and restraint type) and understand the influence
of the contributing factors to the risk.

Data were used from the Partners for Child
Passenger Safety (PCPS) study and the National
Automotive Sampling System (NASS). PCPS data
from 1998-2007, collected from crashes reported to
an insurance company in 15 states and DC, were
used. NASS data from 2000-2009, collected from
police reported towaway crashes throughout the US,
were used. For both data sets, crashes were limited
to vehicles of model year 1998 and newer. For NASS
data, efforts were made to limit the crashes to those
involving child occupants by identifying typical crash
deformation classifications in child-involved crashes.

The AIS 2+ (PCPS and NASS) and AIS3+
(NASS) injury risks were calculated. For PCPS, the
following age groups of rear seated occupants were
compared: children <1 year of age in rear facing child
restraints (RFCRS), children 1-3 years in forward
facing child restraints (FFCRS), children 4-7 years in
belt-positioning boosters, children 8-12 years in seat
belts, and children 13-15 years in seat belts. In
addition, the injury risks for children age 13-15 years
in seat belts in the front seat were included. For
NASS, injury risks were compared for the following
rear seated age groups - 8-12 years, 13-15 years, 16-

24 years, 25-54 yrs, 55+ years — and front seated age
groups - 13-15 years, 16-24 years, 25-54 yrs, 55+
years.

For the PCPS data, compared to children age 1-3
years in FFCRS, rear seated children 8-12 years were
1.9 times more likely to sustain an AIS2+ injury. For
the NASS data, rear seated 8-12 year olds had a
slightly lower AIS 2+ (2.4%) and AIS 3+ (0.92%)
injury risk compared to 25-54 year olds in the front
seat (3.2% and 1.2% respectively) (chosen as the
reference due to the regulatory focus on this age and
seat position) while rear seated 13-15 year olds had a
similar injury risk to adults in the front seat. In
addition to comparison of the overall injury risks,
there are important differences in the body regions of
injury that suggest different mechanisms of how the
seat belt applies loads across age groups.

INTRODUCTION

For the past several years in the United States,
eight years of age has been the recommended age at
which one should transition from a belt positioning
booster seat and a lap-shoulder belt as the only form
of restraint. (NHTSA, 2011) This transition point is
reflected in state child restraint laws where the
strictest laws prohibit use of a lap shoulder belt alone
until the age of 8 years. (IIHS, 2011) In comparison,
the Swedish recommendation suggests delaying use
of the lap-shoulder belt as the only form of restraint
until approximately 10 years of age and a minimum
of 135cm height. (Andersson, 2010)

Recent revisions to the American Academy of
Pediatrics Best Practice Recommendations for Child
Restraint have strengthened and clarified the US
recommendations by stating that most vehicle seat
belts do not fit children until they are 4’ 9” (145 cm)
tall and 8 to 12 years old. (American Academy of
Pediatrics, 2011) However, based on NHTSA’s 2009
National Survey of the Use of Booster Seats, 47% of
6 and 7 year olds had already made the transition to
seat belts, and only 6% of 8-12 year olds were using
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some form of child restraint. (NHTSA, 2010) These
findings suggest that while the public health message
of encouraging booster seat use well past age 8 years
remains important, a detailed understanding the
current crash injury risk to 8-12 year olds may reveal
insight that leads to the development of alternative
restraint countermeasures for this age group.

In order to prioritize countermeasure
development, one needs to examine the crash risk
associated with seat belt restrained 8-12 year olds in
context of the protection provided to other occupants
that are following best practice for restraint for their
age. By comparing the injury risk to young pre-
teenagers restrained in seat belts to both those
younger than them in child restraints and those older
than them in seat belts, any unique needs associated
with this particular age group will be highlighted.

Therefore the objective of this project was to
compare the injury risk for children and adults who
are age-optimally restrained (by seat row and
restraint type) and understand the influence of the
contributing factors to the risk.

METHODS

Data were used from the Partners for Child
Passenger Safety (PCPS) study and the National
Automotive Sampling System (NASS).

PCPS is a large-scale, child specific crash
surveillance system: insurance claims from State
Farm function as the source of subjects, with
telephone survey and on-site crash investigations
serving as the primary sources of data. A description
of the study methods has been published previously
(D. Durbin et al., 2001). Data were collected from
December 1, 1998, to November 30, 2007. Passenger
vehicles qualifying for inclusion were State Farm-—
insured, model year 1990 or newer, and involved in a
crash with at least one child occupant less than 16
years of age. Qualifying crashes were limited to those
that occurred in sixteen states and the District of
Columbia, representing three large regions of the
United States (East: NY, NJ [through 11/01], PA,
DE, MD, VA, WV, NC, DC; Midwest: OH, MI, IN,
IL; West: CA, NV, AZ, TX [starting 6/03]).

A stratified cluster sample was designed in order
to select passenger vehicles (the unit of sampling) for
the conduct of a telephone survey with the driver.
Probability sampling was based on two criteria:
whether the vehicle was towed from the scene or not
and the level of medical treatment received by the
child passenger(s). If a vehicle was sampled, the
cluster of all child passengers in that vehicle was
included in the survey.

Separate verbal consent was obtained from
eligible participants for the transfer of claim
information from State Farm to Children Hospital of

Philadelphia/University of Pennsylvania, for the
conduct of the telephone survey, and for the conduct
of on-site crash investigations on a smaller
convenience sample of crashes. The study protocol
was reviewed and approved by the Institutional
Review Boards of both the Children’s Hospital of
Philadelphia and the University of Pennsylvania
School of Medicine.

PCPS survey questions regarding injuries to
children were classified by body region and severity
based on the Abbreviated Injury Scale (AIS) score
(1998 version). The ability of parents to accurately
distinguish AIS-2 or greater injuries from those less
severe has been previously validated for all body
regions of injury (Durbin et al., 1999). For the
purposes of this study, injury was defined as all
injuries with AIS scores of 2 or greater including
skull fracture and brain injuries, facial bone fractures,
spinal cord injuries, internal organ injuries, and
extremity fractures. PCPS data from 1998-2007 were
used.

NASS-CDS is a nationally representative
database collecting cases from a probability sample
of all police-reported, towaway, light motor vehicle
traffic crashes in the United States resulting in a
range of injury outcomes from no injury to fatality.
NASS data from 2000-2009 were used.

For both data sets, crashes were limited to
vehicles of model year 1998 and newer and
occupants in outboard positions only. For NASS data,
crashes were limited to those in which there was a
child occupant in the vehicle in an effort to ensure the
crashes in which the injury risks were being
evaluated were similar across ages.

The primary purpose of these analyses was to
compute the adjusted relative risk of injury for age-
optimally restrained child and adult occupants by seat
row and restraint type. The AIS 2+ (PCPS and
NASS) and AIS3+ (NASS) injury risks were
calculated. For PCPS, the following age groups of
rear seated occupants were compared: children 1-3
years in forward facing child restraints (FFCRS),
children 4-7 years in belt-positioning boosters,
children 8-12 years in seat belts, children 13-15 years
in seat belts. In addition, the injury risks for children
age 13-15 years in seat belts in the front seat were
included. For NASS, injury risks were compared for
the following rear seated age groups - 8-12 years, 13-
15 years, 16-24 years, 25-54 yrs, 55+ years — and
front seated age groups - 13-15 years, 16-24 years,
25-54 yrs, 55+ years.

Because sampling was based on the likelihood of
an injury, subjects least likely to be injured were
underrepresented in the study sample in a manner
potentially associated with the predictors of interest.
Failing to account for the sample design in the
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analysis of data would lead to biased estimates of the
prevalence of exposures of interest, as well as the
outcome, and might also lead to biased estimates of
the association between seating position and risk of
injury. To account for the stratification of subjects
by medical treatment, clustering of subjects by
vehicle, and the disproportional probability of
selection, Taylor series linearization estimates of the
logistic  regression parameter variance were
calculated using SAS-callable SUDAAN: software
for the statistical analysis of correlated data, version
10.0.1 (Research Triangle Institute, Research
Triangle Park, NC, 2011). Results of logistic
regression modelling are expressed as adjusted odds
ratios with corresponding 95% CI. Because injury is
a relatively rare event, the odds ratio can be
interpreted as a good estimate of relative risk.
Adjustments included age/restraint use combinations,
vehicle type, driver age, gender, and restraint status,
vehicle model year, and crash severity.

RESULTS

For the PCPS data from 12/1/98-11/30/2007, survey
information was obtained on 3,995 children in
crashes who were weighted to represent 75,400
children. Characteristics of their restraint status and

age as well as driver and crash parameters are
described in Table 1.

Table 1.
PCPS data (12/1/98-11/30/07) 75,400 weighted
(3,995 unweighted)

% (unweighted
n)

Age/Restraint Groups
<1 year, rear row, RFCRS 6.0 (203)
1-3 years, rear row, FFCRS 24.3 (790)
4-7 years, rear row, BPB 14.7 (446)
8-12 years, rear row, L/S belt 28.2 (1,213)
13-15 years, rear row, L/S belt 10.4 (491)
13-15 years, front row, L/S 16.4 (852)
belt
Vehicle type
Passenger Car 39.2 (1,756)
Cargo Van 1.6 (62)
Pickup Truck 5.9 (230)
SUV 28.1(1,053)
Minivan 25.2 (894)
Driver Age <25 years 12.4 (646)
Driver Male 29.2 (1,207)

Driver Restrained 97.2 (3,858)
Model Year (2002-2008) 38.1(1,325)
Crash Severity

Any Intrusion 2.7 (447)
Any Towaway 36.6 (2,292)
None 60.7 (1,256)
AIS 2+ injury 0.73 (376)

(Limited to M/Y 1998+, outboard seated only)

For the PCPS data, the AIS 2+ injury risks are shown
in Figure 1.

2
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AIS2+ Injury Risk (%)

RFCRS, <1 FFCRS, 1- BPB, 4-7 L/Sbelt, L/Sbelt, L/Sbelt,
yr, rear 3yrs,rear yrs, rear 8-12yrs, 13-15yrs, 13-15 yrs,
rear rear front

Figure 1.AIS2+ injury risks for those children
following age-appropriate restraint best practice.

Compared to children age 1-3 years in FFCRS, rear
seated children 8-12 years and 13-15 years were 3.5
and 2.5 times more likely to sustain an AIS2+ injury,
respectively. (Table 2) 13-15 year olds in the front
seat were 4.8 times more likely to be injured.

Table 2.
AIS2+ injury risk by age-restraint type presented
as adjusted odds ratios and 95% confidence
intervals (PCPS data)

Restraint/age/seat row Adjusted | 95%

OR CI
<1 year, rear row, RFCRS | 0.35 0.16-
0.77

1-3  years, rear row, | Reference
FFCRS

4-7 years, rear row, BPB 1.76 0.89-

3.48
8-12 years, rear row, L/S | 3.52 2.07-
belt 5.95
13-15 years, rear row, L/S | 2.55 1.58-
belt 4.09
13-15 years, front row, | 4.82 2.96-
L/S belt 7.85
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In order to gain insight into the mechanisms of these
injuries, Table 3 presents the body region specific
injury risks for the age-appropriate restraint
groupings.
Table 3.

Body region specific AIS 2+ injury rates per 1,000
children in crashes (PCPS data). H: Head, F:
Face, C: Chest, A: Abdomen, S: Spine, UE: Upper
extremity, LE: Lower extremity

All | H F C A S UE | LE

RFCRS,
<lyr,
rear 1.1 ] 0.9 0102 0 0 004

FFCRS,
1-3 yrs,
rear 3617104 (01]01]01]03]1.0

BPB, 4-7
yrs,rear | 35241020202 004105

L/S belt,
8-12 yrs,
rear 8038|1008 12]02]15]07

L/S belt,
13-15 yrs,
rear 82161 [108]06|09]06|08|03

L/S belt,
13-15 yrs,
front 171791103704 ]02]|3.1] 1.8

For the NASS data from 2000-2009, data was
obtained on 2,588 subjects in crashes who were
weighted to represent 852,601  occupants.
Characteristics of the occupants as well as driver and
crash parameters are described in Table 4. All
subjects are seat belt restrained and all crashes had at
least one occupant <16 years of age in the vehicle.

Table 4.
NASS data 2000-2009, 852,601 weighted (2,588
unweighted)
% (unweighted
n)

Age/Row Groups
8-12 years, rear row 32.0 (662)
13-15 years, rear row 11.9 (328)
16-24 years, rear row 6.5 (182)
25-54 years, rear row 3.9 (120)
55+ years, rear row 0.6 (40)
13-15 years, front row 16.5 (409)
16-24 years, front row 7.7 (234)
25-54 years, front row 17.9 (516)
55+ years, front row 3.0 (97)
Vehicle type
Passenger Car 50.2 (1,277)
Cargo Van 0.5 (18)

Pickup Truck 7.1 (182)
SUvV 25.2 (744)
Minivan 17.0 (367)
Driver Age <25 years 20.9 (623)
Driver Male 39.6 (1,177)
Driver Restrained 96.4 (2,506)
Model Year (2002-2010) 48.2 (1,381)
AIS 2+ injury 3.15(290)
AIS3+ injury 1.28 (149)

For the NASS data, rear seated 8-12 year olds had a
slightly lower AIS 2+ and AIS 3+ injury risk
compared to 25-54 year olds in the front seat while
rear seated 13-15 and 16-24 year olds had a similar
injury risk to adults in the front seat. (Figure 2)

Rear seated 8-12 year olds had a slightly lower AIS
2+ and AIS 3+ injury risk compared to 25-54 year
olds in the front seat while rear seated 13-15 and 16-
24 year olds had a similar and potentially elevated
injury risk to adults in the front seat. (Table 5)

Table 5.
AIS2+ and AIS 3+ injury risk by age-seat row
presented as adjusted odds ratios and 95%
confidence intervals (NASS data)

Age/seat row | AIS2+ | 95% | AIS3+ | 95%
Adj. CI Adj.OR | CI
OR
8-12 years, | 0.81 0.45- | 0.81 0.33-
rear row 1.45 2.01
13-15  years, | 1.31 0.60- | 1.03 0.37-
rear row 2.87 2.88
16-24  years, | 1.10 0.56- 1.67 0.64-
rear row 2.17 435
25-54  years, | 1.26 0.52- 1.71 0.43-
rear row 3.02 6.81
55+ years, rear | 3.92 1.03- | 2.72 0.53-
row 14.92 13.87
13-15  years, | 0.74 0.29- | 0.79 0.40-
front row 1.86 1.56
16-24  years, | 0.79 0.36- | 0.99 0.46-
front row 1.72 2.13
25-54  years, Reference
front row
55+ years, | 1.92 0.67- 1.69 0.48-
front row 5.51 593
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Table 6a and 6b presents the body region specific
injury risks (AIS 2+ and AIS3+) for the age-seat row
groupings.
Table 6a.

Body region specific AIS 2+ injury rates per 1,000
occupants in crashes (NASS data). H: Head, F:
Face, C: Chest, A: Abdomen, S: Spine, UE: Upper
extremity, LE: Lower extremity

H F C A S UE | LE

8-12
years, | 47 | 42| 3.0 | 48 | 1.6 | 82 | 5.1
rear

13-15
years, | 153 |39 | 72 2.1 2.8 | 10.1 15
rear

16-24
years, | 199 | 81 | 153 | 83 23 | 11.3 | 88
rear

25-54
years, | 108 | 0 | 26 | 0.8 | 11.7 | 233 | 19
rear

55+
years, | 11.8 | 3.9 | 12.7 | 6.0 18.9 | 279 30
front

13-15
years, | 5.8 | 0.2 | 4.1 1.8 24 34 18.4
front

16-24
years, | 7.7 | 5.6 | 8.7 09 0.3 12.6 | 104
front

25-54
years, 56 | 09| 59 1.4 2 17.3 8.6
front

55+
years, | 61.6 | 0 | 346 | 263 | 9.6 | 204 | 12.3
rear

12

Table 6b.
Body region specific AIS 3+ injury rates per 1,000
occupants in crashes (NASS data). H: Head, F:
Face, C: Chest, A: Abdomen, S: Spine, UE: Upper
extremity, LE: Lower extremity

H F C A S UE | LE

8-12
years, 14 | 3.8 3 07 08| 04 1.4
rear

13-15
years, 1.4 0 7.2 1.5 1.7 3.7 5.8
rear

16-24
years, 9.5 0| 142 6.5 0.3 0] 08
rear

25-54
years, 9.8 0 1.2 0 1.7 8.2 0.5
rear

55+
years, | 11.8 0 8.8 04 6.6 | 11.3 7.3
front

13-15
years, 1.2 0 4.1 1.3 1.8 1.3 4
front

16-24
years, 1.6 0 8.5 0.8 0| 25 5.7
front

25-54
years, 2.6 0 3.4 0.8 1.3 34 4.5
front

55+
years, 1.7 0| 184 ]| 167 | 9.6 0| 79
rear

10

W AIS 2+ T AIS 3+

Injury Risk (%)

4
| I I I |
0_ T T T T T

I T I T I 1

8-12 years, rear 13-15 years, 16-24 years, 25-54 years,

rear rear rear

55+ years, rear  13-15 years, 16-24 years, 25-54 years, 55+ years, front

front front front

Figure 2. AIS2+ and AIS 3+ injury risks for seat belt restrained occupants stratified by age and seat row

(NASS data).
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DISCUSSION

This paper compared to injury risks of 8-12 year
old seat belt restrained occupants with those younger
than them in child restraints as well as those older
than them in seat belts. All occupants studied were
following best practice restraint recommendations for
age. This age group represents the transition point
between add-on restraint systems and using the
vehicle provided seat belt system.

Compared to their younger counterparts, seat belt
restrained child occupants age 8-15 years were at
elevated risk of AIS 2+ injury.  Specifically
compared to children age 1-4 years in forward facing
child restraints, those 8-12 years restrained in seat
belts were 3.5 time more likely to sustain an AIS2+
injury. While head injuries were the most common
body region of injury for all age groups, those 8-12
years old had involvement of many other body
regions in their injury pattern. In particular, injuries
to the chest and abdomen become more prominent.
The injury risk to 8-12 year olds in the rear seat is
very similar compared to rear seated teenagers — age
13-15 years — many of whom are adult size. As
expected when these teenagers move the front seat,
their injury risk doubles reflecting current knowledge
about the elevated risk associated with front seating
(Arbogast et al, 2009).

In the analyses comparing the 8-12 year old rear
seated occupants to similarly restrained adult
occupants using NASS data, this paper implemented
novel methodology of restricting the adult crashes to
those in which a child less than 16 years of age was
in the vehicle. The premise of this methodological
step was the hypothesis that crashes involving child
occupants are different in key characteristics than
crashes with no child occupants in the vehicle. An
evaluation of how age modulates the protection
provided by the adult seat belt must compare across
similar crashes. For example, if adults (without
children in the vehicle) are in more severe crashes
(e.g. different crash types, different delta v) then their
injury risk in the same restraint may be higher for
reasons that are not related to the age-related
performance of the seat belt. This may bias the
comparison between pre-teen and adult occupants
restrained in seatbelts in a way that masks any
potential elevated injury risk in the child. However,
in our current sample of similar crashes, compared to
rear seated adults age 25+ years, the child injury risk
was lower. Future analyses will formally test the
hypothesis of differences in crash characteristics
between child-involved and non-child involved
crashes.

Compared with 25-54 year old occupants in the
front row (chosen as the reference due to the
regulatory focus on this age and seat position), pre-
teen and teenage occupants show non-significant
differences in AIS2+ injury risk. The point estimates
for 8-12 year olds show a lower injury risk compared
to adults in the front seat while that for the 13-15 year
olds is elevated. Similar trends exist for AIS3+
injury. The lack of statistical significance of these
findings suggests typical benefits associated with rear
seating may not be fully realized for these younger
age groups. For those 8-12 years of age, compared to
other age groups, the importance of abdominal
injuries and the decreased incidence of thoracic
injuries are notable.  Future research should explore
the specific anatomic diagnoses of these injuries and
investigate specific mechanisms to understand further
how the seatbelt (both the lap and shoulder portion)
may apply loads differently to these age groups.

One limitation of this study is evidenced by the
large confidence intervals, due to limited sample size
of children and adults age 13+ years in the rear seat.
Furthermore, the strategy of limiting the adult crashes
to those in which a child occupant was also in the
vehicle substantially contracted the adult population
available to study. While the authors remain
convinced this step is critical to the line of analyses,
other analytical methods to ensure comparison of the
age-modulated injury risk associated with seat belt
restraints is being made across similar crashes needs
to be explored.

CONCLUSIONS

This paper provides a comparison of injury risks
for those occupants who are following best practice
for their age — in seat position and restraint type with
a particular focus on those 8-12 years as they
represent the transition point between the use of add-
on restraint systems and using the restraints provided
with the vehicle. The analysis attempts to ensure a
comparison of risks across similar crash conditions
by limiting the adult data to those crashes in which a
child occupant is in the vehicle.

A principal finding is the elevated injury risk
experienced by 8-12 year old child occupants who
are following best practice for seat belt restraint.
Using PCPS data, compared to children in forward
facing child restraints, rear seated, seat belt restrained
8-12 year olds are at 1.9 times increased risk of AIS
2+ injury. However in comparison to 25-54 year olds
in the front seat, NASS data analyses demonstrated
that rear seated 8-12 year olds had a slightly lower
but non-significant AIS 2+ and AIS 3+ injury risk.
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Similarities between 8-12 year old injury risk in the
rear seat and 25-54 year old injury risk in the front
seat suggests typical benefits associated with rear
seating may not be fully realized for this younger age
group.
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ABSTRACT

Child occupant safety has been evaluated in the
European New Car Assessment Program (Euro
NCAP) since 2003. Now child protection is being
given more and more attention by car manufacturers.
To keep up with global developments, China NCAP
(CNCAP) has also started conducting child occupant
safety assessment in high speed impact tests from Jan.
2010. SAIC Motor company has carried out a series
of CNCAP and Euro NCAP tests using several
brands of CRSs: 50kph full frontal rigid barrier (FRB)
tests, 64kph offset deformable barrier (ODB) tests,
and 50kph moving deformable barrier (MDB) side
impact tests. In this paper, safety performance of
different types of CRSs were compared on the basis
of the test results. Child dummy kinematics and
responses were influenced by both the vehicle crash
pulse and the safety performance of the CRS itself.
The injury assessment values for P3 on the barrier
overlap side in the 64kph ODB tests were generally
lower than those in the 50kph FRB tests. In front
impact tests, the vehicle crash pulse had much more
influence on the head acceleration than the chest
acceleration, while the chest acceleration was more
dependent on the CRS internal restraint system. In
the side impact test, the P1.5 head of the struck side
was contained within the boundary of the CRS shell
during the entire crash event. The head accelerations
for both P1.5 and P3 dummies in the side impact test
were all much better than the threshold value
indicated for better performance in Euro NCAP
testing.

INTRODUCTION

The main function of earlier CRSs (Child restraint
systems) was to contain child occupants, without

much attention being paid to providing good
protection to CRS occupants in accidents. The first
regulation that was issued in 1971 specifically for
child restraint system was Federal Motor Vehicle
Safety Standard (FMVSS) 213 in the United States.
That was followed in 1982 by the European
regulation ECE R44 [1]. CRSs which are approved
through these regulations afford good protection to
children in accidents.

There are many types of CRSs suitable for different
age groups of children. According to different
installation methods for a CRS in a vehicle, a CRS
which can be installed by using a vehicle seat belt is
called a universal CRS, while a CRS which can be
installed by wusing an ISOFIX (International
Organization for Standardization, FIX) anchorages
system is called an ISOFIX CRS.

Front 64kph ODB test and side 50kph MDB test are
the two tests in which TNO P-series dummies P3 (3
years old) and P1.5 (1.5 years old) are positioned in
the vehicle outboard rear seats in Euro NCAP testing.
CNCAP introduced child safety assessment in full
frontal 50kph FRB test from Jan. 2010. For the
CNCAP 50kph FRB test, P3 is positioned in the
vehicle outboard rear seat, and in the opposite side a
Hybrid III 5%ile female dummy is positioned.

SAIC Motor has carried out a series of tests
according to Euro NCAP and CNCAP protocols. In
this study, test data was collected from 8 FRB tests, 2
ODB tests, and 1 MDB test using different CRSs in
different cars. By comparing the child dummy
kinematics and responses — head and chest
accelerations, head forward excursion in front impact
tests, and head containment in side impact test, the
safety performances of different CRSs were assessed.
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METHOD
Frontal SOkph FRB tests

CNCAP assesses the child occupant safety by using a
P3 dummy in 50kph FRB tests. Three brands of
CRSs were used in eight 50kph FRB tests for the
vehicles manufactured by SAIC Motor, listed in
Tabel 1. Vehicles A to D were all passenger cars,
Vehicle D being a compact car. Vehicle E was an
SUV. Vehicles A and B had ISOFIX anchorage
systems in the outboard rear seats, and others did not.
Four distinctly different installation methods as
specified in Table 1 were used for installing the CRSs
to vehicles. CRS 1 (Figure 1) used in Tests 01 and 02
was installed by ISOFIX and support leg. CRS 2
(Figure 2) used in Tests 03, 04, and 05 was installed
by vehicle 3-point seatbelt. CRS 3-1 (Figure 3) used
in Test 06 was installed by LATCH (Lower
Anchorage and Tether for Children), while CRS 3-2
(Figure 4) used in Tests 07 and 08 was installed by
vehicle 3-point seatbelt. CRSs 1 and 2 were internal
S5-point harness type. CRSs 3-1 and 3-2 were
impact-shield type. In all the tests listed in Table 1,
P3 dummy was restrained in the CRSs and was
positioned in the vehicle right-side rear seat.

Table 1.
Frontal S0kph FRB test matrix
Leost Vehicle ~ CRS CRS;}:i;a;::t“’“
01 A CRS 1 ISOFIX and support leg
02 B CRS 1 ISOFIX and support leg
03 C CRS 2 vehicle 3-point seatbelt
04 D CRS 2 vehicle 3-point seatbelt
05 E CRS 2 vehicle 3-point seatbelt
impact-shield type,
06 B CRS 3-1 installed by LATCH
impact-shield type,
07 C CRS 3-2 installed by vehicle
3-point seatbelt
impact-shield type,
08 D CRS 3-2 installed by vehicle

3-point seatbelt

< NN
Support leg  Shoulder belt
ISOFIX lower anchorages
Figure 1. CRS 1 in

Tests 01 and 02

(50kph FRB)

Figure 2. CRS 2 in
Tests 03, 04, and 05
(50kph FRB)

Top tether
anchorage
-

2 S
ISOFIX lower anchorages

Figure 3. CRS 3-1 in Test 06 (SOkph FRB)

shield

Shoulder belt Lap belt

Figure 4. CRS 3-2 in Tests 07, 08 (50kph FRB)
Frontal 64kph ODB tests

Euro NCAP assesses the child occupant safety by
using both P3 and P1.5 dummies in 64kph ODB tests.
P3 and P1.5 restrained by CRSs are positioned on the
vehicle outboard rear seats behind the driver side and
the front passenger side respectively. Two brands of
CRSs were used in two 64kph ODB tests for
Vehicles A and B, listed in Table 2. Vehicles A and B
were the same types of Vehicles A and B listed in
Table 1. Vehicle A was a left-hand drive passenger
car, and Vehicle B was a right-hand drive passenger
car.

Table 2.
Frontal 64kph ODB test matrix
Test . CRS installation
No. Vehicle CRS method
Forward-facing,
IC_I;g ISOFIX and
01 A support leg
CRS Rearward-facing,
ISOFIX and
1-P1.5
support leg
Forward-facing,
ZC_I;? ISOFIX and
top tether
02 B -
CRS Rearward-facing,
ISOFIX and
2-P1.5
support leg

CRS 1-P3 was a CRS installed by a forward-facing
ISOFIX base with a support leg (Figure 5a), while
CRS 1-P1.5 was a CRS installed by a
rearward-facing ISOFIX base with a support leg
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(Figure 5b). CRS 2-P3 was a forward-facing CRS
with ISOFIX and top tether for installation (Figure
6a), while CRS 2-P1.5 was a rearward-facing CRS
with ISOFIX and support leg for installation (Figure
6b).

(a) Forward-facing (b) Rearward-facing

CRS 1-P3 CRS 1-P1.5
Figure 5. CRSs 1-P3 and 1-P1.5 in Test 01
(left-hand drive passenger car) (64kph ODB)

= N

(a) Forward-facing (b) Rearward-facing
CRS 2-P3 CRS 2-P1.5

Figure 6. CRSs 2-P3 and 2-P1.5 in Test 02

(right-hand drive passenger car) (64kph ODB)

Side 50kph MDB test

Euro NCAP also assesses the child occupant safety
by using both P3 and P1.5 dummies in side 50kph
MDB tests. P1.5 and P3 restrained by CRSs are
positioned on the vehicle rear seat behind the driver
side and the front passenger side respectively. P1.5 is
on the struck side. Two CRSs were used in the 50kph
MBDB test for Vehicle A, given in Tabel 3. Figure 7
shows the positions of the CRSs and dummies before
the test. The CRS shown in Figure 7 was the same
brand of CRS used in the 64kph ODB Test 01 shown
in Figure 5.

Tabel 3.
Side 50kph MDB test matrix
Test . CRS installation
No. Vehicle CRS method
Rearward-facing,
l(-jliSS ISOFIX and
) support leg
01 A ;
CRS Forward-facing,
ISOFIX and
1-P3
support leg

(a) CRS 1-P1.5

(b) CRS 1-P3
Figure 7. CRSs 1-P1.5 and 1-P3 in Test 01
(50kph MDB)

The instrumentations of the P3 and P1.5 used in the
tests listed in Tables 1, 2, and 3 included head and
chest uniaxial accelerometers. Electronic data was
sampled at 10,000 samples/sec and was filtered at
SAE J211 prescribed filter classes.

RESULTS
Frontal SOkph FRB tests

The right side B pillar base x decelerations in all the
tests listed in Table 1 are shown in Figure 8. It can be
found that the B pillar base decelerations for the
passenger cars A (Test 01), B (Tests 02 and 06), and
C (Tests 03 and 07) were similar. However, for the
compact passenger car D (Tests 04 and 08) the
deceleration started at a faster rate, peaking and
decreasing earlier than the other cars. This is because
Car D was a smaller car and the engine compartment
was shorter than the other cars. The deceleration for
the SUV E (Test 05) started later, and peaked later
than the other cars, since it had a larger engine
compartment than the other cars.

The head resultant, chest resultant and z accelerations
are shown in Figures 9, 10, and 11. The chest
accelerated earlier than the head in each test, since
the CRS harness strap or the front shield restrained
the chest, while the restraint loads were transferred
from the torso through the neck to the head.

From Figures 9a, 10a, and 11a, it was found that the
head and chest accelerations in Tests 01 and 02 were
similar, because the same type of CRSs were used in
these two tests and the vehicle crash pulses in these
two tests were similar (Figure 8a). A plateau before
the peak appeared in the chest accelerations in Tests
01 and 02 (Figure 10a). This is because the child seat
back made a large forward movement during the tests
(Figure 12), which limited the load applied by the
child seat harness strap to the chest. The head
accelerations in Tests 01 and 02 were high, due to the
head contacting the vehicle front seat back (Figure 12)
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(by noting the red grease paint).

Although the same type of CRSs were used in Tests
03, 04, and 05, however the vehicle crash pulses of
the three tests were different (Figure 8b), the head
and chest accelerations were different among the
three tests (Figures 9b, 10b, and 11Db).

Head and chest accelerations in Tests 06, 07, and 08
are shown in Figures 9c, 10c, and 11c. As the P3
chest accelerometer in Test 06 became loose from its
position during the test, and therefore, the chest
accelerations in Test 06 were not available and not
shown in Figures 10c and 1lc. The head
accelerations were similar in Tests 06 and 07, with a
slightly lower peak in Test 06 than in Test 07,
although the CRS in Test 06 was installed by LATCH,
while in Test 07 the CRS was installed by vehicle
3-point seatbelt. There appeared a peak in the vehicle
crash pulse in Test 08 (Figure 8c), and the head and
chest accelerations in Test 08 also had a higher peak
than those in Tests 06 and 07.

The chest acceleration in Test 07 decreased slightly
at about 50 ms and 60 ms, then increased again
(Figure 10c). This was related to the fracture of the
impact shield. The impact shield was found to be
fractured when it was checked after the test (Figure
13). It can be seen from Figure 14 that the torso in
Test 07 bent forward prominently, since P3 was
restrained by the front shield and no strap restrained
the shoulder. The whole torso made contact with the
front shield, and the head made contact with the left
arm and leg in Test 07. While in Test 03 only the
head bent downwards, and the torso was restrained
under the harness strap (Figure 15). The head
forward excursion (Figure 14a) seemed to be beyond
550 mm, which was the threshold value used in ECE
R44 sled test and 64kph ODB Euro NCAP test.

The vehicle 3-point seatbelt forces in Tests 03, 07,
and 08 are shown in Figure 16. Both the shoulder
belt and lap belt force in Test 08 increased faster than
those in Tests 03 and 07, just like the crash pulse of
Test 08 increased the earliest (Figure 8c). The time of
the belt forces peaks were about 65 ms, which was
close to the time of the chest acceleration peaks.
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Figure 16. The vehicle 3-point seatbelt forces in
Tests 03, 07, and 08 (50kph FRB)

Frontal 64kph ODB tests

The B-pillar base x decelerations of the driver side in
Tests 01 and 02 listed in Table 2 are shown in Figure
17. P3 head resultant, chest resultant and =z
accelerations in the two tests are shown in Figures 18,
19, and 20. It was found that the P3 head acceleration
in Test 02 was much higher than that in Test 01
(Figure 18), while the P3 chest resultant accelerations
in the two tests were similar (Figurel9). It indicated
that the vehicle crash pulse had a much more
influence on the head acceleration than the chest
acceleration, since the vehicle crash pulse had a
much larger peak in Test 02 than in Test 01 (Figure
17), while the chest acceleration was more dependent
on the CRS internal restraint system.

There was a peak in the P3 chest z acceleration in
Test 02 at around 130 ms (Figure 20). This may have
resulted from a position change of the shoulder
harness. There were 7 slots for positioning the
headrest and the shoulder harness for CRS 2-P3.
Before the test, the positioning bar of the shoulder
harness was put at the 3" slot (from top), but after the
test, it was found to be at the 4" slot position (from
top). The head forward excursion was difficult to
judge due to the yaw rotation of the crash car in the
test. Figure 21 shows the P3 head posture in the tests.
It seemed that the head excursions were not beyond
the threshold of 550 mm in both tests.
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Figure 17. B-pillar base x decelerations in Tests
01 and 02 (64kph ODB)
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Figure 18. P3 head resultant accelerations in
Tests 01 and 02 (64kph ODB)
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Figure 19. P3 chest resultant accelerations in Tests
01 and 02 (64kph ODB)
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(a) at 97 ms in Test 01

(b) at 130 ms in Test 01

(c) at 97 ms
in Test 02

Crpoint p3‘head 550 mm

Figure 21. P3 head forward movement in Tests 01
and 02 (64kph ODB)

P1.5 head and chest resultant and z accelerations are
shown in Figures 22 to 25. The peak of the head
acceleration in Test 02 was higher than that in Test 01
(Figure 22), due to the higher peak of the vehicle

crash pulse in Test 02 than that in Test 01 (Figure 17).

However, the chest accelerations were similar
(Figure 24). This also indicated that the vehicle crash
pulse had much more influence on the head
acceleration than the chest acceleration, while the
chest acceleration was more dependent on the CRS
internal restraint system. Head z and chest z
accelerations in Test 02 were higher than those in
Test 01 (Figures 23 and 25). This was related to the
posture of P1.5 in the two CRSs. In Test 02, P1.5
torso was more horizontal than in Test 01 (Figures 5b
and 6b). In both tests, the CRS shell upper made
contact with the back of the front seat. The force
applied by the front seat back was loaded indirectly
by the P1.5 through the CRS shell upper.
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Figure 22. P1.5 head resultant accelerations in
Tests 01 and 02 (64kph ODB)
40

S )
=] =] (=]
T T T

Acceleration (g)

(=]

'
=

0 50 100 150 200
Time (ms)
| Test01-A-CRS! — Test02-B-CRS2]
Figure 23. P1.5 head z accelerations in Tests 01
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Figure 24. P1.5 chest resultant accelerations in
Tests 01 and 02 (64kph ODB)
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Figure 25. P1.5 chest z accelerations in Tests 01
and 02 (64kph ODB)

Side 50kph MDB test

From the onboard camera film of the side impact test
(Test 01 listed in Table 3), the head of the struck-side
P1.5 made contact with one side of the CRS shell
which was impacted by the door trim panel, then
rebounded and contacted the other side of the shell.
During this lateral movement, the head was
contained within the CRS shell all along (Figure 26a).
However for the non-struck-side P3, the CRS rotated
laterally toward the struck side under its inertial force,
and since there was no support to prohibit this
rotation, the CRS rotated around the ISOFIX lower
anchorages to a large degree, more than 30 degrees.
Thus the P3 head seemed to be partly exposed
beyond the edge of the CRS, and not contained
completely by the shell (Figure 26b).

From Figure 27 it can be seen that the CRS has
contacted the door casing in three places (refer to
paint marks). It indicated that the door armrest
contacted the base of the CRS 1-P1.5 below the
pelvis region (refer to the blue circle), also the door
beltline contacted the side wing of the CRS around
the shoulder (refer to the yellow circle), making a
"bridge" of the contacts. The front of the CRS shell
contacted the door trim panel (refer to the green
circle). The P1.5 shoulder and chest were indirectly
impacted by the door beltline through CRS side
wing.

The head and chest resultant accelerations for P1.5
and P3 in Test 01 are shown in Figure 28. It was
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found that even the head peak accelerations for both
P1.5 and P3 were much lower than 72g which is the
threshold value indicated for better performance for
the head resultant 3ms acceleration used by Euro
NCAP [2]. The chest acceleration of P1.5 got a large
peak at about 50 ms (Figure 28a), which was
indirectly caused by the door beltline area contacting
the CRS side wing. The chest acceleration of P3 got
a peak at about 85 ms (Figure 28b), which was
caused by the rotation of the CRS laterally.

o

(a) P1.5 at 155ms (b) P3 at 121ms
Figure 26. Head containment for P1.5 and P3
(50kph MDB)

Figure 27. The shell of CRS 1-P1.5 contacting the
door casing (50kph MDB)
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Figure 28. Head and chest accelerations for P1.5
and P3 (50kph MDB)

Summarization of injury assessment values

Injury assessment values for P3 and P1.5 in the

50kph FRB tests, 64kph ODB tests, and the 50kph
MDB test are listed in Table 4. IARV (Injury
Assessment Reference Value) of 570 and 1000 were
used for HIC15 and HIC36 for P3, respectively. The
Euro NCAP limit values of 72g, 41g, and 23g, and
limit values of 88g, 55g, and 30g for better
performing and worse performing, were used for
head and chest resultant cumulative 3ms
accelerations, and chest z cumulative 3ms
acceleration respectively. The better performance
limit value of 20g and the worse performance limit
value of 40g were used for P1.5 head z cumulative
3ms acceleration.

Table 4.
Injury assessment values for all the tests
HIC15
Injury Criteria ]'flsfgg
s0, | Head | Chestl sty
IARVs 1000 re:;lc. re:;lc. acc.
Head z 3ms (2) 3ms () 3ms (g)
Injury Criteria 3msa:gc)'
for P1.5
Euro NCAP better performance limit
20 | 72 | 41 | 23
IARVs Euro NCAP worse performance limit
40 | 88 | 55 | 30
Test01-A
-CRS1 646 76.7 55.0 26.6
Test02-B
CRS1 798 86.0 50.1 28.8
Test03-C
CRS2 971 92.2 56.2 31.2
Front oney 709 809 601 252
50kph
FRB ¢
tests  cngy 311 60.3 61.1 32.0
Test06-B
CRS3-1 300 55.0 N/A N/A
Test07-C
CRS32 362 59.6 51.5 12.2
Test08-D
CRS32 472 72.1 71.4 18.7
Test01-A
-CRS1- 171 43.2 50 12.2
P3
Test02-B
Front -CRS2- 539 70.7 45.1 15.3
64kph P3
ODB  Test01-A
tests -CRSI- 19.2 34.6 342 17.6
PL.5
Test02-B
-CRS2- 28.9 49.1 42.7 26.1
P1.5
Test01-A
Side  -CRSI- 23.7 47.0 51.9 11.4
50kph P15
MDB Test01-A
test -CRSI- 83 32.9 25.5 7.1
P3




Figure 29 shows head and chest resultant cumulative
3ms accelerations in seven FRB tests. As the chest
acceleration was not known for Test 06, the data of
Test 06 is not involved in Figure 29. It can be seen
that all the chest resultant accelerations were worse
than the better performance limit value, and the head
resultant accelerations in four tests (Tests 01 to 04)
were worse than the better performance limit value.
The chest resultant accelerations in four tests (Tests
03, 04, 05, and 08) were even worse than the worse
performance limit value, and the head resultant
accelerations were all better than the worse
performance limit value except in Test 03. Figures 30
and 31 show the injury assessment values normalized
by IARVs for the eight 50kph FRB tests (chest
acceleration for Test 06 was not involved). It can be
seen from Figures 30 and 31 that the normalized
HIC15/36 and chest z acceleration have more
variation than head resultant and chest resultant
accelerations. Chest z accelerations in Tests 07 and
08 were better than the better performance limit
value (Figure 30). Chest z accelerations in Tests 03
and 05 were worse than the worse performance limit
value (Figure 31).
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Figure 29. Head and chest resultant cumulative
3ms accelerations (50kph FRB)
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The 5-point harness type CRS 2 (Tests 03, 04, and 05)
which was installed by the vehicle 3-point seatbelt,
performed inferior to other CRSs in the 50kph FRB
tests. Both head and chest accelerations were higher
than the other CRSs and beyond the injury reference
values used in Euro NCAP 64kph ODB testing. The
5-point harness type CRS 1 (Tests 01 and 02) which
was installed by ISOFIX and support leg, performed
better than CRS 2. The impact-shield type CRSs 3-1
and 3-2 performed well in head protection since the
head accelerations in Tests 06, 07, and 08 were low
compared to other tests.

Figures 32 to 35 show the injury assessment values
normalised by IARVs for P3 and P1.5 in the two
64kph ODB tests. It can be found that P3 head
accelerations were better than the better performance
limit values for both CRSs in the two tests (Figure
32), while the P3 chest accelerations were worse than
the better performance but better than the worse
performance limit values for both CRSs, and the
chest acceleration for CRS 2-P3 was slightly lower
than that for CRS 1-P3 (Figures 32 and 33). P1.5
head and chest accelerations for CRS 1-P1.5 were all
better than the better performance limit values
(Figure 34). For CRS 2-P1.5, the P1.5 head z, and
chest resultant and z accelerations were slightly
worse than the better performance limit values but
better than the worse performance limit values
(Figures 34 and 35). For both head and chest
accelerations, CRS 1-P1.5 performed better than
CRS 2-P1.5.

