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a  b  s  t  r  a  c  t

Previous  research  has  shown  that  rear  seat  occupant  protection  has  decreased  over model  years,  and
front-end  stiffness  is  a possible  factor  causing  this  trend.  In this  research,  the  effects  of a change  in
stiffness  on  protection  of rear  seat  occupants  in frontal  crashes  were  investigated.  The  stiffness  was
adjusted  by  using  higher  strength  steels  (DP and  TRIP),  or thicker  metal  sheets.  Finite  element  simulations
eywords:
ehicle stiffness
isk of injury
ear sear occupant
inite element model

were  performed,  using  an LS  Dyna  vehicle  model  coupled  with  a MADYMO  dummy.  Simulation  results
showed  that  an  increase  in  stiffness,  to the  extent  it happened  in recent  model  years,  can  increase  the
risk  of AIS3+  head  injuries  from  4.8%  in  the original  model  (with  a  stiffness  of 1000  N/mm)  to  24.2%  in  a
modified  model  (with  a stiffness  of  2356  N/mm).  The  simulations  also  showed  an  increased  risk  of  chest
injury  from  9.1%  in  the  original  model  to  11.8%  in the  modified  model.  Distribution  of  injuries  from  real
world  accident  data  confirms  the findings  of  the  simulations.
. Introduction

Use of high strength steels in vehicle structures has potential in
eight reduction and improving certain safety features. As a result,

he vehicle stiffness in all directions may  increase. A higher stiffness
f the vehicle structure can have safety benefits to occupants by
ecreasing the intrusion to the occupant compartment. However,

t can also affect the crash pulse of the vehicle and the accelerations
ransmitted to the occupants. Front seat occupants are protected
gainst such elevated crash pulses by advanced airbags and force
imiting, pretentioning seatbelts. Safety features for rear seat occu-
ants, however, have not changed by any measurable means since

ntroduction of three-point belts in the rear seat. Therefore, the
et effects of an elevated crash pulse on protection of rear-seat
ccupants needs to be fully understood.

Earlier studies showed that rear seat occupants were protected
etter than front seat occupants in the older model years of vehi-
les (Berg et al., 2000; Evans and Frick, 1988; Kuppa et al., 2005;
ahraei et al., 2009; Smith and Cummings, 2004). Perception of
afety in the rear seat might even weaken incentives for use of

eatbelts by rear seat occupants, as only 60% of rear seat occupants
n tow-away crashes were reported to be belted (Parenteau and
iano, 2003). However, the protection of rear seat occupants has
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decreased in recent model years (Sahraei et al., 2009, 2010; Sahraei
and Digges, 2009). Consequently, adult occupants seem to be less
protected in rear seats compared to the right front seat (Bilston
et al., 2010; Sahraei et al., 2010; Smith and Cummings, 2006). The
relative reduction in protection of rear seat occupants compared to
front seat occupants is often explained to be a result of emergence
of advanced safety features and improved protection for the front
seat occupants (Beck et al., 2009; Kent et al., 2007). However, the
absolute increase in risk of injury to rear seat occupants (Sahraei
and Digges, 2009) could not be a function of advanced airbags or
force-limiting belts in the front seat.

It is reported that front-end stiffness of vehicles have increased
over model years (Sahraei et al., 2011; Swanson et al., 2003) and
such an increase in stiffness could be the cause of a decrease in pro-
tection of rear seat occupants (Sahraei et al., 2013). In the present
study, finite element modeling was  used to isolate the effect of an
increase in stiffness from other changes in platform and safety fea-
tures of vehicles, and to quantify the changes in risk of injury to
rear seat occupants due to change in stiffness. In an earlier publi-
cation from this research, it was  shown that scaling the strength of
steel, changing the mass of the vehicle, or thickness of load bearing
structure can change stiffness and affect head and chest accelera-
tions (Sahraei et al., 2011). In this paper, a more thorough validation

of the model was  performed to make sure the model can predict
risk of injury to head, chest, and neck of the occupant. In addition
to revisiting the effect of change in stiffness by former methods,
change of stiffness due to using DP and TRIP steels in the front

dx.doi.org/10.1016/j.aap.2014.01.004
http://www.sciencedirect.com/science/journal/00014575
http://www.elsevier.com/locate/aap
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tructure was studied. Also, the effects of a change in stiffness in
 lower speed crash, and an angle impact were evaluated. Another
actor that was considered to affect protection of rear seat occupant
nd was studied in this research was the space available for the rear
eat occupant and relative distance to the back of the front seat.

. Finite element models of vehicle, dummy  and the
eatbelt

National Crash Analysis Center has a library of finite element
odels of vehicles developed in LS-Dyna for crashworthiness stud-

es (NCAC, 2008). The Ford Taurus FE model is one of the most
etailed models of a medium size passenger car in that library. This
ehicle model was validated at NCAC against NHTSA full frontal
rash test 3248. The available model was improved by adding a
eat cushion in the rear seat and, also, by increasing the floor thick-
ess by 0.2 mm to account for mats and floorings not included in
he original model.

