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In high-severity crashes, occupant protection is challenging. Automated Emergency
Braking (AEB) and seatbelt pre-pretensioning (PPT) are means to improve occupant
protection; the purpose of this study was to quantify their effects on occupant injury risks in
high-severity full-frontal crashes by Finite Element (FE) simulations. The SAFER Active
average male Human Body Model was used as an occupant substitute. The crash pulses
used were from separate full-frontal crash simulations using a Honda Accord FE model.
The vehicle interior model comprised a seat, an instrument panel, a three-point
pretensioned seatbelt system with a load-limiter of 3.1 kN force level, and a frontal
passenger airbag. The effects of AEB and PPT were evaluated by simulating a 1 g
pre-crash braking scenario for 0.5 s, with and without AEB, for three different PPT
force levels: 0, 300, and 600 N. The impact speed of 80 km/h was reduced to 69 km/
h by AEB. When neither system was activated, the predicted risk for an occupant to
sustain two or more fractured ribs (NFR2+) was 100% for both 45- and 65-year-old male
occupants. The risks were reduced when the AEB was activated, particularly for the 45-
year-old occupant. When the AEB was activated, the risks of concussion and rib fractures
were reduced; upper neck tension forces, pelvis Anterior Superior Iliac Spine (ASIS) forces,
and lower extremity forces were also reduced. Increasing the PPT forces reduced the rib
fracture risk further (to about 48% for a 45-year-old occupant with 600 N PPT force). The
reduced speed due to AEB resulted in a lower concussion risk (from 71.3% to 31%).
However, the concussion risk increased slightly with increased PPT forces.

Keywords: human body model, concussion, rib fracture, finite element simulations, pre-crash, crash

INTRODUCTION

Traffic safety continues to be a major health issue (World Health Organization, 2018). The travelling
speed of a motor vehicle is a major factor influencing the probability and severity of a crash (Aarts
and Van Schagen, 2006). Crash severity increases with speed: the greater the energy at impact, the
more likely severe injuries to the occupants (Farmer, 2019). Crash testing that compared occupant
injury risks at three crash speeds, 64, 80, and 90 km/h, illustrated that these increases in speed can
have deadly consequences (Kim et al., 2021). Facial fractures and severe brain injuries were much
more likely at 80 and 90 km/h compared to 64 km/h, due to contact of the head with the instrument
panel (known as “strike through”) (Kim et al., 2021).
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The safe speed limit for head-on collisions is considered to be
80 km/h, at least in Sweden (Eugensson et al., 2011). Beyond
80 km/h, the responsibility for ensuring safety should be on the
road infrastructure design rather than the vehicle (Eugensson
et al., 2011). However, as seen from crash testing, the risk of
severe injuries, particularly to the head can be high at 80 km/h
(Kim et al., 2021).

Avoiding collisions entirely or reducing impact speeds, two
ways to reduce injury risk for vehicle occupants, can be at least
partly achieved with active safety systems like Automated
Emergency Braking (AEB). Low-speed AEB systems are on
average estimated to decrease real-world rear-end crashes with
injuries by 45% and all rear-end collisions (irrespective of injury)
by about 38% (Fildes et al., 2015; Cicchino, 2017).

However, not all AEB systems are equal. Different AEB
designs can differ substantially in activation logic; moreover,
depending on the situation they respond to, they activate at
different times (Dahl et al., 2018). Typically, the AEB activates
as late as possible to still avoid a collision by braking, with further
delay to account for the possibility of avoiding a collision by
steering, which often is less time consuming than braking at
higher speeds (Brännström et al., 2014). According to Lindman
et al. (2010), the AEB systems typically brake fully (up to 1 g, only
limited by road friction) after a ramp up. Situation criticality
rarely requires, and the possibility of steer avoidance rarely allows
for decelerations longer than 1 s; however, they are often longer
than 0.5 s (Brännström et al., 2014; Spitzhüttl and Liers, 2019).