The safety performances of CRS 1-P3 and CRS
2-P3 were similar, while CRS 1-P1.5 performed
better than CRS 2-P1.5. The P3 injury values in the
64kph ODB tests were generally lower than those in
the 50kph FRB tests indicating the FRB tests are
more severe for CRS evaluations.
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According to EuroNCAP protocol, there are a total of
24 points available for dynamic tests to assess the
child occupant protection in 64kph ODB and 50kph
MBDB tests. For the 64kph ODB Test 01, only the P3
chest resultant acceleration (ref to Table 4 50g) lost
2.571 points, and for the 50kph MDB test, no points
were lost. So the total points for the dynamic tests
was 21.429 points.

DISCUSSION

This paper studied child dummies kinematics and
responses when restrained by CRSs in different
impact tests. Different CRS installation methods: by
vehicle 3-point seatbelt or ISOFIX anchorages
system; Different internal restraint systems: 5-point
harness type or impact-shield type; Different crash
pulses produced by different cars: passenger car,
compact passenger car, or SUV; All these factors
influenced the child occupant safety performance
metrics.

Firstly, considering different installation methods, it
was known previously that the head forward
excursion was generally smaller for a 5-point harness
ISOFIX CRS than a universal CRS which was
installed by a vehicle 3-point seatbelt [3]. Although
for the tests discussed in this paper, it was difficult to
determine the P3 head forward excursions from the
films due to software limitations. However, from the
50kph FRB tests, it was found that the head forward
excursion was even larger for the ISOFIX CRS with
a support leg (Test 01 - Figure 12) than the universal
CRS (Test03 — Figure 14). The forward movement of
the CRS seatback contributed to the head excursion
(Test 01 - Figure 12). The ISOFIX CRS with support
leg used in Test 01 was much heavier and larger than
other CRSs. The head forward excursion was
comparable for the impact-shield CRS installed by
LATCH and the vehicle 3-point seatbelt (Tests 06
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and 07). Two reasons were considered why the head
forward excursion was large for both the universal
and the ISOFIX CRSs. One was that the crash pulses
of the 50kph FRB tests were more severe than the
pulses in the ECE R44 dynamic tests [3] and Euro
NCAP 64kph ODB tests; The second reason was the
locations of the ISOFIX lower anchorages and the
location of the top tether anchorage, on the seat
structure or on the vehicle body. These influenced the
forward movement of the CRS, and consequently
influenced the head forward excursion. For Vehicle A
in Test 01, the ISOFIX lower anchorages were on the
vehicle body. For Vehicle B in Tests 02 and 06, the
ISOFIX lower anchorages were on the rear seat
structure, while the top tether anchorage was on the
vehicle body. So for both cars, the anchorages would
not adversely influence the head forward excursions.
Based on the head and chest accelerations in the
50kph FRB tests (Table 4), the ISOFIX CRS (Tests
01 and 02) performed better than the universal CRS
(Test 03 and 04). For the impact-shield CRSs, the
head acceleration for the LATACH CRS was also
lower than the universal CRS.

Secondly, regarding the internal restraint systems,
the impact-shield CRS (Tests 06, 07, and 08)
performed better for the head acceleration than the
5-point harness CRS (Tests 01, 02, 03, and 04) in the
50kph FRB tests. The head acceleration was directly
affected by the neck loads. For the 5-point harness
CRS, the shoulder harness restrained the shoulder
and chest, and consequently, the lower neck was
restrained while the upper neck had a large axial
force under the head forward and downward
movement. Thus the head acceleration was high.
However for the impact-shield CRS, the restraint
force was applied to the chest and abdomen through
the shield. Since no straps restrained the shoulder, the
head restrained by the upper neck, and the lower
neck restrained by the upper torso rotated downward
together. Thus the upper neck axial force was
controlled and the head acceleration was reduced.

Thirdly, considering different crash pulses due to
different cars in the 50kph FRB tests, head and chest
accelerations increased faster and peaked earlier for
the compact passenger car (Test 04) than other cars
because of the stiffer crash pulse in the compact car.
The head acceleration for the SUV (Test 05) was

much lower than the compact passenger car (Test 04).

Vehicle-CRS combination is very important, but we
could not assess that from the current test data in this
paper and additional research is needed for that.

In the frontal impact tests, the vehicle crash pulse had
much more influence on the head acceleration than
the chest acceleration, while the chest acceleration
was more dependent on the CRS internal restraint

system. The P3 chest accelerations in the eight 50kph
FRB tests and in the two 64kph ODB tests were all
worse than the threshold value indicated for better
performance in Euro NCAP testing. The time of the
seatbelt force peaks were close to the time of the
chest acceleration peaks. It could be helpful to reduce
the belt forces by using a load limiter, in order to
reduce the chest acceleration. A load limiter has been
found to be useful in reducing both head and chest
accelerations when used in the top tether for an
ISOFIX CRS [4].

The head and chest accelerations of the P3 on the
barrier overlap side in the 64kph ODB tests were
generally lower than those in the 50kph FRB tests.
Besides the influence of the vehicle crash pulses, the
installation methods of the CRSs, and the
performance of different types of CRSs used in the
tests had also influence on the dummy responses.

In the side 50kph MDB test, the non-struck-side CRS
rotated sideways to a large degree, which caused the
P3 head to be exposed partly from the CRS shell.
Reducing the rotation of the CRS is very important
for the head containment. The gap between the CRS
shell back and the vehicle seat back had a negative
influence on CRS rotation. In the next tests a new
designed CRS base which reduces the gap between
the CRS shell back and the vehicle seat back will be
used.

There were several concerns about the usability of
the CRSs. The P3 torso bent forward a lot when
restrained by the impact-shield CRS in the 50kph
FRB tests (Tests 06, 07, and 08). The shield even
fractured in the tests. As there is not a chest
displacement transducer in the P-series dummies, the
chest displacement was not known for the tests using
this dummy. However from the previous and current
research [3, 5], it was found that the chest
displacement for Hybrid III 3YO and Q3 restrained
by an impact-shield type CRS was usually larger than
in other types of CRSs. The vehicle 3-point seatbelt
had abrasion caused by the guide loops which are
located on the two sides of the shield in the 50kph
FRB tests. The weight of an ISOFIX CRS is
generally higher than that of a universal CRS. This
will make negative impact on the usability and
performance.

The rear seat 3-point seatbelts used in the tests were
the common seatbelt without pretensioner and load
limiter. The effectiveness of the pretensioner and
load limiter for the seatbelt to install CRSs will be
researched through computer simulations in the next
study.
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CONCLUSIONS

Based on the test data from eight frontal 50kph FRB
tests, two frontal 64kph ODB tests, and one side
50kph MDB test done according to CNCAP and
Euro NCAP. The results are summarized as follows.

1) In front impact tests, the child dummy kinematics
and responses were influenced by both the vehicle
crash pulse and the safety performance of the CRS
itself. The P3 injury values in the 64kph ODB tests
were generally lower than those in the 50kph FRB
tests indicating the FRB tests are more severe for
CRS evaluations.

2) The vehicle crash pulse had much more influence
on head acceleration than chest acceleration in front
impact tests, while the chest acceleration was more
dependent on the CRS internal restraint system.

3) In the side impact test, the head of the struck-side
P1.5 was contained within the CRS shell during the
entire crash event. The head accelerations for both
P1.5 and P3 dummies in the side impact test were all
much better than the threshold value indicated for
better performance in Euro NCAP testing.
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ABSTRACT

Accident data show that injury risks to children are
high in side collision accidents. According to
in-depth accident analyses of children seated in
forward facing (FF) child restraint systems (CRSs),
the head was the most frequently injured body region,
and main sources of head injuries were the rear door
and side window glass. There are many research
studies on child occupant safety in side impacts.
However, a review of previous studies of both
vehicle-to-vehicle tests and sled tests found that the
child head remained in the CRS shell and that the
observed severe head injuries in the accident data
were not reproduced in the tests. In the present study,
a sport utility vehicle (SUV)-to-small car oblique
side crash test and sled tests were conducted using a
Q3s dummy in the FF CRS to find causes of head
contacts which occur frequently in side collision
accidents.

In the SUV-to-small car oblique side crash test, a
Q3s dummy was seated in the FF CRS installed in
the rear seat on the struck side of the small car. The
CRS harness was given a slack of 75 mm beforehand.
The SUV impacted the rear door of the target small
car at an angle of 45 degrees so as to apply a large
crash loading on the child dummy. During the crash
and up to 65 ms, the vehicle velocity change in the
longitudinal direction was comparable to that in the
lateral direction. The velocity in the lateral direction

continued to increase due to car yaw rotation and
reached a peak of 10.5 m/s. This velocity-time
history affected the Q3s dummy kinematic behavior.
The Q3s dummy moved in an oblique direction and
then laterally, and made contact with the side
window at 6.8 m/s and the resulting HIC was 702.
This test result demonstrates that a forward
component of vehicle velocity change and CRS
harness slack are factors that may lead to the head
making contact with the vehicle interior, thereby
resulting in causing serious injuries.

Sled tests were conducted by using a test apparatus
specially designed to reproduce the Q3s dummy
kinematic behavior in the SUV-to-small car crash
test. The factors which were determined to reproduce
Q3s dummy kinematic behavior in SUV-to-small car
side crash test included the relative location between
the test seat and door, the velocity-time history of the
car in the longitudinal and lateral directions, the
vehicle roll angle during impact, and the contact
characteristics between the door and the dummy.

From this study, the hard contact between the child
head and the vehicle interior that occurs frequently in
side collision accidents was reproduced in a
SUV-to-small car oblique side crash test. Factors of a
sled test were identified that reproduce the child
occupant kinematic behavior in the SUV-to-small
car side crash test. The results of this study will be
useful for determining the sled test conditions of a
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CRS side impact, which will be effective in reducing
child head injuries.

INTRODUCTION

There are many research studies using accident data
that investigated injuries to child occupants seated in
a forward facing (FF) child restraint system (CRS)
[1-4]. It has been shown that the injury risk is higher
in side impacts than that in frontal impacts. On side
impacts, it also has been shown that the injury risk
for a child occupant seated at the vehicle’s struck
side is higher than that for the child occupant seated
near the non-struck side. For child occupants seated
in the FF CRS on the vehicle’s struck side, the head
is the most frequently occurring injured body region.
It has been reported that the most frequent occurring
injury sources of the head are the CRS shell, door,
pillar, side window, and front seatback. From
accident analysis conducted by NHTSA, it was
determined that the head injury sustained when the
child’s head had contact with the car interior (such as
door or pillar) is more severe than that when the
child’s head made contact with CRS [2]. There were
accident cases that the child’s head contacted the side
interior in a forward location far from the CRS [3].
These cases indicate that the child’s head traversed
out of the CRS a long distance. Langwieder et al. [1]
considered that a factor leading to the head making
contacted with the door would be the forward
component of the acceleration of the struck car in the
vehicle-to-vehicle side collision.

Roojj et al. investigated the child posture in the CRS
[5]. In many cases, the children were seated in a
standard posture. However, various child postures
were observed. These include the child slouching,
resting their head against the CRS side wing, and
slipping their torso out from the shoulder harness. In
these postures, a child’s head could move in an
oblique direction and make contact with side interior
of the car during side collisions. However, according
to the study by Arbogast et al. [3], there are accidents
that child head was injured by contact with the
vehicle side interior even though they were assumed
to have been seated in the standard posture in the
CRS. Therefore, it is necessary to understand how
these head contacts occurred in side collisions even
though the child was seated correctly in the CRS. In
CRS usage, misuses of the CRS are frequently

observed in the field. In the survey of FF CRS usage
in Canada, 42% of CRSs were observed to have had
3 inches or more slack of the shoulder harness [6].
Therefore, the slack of the CRS harness also should
be considered when investigating child head contacts
in side collision accidents.

Based on crash tests, child occupant responses in
CRS on side impact have been investigated.
Yonezawa et al. [7] carried out ECE R95-based tests
with a Q3s dummy seated in a CRS installed in the
rear seat on the vehicle’s struck side. In the tests,
though the chest deflection was comparable with the
injury assessment reference value (IARV), the head
was retained in the CRS shell and the resulting head
injury criterion (HIC) was small. NHTSA carried out
FMVSS 214-based test with a Q3s dummy seated in
the rear seat on the vehicle’s struck side [8]. The
MDB impacted the car at an angle of 27°, and a
forward component of acceleration was applied to
the child dummy as a result of the crash loading. In
one test, the head was retained in the shell, while in
the other test a portion of the head went out of the
CRS shell and then made contact with the door. In
both tests, the HIC was substantially small.
Accordingly, in the ECE R95-based tests and
FMVSS 214-based tests, the high injury risk
observed in real world accidents resulting from a
child occupant head making contact with the door
was not reproduced.

A sled test procedure to evaluate CRS performance
in side impacts has been discussed since the 1990s.
In the sled test, it is necessary to reproduce the door
intrusion and the acceleration of a struck car. In an
ISO proposed sled test procedure, a hinged-door
panel rotates and impacts the CRS on an accelerated
sled. This test method was documented as a
Technical Specification (TS) [9]. Takata Corporation
has proposed a sled-on-sled test procedure using an
accelerating sled system [10]. A door fixed on the
base sled impacts the CRS on the ECE R44 seat sled
that can move in translation on the base sled. It was
demonstrated that the dummy kinematic behavior
was comparable with that in a full-car test. In order to
reproduce the intruding door, Dorel [11] has
proposed a sled test procedure in which the CRS on
the test seat on the decelerating sled impacts a door
that is fixed on the floor. In this test, the relative
velocity between the test seat and the door is
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controlled with the sled deceleration. Although there
are many research studies on CRS sled tests, there
has not been a discussion about contacts between the
child’s head and the door, a scenario which has been
frequently observed in the accidents.

From the accident analysis, it has been observed that
children frequently have sustained serious injuries
due to head impact onto the vehicle interior such as a
door. However, this head contact with a door and the
risk of serious head injury were not reproduced in
vehicle-to-vehicle crash tests and in sled tests. The
authors have investigated and developed the CRS
side impact test procedure using an accelerating sled
[9]. A frame of the test method has been completed,;
however, some specific issues of the test procedures
remain to be addressed. One of them is the
introduction of a forward velocity component in the
sled test procedure. In order to develop a CRS test
procedure that can protect a child occupant in CRS
effectively, it is necessary to include the forward
velocity component in sled tests since the forward
velocity component may be a significant factor in
head contact of children in side collision accidents.

The purpose of this research is to understand the
mechanisms that lead to a child’s head making
contact with the side structure of the vehicle interior
in side collisions. The authors previously have
conducted a vehicle-to-vehicle finite element (FE)
simulation using a child FE model; and it was found
that a child’s head can impact the door window sill in
an oblique side collision [12]. In the FE simulation,
the displacement of the child occupant’s head was
large when the shoulder joint on the impacted side
moved out beyond the CRS side wing. In this
research, according to the crash configuration that
resulted in the child head contacted the door in the
FE simulation, an SUV-to-small car oblique side
crash test was conducted with a Q3s dummy seated
in the CRS on the car’s struck side. A sled test
method to reproduce the Q3s dummy kinematic
behavior in the SUV-to-small car crash test was
examined.

SUV-TO-SMALL CAR SIDE OBLIQUE TEST
Method

A crash configuration was determined such that the

head of a child dummy would contact the side
interior of a car. Figure 1 shows the test vehicles. The
striking vehicle was an SUV (curb mass 1309 kg, test
mass 1520 kg). The target vehicle was a small car
(curb mass 1100 kg, test mass 1250 kg). Figure 2
shows the crash configuration. The striking vehicle
was impacted into the stationary target car at 50 km/h
at an angle of 45 degrees. The vehicles were aligned
such that the left front rail of the striking vehicle
contacted the B-pillar of the target car. This crash
configuration was comparable with the collision
configuration in which a striking vehicle impacts the

struck vehicle at an angle of 60 degrees with both
vehicles traveling at 50 km/h, with respect to the
principal direction of force.

Hybrid III
3Y0 Hybrid III
AMS50th
T 50 kmv/h
Striking vehicle

Figure 2. Test configuration
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In the target car, a Q3s dummy and Hybrid III
three-year-old (3YO) were seated in a CRS installed
with a car seatbelt in the rear seat and front passenger
seat on the car’s struck side, respectively (Figure 3).
The same type of FF CRS (convertible type CRS)
was used for both child dummies. A slack of 75 mm
was introduced in the shoulder harness for both
CRSs. This amount of slack was based on the field
survey in Canada that 42% of CRSs had 3 inches or
more slack in the shoulder harness in the FF CRS
usage [6]. The CRS was installed on the car seat
according to the ECE R44 procedure, and the
seatbelt was in an automatic locking retractor (ALR)
mode. An ES-2 dummy was seated with a seatbelt in

the front driver seat (non-struck side) in the target car.

In the striking vehicle, Hybrid III AM50th dummies
were seated and restrained with seatbelts in the front
driver and front passenger seating positions.

Figure 3. Q3s dummy in the target car

Results

Vehicle kinematic behavior and deformation

Since the impact force was not transmitted
sufficiently to the non-struck side sill in the oblique
impact and the acceleration of the passenger
compartment was not measured sufficiently, film
analysis using the high speed video from the top
view was conducted to analyze to the vehicle
behavior during impact. The target marks located on
the roof were used for the analysis.

Figure 4 shows the trajectory of the roof of the target
car. The target car moved in an oblique direction
with yaw rotation since the impact force acted on the
rear location away from the center of gravity (CG) of
the target car. The velocity-time history in
longitudinal (x) and lateral (y) direction of the car
(car coordinate system) were calculated by assuming

that the car moved in translational motion with yaw
rotation around the CG. This velocity-time history is
significant for determining the test conditions of the
sled tests.

Figure 5 shows the target marks, and the car CG and
the Q3s dummy location corresponds to targets RC1
and RL3, respectively. Figure 6 shows the
velocity-time history of target RL3 (Q3s dummy
location). The velocity increased at 20 ms, and the
velocity in x and y directions were comparable
during the initial 65 ms of the crash event. The
velocity in the y direction continued to increase and
was higher than that in x direction due to car yaw
rotation. Figure 7 shows the yaw angle, and it
increased beginning at about 60 ms. The maximum
delta-V of the car at RL3 (Q3s dummy location) in
the x and y direction were 5.1 m/s (at 121 ms) and
10.5 m/s (at 200 ms), respectively. The roll of the
target car occurred during impact (Figure 8) and the
maximum roll angle was 6 degrees, which was
determined from the line connecting the target marks
on the rear hood (BR1 — BL1). The velocity-time
histories in the x and y direction and the roll angle of
the car affected the Q3s dummy kinematic behavior.

180 ms
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Figure 4. Trajectory of the yaw behavior of the
target car

Figure S. Target marks of the target car
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Figure 8. Rolling behavior of target car

The deformation of the target car is shown in
Figure 9. The deformation was large in the area
around the B-pillar. The inner panel of the rear door
deformed following the B-pillar deformation and

then bent in a longitudinal direction around a vertical
centerline of the rear door, and the intrusion of the
rear door inner panel decreased from the front-end
(180 mm) to the rear-end (16 mm). The intrusion at
the armrest which contacted the front-end of the CRS
shell was 70 mm. Accordingly, the intrusion of the
rear door inner panel around the area where the Q3s
dummy was seated was generally small.

Figure 9. Target car deformation

0Q3s dummy and CRS kinematic behavior

Figure 10 shows the Q3s dummy kinematic behavior.
Figure 11 shows the CRS acceleration at its base and
at the upper location of the CRS seatback. The Q3s
dummy acceleration, car seatbelt force, and the CRS
harness force were complex because the forces are
applied on the Q3s dummy from the CRS shell, the
CRS harnesses, and the door during an oblique side
impact.

In the initial phase (up to the first 30 ms) of the crash,
though the car moved starting at 20 ms (see Figure 6),
the CRS and the Q3s dummy remained in the same
position with respect to the ground. Figure 12 shows
the tension force of the car seatbelt (shoulder belt)
and the CRS shoulder harness (non-struck side).
Figure 12 shows the acceleration of the Q3s dummy.
The belt force and Q3s dummy accelerations did not
increase during this time. This result indicates that
forces were not applied on the CRS except for
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(a) Front view

(b) Side view

Figure 10. Q3s kinematic behavior (Head impacted the side window at 104 ms)

relatively small friction forces due to CRS contact
with the car seat, and it is regarded that the CRS was
in a free floating condition with respect to the
ground.

From the view of the CRS motion in the passenger
compartment, it was observed that after 30 ms the
CRS began to move toward the door. At 50 ms, the
CRS lower side wing corresponding laterally to the
dummy’s pelvis location started to interact with the
intruding door armrest. It is probable that the CRS
lateral (y) acceleration increased sharply due to this
interaction. The lower side wing of the CRS
overrode on the armrest which was lowered as a
result of the car rolling behavior, and after 60 ms the
CRS moved together with the door.

At 60 ms, the initial slack of the car seatbelt was
expended because of the car’s motion, and the
tension force of the car seatbelt started to increase.
The restraint force from the car seatbelt was applied
on the CRS. However, since a large slack was added
initially to the shoulder harness of CRS (75 mm), the
Q3s dummy still moved in free motion during this
time. After 70 ms, restraint forces were applied to the
Q3s dummy from the CRS harness, and the seatbelt
force and the shoulder harness force started to
increase. The inertial force of the Q3s dummy was
applied to the CRS harness, and the inertial forces of
the CRS and the Q3s dummy were applied on the car
seatbelt. However, the force levels of the car seatbelt
and the CRS harness were smaller than that
accounting for the CRS and the Q3s dummy

acceleration, and can be explained because the
contact force of the door also was being applied on
the CRS and the Q3s dummy.

The upper location of the CRS seat back started to
move laterally around 45 ms, and then the upper
location of the CRS side wing made contact with the
door sill at 80 ms. Finally it stopped with respect to
the door at 90 ms. The pelvis lateral (y) acceleration
increased at 65 ms (see Figure 13(c)) when the CRS
lower side wing bottomed out the door, and had a
maximum value at 76 ms.

At 90 ms, the forward displacement of the dummy
upper torso relative to the CRS was largest, the left
shoulder joint had moved out beyond the CRS side
wing, and the shoulder joint had contact with the
door trim. The non-impacted shoulder belt harness
had a maximum tension force at this time because the
Q3s right shoulder slipped out from this shoulder
harness. At 100 ms, the forward displacement of the
Q3s dummy upper torso and the CRS was largest in
the passenger compartment, and the car seatbelt
force and the dummy chest acceleration in x and y
directions also had maximum values.

The motion of the Q3s torso stopped at 90 ms relative
to the CRS, and the head flexion then was initiated
with respect to the torso. Since the car y-velocity was
larger than x-velocity around this time (Figure 6), the
Q3s head motion changed from the oblique direction
to a side direction. The Q3s head made contact with
the side window glass at 104 ms, and at this time the
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head impact velocity in x and y direction with respect
to the passenger compartment was 4.73 m/s and
6.76 m/s (as determined from video analysis),
respectively. At the time of head contact (104 ms),
the car velocity in the x and y direction at RL3 in the
car local coordinate system was 5.39 m/s and
7.04 m/s, respectively. The maximum acceleration of
the Q3s head was 1567.8 m/s* (105.7 ms) and the
HIC15 was 702 (104.1 — 111.7 ms). The maximum
head displacement in the x direction was 305.9 mm
at 122 ms. It was observed that the side window glass
was sufficiently stiff for 3-year-old child to produce
such a high HIC.

During the impact, it was observed that the Q3s
dummy moved upward with respect to the passenger
compartment. This was because the car rolled and
the struck side of the car moved downward. The Q3s
dummy was in free motion and remained in the same
posture in space during the initial phase due to
harness slack of 75 mm, which led to this upward
motion relative to the vehicle.

300
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.5 100
£ 5
%3 0 \/ u’v \4
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— CRS seat back (y)
-200 - -
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Figure 11. CRS acceleration
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Figure 12. Tension force of car seatbelt (shoulder
belt) and of CRS shoulder harness (non-struck
side)
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Figure 13. Q3s dummy acceleration

SLED TESTS

The purpose of conducting sled tests in this study
was to determine a sled test methodology that
reproduces the kinematic behavior of whole body,
particularly for the head, of a Q3s dummy in a
vehicle-to-vehicle oblique side crash. In this study, a
12 inch HYGE sled facility was used. A sled test
method which reproduces the kinematic behavior of
a dummy would make it possible to examine various
parameters that may affect a child occupant’s
kinematic behavior. More than 200 sled tests were
conducted while changing various test bucks, sled
test devices, and test conditions so that the Q3s
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dummy kinematic behavior in the sled test could be
made comparable with that observed in the
SUV-to-small car oblique side crash. Since the Q3s
dummy’s head had lateral contact with the side
window in the SUV-to-small car crash, the lateral
velocity (y) of the car and the dummy head were
determined to be important parameters to be
reproduced in the sled test to make a comparable
contact phenomenon with that in the SUV-to-small
car test.

Sled Test Equipment

Test buck

The test buck consists of a base plate, test seat,
seatbelt with its mounting block, impact door, and
leg plate (see Figure 14). In the SUV-to-small car test,
the door intrusion of the target car was small in the
area around the location of the CRS. Therefore, in
the sled test, the test seat and the door are designed to
be fixed on the base plate: the test seat does not slide
on the sled. Accordingly, only an inertial force was
applied on the CRS and the Q3s dummy, and the
door impacted them. The test buck can be installed
on the sled with several angle pitches around the
vertical axis so that the ratio of the x-velocity to the
y-velocity can be changed. The test seat and the
impact door were slanted at an angle of 6 degrees to
represent rolling of the car, which affected the Q3s
dummy kinematics in the SUV-to-small car test.

Figure 14. Test buck

Test seat

The structure of the test seat was based on the ECE
R44 test seat (see Figure 15). The basic shape and
dimension are comparable with those of the rear seat
of the target car. The seat surface angle is 5 degrees
around the lateral axis based on the car rear seat

though it is specified to be 15 degrees in ECE R44
test procedure. The seat surface is flat, and
polyethylene foam was the material used for the
cushion of the seat bottom and seat back. The width
of the test seat is 400 mm, and the gap between the
test seat and the door can be adjusted.

Figure 15. Test seat

Seatbelt block

The anchor installation block of the car seatbelt was
located at the left side of the test seat. The inner
anchorage and the outer anchorage of the lap belt
were positioned at the test set which was same as the
ECE R44 since the inner and outer anchorage
locations of the target car were comparable with
those of ECE R44. On the other hand, the shoulder
belt anchorage position was based on the target car
because it was found that the position of the shoulder
belt anchorage has a large effect on the CRS
kinematic behavior. The seatbelt was a standard
system without a pre-tensioner and a load limiter. A
seatbelt for the rear seat in a car was used, and the
webbing with low elongation was used. The
emergency locking retractor (ELR) was set to be the
ALR mode, thus the seatbelt was locked.
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Impact door
The rear left door of the target car model (i.e., the

undamaged and intact door) was used for the sled test
impact door. The standard door such as the ISO side
impact door may be preferable for future application
with respect to the test methodology. However, the
authors have experiences from a series of previously
conducted CRS side impact tests and observed that
the dummy kinematic behavior can be affected by
the door. Thus, the same type of door as the target car
in the SUV-to-small car test was used. Instead of
using the car’s side window glass, an acrylic plate
with 3 mm thickness was used. A plastic plate with
10 mm thickness was attached on the acrylic plate to
simulate the stiffness of glass.

Leg plate
In the SUV-to-small car test, though the intrusion of

the rear door around the CRS was small, there was
large intrusion at the front area of the rear door
around the B-pillar. This front area of the rear door
caught the left foot of the Q3s dummy, and the
B-pillar caught the right foot of the Q3s dummy,
which affected the kinematic behavior not only of the
lower extremities but also that of the whole body as
well. To reproduce the kinematic behavior of the
lower extremities, the plate was installed in an area
where the feet would contact (Figure 16).

Figure 16. Leg plate

Sled Test Conditions

A series of sled tests were carried out with changing
parameters. As a result, the test conditions that could
reproduce the Q3s kinematic behavior were
determined. These test conditions are presented in
Table 1.

Table 1. Test conditions

SUV-to-small car

Sled test
test
. 45 degrees 45 degrees
Oblique angle (Striking vehicle)  (test buck)
Door/seat angle NA 6 degrees
Side window Glass Acry} ic plate and
plastic plate
Leg plate NA Yes
Dpor-CRS center 350 mm 300 mm
distance
Dummy Q3s Q3s
Dummy setting R44 R44
CRS harness slack 75 mm 75 mm
Maximum

resultant velocity 114 M5 (189 ms) 1197 mys (110 ms)

x direction 5.1 m/s (121 ms)  8.46 (110 ms)

y direction  10.5 m/s (200 ms)  8.46 (110 ms)

Test buck angle
The acceleration of the target car in x and y direction

in the SUV-to-small car oblique side crash test
changed with time. To simulate the x-accelerations
and the y-accelerations in the sled test, the test buck
was installed on the sled test at an oblique angle
around the z axis (see Figure 17). Accordingly, the
ratio of the x-acceleration to the y-acceleration was
constant in the sled tests. However, in the
SUV-to-small car crash, the ratio of the
x-acceleration to the y-acceleration changed with
time (see Figure 6). As a result of examination at
several angles, the Q3s dummy was observed to have
comparable kinematic behavior at 45 degrees in the
sled test as that observed in the SUV-to-small car test.
It was only at 45 degrees in sled tests that the left
shoulder joint of the Q3s dummy moved out beyond
the CRS side wing.

Figure 17. Angle of test buck
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Slant angle of test seat
In the SUV-to-small car test, the struck side of the
car lowered, moving in a right rear direction (see

Figure 8). The CRS and the dummy were not
completely fixed on the car; so in the initial phase of
the impact, they remained at the same height due to
inertial force. Then, the head of the Q3s dummy
made contact with the door that lowered in the
rolling target car. Therefore, in the sled tests, it was
determined that the height of the CRS and the door
angle should be configured so that the contact
location of the head with the door in the sled test is
the same as that in the SUV-to-small car test.
Otherwise, the CRS lower side wing would not
override the armrest in the same way that occurred in
the SUV-to-small car test. The test seat and door
were set at a slant angle of 6 degrees in the sled test in
order to represent the roll angle of the target car in
the SUV-to-small car test.

Distance between impact door and test seat

In the target car of the SUV-to-small car crash, the
distance between the door trim and the center of the
CRS was 350 mm. In the sled test, to less than 300
mm, the CRS and the Q3s dummy made contact at a
higher location of the door than that in the
SUV-to-small car test.

Setup of CRS and dummy
In the SUV-to-small car test, the rear seat of the

target car became lowered due to the car’s rolling
behavior, and the downward displacement of the rear
seat just under the non-impacted side of the CRS was
estimated to be 25 mm. For the sled test setup, the
roll angle of the car and the downward movement of
the seat were compensated by set up of the CRS and
the dummy. The setup is as follows:

1. A cushion with thickness of 25 mm is put on the
test seat to represent the car downward
displacement.

2. The dummy is seated on the CRS according to
ECE R44.

3. The CRS centerline is aligned with the seat
centerline (the distance between the door trim
and the center of CRS is 300 mm).

4. The car seatbelt is passed through the belt path
in the CRS.

5. The CRS is rotated through 6 degrees around the
bottom corner of the non-impacted side, to set
the CRS base being horizontal using gum tape
before impact (see Figure 14). The test seat and
the door are slanted at an angle of 6 degrees.
Consequently, the CRS impact-side contacts
with the slanted door at almost the same location
as that in the SUV-to-small car crash.

6. The car seatbelt mode is switched from ELR to
ALR.

Sled velocity-time history

A metering pin was selected for producing the
desired crash pulse. Figure 18 shows the
velocity-time history of the sled. The target sled
velocity was set to 11.97 m/s (components in X and y
directions were 8.46 m/s) at 110 ms. With this sled
velocity-time history, the velocity in the x and y
direction was 7.84 m/s at the time of head contact
(96 ms), and a comparable head impact velocity in y
direction (7.02 m/s) was obtained with that in the
SUV-to-small car test (6.76 m/s). Cf: In the
SUV-to-small car test, the car velocity in the x and y
directions was 5.39 m/s and 7.04 m/s respectively at
the time of head contact with the side window
(104 ms).

15
— Resultant 11.97m/s |
— —xandy
< 10
) 7 o4 mys. | 8:46 /s
2
R3]
G 5
=
0 96 ms ) 110 ms
0 50 100 150
Time (ms)

Figure 18. Sled velocity

Sled Test Results

Figure 19 shows the Q3s dummy kinematic behavior
observed in the SUV-to-small car test and in the sled
test. Table 2 presents the dummy injury measures in
the SUV-to-small car test and the sled test. In both
tests, the kinematic behavior of the Q3s dummy was
comparable, and the head impacted the side window
glass with similar kinematics. The time at head
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contact with the side window was 104 ms in the
SUV-to-small car test and 96 ms in the sled test,
respectively.

One of the key points for reconstruction of a
dummy’s kinematic behavior on which the authors
have focused is the head contact with the side
window and another point was that the impacted-side
shoulder joint goes out beyond the CRS side wing.
The shoulder joint went out beyond the CRS side
wing only in the 45 degrees sled test among all tests
(including tests at larger forward angles). However,
although in the SUV-to-small car test, the shoulder
joint went out beyond the CRS side wing without
making contact with the CRS side wing; while in the
45 degrees sled test, the shoulder joint made contact
with the CRS side wing and in the final phase of the
impact went out beyond the CRS side wing. There
may be other factors that would affect the kinematic
behavior of the dummy.

In the sled tests with the test buck configured at a
forward angle of 60 degrees (i.e., the lateral velocity
is larger than longitudinal velocity), although the
shoulder joint remained within the confines of the
CRS side wing, head contact occurred. In order that
the head moves forward out of the CRS side wing
and makes contact with the side window, the head
should be flexed forward initially. For the forward
motion of the dummy head, the delta-V in the x
direction should be high sufficiently, which is
dependent on the restrained condition of the dummy.
In the sled test, when the forward angle of the test
buck was large, the velocity in the y direction was
large, whereas the velocity in the x direction was
small. As a result, the dummy moved in a lateral
direction; the contact force between the torso and the
side wing was so large that the dummy resisted
moving from the CRS side wing, and the resulting
head forward displacement was small. Accordingly,
it is likely that longitudinal delta-V is one of the
factors which cause a child’s head contact with the
door or side window. The slack of the shoulder
harness is also likely one of the factors that affects
head contact.

The HIC and its related physical parameters were
compared between the SUV-to-small car test and the
sled test. In the sled test, the head made contact with
the side window at 96 ms, which occurred earlier

than that in the SUV-to-small car crash test (104 ms).
During this contact, the sled velocity and the head
velocity in the y direction were 7.84 m/s and 7.02 m/s,
respectively. The head displacement in the x
direction was 264 mm on impact and 295.4 mm at
maximum (114 ms), which were slightly smaller
than those in the SUV-to-small car crash (271.2 mm
at head impact, 305.9 mm at maximum). The
maximum head acceleration was 1861.2 m/s’
(97.3 ms) and HIC15 was 866 (93.8 — 107 ms),
which were higher than those in SUV-to-small car
crash (maximum head acceleration 1567.8 m/s,
HIC15 702). At the time of head contact, the sled
velocity in the y direction (7.84 m/s) was slightly
higher than that in the SUV-to-small car crash (7.04
m/s). Accordingly, the head impact velocity in the y
direction in the sled test (7.02 m/s) was higher than
that in the SUV-to-small car test (6.76 m/s). Though
the head impact severity in the sled test was slightly
more severe, the authors concluded that the head

impact behavior was reproduced in the sled test.

(b) Sled test

(a) Car-to-car test

Figure 19. Q3s dummy kinematic behavior in
SUV-to-small car test and sled test
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It is difficult to compare the HIC directly because of
the differences in mechanical properties such as the
glass and plastic plate with which the head made
contacted. The maximum head acceleration was
1567 m/s” and HIC was 702 in the SUV-to-small car
test with a head impact velocity (y) of 6.76 m/s,
while the maximum head acceleration was 1861.2
m/s” and the HIC was 866 in the sled test with a head
impact velocity (y) of 7.02 m/s. The head impact
velocity for the sled test was slightly higher than that
for the SUV-to-small car test. If the sled velocity is
controlled to be reduced or the material properties
and the thickness of the plastic plate are selected to
have  similar  relative  characteristics  of
force-displacement to the glass, the HIC value

possibly may be reproduced.

Table 2. Q3s dummy injury measures

SUV-to-small car

test Sled test
Head
Max. acceleration 1567.8 /s 18612 mis
: (105.7 ms) (97.3 ms)
702 866
HIC15 (104.1-111.7 ms) (93.8-107 ms)
) 11.51 m/s 10.55 m/s
Max. velocity resultant (96 ms) (86 ms)
x direction 651 m/s Bl ms
(95 ms) (88 ms)
direction 954 ms 685 m's
y 0 (97 ms) (82 ms)
. 305.9 mm 295.4 mm
Max. x displacement (122 ms) (114 ms)
Chest
. 595.3 m/s’ 596.6 m/s’
Max. resultant acceleration (97.9 ms) (85 ms)
3ms 529.8 m/s’ 566.1 m/s’
) 12.6 mm 6.3 mm
Deflection (133.8 ms) (101.2 ms)
Pelvis
. 417.8 m/s’ 612.7 m/s*
Max. resultant acceleration (78.1 ms) (84 ms)

velocity in the y direction were 6.81 m/s and 8.13 m/s,
respectively. The head displacement in the x
direction was 239.6 mm on impact and 241.5 mm at
maximum (105 ms). The head acceleration was
1411.9 m/s* (101.7 ms) and HIC15 was 814 (94 —
109 ms).

Table 3. Q3s dummy injury measures in sled test
with/without harness slack

Sled test Sled test
Harness slack ~ Harness slack
75 mm 0 mm
Head
Max. acceleration 1861.2 m/s* 1411.9 m/s®
’ (97.3 ms) (101.7 ms)
866 814
HICTS (93.8-107 ms)  (94-109 ms)
. 10.55 m/s 9.82 m/s
Max. velocity —resultant (86 ms) (83 ms)
« direction 8.21 m/s 6.97 m/s
(88 ms) (81 ms)
direction 6.83 m/s 6.98 m/s
y (82 ms) (85 ms)
. 295.4 mm 241.5 mm
Max. x displacement (114 ms) (105 ms)
Chest
. 596.6 m/s” 703.6 m/s’
Max. resultant acceleration (85 ms) (102.7 ms)
3 ms 566.1 m/s 549.1 m/s’
. 6.3 mm 8.1 mm
Deflection (1012ms)  (104.2 ms)
Pelvis
. 612.7 m/s’ 502.5 m/s®
Max. resultant acceleration (84 ms) (82.2 ms)

Sled Test without Harness Slack

The sled test was carried out on the using the same
conditions for the reproduction test except for the
condition without adding CRS harness slack. Table 3
presents the test results with and without harness
slack. Without harness slack, the shoulder joint did
not go out beyond the CRS side wing; however, the
head had contact with the door side window. At the
head contact time (100 ms), the head and the sled

There was a large difference in the maximum head
displacement in the x direction between the tests with
and without CRS slack harness. With CRS harness
slack, the dummy was not restrained, and the dummy
moved toward the door early. As a result, the head
contact time for the test with CRS harness slack of
75 mm (96 ms) was earlier than that without harness
slack (100 ms). Without CRS harness slack, the head
displacement in the x direction was 239.6 mm on
head impact and was 241.5 mm at maximum. For the
test with a harness slack of 75 mm, they were
respectively 264 mm and 295.4 mm (Note: The head
displacement in the y direction was similar because
the head impacted the side window). The head x
displacement in the test without CRS harness slack
was smaller by 24 mm than that in the test with CRS
harness slack of 75 mm on head impact, and by 54
mm at maximum.
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Figure 20 shows the relation of sled test and head
velocity in the lateral direction (y) with and without
slack harness. At the head contact time in the test
without CRS harness slack (100 ms), the sled
velocity in the y direction was 8.13 m/s, which was
higher by 0.3 m/s than that of 7.84 m/s in the test
with a CRS harness slack of 75 mm (96 ms).
However, this is not consistent from the results that
the head impact velocity (y) in the test without CRS
harness slack (6.91 m/s) was smaller by 0.1 m/s than
that in the test with CRS harness slack of 75 mm
(7.02 m/s). With harness slack, the head remained
almost in the same location, and the door impacted
the stationary head (0.82 m/s) at a high velocity. On
the other hand, without harness slack, the torso was
accelerated with the sled, and the head was
accelerated through the neck; then the door impacted
the already accelerated head (1.22 m/s). As a result,
the head impact velocity relative to the door was
higher in the test with harness slack than that in the
test without harness slack. Consequently, it was
confirmed that the CRS slack affected not only the
head displacement but also the head impact velocity.

10
—Harness slack 75 mm| 7.
—Harness slack 0 mm
o —Sled
= 5
=
S
2
20
96 ms 100 ms
5 *
0 50 100 150

Time (ms)

Figure 20. Sled velocity (y) and head velocity (y)
for CRS slack harness of 0 and 75 mm calculated
from integral of acceleration

CONCLUSION

It is considered that a CRS is effective for child
occupant protection in side impact. At present, there
are no official standards or regulations for specifying
the protection performance of a CRS for side impact.
However, accident data show that there are some
cases where a child’s head made contact with the
vehicle interior (such as the door or door side

window) and which resulted in serious head injuries.
It is still a question as to how the child head impacted
a door or side window even though the child had
been seated in a CRS. Moreover, to develop a CRS
side impact test procedure that is effective for child
protection, it is necessary to understand the
mechanism of these head impacts.

In this study, an SUV-to-small car oblique side
impact test was conducted in the manner such that
the head would contact the door or side window. The
SUV impacted the side of the target car at an angle of
45 degrees. A Q3s dummy was seated in the CRS
installed on the target side of the rear seat, and during
the test the dummy head contacted the side window,
which led to a high HIC, even though the child was
seated in the CRS in a standard posture.

A series of sled tests were carried out to reproduce
the Q3s dummy kinematic behavior in the
SUV-to-small car test. After many modifications, the
test conditions that can highly reproduce the
kinematic behavior of the Q3s whole body,
particularly the head, were identified. The head
impact velocity and the sled velocity in the lateral
direction in the sled test were adjusted to be
consistent with those in the SUV-to-small car test
because the head in this test impacted the side
structure laterally. The slant angle of the test buck
was also included as a parameter to represent the
rolling behavior of the target car. A sled test also was
conducted to examine how the CRS harness slack
affects on the dummy kinematic behavior. The head
went out beyond the CRS side wing and impacted the
door side window even when tested without slack in
the CRS harness.