The model was to be used for evaluating the protection of rear
eat occupants. Therefore, an actual crash test performed using a
ord Taurus at National Highway Traffic administration which had
ummies in the rear seat was used to validate the model (Test
143). The initial speed of the vehicle was set to 56 km/h. The test
et-up was according to New Car Assessment Program (NCAP) sett-
ngs. The actual crash test had two 5 percentile female Hybrid III
ummies in the front seats, however, as those dummies were not
o be used for this study, only their mass (50 kg each) was  added to
he vehicle front seats. Locations of accelerometers were adjusted
o be exactly similar to NHTSA crash test 5143. The FE vehicle model
ad 972,148 elements and 921,937 nodes. Out of this total, 837,673
ere shell elements (705 shell parts), 134,459 solid elements (82

olid parts), 4 beam elements (2 beam parts), 12 discrete elements
5 discrete parts), and 124 mass elements.

The rear seat dummy  in the NHTSA test was  a 5 percentile
emale Hybrid III dummy. In the simulations, the rear seat dummy
as modeled using MADYMO multi-body dynamics software.
ADYMO dummies are validated against component tests as
ell as sled type simulations. After an initial evaluation of both

he facet model and the ellipsoid model, the results showed
hat the ellipsoid model was not as reliable as the facet model
or our purpose. Therefore, the facet dummy  was used for this
tudy.

The dummy  model was  coupled with the vehicle model using
S Dyna-MADYMO coupling tools. A settling simulation was per-
ormed to make sure the dummy  was positioned correctly on the
eat cushion and the seat cushion was deformed to the contour
f the dummy. The deformed shape of the seat and the residual
tresses in the foam elements of the seat were then extracted
rom this simulation and input into the vehicle model. Dummy
oint positions after settling were also extracted and imported into
he dummy  model to reflect the correct positioning of upper and
ower limbs relative to the seat. The FE mesh for the three-point
elt was developed using MADYMO and Hypermesh. The D-ring
nd retractor were added using LS Dyna seatbelt elements. The
abric model was based on properties of the Automotive Occu-
ant Restrains Council (AORC) received from Livermore Software
echnology Corporation (LSTC), and the lock acceleration was
.7g according to Federal Motor Vehicle Safety Standard (FMVSS)
09.

Our previous coupled vehicle–dummy–belt models were val-
dated for head and chest acceleration, but the dummy  chest

eflection was not validated. In this study, as the risk of AIS3+ injury
ad to be calculated, there was a need to have proper representa-
ion of the chest deflection. A proper contact between the LS Dyna
elt and the MADYMO dummy  chest and neck is essential to model
Fig. 1. Balance of energies through the finite element simulation.

chest deflection correctly. None of the MADYMO contacts alone
simulated the chest, neck, and belt interactions correctly. The node
to surface contact allowed for some penetration of the belt into the
chest, and the surface to surface contact resulted in slipping of the
belt over the thorax. However, the use of two contacts (node to
surface + surface to surface) at the same time solved this problem.
Proper simulation of the belt/dummy interactions affected accel-
erations of head and chest of the dummy, as well. Therefore, a
full validation was  required to make sure that the updated model
represents the actual crash test.

2.1. Validation of the model

A Ford Taurus NCAP test was  used for comparison with the
simulated Ford Taurus vehicle. The two  models were similar in
terms of model year (2004 versus 2001), mass (1739 kg versus
1740 kg), length (5025 mm versus 5022 mm),  width (1865 mm
versus 1853 mm),  and location of the center of gravity from front
axle (1156 mm versus 1070 mm).

At the first step the model balance of kinetic, internal, hourglass
and total energies was reviewed, see Fig. 1. The kinetic energy drops
as the vehicle hits the rigid wall, and the internal energy increases
as the deformation progresses. The hourglass energy is less than
10% of the total energy through the simulation, and the total energy
remains almost constant.

To quantify the validation of the simulation against the test,
a method suggested by Ray (1996) was used. Ray studied the
repeatability of crash tests and provided criteria for validating sim-
ulation results. He reported that repeating crash tests of exactly
similar vehicles in standard conditions using the same equipment
and procedures can still produce some variability in the mea-
sured accelerations. The differences in crash pulse of two  identical
tests can be associated with the variations in vehicle charac-
teristics caused by different construction materials or imprecise
construction methods. Small variations in impact condition and
experimental errors in data collection also contribute to variations
in crash pulse. Ray demonstrates that even two  independent mea-
surements of one crash test can show differences between time
history results. He also provides a quantifiable criterion to judge
the similarity of a crash test with a simulation above and beyond
subjective comparison. In this method, the difference between the
simulated acceleration and the test acceleration is calculated in
each instant of the time, and it is assumed that these residuals are

results of random experimental errors. The criteria suggest that the
average of these residuals should be less than 5% and the standard
deviation less than 20% of the peak acceleration. If these conditions
are met, the simulation is considered the same event as the crash
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ig. 2. Hybrid III 5 percentile dummy  head acceleration (a), chest acceleration (b),
nd chest deflection (c) from simulation versus the ones from NCAP test.