Pre-crash braking by AEB can displace occupants forward
because of inertial forces (Schoeneburg et al., 2011). Even without
AEB, driver-initiated evasive maneuvers (braking, steering)
attempting to avoid crashes are frequent (Mages et al., 2011). As
a result, occupant displacement just before the crash is common.
During emergency maneuvers, occupants’ forward head excursions
can reach up to 400mm, although there is substantial variability
(Reed, 2021). Excursion and deviations from the standard seating
position may increase injury risks, due to altered interactions with
the passive restraint systems (Mages et al., 2011; Boyle et al., 2020).
Restraint systems adapting to these posture changesmay prevent the
likelihood of injuries (Boyle et al., 2020).

Systems such as seatbelt pre-pretensioning (PPT) can be activated
in the pre-crash phase (even before any occupant movement) if an
impending crash is detected in advance by environmental sensors
using e.g., radar or video (Mages et al., 2011). While PPT systems
tense the seatbelt and reduce belt slack in the pre-crash phase, they
can even reduce the forward excursions significantly and return the
occupants to their normal position (Mages et al., 2011). Moreover,
reducing occupant forward displacement by pre-pretensioning in
combination with the reduced impact speed due to AEB might
reduce injury risks even further than AEB alone (Östh et al., 2015).

It is also important to capture the occupant response in pre-crash
scenarios, since previous volunteer studies evaluating the effects of
braking have determined thatmuscle contraction plays an important
role in the forward displacement of occupants and the belt
interaction forces (Ejima et al., 2007; Olafsdottir et al., 2013; van
Rooij et al., 2013). Several active human body models (HBMs) exist
today, Finite Element (FE) and multi-body; they employ different
muscle activation strategies to reproduce the vehicle occupant pre-

crash muscular response (Meijer et al., 2013; Östh et al., 2015;
Devane et al., 2019). These models can predict occupant kinematics
and injuries in addition to reproducing the pre-crash occupant
response. The SAFER Active Human Body Model (SAFER
A-HBM) is one such model, having actively controlled cervical,
lumbar, and upper extremity muscles (Olafsdottir et al., 2013; Östh
et al., 2015). It is an average male FE model based on the Total
Human Body Model for Safety (THUMS) version 3 with updated
head, neck, ribs, and lumbar spine (Kleiven, 2007; Iraeus and
Pipkorn, 2019; Pipkorn et al., 2019). It has been validated for
predicting whole-body kinematics, rib fractures, and concussions
in frontal impacts, the most common car occupant injuries (Kleiven,
2007; Iraeus and Pipkorn, 2019; Pipkorn et al., 2019). It has also been
validated for predicting pre-crash kinematics in emergency braking
maneuvers with and without pre-pretensioned seatbelts by means of
data from volunteer tests (Olafsdottir et al., 2013; Östh et al., 2015;
Ólafsdóttir et al., 2019).

Previously, researchers have studied the combined effect of AEB
and PPT on the occupant injury risks. Matsuda et al. (2018)
investigated the influence of both braking and steering on the
injury risks for frontal (56 km/h) and side collisions (32 km/h)
using the versions 4 and 5 of the THUMS; the latter has active
muscles. They also studied the effect of a pre-crash seatbelt. While
they reported lower injury risks with the pre-crash seatbelt, the
results with AEB but without pre-crash seatbelt were not conclusive
(Matsuda et al., 2018). Östmann et al. also studied the effects of AEB
and an electrical reversible seatbelt retractor (Östmann and
Jakobsson, 2016). In frontal impacts with a travelling speed of
64 km/h, occupant accelerations were reduced by up to 70% due
to AEB induced reduced impact speeds. However, they did not study
any detailed injury criteria. Moreover, their simulations with the
reversible retractor were inconclusive, as they did not terminate
successfully (Östmann and Jakobsson, 2016). Saito et al. showed that
increasing PPT forces led to reduced thoracic injury risk in addition
to lower forward displacements in the pre-crash phase (Saito et al.,
2016). However, they did not evaluate any strain-based injury risks
(Saito et al., 2016). As noted, these studies either considered
travelling speeds lower than the safe speed limit at 80 km/h
(Eugensson et al., 2011; Östmann and Jakobsson, 2016; Matsuda
et al., 2018) or did not evaluate any strain-based injury risk (Saito
et al., 2016). We believe it is important to simulate travelling speeds
up to 80 km/h, to develop better restraint systems to protect the
occupants, as severe injuries occur at these speeds (Kim et al., 2021).