Through the study of reproduction in sled tests, the
mechanism and factors that affects the head impacts
to the door and door side window were identified. A
combination of longitudinal and lateral velocity of
the car affects the movement of the Q3s dummy head
and torso from the CRS side wing. The rolling
behavior of a car during a side impact can affect the
head impact location. It was also found that the door
side window is sufficiently stiff that it can cause
serious head injuries to children.
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ABSTRACT

Incorrect restraint use is widespread among child
passengers and increases the risk of injury in a
crash. Based on previous laboratory testing,
individual modes of incorrect use are often rated as
serious or minor. However, in a recent population-
based observational study in NSW Australia,
almost one third of incorrect use was found to
involve multiple minor errors. In this test series we
hypothesized that the cumulative effect of multiple
minor errors would result in injury protection
reductions of the same order as individual, more
serious forms of incorrect use.

To test this hypothesis, four relatively minor forms
of incorrect use in a forward facing child restraint
were tested individually and in various
combinations and the relative reductions in injury
protection were compared to that observed in more
serious forms of incorrect use. Data from 40 frontal
crash sled tests (32km/hr, 16g) using an
instrumented CRABI six-month dummy were used
in this analysis. Estimations of reduction in injury
protection were made on the basis of relative
increases in head and restraint motion as assessed
using high speed digital photography. The minor
errors studied were selected on their high observed
frequency in the NSW population and included
single and double twists or slack (25mm) in the
internal harness and 25mm of slack in the lower
anchorage. The serious incorrect use included
positioning of the harness below the shoulder level,
an incorrectly routed seat belt, 50mm of slack in
the top tether, excessive slack (75mm) in the
anchorage system, non-use of lower or upper
anchorage and non-buckling of the belt used as the
lower anchorage.

Combinations of two minor errors increased the
relative motion of the dummy by up to 8%
compared to when there were single errors only,
with the greatest relative increase occurring when
two twists were added to a moderately loose
(approximately 25mm slack) internal harness of the
restraint. However, much greater relative increases
occurred when there were combinations of three
errors (average increase of 15%, range 10-20%).

Compared to when there is no incorrect use, the
combination of three errors increased dummy
motion in the same order of magnitude
(approximately 15%) as serious forms of incorrect
use such as excessive slack, partial and non-use of
lower anchorages.

The results demonstrate the cumulative effect of
minor incorrect use on dummy head excursion and
restraint motion. Minor forms of misuse can be
serious when they occur in combinations. This
extends previous laboratory work demonstrating
the effect of incorrect use. Based on these results,
similar cumulative effects in combinations of
serious errors, and in combinations of more than
three errors might be expected. These findings,
together with field work indicating that almost 16%
of children travelling in cars have three or more
errors in the way their restraint is being used,
highlight the need for countermeasures to reduce
the prevalence of even minor errors.

Limitations include the fact that only a single
model of restraint and a standard test bench and set
up was used. The absolute effect of the errors
studied may vary depending on these factors.

INTRODUCTION

Appropriate and correct use of child restraint
systems (CRS) reduces the risk of injury to child
passengers in crashes (Du et al., 2008, Hertz, 1996,
Elliott et al., 2006, Winston et al., 2000, Arbogast
et al,, 2004). However, the level of protection
provided by CRS is reduced if restraints are not
used correctly. While there has been much research
into the negative effects of suboptimal CRS use
(Bilston et al., 2007, Elliott et al., 2006, Lalande et
al., 2003, Brown et al., 2006), this has mostly
focused on single errors in restraint use. When
errors occur in the real world they often occur as
multiple errors (Brown et al., 2010b, Koppel and
Charlton, 2009), but few studies have investigated
combinations of misuse, their cumulative effects,
and their association with the level of protection
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afforded to the child within the restraint (Lalande et
al., 2003).

It has long been acknowledged that not all errors
have the same effect on restraint performance
(Decina and Lococa 2005; Eby and Kostyniuk,
1999). For this reason, individual errors are often
categorised as minor, moderate or severe in
observational studies. Rating systems used in ease
of use consumer information programs give higher
priority to preventing more serious errors. It is
possible that the multiple errors increase the
degradation in protection previously observed with
single errors. This might mean that errors observed
to have only a small effect in isolation might ‘add-
up’ to have a serious effect when they occur in
combination. We hypothesize that the cumulative
effect of multiple minor errors would result in
injury protection reductions of the same order as
more serious forms of incorrect use. To test this,
we have considered the effect on protection of the
most common combinations of child restraint
misuse from an Australian study (Brown et al.,
2010a).

METHOD
Common Errors

Data was extracted from a data set collected during
an observational study of restraint misuse in NSW,
Australia (Brown et al., 2010b, Brown et al.,
2010a), and analysed to establish the most common
forms and combinations of errors. The overall
sample consisted of observations of 501 children
aged 0 to 12 years using all types of restraints.
Only those using forward facing restraints (N=126)
were considered in this analysis.

In the extracted data, each error was assigned to a
restraint component category (e.g. harness, seat belt
and top tether) and designated a type of error (e.g.
harness twisting and seat belt routing). The overall
occurrence of each type of misuse was totalled and
ranked according to the total number of cases the
individual misuse was involved in. The most
common errors identified are shown in Table 1.

To examine the most common combinations, the
sample was further separated into the number of
errors observed in each case. This ranged from two
to six errors for each case. These groups were then
ranked. The most common errors within each group
were assessed across the sets to identify the most
common combinations. These occurrences were

also compared to the frequency of single errors.
The top six combinations of double misuse for the
forward facing data are presented in Table 2..

Table 1.
Top 10 individual forms of misuse and their
frequency in forward facing restraint cases from

Brown et al. (2010a).

Category Type Fl\r/fi(sl::::fz;:)’f
Harness mildly twisted 50.79
Harness slightly loose 40.48
Harness low on shoulders 15.87
Harness very twisted 14.29
Seat Belt | incorrectly routed 13.49
Seat Belt loose 12.70
Harness very loose 11.90
Seat Belt mildly twisted 9.52

Additional | baby insert used 8.73

Table 2.

Top 6 double combinations of misuse for forward
facing restraints and their frequency

(Brown et al. (2010a))
Cases With
Description of Type of Misuse | This Misuse
Total %
Harness mlldly twisted and 39 | 30095
slightly loose
Harness mildly twisted and 9 714
seat belt loose
Harness slightly loose and 9 714
seat belt loose
Harness mildly twisted and
. 8 6.35
seat belt route incorrect
Harness slightly loose and 2 635
too far below shoulders '
Harness. very twisted and p 6.35
slightly loose
Test Matrix

The test matrix (shown in Table 3) was designed to
include the most common cases of multiple errors
identified in the sampled data. These include a
combination of minor and serious errors as coded
by Brown et al. (2010a).
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Table 3.

Test matrix
. Description of misuse Designated
Misuse . . .
Securing (harness) Installation Severity
Control
(No misuse) - - NA
Harness mildly twisted - Minor
Harness very twisted - Minor
Harness slightly loose - Minor
Harness low on shoulders - Serious
Single - Seat belt routed incorrectly Serious
misuse - Seat belt 25 mm slack Minor
— Tether 50 mm slack Serious
- Tether not used Serious
- Seat belt not used Serious
- Seat belt used, not buckled Serious
Harness very twisted, Harness slightly loose - Combined Minor
Harness mildly twisted, Harness slightly loose - Combined Minor
Harness mildly twisted, Combined
Harness too far below shoulders Minor/Serious
Harness very twisted, Combined
Harness too far below shoulders Minor/Serious
Multiple Harness mildly twisted, Harness slightly loose, 3 Combinc?d
misuse Harness too far below shoulders Minor/Serious
Harness mildly twisted Seat belt routed incorrectly Combine;d
Minor/Serious
Harness mildly twisted, Harness slightly loose Seat belt 25 mm slack Combined Minor
Harness mildly twisted, Harness slightly loose Tether S0mm slack Comblnc?d
Minor/Serious
Tether 75 mm slack, . .
B Seat belt 75 mm slack Combined Serious

Table 4.
Misuse descriptions and definitions

Form of misuse

Definitions of misuse

Harness mildly twisted

1 full twist on each strap of the harness between harness tongue and collar bone region.

Harness very twisted

2 full twists on each strap of the harness (twisting did not pass through the upper shoulder slots).

Harness slightly loose

2 foam spacers to give 23.5 mm of additional slack (on top of tight harness).

Harness low on

Upper straps emerged 70 mm below the height of the dummy’s shoulder using the lowest of the

shoulders three harness slots, yet still passed over the top of the dummy’s shoulder.
Seat belt routed Seat belt route passed through slots for the rearward facing mode despite the restraint operating
incorrectly in the upright, forward facing direction. The belt passed underneath the seat of the restraint, just

rearward to the floor straps of the harness buckle.

Seat belt 25 mm slack

25mm slack was marked and taped off beneath the turning guide of the upper seat belt
anchorage point.

Tether 50mm slack

50 mm slack was marked and taped off with the tether still attached to the frame.

Tether not used

Tether not attached to the anchorage clip. Only seat belt used to secure CRS.

Seat belt not used

Seat belt not extended out of holder (did not pass through CRS). Only tether used to secure CRS.

Seat belt used, not buckled

Seat belt passed through the CRS, but was unbuckled.

Tether 75 mm slack,
Seat belt 75 mm slack

75 mm slack was introduced into the tether strap at the adjuster.

75 mm slack was introduced at the D-ring of the upper belt anchorage. Excess belt was pulled to
rest at buckle.
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Test Set Up

Each test was performed twice in the Impact
Injuries Research Laboratory at Neuroscience
Research Australia on a purpose built rebound
crash sled propelled by bungee cords. Peak sled
acceleration averaged 16.2g, simulating a frontal
impact with approximately 32 km/hr change of
velocity. Video footage for each test was captured
by a Phantom high speed digital video camera
(v4.1, Vision Research, Wayne, NJ). Data was
acquired via a 10-channel signal conditioner at
10kHz according to SAE J211/1 standards through
tri-axial head acceleration and upper neck forces
and moments transducers on a CRABI six month
old dummy. This dummy represents a 50"
percentile six month old weighing 7.8 kg with a
sitting height of 439mm and was clothed in
appropriate apparel and fitted with photographic
targets for head excursion measurement.

A single model convertible rearward facing/
forward facing CRS was used in the test series. For
the correct use case, the dummy was secured to the
restraint and the restraint installed as per the
manufacturer’s directions. As required in testing to
AS 1754, a 23 mm polystyrene foam spacer was
used to standardise harness fit. The errors tested are
described fully in Table 4. The multiple forms of
misuse were the combination of the single errors.

Data and Video Processing

Sensor output data was filtered in accordance with
SAE J211/1. Resultant neck forces (Fx and Fz
presented) and moments (My presented), and head
accelerations were calculated and plotted. The head
injury criteria (HIC15) and peak resultant head
acceleration (PRHA) for each test case were also
calculated.

Phantom software was used to manually digitize
data points from the markers on the sled (reference)
and centre of gravity (c of g) of dummy head, and
top and bottom of the restraint. A template was
used to estimate the location of the head ¢ of g
when the ¢ of g marker was obscured from view by
the dummy’s arm. Dummy excursion in the x-
direction was calculated, using a custom designed
program. Maximum head excursion and restraint
rotation was computed.

Results from each individual pair of duplicated
tests were averaged, and the averaged value used in
the analysis.

Data Analysis

The cumulative effects of the errors were evaluated
in two ways. First the percentage change from the

baseline (correct use) was calculated for each test
scenario (single errors and combined errors). i.e.
we calculated the average percentage change for
each variable in each test case (i.e. average of two
repetitions) compared to the correct use case. The
percentage changes from the correct use case for
combinations of errors were compared to the worst
individual error among the combination. For
example, we calculated the increase in head
excursion over the correct use case for each tested
single error and each tested combination. We then
compared the percentage change in head excursion
when there was a slightly loose harness, a slightly
twisted harness, and the shoulder straps were in a
slot too far below the shoulders with the highest
percentage change in head excursion for each of
those individual errors tested separately — i.e. with
slightly loose harness.

An ‘expected’ cumulative effect was then
calculated, and compared to the measured effect of
the combination of errors. To calculate the
‘expected’ cumulative effect, the percentage
change in each of the individual errors was
summed. E.g. for the example in the previous
paragraph, we added up the % increase in head
excursion for each of the test cases (Expected % =
% increase for slightly loose harness + % increase
for a slightly twisted harness +% increase when the
shoulder straps were in a slot too far below the
shoulders). This was compared to the measured %
increase in head excursion for the combination test.

This was done for forward head excursion, HIC15,
PRHA, Fx, Fz and My for each combination case.

RESULTS

A summary of the percentage change in the
performance measures obtained in each test
scenario are presented in Appendix 1.

Head Excursion

Head excursion ranged from 186 mm to 347 mm.
The scenario with an incorrectly routed seat belt
(only) produced the least amount of forward head
excursion. The triple misuse combination with this
error was the next best scenario. Both these cases
resulted in less forward head excursion than the
baseline case with no misuse.

Apart from the incorrect belt route case, most of the
individual errors resulted in additional head
excursion of 2% to 6.5%. The exception was when
the harness was too far below the shoulders, where
there was an increase of 12.6% in forward head
excursion. Higher values were observed with
combinations of errors, ranging from 9.1% to
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22.3%. The worst case was the combined triple
harness misuse (harness mildly twisted + harness
slightly loose + harness too far below shoulders).

Figure 1 compares the percentage change in
forward head excursion in the individual and
combined errors, demonstrating that the cumulative
effect of multiple minor errors is of the same order
as some of the more serious individual errors.

Tether 75mm slack + seat belt 75mm (Tr 75 +5B 75)
Harness mildly twisted + slightly lcose + Tether slack
Harness mildly twisted + slightly loose + Belt loose
Harness mildly twisted + Belt routeincorrect
Harness mildly twisted + slightly lcose + low shoulders
Harness very twisted + low shoulders

Harness mildly twisted + low shoulders

Harness mildly twisted + slightly loose

Harness very twisted + slightly loose

Seat helt used, not buckled (SB buckle)

Seat belt not used (No SB)

Tether not used (No Tr)

Tetherslack 50mm

Seat helt loose (25mm slack)

Seat helt routed incorrectly (RF slightly loosets)
Harness low onshoulders

Harness slightly loose (23mm spacer)

Harness very twisted (2 full twists per strap)
Harness mildly twisted (1 full twist per strap)

No misuse

As shown in Figure 2, multiple minor errors
combined to increase forward excursion beyond
that observed when the individual errors occurred
in isolation. This was not the case when the serious
errors were combined with minor errors. As shown
in Figure 3, these increases were generally greater
than would have been expected by simply summing
the changes in observed forward excursion for each
individual error, relative to the correct use case.

-10 5 0 5 10 15 20 25

Head Excursion (mm)

Figure 1. The increased percentage of forward head excursion for individual errors and combination
errors. Red bars denote serious individual errors. Blue bars denote multiple minor error combinations.

Head Acceleration (PHRA), HIC, Neck Loads

PRHA ranged from 25 to 4lg. Incorrect belt
routing also resulted in the lowest PHRA and as
with head excursion, PHRA was lower than that in
the baseline test. Among the other individual
errors, those that added slack into the system
(harness slightly loose, seat belt 25mm slack, tether
50mm slack) also reduced the PRHA, and the other
individual errors had little effect on PRHA.

In most cases, the combined errors reduced PHRA
compared to the individual components, but
resulted in greater PHRA than would have been
expected from summing the errors in PHRA from

the component individual errors (see Figure 4 and
Figure 5). This was particularly the case in the
triple combinations of errors.

HIC 15 followed a similar pattern to that seen with
PRHA and was lower among the individual errors
than in the correct use case. Notably, HIC 15
increased by more than 20% in the triple
combinations of errors compared to the individual
error components (Figure 6). The triple
combination of errors also resulted in 10% greater
HIC values than would have been expected from
summing the components (Figure 7). However, all
HIC 15 values were low (<150) in these tests.
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25

20

Differnce between Expected and Actual
HIC15 (%)

HVT + HSL

HMT + HSL

HMT + H Low

HVT + H Low

HMT + HSL + H Low
HMT + SB route

HMT + HSL + SB slack
HMT + HSL + Tr slack

Case

Figure 7. The difference between the recorded
HIC 15 and the expected value. Red line indicates
5% above the expected value; green line indicates
5% below the expected value

Changes in Neck Fx, Fz and My relative to baseline
are presented in Appendix 1. The effect of both the
individual and combinations of errors was less
clear in the neck responses measured in the
dummy. Neck loads were all relatively low (Fx
<0.64kN, Fz<0.75kN) My ranged between 0.05 and
9.5kNm.

DISCUSSION

This study demonstrates that multiple or combined
minor errors in the use of a forward facing restraint
can increase the amount of forward excursion to the
level seen with serious errors. It also demonstrates
that head excursion and other measures of head
injury potential increase substantially when there
are triple combinations of errors compared to when
there are single or double errors. Surprisingly, one
of the errors studied here was an exception and
actually improved the performance of the restraint.
This was when the seat belt was incorrectly routed
through the rearward facing slots whilst the CRS
was used in forward facing mode. The results likely
reflect the advantages of a lower anchorage that
encircles the base of the restraint, minimising the
restraint’s upward rotation. This result may be
specific to this model of restraint. There are a
number of ways that seat belt routing might be
achieved incorrectly in different restraints, and as,
Lalande et. al. (2003) and Lesire (2007) found, this
type of error may negatively affect restraint
performance in other configurations. Forward head
excursion was also reduced when the seat belt
buckle was not engaged but review of this test
revealed vertical head excursion had increased by
more than 500% indicating a definitive degradation
in protection.

Our  results  support  previous  research
demonstrating that the misuse of child restraints
decreases the protection offered to the child
(Lalande et al., 2003, Hummel et al.,, 1997).
Additionally, it provides new information regarding
the threat of injury to occupants as a result of
multiple errors in restraint installation and use. This
material can be conveyed to road safety advocates,
child restraint manufacturers and related industry
bodies, standards committees, government
authorities, and most critically, the end users of
restraint systems. There needs to be continual
development to improve the design of restraints to
make them easier to properly fit to the vehicle, and
to secure the child within the restraint, and harder
to be used erroneously. Restraints might also
provide feedback to users when misused. While
regulatory bodies and consumer test programs may
focus on improving restraint design such that the
system is harder to misuse, there is still an
imperative need to educate the end users. Parents,
guardians and carers need to be made aware of the
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dangers and risks associated with incorrect use, and
the importance of correct use of child restraints.
Particular emphasis should be placed on informing
users of the risks involved with combinations of the
more COmMmon minor errors.

The greatest degradation of safety resulted from the
combination of a slightly loose harness with mild
twisting and having the harness straps positioned
too far below the shoulders. This was followed by
the seat belt slack combination, then the tether
slack combination. Moreover, in these two latter
cases, there was a cumulative effect of misuse
when compared to that expected by summing its
constituent errors. The highest head and neck injury
criteria were observed in cases involving loose
installation belts. This shows that installation slack
substantially reduce the effectiveness of a child
restraint.

However, installation errors do not always lead to
an increased injury risk, as the incorrect seat belt
route in this particular instance provided additional
protection to the occupant when compared to the
correct set up. In this case, it was also observed that
smaller amounts of restraint rotation due to the belt
route were seen to significantly decrease the
amount of forward head excursion. This provided
substantially better protection than the correct
restraint configuration. Therefore, restraints should
be designed to limit upwards rotation. If seat belts
are used in the new design, the route should pass
around or through the base of the restraint. A
design limitation exists in many of the systems
currently available in that the seat belt passes
through slots at the back of the restraint, which are
often high above the seat bight, which appears to
allow significant upward restraint rotation. Further
testing could be conducted to establish the
contribution of restraint rotation to the risk of child
injury. In this test series, the incorrect seat belt
route was only tested in combination with a mildly
twisted harness. It can be surmised that this form of
installation misuse might offset potentially harmful
other forms of misuse in combinations. This should
be investigated to ascertain whether limiting
rotation of a child restraint has a beneficial effect
on child safety in crashes, and if so, the extent of
protection offered.

Currently, categories for assigning the severity of
an error are usually based on single misuse
scenarios. The results of this study suggest that this
may not adequately reflect the potential
consequences in the real world, as we found that a
combination of ‘minor’ errors led to amounts of
head excursion normally recorded in serious
isolated errors. As studies in the area of multiple
misuse continue, researchers may need to consider
whether these current ratings are sufficient, and

whether a more comprehensive way of assigning
severity ratings should be developed.

This study only examined cases of single and
combination misuse for a forward facing restraint
system in the frontal direction. Further work may
be warranted to explore the consequences of
multiple errors in other impact directions and/or
different types of restraint systems (e.g. infant
restraints, booster seats). Furthermore, this test
series was modelled on a six month old child,
which is at the younger limit for graduating to the
forward facing mode. Analysis using the three year
old dummy in the same restraint mode may yield
additional information and provide a more
comprehensive picture of the effect of multiple
forms of misuse in forward facing restraints.

Limitations

There are some limitations in the methods used that
should be kept in mind when reviewing the results.
The dummy used was assumed to be a good
surrogate for a real child. While the CRABI was
designed to accurately represent the anthropometry
and impact response of a child, the torso is rigid
and cannot deform as an infant’s would. This is
likely to have affected the response of the dummy,
particularly during the multiple harness errors
where the stiff torso and spine may have led to a
lower likelihood of escape from the harness and
less forward torso rotation. The tests were also
conducted at relatively low wvelocities (30-35
km/hr), and since these results may not be directly
extrapolated to higher wvelocities, the results
presented may be an underestimation of the worst
cases. Finally, this study only used one type of
child restraint (albeit one of the most common), so
the results may not be representative of all other
restraints.

CONCLUSION

This study has examined the effects of common
single and combination errors in the use of a
forward facing child restraint system. The results
demonstrate that combinations of errors increase
the likelihood of injury for the occupant when
compared with cases which only involve one error.
Specifically, combinations of errors assigned a
minor severity ranking increased the amount of
head excursion to an extent usually only seen in a
single serious error.

The results also demonstrated that the number of
errors in a combination is a critical factor for
determining the likely degradation in protection,
with the worst cases all involving three errors.
Additionally, these cases resulted in the greatest
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relative increase in injury risk compared to the
increased risk of its constituent errors.

One error that involved using a different belt path
in forming the lower anchorage improved the
performance of the restraint tested. Limiting
restraint rotation appears to significantly decrease
the amount of forwards head excursion.
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Appendix 1.
Relative percentages of the critical values of head excursion, PRHA, HIC15, Fx, Fz, My and restraint rotation

compared to the baseline for each case.. (-) indicates no data collected. * indicates tests compared to baseline 2
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ABSTRACT

High-backed booster seats provide good protection to
child occupants primarily by promoting good posture
and positioning the adult seatbelt correctly across the
torso and pelvis. Sash belt-positioning features (also
known as sash guides) assist with this. The position
of the upper seat belt anchorage is known to affect
static sash belt geometry in booster seats. However
dynamic testing is commonly performed using a
single standard location, not representative of the
wide variability seen in the rear seat of the vehicle
fleet.

This study investigates the effectiveness of three
booster seat sash guide designs during moderate-
speed frontal impacts across a range of upper seat
belt anchorage locations seen in Australia. On the
basis of previous static studies, it was hypothesised
that more outboard located anchorages would
produce the most challenging belt geometry for the
sash guides to overcome.

34 frontal crash tests (Av=31.5 km/hr, 16.9 g) using
the Hybrid III 6 year old test dummy were conducted.
The tests were filmed using a high speed camera and
head excursions were determined using Phantom
software. Seat belt forces, head accelerations and
neck loads were measured. The upper D-Ring
position was varied over five vertical and horizontal
(inboard/outboard) conditions, representing
maximum and minimum anchorage height and
distance between upper and lower inboard anchorage
points. Two different booster seat models
incorporating three different sash guide designs were
tested with and without the sash guides engaged. The
influence of lap-belt placement on dynamic sash belt
fit was minimised by use of an anti-submarining
feature.

Head excursions with all sash guides at the standard
anchorage position, and for standardised belt

geometry were comparable. Excursions were
substantially lower when no sash guide was used for
the integrated head restraint type sash guide. Wide
variation in excursion was seen between the minimal
and maximal combinations of anchorage position.
The integrated sash guide outperformed both
variations of strap type in the lower anchorage
positions, but produced substantially greater head
excursion in the highest, most outboard anchorage
position. The strap type sash guides performed worse
in the lower positions. The highest, most outboard
position yielded comparable excursions for both strap
type guides which were similar to excursion at the
standard position.

These results suggest that the sash guides were not
uniformly effective in maintaining dynamic sash belt
position across the range of anchorage positions
tested.

This study is the first to demonstrate that both sash
guide design and upper belt anchorage position
interact to control head excursion in booster seats.
While the sash guides produced comparable
excursions in the standard anchorage position and for
standardized belt geometry, large variations are
observed when tested over the range of anchorage
positions seen commonly in the rear seat.

BACKGROUND

Booster seat use is advocated to improve the fit of the
rear seat for child passengers. In Australia, federal
road rules state that children must use a booster seat
until an age of at least seven years (National
Transport Commission, 2007). Beyond this,
recommendations exist to support children using
booster seats until they are at least 145 - 148 cm tall,
or around ten to twelve years of age (Bilston and
Sagar, 2007, Klinich et al., 1994).
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When used appropriately and not misused, high-

backed booster seats have been shown to provide

increased protection to child occupants (Durbin et al.,

2003, Arbogast et al., 2005, Arbogast et al., 2009,

Bilston et al., 2007). Reed et al. (2009) ascribed the

superior protection afforded by correctly used booster

seats to a threefold mechanism:

1. The child is elevated off the seat, improving the
path that the seat belt follows;

2. Potentially harmful postures such as slouching
are limited by effectively shortening the seat
cushion;

3. Additional static lap and sash belt positioning
features direct the seat belt webbing
comfortably on load-bearing structures of a
child’s body.

Booster seat features that act to position the sash part

of the seat belt are commonly called ‘sash guides’.

Sash guides can exist as structural and/or non-
structural features of booster seat design. Structural
designs include open or closed guides that are
integrated into the headrest or fixed onto the sides of
the booster seat. Non-structural sash guides exist
frequently as a plastic clip connected to a flexible
strap located at the child’s shoulder, or a Velcro
strap.

In addition to statically positioning the sash correctly
over the mid shoulder and clavicle, the sash guide
needs to assist in maintaining this sash position
during the impact to ensure head and torso excursion
is minimised.

There is now some assessment of sash belt fit and
sash guide performance in the Australian child
restraint standard. Following a recent revision, the
Australian  child restraint standard (AS/NZS
1754:2010) now requires boosters to achieve
adequate static sash belt placement, and for sash
guides to maintain contact with (engage) the sash belt
for the entire impact (Standards Australia, 2010a).

The quality of torso and head protection provided by
booster seats is also monitored in North America
through head excursion limits in FMVSS 213 (813
mm for boosters). However standards testing in North
America, Australia and elsewhere use only a single,
standard, upper seatbelt anchorage location
(Standards Australia, 2010b, National Highway
Saftey Bureau, 2001 ). In reality, the location of this
anchor (the D-ring) varies widely between vehicles
(Bilston and Sagar, 2007, Reed et al., 2008).

Different sash guide designs are known to produce
varied belt fit and occupant kinematics when assessed

both at the standard upper anchorage position (Brown
et al., 2009) and also with anchorage positions that
vary from the standard (Reed et al., 2008, Klinich et
al., 2008). What has not been determined however, is
the potential interaction between different sash guide
designs and varied anchorage geometries. In other
words, the ability of different sash guide designs to
achieve and maintain good sash belt fit across a range
of realistic seat belt anchorages is unknown.

In this study we examine three different sash guide
designs over a range of upper seat belt anchorage
positions during frontal impact testing. We
hypothesised that the guides would vary in their
ability to maintain good seat belt placement,
particularly when the upper seat belt anchorage was
located more laterally (outboard).

The characteristics of sash guide design and upper
anchorage location on the propensity for seat
belt/sash guide disengagement were also examined.

METHODS

The performance of three different, commonly
available sash guide designs over a range of upper
anchorage conditions during 34 frontal impacts was
investigated. All tests were conducted on a custom-
built rebound sled at Neuroscience Research
Australia (formerly the Prince of Wales Medical
Research Institute).

1. Variable anchorage geometry

The upper seat belt anchorage position specified for
the AS/NZS 3629.1:1999 test seat assembly is of
height 650 mm above the seat cushion, located 490
mm outboard of the lower inboard anchorage point,
and 265 mm behind the seat back (Standards
Australia, 2010b).

Variable anchorage geometries were achieved by
manufacturing an accessory frame for the test seat,
which was fitted in place of the standard frame.
Using the frame, the position of the upper anchorage
could be altered vertically to achieve either a low or
high position at either 465 or 675 mm above the seat
cushion, and also laterally to achieve either an
inboard or outboard position, at either 240 or 480 mm
outboard of the buckle anchorage. The positions are
representative of the range of locations seen in a
survey of 50 late model Australian cars (Bilston and
Sagar, 2007, Cheung, 2007).

A “cross booster standard” anchorage position was

also established by manipulating the location of the
D-Ring to produce identical, optimised sash belt
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placement for all three sash guides. In this way, the
effect that differing belt geometry, with respect to the
dummy torso, had on the effectiveness of each design
was minimised. This was achieved by using a
different anchorage location for each sash guide. The
height of the anchorage was chosen such that it was
above the back of the booster, and produced effective
belt routing over the shoulder centre. The lateral
position of the anchor was chosen such that the
booster seat could fit between the D-ring and buckle
stalk. This proviso was chosen with the rear seat
environment in mind: if this width is less than the
width of the booster seat, then closing the vehicle
door would reposition the booster more towards the
car centre, and potentially position the sash belt off
the shoulder.

2. Test Dummy and Instrumentation

The tests used a Hybrid III 6 year old test dummy
(mass 23.4 kg, seated height 635 mm), representative
of the anthropometry of children who must legally
use a booster seat in Australia. The dummy was
modified to prevent the lap belt becoming trapped in
non-biofidelic gaps between the pelvis, abdomen and
thighs by attaching a fabric lap shield to the dummy
as shown in Figure 1. The dummy was then clothed
as required by AS/NZS 1754.

Figure 1. Pelvic modification a) before and b)
after.

The dummy was seated according to a standardised
protocol for each test and was fitted with triaxial head
accelerometers and upper neck force and moment
transducers. A seat belt force transducer was also
used to determine peak belt forces.

3. Booster Seat and Sash Guide Selection

The sash guide designs investigated represented the

most common designs currently seen on Australian

boosters. These were:-

1. A head restraint integrated sash guide (fype I seen
in Figure 2a);

2. A plastic clip on a long flexible strap attached at
shoulder height (#ype 2 seen in Figure 2b) and;

3. A plastic clip on a long flexible strap attached
near the lower back (type 3 seen in Figure 2c).

Two commonly available hard-shelled booster seat
models were used. The first (Booster 1) features the
head rest integrated sash guide type I. The second
was a forward facing/booster seat convertible model
(Booster 2) and features the strap type sash guide
type 2. The strap type sash guide fype 3 was not
available in a hard-shelled design. To overcome this,
the back of Booster 2 was retrofitted with sash guide
type 3. This modification involved cutting (and
reinforcing) a slot in the centre of the back and
attaching the sash guide to the existing sash guide
attachment points.

a b

Figure 2. Sash guides examined - a) Type I b)
Type 2 ¢) Type 3.

The effect of any potential differences in lap-belt
placement on dynamic sash belt fit was minimised
through use of the anti-submarining clip (ASC)
featured on both these booster designs.

Table 1. Test matrix for study

. . Distance
Sash_Gulde . . Standard/ Height of Between
(* =sash Position Anchorage Position Anchor
Test Number . T . Accessory Upper and
guide not Number: Description: Above
Frame . Lower
engaged) Cushion Anchors
1&2 1*
3&4 1
5&6 2/3% 1 Australian Standard Position Standard 650mm 490mm
7&8 2
9&10 3
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. . Distance
Sa:h_Gulde . . Standard/ Height of Between
(* =sash Position Anchorage Position Anchor
Test Number . T . Accessory Upper and
guide not Number: Description: Above
Frame . Lower
engaged) Cushion Anchors
11 & 12 1 o . L
13 & 14 2 2 Minimum Height & Minimum | oo, 465mm 240mm
15&16 3
17 & 18 1 L . .
19 & 20 2 3 Minimum gfsllgah,fc‘fM"x’m”m Accessory 465mm 480mm
21 &22 3 ]
23 & 24 1 . .
25 & 26 2 4 ﬁZﬁfZZ,'Z ges’t‘fgc fﬁ Accessory 675mm 480mm
27 & 28 3 )
29 & 30 1 555mm 440mm
31 & 32 2 5 Cross Booster Standard Accessory 495mm 480mm
33&34 3 615mm 480mm

4. Test Matrix

Overall, 17 different sash guide/anchorage position
combinations were tested, with two tests carried out
for each combination. The booster seats were initially
tested with and without the sash guides engaged at
the standard position, and at the anchorage position
required to achieve standardized belt geometry. Each
sash guide design was then assessed with varied
anchorage position at the minimum height and
distance position, minimum height and maximum
distance position, and maximum height and
maximum distance position. The complete test matrix
is summarized in

Table 1.

In all tests, the booster seats were installed and
adjusted as per the manufacturers’ instructions for
use and sash guides engaged in a standardized way.
An emergency locking retractor (ELR) lap-sash seat
belt as specified in Australian Standard dynamic
specifications was used in all tests.

High speed film footage of the impact was recorded
at 2 ms intervals, with the camera positioned to
capture the side view. The top view of the impact was
simultaneously recorded through the use of a 45
degree angled mirror. Tests were conducted with a
mean velocity change of 31.5 km/h and peak
deceleration of 16.9 g.

5. Data Analysis

Custom designed software was used to filter and
process the test data according to SAE J211/1.
Resultant head acceleration, neck forces and
moments were determined and plotted for each test
and used to calculate HIC and Nij.

High-speed film was analysed using Phantom
analysis software for head excursion, dummy
kinematics, dynamic sash belt placement and sash
guide interaction. Head excursion was calculated as
the relative excursion of the centre of gravity (COQG)
of the dummy’s head from its initial, pre-test position
in the direction of impact.

Frontal pre-test photographs were used to measure
the sash belt offset of the lateral belt edge from the
dummy’s neck at the shoulder contact point (seen in
Figure 3).

Offsets were rated according to whether they were
too far inboard (producing neck contact); good; or too
far outboard (greater than the width of the shoulder).
Specifically, ‘good’ scores were designated for
offsets positioning the outer sash belt edge more than
Smm inwards of the shoulder edge, and the inner belt
edge more than Smm outwards from the neck.
Unacceptable scores were allocated to offsets that
placed the outer belt edge within Smm of the
shoulder edge; or the inner belt edge within Smm of
the dummy’s neck.

\

=

J
r

Sash Offset

Figure 3. Sash belt geometry determinants.
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Head excursion was objectively compared with static
belt offset to determine whether a linear relationship
existed between the two measurements.

Statistical analyses were performed on the averaged
results for each sash guide, anchorage position
combination. Data were analysed in two stages. The
first stage compared offsets and excursions at the
standard anchorage position with and without the
sash guides engaged, and for standardised sash belt
geometry. The second group comprised the standard
location, and three minimal/maximal combinations of
anchorage height and lateral position all using sash
guides.

RESULTS
1. Sash Offset

Shown in Figure 4, all three sash guides were
effective in improving the sash belt position on the
dummy’s shoulder compared to when the sash guides
were not used. Black dotted lines in the figures
denote the ‘acceptable offset’ range.

120
Too far Outboard
100

80

607

Sash offset [mm]

40

207

T T T
Standard No Sash Standard Cross Booster
Guide Standardised

Anchorage Position

M Sash Guide 1 /Booster 1
[ sash Guide 2 /Booster 2
[ 'sash Guide 3 /Booster 2

Figure 4. Comparison of sash offsets produced
when sash guides disengaged/engaged, and for
standardised belt geometry.

Booster 1 resulted in the outer belt edge being
positioned off the edge of the dummy’s shoulder.
When the sash guide (zype I) was engaged however,
the belt was repositioned more medially, in from the
shoulder edge.

When the sash guides were not used, the belt routing
of Booster 2 resulted in neck contact. When either
sash guide (yype 2 or 3) was engaged, the belt was

routed away from the neck, to a more central position
on the shoulder.

When belt geometry was standardised, a difference in
offset of roughly 15 mm was seen between sash
guide #ypes I and 3, and sash guide #ype 2. This
difference was due to a sash guide exit position
located more medially than the dummy’s shoulder.
This resulted in the sash belt being pulled inwards at
the shoulder when this sash guide was engaged.
When sash guides were engaged and the anchorage
position varied, sash guide type influenced the static
position of the belt. This is shown in Figure 5.

1207 Too far Outboard

100

— H

Acceptable Offset Range

Sash offset [mm]

Too Far Inboard
| 1 1

0- T T T T T
Standard Min Height Min  Min Height Max Max Height Max
Dist Dist Dist
Anchorage Position

M Sash Guide 1/Booster 1
[0 Sash Guide 2/Booster 2
[ 'sash Guide 3/Booster 2

Figure 5. Comparison of sash offsets produced
when sash guide used at the standard position,
and when used at varied anchorage positions.

On average, sash guide #ype I produced the largest
offsets. Sash guide #type 2 produced the smallest
offsets and was often ineffective at routing the belt
away from the neck. Sash guide #ype 3 generally
produced offsets that were between sash guide types
I and 2. Of note was the offset produced by this type
of sash guide (zype 2) at the lower, more outboard
located anchor position (Min Height Max Dist in
Figure 5), which was discernibly larger than any of
the other offsets it created at the other anchorage
positions.

No sash guide was able to replicate the belt
placement achieved at the standard position across
the range of anchorage locations tested.

2. Head Excursion

Head excursion results are presented in Figure 6 and

Figure 7. Head excursion varied from 267 to 366
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mm. The mean excursion for the tests was 313 mm,
shown as a black dotted line in the figures.

3707

350

3307

--------------------------------- e 1

31077

Head Excursion [mm]

2907

270 292|(292
267

250— T T T T
Standard No Sash Standard Cross Booster
Guide Standardised

Anchorage Position

Il Sash Guide 1 /Booster 1
[ sash Guide 2 /Booster 2
[Jsash Guide 3 /Booster 2

Figure 6. Comparison of head excursion with sash
guides disengaged/engaged, and for standardised
belt geometry.

Use of the sash guides at the standard anchorage
position (Figure 6) resulted in greater head excursion
for all three types compared to when the guides were
not used. This difference was slight between Booster
2 and sash guide #ypes 2 and 3, but substantial
between Booster | and sash guide #ype I. The
smallest head excursions and largest sash offsets of
the test series were produced by Booster I at the
standard position without the sash guide.

Head excursions at the standard anchorage position
and for standardised belt geometry were comparable,
approaching the mean excursion for the test series.
However when anchorage position was varied, head
excursion ranged widely both for different anchorage
positions and for sash guide types (see Figure 7).

Sash guide type I outperformed both strap types of
sash guide (fypes 2 and 3) in the lower anchorage
positions (min height), but produced substantially
larger excursion at the highest, most outboard
anchorage position (max height, max dist, Figure 7).
The excursions produced by the strap type sash
guides 2 and 3 were similar at each anchorage
position tested. These forms of sash guide performed
worst in the lower anchorage positions, with the
largest head excursion of the series produced by sash
guide #ype 3 in lowest, most outboard anchorage
position (min height, max dist, Figure 7). The
excursions yielded at the highest, most outboard
anchorage position (max height, max dist, Figure 7)

were similar to those produced in the standard

position.

3707

3507

3307

31077

Head Excursion [mm]

2907 |

304|598

295

2707

250~ T T T T

I I I
Standard Min Height Min - Min Height Max Max Height Max
Dist Dist Dist

Anchorage Position

M Sash Guide 1/Booster 1
[0 Sash Guide 2/Booster 2
[ sash Guide 3/Booster 2

Figure 7. Comparison of head excursion when
sash guides sash guide used at the standard
position, and when used at varied anchorage
positions.

Statistical analysis found no significant relationships
between head excursion and either sash guide type or
anchorage position. Furthermore, no linear
relationship was seen between sash offset and head
excursion. However, the number of tests is small, and
the study therefore has limited statistical power.

3. Dynamic Observations

A summary of dynamic observations are presented in
Table 2. Contact between the sash belt and the
dummy’s shoulder was partially lost in two instances
involving Booster 1. The first was at the standard
anchorage position when the sash guide was not used,
and the second with the #ype I sash guide engaged at
the high, outboard anchor position. In both these tests
the sash belt partially slipped off the dummy’s
shoulder after the impact. Despite these two
instances, no complete dummy rollout was observed
during testing and for all other tests good dynamic
shoulder/sash contact was maintained.

The effectiveness of the ASC was demonstrated as
the lap belt was held low on the dummy’s pelvis in
all tests. Seat belt retraction was affected in some
tests when the location of the upper anchor was
varied from the standard.

Post-test observation revealed the retractor to have
locked with varying amounts of slack in the seat belt
in:
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- One test with sash guide #ype 3 at the standard
position;

- One test involving sash guide type I and both
tests involving type 3 at the minimum height
maximum distance position and;

- Five out of six tests at the minimum height
minimum distance anchorage location.

This anchorage position resulted in the highest

average head excursion of all the positions evaluated,

however sash belt offsets were mostly within the
acceptable range.

excursion of the series. In this case, slack was also
seen post-test.

Of the sash guides evaluated in this study, the seat
belt disengaged from sash guide fpe 2 at all
anchorage positions between 43 to 45 milliseconds
after impact. However, this did not result in the sash
belt sliding off the dummy’s shoulder.

Sash guide type 3 also became partially disengaged in
one instance but again, shoulder contact was

The tests involving sash guide #ype 3 with the lower, maintained.
more outboard position resulted in the highest
Table 2.
Summary of dynamic observations and instrumentation recordings.
Sash Sash Belt Sash Guide Sash
Guide | Anchor | yidon Normal | 1 engaged? Head | yhie | Fx | Fz | ROSUI@RE L e | Belt
Position Belt Acceleration Neck
(* = not Number Shoulder Retraction? [ms after @ 15 (kN) | (kN) Force (N) (N.m) | Force
engaged) Dynamically? ) impact] g (kN)
1* X Yes - 36.5 108.6 | 0.06 | 0.95 1.06 36.2 -4.64
1 1 Yes Yes - 37.7 1182 | 0.06 | 1.02 1.13 34.6 -4.65
2/3% ) Yes Yes - 38.2 116.0 | 0.07 | 1.04 1.13 30.0 -4.48
Standard
2 Yes Yes 43ms 39.6 131.0 | 0.07 | 1.08 1.18 333 -3.72
3 Yes - 43.0 1439 | 0.07 | L.15 1.27 37.6 -3.88
1 2. Yes - 41.1 1345 | 0.07 | 1.08 1.20 36.7 -3.56
2 Min Yes 43ms 45.0 180.0 | 0.07 | 1.29 1.39 35.8 -3.43
Height
3 Min Dist Yes x - 46.2 187.7 | 0.07 | 1.34 1.45 39.8 | -3.36
1 3. Yes X - 41.9 147.0 | 0.07 | 1.14 1.24 345 -4.41
2 Min Yes Yes 43ms 40.5 140.7 | 0.07 | 1.09 1.17 35.6 -3.73
Height
3 Max Yes X - 43.1 164.6 | 0.08 | 1.20 1.27 35.2 -2.61
Dist
1 4. X Yes - 42.4 148.2 | 0.07 | L.16 1.24 37.2 -4.49
2 Max Yes Yes 40ms 46.8 185.1 | 0.07 | 1.23 1.36 39.0 -4.48
Height
M 52ms
3 ax Yes Yes . 47.1 177.9 | 0.07 | 1.28 1.41 38.9 -4.49
Dist (partial)
1 5. Yes Yes - 42.4 145.7 | 0.07 | 1.11 1.23 37.6 -4.39
2 Cross Yes Yes 45ms 37.9 111.8 | 0.07 | 1.01 1.09 30.5 -3.43
Booster
3 Standard Yes Yes - 462 169.7 | 0.07 | 1.22 1.36 426 | -4.50

4. Peak Head Acceleration, HIC, Upper Neck
Loads and Sash Belt Forces

The data recorded by onboard instrumentation is also
presented in Table 2.