est. RSVVP software developed for this purpose (Mongiardini and
ay, 2009) was used to calculate the residuals, their average and
he standard deviation for each of the acceleration pulses of the
ehicle and the dummy, see Appendix A. The normalized average
f the X-acceleration of the top engine accelerometer was −0.02,
nd the normalized standard deviation was 0.15. For the left rear
eat accelerometer, the normalized average was −0.01, and the nor-
alized standard deviation was 0.14. All of these values meet the

roposed criteria. Therefore, the vehicle model is validated for the
epresentation of a real crash test.

Fig. 2a shows the resultant head acceleration of the dummy at

he center of gravity. Using RSVVP software, the normalized average
f residuals was calculated as −0.02, and the normalized standard
eviation was 0.05. Both meet the proposed criteria for validation.
Fig. 3. Force–displacement curve of the simulated vehicle, and the estimated energy
absorption from static stiffness (shaded area).

Fig. 2b shows the thorax acceleration of the test dummy versus the
simulated dummy. The normalized average of the residuals for this
comparison was  0.01, and the normalized standard deviation was
0.11. These values also pass the proposed criteria for validation.
Fig. 2c shows the chest deflection of the dummy  from simula-
tion versus the crash test. The deflection curve is a displacement
curve and cannot be validated using the proposed criteria; how-
ever, considering the visual similarity of the curves, it is considered
valid for the purpose of this study.

2.2. Stiffness variations

The static stiffness, K, of the vehicle was calculated according to
Swanson et al. (2003) from the following equation:

1
2

mv2 = 1
2

Kx2

where m is mass, v is the initial velocity, and x is the total change
in length of the vehicle. In this method of stiffness calculation, it
is assumed that the initial kinetic energy transfers to an internal
energy under a linear force–displacement trajectory up to final
deformation of the vehicle. The rebounded portion of deformation
is ignored in the calculation of energy. The static stiffness calcu-
lated by this method is close to the initial stiffness, or slope of the
force–displacement curve, see Fig. 3. For the Ford Taurus model
used in this study, the static stiffness was  1000 N/mm.

Eight values of static stiffness were generated in the model
through following structural changes in the original model:

• In two  models, the mass of the vehicle was  increased by 10% and
20% (referred to M10  and M20  in the rest of the text). The static
stiffness for these two  models was 912 N/mm and 902 N/mm,
respectively.

• In two models, the strength (stress–strain curve) of the frontal
load bearing structures was  scaled up by 40% and 80% (Models
S40 and S80), increasing the static stiffness to 1226 N/mm and
1557 N/mm.

• In one simulation, the load bearing rails of Model S40 were
replaced with high strength Dual Phase steels DP 600 and DP  800
(Oliver et al., 2007), keeping the original ratio of strength between
different members (Model S40DP) unchanged. The static stiffness
for this model was  1377 N/mm.

• In one simulation, the load bearing rails of Model S40 were
replaced with high strength Transformation Induced Plasticity
steels of TRIP600 and TRIP800 (Oliver et al., 2007), keeping the

original ratio of strength between different members (Model
S40Trip) unchanged. The static stiffness for this model was
1328 N/mm.
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Fig. 4. Change in static stiffness due to increase in

In one simulation, the thickness of frontal load bearing members
was increased by 80% (Model T80). This model had the highest
static stiffness of 2356 N/mm.

The range of produced static stiffness values in this study rep-
esents the change in average stiffness of vehicles in 1982–2010
odel years of vehicles tested by NHTSA, where the average stiff-

ess changed from 833 N/mm to 2037 N/mm in model years 1982
o 2010, respectively (Sahraei et al., 2011). Fig. 10 shows the
orce–displacement curve for the original model compared to M10
nd S40DP models. The linear estimates of the curves through static
tiffness calculations are shown with shaded triangles. The first
oticeable change in the force–displacement curves of the models
as the change in total deformation of the vehicle. With an increase

n mass, the total deformation increases; and consequently, the
stimated static stiffness decreases, see Fig. 4 left. In contrast, the
ncrease in the strength of members decreases the total deforma-
ion and causes an increase in static stiffness, see Fig. 4 right.