This study aimed to evaluate the effects of AEB and seatbelt
PPT on the occupant injury risks and loadings in high-severity
full-frontal crashes using the SAFER A-HBM.

MATERIALS AND METHODS

SAFER Active Human Body Model
Version 9.0.1 of the SAFER A-HBM was used to represent a
passenger occupant. The SAFER A-HBM represents a 50th
percentile male with a weight of 77 kg and a height of 175 cm
(Robbins, 1983). It consists of approximately 127,000 solid
elements, 108,000 shell elements, and 2,500 one-dimensional
elements. The muscles are modelled with 1D Hill-type
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elements, and a closed-loop control strategy is followed for the
muscle activation (Larsson et al., 2019).

Simulation Conditions
The simulation matrix consisted of one driving speed, the safe
speed of 80 km/h, and two different impact speeds, without AEB
at 80 km/h and with AEB at 69 km/h. The crash pulses (Figure 1)
were extracted from separate full-frontal crash simulations using
a Honda Accord FE model, model year 2011 (Singh et al., 2016).
The Honda Accord FE model has been validated for full frontal
barrier test at 56 km/h and 40% offset frontal crash test at 64 km/
h (Singh et al., 2016). The No_AEB+0N simulation represents
driving speed and impact speeds of 80 km/h with no AEB or PPT.
The simulations AEB+0N, AEB+300N, and AEB+600N represent
an 80 km/h traveling speed and a 69 km/h impact speed in
addition to PPT forces of 0, 300, and 600 N, respectively, as
shown in Table 1. We chose a conservative, but realistic, duration
of 0.5 s AEB, based on previously published data (Brännström
et al., 2014; Spitzhüttl and Liers, 2019). The 1 g AEB pulse we used
had a ramp up time of 0.4 s. The 69 km/h impact speed in AEB
simulations was calculated based on the driving speed of 80 km/h
and the 0.5 s 1 g AEB.

The total simulation time for the No_AEB+0N simulation was
500 ms, which comprised an initial 300 ms model stabilization
time (so that the SAFER A-HBM achieved equilibrium between
the seat and the model and muscle activations were initialized)

and a 200 ms crash phase. The total time for the simulations with
AEB was 1,000 ms, which included the 500 ms pre-crash AEB
duration. Both the pre-crash and the crash phases were simulated
in the same run, without restarting the simulation. All the
simulations were carried out using LS-DYNA explicit FE
solver, double precision version R9.2.0 (LSTC, Livermore, CA,
United States).

Vehicle Interior and Restraint Systems
All the simulations were carried out for a belted, upright occupant
seated in the passenger compartment of a midsize European car,
which includes a state-of-the-art three-point seatbelt, frontal
passenger airbag, and a deformable seat. The SAFER A-HBM
was positioned in the FE model of the vehicle seat used in
previous volunteer tests (Olafsdottir et al., 2013; Larsson et al., 2019).

The seatbelt comprises a b-pillar mounted shoulder retractor
with pretensioning and load-limiting (3.1 kN) and an outboard
lap belt pretensioner. The models of the shoulder retractor, lap
belt pretensioner and webbing material properties, as well as the
complete belt system, have been validated in-house (at both
component and system levels) to match the performance of
their mechanical counterparts. Validation information of the
belt system is provided in the Supplementary Figure S1. The
belt was routed tightly around the pelvis and chest, with the pelvis
Anterior Superior Iliac spine (ASIS) points as the guiding points
for the lap belt, and the shoulder belt portion crossing the middle
of the sternum. The seatbelt model was used with and without a
PPT at different force levels to prevent forward excursion of the
SAFER A-HBM from the initial position during braking. The
PPT was triggered with the onset of the AEB pulse. The retractor
pretensioner and lap-belt pretensioner were activated 5 and
15 ms after crash initiation, respectively. The two different
PPT force levels caused the belt to pull in about 80–110 mm
of webbing. The retractor pretensioner further pulled-in between
20 and 40 mm of webbing, depending on the different simulation
conditions. The belt pay-out in the No_AEB+0N condition was
about 480 mm; it ranged between 340 and 370 mm for the other
conditions, with more pay-out for the lower PPT force. The
seatbelt pull-in and pay-out, and the shoulder and lap belt forces
are shown in Supplementary Figure S3.