The pattern of HIC values follows those of peak
resultant accelerations. HIC 15 and 36 millisecond
window values were comparable. All are well below
injury reference values. The lowest head
accelerations and HIC 15 occurred in tests with the
lowest head excursions, when no sash guide was
employed. Even though excursions were equivalent
between sash guides at the standard and cross-booster

standardised anchorage positions, head acceleration
was varied.

The maximal resultant, x and z-components of upper
neck force experienced by the dummy were tensile.
The range of peak F, forces varied between 950 N
and 1.34 kN. M, values ranged from 30 to 42.6 N.m,
identifying a maximal flexion moment force on the
neck.

The seat belt force transducer located 100 mm from
the upper anchorage recorded peak forces in the
range of 2.6 to 4.7 kN, with a median of 4 kN. Sash
guide type I produced consistently high peak seat belt
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forces except in the case of the minimum height and
minimum distance anchorage position. Comparable
forces were generated by all three kinds of sash guide
in this position.

DISCUSSION

The key finding of this work confirms our hypothesis
that sash guides are not uniformly effective when
used at anchorage positions varying from the
Standards testing position. However, instead of the
outboard anchorage positions proving the most
challenging for the sash guides as hypothesised, the
lower, inboard located anchorage position produced
higher average head excursion than either of these.

Effectiveness was defined by the sash guide’s ability
to maintain acceptable dynamic belt placement and to
minimise head excursion.

At the Australian Standard anchorage position and
when seat belt geometry was standardised,
comparable head excursions were produced by the
three sash guide designs. Away from these conditions
however, large variations in excursion were observed
both for different anchorage positions and for
different sash guide designs. From this result, it
appears that sash guide effectiveness may be
optimized for the standard anchorage location.

The static belt placement produced by the strap type
sash guides frequently resulted in neck contact. These
types of sash guides produced the largest excursions
at lower anchorage positions. Conversely, the static
placement produced by the sash guide integrated into
the moving head restraint often resulted in large sash
offsets. The largest excursions produced by this type
of sash guide were seen when tested at the higher,
more outboard anchorage position.

Our results indicate that neither sash guide design nor
the upper belt anchorage position alone control head
excursion. Instead, these two factors appear to have a
joint effect in controlling head excursion.

1. Dummy Kinematics

The impact severity and dummy size used in these
tests are limited by our hardware, and are lower than
other similar studies. Brown et al. and Klinich et al.
both used a 10 year old representative dummy, and
velocity changes of 56 km/h and 48 km/hr
respectively (Brown et al., 2009, Klinich et al., 2008).

The higher severity impacts used by Brown et al.
might explain the large incidence of rollout observed

in that test series. It is possible that the partial loss of
shoulder contact seen in two instances in these tests
would have resulted in rollout at higher test
severities.

The smaller size of the dummy used in this current
work may have also had reduced the incidence of
rollout. Brown et al. (2009) hypothesised that using a
smaller dummy would result in smaller offsets and
hence, less rollout. This is what was observed here,
with the smaller dummy and the strap type sash
guides resulting in a high incidence of neck contact.
Interestingly, the tests where partial rollout was
observed in this study involved the booster seat with
the integrated head restraint type sash guide. That
type of sash guide produced the highest proportion of
rollout per sash guide type observed in Brown et al.’s
tests. Together these results suggest that integrated
type sash guides may be less effective at maintaining
dynamic belt placement.

2.  Sash Guide Disengagement

Brown et al (2009) observed that the seat belt
disengaged from the sash guide in all cases tested
with sash guide #type 2. The authors also noted that
despite this, the sash belt lost contact with the
shoulder in only 2/6 of these tests. The time of
disengagement was not mentioned in that study.
Klinich et al. observed that of the three booster seats
tested at the outboard anchorage position, two sash
guides failed to keep the seat belt engaged. The sash
guide that disengaged after 45-55 ms maintained
good sash belt/shoulder contact however the guide
that disengaged after 60-70 ms resulted in poor
dynamic belt placement (Klinich et al., 2008). Of the
sash guides evaluated in this study, the seat belt
disengaged from sash guide #ype 2 for all positions.
Despite this, the sash belt still maintained good
contact with the dummy’s shoulder. The timing of
disengagements occurred between 40 and 52 ms after
impact, which is in line with the results of Klinich et
al. It appears that the timing of the disengagement
may be important in whether or not the sash belt
remains in contact with the shoulder. While it is not
yet clear why this is the case, this might be because
the belt is in a better position, or in greater contact
with the torso, at the time of disengagement. Further
work is warranted to determine more fully the
relationship between timing of disengagement and
the effects on maintenance of contact between the
sash belt and the shoulder. Whether these
observations in dummies (which have rubber skins
and relatively stiff torsos compared to humans)
translate to real children also remains to be seen. The
criteria in the Australian Standard requiring the belt
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to remain engaged may need to be amended to allow
disengagement within a certain time frame.

3. Sash Guide Effectiveness

In the current work, no clear relationship existed
between sash offset and resulting head excursion.
Further, substantially different responses were
produced with similar offsets. Some of the smallest
and largest head excursions of the test series were
generated when offsets were within 10 millimetres of
each other. However, as mentioned previously, there
was also no single anchorage position that produced
the highest excursions for all three sash guide
designs. The largest excursions generated by the strap
type sash guides (2 and 3) were at the lower
anchorage positions, with a difference in excursion of
over 50 mm for #ype 2 and over 65 mm for type 3
from the standard seen. Strap type sash guides
produced, on average, more medially located sash
belt placement. This is a product of the construction
of the booster seat where the belt is routed up over
the back of the seat before being held down on the
shoulder by the sash guide.

The head restraint sash guide type [ produced the
largest head excursions at the high, outboard
anchorage position 4. A difference of almost 40 mm
in excursion was seen from the standard in this
position. To engage the seat belt in this type of sash
guide, it must be routed underneath the head rest. The
distance of the sash guide from the booster seat
centreline hence appears to affect the belt position.
For more inboard-located anchorage positions, the
belt routing must change in direction from outwards
to inwards again.

In dynamic assessment of the effectiveness of sash
guides, dynamic belt placement should be considered.
When Booster 1 was tested without the sash guide
engaged, the belt did not maintain contact with the
dummy’s shoulder dynamically. As such, work to
reduce misuse associated with booster seats such as
unused sash guides is important. Good contact was
also lost when sash guide type 1 was engaged at the
maximum height, maximum distance position. This
suggests that the position of the upper anchorage has
a stronger effect on dynamic belt placement than sash
belt offset alone.

4. Implications

This work suggests that current sash guides may not
be effective in a realistic rear seat environment
because they do not perform comparably across a
wide range of anchorage positions representative of

those in the current vehicle fleet. Not only did head
excursion change for sash guides at different
anchorage positions, but also between sash guide
types at the same position. This means that the
effectiveness of current sash guide designs is
anchorage position-dependent, and different designs
may be ill-suited for certain rear seat conditions. For
example, the integrated head restraint sash guide may
not be ideal for use with higher, outboard anchorages
such as seen in larger model cars and SUVs. In
contrast, the strap type sash guides performed poorly
with lower anchorage positions seen in smaller model
cars. Further work is recommended to ascertain
whether certain sash guide designs should be avoided
in these conditions, or whether it is possible to
optimise sash guide designs to obtain good
performance across a wider range of anchorage
positions.

5. Limitations

The impact speeds generated in this study were
moderate, and below frontal testing standards. Hybrid
IIT kinematics have been reported to change with
increased impact speeds (Menon et al.,, 2005).
Therefore, it may be that dynamic responses are not
representative of those that would be produced at
higher velocities.

In terms of biofidelity, numerous authors have
documented that the design of the neck, lumbar spine
and torso of the Hybrid Il may not accurately reflect
a biofidelic response (Bilston et al., 2007, Menon et
al., 2007, Sherwood et al., 2003).

Most important however, is the construction of the
dummy shoulder. Mallot et al. (2004) identified that
the more rigid squared off dummy shoulder may hold
the sash belt in place better than the sloped shoulder
of a child occupant. If this is the case, then the
incidence of rollout and hence injuries seen in real
crashes may be greater than seen here and in other
similar work.

Only six year old representative anthropometry and a
small subset of sash guide types were tested in this
study, not representative of the range of all booster
occupants and booster seat designs currently
available.

Previous studies have used a ten year old
representative dummy to simulate the ‘worst case’ of
child anthropometry for sash guides (Brown et al.,
2009, Klinich et al., 2008). However when it comes
to the effect of large belt offsets on dummy
responses, a smaller dummy may actually be more
challenging to accommodate.
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The static offsets produced by sash guide type 1
favoured a more outboard position. This form of sash
guide can be adjusted vertically but not laterally. For
smaller sized children with narrower shoulders, lower
rates of acceptable static belt placement would be
expected. This may also affect dynamic responses.

The accessory frame design allowed only vertical and
lateral manipulations of the D-Ring position. It is
unrealistic to assume that all rear seat upper
anchorage points would be in the same fore-aft
position. Further, the position of the seat belt retractor
was not able to be varied with that of the D-Ring, and
issues in retraction were observed when assessing
sash guides at lower anchorage positions. In any
given vehicle design, it would be expected that the
relative horizontal positions of the retractor and upper
anchorage would be fixed and optimised. As such,
future tests using a frame that could vary the location
of the anchor and retractor in three directions might
better represent true rear seat conditions.

CONCLUSIONS AND RECOMMENDATIONS

The results of this study clearly indicate that current
sash guide designs are not equally effective over a
range of upper anchorage positions.

When evaluated at the anchorage position used in
Australian Standards testing, comparable head
excursions were produced by the three designs.
Equivalent head excursions were also produced when
sash belt geometry was standardised relative to the
dummy’s torso. The lateral positions of the D-Ring in
these tests were similar to that of the standard.
However when upper anchorage position was
changed to commonly seen locations, the sash guides
varied widely in their ability to ensure good seat belt
fit and minimise head excursion.
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ABSTRACT

Side impact was and is still a challenge in automo-
tive safety. In the real world 1 out of 4 crashes are
side impacts. According to an NHTSA investiga-
tion involving accidents with 28 children, direct
contacts with vehicle interior are responsible for 45
% of injuries. The majority of the observed injuries
were to the head. Therefore when considering
children restrained in child seats, the key safety
objective is: Provide energy absorption for the
whole body and avoid head contact, with for in-
stance the intruding door. To reach this objective
countermeasures have to be developed in terms of
child restraint construction.

A project aiming at developing side impact coun-
termeasures was launched at Britax some years
ago. System basic requirements were: 1) Anticipate
child seat to door contact, and 2) Absorb as much
as energy possible “outside” the occupant zone.
Another aspect of the specification was to ensure it
is transposable to different testing environments or
regulations.

This paper deals with applications aiming at im-
plementing side air cushion technology to child
restraint systems. The first part summarizes some
development efforts to improve head containment
on a booster seat. The second part deals with the
technology basics as well as its application to a US-
type convertible seat and to an EU-type booster
seat. In the absence of established regulatory test
procedure, internal methods were developed. These
methods are described in the paper; they are based
on deceleration sled system and a fixed door. Anth-
ropomorphic Test Devices (ATDs) used were the
3year old Hybrid 111 and Q3. An additional method
corresponding to the EU Draft Regulation —moving
sled, fixed door - was also used.

The third part of the paper discusses the perfor-
mance of the side air cushion. Performance was
judged utilizing measurements of head, chest and
pelvic accelerations and neck loads in the case of
the Q3. In both test configurations the side air cu-
shion allowed to reduce significantly dummy res-
ponses.

The findings, as detailed in the paper, allow consi-
dering the side air cushion approach as a viable and
tangible countermeasure to address the challenges
posed by side impact.

INTRODUCTION - BACKGROUND AND
IMPORTANCE OF SIDE IMPACT

Side Impact is one of the most leading causes of
severe injuries to children involved in lateral colli-
sions. According to NHTSA study (Louden, Sulli-
van, 2008 [1]) side impact represent 60% of AIS 3+
injuries for children aged between 3 and 10 years
(see Figure 1).

The study shows also that the head is the most
frequently injured body region; for near side occu-
pants the corresponding frequency of injury is
twice of that of the torso. Similarly, in the Euro-
pean CHILD Program, the accident review pre-
sented in 2006 by Philippe Lesire, Véronique
Herve and Alan Kirk [2], highlights the high expo-
sure of the head in this type of impact: 75% of the
injuries (all severities) were to the head as shown in
Figure 2.
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Figure 1. Frequency of injuries to various body
regions, as a function of occupant sitting posi-
tion [1].
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Figure 2. % of injuries to the head and face (seat
group 0 to 1); 50 children sustaining 140 injuries
(all severities) [2].

A similar trend was found by K. Arbogast et Al. [3]
in 2008. They have investigated 62 crashes in the
US, where they looked into the number of AIS2+
injuries to different body areas for nearside, center
and farside occupants (see Figure 3). The data
show that 70% of the injuries concern the head and
face areas (118/170) and 7% (13/170) are related to
the thorax.
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Figure 3. Numbers of AIS 2+ injuries to body regions
in side impact crashes (total number of injuries 170)

B3]

According to these studies it is clear that the occu-
pant’s head is the key body area to protect as a
priority 1 in side impact involving children. Tech-
nical solutions were developed in the past, consist-
ing of larger side wings with the aim to contain the
child’s head within a safe zone. Examples of such
solutions and their evolution as developed by Bri-
tax over the past 6 years are illustrated in Figure 4
and 5. Key was to provide energy absorption by
improving the side wings design — chest contain-
ment — and to re-think the head restraint construc-
tion.

Figure 4. Side Impact Protection — Head restraint
structure and energy absorbing elements in a
Group 2/3 (15-36kg)

2004 Design

2006 Design

Figure 5. KID Booster Seat — Evolution of side
impact countermeasures [4].

If we consider Figure 5 in details, then we can
observe that the side wing of 2006 solution does
reach the shoulder height of the occupant in com-
parison to the 2004 earlier solution. The rationale
behind the 2006 construction was to improve fur-
ther impact force distribution over an extended
CRS side surface. That means that concentrating
only on the head area only by head containment
may not be sufficient in severe crashes. Hence the
need for a bigger perspective to address side impact
in the CRS domain. In order to make a significant
progress we looked at the innovations that were
developed in the automotive industry. The particu-
lar physics of side impact has led the automakers to
develop countermeasures combining a certain oc-
cupant kinematic with inflatable airbags. That led
to the development of energy absorbing (EA) ele-
ments in the vehicle door combined with side in-
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flatable airbags mounted in the vehicle seat, and
structural improvement of the vehicle body. If we
consider the inflatable airbags we can observe that
their response time is in line with the shortness of
the side impact duration: that means the airbag
must deploy within the first ten milliseconds after
the initiation of the impact to be effective and con-
stitute an energy absorbing element between the
intruding door and the occupant. Therefore any
countermeasure to improve side impact protection
for children should also anticipate that contact.

THE PHYSICS OF SIDE IMPACT

The side impact collision includes key events
which can be summarized as follows:

1. The near side door is impacted by the bul-
let vehicle and commences intruding later-
ally into the passenger compartment.

2. Once the bullet vehicle engages with the
door sill, the whole vehicle will be sub-
jected to a lateral movement as a result of
being pushed by the bullet vehicle. Dur-
ing this phase, the occupant tends to move
against the intruding structure.

3. The combination of the movement of the
occupant towards the intruding structure
and the continued intrusion of the door
will result in a contact between the occu-
pant and the intruding structure.

4. Intruding door usually interacts with the
lower part of the occupant’s body, for in-
stance, the pelvis and thorax, forcing the
head to rotate towards the struck side of
the vehicle.

Figure 6 illustrates typical time-histories of impact-
ing vehicle and struck vehicle velocities, and rela-
tive velocities door/vehicle and occupant/door.

Bullet vehicle

Relative Velocity bebyeen door and vehicle

Door velocity|

Velocity

Tafget vehicle

-
-~ door and occupant
'ét‘ ant
_.// it

~— Final velocity

Relative Velocity between

Time

Figure 6. Physics of side impact — Schematic
velocities of bullet car, target car, door and oc-
cupant. The parameter to address in CRS do-
main is the “Relative Velocity between door and
occupant’.

RATIONAL AND OBJECTIVES

The key objective of the present study was to trans-
late the learning from auto industry to child re-
straint system taking into account the physics of
side impact described earlier. The principles of our
approach were the following:

1. Anticipate the contact between the seat
and the door as soon as possible during the
crash event.

2. Absorb as much as energy possible by a
system located outside the occupant area.

3. Using passive restraint technology rather
than active restraint technology (such as
inflatable systems).

4. To have a technology that is adaptable to
CRS and available quickly on products,
even in the absence of mandatory side im-
pact test, specifically in EU and US.

EXISTING TEST PROCEDURES - DEFIN-
ING AN INTERNAL APPROACH

When this project started the situation of side im-
pact regulatory requirements for CRS was as fol-
lows:

e Australia: Test method, anthropomorphic
test dummy and performance criteria es-
tablished since 2004.

e Europe: No mandatory test procedure, on-
ly consumer test (Stiftung Waren-
testt ADAC) with a BIW (body in white)
sled test, 80° angle, Q-dummies (except
for booster seat where P10 is used) and
with demanding performance criteria.

e USA: No mandatory test, no consumer
test.

It was then necessary to build an internal side im-
pact test procedure based on the known state of the
art at that time. The method that seemed to corres-
pond to that objective was the initial ADAC fixed
door on a deceleration sled. Based on that a test
procedure was established with the corresponding
key parameters, as illustrated in Figure 7 and 8.

e Simple, repeatable and adaptable on exist-
ing test rigs at Britax US and Europe.

e Fixed door as per ADAC specifications,
500mm height and 330mm horizontally
from child seat center line.

e Sled orientation with 80° angle in order to
have a longitudinal component in the load-
ing of the CRS and occupant.

e Using existing test devices such as P-
dummies for Europe and Hybrid 111 3y for
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the US development. Later the EU internal
test procedure has been updated to include
the Q3 dummy. Since it was decided to
consider the head protection as the top
priority we have then chosen the head con-
tainment as the key performance indicator.
Head and chest accelerations were used as
design targets for the design of the system.

Figure 7. EU internal test method Fixed door on a
R44 rig

Figure 8. US internal test method Fixed door on a
FMVSS 213 rig

The SICT was developed using this internal testing
approach as well as math simulations and pendu-
lum tests. Its principal elements are detailed in the
next section.

In addition to these sled-bench tests, the ADAC-
Stiftung Warentest [5] test configuration was used.
It is based on Body in White set-up, with an Opel
Astra body attached to a deceleration sled. The
child seat is tested in the rear seat at the nearside
position and the door is fixed and covered with a
specific padding, Figure 9 illustrates the setup.

Figure 9. Internal reproduction of the ADAC-Stiftung
Warentest side impact BIW test procedure

As intruding door based methods are being devel-
oped on both sides of the Atlantic, the system was
tested also using the draft side impact test proce-
dure, the so-called “moving sled - fixed door* that
was defined by the GRSP Informal Group on CRS
[6]. Figure 10 shows an overview of the setup. The
door, covered with a 35 mm rubber cell and a 20
mm Styrodur foam, is vertical and attached to the
wall, i.e. the door is fixed. The test bench, oriented
90° with respect to the sled, is mounted on a plat-
form that can move laterally. The aim here is to
reproduce in a simple way the door relative veloci-
ty between the door and the struck vehicle, as
shown in Figure 11.

e

‘:g
o,

/
, ﬁﬁ!/g]l
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Figure 10. Illustration of EU draft side impact test
procedure, moving sled-fixed door

F Relative velocity between
doorandimpacted vehicle

Figure 11. Relative velocity-time relationship of the
door in the impacted vehicle. Part of the curve shown
in the figure is to be reproduced in the EU draft test
procedure.
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SIDE IMPACT CUSHION TECHNOLOGY -
DESCRIPTION AND PERFORMANCE

The system consists of an air filled cushion, blow-
molded, attached to both wings of the child re-
straint system. The principle is to use this cushion
as an interface between the door and the CRS and
absorb as much as possible the impact energy with
the compression of the cushion and the release of
the air from the cushion. The physical parameters
of the cushion were established using math simula-
tion, sub-system tests as well as full sled tests as
described above. One of the challenging perfor-
mance criteria was to ensure the head containment
of the dummy’s head. This was achieved by ensur-
ing the SICT is working together with the other
features of the seat such as its shell as well as the
head restraint. Figures 12 and 13 illustrate Side Air
Cushion Technology as developed on a US con-
vertible and EU booster restraints.

Figure 12. SICT on a booster seat (Britax
Roémer KID)

Figure 13. SICT on a convertible seat (Britax US
Advocate)

TEST RESULTS

We will limit the presentation of the test results to
those obtained in sled configurations. To better
understand the function of the SICT system in
Figure 12 and 13, three principle sequences during
the loading phase of the child seat and the dummy

were reproduced in Figure 14, 15 and 16. These
are:

a) Contactat TO

b) First contact of the SICT with the door

c) End of loading phase, head fully contained
within the head restraint

As can be seen the system and its characteristics
helped to achieve head containment using the Hy-
brid 111 3-year-old dummy in the US procedure and
with the Q3 in the European procedure as well.

Figure 14. Principle sequences during a side im-
pact sled test, head is contained through the
entire duration of the impact, in a sled test with
fixed door (US internal test procedure)
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b)

c)

Figure 15. Principle sequences during a side im-
pact sled test, head is contained through the
entire duration of the impact, in a Body In
White side impact sled test with a Q3 dummy.
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Figure 16. Principle sequences during a side impact
sled test, head is contained through the entire dura-
tion of the impact, in a side impact sled test with a Q3
dummy, according to the draft EU side impact test
procedure, moving sled-fixed door.

One of the key criteria of this development was to
compare the relative effectiveness of the SICT.
This was established in comparative sled tests us-
ing the same CRS with and without the system.
Figures 17 and 18 illustrate the head and chest
resultant acceleration time-histories obtained from
US and EU sled tests with and without SICT. The
same parameters are illustrated in Figure 19 for the
tests conducted according to the EU draft test me-
thod. Peak to peak comparison shows a reduction
of approx. 17% of max. head acceleration and 30%
of max. chest acceleration in the US fixed tests. In
the EU fixed tests, performance indicators similar
to those used by Stiftung Warentest/ ADAC were
considered. These are the HIC, head, chest and
pelvic accelerations, head lateral displacement and
neck loads. On average the SICT allows to reach
25% reduction across all these parameters, suggest-
ing that SICT system does a remarkable job. In
particular maximum head and chest acceleration in
the EU tests were reduced resp. by 21% and 40%.
Considering the results from the EU draft test me-
thod it can be seen that the contact between the
system and the door takes place even earlier com-
pared to previous test methods. It should be noted
that the CRS tested here is a booster that was at-
tached to the test bench by the Isofix system with
the occupant secured with a 3-point-belt. Film
analysis shows that the head is contained during the
entire motion. Head maximum 3ms acceleration
with SICT was reduced by 5% while the chest
acceleration showed 30% reduction with SICT.
These results are considered satisfactory given the
fact that the EU test method is more severe than the
other ones discussed here.
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Figure 17. Head and chest Acceleration in US
sled test @ 27 km/h with a convertible seat.
Doted lines represent baseline CRS, solid lines
illustrate the same CRS with SICT
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Figure 18. Head and Chest acceleration in EU
BIW sled test @ 27 km/h with a booster seat

(belted). Doted lines represent baseline CRS;
solid lines illustrate the same CRS with SICT
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Figure 19. Head and Chest acceleration in the EU
draft test procedure (moving sled-fixed door) @ 27
km/h with a booster seat with Isofix anchorages.
Doted lines represent baseline CRS; solid lines illu-
strate the same CRS with SICT

SUMMARY AND PERSPECTIVES

This study has demonstrated that improving CRS
for a better protection of children is an ongoing
process. It has started a decade ago at Britax with
first structural CRS enhancement of the CRS side
wings and head restraints. A further step was taken
by the introduction of larger side wings in 2006
with the aim to improve load distributions. Today’s
introduction of Side Air Cushion Technology is a
logical continuation of that effort. The key was to
use the SICT to anticipate the contact between the
door and the CRS and absorb as much as energy
outside the occupant zone. Internal test results in
various test configurations have proven that the
approach is valid in terms of controlling the head
containment, a critical parameter aimed at reducing
the head exposure in real world. In terms of energy
absorption substantial reductions of head and chest
accelerations were obtained on both US and EU
restraints to which this technology was applied.
The system was also tested using the draft test
procedure that is aimed at approving CRSs under
the new EU regulation. First tests that were carried
out show a similar trend of the SICT despite the
severity of the test method: 1/ head is contained
during the entire test duration, 2/ the system allows
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to have an earlier contact with the door, and 3/ head
and chest acceleration were reduced.

On a more general scale it is essential that CRS
developments such as this one are accompanied
with structural enhancement of vehicles such as
reducing intrusion into occupant compartment, and
improvement of restraint in cars — such as side
airbag curtains with sizes compatible with child
anthropometry, and or providing energy absorption
in the passenger compartment elements, susceptible
to be contacted by the occupant (see Figure 20).

Figure 20. Examples of vehicle rear seat compartment
where energy absorption might be needed for child
protection
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ABSTRACT

The paper will describe the injury pattern of belted
car drivers based on a representative sample of
German In-Depth-Accident Data GIDAS. Types,
locations and severities AIS as well as deformation
patterns are documented. Accident and injury
severity parameter delta-v and intrusion
measurements are estimated. The accidents took
place in the years 1999 to 2009.The study focuses
on the description of documented injuries of belted
car drivers (n=6605) coded with AIS and the
calculated impact speed absorption delta-v and their
correlation. The study is carried out by selecting
two groups of drivers, that of young people of the
ages 17 to 30 (n = 2318) compared to elderly of the
age of 50+ (n = 1764). These two groups represent
nearly two-third of all car drivers. The injury risk is
described on the probability to be severely injured
based on AIS as a function of delta-v and other
accident parameter as well as person individual
parameter like age, BMI, vehicle age and mass.
This paper presents an overview over the
probability of being severely injured in different
accident severities and will show the age related
probability for special injury patterns, such as
thorax rib fractures, pelvic bone fractures and also
femur fractures.

INTRODUCTION AND OBJECTIVE

Demographic developments also cause changes in
the sociological behavior of different age groups
and have effects in economical terms due to
different monetary and non-monetary consequences
of illness and accident. In addition, different kinds
of injuries occur for different age groups due to
different accident involvement and different kinds
of accidents, besides differing behavior patterns,
which are reflected by other injury causes, but also
different injury severities occur because of different
biomechanic stress-bearing capacities of older
persons in comparison to younger ones. Thus
accident events in traffic are particularly affected by
the influence of age.

Whereas for young persons a high measure of
dynamics, flexibility and high risk behavior as well
as great elasticity of the human body are the
determining specific parameters in this age group,

for older persons delayed reactions, low bone
fracture strengths and low biomechanical strength
values arise as principal criteria and have also been
described in the references.

Elderly are mostly consists in the statistics of the
age group 65 years and more, this group has a
proportion of 20 % in the German population, but
constitutes 27 % of all fatalities in traffic [Rompe -
1]. A study by the ADAC names an injury risk that
is 14 % higher for the age group above 55 years in
comparison to the age group from 18 to 35 years
[Unger - 2]. Initial investigations on the effect of
age were conducted as early as the 1960s in the US.
Planeck [3] postulated that this influence showed
up from the age of 50 in accidents, but set it in
relation to the driving behavior. Nahum [4]
postulated that all humans begin to los bone mass
after the age of approximately 35 as a result of
physiologic inability to maintain a positive bone
balance. Although some authors already talk about
an older driver at the age of 55, while others set
their limit at the age of 75, there seems to be a
majority of researchers who define the older driver
as a person above 65 years [Flock - 5].

The influence of age on the genesis of injuries has
been stressed in the course of the In-Depth
investigations in the 1970s by many scientists all
over the world [Gotzen - 6, Fildes - 7]. There are
studies specifying a higher mortality and duration
of treatment for older persons [Martinez - 8,
Miltner - 9, Evans - 10]. Older passengers and
drivers are more exposed to injuries and more
severe consequences of injuries, amongst others
more severe injuries at the same accident severities,
in particular chest injuries, dominate here [Kent -
11], for younger persons for some injuries the stress
limit is lower. This is due to: older people are more
fragile than younger ones; they are also frailer,
resulting in an offset in the delta-v distribution for
fatal head-on collisions [Kent - 12]. To this end
certain age-specific parameters, such as frequency
of seat belt wearing, type of accident situations and
type of used cars are relevant for the accident
situations and with this also to the injury outcome.

The object of this study is assessing the influence of

age on the resulting injury severity of an injured
occupant and on individual injuries, and to analyze
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this for drivers in a car who are wearing seatbelts.
In doing so the current status of vehicle safety
should be used for this inve4stigation. To attain a
suitable population which is comparable with both
age groups, the study was limited to drivers and
extreme accident scenarios were excluded, i.e.
collisions with trucks and those with pedestrians
and bicyclists. So-called multiple collisions were
also not included, but only straight forward
collisions were regarded. The study was based on
accident documentations from surveys at the sites
of accidents, GIDAS (German In-Depth Accident
Study), which have been conducted since 1999 by
order of the Bundesanstalt fiir Straenwesen
(Federal Highway Research Institute) in
cooperation with the Deutsche Automobiltechnik
Forschungsvereinigung (FAT - Research
Association of Automotive Technology) in
Hannover and Dresden [Brithning — 13, Otte - 14].
As these surveys are based on a statistically
representative sample survey of annually
approximately 2,000 traffic accidents [Pfeiffer -
15], the developments in the individual age groups
can also be analyzed representatively.

The study deals with traffic accidents with personal
injury, having occurred from 1999 to 2009 with
altogether 6,605 belted drivers of, for whom a
scientific collection team documented all individual
injuries and coded them based on AIS (Abbreviated
Injury Scale [AAAM - 16]). The corresponding
accident events were comprehensively documented
and accident characteristics, such as delta-v, EES
and intrusion besides other individual data
(approximately up to 2,000 per accident), were
collected.

For this study 2 age groups were selected, based on
the expected age-related differences in accordance
with scientific analysis as:

persons from 17 to 30 years (n =2,318), as
»young drivers®,

persons of 50 years and older (n = 1,764), as
,,0ld drivers®

These two age groups represent nearly 2/3 of all car
drivers (61 %). To achieve the main objective of the
study the injuries suffered have to be regarded
according to type, severity AIS and location on the
body, in order to determine the influence of the age
with its accompanying influencing parameters (size
of the person, Body Mass Index BMI) on the injury
severity of the person as well as the individual
injuries. The so-called “delta-v*, a vectorial change
of velocity as consequence of the collision, is used
as parameter for the accident severity. This
parameter is determined based on a comprehensive
reconstruction of the accident, using the traces at
the site of the accident, vehicle deformations and
final positions of vehicles as well as the coverage of
the accident using 3D laser scans [Otte - 17]. The

injuries were documented in accordance with the
Abbreviated Injury Scale AIS [AAAM - 16]. Also
the deformation depth was considered as the value
6 of the international classification index CDC
[CDC - 18]. For determining the statistical
correlation and the influence of age on the injury
severity, the intermediate age group 31 to 59 years
was also taken into account and evaluated using
statistic tests aimed at the correlation. This data set
contained all digital detail data of the selected
parameters.

STATISTICAL BACKGROUND OF THE AGE
RELATION IN GERMAN TRAFFIC
ACCIDENTS

Of the 400,000 persons involved and injured in an
accident in the Federal Republic of Germany in
2009 one third (33.1 %) belonged to the age group
up to 25 years and 11 % were 65 years and older,
and the percentage of the latter group increased by
approximately 2 % over the past 3 years [STBA -
19]. This shows once again that a high proportion
of young drivers are also reflected in the accident
pattern, same as in the surveys at the sites of
accidents. There 34.3 % represent the age group up
to 30 years and 13.5 % of the age group above 60
years (Figure 1). For the purposes of this study the
group of the ,,0ld drivers” of age 50 plus was
selected, as according to scientific studies an
influence was to be expected starting from this age.
They constitute 26.4 % of the drivers wearing
seatbelts involved in traffic accidents resulting in
personal injury.

belted car drivers

24,8
21,5
17,8
[n] 15 12,9
9,5
10 8,3

5 4,2
1,0

o -

upto20  21-30 31-40 41-50 51-60 61-70 71-80 >80
age of driver

Figure 1 age distribution n=6,605 car drivers

Referring to the resulting injury severity, which was
determined as part of the study in accordance with
the Abbreviated Injury Scale with a classification of
6 degrees of severity AIS and which indicates the
total degree of injury severity of a person according
to the so-called Maximum AIS (MAIS), for severe
injuries of the degrees MAIS 3 and higher (MAIS
3+) there were no differences for the age groups
young drivers and old drivers, for each
approximately 2.3 % persons injured MAIS 3+
were reported (Figure 2). The younger ones were

Otte 2



more frequently injured slightly, however, (MAIS 1
=42.9 % vs. MAIS 1 =35 %), older ones were
more frequently uninjured (55.6 % vs. 48.4 %).
The two populations of persons compared here
appear relatively comparable in terms of the
accident conditions, in any case they have similar
percentage distributions of the types of collisions
and also the accumulated frequencies of delta-v.

mupto 30 years (n=2318) 50 years onwards (n=1764)

MAIS 3 +
<30 years 2.3 % >50years 24%

)\
\l,

fa © o N - =
hal o = [-) o o o
T T

R T T
notinjured MAIS1 MAIS 2 MAIS 3 MAIS 4 MAIS 5 MAIS 6
maximum injury severity grade

Figure 2 injury severity distribution of belted
car drivers

For instance 60 % of the drivers protected by safety
belts were involved in a head-on collision, 23 % in
a side collision. Only for rear-end collisions a
higher incidence occurred for older drivers at 18.4
% vs. 15.7 % for younger ones. The change of
velocity of the vehicle, delta-v, was selected as a
measure for the accident severity. Approximately
2/3 of all collisions occurred at values up to 30
km/h, less than 5 % at values above 50 km/h. For
older persons a slightly lower accident severity was
observed.

The sizes of the vehicles did not represent an
analog distribution, smaller vehicles with a mass of
less than 1,200 kg were found more frequently for
younger persons, whereas older persons more
frequently used vehicles with masses above 1,200
kg. The accident severity is a very major
influencing parameter on the resulting injury
severity, because as a rule an increase of the
expected injury severity MAIS is connected to an
increasing change of velocity delta-v.

Figure 3 depicts these interrelationships graphically
for head-on collisions. Most severely injured
persons occur only with delta-v values above 30
km/h, with an incidence of 0.4 %, which had been
assigned the degree of severity MAIS 5/6. For
delta-v values above 50 km/h these constitute as
much as 3.9 %. At changes of velocity up to 30
km/h 61.9 % of the drivers remain uninjured, but
this percentage decreases significantly with the
accident severity. At 31 to 50 km/h only 21.2 %
remained uninjured and at changes of velocity
above 50 km/h there were only 2.6 % without
injury. For changes of velocity of more than 50
km/h as many as 42.9 % were severely injured,
MALIS 2-4. In comparison the drivers of the age
group above 50 years showed a significantly higher

percentage of most severely injured persons, 56.4
% were injured in accordance with MAIS 2/4 and
as many as 12.8 % corresponded to the degree of
severity MAIS 5/6.

n=1415 belted car drivers up to 30 years, frontal collision
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Figure 3 injury severity probability MAIS
related to delta-v for frontal impacts

The influence of newer vehicles on the injury
severity can also be recognized clearly. This is
reflected by a higher percentage of uninjured and
slightly injured persons (Figure 4). For accident
severities at delta-v >50 km/h, 36.4 % remained
uninjured or slightly injured, MAIS 1. In the
existing survey out of a total of 447 drivers
protected by seatbelts of the age group up to 30
years there were no degrees of severity MAIS 5/6
after head-on collisions.

n=378 belted car drivers up to 30 years, frontal collision
new cars 1998 onwards only

not injured MAIS1 ®=MAIS24 =MAISSE
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Figure 4 injury severity probability MAIS
related to delta-v for frontal impacts for drivers
up to 30 years and new cars 1998 onwards only
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Side collisions of older drivers also resulted in a
higher percentage of severely injured persons.
Figure 5 shows for persons of the age group up to
30 years sitting at the side where the collision
occurred for changes of velocity of >30 km/h 37 %
severely injured persons MAIS 2+, for older
persons a percentage of 42.9 %, however. Due to
the low number of cases no further differentiation
of the degrees of severity was possible. The
relatively high percentage of uninjured persons
amongst the older age group in comparison to the
younger one is currently inexplicable, to this end
the following correlation of the influencing
parameters will have to supply an explanation.

n=316 belted car drivers up to 30 years, side collision, struck side
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Figure S injury severity probability MAIS
related to delta-v for lateral impacts for drivers
up to 30 years and new cars 1998 onwards only

If the cumulative frequency of the injury severity is
plotted as a function of the change of velocity, a
probability being injured in an accident with
increasing delta-v shows up in both age groups
analogously, without difference. In contrast
significant differences become apparent for severe
injuries, for instance for persons, who have been
severely or most severely injured or killed. In
Figure 6, in particular above a change of velocity of
50 km/h, differing courses of the injury probability
curves of older persons versus younger ones are
shown. Thus for head-on collisions it can be stated
that above 50 km/h a higher probability of severe
injuries occurring exists for older drivers of cars.
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Figure 6 injury occurancy related to delta-v for
drivers up to 30 years versus 50+ for different
injury modes (Poly=Polynom)

Fatalities show an analog course with a probability
of death starting at delta-v more than 30 km/h and
younger persons showing a lower increase of the
death function.

INFLUENCE OF DIFFERENT PARAMETERS
AND THEIR CORRELATION TO INJURY
SEVERTITY

As part of a statistic analysis the correlations of
different criteria were checked. To this end the age
of the person as well as the age of the car, the mass
of the car, the size of the driver, BMI, delta-v and
MALIS as well as the AIS of the body regions were
taken from the data set and subjected to a non-
parametric correlation, to determine the correlation
of two parameters to each other. The difficulty of
the analysis consists without doubt of the
complexity of the relationship between the
individual parameters. Thus on the one hand the
degrees of injury severity cannot be regarded as
linear values, on the other hand there are
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mathematical interrelations between the size of a
person and their BMIs.

The result of the non-parametric correlation shows
with great significance that the age of a person is
connected with the selected parameters in such a
way, that ,,with increasing age of the person‘ there
are rather newer vehicles present, the mass of the
car is higher, the size of the person is shorter, the
BMI higher and delta-v as well as MAIS only
slightly lower.

In the correlation to injury severity it turned out that
»severe injuries occur more frequently, the older
the vehicle, the lower the mass of the car, the lower
the body size, the lower the BMI and the higher
delta-v.

To furthermore determine the interrelationships an
original statistic regression was conducted with all
selected parameters and the so-called ,,0dds ratio*
is calculated.

Random sample:

Due to missing values of the required variables in
the random sample (missing values) altogether
4565 cases remain under analysis.

Table 1.
age group frequency percent valid cum.
percent percent
15 to 30 1605 35.2 35.2 35.2
50+ 1251 274 274 62.6
others 1709 374 374 100.0
total 4565 100.0 100.0

CORRELATION BETWEEN AGE AND
FURTHER ACCIDENT PARAMETERS

Below at first the correlation between age and other
parameters of the car drivers and further accident
parameters were investigated done using bivariate
correlations; as not all parameters are continuous,
the Spearman-correlation coefficient is calculated.

The result of the non-parametric correlation shows
with great significance that the age of a person is
connected with the selected parameters in such a
way, that ,,with increasing age of the person‘ there
are rather newer vehicles present, the mass of the
car is higher, the size of the person is shorter, the
BMI higher and delta-v as well as MAIS only
slightly lower.

In the non-parametric correlation to injury severity
it turned out that ,,severe injuries* occur more
frequently, the older the vehicle, the lower the mass
of the car, the lower the body size, the lower the
BMI and the higher delta-v.

CORRELATION BETWEEN AGE AND
INJURY SEVERITY

To analyze the influence of age groups on the
injury severity, an ordinal logistic regression was
conducted. The dependent variable in this context is
the injury severity; it is plotted against the ordinal
scale. Besides age all further variables, which might
influence the degree of injury severity were taken
into account: age of the car, mass, delta-v,
deformation grade (CDC6) [CDC - 18], type of
collision, size and BMI of the driver. This process
is aimed at analyzing the influence of the age,
adjusted against all further possible influences. To
quantify the possible influence the odds ratio is
listed in the result. In these analyses the odds ratio
is a measure for describing the chance of having an
injury severity degree that is 1 point higher in the
group with risk factor (older drivers) than in the
group without risk factor (younger drivers). The
odds ratio OR takes on values between 0 and c. A
value of 1 means a uniform odds ratio. An OR of 2
means that the chances are doubled, for a value of
0.5 the chance is halved.