All the models were simulated at 56 km/h frontal NCAP scenar-
os. Additionally, the original model and the model with highest
tiffness (T80) were simulated in two lower speed frontal crash
cenarios at 40 km/h (25 mph), with a full frontal rigid barrier con-
act and a 30 degree rotated rigid wall. This was done to make sure
he effects studied in the NCAP simulation were not limited to full
rontal high speed crashes and an increase in stiffness would cause
imilar trends of rear seat occupant protection in lower speeds and
n angled crashes.

To put the effects of an increase in stiffness in perspective,
nother factor with probable effects on the protection of rear seat
ccupant was also investigated. That factor was the position of front
eat relative to the rear seat occupant. In this final simulation, the
ight front seat of the vehicle (which was in the most forward posi-

ion during previous simulations) was moved to the most rearward
osition possible for this car (Model RF seatback). To replicate the
ize of smaller passenger cars, the effects of a reduction in space for
ear seat occupants were studied in this simulation.

Fig. 5. Crash pulses from three generations of Ford Taurus NCAP tests (
s (left), or increase in strength of material (right).

For each simulation, head injury criteria (HIC), thoracic criteria
(chest acceleration and chest deflection), and neck injury crite-
ria (Nij) were evaluated. HIC is a function of head acceleration
integrated in a time domain to determine the possibility of head
injuries in a given impact:

HIC =
{[

1
t2 − t1

∫ t2

t1

a(t)dt

]2.5

(t2 − t1)

}
max

The maximum time domain (t2 − t1) in the final rule regulation is
15 ms,  which gives HIC15. The acceptable HIC15 value for Hybrid III
adult dummies is 700 (Eppinger et al., 2000). Chest accelerations are
measured in terms of g, and the injury limit for a 5 percentile female
dummy is 60g. Chest deflection is the deformation of the chest mea-
sured in millimeters (mm),  and the limit for a small female dummy
is 52 mm.  The acceptable value of neck injury criteria (Nij) is one
(Eppinger et al., 2000).

3. Results of NCAP simulations

Fig. 5 shows a comparison of three crash pulses from three
model years of Ford Taurus vehicles tested by NHTSA versus three
of the pulses generated in the above mentioned simulations. The
NCAP test crash pulses shown in Fig. 5 are chosen to show the differ-
ences in crash pulse data of Ford Taurus vehicles in a three-decade
span, i.e. test numbers 1385 (model year 1990), 3248 (model year
2000), and 6808 (model year 2010). The simulation crash pulses
are from the original model, the model with a 40% increase in stiff-
ness, and the model with an 80% increase in the thickness of load
bearing frontal parts. It can be observed that with an increase in
the model year of the vehicle, in NCAP tests, the peak deceleration
increases and shifts forward in time. In the 1990 model year, the

peak deceleration was  −29g and occurred at 0.067 s, while in the
2010 model year, the peak deceleration was  −46g and occurred at
0.049 s. Similar trends of increase in peak deceleration and forward
shift in time were observed in simulations. The original model had

left) and crash pulses created in three of the simulations (right).
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Fig. 6. Resultant head accelerations and HICs (a), thorax accelerations and 3 ms
chest clips (b), and chest deflections and its maximum values (c) for simulations
at  56 km/h frontal NCAP scenarios. In the legend, the original model represents the
base  model which was validated against a relevant crash test. In M10, the mass of
the vehicle was  increased by 10%. In Models S40 and S80, the strength of the frontal
E. Sahraei et al. / Accident Anal

ts peak deceleration at −32g  and time 0.079 s. In the model with
0% thickness increase of load bearing frontal parts the peak in
rash pulse was −36g  at 0.056 s. It should be noted that the crash
ulses in simulations were not expected to have perfect similarity
ith NCAP tests. The base model was validated against a relevant

eal crash test using an accepted quantifiable criterion in crashwor-
hiness literature, as reported in Section 3.1. However, the changes
f mass or stiffness in simulations are by no means the only changes
n the structure of the tested vehicles through two  decades. Designs
f the body in whites of the vehicles have slight changes from one
odel year to the other. Construction equipment and materials also

hange through the years. Placement of data acquisition sensors
n actual crash tests can have slight variations as well. Real world
ccidents and crash tests have shown a reduction in the protec-
ion of rear seat occupants and an increase in mass and stiffness of
ehicles over model years. They also show a correlation between
he increase in stiffness and the increase in injury predictions of
ummies in the rear seats (Sahraei et al., 2009, 2010, 2013). In the
imulations, we intend to isolate the effects of changes in mass
nd stiffness while keeping all other factors constant. This is to
ake sure the correlations observed in the real world are not due

o another unaccounted-for cause, which is substituted by stiff-
ess and model years of vehicles in the above statistical analyses.
uch data does not exist in the real world because of all the above-
entioned changing variables through model years. Therefore, the

rash pulses of a series of simulations performed in this study are
ot expected to represent the crash pulses of vehicles for any spe-
ific model year, and they differ with real crash tests in terms of
ulse duration, pulse shape, and peak accelerations. They are pre-
ented and compared with NCAP tests only to point out the increase
n peak acceleration and the shift in time.