The airbag model was a based on a state-of-the-art frontal
passenger airbag for a midsize European car, with a volume of
112 L and two ventilation holes of diameters of 45 mm. A
validation of the airbag model is included in the
Supplementary Figure S2. The airbag pressure was increased
by reducing the ventilation hole area by 70% for all load cases, a
technique that prevents a possible strike through of the head into
the instrument panel (Boyle et al., 2020). The airbag was activated

FIGURE 1 | Crash and AEB pulses. The red curve represents the crash
pulse for the No_AEB+0N simulation. The blue curve represents the AEB and
the crash pulse for the simulations with AEB and crash phases. The first
300 ms in both curves represent the stabilization time.

TABLE 1 | Simulation matrix.

Simulation Driving speed (km/h) AEB time (s) Impact speed (km/h) Pre-pretensioner force (N)

No_AEB+0N 80 0 80 No PPT
AEB+0N 80 0.5 69 No PPT
AEB+300N 80 0.5 69 300
AEB+600N 80 0.5 69 600
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14 ms after crash initiation. In the 69 km/h crash, peak in-crash
airbag pressures of 47–53 kPa were measured, as shown in
Figure 2. In comparison, the airbag pressure measured in an
unmodified model (with normal ventilation hole areas) in a
standard 56 km/h full-frontal crash is about 30 kPa, as shown
in Supplementary Figure S4.

Occupant Kinematics and Injury
Assessment
The maximum forward displacements for the head (head center
of gravity), chest (T8), and pelvis (center of gravity H-point)
relative to the vehicle displacements were compared for the
different simulations.

We followed the HBM assessment criteria recommended in
the SAFE-UP project to evaluate the risks of head, neck, thorax,
lumbar spine, and pelvis injuries (Östling et al., 2022). The effect
of AEB and PPT on the head and thorax injury risks were
evaluated by comparing the AIS2 risk of concussion for an
average male occupant and the AIS2+ risk of two or more
fractured ribs (NFR2+) for a 45-year-old and a 65-year-old
male occupant. The AIS2 concussion risk was calculated based
on the maximal principal strain in the brain tissue (Kleiven,
2007). We also computed the head injury criterion (HIC15). The
NFR2+ risks were estimated from the peak first principal strains
in the cortical bone of each rib using a probabilistic method
(Forman et al., 2012; Iraeus and Pipkorn, 2019; Pipkorn et al.,
2019). The cumulative effects of AEB and PPT on head and
thorax injury risks were also evaluated by calculating a joint
probability of injury assuming independence of NFR2+ and AIS2
concussion risks, using the equation:

Pjoint � 1 − (1 − Phead)p(1 − Pchest) (1)
The upper neck tension forces (C1 vertebra) and lumbar spine

compression forces (L1-L5 vertebrae) were measured using cross-
section measurements with respect to a local coordinate system in

each vertebral center (Mroz et al., 2022). For the pelvis loading,
the resultant left, and right ASIS forces were measured using
cross-sections on both sides of the pelvis, defined with respect to a
local coordinate system (Mroz et al., 2022).

Furthermore, we also measured the resultant forces in the
distal femurs and the proximal and distal tibias, as we expected
leg-to-instrument panel contact. While these forces are not part
of the SAFE-UP assessment criteria, they are included in the Euro
NCAP frontal impact testing protocol (Euro NCAP, 2022). These
forces were also measured using cross-sections of the bones
(excluding soft tissues), defined with respect to a local
coordinate system. The proximal and distal tibia forces were
averaged. Note that the SAFER HBM is not validated to assess
these cross-section force measurements. Therefore, the results
should be read for trends, reduction or increases in forces, not
absolute values.