Table 3.
Odds Ratio estimator MAIS

95% Wald

Effect Estimator confidence limits
Old car 1.009 0.996 1.023
Size in cm 0.979 0.972 0.986
BMI 0.987 0.972 1.002
delta-v 1.064 1.057 1.070
CDC 6 1.511 1.407 1.622
Mass car 0.999 0.999 0.999
Impact car

front vs. side 0.574 0.493 0.668
Impact car

rear vs. side 1.678 1.390 2.025
Age group

50+ vs. 15-30 0.985 0.833 1.165
Age group

others vs. 15-30 1.130 0.974 1.310

Table 2.
Spearman-Rho
age

car age correlation coefficient -.149%*

Sig. (two-sided) 000

N 4565
mass of car correlation coefficient 221%*

Sig. (two-sided) .000

N 4565
height [cm] correlation coefficient .246%*

Sig. (two-sided) .000

N 4565
weight [kg] correlation coefficient .388%*

Sig. (two-sided) .000

N 4565
BMI correlation coefficient 246%*

Sig. (two-sided) .000

N 4565
Delta-v correlation coefficient -.047%*

Sig. (two-sided) .001

N 4565
CDC6 correlation coefficient -.048%*

Sig. (two-sided) .001

N 4565
MAIS correlation coefficient -.061%*

Sig. (two-sided) .000

N 4565

**the correlation is significant on level of 0.01 (two-sided)

The odds ratio of the age group 50+ vs. the age
group 15-30 years is 0.985, i.e. the chance of
having an injury severity of one more point on the
MALIS scale decreases for the group 50+ in
comparison to the 15-30-year olds by 0.985 (Table
3).
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The increase of the injury severity, MAIS, as a
function of the degree of deformation is noticeable;
the probability (estimator 1.511) of suffering from
an injury severity increased by one degree is 51.1
%, if the deformation is increased by one degree.
One degree corresponds approximately to a
deformation depth increased by 5 % in the
longitudinal axis of the vehicle and by
approximately 10% in the transverse axis of the
vehicle. The mass of the vehicle has nearly no
influence, in contrast delta-v with an estimator of
6.4 % seems to be a significant influencing
parameter, thus with an increase of delta-v by 10
km/h there is an 86 % probability (1.064'°) of
suffering from an injury one point up on the MAIS
severity scale.

One example is the ordinal logistic regression with
a dependent variable, MAIS neck. Here a highly
significant influence of size, delta-v, CDC6, mass
of the car, front vs. side, rear vs. side became
apparent. The BMI has a significant influence
(p=0.0424), whereas the age of the car does not
show a significant influence (p=0.9433). In addition
the age of the person has a highly significant
influence on the injury severity (50+ vs. 15-30
p<0.001, others vs. 15-30 p=0.0003). In particular
for rear-end collisions a high significance (<0.001)
was found, in comparison to other collisions
(0.2563).

The odds ratio of the age group others (i.e. 30 to
50) vs. the 15-30 year old is 1.119, i.e. the chance
of suffering from an injury with a severity one point
up on the MAIS severity scale increases by 1.119
for the 30-50 year olds in comparison to the 15-30-
year olds.

The odds ratio of the age group 50+ vs. the 15-30
year old is 0.727, i.e. the chance of suffering from
an injury with a severity one point up on the MAIS
severity scale decreases by 0.727 for the group 50+
in comparison to the 15-30-year olds.

Table 4.
Odds Ratio estimator head

95% Wald

Effect Estimator confidence limits
Old car 1.018 0.998 1.037
Size in cm 0.992 0.982 1.003
BMI 0.967 0.945 0.989
delta-v 1.046 1.039 1.054
CDC 6 1.456 1.340 1.582
Mass car 0.999 0.999 1.000
Impact car front vs.

side 0.517 0.422 0.635
Impact car

rear vs. side 0.504 0.365 0.695
Age group

50+ vs. 15-30 0.931 0.727 1.192
Age group others vs.

15-30 1.001 0.808 1.239

The odds ratio of the age group 50+ vs. the 15-30
year old is 0.931, i.e. the chance of suffering from
an injury with a severity one point up on the MAIS
severity scale decreases by 0.931 for the group 50+
in comparison to the 15-30-year olds.

Table 5.
Odds Ratio estimator neck

95% Wald

Effect Estimator confidence limits
Old car 1.001 0.985 1.017
Size in cm 0.972 0.964 0.980
BMI 0.982 0.964 0.999
delta-v 1.014 1.007 1.020
CDC6 1.176 1.084 1.276
Mass car 0.999 0.999 1.000
Impact car 0.768 0.639 0.924
front vs. side

Impact car 3.705 3.000 4.575
rear vs. side

Age group

50+ vs. 15-30 0.727 0.593 0.891
Age group

others vs. 15-30 1.119 0.944 1.328

The odds ratio of the age group 50+ vs. the 15-30
year old is 0.727, i.e. the chance of suffering from
an injury with a severity one point up on the MAIS
severity scale decreases by 0.727 for the group 50+
in comparison to the 15-30-year olds. In contrast
the probability of suffering from a severity degree
with increase of the deformation degree (CDC6) is
11.9 % higher. Deformation has a higher influence
concerning neck injuries as delta-v.

Table 6.
Odds Ratio estimator thorax
95% Wald

Effect Estimator confidence limits
Old car 1.007 0.989 1.025
Size in cm 0.989 0.980 0.998
BMI 0.995 0.975 1.015
delta-v 1.061 1.054 1.068
CDC6 1.266 1.168 1.372
Mass car 0.999 0.999 0.999
Impact car 0.762 0.628 0.925
front vs. side

Impact car 0.589 0.437 0.793
rear vs. side

Age group

50+ vs. 15-30 1.707 1.367 2.131
Age group

others vs. 15-30 1.331 1.086 1.631

The odds ratio of the age group 50+ vs. the 15-30
year old is 1.707, i.e. the chance of suffering from
an injury with a severity one point up on the MAIS
severity scale increases by 1.707 for the group 50+
in comparison to the 15-30-year olds. There is thus
a 70 % probability for older persons of suffering a
higher injury severity of the thorax. Also the
probability of suffering from a severity degree
incremented by one is higher by 26.6 % with
increase of the deformation degree (CDC6).

The odds ratio of the age group 50+ vs. the 15-30
year old is 0.941, i.e. the chance of suffering from
an injury with a severity one point up on the MAIS
severity scale decreases by 0.941 for the group 50+
in comparison to the 15-30-year olds. In contrast
the probability of experiencing a severity degree
incremented by one is 40 % higher with the
increase of the deformation degree (CDC6).
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Table 7.
Odds Ratio estimator legs

95% Wald
Effect Estimator Confidence limits
Old car 0.998 0.976 1.021
Size in cm 0.977 0.966 0.989
BMI 0.992 0.967 1.018
delta-v 1.062 1.053 1.070
CDC6 1.400 1.277 1.536
Mass car 0.998 0.998 0.999
Impact car 1.109 0.863 1423
front vs. side
Impact car 0.272 0.152 0.487
rear vs. side
Age group
50+ vs. 15-30 0.941 0.705 1.255
Age group
others vs. 15-30 1.116 0.872 1.429

When regarding the individual injuries all
individual injuries registered in the data record
were evaluated in terms of the percentage incidence
and to this end questions were asked about fractures
and organ injuries of the different body regions.

Figure 7 showed that for drivers of cars wearing a
seatbelt, for younger ones as well as for older ones,
emphasis is on injuries of the cervical spine, in
particular for the younger ones, with a percentage
of 23.2 % in comparison to 16.2 % for the older
ones. In the overall picture there are nearly no
differences between younger and older persons.

The younger persons suffered more frequently from
head injuries (skull fractures 1.8 % vs. 1.2 %) and
craniocerebral injuries (6 % vs. 3.9 %). Rib and
breast bone fractures in contrast occurred more
frequently with older persons (4 % vs. 1.1 %).
Fractures of the lower leg occurred at 1.5 % more
frequently in older persons than in younger ones at
1 %.

The accident severity has, as the figure shows, a
dominant influence on the injury frequency, in
particular on the thoracic osseous injuries and
fractures of the upper extremities (6.7 % of the
young drivers suffered rib and breast bone
fractures, in contrast to 29.7 % of the old drivers at
changes of velocity delta-v >40 km/h). 9.5 % of the
younger persons suffered fractures of the arms, in
contrast to 15.3 % of the older persons.

In contrast head injuries occurred more frequently
at these accident severities for younger persons than
for older ones. Head injuries occur frequently, as
demonstrated by the analysis, at the wind shield (14
% vs. 9.4 %) at the top part of the A-pillar (5.2 %
vs. 5.3 %), but in particular at the steering wheel
with 35 % vs. 37,9 %. Injuries suffered due to
impact with the side of the interior have a
proportion of approximately Y4 with 23.4 % vs.
22.9%.

belted car drivers, all Delta-v

mup to 30 years (n=2318) = 50 years onwards (n=1764)
35

30

type of injury

belted car drivers, Delta-v > 40 kmph

mupto 30 years (n=210) 150 years onwards (n=118)
35

30

type of injury

Figure 7 frequencies of injuries to selected body
areas and kinds of injuries

Injuries of the thorax are caused in 13.1 % of the
cases vs. 16.9 % of the cases by the steering wheel
and in 68.7 % vs. 66.7 % of the cases by the safety
belt. Injuries of the legs are caused in 61 % vs. 53.9
% of the cases by the dashboard, in 8.2 % vs. 9.2 %
of the cases by the center console, in 15.7 % vs.
19.6 % of the cases by the leg area and in 7.5 & vs.
10.1 % of the cases by parts of the side structures.

DISCUSSION AND CONCLUSIONS

This study on the injury situation of older and
younger persons as car drivers highlighted that
looking to the whole accident scenery of the
national casualties statistically older persons are not
that much more frequently severely injured than
younger ones, as has been assumed and pointed out
in references, respectively. For severe injuries of
the degree MAIS 3 and higher (MAIS 3+) with
approximately 2.3 % of persons injured MAIS 3+
no difference was discernible between the age
groups young drivers and old drivers.

But a significant influence of age could be seen for
older persons on the origin of severe injuries with
delta-v, however, it only commences for delta-v
values above 50 km/h. For delta-v values above 50
km/h severely injured, MAIS 2-4, persons
constitute 42.9 % of all injured persons and 3.9 %
of MAIS 5/6 can be registered. In contrast the
drivers of the age group 50+ have a significantly
higher proportion of severely injured persons, 56.4
Otte 7



% were injured MAIS 2/4 and 12.8 % corresponded
to the degree of severity MAIS 5/6.

Thus for the probability of being injured or killed as
an old driver of a car there is no higher accident
incidence at general statistic consideration, inspite
of the significantly reduced biomechanical stress
limit values. This can be explained by the fact that
“with increasing age of the person‘ the vehicles are
rather newer, the mass of the cars is higher, the size
the person is smaller, the BMI higher and delta-v as
well as the MAIS are only slightly lower. It turned
out that “severe injuries* occur more frequently, the
older the vehicle, the lower the mass of the car, the
lower the body size, the lower the BMI and the
higher delta-v. For older persons a slightly lower
percentage accident severity distribution occurred,
i.e. older persons possibly drive at slower speeds.
The sizes of the vehicles did not represent an
analog distribution, smaller vehicles with a mass of
less than 1,200 kg were found more frequently for
younger persons, whereas older persons more
frequently used vehicles with masses above 1,200
kg. As thus many parameters contribute to the
development of injuries in the course of accidents
and these obviously differ between old and young
drivers, it becomes apparent that they balance each
other somewhat in the current accident landscape in
terms of the expected injury severities. The mass of
the vehicle has nearly no influence, in contrast
delta-v with an odds ratio estimator of 6.4 % seems
to be a significant influencing parameter, resulting
in a probability of 86 % (1.064'%) of suffering from
an injury that is more severe by one degree MAIS
with an increase of delta-V by 10 km/h.

The study determined this probability also for the
detailed injuries on the body for both age groups.
The age of the person has a highly significant
influence on the injury severity of the neck (50+ vs.
15-30 p<0.001). In particular for the rear-end
collisions the significance was high (<0,001). Also
a positive influence of the age for injuries of the
thorax was shown, for older persons the probability
of suffering a higher injury severity of the thorax is
70 % of that of younger persons. Also the
probability of suffering from a higher severity
degree with increasing deformation degree (CDC6)
is higher by 27 %. Rib and breast bone fractures in
contrast occurred more frequently in older persons
(4 % vs. 1.1 %). Injuries of the thorax are caused in
13.1 % vs. 16.9 % of the cases by the steering
wheel and in 68.7 % vs. 66.7 % of the cases by the
safety belt. The accident severity has a dominant
influence on the injury incidence, in particular on
the thoracic osseous injuries and fractures of the
upper extremities. At changes of the velocity delta-
v >40 km/h 6.7 % of the young drivers suffered
fractures of rib and breast bone, in contrast to 29.7
% of the old ones.

In contrast the chance of suffering from an injury of
the head with a severity one point up on the MAIS

severity scale decreases for the group 50+ to 0.931
times in comparison to the group 15-30 years. In
particular head injuries (skull fractures 1.8% vs. 1.2
%) and cranio-cerebral injuries (6 % vs. 3.9 %)
occurred more frequently in younger drivers. In
contrast the probability of suffering from a severity
degree with increasing deformation degree (CDC6)
is 40 % higher. For this reason the demands on the
structural strength of the passenger compartment
for protecting older persons against head injuries
have to be more exacting.

Fractures of the lower leg occurred more frequently
in older persons with 1.5 % more frequently than in
younger ones at 1 %. Head injuries are caused by
the wind screen (14 % vs. 9.4 %). 61 % vs. 53.9 %
of the injuries of the legs were caused by the
dashboard, 8.2 % vs. 9.2 % by the center console. It
is noticeable that 15.7 % of the younger, but 19.6 %
of the older drivers were injured by the leg area,
thus measures in this area would seem sensible, in
particular for the older generation.

The authors of this study conclude that the current
vehicle safety and traffic safety obviously resulted
in the fact that the existing negative influence of
reduced body load limits for many injuries does not
appear in the general, based on the different
accident conditions that older car drivers have on
their specialties.

Thus for the probability of being injured or killed as
an old driver of a car there is no higher accident
incidence at general statistic consideration, inspite
of the significantly reduced biomechanical stress
limit values. This can be explained by the fact that
“with increasing age of the person® the vehicles are
rather newer, the mass of the cars is higher, the size
the person is smaller, the BMI higher and delta-v as
well as the MAIS are only slightly lower. It can be
turned out that “severe injuries” occur more
frequently, the older the vehicle, the lower the mass
of the car, the lower the body size, the lower the
BMI and the higher delta-v.

The influence parameter for injury occurancy is
important to know for the development of
countermeasures on safety considers the incipient
demographic changes. With a continuously growing
number of older people can thus be counteracted
concerning the resulting injury severity. For many
countries the percentage of the persons above 50
years of the population as a whole is expected to
increase from today to the future. It can be
estimated that by 2050 one quarter

or more of the whole population of the OECD
countries will be aged 65 and older [Flock - 5].
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ABSTRACT

The risk of injury is known to be related to age. The
elderly population has a far higher risk of both
serious injury and fatality, for a given severity of
impact. While this is known, it is not always used
for the understanding of the options for injury
prevention that is available or could be developed.
In the present study, the risk of in particular
pedestrian injuries and fatalities were related to age.
It was found, that the risk for older pedestrians is
far higher than for younger, risk ratios of over 10
for the oldest age group were recorded. At the same
time, the majority of fatalities for pedestrians in
Sweden occurred in 50 km/h zones.

In conclusion, the combination of the very high
risks for elderly pedestrians and the occurrence of
many of the deaths in speed zones of 50 km/h
indicate that prevention techniques related to the
vehicle would be very effective. Such techniques
are both more friendly fronts of cars as well as
emergency braking systems. At the same time,
modifications to the speed management might be
very useful since small changes of impact energy
changes the risk of fatality substantially.

INTRODUCTION

Age has been known to be an important factor in
traffic safety, in particular regarding risk of injury
for a given amount of mechanical force. Older
persons have a higher risk of injury, and it is known
that this risk accelerate with higher age. Also the
risk of death is higher as well as the risk of long-
term consequences (Stigson and Kullgen 2010,

Henary et al 2006, Sunnevang et al 2009, Hanrahan
et al 2009).

The importance of age is growing, not only because
of a larger population that is older and active in the
road transport system, but also because injury
prevention and mitigation can and will be more
tailored towards elimination of all serious injuries.
In doing so, it is likely that system requirements
must be based on the older population, being the
most fragile part. A better understanding of specific
properties of an elderly population will be needed.

Risk functions, linking the amount of energy to risk
of injury, are a necessary tools when designing
safety systems, and in particular elimination or
optimizing to minimize serious injury. Risk
functions are mostly related to the average
population, while today it is rarer to develop
specific risk functions for the elderly population.

Stigson and Kullgren (2010) estimated the risk of
injury and the risk of fatality for different impact
velocities for the entire pedestrian population and
for elderly pedestrians (Figure 1). This study was
based on several earlier studies, mostly with data
from reconstructions of accidents. It is clear from
this study that the risk of injury and fatality is larger
for the older population, but it seems that the
difference is more important for higher impact
velocities. This should though be put in perspective
that most accidents with pedestrians involved occur
in built up areas, with lower driving speed. For a
holistic analysis both risk functions and exposure
functions (number of impacts to impact speed) are
needed.
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Figure 1. The risk of injury MAIS 3+, and
fatality, related to impact velocity, for different
age groups. From Stigson and Kullgren 2010.

The aim of the present study was to show the
importance of age for the risk of serious injury and
fatality for car drivers and pedestrians in particular.

METHODS AND MATERIAL

The data used in the study is in essence police
reported road crashes with injury. Such data is
known to have serious underreporting and
misclassification. Both these problems are relevant
in the analysis. The underreporting leads to that no
estimates on nominal risks can be generated, and
the misclassification between slight and serious
injury leads to that some of the ratios cannot be
seen as good estimates. As the study is more related
to relative relations, the consequences of the quality
deficiencies are limited. Data from Sweden was
used as well as a dataset from Germany (BAST).
The Swedish was from 2003 to 2010. The German
data is from 2003-2008. The factors used in this
study were age, speed limit and type of road user.

A risk function is the link between crash severity
and injury. In this analysis risks are described as
power functions. The theoretical background to the
risk functions is partly based on the family of
power functions, describing the relationship
between speed and injury as a set of power
functions with power from 1 to more than 4
depending on the severity of injury (Nilsson 2000,
Elvik 2009). In this paper, an extension of this
theory and empirical values chosen was used,
where the ratios of the severity of injuries were
assumed to be the ratio of the power functions.
According to Elvik (2009), the power for fatalities
is around 4.5, while the power for serious injury is
around 3. The ratio would in that case be 1.5
theoretically (Figure 2).
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Figure 2. The relationship between impact
speed and the ratio fatal to fatal and seriously
injured (F/FS) with power 1.5.

Some analyses (Elvik 2009) would suggest that the
relation for fatal to fatal and serious injury in urban
areas would be between 1.5 and 2 (Figure 3). These
relationships were used in the present study to
explain the non-linear relationship between speed
and the ratio between fatalities and the sum of
fatalities and serious injuries.

0% 10% 20% 30% 40% 50% 60% V0% 80% 90%
Impact velocity

Figure 3. The relationship between impact
speed and the ratio fatal to fatal and seriously
injured (F/FS) with power 2.

In Figure 2 and 3, 100 % represent the impact
velocity where the risk of a fatality is 100 %. A
ratio between fatalities and the sum of fatalities and
seriously injured of, say, 40 %, would for a power
of 1.5 represent that the impact velocity is around
50 % of where the risk of a fatality is 100 %
(everyone is killed). With a power of 2 it would
represent approximately 60 %.
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RESULTS

In Figure 4, based on Figure 1 from Stigson and
Kullgren (2010), two hypothetical areas are
identified. The left area would then represent low
severity impacts with pedestrian, typically in a 50
km/h zone. The right area represents a higher
impact velocity, typically in a 70 km/h zone.
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Figure 4. The risk of injury MAIS 3+, and
fatality, related to impact velocity, and two
separate impact severity segments. Modified
from Stigson and Kullgren (2010).

From the relations shown in Figure 4, several
relations can be formed. The ratio between the
number of fatal to serious and fatal injuries is one
relation. This relation can also be related to
different age groups. At a lower impact severity, the
proportion of fatalities to serious injuries should be
low, and by higher impact severity grow, and at
some point, reach 1. In table 1, the number of
fatally, seriously and slightly injured pedestrians of
different ages, are shown.

Table 1. The number of fatally, seriously and
slightly injured pedestrians of different age,
where the speed limit is 50 km/h. Sweden

overall relationship between impact velocity and
risk they display very different levels also at low
speed. In the present data set, from Sweden, more
than half of the fatalities occur in speed zones up to
50 km/h.

Table 2 shows the same results, but for speed zone
70 km/h. It can be seen, that the ratios between
fatalities and all injuries as well as fatalities to fatal
and serious injuries is far higher than for the 50
km/h speed zone. For the youngest group, the ratio
between fatalities and all injuries is almost 10 %,
while for the oldest group it is now 25 %. The fatal
to fatal and serious injury is 16 and 43 % (table 3).
The latter figure shows that serious injury is at the
tipping point for the decline of the serious injury
risk, where fatalities are the only group where the
risk increases.

Table 2. The number of fatally, seriously and
slightly injured pedestrians of different age,
where the speed limit is 70 km/h. Sweden

Age Fatal Serious | Slight All
0-44 32 171 197 400
45-64 15 48 68 131
65+ 25 33 46 104

Table 3. The percentage of fatalities to fatalities
and serious injured (F/FS) for 50 and 70 km/h
speed zone. Sweden

Age F/FS 50 km/h | F/FS 70 km/h
0-44 3,6 15,7
45-64 8,7 23,8
65+ 23,7 43,1

Fatal Serious | Slight All
0-44 38 1026 3496 4560
45-64 35 366 1001 1402
65+ 145 566 915 1626

It can be seen that the profile of fatal, serious and
slight injuries differs substantially by age. While
the ratio fatal to all injuries for 0-44 years of age is
below 1 %, the corresponding ratio for 65+ is
almost 10 %. The ratio fatal to fatal and seriously
injured is 4 % for the youngest, and almost 24 %
for the oldest age group (table 3). All these results
imply that while the risk functions for younger
versus older pedestrians might have the same

In summary, the difference in risk, as expressed by
the number of fatalities in relation to either all
injuries or to fatal and serious injuries shows, that
the risk ratios for older to younger pedestrians is 10
times and 5 times higher, respectively. This is at the
same time the most common speed zone
representing these cases, in Sweden typically
around 50 %. At the higher speed zone, the
corresponding risk ratios are 2 to 3 times. This is
still a substantial difference, but represents a
smaller risk population.

German data show a similar scenario, with a high
increase of fatal to fatal and serious ratio. The
German data can be subdivided for the eldest group,
showing that the largest increase is for the age
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group over 75 years. The differences are somewhat
smaller for the German data, but in general it can be
seen that in 50 km/h zone, the relationship between
age and injury severity is similar to the relationship
based on Swedish data.

Table 4. The percentage of fatalities to fatalities
and serious injured (F/FS) for 50 and 70 km/h
speed zone. Germany

Age F/FS 50 km/h | F/FS 70 km/h
15-44 3,2 23,6
45-64 9,3 32,0
65-74 9,1 29,3
75+ 16,6 33,7

For car occupants, speed zone 50 km/h is used as a
reference to pedestrians. In Table 5, the number of
fatalities, serious injured and slight injured can be
seen.

Table 5. The number of fatally, seriously and
slightly injured car drivers of different age,
where the speed limit is 50 km/h. Sweden

Fatal Serious | Slight All
0-44 121 2636 26621 29258
45-64 56 1114 11069 12239
65+ 73 552 3682 4307

Given the same amount of underreporting of
injuries, in particular slight injuries, and the likely
effect of that the number of uninjured, it is clear
that the risk of injury or fatality is only a fraction of
the risk of injury to pedestrians in the same type of
environment. The ratio fatal to fatal and serious
injury is though more relevant, showing a similar
development by age, where for the older group the
ratio is three times higher than for the younger age

group.
DISCUSSION

The influence of age on injury risk and injury
severity is well known and validated in many
different ways. The implications of these findings
have also been discussed for a long time (Evans).
Regarding pedestrians, it is, however, not clear how
these facts are translated into practice when
integrated safety is developed. In doing so, risk
functions, vehicle design, speed management and
vehicle based autonomous systems like emergency

braking should be brought together to form a
system that is safe for pedestrians.

Speed and speed at impact has a major influence on
injury, and has been demonstrated with many
methods (Nilsson 2000, Stigson and Kullgren 2010,
Liu et al 2002, Evans 1991). Risk functions, linking
speed to injury risk through mathematical
functions, is a well known technique, but the
methods to measure or reconstruct impact speed are
sometimes exposed to errors or poor accuracy. In
particular impact velocity in when pedestrians are
hit by a car is complicated. Several attempts have
been made to generate such functions, but still with
major problems (Stigson and Kullgren).

To generate risk functions on the basis of police
reported data is not easy. Underreporting and
misclassification of injuries are major sources for
low quality, and the absence of speed at impact is
also creating problems. On the other hand, there
might be well-founded relations between fatal and
serious injuries that can be used to understand
relative risks associated with speed and speed at
impact. While this study does develop such
relationships, the ratios fatal to fatal and seriously
injured are used to demonstrate the influence of
age. If this relation were a power function with
power 2, a 20 % proportion of fatalities would
indicate that the mean impact velocity in a 50 km/h
zone is almost 50 % of the level where the risk of a
fatality is 100 %. While the mean impact speed in a
50 km/h speed zone is lower than the maximum
posted speed limit, the current study cannot
generate the actual or true average impact speed. If
the mean impact speed would be, say, 30 km/h, it
would mean that the 100% death risk would occur
between 60 and 70 km/h. for the old population. It
is still, though, to be further studied if these
relations are valid, and what function that best
describes the relationship. It is still clear, that the
ratio is a measure of impact severity and risk of

injury.

The results of the present study show, that the
elderly pedestrians have a much higher risk of
serious and fatal injury than the rest of the
population. In the present study elderly is defined
above 65 years age. The German data indicates an
even higher vulnerability of pedestrians above 75
years age.
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The figures from Sweden also show that the
majority of pedestrian fatalities occur at 50 km/h
speed zones. This opens up for that lowering the
impact velocity in those zones would be very
beneficial. This is in contrast with the view that the
risk level at low speed is very low for pedestrians,
and that the main effects would occur as a result of
treating higher speed levels. While the present
study cannot generate true risk functions, it is clear
that a common risk function for all ages is not
relevant. Such a starting point would probably lead
to a serious underestimate of interventions that are
directed to moderate speed reductions or
improvements of friendly vehicle fronts. On the
contrary, the findings indicate that such
interventions would be highly beneficial in an
environment that supports low speeds in areas
where pedestrians are exposed to traffic. In the
present study, the indication is that lowering the
risk of serious injury and fatality in 50 km/h zones
would be very beneficial, with the help of things
like autonomous emergency braking and more
friendly front design (Strandroth et al 2011,
Fredriksson and Rosén 2010). This is not the case
with pedestrian crashes at high speeds. In such
areas it is possibly more beneficial to separate
pedestrians from traffic. For non-separated areas,
the speed limit should probably be 30 or 40 km/h to
allow a safety margin for vehicle mitigation and
protective systems to be effective for the elderly
population with low tolerance to crash forces.

CONCLUSIONS

- The risk of injury for in particular pedestrians
are at least ten times higher for elderly (65+
years) than those aged 0-44 years in speed zone
50 km/h

- The vast majority of fatal pedestrian crashes
occurred at 50 km/h speed zones.

- The scope for a combination of vehicle safety
and speed management should be effective in
eliminating death and serious injury to elderly
pedestrians.

- The risk of serious injury to car occupants is
also related to age.
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ABSTRACT

This paper details the National Highway Traffic
Safety Administration’s (NHTSA) ongoing research
to evaluate and develop a potential dynamic side
impact test procedure for child restraint systems
(CRS). Federal Motor Vehicle Safety Standard
(FMVSS) No. 213, “Child Restraint Systems”
currently only requires that U.S. marketed child
restraints meet dynamic testing simulating a 48.3
kmph (30 mph) frontal impact. NHTSA’s initial
program consisted of evaluating a side impact sled
buck designed by TK HOLDINGS INC. (Takata) and
conducting a small number of full-scale moving
deformable barrier (MDB)-to-vehicle side impact
crash tests to verify the sled performance. The
results from these initial tests were presented in a
2009 ESV paper by Sullivan et al. [1]. This paper
presents subsequent tests and vehicle surveys
conducted to determine characteristics of various
components of the side impact test bucks such as the
seat cushion, door panel, and an armrest that would
result in improved real world representation of the
side impact sled test procedure. This paper also
presents the results of tests conducted with the
modified side impact test buck using a variety of
CRS models currently in the U.S. market.

The test procedure with the modified test buck
produced repeatable results and was able to
distinguish the performance of different child
restraint models in side impact. The design of the
side wings on child restraints for head protection and
the stiffness of the child restraint padding were
factors affecting the containment of the dummy and
the injury measures.

BACKGROUND

NHTSA has been assessing test equipment and test
methodology to replicate a representative side impact
scenario that could potentially be developed into a
future child restraint dynamic side impact test
procedure under Federal Motor Vehicle Safety
Standard (FMVSS) No. 213.

The agency analyzed vehicle crash tests to determine
initial test parameters such as impact velocity, impact
angle, and seat velocity for passenger vehicles.

Initial sled tests were conducted using a sled test
buck (modified Takata sled) consisting of a sliding
seat (representing a vehicle seat) and a padded rigid
wall side structure (representing the vehicle door)
Sullivan et al. 2009 [1].

The sliding seat acceleration pulse and velocity was
determined from the right rear sill lateral
accelerations of ten small vehicles in side impact
crash tests conducted in accordance with the FMVSS
No. 214, “Side Impact Protection” Movable
Deformable Barrier (MDB) test procedure. The
derived velocity was approximately 27 to 29 kmph
(17 to 18 mph).

The vehicle door velocity was determined by
integrating the door lateral accelerations of four of
the 10 vehicles tested under FMVSS No. 214, which
had door accelerometer data available. Results
showed a lateral velocity range between 31.4 kmph
and 33.0 kmph (19.5 to 20.5 mph). A 32 kmph (20
mph) velocity was selected as the target speed of the
door on the sled buck. This door velocity was
achieved using a half-sine acceleration pulse for the
sled/door, with a peak acceleration of about 28 G’s
and a duration of about 55 milliseconds (ms).

A range of sled buck impact angles was determined
by using the right rear side sill longitudinal and
lateral accelerations of the 10 vehicles tests. These
accelerations were integrated to obtain the
component velocities which were then used to
calculate the angle of the resultant acceleration with
respect to the lateral axis of the vehicle during the
crash event. This calculation was made between 5
and 60 ms, which corresponds to the typical time
from initial motion of the struck vehicle through peak
loading on the near side occupant. The impact angle
estimated by this process was in the range of 0-20
degrees.

Summary of Initial Test Parameters:

» Sled pulse - 1/2 sine, 28 G peak, 55 ms duration
» Sled velocity — 32 kmph (20mph)
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Honeycomb dimensions (2.3 PCF, 3/8” cell wall):
300 mm thick x 342 mm wide x 125 mm long
Sliding seat initial position (-) 260 mm from
honeycomb

Sliding seat acceleration — matching established
corridors, 20 G peak, 55 ms duration

Range of impact angles (0 — 20 degrees)

vV V V V

Detailed information on the previously established
parameters are available in Sullivan et al. (2009) [1].

Sullivan et al. (2009) [1] concluded that the sled test
procedure appeared to be repeatable and was able to
distinguish between child restraint models using
some of the injury measures. Comparison of results
from side impact sled tests using the Q3s dummy (3-
year old child side impact test dummy) with
comparable full-scale vehicle side impact crash tests
(moving deformable barrier (MDB) into the side of a
vehicle) indicated that the dummy responses
exhibited similar trends in the sled and full vehicle
crash tests.

This study is a continuation of NHTSA’s previous
work [1] developing a dynamic sled to replicate the
performance during a vehicle crash of a properly
restrained 3-year-old child.

This paper presents the evaluation of different test
parameters such as the door stiffness, simulated
armrest, impact angle and the geometry of the seat
and door for refining the test procedure to better
represent vehicle, CRS, and dummy responses
observed in select vehicle crash tests (Sullivan et al.
(2009) [1]). Sled tests were performed with CRS
models currently available in the U.S. using the 3-
year-old side impact (Q3s) and the 12-month-old
(CRABI) child test dummies.

IMPACT ANGLE SELECTION

As described in Determination of Sled Buck Angle in
Sullivan et al. (2009) [1], a reference frame was used
in which a pure left-to-right lateral impact was zero
degrees and a pure frontal impact was 90 degrees.
Using results from ten MDB-to-vehicle side impact
crash tests, the agency estimated that the mean
impact angles over the time period of interest ranged
from 4 to 15 degrees, while the angle at any specific
time ranged from -8 to 22 degrees. Based on this
observation, in addition to purely lateral (0 degree)
impact simulations, tests were performed with the
sled buck rotated to simulate impacts at 10, 15 and 20
degrees during the initial program in an effort to
evaluate the effect of the test buck’s impact angle on
dummy kinematics.

Results of the aforementioned angled sled tests,
which are discussed in more detail in Sullivan et al.
(2009) [1], indicated that impact angle had an effect
on some injury metrics while it had minimal effect on
others. Comparison of the sled tests simulating
different impact angles to the four MDB-to-vehicle
crash tests previously conducted in this program
indicated that a sled impact angle of 10 degrees
provided reasonable replication of the dummy/CRS
kinematics observed in the crash tests. In addition, as
shown in Table 1, the average impact angle computed
from the vehicle right rear sill velocities in the 10
MDB-to-vehicle crash tests is approximately 10
degrees. Based on these observations, a 10 degree
impact angle was selected for the next phase of sled
testing.

Table 1.
Impact Angle (degrees) Based on Right Rear Sill
Velocity of Side Impact Crash Tests

Average Angle from 5-60 ms 7.6

Average Maximum Angle from

5-60 ms 12.7

Average Angle at time of Peak

Pelvis Lateral Acceleration 8.4
Average of 3 methods| 9.6

SLED BUCK CHARACTERISTICS
Geometry of Test Buck

NHTSA determined that the simulated side door and
the United Nations Economic Commission for
Europe Regulation No. 44 (ECE R44) test seat fixture
used by Takata for the side impact buck were
acceptable for use in proceeding with the
development of a side impact test methodology.

The agency recently conducted a survey of late
model passenger vehicles to obtain dimensional
characteristics of rear seats in these vehicles. The
following characteristics were assessed: seat pan and
seat back cushion length, width, angle, and thickness;
shoulder belt and tether anchor distances; shoulder
belt and lower anchor spacing; rear seat clearance;
armrest and windowsill dimensions. The 24 vehicles
surveyed represent the U.S. fleet, and include
passenger cars, multi purpose vehicles (MPV) and
trucks.

Results of the survey found that the average seat back
angle was 20 degrees and the average seat pan angle
was 15 degrees, both of which correspond to the
angles of the test seat fixture used in the modified
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Takata buck. The armrest thickness (protrusion of
armrest in the door) for the 24 vehicles surveyed
ranged from 25 mm (1 in) to 105 mm (4.1 in) ; 1
vehicle was at or below 50 mm (2.1 in), 8 vehicles
were between 51 mm and 70 mm (2.75 in), 10
vehicles were between 71 mm (2.75 in) and 80 mm
(3.1 in), and 5 vehicles were above 81 mm (3.1 in).

This paper will discuss the new door padding
material that was identified and evaluated using
dynamic free motion headform (FMH) impact tests
which are described in detail in the section Door
Characteristics of this paper. Also identified was an
armrest padding material for use in conjunction with
the door panel padding. The armrest chosen for
subsequent sled tests consisted of a 64 mm (2.5 in)
thick padding material attached to the 51 mm (2 in)
thick door panel (details are provided in the Armrest
section in this paper).

Figure 1 shows the side impact sled test buck
windowsill and top of armrest heights, measured
relative to the seat cushion angle, overlaid onto the
windowsill and armrest heights for each of the
surveyed vehicles. The solid black lines represent the
sled buck features and the colored lines represent
different vehicles. The armrest design and placement
selected for use on the sled buck are discussed in
more detail later in this paper.

Although other seat cushion dimensions were
assessed during the vehicle survey, only the cushion
angles were evaluated during the side impact sled test
methodology development at this time. Once a test
methodology is selected, further evaluation of the
effect of cushion thickness, length, lower anchorage
placement, etc. will be conducted if deemed
necessary.

Comparison of Windowsill, Armrest and Seat
Pan between Vehicle Fleet and Current Side
Impact Sled Buck

1y

Height (mm)

Distance (mm)

Figure 1. Comparison of Windowsill, Armrest
and Seat Pan between Vehicle Fleet and Current
Side Impact Sled Buck.

The dimensions of the test buck door structure and
armrest design and placement relative to the seat
cushion structure, used during sled tests, are shown in
Figure 2.

CRS Side Impact Test Buck “Door and Armrest”

windowsill

a (distance from vertical line

at A to back of armrest):
A: 285 mm 90 mm
B: 250 mm
C: 220 mm i Angle of seat back:
D: 180 mm ! \\ 20 deg. (with cushion)
Angle of seat pan: 14 deg. (with cushion)
= Seat
= Armrest
windowsill
Top armrest length Windowsill to front
Top armrest of seat pan (vertical):
length: 635 mm N Angle of armrest 419 mm
Angle of armrest: windowsill to seat bight
1.6 deg | (vertical): 527 mm
——
Bottom armrest
length: 572 mm
Bottom armrest length

w— Seat
w— Armrest

Figure 2. Side Impact Sled Buck Door and
Armrest Structure Dimensions.
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Seat Cushion Stiffness

A quasi-static test with a 203 mm (8 in) diameter
indentation plate (see Figure 3) was performed to
measure the rear seat cushion stiffness of 13 vehicles.
The tested vehicles were:

2006 Honda Ridgeline
2006 VW Passat

2007 Ford Expedition
2007 Ford Five Hundred
2007 Saturn Vue

2008 Ford Taurus X
2008 Mazda CX-9

2008 Nissan Sentra
2008 Subaru Tribeca
2008 Toyota Highlander
2008 Nissan Versa

2003 Ford Crown Victoria
2005 Chrysler 300C

VVVVVVVVVYVYYVYY

In addition to actual vehicle seat cushions, quasi-
static force deflections were measured for three
different test seat fixture cushions: FMVSS No. 213,
ECE R44 and the New Programme for the
Assessment of Child restraint Systems (NPACS)
foams. The NPACS foam was considered in the
analysis because as part of the World Forum for
Harmonization of Vehicle Regulations Working
Party on Passive Safety (GRSP) Informal Group on
Child Restraint Systems’ effort on side impacts, the
group has been evaluating a new foam for the seat
cushion designated under NPACS [2] as a potential
replacement for the existing ECE R44 seat cushion.

Figure 3. Quasi-static Test in Vehicle Rear Seat
Cushions (left) and in the FMVSS No. 213 Frontal
Test Buck (right).

As shown in Figure 4, one of the outboard rear
designated seating positions (DSP) of each vehicle
was measured in three locations on the longitudinal
centerline (102 mm (4 in) from front edge (1*), 102
mm (4 in) from seat bight (2*), midway between
point 1 and 2 (3*)), and in two additional locations at
the front of the seat (102 mm (4 in) from outboard
edge (4*), highest point on the inboard side - at least

203 mm (8 in) from location 1(5*)). The middle rear
DSP of each vehicle was also measured at two
locations on the centerline (102 mm (4 in) from front
edge (6*) and 102 mm (4 in) from seat bight (7%*)).
The test buck was measured at 102 mm (4 in) from
the front edge of the seat cushion.

SN
Figure 4. *Rear Seat Measurement Locations.

Figure 5 shows the force vs. displacement plots of the
different vehicle rear seat cushions and the different
foams (FMVSS No. 213, ECE R44 and NPACS) on
the test buck. The plot shows that the FMVSS No.
213 foam (red dotted line) is comparable to the 2003
Ford Crown Victoria (orange solid line). All other
vehicles show stiffer responses. The NPACS (red &
orange with dots) and ECE R44 (dark blue with dots)
are also stiffer than the FMVSS No. 213 foam and
more representative of the vehicles selected in this
study.

Rear Passenger Centerline Front Overlays
Force Displacement

i b
e
ADPZA7 Zib
g cadtag,
] o

Displacement [mm]

Figure 5. Force Displacement Curves for Rear
Passenger Vehicles (Centerline Front) and
Different Foams.

FMVSS No. 213, ECE R44 and NPACS sled
test results and selection of foam As previously
mentioned, NHTSA has been closely monitoring the
GRSP’s Informal Group on Child Restraint Systems’
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development of a potential side impact test method.
Due to a lengthy delivery time to procure the NPACS
foam for the seat cushions, foam comparison testing
was conducted with the ECE R44 foam material
which had been previously purchased. While the
ECE R44 foam is not as stiff as the NPACS foam,
based on the quasi-static tests its force deflection
characteristics are more similar to those of the
vehicles selected in this study than the FMVSS No.
213 foam.

Sled tests were conducted to determine what effect(s)
the seat cushion stiffness has on the performance of
the dummy and the CRS. All tests were conducted
using the Q3s dummy. Three CRS models were used
for the tests: Evenflo Triumph Advance DLX, Maxi-
Cosi Priori XP, and Graco SafeSeat Step2 (Cozy
Cline). Both the FMVSS No. 213 and ECE R44
foams were evaluated. Each foam was tested using
the appropriate cover specified by its respective
standard (FMVSS No. 213 with vinyl cover; ECE
R44 with cloth cover). Each CRS model was tested
twice. Results were compared to their respective
results from the full-scale vehicle crash tests
discussed in Ref. [1].

Figure 6 and Figure 7, respectively, show
comparisons of the Q3s dummy’s HIC15 and chest
deflection results when sled tests were conducted
using the FMVSS No. 213 and ECE R44 foams to
construct the seat cushion. For each type of seat
cushion, sled results for both injury measurements
were greater than those observed in the crash tests.
The FMVSS No. 213 seat cushion is 152 mm (5.9 in)
thick while the ECE R44 and NPACS seat cushions
are 127 mm (5 in) thick. This 25 mm difference may
be a contributing factor to the observed variation in
HIC15 values due to relative vertical positioning of
the head with respect to the windowsill. However,
because the relative height of the windowsill to the
seat cushion seat bight is well within the range of
what was measured for that metric during the vehicle
survey described earlier, no additional analysis of the
seat cushion thickness effect and relative head-to-
windowsill positioning was performed at this time.

Comparisons of the spine lateral acceleration and
upper neck tension are shown in Figure 8 and Figure
9, respectively. For these two injury measurements,
values observed in the crash tests tended to be either
comparable or greater than corresponding results
from the sled tests, regardless of seat cushion type
used in the sled test.