Fig. 6a shows the increase in resultant head acceleration. The
ncrease in head accelerations seem to be a direct consequence
f increase in crash pulse, as there was not any contact observed
etween the head and vehicle parts. It can be observed that the head
cceleration curve shifts backward and the peak increases with the
ncrease in static stiffness. The HIC value also increases, accordingly.
t should be noted that the increase in accelerations was not due to
hin to chest contacts, which exist in some simulations. Timing of
uch contacts was much later than the time of peak acceleration.
lso, a significant reduction of the peak acceleration was already
bserved before any chin to chest contact happened, and a second
eak value in head acceleration due to such a contact was  less than
alf of the first peak value. Furthermore, the time domains of chin
o chest contacts, when existed, were far from the domain of HIC
alculations. Fig. 6b and c shows similar trends for the chest accel-
ration and deflection curves. The 3 ms  clip chest acceleration also
ncreases with the increase in stiffness.

Table 1 gives the head, chest, and neck injury criteria values for
ll the simulations. HIC 15 for these simulations changes from 428
n the reduced mass model to 1027 for the model with the highest
tiffness. In real NCAP tests with 5 percentile female dummies in
he rear seats (Sahraei et al., 2013), the HIC15s were from 226 to
160. Therefore, observed values in the simulations are within the
ange realized at real NCAP tests. It should be noted that the crash
ests used in Sahraei et al. (2013) were all performed on vehicles
f model years 2004–2005. There are no data publicly available
n crash tests of other model year vehicles with dummies in the
ear seats to verify changes of HIC with model year. However, their
tudy proved a correlation between stiffness of vehicles and injury
easures of dummies in the rear seats, using multiple regressions

nd considering vehicle speed during the test. They also showed an

ncrease in the stiffness of vehicles with an increase in their model
ear using the database of all NCAP tests (please note that rear
eat dummies are not present in all NCAP tests to allow for direct
onclusion).
load bearing structures was scaled up by 40% and 80%. In S40DP, the load bearing
rails of S40 were replaced with DP steels. In S40Trip, materials of same parts were
replaced with TRIP steels.

The change of 3 ms  clip chest acceleration for the simulations
was from 39 gs to 43 gs within the range of 36–53 gs observed in
real NCAP tests. The maximum chest deflection varied from 28 mm
to 32 mm,  again within 17–49 mm reported for NCAP tests.

Overall, the head, chest, and neck injury measures of the dummy
in the rear seat seem to be sensitive to changes in the front end
stiffness of the vehicle. Whether this increase in stiffness is due
to an increase in the strength of the material, or the use of a
thicker sheet of metal does not seem to cause a difference in the
outcome.

To quantify the observed trends, linear regression models were
fitted to the data. All four models associating stiffness to HIC15,

3 ms  clip chest acceleration, chest deflection and were significant
(as shown in Fig. 7). However, the Nij regression model seems to be
dominated by the last point of stiffness, and without that point no
clear trend is observed.
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Table 1
Vehicle crush and static stiffness and dummy’s head, neck and chest injury criteria.

Mass (kg) Static stiffness (N/mm)  HIC 15 3 ms  Clip chest acc (g) Chest deflection (mm) Nij

Orig. Original model 1740 1000 502 39.7 29.88 0.68
M10  Mass of vehicle increased by 10% 1910 912 427 38.8 28.45 0.67
M20  Mass increased by 20% 2080 902 475 37.2 27.27 0.73
S40  Stiffness of frontal rails increased by 40% 1740 1226 593 41.6 29.11 0.67
S40Trip Modified parts of S40 model replaced with Trip steel 1740 1328 633 42 29.26 0.67
S40DP  Modified parts of S40 model replaced with DP steel 1740 1377 656 42.9 29.33 0.67
S80  Stiffness of frontal rails increased by 80% 1740 1557 771 42.8 30.63 0.71
T80  Thickness of frontal rails increased by 80% 1817 2356 1026 43.5 32.19 0.89

, ches

3
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Fig. 7. Increase in HIC15, 3 ms  clip chest acceleration

.1. Risk of AIS3+ injury

Abbreviated injury scale (AIS) is a code to describe severity of
 specific injury on a scale of 1 to 6. AIS1 denotes a minor and
IS6 describes an untreatable injury. In automotive crashworthi-
ess applications, risk of AIS2 (moderate injury) or AIS3 (serious

njury) is often used to characterize safety of different crash scenar-

os and protective countermeasures. In this context, the + sign after
he AIS value means injuries with at least the denoted injury. For
xample, AIS3+ means injuries with AIS3 or more. In this section,
he injury measures estimated through finite element modeling
t deflection, and Nij with increase in static stiffness.

were used to estimate the risk of AIS3+ injury of head, chest, and
neck for each step of changes in the structure of the vehicle. Several
risk curves have been developed to estimate the risk of head injury
based on HIC values (Hertz, 1993; Laituri et al., 2003; Mertz et al.,
1996, 1997, 2003; Prasad and Mertz, 1985). For this research, the
risk curves adopted by NHTSA were used to estimate the risks of
AIS3+ injury based on dummy  readings for the 5% female dummy

(NHTSA, 2008). These curves estimate the risks for an occupant of
average driving age (35 years old). Laituri et al. (2005) have devel-
oped a risk curve to estimate the risk of chest injury for different
age groups of occupants. As several studies suggest a difference
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Table  2
Injury risk curves used to estimate risks of AIS3+ injuries.

Injury Criteria Risk curve

Head (HIC15) Phead(AIS3+) = ˚
(

ln(HIC15) − 7.45231/0.73998
)

where Ф = cumulative normal distribution

Chest  Deflection (mm)
(5% Female dummy)
For 35 years old occupant

Pchest-defl(AIS3+) = 1/(1 + exp(10.5456 − 1.7212 × (ChestDefl)0.4612))

Chest  Deflection (mm)
Age dependent (years)

Pchest-defl(AIS3+) = 1/(1 + exp(12.597 − 0.05861Age − 1.7212 × (ChestDefl)0.4612))

Neck  (N ) P (AIS3+) = 1/(1 + exp(3.2269 − 1.9688Nij))
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etween rear seat protection of older (59+ years old) occupants
nd the younger ones (Kuppa et al., 2005; Sahraei et al., 2010), Lai-
uri curve was used to estimate the risk of chest injury for 60 year
ld adults in each of the crash scenarios. All the risk curves used for
his study are summarized in Table 2.

Table 3 shows the probability of AIS3+ injury for the head, chest,
nd neck based on the discussed risk curves. It can be observed
hat for the original model, the risk of AIS3+ head injury is about
%. This risk increases with the increase in front end stiffness up
o 24%. The risk of chest injury for a 35 years old occupant in the
riginal model was about 9%. This risk increased to about 12% for
80 model. Risk of chest injury for a 60 years old occupant was  about
0% in the original vehicle, and this risk increased to 37% for the T80
ehicle. Risk of neck injury was about 13% in the original model,
nd it increased up to a maximum of around 19% in the modified
ehicle models. It should be noted that the risk estimates for neck
njury according to NHTSA are expected to overestimate the risk of
njury in real world crashes. An alternative method suggested by
rasad et al. (2010) reduced the estimate of risks of neck injury for
ll simulations to less than 1%.

.2. Low speed frontal and oblique crash simulations

Two sets of simulations were performed at speeds of 40 km/h
ith a full frontal rigid barrier and a 30 degree angled rigid bar-

ier. This was done to verify that similar trends observed in an
CAP full frontal crash test can be experienced during lower speed
rashes and oblique crashes. Therefore, for each scenario, the sim-
lation was repeated for the original model and the model with
aximum stiffness, T80. Fig. 8 shows the head and chest accel-

rations as well as chest deflection of the 5% female dummy
n the rear seat for the original model and the T80 model at a
0 km/h full frontal impact. It can be observed that all three curves
ave considerably increased for the T80 model when compared
o the baseline model. This observation confirms that increas-
ng stiffness causes an increase in risk of injury even in lower
peed impacts, and that the results of the in depth NCAP study
resented in the previous section is not limited to higher speed

mpacts.
For the models in the 30 degree oblique impact scenario, the

arrier does not fully stop the vehicle, but redirects it during the
mpact. As the vehicle is not fully stopped, the injury measures for
his impact are overall lower than those for the full frontal impact.
ig. 9 shows the head acceleration, chest acceleration, and chest
eflection of the rear seat dummies in the original vehicle model
nd the T80 vehicle model in the oblique impact. Again, it can be
bserved that the dummy  in the T80 model had higher head and
hest accelerations as well as chest deflection when compared to

he original model. Therefore, the association of front end stiffness
nd the risk of injury to rear seat occupants as fully discussed for
CAP tests is not limited to full frontal crashes, as similar trend was
bserved for the oblique impact as well.
Fig. 8. Head acceleration (a), chest acceleration (b), and chest deflection for the
original (solid line) and T80 (dash line) models at 40 km/h speed.

3.3. Moving right front seat to the most backward position
In the last simulation, the right front seat was moved to the
most backward position. The dummy  head did not contact back
of the front seat even in this simulation. However, the backward
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Table 3
Risk of AIS3+ injury based on injury reading of the 5% female dummy for 35 years old and 60 years old occupants.