Q3s-HIC 15

ECER44
ECER44

FMVSS No. 213

Evenflo Triumph
Advance DLX

FMVSS No. 213

2008 Versa

ECER44

ECER44

FMVSS No. 213

Maxi-Cosi Priori XP

FMVSS No. 213

2008 Versa

2008 Sentra

2008 Sentra

ECER44

ECER44

Graco SafeSeat Step2

FMVSS No. 213

FMVSS No. 213
0 200 400 600 800

Figure 6. Q3s HIC15 Results; FMVSS No. 213 vs.
ECE R44 Seat Cushion.*

Q3s - Chest Deflection [mm]

ECER44
ECER44

FMVSS No. 213

Evenflo Triumph
Advance DLX

FMVSS No. 213
2008 Versa
ECER44
ECER44

FMVSS No. 213

Manxi-Cosi Priori XP

FMVSS No. 213

2008 Versa

2008 Sentra

2008 Sentra

ECER44

ECER44

Graco SafeSeat Step2

FMVSS No. 213

FMVSS No. 213
0 10 20 30

Figure 7. Q3s Chest Deflection Results; FMVSS
No. 213 vs. ECE R44 Seat Cushion.*
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Q3s - Spine Lateral Acceleration [G]

ECER44
ECER44

FMVSS No. 213

Evenflo Triumph
Advance DLX

FMVSS No. 213

2008 Versa

ECER44

ECER44

FMVSS No. 213

Maxi-Cosi Priori XP

FMVSS No. 213
2008 Versa
2008 Sentra
2008 Sentra
ECER44

ECER44

Graco SafeSeat Step2

FMVSS No. 213

FMVSS No. 213

0 50 100 150

Figure 8. Q3s Spine Lateral Acceleration Results;
FMYVSS No. 213 vs. ECE R44 Seat Cushion.*

Q3s - Neck Tension [N]

ECER44
ECER44

FMVSS No. 213

Evenflo Triumph
Advance DLX

FMVSS No. 213
2008 Versa
ECER44
ECER44

FMVSS No. 213

Manxi-Cosi Priori XP

FMVSS No. 213
2008 Versa
2008 Sentra
2008 Sentra

ECER44

ECER44

Graco SafeSeat Step2

FMVSS No. 213

FMVSS No. 213

0 500 1000 1500 2000 2500

Figure 9. Q3s Upper Neck Tension Results;
FMVSS No. 213 vs. ECE R44 Seat Cushion.*

* No vehicle crash test was performed with the
Evenflo Triumph Advance DLX CRS model.

Door Characteristics

Real world analysis showed that 43% of AIS2+
injuries are caused by contact with the door interior
[National Automotive Sampling System (NASS)
1995-2008]. To create a representative environment

in the sled test, the agency determined the door

contact characteristics for 8 vehicles by performing
FMH tests.

The test consisted of a 3.5 kg child headform
launched towards the door at 24 and 32 kmph (15 and
20 mph, respectively) at a horizontal impact. The
FMH was directed at different locations on the door
where the head of the dummy was most likely to
make contact (see Figure 10) and certain hard spots
on the door. The impact points were selected based
on the Hybrid I1I 3-year-old, 6-year-old and 10-year-
old head CG and top of the head locations. The areas
of contact were determined by tracking the head
trajectory of different sized seated dummies, while
they were being leaned forward creating an arc. The
vehicles tested were:

2008 Nissan Sentra
2008 Nissan Versa

2004 Volvo XC90

2005 Chevy Trailblazer
2005 Toyota Highlander
2005 Infiniti FX35

2005 Nissan Pathfinder
2008 Dodge Caravan

VVVYVVVYVYY

Figure 10. FMH Door Characteristics Testing.

Each of the eight vehicles had between four to six
evaluation points. These targeted locations were
used to assist in the evaluation of door stiffness
characteristics.

Three foams with different stiffness values (“stiff”,
“average” and “soft”) were selected for use in the
sled tests as the door padding. These different foams
were also impacted with the FMH test to determine
their characteristics. Figure 11 shows the plotted
door stiffness values for the vehicle tests as well as
for the selected foam materials. The colored (red,
green and blue) solid lines show the characteristics of
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the three selected foams. The remaining solid lines
are the characteristics of the vehicle interior doors.
Three of the vehicle interior doors (shown in the
colored dashed curves) closely match the
characteristics of three selected foams, with the red
lines representing the “stiff”, the green lines
representing the “average”, and the blue lines
representing the “soft” characteristics.
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Figure 11. Vehicle Door and Foams Energy
Displacement; Tests at 24 kmph (15mph).

Testing Results with 3 Differing Door Panel
Paddings and Selection of Foam Following the
completion of the component door panel FMH tests,
a series of sled tests were conducted to assess
padding stiffness effects on the performance of the
two CRS models which had been used during the
MDB-to-vehicle crash tests.

The foams identified from the FMH tests were
selected and designated as “soft”, “average” and
“stiff”. The name brands for the foams were United
Foam # 2 (“soft”), Ethafoam 220 (“average”) and
United Foam # 4 (“stiff”). Each panel measured 51
mm (2 in) thick and was cut to the shape of and
applied to the simulated door wall panel (see Figure
17).

The Q3s dummy’s HIC15 and chest deflection
results, when restrained in the Graco SafeSeat Step 2
and Maxi-Cosi Priori XP seats, for the “soft”,
“average” and “stiff” door panel foams are shown in
Figure 12 and Figure 13, respectively.

Q3s-HIC 15

Stiff Foam

Average Foam

Average Foam

Maxi-Cosi Priori XP

Soft Foam

Soft Foam

Stiff Foam

Stiff Foam

Average Foam

Average Foam

Graco SafeSeat Step2

Soft Foam

Soft Foam

0 200 400 600 800 1000

Figure 12 . Q3s HIC1S5 Results; Soft, Average and
Stiff Door Panel Foams.

Q3s - Chest Deflection [mm]

Stiff Foam

Average Foam

Average Foam

Soft Foam

Maxi-Cosi Priori XP

Soft Foam

Stiff Foam

Stiff Foam

Average Foam

Average Foam

Graco SafeSeat Step2

Soft Foam

Soft Foam

0 10 20 30 40

Figure 13. Q3s Chest Deflection Results; Soft,
Average and Stiff Door Panel Foams.

Corresponding comparisons for the spine lateral
acceleration and upper neck tension, respectively, are
shown in Figure 14 and Figure 15.
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Q3s - Spine Lateral Acceleration [G]
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Figure 14. Q3s Spine Lateral Acceleration
Results; Soft, Average and Stiff Door Panel
Foams.

Q3s - Neck Tension [N]
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Figure 15. Q3s Upper Neck Tension Results; Soft,
Average and Stiff Door Panel Foams.

The door foam used in NHTSA’s original testing was
replaced with the “average” foam from this series of
tests due to the apparent minimal stiffness effect on
dummy responses and due to the lower cost and
availability of the foam. Although the Dow
Ethafoam 220 material is relatively easy to obtain
commercially, other materials with similar physical
properties could be used in its place.

Armrest

In an effort to improve replication of the kinematic
responses of the CRS and dummy in the sled tests to
those observed in comparable vehicle crash tests, the
addition of an armrest to the side door panel of the
sled test buck was investigated.

Testing results with different foams and
selection of foam Four of the eight vehicles
previously tested with the FMH to assess door panel
force displacement characteristics also had impacts to
the armrests. Additional FMH testing was conducted
on these four vehicles to determine their armrest
characteristics, which were observed to be similar to
the stiffer door panels (see Figure 11). In turn, FMH
tests were conducted on various padding material
combinations in an effort to have a door
panel/armrest configuration in the sled test buck with
similar characteristics.

The configuration of 51 mm (2 in) of Ethafoam 220
fronted with 64 mm (2.5 in) of the “stiff” United
Foam #4 provided similar characteristics as the
vehicle armrests and stiffer vehicle door panels
(yellow curve in Figure 16). The armrest/door
padding configuration is shown installed on the sled
buck door structure in Figure 17.

Energy Displacement
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Figure 16. Selected Armrest Configuration Along
with Vehicle Door and Foams Energy
Displacement; Tests at 24 kmph (15mph).

Sullivan, 8



Figure 17. Armrest/Door Padding Configuration.

The same two CRS models, Maxi Cosi Priori and
Graco Safe Seat 2, were sled tested with the
armrest/door configuration. The results were
compared to those from door padding only sled tests
and the actual vehicle tests. The Q3s dummy’s
HIC15 and chest deflection results are shown in
Figure 18 and Figure 19, respectively, with
corresponding comparisons for the spine lateral
acceleration and upper neck tension, respectively,
shown in Figure 20 and Figure 21.

Q3s-HIC15

2008 Versa

Avg.Foam / Armrest

Avg.Foam / Armrest

Maxi-Cosi Priori XP

Average Foam

Average Foam

2008 Versa

2008 Sentra

2008 Sentra

Avg.Foam / Armrest

Avg.Foam / Armrest

Graco SafeSeat Step2

Average Foam

Average Foam

0 200 400 600 800

Figure 18. Q3s HIC15 Results; Armrest
”Average” Foam Configuration Compared to
“Average” Foam Only and Crashed Vehicle.

Q3s - Chest Deflection [mm]
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Avg.Foam / Armrest
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Average Foam

Average Foam
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Figure 19. Q3s Chest Deflection Results; Armrest
”Average” Foam Configuration Compared to
“Average” Foam Only and Crashed Vehicle.

The addition of the armrest tended to reduce the
HIC15 values. Chest displacements also tended to be
lower with the armrest present, although not as
pronounced as for the HIC15.

Q3s - Spine Lateral Acceleration [G]

2008 Versa
Avg.Foam / Armrest

Avg.Foam / Armrest

Maxi-Cosi Priori XP

Average Foam

Average Foam
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Figure 20. Q3s Spine Lateral Acceleration
Results; Armrest ”Average” Foam Configuration
Compared to “Average” Foam Only and Crashed
Vehicle.
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The spine lateral acceleration tended to increase
(depending on CRS model) with the armrest present.
Upper neck tension was a less repeatable measure to
use for comparative purposes (see Figure 20 and
Figure 21, respectively).

Q3s - Neck Tension [N]

2008 Versa

Avg.Foam / Armrest

Avg.Foam / Armrest

Maxi-Cosi Priori XP

Average Foam

Average Foam
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Figure 21. Q3s Neck Tension Results; Armrest
”Average” Foam Configuration Compared to
“Average” Foam Only and Crashed Vehicle.

SECOND PHASE SLED TESTS

A series of tests consisting of forward-facing and
rear-facing child restraint models was conducted to
assess performance of various CRS models. The Q3s
dummy was used for testing different CRS models
including 3-in-1, combination, and convertible CRS
types. The 12-month-old CRABI dummy was used
for testing infant carriers and convertible type CRS.
Figure 22 and Figure 23 contain HIC15 and chest
deflection results, respectively, for the sled test
conducted with the Q3s dummy in forward-facing
configuration.

Tests with the Q3s dummy showed that CRSs with
larger side wings and more padding, either on wing
and/or as head inserts, resulted in lower HIC values
than CRSs with smaller side wings and less padding.
The side wing design varied among CRSs, from a
side wing that completely covered the head of the
dummy (considered a better design) when viewed
from the side to a CRS with a side wing that only
covered a small portion of the dummy’s head
(considered a poorer design). Some CRS designs
included a head cushion, which is additional padding
near the side of the dummy’s head (considered a

better design), while others did not have the extra
padding (considered a poorer design). No padding
characterization and no assessment of the CRS’
structural design were performed.

Q3s-HIC 15

Graco Nautilus

3inlin
FF

Evenflo Symphany
Safety 1st Vantage
safety 1st summit

Evenflo Chase

Evenflo Generations

Combination in FF

Graco Cargo
Britax Frantier
CoscoScenera

Evenflo Tribute
Graco My Ride 65*
Radian 65

Safety 1st Alpha Omega
Combi Coccorro

Safety Lst Air Protect®

Convertiblesin FF

Britax Roundabout 50
Combi Zeus Turn 360%
Eritax Advocate®

RecaroSigno
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Figure 22. HIC15 Results for the Q3s Dummy in
Forward-Facing CRS in Sled Tests.

Q3s - Chest Deflection [mm]
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Evenflo Symphony
Safety 1st Vantage
Safety 1st Summit

Evenflo Chase

Evenflo Generations

Combination in FF

Graco Cargo
Britax Frontier
CoscoScenera

Evenflo Tribute

Graco My Ride 65*

Radian 65

Safety 15t Alpha Omega
Combi Coccorro

Safety 1st Air Protect®

Convertiblesin FF

Britax Roundabout 50
Combi Zeus Turn 360*
Britax Advocate™

Recaro Sizno

Figure 23. Chest Deflection Results for the Q3s
Dummy in Forward-Facing CRS in Sled Tests.

To exemplify, a comparison between two CRS with
similar designs was made: the Evenflo Tribute and
the Britax Frontier (see Figure 24). The structures of
the seats, including the side structure, are very
similar, but the Britax Frontier has a head cushion on
the side wings at the head location. Results show that
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the Evenflo Tribute had a HIC15 and a chest
deflection of 821 and 32 mm, respectively, while the
Britax Frontier performed significantly better with a
HIC15 of 332 and a chest deflection of 30 mm.

S$100617-2

S100618-3| Even -
SIDE_110 \! A

Figure 24. Evenflo Tribute (left) and Britax
Frontier (right).

The Evenflo Generations performance was compared
to that of the Graco Nautilus. These two CRSs have
similar designs, but the head cushion insert in the
Graco Nautilus completely covered the head of the
dummy, while the one in the Evenflo Generations
head cushion only partially covered the head of the
dummy (see Figure 25). Results show the Evenflo
Generations had a HIC15 of 636 and a chest
deflection of 28 mm; while the Graco Nautilus had a
HIC15 of 333 and a chest deflection of 11mm.

Nautilus (right).

The interaction of the dummy, CRS, and the
simulated intruding door is complex, and many
factors can influence the performance of the CRS in
addition to the padding and wing design. Another
trend identified in the performance results was that
CRSs that positioned the head of the dummy partially
or totally above the windowsill of the door had lower
HIC values.

The CRSs that positioned the head totally above the
windowsill, which included the Recaro Signo, Britax

Advocate, Combi Zeus 360, Britax Roundabout, and
Evenflo Symphony, had lower HIC15 values
(between 250 and 380). HIC15 values of the CRSs
that positioned the head mostly below the
windowsill, which included the Radian 65, Safety 1%
Alpha Omega, Evenflo Chase, Evenflo Generations,
and Safety 1* Vantage, ranged from 406 to 756.

The star markings in Figure 22 and Figure 29 indicate
the presence of direct head-to-door contact during the
sled test. Twelve of the nineteen tests with the Q3s
dummy in a forward-facing CRS resulted in direct
head to door contact, while only one of the twelve
tests with the CRABI dummy in a rear-facing CRS
resulted in head-to-door contact.

Figure 26, Figure 27 and Figure 28 show the spine
lateral acceleration, the pelvis lateral acceleration,
and the neck tension of the Q3s dummy, respectively.

Additional testing would be needed in order to
independently understand the CRS design and the
head position with respect to the windowsill effect on
injury measures. The observations stated in this
paper are made without separating each of these
factors.

Q3s - Spine Lateral Acceleration [G]
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safety 1st Vantage
Safety 1st Summit

Evenflo Chase
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Convertiblesin FF

Britax Roundabout 50

Combi Zeus Turn 360%

Britax Advocate®

Recaro Signo
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Figure 26. Spine Lateral Acceleration Results for
the Q3s Dummy in Forward-Facing CRS in Sled
Tests.
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Q3s Pelvis Lateral Acceleration [G]
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Figure 27. Pelvis Lateral Acceleration Results for
the Q3s Dummy in Forward-Facing CRS in Sled
Tests.

Q3s Neck Tension [N]
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Figure 28. Neck Tension Results for the Q3s
Dummy in Forward-Facing CRS in Sled Tests.

Figure 29 shows HIC15 outcomes for the rear-facing
CRS tested with the CRABI dummy. HIC1S5 results
ranged between 273 and 760. HICI15 outcomes did
not show an obvious trend with the design of the
wings and/or padding of the CRSs. Only two CRS
models (Evenflo Discovery 5 and Safety 1%
Designer) had little or no side protection. All other

CRS designs were considered to have a large enough
side wing and sufficient padding to protect the head.

CRABI - HIC15
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Figure 29. HIC15 Results for the CRABI Dummy
in Rear-Facing CRS in Sled Tests.

With the exception of the Britax Advocate, all other
rear-facing CRSs positioned the head of the CRABI
dummy mostly or totally below the windowsill.

Figure 30 and Figure 31 show the dummy responses
for the lateral pelvis acceleration and the neck
tension, respectively.

CRABI - Pelvis Lateral Acceleration [G]
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Figure 30. Pelvis Lateral Acceleration Results for
the CRABI Dummy in Rear-Facing CRS in Sled
Tests.
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CRABI - Neck Tension [N]
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Figure 31. Neck Tension Results for the CRABI
Dummy in Rear-Facing CRS in Sled Tests.

A photograph of each CRS model used in this study
is located in Appendix A.

Individual test results for the sled tests are available
on the NHTSA’s Vehicle Crash Test Database.
(http://www-nrd.nhtsa.dot.gov/database/veh/veh.htm)

CONCLUSIONS

The following conclusions are based on the results
from the sled and crash tests performed in this study:

e A 10 degree test angle showed good replication of
dummy and CRS kinematics observed in vehicle
crash tests.

o The stiffness of door padding does not appear to
have a pronounced effect on dummy injury
measures or kinematics.

e A combination of an “average” door stiffness and
“stift” armrest resulted in an acceptable
reproduction of dummy injury measures and CRS
kinematics observed in vehicle crash tests.

o Secat cushion stiffness does not appear to have a
pronounced effect on dummy injury responses,
although it did affect CRS kinematics.

e The dummy injury measures of the Q3s dummy in
forward-facing CRS showed that CRS models with

larger wings and more padding produced lower
HIC15 values.

¢ In contrast to the forward-facing CRS tested with
the Q3s dummy, the rear-facing CRS tested with
the CRABI dummy did not show a trend between
the injury measures and the size of the side wing
and/or amount of padding.

e The position of dummy’s head with respect to the
windowsill was a factor affecting HIC15 values.
Rear-facing and forward-facing CRSs that
positioned the head totally or mostly higher than
the windowsill produced lower HIC15 values,
while CRSs that positioned the head mostly or
totally below the windowsill produced higher
HIC15 values.

FUTURE STUDIES

Additional testing will be conducted to evaluate the
performance of some CRSs that accommodate the
Q3s dummy in the rear-facing configuration, as well
as the CRABI dummy in forward-facing
configuration for those CRS that are within the height
and weight recommendations.

Also, to better understand the effect of head position
with respect to the windowsill testing with a raised
windowsill will be conducted.
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Appendix

Child Restraint System Models

3-in-1
Graco Nautilus
Combination
Safety 1 Vantage Safety 1 Summit Evenflo Chase
Evenflo Generations Graco Cargo Britax Frontier
Convertibles

Cosco Scenera Evenflo Tribute Graco MyRide 65 Britax Advocate
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ABSTRACT

This study presents a broad comprehensive
research effort that combines expertise from
industry and academia and uses various
methodologies with applied research directed
towards countermeasures. The project includes
real world crash data analysis, real world driving
studies and crash testing and simulations,
aiming at enhancing the safety of forward facing
child occupants (aged 3y to small adults) in the
rear seat during frontal to side impacts.

The real world crash data analyses of properly
restrained children originate from European as
well as US data. Frontal and side impact crash
tests are analyzed using different sizes of crash
test dummies in different sitting postures. Side
impact parameter studies using FE-models are
run. The sitting posture and behavior of 12
children are monitored while riding in the rear
seat. Also, the body kinematics and belt position
during actual braking and turning maneuvers are
studied for 16 rear seat child occupants and for
various child dummies.

Real world crash data indicates that several of
the injured children in frontal impacts, despite
being properly restrained, impacted the vehicle
interior structure with their head/face resulting in
serious injury. This was attributed to oblique
crashes, pre-crash vehicle maneuvers or high
crash severity. Crash tests confirm the
importance of proper initial belt-fit for best
protection. The crash tests also highlight the
difficulty in obtaining the real world kinematics
and head impact locations using existing crash

test dummies and test procedures. The side
impact parameter studies indicate that the
vehicle’s occupant protection systems, such as
airbags and seat belt pretensioners, play an
important role in protecting children as well.

The results from the on-road driving studies
illustrate the variation of sitting postures during
riding in the rear seat giving valuable input to the
effects of the restraint systems and to how
representative the standardized dummy seating
positioning procedures are. The results from the
maneuver driving studies illustrate  the
importance of understanding the kinematics of a
child relative to the seat belt in a real world
maneuver situation.

Real world safety of rear seat occupants,
especially children, involves evaluation of
protection beyond standard crash testing
scenarios in frontal and side impact conditions.
This project explores the complete context of
rear seat protection in impact situations ranging
from front to side and directions in between
highlighting the importance of pre-crash posture
and behavior.

This research project at SAFER (Vehicle and
Traffic Safety Centre at Chalmers), where
researchers from the industry and universities
cooperate with the aim to further improve safety
for children (from 3y) to small adults in the rear
seat, speeds up the process to safety
implementation due to the interaction between
academic and industrial researchers.
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INTRODUCTION

World wide, road traffic was the second leading
cause of death among 5-14 year olds in 2002
(WHO, 2004). In US, for every day in 2006, an
average of 5 children 14 years and younger were
killed and 568 were injured in motor vehicle
crashes (NHTSA, 2006).

According to US statistics, 52% of the rear seat
occupants are less than 13 years old, 14% are 13
to 15 years, and 34% are older than 15 years
(McCray et al., 2006). On average a 12 year old
is of similar size as a 5™ percentile female, thus
by focusing on the children, solutions driven by
the data analyses will cover small size adults as
well.

Summarizing crash data (NASS-CDS 1991-
2005) on rear seated children aged 4-12 years,
second to rollover, the highest MAIS3+ injury
risk was seen for side impacts situations (Bidez,
2006). However, there were more children
injured in frontal impacts, due to the high
frequency of frontal impacts compared to other
crash direction. Furthermore, several of the
injured were restrained, indicating that current
restraint systems have potential for further
improvements. Thus, there is a need to address
protection in both side and frontal impacts for
restrained rear seated children, as well as oblique
impacts.

For the smallest children, the safest restraint for
optimal protection is rearward facing. Swedish
and US data show 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,
Tarriére 1995, Isaksson-Hellman et al. 1997,
Jakobsson et al. 2005, Henary et al., 2007).
Rearward facing seats are used around the world
for infants and offer the optimal protection,
recommended in Sweden up to the age of 3-4
years.

When the child has reached 3-4 years of age and
sitting forward facing in the car, there are still
differences as 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 boosters were introduced in the
late 70s (Norin et al. 1979). The boosters allow
the geometry of the adult seat belt to function in
a better way with respect to the child occupant.
The booster elevates the child, so that the lap
part of the adult seat belt can be positioned 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 avoid slouching, which
leads to poor seat belt geometry (DeSantis
Klinich et al. 1994). Other advantages of belt-
positioning boosters are that the child, by sitting
higher, will have the shoulder part of the seat
belt more comfortably positioned over the
shoulder and will also have a better view.

The belt-positioning boosters may have
backrests (so called high back boosters). The
backrests were initially intended to route the
diagonal part of the seat belt in an optimal
position over the child's shoulder and chest. In
recent years, the designs of the backs of the
boosters have evolved towards large side
supports both at the height of the torso and the
head. The child restraint manufacturers
emphasized 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.

Integrated (built-in) belt-positioning boosters are
available in some cars. These systems were
developed in order to simplify usage and to
minimize misuse (Lundell et al. 1991). An
observational laboratory study of 130 children
concluded that an integrated booster had many
advantages compared to an accessory booster
regarding both safety and comfort, such as easy
and quick to handle resulting in significant lower
misuse rate (Osvalder and Bohman, 2008).

As a further development of integrated boosters,
Volvo Cars offers a rear seat safety concept for
enhanced overall protection for children aged 4
to 10-12, including a 2-stage booster and
progressive load limiter adapted to the child
(Jakobsson et al. 2007). The 2-stage booster was
designed to help provide an even better fit for an
even broader range of sizes of forward facing
children. In its high position, it provides good
seat belt fit for the smaller children. In its low
position it offers a more adapted thigh support
(reducing likelihood of slouching) for the larger
children, as compared to when using the adult
seat position.

Belt-positioning boosters are effective tools to
help protect children from injuries, decreasing
the probability of injury in frontal impacts as
well as other crash directions (DeSantis Klinich
et al. 1994, Isaksson-Hellman et al. 1997,
Warren Bidez and Syson 2001, Durbin et al,,
2003, Jakobsson et al. 2005, Arbogast et al.
2009). Durbin et al. (2003) showed that the seat
belt syndrome related injuries to the abdomen
and spine were nearly eliminated in crashes with
children seated correctly on boosters compared
to those restrained by seat belts only. Children
aged 4 to 8 and using booster were 45% less
likely to sustain injuries than similarly aged
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children who were using the vehicle seat belt
only (Arbogast et al., 2009). Children in side
impacts derived the largest relative protection
from booster seats, with a reduction in risk of
68% and 82% for near-side and far-side crashes,
respectively, with no difference in high back
versus backless boosters. The authors mainly
acknowledge the enhanced better shoulder belt
fit by the booster as the main contributor,
knowing that side impact crashes often have a
substantial frontal component (Arbogast et al.
2005).

The rear seat children also benefit from seat belt
technology such as pretensioner and load
limiters. Sled tests using a HIII 6y showed that
belt load limiting and pretensioning resulted in
reduced head, neck and chest loading as well as
forward displacement (Bohman et al. 2006). Sled
tests by Forman et al. (2008) reported that,
compared to standard 3pt belt, the belt load
limiting and pretensioning system resulted in a
statistically significant decrease in average
maximum internal dummy chest deflection of
29%, in 48 km/h test speed, for the HIII 6y.
Theses results agreed with tests where a child-
size PMHS was used (Lopez-Valdes et al. 2009).

Although in some countries, booster use is
recommended up to approximately 10-12 years
of age, the highest age groups within this range
are not as frequently restrained using boosters.
US statistics (CHOP, 2008) shows higher injury
risks within the age group 9-12 year as compared
to the younger age group (4-8 years), suggesting
that the age group of 9-12 years requires extra
focus since they fall between the traditionally
booster restrained 4-8 year old children and they
are still smaller than the teenager and small
adults that are correctly restrained by the seat
belt.

Over the years, the rear seat has been a safer
place than the front seat (Braver, 1998, Smith
and Cummings, 2004), but for the last years a
new trend has been noticed, showing that the
rear seat might be less safe compared to front
seat (Kuppa et al. 2005 , Kent et al. 2007). Some
possible explanations are increased stiffness of
new vehicles, which has been compensated in
the front seat with load limiters and
pretensioners while in many vehicles the rear
seat safety is lagging behind. Although the
technology has been introduced in the rear seat
of some vehicles; such as anti-submarining floor
ridge in 1982 (Lundell et al. 1981), 3pt seat belts
and head restraints in all positions in 1986
(Karlbrink and Mellander 1987), seat belt
pretensioners and load limiters, the wide
implementation is still to come. Currently,
programs that conduct consumer rating tests are
in the process of integrating the 5™ % adult
female dummy in the rear in side impact tests,
but the lack of legal requirements in this scenario
does not drive the continuous improvement of

rear seat safety. Therefore, there is a great need
to focus the safety in the rear seat to enhance
knowledge in order to take the right actions to
reduce injury numbers and severity, especially
focusing the population of most common rear
seat occupants.

Improving safety for rear seat occupants requires
enhanced knowledge in several areas, involving
research  regarding crash test dummy
development, real world crash investigations,
protection system evaluation and development,
also taking restraint handling and attitude aspects
into account. To address this, the objective of the
present study is to present a joint research
project encompassing these areas with the aim to
further enhance the safety for forward facing
occupants (aged 3y to small adults) in the rear
seat in the event of frontal to side impacts.

METHODS

This study presents a broad comprehensive
research effort that combines expertise from
industry and academia at SAFER (Vehicle and
Traffic Safety Centre) in Sweden in the joint
effort to improve safety in order to reduce the
number and severity of injuries of forward facing
children (up to small adults) in the rear seat of
passenger cars.

The project runs 2009-2011 with a planned
continuation of an additional three years and
combines the work by three PhD students (two
industrial PhD students and one academic PhD
student) and several senior researchers. The
project group consists of researcher from
Autoliv, Saab Automobile, Volvo Cars and
Chalmers University of Technology and is
associated with the Children's Hospital of
Philadelphia and Karolinska Institutet. Seminars
and workshops are held involving other
researchers in the area; for knowledge sharing
and for input to the research agenda.

Using various methodologies with applied
research directed towards countermeasures, this
project aims at mapping the causes of injuries
occurring to restrained children 3 — 12 years old
in frontal to side impacts. The overall objective
is to establish guidelines for evaluation methods
as well as protection principles, also taking
restraint handling and attitude aspects into
account. The project contains real world crash
data analyses, real world driving studies, and
physical and virtual crash testing/simulations,
also including a focus on the child occupant test
tools.

Real world crash data analysis

The aim of the real world crash data analysis is
to get an overview of crash characteristics,
injuries and injury causation. The injury
frequency and crash characteristics are identified
by literature review and field data analysis. The
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causes of injuries are identified through analysis
of real world crashes in available databases with
the focus on the most important load cases where
AIS2+ injuries (moderate injuries to fatalities)
occur to children in frontal, oblique and side
impacts.

One of the published studies from the project
examines in-depth crash investigations from two
National Highway Traffic Safety Administration
(NHTSA) databases, the National Automotive
Sampling System—Crashworthiness Data System
(NASS-CDS; 1997-2008) and the Crash Injury
Research and Engineering Network (CIREN;
1996-2009) (Bohman et al. 2011a). The selected
sample criteria were all frontal impacts with
principal direction of force (PDOF) of 11, 12,
and 1 o’clock involving rear-seated, three-point
seat belt properly restrained (with or without
booster) children from 3 to 13 years with AIS2+
head injuries. Cases were analyzed using the
BioTab method of injury causation assessment in
order to systematically analyze the injury
causation scenario for each case. BioTab is a
case analysis method used by the CIREN
network.

In another study, NASS-CDS data from 1994 to
2007 was queried for severely injured (MAIS3+
or fatality), rear seat occupants involved in near
side collisions (Bohman et al. 2009). Belted as
well as unbelted occupants were included and
analyzed separately. Case vehicles included cars,
vans and SUV’s, with no restrictions on car
model or age. The data was weighted to become
representative of the national U.S. population of
tow-away crashes during 1994 to 2007. The
occupants were divided into two groups; 13
years and older formed the “adult group” and
occupants aged 4-12 years formed the “child
group”.

Thirdly, one study aimed at describing the
characteristics of near side impact crashes in
which children seated in the rear seats were
injured was conducted (Andersson et al. 2011b).
This study was based on cases from NASS-CDS
(1997-2007), CIREN and Chalmers (2004-
2006). The children were between 3 and 13 years
old and they were properly restrained.

Real world driving studies

As a part of the project, children riding in actual
vehicles were studied in order to find out more
about how children behave when seated in
different restraints in the rear seat of vehicles.
The sitting posture and behavior of children were
monitored while riding in the rear seat, both in
driving studies on roads and on a test track with
braking and turning maneuvers.

The aim of the on-road driving studies was to
increase the understanding of the natural sitting
behavior of children during a car ride,
specifically to identify the preferred sitting

posture and the seat belt positions relative to the
torso, using different types of restraints during
an actual ride in the rear seat of a passenger car.
The aim of the maneuver studies was to
quantify the kinematics of child occupants
during swerving and braking maneuvers with a
focus on the child’s inboard lateral movement
and seat belt position relative to the child’s
shoulder with the aim of monitoring body
kinematics and belt position.

A first on-road driving study was conducted to
identify common seating positions and to
investigate the effect of high back booster
seatback designs on the choice of children’s
sitting postures during riding for six children
between 3 and 6 years (Andersson et al. 2010).
Vehicles equipped with a video camera were
used in real traffic situations. The children were
positioned in high back boosters in the rear right
seat of a passenger car, while a parent was
driving a pre-determined trip for 40-50 minutes,
for each of the two boosters. Two markedly
different boosters were chosen. One of the high
back boosters had small head side supports (10.5
cm) and no torso side supports, while the other
had large head (20 cm) and torso side supports
(Figure 1).

Figure 1. The two types of high back boosters
used in the driving study by Andersson et al.
2010.

A second driving study on roads was performed
to identify the preferred sitting posture and the
seat belt positions relative to the torso of 8- to
13-year-old children, when seated with and
without a booster (without backrest) during ride
in the rear seat of a passenger car (Jakobsson et
al. 2011). A total of six children made two rides
each in a test vehicle, traveling about 40 minutes
in two types of restraints; seat belt only and
using booster. The parent drove the car. Data
was collected through observations, using video
recordings inside the car. Four film cameras
were fixed in the vehicle providing a front view
of the child, a perpendicular lateral view of the
child, an oblique view of the child and a front
view of the road.

For both 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. Film analysis was used. The duration
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of each sitting posture that each child assumed
was quantified and their activities were
documented. Also, for the second study, the
shoulder belt position relative to the torso was
categorized and the duration of each shoulder
belt position was quantified.

A maneuver driving study was conducted on a
closed-circuit test track involving braking and
turning maneuvers with 16 children aged 4-12
years restrained in the right rear seat of a modern
passenger vehicle. The test set up and the
analysis of the turns are described in Bohman et
al. 2011b. A professional driving instructor
drove the test vehicle and a parent was seated in
the front passenger seat. While traveling at a
velocity of 50 km/h, the vehicle was quickly
turned 90° to the right. The children were
unaware of when the turns and braking would
take place. The children were exposed to two
turns and one braking in each of two different
restraint systems. The restraint status of the
children varied according to their stature.
Children from 105-125 cm stature were using
boosters, with and without backrest. The taller
children (135-150 cm) were using a backless
booster and seat belt only. Four film cameras
were fixed in the vehicle providing a front view
of the child, a perpendicular lateral view and two
different oblique views. Vehicle data including
velocity, acceleration in forward and lateral
direction and steering wheel angle was recoded
together with shoulder belt force. Film analysis
was used to quantify the lateral position of the
child relative to the position of the shoulder belt
throughout the event. Also, the same test set up
was run using different sizes of child crash test
dummies. This data is to be analysed and
compared to the child data.

Crash testing and simulations

With the aim of evaluating different restraint
properties, physical crash testing as well as
virtual crash simulations were conducted and
analyzed. Frontal and side impact crash tests
were performed using different sizes of child
crash test dummies. Side impact parameter
studies using virtual crash test simulations for
two sizes of occupants were run.

With the aim of evaluating thoracic protection
for rear seat occupants, four tests of two different
mid size passenger cars with and without side
airbags were analyzed (Bohman et al. 2009). The
tests were performed according to ITHS side
impact crash test protocol using SIDIIs dummies
in the rear seat position on the struck side.

Inspired by the results in Bohman et al. (2011a),
reconstructions of some typical real life cases
with head injuries in frontal and oblique impacts
were performed using the HIII 10y crash test
dummy. Oblique impacts tests were run with a
PDOF of 20 degrees. Tests were also run with

the dummy pre-positioned in a pre-maneuver
positions, such that it was moved 6 cm inboard
the vehicle resulting in an initial shoulder belt
position far out on the shoulder, see Figure 2.
These tests form an important part of the total
project for connecting the results from the
driving studies and real world data analyses, and
are still to be published.

6& mm

Figure 2. Dummy seating position in the pre-
maneuver position in the frontal impact crash
testing

A finite element model of a wvehicle and
occupants of two sizes was developed and used
with the aim to investigate the effects of crash
related car parameters on injury measures for
small occupants in near side impacts,
(Andersson et al. 2011a). The occupant models
used in the study were the SIDIIs and the
THUMS 3-year-old, see Figure 3. The protective
effects were evaluated in both optimal and
common non-optimal occupant postures. The
selection of sitting postures was based on the
results from the driving studies.

Figure 3. The THUMS 3-year-old model in an
optimal sitting posture restrained by seat belt
in the rear seat using a backless booster
(Andersson et al. 2011a)

Test tools for small occupants

Inventory of existing crash test dummies and
dummy models representing small occupants of
ages 3-12 years is included as a part of the joint
project and is ongoing. This includes a review of

Jakobsson 5



published evaluations and other experience from
the use of these tools in crash testing, including
the biomechanical validation / evaluation. Also,
child crash test dummies are being used to
reconstruct the kinematics of the children in the
maneuver tests.

As a part of this study, Bohman et al. (2010)
evaluated the seating position of the HIII 6y
crash test dummy compared to the children's
preferred sitting postures as seen in the study by
Andersson et al. (2010). The child dummy was
seated according to three different seating
procedures;  FMVSS213, the  modified
FMVSS213 (Reed et al 2003) and the NPACS.
Two different types of high back boosters were
used.

RESULTS
Real world crash data analyses

In the review by Bohman et al. (2011a)
containing 27 cases of rear-seated children
restrained by seat belts in frontal crashes who
sustained AIS2+ head injuries, three distinct
injury causation scenarios were identified. These
include head contact with seatback, head contact
with side interior, and no evidence of head/face
contact, Figure 4.

Side interior T

=

e

[
-

Figure 4. Illustration of injury causation
scenarios in the study by Bohman et al. 2011a

Head injuries with seatback or side interior
contact typically included a PDOF larger than 10
degrees (similar to IIHS and EuroNCAP offset
frontal testing) and vehicle maneuvers. For the
seatback contact scenario, the vehicle’s
movements (due to oblique impacts and/or
maneuvers) were likely to contribute to occupant
kinematics inboard the vehicle, causing a less
than optimal restraint of the torso and/or torso
roll-out of the shoulder belt. For the side interior
contact scenario, the PDOF and/or maneuvers
forced the occupant toward the side interior. The
cases without evidence of head/face contact were

characterized by high crash severity and
accompanied by severe injuries to the thorax and
spine.

In the side impact analysis of MAIS3 to fatally
injured rear seat occupants (Bohman et al. 2009),
the importance of protecting the thorax against
injuries caused by contact with the side interior
was revealed. This applied to all occupants four
years and older. In fact, it was found that of all
MAIS3+ injured restrained occupants 13 years
and older, 59% had AIS3+ thoracic injuries and
38% had AIS3+ head injuries. For MAIS3+
injured children, age 4-12, 51% had AIS3+
thoracic injuries and 54% had AIS3+ head
injuries. Compared to adults, children sustained
less fractures and more lung injuries.

The results of the study of near side impact
crashes in which properly children seated in the
rear seats were injured are to be published
(Andersson et al. 2011b).

The real world crash data analyses lead to
increased understanding of the injury patterns
and causation in the different crash restraint
scenarios so that interventions to mitigate the
burden of injury can be further advanced.

Real world driving studies

In the driving study on actual roads with the 3 to
6 years old subjects, using two different types of
high back booster designs (Andersson et al.
2010), it was found that the design with large
side head supports resulted more often in seating
positions without head and shoulder contact with
the booster’s back, Figure 5.

Figure 5. Examples of sitting postures in the
study by Andersson et al. 2010

There was shoulder-to-booster back contact
during an average of 45% of riding time in the
seat with the large head side supports compared
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to 75% in the seat with the small head side
supports. The children in the study were seated
with the head in front of the front edge of the
head side supports more than half the time, in
both boosters. Laterally, the children were
almost constantly positioned between the side
supports of the booster in both seats. The
observed seating positions likely lead to
reductions in the desired protective effect by the
side supports in side impact, and may increase
the probability of head impact with the vehicle
interior in case of an impact.

For the larger children in the second driving
study on actual roads, differences in lateral
sitting posture and shoulder belt position could
be seen comparing with and without booster
usage. The booster helped position the belt at the
mid of the shoulder and the sitting postures were
more stable for all the children when using
boosters as compared to when no booster was
used. More details can be found in Jakobsson et
al. 2011.

In the maneuver study involving a total of 64
manuevers with 16 children experiencing two
turns in each of the two restraint conditions,
mainly the upper body kinematics and belt
position on the shoulder was studied. Snapshots
of sitting postures before and during the
swerving maneuver are shown as an example in
Figure 6. The children moved laterally about the
same distance regardless of stature or restraint
system, however due to initial seat belt position
and other factors it resulted in differences of
slipping off the shoulder. More details can be
found in Bohman et al. 2011b.

Figure 6. Sitting posture before and during
the swerving maneuver in the study by
Bohman et al. 2011

Further studies will follow within the project
evaluating the child passenger kinematics during
the braking sequence in the maneuver study.

The real world driving studies provide valuable
contribution to the understanding of the real
world usage and effect of the restraint systems.

Crash testing and simulations

The full scale side impact tests by Bohman et al.
(2009) showed that a side airbag in the rear seat

offers potential for injury reduction for
restrained occupants in the crash severities
causing the majority of severe injuries in real
world crashes. The thoracic side-airbag was
shown to reduce the average rib deflection by
50% corresponding to an AIS3+ injury risk
reduction from 36% to 3%. At the higher impact
speed, a thoracic side airbag reduced the thoracic
injury risk from 93% to 24%.

The unpublished oblique frontal impact sled test
with the HII 10y resulted in torso roll out similar
to the findings by Bidez et al. (2005). When the
dummy was pre-positioned in a pre-maneuver
positions, as illustrated in Figure 2, it resulted in
a torso roll out of the shoulder belt, which was
not the case in the same frontal impact situation
when the dummy was in a standard seating
position. The crash tests also highlighted the
difficulty in obtaining the real world kinematics
and head impact locations using existing crash
test dummies and test procedures. Results from
these tests are still to be published providing
valuable data for the overall understanding of
potential head injury causation mechanisms.

The side impact simulation parametric study
reveals valuable insights regarding the vehicle's
safety systems (such as the airbags and seat belt
pretensioner) effect on the injury measures for
both the THUMS 3-year-old and the SIDIIs
models. The results show that the systems play
an important role in protecting children as well.
More details can be found in Andersson et al.
2011a.

The physical and the virtual crash tests provide
valuable contribution to the project for
guidelines of protection principles.

Evaluation methods - test tools for small
occupants

Several different crash test dummies are used
throughout the project, as well as the two FE
occupant models, THUMS 3y and SIDIIs. There
are demonstrated areas of improvement needed
for these dummies in order for them to
adequately represent a real child.

In the study by Bohman et al. (2010), the seating
position of the HIII 6y was compared to the
preferred sitting postures of child passengers in
the naturalistic study by Andersson et al. (2010).
The results show that in the high back booster
with the small side supports, the children spent
75% of their time in a position similar to the HIII
6y in the same booster positioned according to
FMVSS213 (Figure 7a) and NPACS. In the high
back booster with the larger side supports, the
children spent 45% of their time in a position
corresponding to the HIII 6y seating position
(Figure 7b). The rest of the time, the children
had no contact with their shoulders resulting in
their head partly or completely out of the side
wings.
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Figures 7a-b. The HIII 6y seated according to
the FMVSS 213 seating procedure in the two
seats, respectively (Bohman et al. 2010)

An ongoing study of the child crash test
dummies ability to replicate child passengers'
kinematics in the maneuver situations will reveal
possible improvement areas of the dummies for
their feasibility in facilitating dynamic pre-
positioning in such events.

DISCUSSION

This project combines a diverse set of methods
as well as a broad range of partners in a
comprehensive research project (including 3
PhD students) addressing an understudied area
of safety — protection of properly restrained
young occupants in the rear seat.

The results from this comprehensive multi-stage
project offer valuable input to safety system
development, dummy design and test methods
development. Specifically, the data stresses the
need to further investigate the pre-crash situation
for the children in the rear seat, including initial
belt-fit, the possible effect of pre-crash
maneuvers and the challenges of a real world
impact direction is rarely pure frontal or lateral.

Real world safety of rear seat occupants,
especially children, requires evaluation of
protection systems beyond standard crash testing
in frontal and side impact conditions. This
project explores the complete context of rear seat
protection in impact situations ranging from
front to side and directions in between, focusing
the real world needs for total enhanced safety.

Although several methods are combined in this
study, an even deeper and more complex
approach is needed to cover the complete spectra
within the scope. The results within the project
encourage more research efforts in several areas,
such as:

e Overcoming the limitations in real world
data collection today in determining the
influence of possible critical pre-crash
events.

e Increased focus on rear seat occupants,
including mapping and evaluating effects of
sitting postures at time of impact, both in
real world data and in testing.

e Driving studies both in normal on-road
driving and critical situations to collect more
data on the behavior and kinematics of the
children in the rear seat.

e The child occupant models and dummies
need to better replicate the real world injury
causation scenarios. Special challenges
apply to the pre-crash phase.

This study summarizes a research project at
SAFER (Vehicle and Traffic Safety Centre at
Chalmers), where researchers from the industry
and universities cooperate with the aim of further
improving safety for children (from 3y) to small
adults in the rear seat. The project speeds up the
safety implementation process due to the
interaction between academic and industrial
researchers.

CONCLUSIONS

This study summarizes the research activities
within a comprehensive multi-stage project of
rear seat safety for small occupants.

The real world crash data indicates that several
of the injured children, despite being properly
restrained, impacted the vehicle interior structure
with their head/face resulting in serious injury.
This was attributed to oblique crashes, pre-crash
vehicle maneuvers or initial poor belt fit.

Crash tests confirmed the importance of proper
initial belt-fit for best protection. The crash tests
also highlighted the difficulty in obtaining the
real world kinematics and head impact locations
using existing crash test dummies and test
procedures. The parametric side impact
simulation studies indicated that the vehicle’s
occupant protection systems, such as airbags and
seat belt pretensioners, play an important role in
protecting children as well.

The results from the on-road driving studies
illustrate the variation of sitting postures during
riding in the rear seat giving valuable input to
how representative the standardized dummy
seating positioning procedures are. The results
from the maneuver driving studies illustrate the
importance of understanding the kinematics of a
child relative to the seat belt in a real world
maneuver situation.

The results help to drive the rear seat safety
development in frontal to side impacts by
providing knowledge and by identifying
important tasks for the research agenda.
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ABSTRACT

This paper reviews the safety of children from 18
months to 10 years old at the coaches' frontal impact
event. To meet this goa it has been made 5 frontal
crash tests at 30 kph using 4 child dummies restrained
each one with a different safety system in each test.
The configurations chosen for the safety systems
cover the withholding provided solely by the back of
the seat back placed in front to the combined use of
three-point belt with the proper child restraint seat
according to the size and weight of each dummy. It
have been checked the operation of both safety belts,
the one with three points anchorages and with two
anchor points for the latter is the most common
configuration in Class Il and Class 111 coaches. Also,
have being verified the behavior of a three-point belt
with automatic regulation of the shoulder height for
the children or adults. In al cases the values
measured by the dummies were used to calculate the
injury criteria and compared with the IARV
developed by EEVC working groups WGI12
"Biomechanics" and WG18 "Child Safety”, aswell as
the latest proposals of the informal working group of
GRSPin child restraints.

INTRODUCTION

The growing interest of people to environmental
issues is encouraging the transportation industry to
reduce CO2 emissions and increase energy savings.
As a result research activities to reduce fuel
consumption of vehicles have been directed towards
improving engine efficiency and other measures to
assist in the reduction, for example by reducing
vehicle weight. These research activities are identified
as long-term solutions and are a danger that for the
short term, other measures can be taken as has
happened in Spain, which has reduced the roads
speed limit with the intention of reducing fuel
consumption.

In the Transport Policy requirements for 2010 of the
EU White Paper, stressed the importance of

developing public transport over private vehicles,
paying particular attention to passenger safety and
reducing pollution. This trend has accelerated in
recent months due to rising cost of oil and its
derivates as aresult of political instability in the Gulf
region.

During last years awareness has increased regarding
the improvement of child safety in traffic accident in
the different vehicle types. In this direction, during
2006 in 12 EU countries has come into force the
European Directive 2003/20/CE that encourage the
usage of child restrain systems and safety belts in all
vehicletypesincluding Class |1 and 111 buses.

In Spain, this directive has modified the “Reglamento
General de Circulacion” [1] (RGC, being September
6th 2006 the date to come into force). It defines that
all passenger older than three years old in more than
nine seats, including the driver, collective transport
vehicles, should wear the safety belts, correctly fasten
in urban transport as well as interurban one. It also
indicates that reminder drawings should be included
(consisting of a passenger with the seat belt fasten)
and that, in every trip, passengers were requested to
use the safety features incorporated in the vehicle.

Installation and safety testing on the coaches seats
and its safety belts are carried out taking only into
account adult passengers [2], without any further
verification for their suitability for children older than
three years old.

The GRSP Informal Working Group on Child
Restraint Systems is making an important activity in
the development of future regulations for child
restraint seats, however this intense activity is
focusing the research resources to develop solutions
tailored to the passenger cars as afirst phase and were
relegated for the future the normative devel opment of
requirements for systems adapted to the buses
necessities.

Within these necessities it is necessary to take into
account that in Europe there is not a school bus as it
happens in the EEUU. The transportation of children
to schools is done in Spain and Europe by buses that
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combine the use of the same seating place for adults
and children in an unbroken chain of services without
coming to be a period of adaptation of the vehicle.
Given this situation, it is necessary to develop
restraint systems to ensure the safety of all sizes, from
the three years old child to the adult without
increasing the operating time of vehicles.

While the operating characteristics of vehiclesimpose
greater requirements for the design of the restraint
systems, the larger buses size with respect to other
vehicles have advantages, reducing the levels of
acceleration that suffers when it collides with lower-
mass vehicles. However, this advantage has to be
taking in a rational way avoiding to fal into the
temptation of developing child restraint systems with
lower strength requirements for buses than for
passenger cars. Start to think in previous
differentiation for the CRS have necessary a red
guarantee that the approved systems for buses could
only be installed on buses and never may be installed
in cars.

In tests conducted in this study has used an impact
speed of 30 kph, set to the characteristics of the buses
and in accordance with the provisions of Regulation
80. The child seats that have been used are approved
under Regulation 44, after having passed a crash test
at 50 kph.

METHODS-TEST CONFIGURATION

There were conducted a tota of 5 dled tests for
checking 20 different child restraint configurations.
These tests have been performed as specified by the
ECE R80 (i.e. 30-32 kph with a mean deceleration
between 6.5 — 8.5 g). All the tests were performed at
the same pitch between seats (750 mm) and all the
seats tested were from the same manufacturer.

Four child impact dummies were used to carry out the
sled tests. These dummies represent children of
different ages: from 18 moths up to 10 years. Later
shows the dummy-configuration (instrumentation and
painting for checking contacts).

Test matrix

All dynamic tests were carried out simultaneously
with four child dummies. These child dummies
belong to the P-series (P1.5 and P10) or Q-series (Q3
and Q6), ie the child dummies used cover the rage of
ages from 1.5 to 10 years old.

6

10 YO 15 Y0 I E. M
V=30 kph
| -t
Yo 3Y0

750 mm

Figure 1. Sled test configuration.

The five configurations tested are explained:

e FRONTAL_001. Coach seats with three-
point belt system with automatic regulation
of the third point. This seat isin itself a CRS
approved as 44R03 — groups |1 and 111.

e FRONTAL_002. Coach seats with three-
point belt system with CRS (infant carrier).

e FRONTAL_003. Coach seats with three-
point belt system used as if they were adults
(no additional device).

e FRONTAL_004. Coach seats with three-
point belt system that it is not fastened
(similar than compartmentalization).

¢ FRONTAL_005. Coach seats with two-
point belt system used as if they were adults
(no additional device).

The aim of the configurations 1 and 2 is to obtain the
best protection offered to children in coaches (it has
been tested a seat approved by regulation No 44 as
groups Il and Il and auxiliaries CRS appropriate to
the size and weight of the child).

Configurations 3, 4 and 5 are representative of the
coach park. Prior to the application of the Directive
2003/20 coaches did not incorporate seatbelt (tested
configuration in FRONTAL_004). Once come into
force, coaches should install seat belts that can be two
points (FRONTAL_005) or three-point belt
(FRONTAL_003), athough the latter is less common
(except local implementing regulations of each
country).

It is relevant to highlight the following: according to
the UNECE Regulation No 44, a child younger than 3
years old must use an integrated system, i.e. can not
use a seat belt installed on the vehicle directly on
hisher body. Therefore, the configuration used in
dummy P15 is not alowed by that regulation.
However, authors consider relevant to study what
effects can have a child of 1.5 years old with the
different safety systems tested. The P15 dummy
could be representative of child who goes to daycare.
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Sled configuration

As mentioned above, the dled test configuration
fulfills the requirements of the Regulation No 80. The
Table 1 shows the transducer installed in the sled for
ensured the requirements.

Table 1. Sled instrumentation.

Sled | nstrumentation

Acceleration (ax) X
Initial speed (vyx) X
Displacement (dx) X
TOTAL: 3

The Table 2 shows the results of the tests (initial
speed and mean acceleration) It also includes a graph
with the mean acceleration pulse, aong with the
standard deviation (mean + std). As can be seen, the
repeatability of the deceleration pulse is good, so a
direct comparison of the recorded signals is possible
(if the deceleration pulses were significantly different,
the signals recorded by the dummies could not be
compared because the severity of impact is not the
same).

Camera A

Camera B @@
o
S S

= =]

P15

P10

4490 mm 5035 mm

Figure 2. Cameras set up.

Dummies—instrumentation

Four child impact dummies were used to perform the
sled tests. The instrumentation installed in each
dummy are shown in the next table

If the seat belt is used, a load cell is installed in the
belt (all tests except “FRONTAL_004"). Depending
if the belt is 2 or 3 points, the load cell isinstalled at
upper diagonal belt or at lap belt outside.

Table 3. Dummy instrumentation.

.. . Dummy part P15 3 6 P10
Table 2. Initial speed and acceleration. e Q Q
Head ax,ay,& X X X X
Ref. 1 2 3 4 5
T — Up Neck Fx.Fv.Fz | Fx, Fs X X
(E:o;]) ® 31.32 | 3078 | 30.78 | 30.78 | 30.78 Mg My, My | My X X )
T 721 | 706 | 700 | 705 | 7.06 Chest Fodnd X X X X
acceler ation (g) ' ’ ' ' ’ dx X X
125 Lumbar Fx,F; X X
Spine My X X
104
S Pelvis ax,ay,& X X X -
= Belt* F X X X X
8 st TOTAL: 13 20 20 7
[}
Q 2sl * |f the belt isused
<
0
-25

-0.05 6 0.65 0.‘1 0.‘15 0.2
Time (s)

Each ded test was conducted with two high speed
cameras (one on each side) with a sampling rate of
1000 fps. The use of high-speed cameras alows a
more detailed analysis and understanding of test
signals (e.g., an arm contact with the head produces
peak acceleration, without video registration would
be virtually impossible to establish this fact).

Yy | .
Figure 3. Detail of the location of the belt load cell
installed at three and two point safety belt.
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Furthermore, to record potentia contacts of the
dummy's head with the back of the seat, different
parts of the head have been identified (using the same
color code asin Euro NCAP frontal impact).

Figure 4. Color codefor checking contacts.

RESULTS

The most relevant results concerning to their setup
test, as well as the recorded signals are shown in the
following paragraphs. Figure 6 shows the kinematics
of the impact (filmed with the camera on the right
side of the ded) for three configurations
(compartmentalization, 2 point belt and 3 point belt).
These three configurations are shown in order to
make a direct comparison (same page). All tests using
three-point belt (FRONTAL_001, 002 and 003) are
almost the same kinematics.

Kinematics

The following table shows a sequence of images
where you can check the kinematics of the impact.
Since the kinematics obtained for configurations in
which the occupants incorporate a three-point belt is
very similar, a comparison is showed where the
kinematics for tests in which the occupants traveling
compartmentalization, using a two-point belt or using
athree-points belt.

In the compartmentalization occupant’s
configuration, the occupants did along the seat
impacting against the seatback precedent inevitably.
The smallest occupants, impact his feet firstly, so they
can't restraint their body (bending the knees), and
finally hit his head and chest in the previous seat.
However, the older (ten years) has a very similar
kinematics to an adult occupant, where firstly hit with
the knees with acceptable levels of retention and then
initiate a turn of the torso forward causing the impact
of the head in the seatback (no contact with the chest)
and traction the neck.

In the two-point belt configuration, the kinematics of
the impact is quite different, because there is a pelvic
retention (caused by the two-point belt). Then, there
is a rotation of the torso forward until the impact of
the head against the seat before.

Finally with the three-point belt, there is retention at
the level of the pelvic area and chest. That prevents
the contact of the head against the seatback in all
occupants. In terms of kinematics, a three-point belt
provides better retention than the two previous
systems.

Frontal_001

The chair used incorporates a system to regulate
automatically the height of the third point of the
safety belt. This chair could be used by children as
CRS approved by regulation 44 (groups Il and 1Il).
Therefore, the dummy P1.5 (which represents a child
1.5 yearsold) can not legally use this device.

To improve the route of the belt, a booster cushion is
used (this system is approved for groups Il and IIl).
Therefore, the configuration used in the P1.5 dummy
would not be alowed by that regulation (as it is
mentioned above).

Figure 5 shows a picture with the test setup for each
of the dummies. The shoulder belt is adjusted
correctly to each dummy (except P1.5) due to the
system that automatically regulates the height of the
third point.

P10

P1.5

y . B
Without booster With booster

Figure5. Seat belt path for each dummy.
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Unbelted

Figure 6. Kinematics of impact of three different configurations.
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Figure 7 shows the main data signals recorded by the
dummy sensors. The color code of the graphs is
maintained (P10 = black; Q6 = red; Q3 = green; P15
= blue). The graphs (eg head acceleration) show
perfectly the main impact and the rebound phase
(after 200 ms).

Head resultant accelertion (CFC_1000) Upper neck force X (CFC_1000)

g 5 8
L
2982
nees
e ==
=
Force (N)

Acceleration (g)

i —Q8
‘ S
{ —P15

005 01 o015 02 o 005 0 005 01 015
Time (s) Time (s)

Upper neck force Z (CFC_1000) Upper neck moment Y (CFC_1000)

—Qs a0
— =
—p15 wp—Q
0

Force (N) _
3838

Moment (Nm

20

84
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05 0 005 01 015 02 025 005 0 005 01 015 02 025
Time (s) Time (s)

Chest resultant accelertion (CFC_180)

—Q6 —Q6 m

—Q6 EY e

2 P15 |
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) |

\

15 \

Acceleration (g)
5 8 8 8
Acceleration (g)

005 o1 o015 o0z o 5 o oo o1
Time (s) Time (s)

Figure 7. Data plots of FRONTAL _001.

No occupant hit his head on the front seat. Both Q3 as
a Q6 obtain the maximum peak head resultant
acceleration in the rebound phase. That is, the
maximum acceleration is obtained when the nape hits
against the anterior surface of the seatback.

The younger dummy (P15) was not properly
retained. During the test, the shoulder belt is
displaced to the outside down the arm. In the last
phase of impact, the P15 dummy got a similar
restraint to that offered by a two-point belt. Figure 8
shows a detail of how to escape a seat belt, and the
final position of dummy (the chest has not been
retained by the belt).

_.‘_‘_; r; ] \ ‘. ;r.,.

Figure 8. Time when the seat belt from slipping on
thearm and final position of the P1.5 dummy.

Frontal_002

Dynamic test performed with three rows of coach
seats. Impact dummies are in the last two rows of
seats. The restraint system used is a three point
seatbelt together with Child Restraint System (CRS)
(approved by ECE R44). To facilitate transport and
placement in the coach, a booster cushion has been
chosen as CRS (approved for occupants of Group 11
and 111). These devices can not be used for smaller
size dummy (P1.5) because it belongs to Group |. For
this dummy, a Group | CRS has been chosen. The
CRS has its own seat belt for the retention of the
child. The seat belts are used to retain the CRS.

The booster also incorporates a“strap” that lowers the
height of the effective third anchorage point. This
system is used in the Q3 and Q6 dummies. The P10
dummy does not need a modification of the third
point height.

P10 Q6

Figure 9. FRONTAL_002 configuration. Detail of
the shoulder belt positioning.
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Figure 10. Data plots of FRONTAL _002.

Again, as in the previous test, the dummy Q3 and Q6
get the maximum head acceleration in the rebound
phase.

The P1.5 dummy hit the top of his head in the front
seat. In addition, the impact zone is produced on the
border of a padded area and a stiffer one (grey) as it
can be seen in the next figure.

Head resultant acceleration (CFC_1000)

—P15

s
5

Head contact

@
&

Acceleration (g)

5

-0.05 0 0.05 0.1 0.15 0.2 0.25
Time (s)

Figure 11. P1.5 head contact (FRONTAL _002).

Frontal_003

In this configuration, seats with three-point belt
without any additional elements are used. That is,
child dummies wear seat belts as adults.

Figure 12 shows the geometrical configuration of the
seatbelts into the dummies. The P15 and Q3
dummies have a total incompatibility. The path of the
belt does not provide proper instalation of the
shoulder belt. On the other hand, the P10 dummy can
directly use the safety belt. Finaly, the Q6 dummy
has an intermediate situation. The path is not optimal
but can provide a satisfactory retention.

ch >
SB E
= ==
3= @0
5% 3=
o e
=g Se
oM o=
O o
> 8]

Figure 12. Geometrical configuration of the three-
point seatbelts.

The belt positioning for the P1.5 and Q3 dummies are
explained (Figure 12). As it is mentioned above, for
the P1.5 and Q3 the location of the shoulder belt is
very deficient. In both cases the band of the belt
passes through the neck, but also its position is
forced. The seat belt suddenly changes direction just
past the neck of dummy (showing that the position of
the belt is forced). This position of the belt is not
recommended; in addition it is probable that the child
refuses to take atrip in these conditions or misused of
the belt passing the shoulder belt behind his back
(being in asimilar configuration of two point belt).

Figure 13. Seat belt installation for P1.5 and Q3
dummies.
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Figure 14. Data plots of FRONTAL _003.

There has been no contact between the head and the
anterior seatback.

Figure 15 shows the Q6 head acceleration
components. The resultant acceleration (blue) has
three peaks. The first one is caused mainly by the
acceleration Z (green) and is the predominant peak in
the test. At 134 ms, another pesk is produced mainly
caused by the acceleration Y (red). This second peak
is produced by a left-arm contact with the head.
Finally is produced athird peak which is produced by
the contact against his chair (as has happened in
previous tests).

Head resultant acceleration (CFC_1000)

50 .
1 o Contact with Rebound
40 Main impact left arm
D3l (deceleration) /
N—r
c
5 201
T 10
5]
2
2'101 —Q6AcCY
20l —Q6Accz
—Q6 AccR
-30 1 : : : :
-0.05 0 0.05 0.1 0.15 0.2 0.25

Time_ (s)

Figure 15. Q6 head acceleration — explanation.

The figure a so shows two images obtained from high
speed cameras. The Q6 arms are parallel at 130 ms. In
this moment, the arms are running an upward
movement over the head. Subsequently, at 160 ms it
is found that the left arm is in a lower position
(running a downward movement), while the right arm
continues its upward movement. This fact also occurs
in Q3 and P15 dummies (although with less
quantification).

Frontal_004

This configuration using seats with three-point belt,
but the bets are not fastened (using the
compartmentalization as a restraint system). A priori,
the back of the chair with three-point belt is stiffer
than the seat with two-point belt or no belt (due to it
is the own back of the chair that should withstand the
seat belt loads).

The following picture shows de test setup.

.

8

e ]

JEY]

=

Figure 16. Test setup of FRONTAL_004.
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Figure 17. Data plots of FRONTAL _004.
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In this test, the Q3 dummy neck had a break. For this
reason, the readings of the upper neck load cell may
not be reliable.

Occupant retention has not been fully achieved. All
occupants have been stopped by the foregoing seats
as intended. However, the P15 has finished on the
ground so that the occupant protection against
possible second impact is not done. In this test
configuration, evidently, there have been contacts
with the respective head in front seats. Figure 18
shows the location of head contacts against the
previous seats for each occupant.

Figure 18. Head contact location (Frontal_004).

Frontal_005

The restraint used are two-point belts, the safety
offered by the coaches with seats two points without
any additional element is tested. The next figure
shows the configuration of the two-point safety belt.
Asin previous tests, the P1.5 dummy could not use a
seat belt installed on the vehicle following the
guidelines of regulation No 44.

2 POINT SAFETY BELT

P1.5

Figure 19. Geometrical configuration of the two-
point seatbelts.
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Figure 20. Data plots of FRONTAL _005.

The restraint used (two-point belt) has worked
successfully, since all the occupants have been
retained in their seats. In this test configuration, all
occupants have had direct head contact with the
previous seat. The P1.5 and Q3 have not left traces of
paint on the front seats. Thereis a scraping areain the
seat (which is marked with a marker that becomes
more apparent contact area) that corresponds to the
forehead contact.

Figure 21. Head contact location (Frontal_005).

The Q3 dummy hits with the soles of the feet and legs
straight, being unable to get bend knees but has
produced a hyperextension of their knees (Figure 22).
The recorded signals (pelvic acceleration) have not
significantly detected this fact, due to the retention
provided by the seat belt that has also helped to
prevent a possible rupture of the knees.

MartinezL. 9



A
[

Figure 22. Knee hyperextension.

INJURY ASSESSMENT REFERENCE VALUES
(IARV)

The tests performed allow realizing a comparative
analysis to determine  (quantitatively  and
qualitatively) the safety of the different configurations
tested. However, it is necessary to know a reference
value to establish the injury risk. l.e, without
reference values are not known if any configuration is
damaging or it is not. Therefore, reference vaues
need to be established to evaluate each configuration
tested and know when injuries  occur
(probabilistically) and know the area of the body
more vulnerable.

Hypothesis

The hypotheses used to obtaining the IARF are shown
below:

e The IARV are obtained from two sources:
ECE R44 (“child restraint systems’) and
ECE R94 (“frontal impact”).

o Reference values of R44 are taken directly
(due to they are for child dummies). The
values are: resultant chest acceleration (3ms)
< 55 g; vertical component (3ms) < 30 g.

o Reference values of R94 are scaled using the
work done in the EEVC [3], [4] isused as a
basis to obtain IARV (using the scaling
technique).

0 The PL5 reference values are obtained
asif itwereaQ1.5.

0 The P10 dummy uses the geometric data
of a child 10 years old (50" percentile)
[5], [6] for the head acceleration. The
HIC value are taken equal than

Table4. |ARV obtained from ECE R94.

3 E | §
g £ | 3
8 = v
< o | 8 _
o 3 o | 58 | SE
T T =4 o8 S
PL5 (%) 530 70 %)
<
Q3 710 75 (§§ g 19 63
Q6 980 82 = 29 %
P10 (**) 1000 84 -

*) Obtained like a Q1.5.
(**)  HICof Hybrid 111 10Y O. Head acceleration scaling.

(***)  Not considered. The Up neck LC has apin (allows rotation
around Y axis)

NIC. Tension NIC. Shear

— Hybrid Iil — Hybrid IIl
—Q6 —Q6
-3 il —Q3

P15 & i PL5

S

= 096 062

% 05 45— T os
035 g

The current regulation 44 is being reviewed [7], for
example the new dummies used are Q series. The
requirements purposed are:

Tableb5. Injury assessment criteriafor frontal and
rear impact (Purposed R44 — Dr aft).

C) S 5= C)
o 12 s E 2
gE’ § =Z g
) < xZz S <

= 8% 8T
O g S o c £ '82
= o = o O 4=
T T S5 & D E (@)
Q0 600 75 o o 55
Q1 600 75 58 53 55
QL5 600 75 s ta 55
3 800 80 g a g a 55
Q6 800 80 = o 55

Therefore, the reference values taken in this paper are
stricter than the proposed (draft) in regulation 44.
Consequently, the conclusions of this study are based
on safety levels stricter than those proposed in the
new regulation 44.

ANALYSIS

The comparison of different retention systems tested
is shown below. The main signas recorded in the
tests are represented in bar char. The utilization of a
bar char dlows to anayze qudlitatively and
quantitatively the evolution for each restraint systems
tested. Below is the analysis of the four areas of the
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body (head, neck, chest and pelvis). For the pelvis
IARV not available, i.e. it is not possible to determine
what the probability of aninjury is.

Head

Figure 23 shows the results registered in the head
(3ms acceleration and HIC). The red line in the graph
indicates the reference value defined in Table 5. The
HIC graph does not contain the red line, due to the
values are lower than the reference value.

No dummy exceeds the reference values, although the
dummy P1.5 is closer to the limits than the others
dummies. The configurations more severe are with
two-point belt and compartmentalization. The values
obtained in the last settings double those obtained
with three-point belt. In the configuration with three-
point belt does not hit the head of the dummies
(except the P1.5 in the Frontal_002 test due to the less
distance between the head and the seatback).

HIC 36

B
88

20
150 -
100
s0 (
PLS P10 ® @3 PLS

Figure 23. Head acceleration 3ms& HIC

The acceleration vaue of the Q6 dummy
(Frontal_004) are lower than expected. This is
because the head hits in a higher position of the seat
(padded) than the two-point belt (Figure 24). The Q3
and P15 dummies aways hit in the stiffer area
(Frontal_004 and Frontal_005). Previously in Figure
18 and Figure 21 it can be seen the head contact
location of these tests.

FRONTAL_004

FRONTAL_005

Figure 24. Q6 head contact comparison.

Neck

Figure 23 shows the results registered in the upper
neck load cell (axia and shear forces and the flexion-
extension moment).

The flexion moment does not exceed the reference
value. The highest vaue is for Q3 in the test
“frontal_004". As it is mentioned above, this value is
not reliable due to the neck of the Q3 has been
broken.

The maximum extension moment values obtained for
the three-point belt configuration was obtained in the
rebound phase, while the others are obtained when
the head hits against the seatback. In this case
(extension moment) the limits have been exceeded in
severa tests (“Frontal_001" and “Frontal_004").
These tests correspond with the adjustable third point
safety belt and two-point belt.
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oF [
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Figure 25. Upper neck loads (Fx, Fz, My)

For the shear neck force, only the test Frontal 004
(compartmentalization) gives high values. This force
is caused in the head contact with the backrest. The
graph of the NIC (scaled) is shown below (only for
“Frontal_004" and for P1.5 and Q6 dummies).

NIC - Shear (P15) NIC - Shear (Q6)
175

Force (N)

0w 4w s e 7 )
Time (ms) Time (ms)

Figure 26. P1.5 and Q6 Shear—NIC (Frontal_004).

Finally, the axia neck force is explained. Tensile
values are higher than the compression and the
highest values are achieved in the three-point belt
configurations due to the shoulder belt restraint the
chest of the dummies and the head consequently.
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Only the P15 obtained a high value in neck
compression in the “Frontal_004" test. This fact is
because there is a dlight tilt of the head before the
hitting against the seatback chair, providing
compression force.
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Figure 27. P15, Q3 and Q6 Tension-NIC.

Chest

The Figure 28 shows the chest acceleration and the
reference values of the current regulation No 44. The
vertical acceleration is significantly below the limit
(because the coach seat is in a more vertical position
than in tourism and because of the speed test which is
lower). With respect to the resultant acceleration, it is
also below the limit of regulation 44. The most severe
configurations are the last two tested
(compartmentalization and two-point belt).

Chest resultant acceleration 3ms Chest vertical acceleration 3ms
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Figure 28. Chest acceleration (3ms).

Pelvis

Finally the pelvis resultant acceleration is shown in
Figure 29. There is no reference value for this
measure. The most severe configuration is
“Frontal_004" (where the dummies do not used the
safety belts). In this configuration, the Q3 dummy has
lower value than it can be expected. The reason is
shown in Figure 30. The Q3 dummy has a primarily
retention through his leg. The other dummies have
enough distance (P1.5 or P10) or the retention of the
feet (Q6) does not provided retention. Subsequently,
the Q3 knees are flexed, decreasing the pelvic
acceleration. Finaly (120 ms) all the dummies impact
against the previous seat where the main pelvic

acceleration is obtained. The Q3 dummy has a dual
phase of ride down, first with his feet and later with
al over the body (see Figure 17).
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Figure 29. Pelvis acceleration (peak).
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Figure 30. Q3 pelvis acceleration explanation.

CONCLUSIONS

The test configurations have been evaluated
differences. The worst configuration in frontal impact
has been on the occupants to travel unbelted. The
values recorded in the head, neck and chest have been
high (above the reference values establish in this
paper). Additionally, this configuration has not been
able to retain al occupants in their seats (existing
therefore arisk of injury in secondary impacts).

The use of two-point safety belt has obtained more
satisfactory levels than those obtained by the previous
configuration. This configuration achieves that al
passengers remain seated. The head and neck are the
areas with the highest levels. In the tests performed,
the two-point belt restraint system is preferable to the
previous  configuration  (compartmentalization),
though the neck extension moment have been
exceeded the reference values (risk of injury).

Finaly, the best results have been obtained by
configurations with three-point belt (used as an adult
occupant, together with a CRS or a seat with the third
point belt adjustable in height). These three
configurations have obtained similar safety levels.
The use of seat belts by children without any
additional element (ie, as an adult) causes the
shoulder belt is not placed satisfactorily for al ages,
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and there is a geometric incompatibility in some age
ranges (especially up to six years old).

The adjustable belt system has failed to properly
retain the occupant of 18 months (although the system
is not approved for this age). This system has been
successful for other ages (from 3 years old) in the
forward impact phase, while in the rebound phase had
values above the reference values established for the
neck of the dummies that represent children of 3 and
6 yearsold.

The joint use of a coach seat with three-point belt in
conjunction with a CRS has been the only system
capable to retain to all occupants properly.

However, using this combination of CRS plus three-
point belt, presents serious logistical problems for the
operation of buses. The weight of the buses, as well
as space needs to carry the CRS when not in use by
childrenisincreased.

The adjustable belt system can be improved by a
review of backrest design and is a good candidate for
protecting children from three to 10 years. The results
obtained by the two-point belt can be improved
significantly if the backrest is designed with greater
energy absorption capabilities.

Previous configurations need to be demonstrated in a
future study.

Children under three have specia needs, i.e. smaller
width of the strap, belt with four or five anchor
points, also it is necessary to place the CRS in a
rearward facing configuration. To ensure the safety of
children less than three years seems necessary to use
CRS derived from cars. However it will be necessary
to verify in this case the spacing between rows of
seats, and the necessities of space for the CRS placed
in rearward facing with respect to the minimum
distance set in the current Regulation 36.
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ABSTRACT

The paper used NASS/CDS to examine the
distribution of belted front seat occupants exposed to
frontal crashes and the resulting injured at the MAIS
3+ severity level. The data was subdivided by
occupant weight, BMI, and age. Further subdivisions
by gender and crash severity were included.

The age effect was most pronounced. Injury risk for
all ages increases with delta-V. However, exposure at
higher speeds is lower for occupants over 35 years old
than for the younger population. Occupants under 35
experience the highest number of injuries in higher
speed crashes while injuries to older occupants are
more uniformly distributed. About 17% of the
occupants with MAIS 3+ injuries were 55 and older
and were also in low or moderate severity crashes.

The increasing weight and BMI of the US population
was also evident in the data. Occupants weighing
more than 205 1bs. in higher severity frontal crashes
accounted for about 7% of the of the belted front seat
occupants with MAIS 3+ injuries. Another 9.5%
weighed between 175 and 205 Ibs.

INTRODUCTION

Numerous studies have shown higher vulnerability to
injury and death for older occupants involved in motor
vehicle crashes [Augenstein, 2001; Fildes, 1991; and
Mackay 1994, 2001]. Other studies of gender
differences indicate that females, like older occupants,
are more vulnerable to injury than males of the same
age [Lenard 2001; Welsh, 2001]. Evans found that
the same physical insult was three times more likely to

fatally injure a 70 year old compared with a younger
person age 15 to 45. He further showed that women
age 15 to 45 were 25% more likely to be killed from a
similar physical insult than their male counterparts
[Evans 2001, 1991].

Studies of serious injuries by body region for
restrained occupants in frontal crashes have shown
that for belted occupants age 65+, the chest is the
body region most frequently injured at the MAIS 3+
level [Augenstein, 2005]. Similar results were found
for belted fatally injured older drivers in frontal
crashes [Kent, 2005]. Earlier studies examined
changes in chest injury propensity using cadaver
testing and found a significant decrease in injury
tolerance by age [Zhou, 2001].

Force limiting belts with low pay-out forces are one
proposed countermeasure to reduce chest injuries to
vulnerable older and female front seat occupants in
frontal crashes [Augenstein, 2007, 2009; Digges,
2007]. A downside consequence of a belt with a low
pay-out force is an increase in excursion. Unless
properly designed, the excursion could become
excessive in higher severity crashes. In addition,
occupants in the higher weight range may also
experience excessive pay-out in moderate and lower
speed crashes.

Increases in the overweight and obese population have
emerged as a major concern of US health
professionals [DHHS, 2010]. Based on data from the
National Health and Nutrition Examination Survey
(NHANES) 2003-2006 and 2007-2008, more than
two-thirds of adults in the United States are



overweight or obese, and over one-third are obese
(http://win.niddk.nih.gov/statistics). A break-out of
overweight individuals by gender is as follows:
Women — 64.1%; Men 72.3%. A break-out of obese
individuals by gender is as follows: Women — 35.5%;
Men 32.2%. Further, 17% of Women and 11% of
Men were severely obese. The percentage in the
obese category has almost doubled during the past 40
years.

The Body Mass Index (BMI) is a metric to estimate
the extent of human body fat, based on an individual’s
height and weight. To perform the calculation, the US
Department of Health and Human Services (DHHS)
uses the individual's body weight in kilograms divided
by the square of his or her height in meters.

DHHS has assigned ranges to values of BMI as
follows: (1) Less than 18.5 — underweight (2) 18.5 to
24.9 — normal weight (3) 24.9-29.9 overweight (4) 30
to 34.5 Obesity (6) 35+ Severe Obesity. (DHHS,
2010)

Recent evaluations of NASS CDS data identified that
for a given stature, an obese occupant (BMI >30) has a
97% higher risk of fatality and 17% higher risk of
MAIS3+ injury compared to occupants with a normal
Body Mass Index (BMI) [Viano 2008]. A study by
Mock et. al. (2002) similarly found that the risk of
fatal injury increased 1.013 [95% CI: 1.007, 1.018] for
each kilogram increase in body weight.

A purpose of the current study is to examine the
populations of belted front seat occupants exposed to
and injured in frontal crashes by weight, BMI, age,
gender and crash severity. These variables are
intended to provide insight into the populations with
the lower injury tolerance that benefit from benign
restraint systems. It will also provide insights into the
size of the higher weight populations that may require
additional safety technology to protect them in
moderate and severe crashes.

METHODS

The National Highway Traffic Safety Administration
(NHTSA) maintains the National Automotive
Sampling System, Crashworthiness Data System
(NASS/CDS) database of vehicle crashes in the
United States. The NASS/CDS is a stratified sample
of light vehicles involved in highway crashes that
were reported by the police and involved sufficient
damage that one vehicle was towed from the crash
scene. Each NASS/CDS case contains a weighting
factor that is used to extrapolate the individual cases
to the national numbers. The distributions to follow
are based on the NASS/CDS weighted events.

The 2000-2009 NASS/CDS data was used to

determine the distribution of belted front seat
occupants exposed to frontal crashes and the resulting
MAIS 3+ injuries. The analysis subdivided the
population by occupant weight, Body Mass Index
(BMI), gender and age. It also examined the
distribution of weight and BMI by gender and crash
severity. Crash severity, measured by deltaV, was
partitioned into 3 categories as follows: 0-15 MPH,
15-25 MPH and 25+ MPH.

For the NASS data analysis, frontal crashes were
defined as any crash where the principal direction of
force (PDOF) was 1, 11, or 12 o’clock or the PDOF
was 10 or 2 o’clock with the highest deformation
location coded as front (F). Typically, crash severity
is determined using the coded change in velocity or
deltaV. These estimates are available for those cases
where delta-V cannot be accurately computed during
crash reconstruction. The NASS database provided
24,102 raw cases of belted front seat occupants
exposed to frontal crashes. Of these occupants, 2,335
suffered MAIS 3+ injuries. When weighted, these
cases expanded to 11,779,258 occupants with 175,486
MAIS 3+ injured. For analyses that required known
delta-V the sample size was reduced by about 40%. In
the analyses to follow, cases with unknown deltaV are
included unless a separation by crash severity is
required. Occupants younger than 9 years were
excluded.

DISTRIBUTIONS OF OCCUPANT WEIGHT

Figure 1 shows the distribution of belted front seat
occupants exposed to frontal crashes and the
distribution of MAIS 3+ injuries. In this figure the
data for both genders are combined.
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Figure 1. Exposure and MAIS 3+ injured by
occupant weight for belted front seat occupants in
frontal crashes

Figure 2 presents a break-out by gender of the MAIS
3+ injuries presented in Figure 1.
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Figure 2. MAIS 3+ injured by occupant weight and
gender for belted front seat occupants in frontal
crashes

Figure 3 presents the rate of MAIS 3+ injured per 100
exposed to frontal crashes by occupant weight. The
occupant weight is calculated as a 5 point moving
average in order to provide some smoothing to the
data.
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Figure 3. MAIS 3+ injured per 100 exposed by
occupant weight for belted front seat occupants in
frontal crashes

Figures 4 through 6 show the distribution of occupant
weight by crash severity for the population with MAIS
3+ injuries. The crash severity is separated into three
categories: (1) Low DV —less than 15 mph; (2) Mid
DV — 15 to 25 mph and (3) Hi DV greater than 25
mph. The weight categories are as in the earlier
figures. Figure 4 shows data for both genders, Figure
5 for females and Figure 6 for males.

Tables 1 through 3 display the data used to plot
Figures 4 through 6. These tables also show the total
distributions by weight and by crash severity.
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Figure 4. Both gender MAIS 3+ injured by
occupant weight and crash severity for belted front
seat occupants in frontal crashes
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Figure 5. Female MAIS 3+ injured by occupant
weight and crash severity for belted front seat
occupants in frontal crashes
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Figure 6. Male MAIS 3+ injured by occupant
weight and crash severity for belted front seat
occupants in frontal crashes

Tables 4 through 6 present the exposure data by
occupant weight and crash severity. The crash
severity categories are the same as for the MAIS 3+
injury data. Table 4 contains data for both genders
combined. Table 5 contains female data and Table 6
contains male data.



Table 1.
Both gender MAIS 3+ injured by occupant weight
and crash severity

Weight Ibs. | Low DV [Mid DV| HiDV | All
115- 1.4%|  5.3% 3.0%| 9.7%
115-145 6.7%| 8.5% 8.7%] 23.9%
145-175 7.2%] 10.5%] 11.9%] 29.6%
175-205 3.7%| 6.1% 9.6%| 19.3%
205-225 24%|  2.8% 3.9%| 9.1%
225+ 2.0%|  3.4% 3.0%| 8.4%
All 23.4%| 36.6%| 40.0%|100.0%

Table 2.

Female MAIS 3+ injured by occupant weight and
crash severity

Weight lbs. | Low DV [Mid DV| Hi DV All
115- 2.2% 9.0% 4.6%| 15.8%
115-145 10.0%] 12.8%| 11.7%| 34.5%
145-175 8.5%]| 11.3%]| 10.5%| 30.3%
175-205 3.2% 3.7% 4.6%| 11.5%
205-225 0.9% 1.0% 1.7%] 3.6%
225+ 0.5% 2.8% 0.9%| 4.2%
All 25.3%| 40.5%| 34.1%|100.0%

Table 3.

Male MAIS 3+ injured by occupant weight and
crash severity

Weight Ibs. | Low DV [Mid DV| HiDV | All
115- 0.3%| 0.5% 0.8%| 1.6%
115-145 24%|  2.7%| 4.8%| 9.8%
145-175 5.6%] 9.4%| 13.7%]| 28.7%
175-205 4.3%|  9.2%| 16.0%| 29.5%
205-225 4.4%|  5.3% 6.7%| 16.3%
225+ 4.0%| 4.2% 5.8%]| 14.0%
All 20.9%| 31.3%| 47.8%|100.0%

Table 4.

Both gender frontal crash exposure for belted front
seat occupants in frontal crashes by occupant
weight and crash severity

Weight Ibs. | Low DV |Mid DV| Hi DV All

115- 7.2% 1.5% 0.3%] 9.0%
115-145 18.9% 5.1% 0.7%| 24.7%
145-175 22.8% 7.0% 0.9%| 30.8%
175-205 16.7% 3.9% 0.7%] 21.3%
205-225 6.4% 1.9% 0.3%]| 8.6%
225+ 3.9% 1.6% 0.2%] 5.7%
All 75.8%] 21.0% 3.2%] 100.0%

Table 5.
Female gender frontal crash exposure for belted
front seat occupants in frontal crashes by occupant
weight and crash severity

Weight Ibs. | Low DV |[Mid DV| Hi DV All

115- 12.8%| 2.6% 0.6%| 15.9%
115-145 29.4% 8.2% 1.1%]| 38.6%
145-175 19.0% 5.7% 0.8%] 25.5%
175-205 9.1% 1.7% 0.3%]| 11.1%
205-225 2.8% 1.7% 0.1%]| 4.6%
225+ 2.5% 1.7% 0.1%] 4.2%
All 75.6%| 21.5% 2.9%| 100.0%

Table 6.

Male frontal crash exposure for belted front seat
occupants in frontal crashes by occupant weight
and crash severity

Weight Ibs. | Low DV |Mid DV| Hi DV All

115- 1.7%]  0.4% 0.1%] 2.2%
115-145 8.7%| 2.1% 0.4%] 11.2%
145-175 26.4% 8.3% 1.1%| 35.8%
175-205 24.0% 6.0% 1.1%] 31.2%
205-225 9.9%| 2.1% 0.4%] 12.5%
225+ 5.2% 1.5% 0.4%]| 7.1%
All 76.1%| 20.4% 3.5%] 100.0%

DISTRIBUTIONS OF OCCUPANT BMI

In view of the increasing presence of overweight and
obese individuals in the US, it is appropriate to
examine the BMI population involved in motor
vehicle crashes. In examining BMI, the DHHS
categories were used with two exceptions. First, the
severe obesity category was divided into two
categories rather than one. Second, the underweight
category was extended from 18.5 to 18.9.
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Figure 7. Exposure and MAIS 3+ injured by BMI
for belted front seat occupants in frontal crashes

Figure 7 shows the distribution by BMI of belted front
seat occupants exposed to frontal crashes and the



distribution of MAIS 3+ injuries. In this Figure, the
data for both genders are combined.