PHead(AIS3+)% PChest(AIS3+) (%) (35YO) PChest(AIS3+) (%) (60YO) PNeck(AIS3+) (%) (NHTSA) PNeck(AIS3+) (%) (Prasad et al., 2010)

Original model 4.8 9.1 30.3 13.1 0.1
M10  3.0 7.7 26.5 12.9 0.1
M20  4.1 6.7 23.6 14.3 0.1
S40  7.5 8.3 28.2 12.9 0.1
S40DP 9.6 8.6 28.8 12.9 0.1

m
l
o
f
2
u

F
o
r

S40Trip 8.8 8.5 28.6 

S80  13.8 9.9 32.3 

T80  24.2 11.8 36.7 

ovement of the seat caused a severe contact between dummy’s
eft hand and the front seat back. Considering the high frequency
f upper extremities in distribution of AIS2+ injuries, and also high

requency of front seat back as source of injury (Sahraei and Digges,
009), this simulation can clarify role of front seat back in causing
pper extremity injuries.

ig. 9. Head acceleration (a), thorax acceleration (b), and chest deflection (c) for the
riginal (solid line) and T80 (dash line) models at 40 km/h speed with 30 degree
otated barrier.
12.9 0.1
13.8 0.1
18.6 0.5

Fig. 10 shows the head acceleration, chest acceleration, and
chest deflection of the dummy  from the original model versus
the model with the right front seat moved to the most back-

ward position. A slight increase in head and thorax acceleration
and a slight decrease in chest deflection can be observed from
these figures. The reduction in chest deflection could be due to an

Fig. 10. Head acceleration (a), thorax acceleration (b), and chest deflection (c) for
original model (solid line) versus the model with right front seat moved back (dash
line).
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Fig. 11. Body region AIS2+ injury distribution for two  model year gr

arlier contact of extremities with back of the front seat. Those
ontacts ultimately control the movement of the trunk, reduce
he forward motion of the chest, and decrease the chest deflection.
owever, the overall difference between the injury measures for

he original model and the reduced backseat space model seem
rivial.

. Discussions and limitations

This work was a concluding part of a series of studies done by
he present authors (Sahraei et al., 2009, 2010, 2011; Sahraei and
igges, 2009). The studies were motivated to find the cause of the
ontradiction in a series of papers on the protection of the rear-seat
ccupant. One group of authors had concluded that the rear-seat
ccupants are better protected than the front seat occupants based
n the analysis of real-world accident data (where the majority of
he vehicles were built pre-2000) (Evans and Frick, 1988; Smith
nd Cummings, 2004, 2006). Whereas the other works showed the
pposite, that the rear-seat occupant was less protected than the
ront (based on laboratory crash tests of post-2000 vehicles) (Kuppa
t al., 2005; Tylko and Dalmotas, 2005). In initial investigations by
resent authors, the effect of the model year proved to be a signif-

cant factor. Meaning, in older model years, occupants were better
rotected in the rear seats, while the protection decreased in newer
odel years (Sahraei and Digges, 2009; Sahraei et al., 2009, 2010).

n the next step, it was concluded that the most significant changing
actors between the model years were the mass and front end stiff-
ess, which increased with model years of vehicles (Sahraei et al.,
011).

Further studies of laboratory crash tests showed that an increase
n mass was not negatively correlated with protection of the rear
eat occupant, while an increase in stiffness was correlated with
ear seat dummies HIC, 3-ms clip chest acceleration, and chest
eflection (Sahraei et al., 2013). However, in crash tests there still
ould be other uninvestigated factors to influence the result. There-
ore, a final piece of research, presented in the current paper, was
evoted to finite element modeling, where one can keep all other
ossible contributing factors constant and only change stiffness.
he vehicle stiffness can change due to using high strength steels
r higher thickness of load bearing parts. The results showed an
ncrease in stiffness, with either of those methods, increases the
IC, 3 ms  chest acceleration, chest deflection, and Nij. Furthermore,

hose injury criteria numbers were translated to AIS3+ risk of injury,
nd the results showed interesting observations regarding risk of

ead and chest injury. In the original model, the projected risk of
IS3+ chest injury for a 35-year-old occupant was 9.1% almost twice

hat of the risk of head injury (4.8%). While in the highest stiffness
odel (T80) the risk of AIS3+ head injury increased to 24.2%, almost
f vehicle, occupants 16–59, weighted (left) and unweighted (right).