Figure 8 presents a break-out by BMI and gender for
the MAIS 3+ injuries presented in Figure 7.
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Figure 8. MAIS 3+ injured by occupant BMI and
gender for front seat belted occupants in frontal
crashes

Figure 9 presents the rate of MAIS 3+ injuries per 100
exposed to frontal crashes by occupant BMI. Both
genders are combined in the figure.
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Figure 9. MAIS 3+ injured per 100 exposed by
BMI for belted front seat occupants in frontal
crashes

Figures 10 through 12 show the distribution of
occupant BMI by crash severity for the population
with MAIS 3+ injuries. The crash severity is
separated into three categories: (1) Low DV —less than
15 mph; (2) Mid DV — 15 to 25 mph and (3) Hi DV
greater than 25 mph. The BMI categories are as in the
earlier figures. Figure 10 shows data for both genders,
Figure 11 for females and Figure 12 for males.

Tables 7 through 9 display the data used to plot
Figures 10 through 12. These tables also show the
total distributions by BMI and by crash severity.
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Figure 10. Both gender MAIS 3+ injured by
occupant BMI and crash severity for belted front
seat occupants in frontal crashes
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Figure 11. Female MAIS 3+ injured by occupant
BMI and crash severity for belted front seat
occupants in frontal crashes
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Figure 12. Male MAIS 3+ injured by occupant
BMI and crash severity for belted front seat
occupants in frontal crashes



Table 7.
Both gender MAIS 3+ injured by occupant BMI
and crash severity

Table 11.
Female gender frontal crash exposure for belted
front seat occupants in frontal crashes by occupant
BMI and crash severity

BMI Range Lo DV |Mid DV| Hi DV
Under 19- 0.7% 1.5%| 1.2%
Normal 19-24.9 8.2%| 14.7%| 16.0%
Over 25-29.9 6.7%| 11.1%| 13.6%
Obese 30-34.9 5.2% 5.1%| 5.4%
Severe 35-39.9 2.5% 2.6%| 2.6%
Morbid 40+ 0.2% 1.6%| 1.3%

All 23.5%| 36.5%| 40.0%

Table 8.

Female MAIS 3+ injured by occupant BMI and
crash severity

BMI Range | Lo DV |Mid DV| Hi DV
Under 19 - 0.7% 1.5%| 1.7%
Normal 19-24.9 10.3%| 20.0%| 16.9%
Over 25-29.9 7.5%| 10.6%| 10.0%
Obese 30-34.9 4.8%| 4.0%| 3.1%
Severe 35-39.9 1.8% 2.1%| 1.6%
Morbid 40+ 0.3%| 2.2%| 0.8%

All 25.3%| 40.5%| 34.2%
Table 9.
Male MAIS 3+ injured by occupant BMI and crash
severity

BMI Range | Lo DV [Mid DV| Hi DV
Under <19 0.7% 1.3%] 0.5%
Normal 19-24.9 5.4% 7.6%| 14.8%
Over 25-29.9 5.7%] 11.6%] 18.4%
Obese 30-34.9 5.7% 6.6%| 8.4%
Severe 35-39.9 3.5% 3.2%| 3.8%
Morbid 40--49.9 0.1% 0.7%]| 2.0%

All 21.1%| 31.1%| 47.8%

BMI Range |Low DV|Mid DV| Hi DV
Under 19 - 5.0% | 0.9% | 0.3%
Normal 19-24.9 | 38.7% | 10.5% | 1.3%
Over 25-29.9 | 182% | 4.8% | 0.9%
Obese 30-34.9 8.3% 1.9% [ 0.2%
Severe 35-39.9 38% | 2.9% | 0.1%
Morbid 40+ 1.7% | 0.5% | 0.1%

All 75.6% | 21.5% | 2.8%

Table 12.

Male frontal crash exposure for belted front seat
occupants in frontal crashes by occupant BMI and
crash severity

BMI Range |Low DV|Mid DV| Hi DV
Under 19 - 0.9% 0.4% | 0.0%
Normal 19-249 | 30.7% | 83% | 1.3%
Over 25299 |1 29.7% | 7.9% | 1.2%
Obese 30-34.9 | 11.4% | 2.8% | 0.7%
Severe 35-39.9 2.6% 0.8% | 0.1%
Morbid 40+ 0.8% 0.3% | 0.1%

All 76.1% | 20.4% | 3.5%

DISTRIBUTION OF OCCUPANT AGE

Tables 10 through 12 present the exposure data by
occupant BMI and crash severity. The crash severity
categories are the same as for the MAIS 3+ injury
data.

Table 10.
Both gender frontal crash exposure for belted front
seat occupants in frontal crashes by occupant BMI

and crash severity

BMI Range [Low DV|Mid DV| Hi DV
Under <19 2.9% 0.6%| 0.1%
Normal 19-24.9 34.6% 9.4%| 1.3%
Over 25-29.9 24.1% 6.4%| 1.1%
Obese 30-34.9 9.9% 2.4%] 0.5%
Severe 35-39.9 3.2% 1.8%| 0.1%
Morbid 40+ 1.2% 0.4%| 0.1%

All 75.9%| 21.0%| 3.2%

All ages of front seat occupants in frontal crashes who
were wearing lap and shoulder belts were included in
the data query used to analyze occupant age.
However, due to the small numbers of small children
present the data was truncated at either age 10 or age
13.

Figure 13 is a plot of the percentages of occupants
exposed to crashes and MAIS 3+ injured versus
occupant age. Both genders were included. To
smooth the data, a 7 point moving average was used.
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Figure 13. Exposure and MAIS 3+ injured by
occupant age for belted front seat occupants in
frontal crashes



Figure 14 presents the distribution by age groups of
MAIS 3+ injured for male and female occupants.
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Figure 14. MAIS 3+ injured by occupant age and
gender for belted front seat occupants in frontal
crashes

Figure 15 shows the injury rate for male and female
occupants versus age. The injury rate is in terms of
MAIS 3+ injured per 100 exposed. The age data was
smoothed using a 7 point moving average.
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Figure 15. MAIS 3+ injured per 100 exposed by
occupant age and gender for belted front seat
occupants in frontal crashes

Figure 16 compares the crash exposure at the higher
severity levels by occupant gender. The lower
severity crash exposure was 74.9% for males and
75.6% for females.

o 25%
S
® 20%
H
o 15% o Female
S 10% = Male
€
g 5%
s A
o 0% T
Mid DV Hi DV
Crash Severity

Figure 16. Occupant crash severity exposure and
gender for belted front seat occupants in frontal
crashes

Figure 17 shows the age at which the injured
population is equally divided, with fractions rounded
to the lower age. For each age shown, there are an
equal number of older occupants with the same injury
level.
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Figure 17. Mean age of population with each level
of injury

Figure 18 shows the distribution of MAIS 3+ injured
by occupant age and crash severity. The data for
Figure 18 is presented in Table 13. Tables 14 and 15
break-out the Table 13 data by gender.
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Figure 18. Both gender MAIS 3+ injured by
occupant age and crash severity for belted front
seat occupants in frontal crashes

Table 13.
Both gender MAIS 3+ injured by occupant age and
crash severity

Age Lo DV |Mid DV| Hi DV | All DV
0-15 0.4% 1.3% 1.0%| 2.7%
16-34 6.8%| 12.3%| 15.8%] 34.8%
35-54 8.3%] 13.1%] 13.2%] 34.7%
55+ 7.0%] 10.0%] 10.8%] 27.8%
All Ages 22.5%| 36.7%| 40.8%|100.0%




Table 14.
Female MAIS 3+ injured by occupant age and
crash severity

Age LoDV [Mid DV| HiDV | AllDV
0-15 0.2% 1.8% 1.2% 3.2%
16-34 5.9%| 11.2%] 10.6%| 27.7%
35-54 10.9%| 17.8%| 12.3%| 41.0%
55+ 7.6%] 9.7%| 10.8%| 28.1%
All Ages 24.6%| 40.5%| 34.9%| 100.0%
Table 15.
Male MAIS 3+ injured by occupant age and crash
severity
Age LoDV |Mid DV| HiDV | AllDV
0-15 0.7%|  0.6% 0.7% 2.0%
16-34 8.0%] 13.6%] 22.4%| 44.0%
35-54 5.0%] 7.3%| 14.3%| 26.6%
55+ 6.1%] 10.4%] 10.9%| 27.5%
All Ages 19.9%] 31.9%| 48.3%| 100.0%
DISCUSSION

The data presented provides insights into several
current issues in motor vehicle safety. First, there is
data to provide insights into questions regarding the
degree to which current crash dummies represent the
changing US population with regard to increasing
weight and BMI. Second, it provides insight into the

opportunities for addressing the needs of the older and

female populations in frontal crashes. Third, it
provides insights into the conflicting needs for low
force belt systems for protection of the most

vulnerable populations in low severity crashes and the

higher force requirements in high severity crashes.

Hybrid ITT 5™ percentile female dummy (50kg;
1081bs.) and the 50™ percentile male dummy (77kg;

1701bs.) are currently used in regulatory crash tests to

represent the population at risk. Figure 1 shows the
distribution by weight of occupants exposed and
injured. Figure 2 shows the weight distribution by
occupant gender. The females are well represented
by the existing dummies, although their largest
population falls between the two sizes. However,

about 60% of the MAIS 3+ injured males weigh more
than 175 lbs, and 30% weigh more than 205 Ibs. This

heavier population will require a higher amount of

energy absorption in a crash of equivalent severity and

may not be adequately represented by the 50"
percentile Hybrid III. Figure 3 indicates that the
injury rate increases for occupants weighing more

than 200 1bs.

Figures 4 through 6 and Tables 1 through 3 provide
data on the weight distribution of occupants with

MAIS 3+ injuries by crash severity and gender. The
highlighted cells show the size of the heavier
population in higher severity crashes with MAIS 3+
injuries. About 12.5% of the male population and 7%
of the combined population injured at the MAIS 3+
level weigh 205 lbs. or more.

The BMI change in the population provides an
additional complication for safety systems. Increasing
BMI indicates an increase in body fat. Increases in
body fat will influence the geometry of the safety belts
and their loading of the body. The Hybrid dummies
represent a physique with a BMI in the normal weight
range. The Hybrid II 50% male dummy that was used
in regulations beginning in the 1970°s had a weight of
164 1bs and a BMI about 24. The current Hybrid II1
has an increased weight and BMI but not an increase
in equivalent body fat.

Figures 10 through 12 and Tables 7 through 9 provide
data on the BMI distribution of occupants with MAIS
3+ injuries by crash severity and gender. The
highlighted cells in the tables show the size of the
obese population in higher severity crashes with
MAIS 3+ injuries. About 14.2% of the male
population and 9.3% of the combined population
injured at the MAIS 3+ level have a BMI of 30 or
more.

A number of earlier studies listed in the Introduction
section have shown the need for benign restraint
systems for older occupants and for females. The
Figures 13 through 18 and Tables through 15 display
the age distributions and confirm these earlier
findings.

Figure 13 shows the occupant exposure and MAIS 3+
injured as a function of age. The Figure shows that
the population older than 55 is over represented in
serious injuries. Based on Figure 15, young males
between 16 and 34 are the group most frequently
injured. However, Figure 13 shows that the younger
occupants are also the most frequently exposed to
higher severity crashes.

Figure 15 shows an increasing injury rate with age for
both males and females. However, the data in this
figure is not adjusted for crash severity. According to
Figure 16, males are more frequently involved in the
higher severity crashes. The difference in the crash
exposure can be a strong factor that influences the
total injury rate as reported in Figure 15.

Figure 17 shows that for both genders, age is a factor
in the severity of the injury. As shown in this Figure,



the minimum age at which half of the injuries occur
increases with injury severity.

The distribution of MAIS 3+ injured by age and crash
severity is depicted in Figure 18. The data for Figure
18 is contained in Table 13. Tables 14 and 15 present
similar data for females and males.

Belts with lower force limits in lower severity crashes
are one possible safety feature to address these
injuries. The injured population over 55 years of age
and involved in moderate severity crashes constitute
one of the populations that could benefit from more
benign restraint systems. This population is about
10% for both males and females and it is highlighted
in Tables 13 through 15.

CONCLUSIONS

The data presented in this paper is intended to assist
safety researchers adapt to the changing US
population as it becomes older and heavier. These
two changes in the population tend to introduce
conflicting requirements. The older population
requires benign restraint systems. However, the
heavier population may require more aggressive
restraint systems in high speed crashes.

Based on NASS data about 10% of the belted front
seat occupants with MAIS 3+ injuries in moderate
severity frontal crashes are 55 or older. In total, about
35% of the MAIS 3+ population was exposed to
moderate severity crashes, and another 22.5% were in
low severity crashes. These populations would be the
prime beneficiaries of benign restraint systems.

In contrast, about 7% of the of the belted front seat
occupants with MAIS 3+ injuries in higher severity
frontal crashes weigh in excess of 205 Ibs. Another
9.5% weigh between 175 and 205 lbs. These
populations present new challenges for restraint
designers.

In crashes of all severity, about 60% of the belted
male front seat occupants with MAIS 3+ injuries
weighed more than 175 Ibs. and 33% weighed more
than 205 lbs.
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ABSTRACT

Transport Canada (TC) began in-vehicle crash testing
of rear facing infant seats in 2007, as part of a large on-
going comprehensive research program aimed at
evaluating crashworthiness protection for child
occupants of motor vehicles.

A recent study sponsored by the National Center for
Statistics and Analysis and the National Highway
Traffic Safety Administration in the United States (May
2010) found that, among children involved in motor
vehicle crashes, infants had a greater frequency of head
injuries than older children up to seven years of age.

The sample included 131 child restraints evaluated in
85 motor vehicle crash tests. Of the 131 crash tests, 126
were rigid barrier tests of which: 108 were conducted at
48km/h; 11 were conducted at 56 km/h; and seven were
conducted at 40 km/h. Five offset deformable barrier
tests, conducted at 40 km/h, were included in the
sample. The majority or 117 tests involved rear facing
infant seats; the remaining 14 tests were carried out
with convertible seats installed facing the rear.

Elevated head accelerations above 80g were observed
in 18% tests with a significant number occurring in the
rear center seating position. Elevated head accelerations
were found to result from four principal categories of
impacts: direct head contact with the seat back in front
of the dummy; contact between the child restraint and
the forward seat back; dummy head contact with the
child seat carry handle; and child seat with the center
console located between the front seats.

The seat and dummy kinematics and the head
accelerations are described for each impact type.
Implications for future child restraint regulations are
discussed.

INTRODUCTION

During the course of the infant seat testing initiated in
2007, certain interactions between the infant seat and
the vehicle interior were observed to result in elevated
head responses of the infant size dummy. In this present
study, data from rear facing infant seat crash testing
conducted up to 2009 are combined with new data
obtained during the 2010 test program to further
investigate infant seat interactions with the vehicle

interior and to evaluate the head protection provided by
rear facing infant seats meeting the current regulatory
requirements of CMVSS 213.

Canadian accident databases do not contain the
necessary information to estimate the frequency of head
injury for Canadian infants involved in motor vehicle
crashes. However, a recent study sponsored by the
National Center for Statistics and Analysis and the
National Highway Traffic Safety Administration in the
United States (May 2010), cited head injuries as being
the most common injury type for children involved in
motor vehicle crashes. Specifically, the study, found
that infants under one year of age had a greater
incidence of head injury than older children aged one to
seven. Considering that the lifetime financial costs for
the treatment of head injuries in the United States have
been estimated to range from $600,000 to $1.8 million,
the head protection of children travelling in motor
vehicles should be an important crashworthiness
research priority.

This present study was conducted to investigate the
interaction of rear facing child seats with the interior of
motor vehicles, undergoing full frontal and offset
barrier crash tests; and to investigate the effect that
these interactions have on the head responses of infant
crash test dummies restrained in the child restraints.
The results of the study are intended to provide
scientifically based evidence to guide: future regulatory
direction; optimized designs of child restraints and the
development of recommendations for the installation of
rear facing child restraints in motor vehicles.

CURRENT REGULATORY REQUIREMENTS

The Canadian Motor Vehicle Safety Standard CMVSS
213.1 requires that infant seats have a continuous seat
back that will support the rear of the child’s head. The
surfaces that may contact the head must be covered
with compressible foam material which is required to
meet a prescribed compression-deflection resistance.

To be certified for use in Canada, infant seats must
undergo a dynamic test on an acceleration or
deceleration sled. The seats are secured to a test bench,
and subjected to a change in speed of at least 48km/h
achieved within the limits of an acceleration corridor.
Infant and infant/child seat seats installed in the rear
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facing configuration must not exceed a specified recline
angle during the acceleration test.

The head of the crash test dummy restrained in the seat
must respect excursion and head acceleration thresholds
but there is no opportunity to evaluate the consequences
of an impact. Neither the CMVSS 213.1 nor the
equivalent FMVSS 213 test fixture includes any
structure that simulates a front row seat back or center
console.

METHODOLOGY

The infant seats were installed in the rear seats of 82
vehicles undergoing full frontal rigid barrier (FFRB)
crash tests at 40, 48 or 56 km/h or offset deformable
barrier (ODB) tests at 40 km/h.

Motor vehicles were purchased from Canadian
dealerships and prepared in accordance with CMVSS
208 or FMVSS 208 “Occupant Restraint Systems in
Frontal Impact”. Vehicle distribution by model year and
type is presented in Table 1.

Table 1.
Distribution of test vehicles by model year and type.

Model Passenger SUV | Minivan | Total
Year
2005 1 1
2006 1 1
2007 9 2 2 13
2008 9 6 1 16
2009 9 13 41! 27
2010 19 4 1 24
Total 48 25 9 82
" Includes one 15-passenger van.

The international standards organization (ISO)

nomenclature for seat location in a motor vehicle is
used in this report. The numbers 14 through 19 refer to
the following seat locations in the test vehicle:

14. Second row seat behind the driver

15. Second row middle seat

16. Second row seat behind the passenger
17. Third row seat behind the driver

18. Third row middle seat

19. Third row seat behind the passenger

Child Seat Selection & Installation

Child restraints were purchased from Canadian
retailers. In certain limited cases, the child restraints
were obtained directly from the manufacturer. The
sample included 26 models produced by 13 different
manufacturers. The child seats were installed following
the instructions provided in the owner’s manual for the
individual child seats. The distribution of infant and

infant/child seats by location in the vehicle and
installation method is shown in Table 2.
Table 2.
Distribution of infant and infant/child seats by seat
location and attachment method.

lofz‘::li:)n Rear facing infant lnfa(r:llt{ghild Total
IIB'\L (;; Base
belt | belt | UAS | bepy | UAS
14 6 24 11 2 2 45
15 6 15 1 2 24
16 7 31 8 3 2 51
17 1 2 3
18 1 1 2
19 4 1 1 6
Total 19 75 23 9 5 131

The majority of tests (n=99) were installed with the
accompanying base; 15 tests were carried out without
the base; and 13 tests were carried out with an infant/
child restraint installed in a rear facing configuration.
The bases were attached either with the vehicle seat belt
or with the lower anchors also called the universal
anchorage system (UAS). In all cases the seat bases
were attached very tightly to the car seat to reduce the
amount of sideways movement. The bases were
installed level to ground. The angle of installation was
verified with an inclinometer at the time of installation
and confirmed again immediately prior to the launch of
the test vehicle. Infant/child restraints were secured
with either the UAS or the vehicle seat belt, respecting
the angle of inclination where possible, given the space
limitations of the test vehicle.

For the majority of the tests, the driver and front
passenger seats were placed in the foremost track
position, leaving a space between the front seatback and
the infant seat. In other tests, the driver and front
passenger seats were placed either in the mid-track or
rearmost position leaving less clearance between the
infant seat and the front seatback. In some tests, the
position of the carry handle differed from the
manufacturer’s recommended location due to space
limitations or to investigate the influence of handle
position on infant seat and dummy kinematics.

Instrumentation

Tri-axial accelerometers were installed at the
approximate center of gravity of the vehicle and at the
base of each B-pillar. Two 12-month CRABI infant
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crash test dummies were used in the test series and
instrumented with accelerometers in the head, chest and
pelvis. One Q series dummy representing a 3-year-old
child was used in one test of a rear facing infant/child
seat child restraint. The processing of the data was
carried out following the protocols established by the
Society of Automotive Engineers (SAE J-211).

High-speed videos were used to record the crash event
and the movement of the infant seat at a rate of 1000
frames/second. The rear passenger car doors were
removed and replaced with beams in order to obtain a
complete camera view of the infant seat during the
crash test. An additional camera was installed in the
roof of the test vehicle to obtain a front view of the
infant seat(s) and crash test dummies.

RESULTS

The sample included 131 child restraints evaluated in
82 motor vehicle crash tests. Of the 131 crash tests, 126
were rigid barrier tests of which: 108 were conducted at
48km/h; 11 were conducted at 56 km/h; and seven were
conducted at 40 km/h, and five were offset deformable
barrier tests conducted at 40 km/h.

Table 3.
Incidence of elevated peak resultant head
acceleration (>80g) by seat type, attachment and
seating location

. . Infant/child
Location | Rear facing infant CRS Total
No-
Base Base
Seat Seat Seat
belt belt UAS belt UAS
8/55 158 | 2/4 | 11/96
14716 O3 4 Sor | 0190 5000 | 50% | 11.5%
1/6 | 9/15 10/24
15 16.7% | 60.0% | 1 | 02 | 00 | 4100,
17/18 VS S Ve T I Vo 3/11
19 00 1 20.0% 333%]| s0% | Y1 |27.3%
Total 119 | 18/75 | 1/23 | 2/9 2/5 |24/131
53% | 24.0% | 4.3% | 22.2% |40.0% | 18.3%

"peak 80g, clip 76g; “peak 88g, clip 76g; °peak 80g, clip
74g; * peak 83g, clip 77g;

Seat position was significantly correlated to elevated
peak resultant head accelerations of 80g or more (Chi-
square p=0.0021, Exact Pearson Chi-square p=0.0024).
Table 3 identifies the incidence of tests where the peak

head acceleration was 80g or greater as a function of
seat installation, seat type and seat location in the
vehicle. In all but four tests, identified in the table by
footnotes, the corresponding 3ms head acceleration clip
was 80g or greater. There was no incidence of elevated
head accelerations in any of the five ODB tests.

One test in a vehicle undergoing a 56km/h barrier test
resulted in a 3ms head acceleration clip of 84g without
any contact with the interior of the vehicle. The infant
seat was installed with its base behind the driver and
secured with the seat belt. Review of the high speed
video confirmed that the peak head acceleration
occurred during the forward excursion of the seat. The
infant seat did not contact the driver seat and the
forward rotational motion was uninterrupted. The
elevated head acceleration which was accompanied by a
continuous neck tension was therefore deemed to be
caused by inertial loading only. Since this study was
conducted to investigate child seat interaction with the
vehicle interior, this test was excluded from further
analysis.

All of the cases with elevated head accelerations,
included in Table 3, involved four types of interaction
or contact with the vehicle interior:

1. Direct head contact with the seatback located
forward of the infant seat (n=5);

2. Direct head contact with the carry handle of
the infant seat (n=2);

3. Contact of the child seat with the seatback
located forward of the infant seat (n=7);

4. Contact of the infant seat with the center
console (n=10).

Detailed results are presented as a function of these
four types of interactions.

Direct head contact with the seatback

There were 35 instances where the top of the dummy
head contacted the seatback of the driver or front
passenger seat, of these, 5 were severe enough to result
in elevated head accelerations. All five of these infant
seats were installed with the bases and secured with the
seat belt. Three test vehicles had plastic trim panels
covering portions of the driver and front passenger seat
backs, the two others were covered with upholstery.
Examples of the head contact recorded during the crash
are shown in Figure 1. The test shown on the top was
carried out at 56 km/h while the test shown on the
bottom was conducted at 48 km/h. In this test, only the
dummy seated behind the driver seat had head contact
with the seat back trim. The scuff mark on the seat trim
of the passenger seat, seen just above the dummy head
in the bottom image was caused by infant seat contact.
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Figure 1. Examples of head contact with driver seat
back in two crash tests.

One of the five tests described above was an Eddie
Bauer SureFit installed behind the driver seat of a Kia
Berrego. The driver seat in this particular test was
placed in the foremost seat track leaving some clearance
between the infant seat and the driver seat back (Figure
2a). As can be seen in the freeze frame recorded during
the test and shown in Figure 2b, the top of the dummy
head contacted the plastic trim. The resulting peak head
acceleration was 111g. Figure 2c¢ shows the same
installation repeated in an identical Kia Berrego, tested
at the same speed but with the driver seat positioned
further rearward, to eliminate the clearance. In this test
no head contact with the driver seat back was observed.
The freeze frame in Figure 2d confirms that the upper
edge of the infant seat remained just above the dummy
head. The head acceleration in this case was lower,
attaining a peak resultant value of 74g.

The Eddie Bauer SureFit was also tested behind the
driver seat of a Honda Pilot undergoing a 48km/h rigid
barrier test. In this test the infant seat was touching the
driver seat prior to the test and the dummy head did not
contact the driver seat back.

d) No head contact with driver seat

Figure 2. Observed effect of seat clearance on head
contact with the front seat in paired tests.
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Direct Head Contact with the Carry Handle

There were seven occurrences of head contact with the
carry handle. In all seven tests the top of the infant
dummy head was observed to contact the handle
following interaction between the carry handle and the
front seat back during forward excursion. In one case,
head contact with the carry handle resulted in an
elevated head acceleration 3ms clip of 100g. One case
had a peak acceleration of 88g with a 3ms clip of 76g.

Figure 3 illustrates these two cases where handle
contact was observed. Both tests were carried out at
48km/h. The photo 3a is a freeze frame from the test
where handle contact resulted in a 3ms head
acceleration clip of 100g while the photo 3b on the
bottom is from the test where handle contact resulted in
the 76g acceleration clip. In both cases the contact
between the head of the dummy and the handle
occurred as a result of interaction with the front
passenger seat back.

2)

b) Head contact with handle (head clip 76g)
Figure 3. Video images of two infant seats where the
dummy head contacted the carry handle.

Head contact with the carry handle was not observed in
vehicles where there was no interaction between the
handle and the seat back. This was observed in the test
described above and shown in Figure 3a that resulted in
the elevated head acceleration clip (100g). In this test,
an identical infant seat was installed behind the driver
seat and secured with the UAS. Both the driver and
right front passenger seat were placed at the same seat

track location. During the crash, there was no
interaction between this seat and the driver seat back
and no contact between the head of the dummy and the
carry handle. The infant seat secured with the UAS,
behind the driver seat had significantly less forward
excursion the seat installed with the seat belt of the
vehicle.

Contact of the infant seat with the seatback

Of the 107 infant/child seats installed behind a front or
second row seat, 37 contacted the seat back during
forward excursion. Of these 37 tests, four were severe
enough to result in a 3ms head acceleration clip that
was greater than 80g. There were three borderline cases,
where seat back contact resulted in a peak resultant
head acceleration of 80g or more but where the 3ms clip
was between 74 and 80g. These cases included three
rear facing infant seats and four infant/ child restraints.
One of these infant/ child restraints was occupied by a
dummy that was representative (in size) of a 3 year-old
child (the only one in the test series). The peak resultant
head acceleration results and corresponding 3ms clips
are presented Appendix A, Table 1 as a function of test
vehicle, test speed, seat type, attachment method and
vehicle seat location.

These seven tests involved child/infant seat kinematics
where the back of the child restraint, behind the dummy
head, impacted the seat back. Seat back contacts that
involved only the upper edge or rim of the child/infant
restraint were generally glancing blows that resulted in
lower head accelerations.

Child restraints that were installed in the third row
behind a second row bench seat (positions 17/18/19),
were associated with higher head accelerations more
frequently than restraints installed behind the driver or
right front passenger seats: 3/11 tests (27%) for third
row seats compared to 5/96 tests (5%) for child
restraints installed in the second row. It is not known
whether this was due to the spacing variations between
the seat rows or to the more rigid seat frames typically
found in second row seats.

Freeze frames obtained from the crash videos are shown
in Figure 4 to illustrate the different types of
interactions that were observed during testing. In Figure
4a only the top edge of the infant seat, shown in the
foreground, contacts the driver seat. The peak resultant
head acceleration in this test was 55g compared to 119g
for the dummy in the infant/ child restraint, shown in
the background of the same image. In this latter case,
the back of the infant/ child restraint strikes the right
front passenger seat, resulting in an impact to the back
of the dummy head.

Figure 4b is an example of an infant seat contacting the
upper edge of a second row bench seat. This contact
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resulted in a peak resultant head acceleration of 110g
and a 3ms clip of 97g. Though contact with the handle
was also observed this was not a significant contributor
to the head response in this instance.

b) Contat with second row bench seat
Figure 4. Freeze frame images of child seat contact
at impact.

Differences in child seats may influence the nature of
the contact as well as the severity of the dummy head
response in cases of contact. Table 4 presents the results
of two paired comparisons conducted side by side, each
pair in the same test vehicle. The vehicle seats located
ahead of the restraints were identically placed, and the
attachment methods for the child restraints were the
same. Only the seat model differed.

Differences in the shape of the shell could influence the
nature of the contact while the presence or absence of
deformable energy absorbing material affected the head
acceleration responses of the dummies. In the KIA
Magentis test, the Safety 1st Intera 4 in 1 had a taller
profile than the Britax Marathon. Where the top edge of
Britax Marathon glanced off the driver seat back, as
shown in the the top image of Figure 4, the Safety 1st
struck the front passenger seat back full-on.

The infant dummy, occupying the Safety 1* child/infant
seat, recorded a peak resultant head acceleration of
119g. This seat had no energy absorbing material lining
the shell. The Britax seat installed in the adjacent seat
location of the same test vehicle had energy absorbing

material lining the head rest. The peak head
acceleration recorded in this dummy was 55g.
Table 4.
Results of paired comparisons of CRS designs
Location Peak R.
Test & Head
CRS Attach. Accel.
Method (3ms clip)
Safety 1st 119¢
Intera 4 in 1 16 (109)
Kia Latch
Magentis No energy
47.8 absorbing foam
km/h Britax
Marathon 14 55g
Latch
Energy
absorbing foam
Cosco Scenera 18 83g
)
FORD No energy Seat belt
E350 absorbing foam
40.7
km/h Evenflo Titan 19 49¢g
Energy Seat belt
absorbing foam

In the Ford E350 15 passenger van, the two child
restraints were installed side by side on the third row
bench seat. The Cosco Scenera tipped forward striking
a region just below the upper edge of the bench while
the Evenflo Titan translated forward and struck the
second row seat back in an upright orientation.
Differences in the child seat bases and interface with
the vehicle seat cushion motion likely contributed to the
differences in kinematics.

The infant dummy placed in the Cosco seat installed in
the third row inboard position (18) recorded a peak
head resultant acceleration of 83g while the infant
dummy seated in the Evenflo, in the adjacent seat
position, recorded a peak resultant head acceleration of
49g. Figure 5 illustrates the differences in interior
construction of the Cosco and Evenflo seats.

The plastic shell of the Cosco is not lined with any
energy absorbing material while the Evenflo is lined
with a layer of energy absorbing material or polystyrene
foam. The second or top layer shown in the photo with
the test number label attached is soft compressible foam
likely intended to provide comfort to the child.
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10-287 01/

b) The Evenflo seat contains energy absorbing liner (white)

Figure S. Comparison of interior construction of
two child restraint seat models.

Contact of the Infant Seat with the Center Console

Elevated dummy head accelerations were observed in
10 of the 24 tests conducted with the infant seat
installed in the center seating position of the second row
(location 15). The elevated head accelerations were the
result of interaction between the back of the infant seat
and the center console and involved infant seats that
had been secured with the seat belt of the vehicle.

Interaction with the center console leading to elevated
head responses could be influenced by numerous
factors including but not limited to: the physical
dimensions of the console; the extent to which the
console extended into the rear passenger compartment;
the amount of forward excursion (of the infant seat); the
placement of the front seats; the rigidity of the inboard
aspect of the front seats; the dimensions of the infant
seat and the position of the carry handle.

Contact with the center console was observed in small
and large vehicles and at crash speeds as low as
40km/h. It was not possible to predict possible console
interaction during installation of the infant seats as the
motion of the infant seat during the impact combined

with the influence of the factors noted above could not
be anticipated.

A contact with the console that results in elevated head
accelerations is best described as a blow to the back of
the infant seat. Interactions that involved contact
between the base of the infant seat or the carry handle
did not result in elevated head accelerations. Examples
of the strikes that were recorded during the crash tests
are presented in the images shown in Figure 6.

Chevrolet
Traverse
48 km/h
FFRB

Installed
with
base

VW
Passat
48 km/h
FFRB

Installed
with
base

VW
Passat
48 km/h
FFRB

Installed
without
base

c) Peak head resultant acceleration 93g

Figure 6. Examples of infant seat strikes into the
center console.

In all cases, as shown in Figure 6, forward excursion of
the infant seat was great enough to cause a significant
portion of the infant restraint to slide off the front edge
of the vehicle seat.
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The infant seats shown in figure 6b and c are examples
of two different infant seats installed in the same
vehicle model, and tested at the same crash severity. In
Figure 6b the front seats were placed in the foremost
seat track position while in 6¢ the front seats were
placed further rearward in the mid-track position. Even
though the seat placement in 6¢ reduced the amount of

console exposure in the rear seat compartment, head
accelerations were more elevated for the infant seat
shown in 6¢c. Comparison of the seat designs for these
two infant seats suggests that the presence of energy
absorbing material may have influenced the amount of
energy that was transmitted to the each of the crash
dummy heads.

a) Britax Chaperone infant seat is lined with energy
absorbing foam on the sides and in the head rest.

b) Peg Perego Primo Vaggio infant seat is lined with energy
absorbing foam on the sides of the shell only.

c) The head rest is moulded plastic lined with polystyrene
and compressible comfort foam.

-

d) The head rest is a moulded plastic covered in soft
compressible comfort foam.

e) Cut away of head rest

f) Cut away of head rest

Figure 7. Comparison of the head protection padding in two infant seat designs.
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Figure 7a is a photo of the Britax Chaperone seat with
the upholstery removed. The energy absorbing system
is made up of a shell within a shell. The outer shell
(black) has polystyrene foam along the sides while the
inner head rest is constructed of a plastic shell (black)
and a polystyrene liner. The headrest portion is covered
with compliant foam as shown in 7c¢ and 7e.

The Peg-Perego shown in Figure 7b has a similar
construction in that there is a shell within a shell. The
difference with this model is that there is no polystyrene
foam behind the head in either the shell or the head rest.
The moulded headrest is covered with soft compliant
foam as illustrated in 7d and 7f.

Head Acceleration Responses as a Function of
Contact

Sample head acceleration traces for the four types of
contact are shown in Figure 8 for comparison. The X
axis or translational component coming from the back
of the dummy head is shown in blue while the Z axis or
vertical component coming from the top of the head, is
shown in red. The light grey line is the lateral
acceleration. Forces caused by inertia or the forward
motion of the dummy are principally in the Z axis. This
is because the infant seat, installed at a 45° angle, tips
down as it slides forward on the vehicle seat orienting
the top of the head with the front of the vehicle.

120
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Head contact with handle

d) Seat contact with console

Figure 8. Comparison of head acceleration responses for four types of contacts
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The traces on the left display the head response in tests
where there was direct contact between the head and the
seat back (A) and the head and the carry handle (C). In
both these conditions the timing and magnitude of the X
and Z components suggest that the loading to the head
is a combined loading, in other words, coming from the
top and back of the head as the dummy reaches its
maximum forward excursion.

In contrast, when the head region of the child seat
strikes the seatback or strikes the console, the principal
direction of force is from the back of the head. For
example, in the two cases of seat contact and console
contact, shown in Figure 8b and 8d respectively, the X
component shown by the blue trace predominates.

Each of the two blue traces on the right is characterized
by a sudden rise in the acceleration attaining a peak that
is of the order of 110g. The peak in 8b occurs when the
child seat strikes the seat back of the right front
passenger seat. The timing of the red and blue traces
suggests that contact occurred at the end of the
excursion. A similar response is observed when the
child seat strikes the center console 8d, except that now
because the console is further forward than the seat
back it is possible to clearly distinguish the two
mechanisms of loading. The first peak occurs in the
vertical acceleration component shown in red and is the
result of inertial forces as the child seat and the dummy
move forward towards the impact zone. The second,
much more important peak of 110g occurs when the
back of the child restraint impacts the center console.
This peak is the result of the dummy getting struck in
the back of the head.

To summarize, direct head impacts with the vehicle
interior or the carry handle of the child seat are
characterized by combined loading in X and Z
involving the top of the head while seat or console
impacts, result in high loads in X consistent with strikes
to the back of the head.

DISCUSSION AND CONCLUSION

The study was conducted to investigate the interaction
of rear facing child restraints with the occupant interior
of motor vehicles during full frontal and offset barrier
crash tests; and to investigate the effect that these
interactions have on the head responses of crash test
dummies restrained in the child restraints. The sample
included 131 child restraints evaluated in 82 motor
vehicle crash tests.

Four types of interactions, resulting in elevated head
responses were observed:

1. Direct head contact with the seatback located
forward of the infant seat (n=5);

2. Direct head contact with the carry handle of
the infant seat (n=2);

3. Contact of the child seat with the seatback
located forward of the infant seat (n=8);

4. Contact of the infant seat with the center
console (n=10).

Direct head contact with the seat back or carry handle
resulted in combined loading to the head that tended to
be less severe than that observed in child seat contact
with the vehicle interior. Nevertheless, since these
contacts occurred at the top of the dummy head, a
region that would correspond to the fontanels or soft
spots in a child’s skull, these contacts are a concern.

Each case of direct head contact was subsequent to
interaction of the child restraint with the seat back
located forward of the child seat. In the case of handle
contact, the handle became wedged between the child
seat and the seat back prior to the dummy head making
contact. Current child seat regulations in the U.S. and
Canada do not include a front row seat back hence
these types of interactions and contacts cannot be
detected in compliance testing.

The perception that greater clearance between the
infant/child seat and the front row seats offers better
protection to a rear facing child was not supported by
the findings in this study. While the available distance
between the infant seat and front row seats was not
measured prior to the test, not one of the 15
infant/child seats that were initially touching the seat
back at installation was found to result in a head
acceleration of 80g or greater. It may be that the front
seat acts to hold back the infant seat. This blocking
effect prevents the seat from gaining the necessary
speed to forcefully strike the seat back. It may also
reduce exposure of the head by limiting the amount
dummy occupant excursion towards the upper edge of
the seat. A study by Sherwood et.al (2005) conducted
12 sled tests and developed computational models to
investigate the effect of the location and structural
properties of vehicle interior components on the
performance of rear facing infant seats. The authors
reported a potential for increased injury values in cases
where a differential velocity was present between the
front seat and the infant seat at the time of contact.

The more severe impacts, as defined by elevated head
accelerations, were the result of child seat contact with
either the seat back or the console. In one comparison
the dimensions of the Britax and Safety 1% seats were
quite different. Since this difference led to the child
seats impacting the front seat backs in different
orientations it was not possible to attribute the
differences in recorded head responses to the presence
or absence of energy attenuating material. However, it

Tylko 10



is likely that the energy imparted to the head of the
dummy in the Safety 1% may have been lessened by the
presence of energy attenuating material.

The magnitude and shape of the head acceleration
traces suggest that some child restraints did not contain
the appropriate type and/or quantity of material
necessary to attenuate the energy imparted to the head
during impact with the seat back or the console.
Indeed, inspection of the child seats confirmed that
several child restraints contained only soft
compressible foam.

The protection of an infant should be based on the
same principles that are used to guide helmet design
for head protection. The shell serves to distribute or
spread the load over a large surface and the energy
absorbing foam, crushes or deforms on impact to
absorb the energy of the impact. To be effective, and
reduce the risk of head injury, the foam must deform
instead of the skull. If the foam is too stiff (high
density) it will require too much energy to crush and
the skull will deform. If the foam is too soft (low
density) then the foam will bottom out and fail to
absorb enough energy to prevent head injury. An
impact test carried out with an instrumented head form
or dummy can evaluate the effectiveness of the shell
and foam liner combination by providing a measure of
the amount of energy that is transmitted to the head
during an impact. Current child seat regulations in the
U.S. and Canada do not include such an impact test.

It was not possible to foresee the potential for
interaction with the console during the installation of
the infant seats. Since many vehicle manufacturers do
not permit the use of the universal anchorage systems
(UAS) in the center seating position, installation with
the three-point seat belt remains the only option. As
was reported in the first internal report on infant seat
testing (ASFB 2009-01), forward excursions of the
infant seats are greater when infant/child seats are
installed with the seat belt compared to the UAS. The
size of the console, the extent to which the console
intrudes into the rear passenger compartment and the
placement of the front seats all appear to influence the
likelihood of console strikes.

Since it is not possible to eliminate interactions
between the infant/child seat and the vehicle interior
during a collision, future child restraint regulations
should include an impact test to ensure that the
infant/child seats provide adequate protection to the
head. A test apparatus that appropriately simulates a
seat back could also be included to monitor the effect
of infant/child seat interactions on dummy responses.

In the interim parents and caregivers should avoid
installing rear facing infant seats in the center of the

second row if the vehicle is equipped with a center
front console. Installation with the universal anchorage
system (lower anchors) in the outboard seating
locations will provide good retention and reduce the
risk of interaction with the front passenger or driver
seat backs. Contact with the front seats during initial
seat installation in the vehicle, should not reduce the
level of protection provided that the infant/child seat
can be installed at the recommended incline angle.

LIMITATIONS OF THE STUDY

The sample selection and test matrix were based on test
vehicle and child restraint availability. It was not
feasible to conduct a controlled study whereby a
statistically representative number of seats could be
repeatedly tested in the same test vehicle. As a result
not all available child restraints could be evaluated and
not all of the seats included in the sample were
subjected to the same frequency or test configuration.
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APPENDIX A

Table 1.
Tests where contact with a seat back resulted in elevated head accelerations
Test Peak Resultant H
Test cs .. Attachment cak resultan ead
. Speed CRS Position Acceleration
Vehicle Method .
Km/h (3ms clip)

KIA MAGENTIS 478 Safety 1st Intera 4 in 1 16 Latch 119

: infant/child (109)
HYUNDAI ENTOURAGE 477 | GRACO Myride65 16 Latch 113

: infant/child (103)

PEG PEREGO Pri Vi i 110

DODGE CARAVAN 477 rimo Viaggio 18 Latch

’ infant (97)
HONDA PILOT 476 Evenflo Embrace 16 Lap & Torso 88

’ infant P (83)
FORD E350 40.7 COSCO Scenera 18 Lap & Torso 83

: infant/child P (77)
HONDA ODYSSEY 477 | BRITAX Marathon 14 Lap & Tor 80

: infant/child ap & forso (76)

CHICCO Keyfit 80

VOLKSWAGEN ROUTAN 477 eyfi 19 Lap & Torso

’ infant (74)
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