twice as high of the risk of chest injury for a 35-year-old occupant
(11.8%). This increase in risk of head injury was  previously observed
in investigations of real world accident data (Sahraei and Digges,
2009). To verify if further similarities could be observed in real
world crashes, a study of the distribution of body regions injured
in NASS CDS data, presented in an earlier publication by two of the
present authors (Sahraei and Digges, 2009), was extended here. In
the original study, all the model years of the vehicles were aggre-
gated. For the present publication, the vehicles were divided to
two model year groups, 1993–1999 and 2000–2010. Fig. 11 shows
the weighted and unweighted distribution of AIS2+ injured body
regions. What is interesting here is that in both graphs, after upper
extremity injuries (which are usually not life threatening), chest
injuries are the dominant injuries in 1993–1999 group of vehicles.
However, in the 2000–2010 model year group, head injuries have
an increase of two to three times and exceed the frequency of chest
injuries in both weighted and unweighted data. Additionally, the
proportion of head injuries in the 2000–2010 group is much larger
than that of chest injuries. The age group of occupants in this data
was 16–59 (average 37) year old. These results are fully aligned
with findings of the FE simulations, which show a fivefold increase
in risk of head injury from 4.8% to 24.2%, and a relatively slower rate
of increase for the risk of chest injury from 9.1% to 11.8% for the 35
year old occupant. However, it should be mentioned that for the 60
year old occupant, the chest injury maintains the higher risk of over
30% even for the stiffest vehicle simulation. Risk of neck injury from
simulations, if interpreted according to the NHTSA curve, would be
more representative of the combined risk of neck and back (thora-
columbar spine) injuries. However, for the risk of neck injuries as a
separate group, the risks estimated from Mertz et al. risk curve are
more consistent with real world data.

Additionally, costs of AIS2+ injuries (HARM) for head and chest
were calculated for pre and post 2000 model year vehicles. The
average cost per injury values published by Gabler et al. (2005)
was used to calculate the total costs. The costs were normalized
to the cost of a fatality and to the number of occupants at risk.
In the 1993–1999 model year group, the normalized cost of chest
injuries was  0.15%, while that of head injuries was 0.07%. These
values greatly change for the 2000–2010 model year vehicles to
0.17% and 0.42% for chest and head injuries, respectively. The HARM
calculations again confirm the fast increase in head injuries in the
newer model year group.

In the final parts of results, the simulations showed that these
results were not limited to full frontal, 56 km/h impacts. The same

trends were repeated when simulating low speed and oblique
impacts.

Some of the limitations of this study are discussed below. (1)
A generic seatbelt model was used rather than a validated model
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or the specific vehicle. This allows comparisons between mod-
ls where changes in chest responses and torso kinematics can
e attributed to the changes in stiffness and mass simulated,
ut limits direct comparison with real test data. (2) The simula-
ions allowed a comparison of results when only mass or stiffness
hanges and other factors remain constant. The extent of effects of
hanges in stiffness and mass in real world vehicles could be less
r more than what observed in simulations due to simultaneous
mprovements in safety systems or modifications in the body in

hite of the vehicles. For example, the effects of the increase in
tiffness are completely overcome for front seat occupants by use
f advanced airbags and load limiting pre-tensioning safety belts.

The purpose of the simulations presented in this paper was
ot to exactly replicate all the changes in model years of vehicles.
ffects of overall changes in real vehicles are studied in previ-
us publications using real world accident databases. Details of
ll changes that each manufacturer adopts through model years
f vehicles are proprietary information of that company. The crash
ulses in the simulations are not expected to perfectly match the
CAP tests, as slight changes in design, manufacturing methods,
r materials may  offset or intensify the simulated effects. What is
vident from NCAP tests of all vehicles through two  decades is that
he stiffness of real vehicles has increased over time (Sahraei et al.,
013), and crash tests of vehicles with dummies in the rear seat
how a correlation between injury measures and the front end stiff-
ess when all the manufacturing changes are in place. This paper

dds the following to the previous findings in literature: in the
bsence of any other change, an increase in stiffness would increase
njury measures of dummies in the rear seat.

Fig. A1. Comparison metric for Engine X acceleration
d Prevention 66 (2014) 43–54

5. Conclusion

The increase in front–end stiffness of vehicles significantly
increases the possibility of injury and particularly head injury for
rear seat occupants. The increase in stiffness can be a result of
using higher strength steels or thicker sheets of metal. The authors
suggest that with the increase in stiffness of vehicles, the safety
measures for protection of rear seat occupant should be updated.
Otherwise, a significant increase in the number of younger rear
seat adults with head injuries sustained from frontal crashes can
be expected. For older rear seat occupants, chest injury would con-
tinue to be the most frequent injury and its risk would continue to
increase in the stiffer vehicles. Possible remedies to reduce rear seat
occupant injuries are use of airbags and advanced safety belts for
rear seat passengers or improvements in crash energy absorption
of vehicle structures.
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Appendix A. Validation of finite element simulation against
Figs. A1–A4.

, Ford Taurus Vehicle, FE simulation versus test.
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Fig. A2. Comparison metric for Left Rear Seat X accelerat

Fig. A3. Comparison metric for resultant head accelerat
ion, Ford Taurus Vehicle, FE simulation versus test.

ion, 5% Female dummy, FE simulation versus test.
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