RESULTS

Occupant Kinematics
Figure 3 compares the occupant forward displacements in the
(A) pre-crash, and (B) crash phases. With the AEB alone, the
occupant was already in a forward displaced position at the
beginning of the crash phase. With increasing PPT force, the
forward displacements in the pre-crash phase were reduced.
However, the maximum forward displacements in the crash
phase were only marginally affected by the AEB. The
maximum forward pelvis and chest displacements varied
negligibly with PPT. On the other hand, the maximum
forward head displacement increased as PPT force
increased. The head, chest, and pelvis trajectories in the
XZ plane are shown in Supplementary Figure S5. The
postures of the SAFER A-HBM at the beginning of the
crash phase (the end of the pre-crash phase) and at the
maximum forward head position during crash are shown
in Supplementary Figure S6.

Injury Assessment
The NFR2+ risk for both the 45-year and 65-year-old male
occupants in the No_AEB+0N simulation was 100%. The risks
were reduced with the AEB in the AEB+0N simulation,
particularly for the 45-year-old occupant. Additionally, as
shown in Figure 4, the NFR2+ risk decreased further with the
increase in PPT force.

AEB also reduced the concussion risk; the AIS2 concussion
risk for the AEB+0N simulation was less than half of the
No_AEB+0N simulation, as illustrated in Figure 4. However,
the concussion risk increased with the increase in PPT force. The
HIC15 value also increased with increase in PPT force, from 551
in the AEB+0N simulation to 1270 in the AEB+600N simulation,
compared to 2610 in the No_AEB+0N simulation. The joint
probability of injury calculated using Eq. 1 was lowest in the
AEB+0N simulation for rib fractures for 45-year-old and
concussion and in the AEB+600N simulation for rib fractures
for 65-year-old and concussion.

FIGURE 2 | Airbag pressures for the different simulation conditions.
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For the other body regions, the forces in the No_AEB+0N
simulation (Supplementary Table S1) were normalized to 100%.
The forces in other simulations are shown as a percentage of the
normalized values in Figure 5. The maximum upper neck (C1)
tension force decreased to about 60% for the simulations with
AEB. There was no clear trend in the upper neck tension forces as
PPT force increased.

The model-predicted maximum lumbar spine compression
forces in the L1–L5 vertebrae were not affected by AEB or PPT. In
all the simulations, the maximum compression force was
measured in the L5 vertebra.

Resultant forces for the left and the right ASIS were lower for
the AEB+0N simulation than the No_AEB+0N simulation.
However, PPT force either increased or did not affect the
ASIS forces.

Leg-to-instrument panel contact occurred in all the
simulations. The resultant forces in the femur ranged from 1.3
to 1.7 kN for all conditions, except for 3.1 kN in the left femur in
the No_AEB+0N simulation. The left tibia force in the AEB
simulations were about 70% of the force in the No_AEB+0N

simulation. For the right tibia, the effect of AEB was insubstantial,
but some effect of PPT was seen as the forces were lower.

The sum of all percentage values across all assessments (except
head and chest) comes to 800% in the No_AEB+0N, 614% in
AEB_0N, 609% in AEB+300N, and 637% in AEB+600N
simulations.

DISCUSSION

This study evaluated the effect of AEB and seatbelt PPT on the
occupant injury risks and loadings in high-severity frontal car
crashes by performing FE simulations of the SAFER A-HBM in
the passenger position.

AEB reduced the AIS2 concussion and NFR2+ risks due to the
reduced impact speed. The NFR2+ risk further reduced when
increasing the PPT force, perhaps due to the occupant sitting in a
position closer to the upright position at the beginning of the
crash due to the PPT. Previous studies have shown that occupant
postures due to pre-crash effects significantly influence the injury
risks (Bose et al., 2008; Woitsch and Sinz, 2014). In contrast, the
AIS2 concussion risk increased with increased PPT force. This is
likely due to airbag interaction: higher PPT forces reduced initial
displacement during the pre-crash braking and delayed the first
airbag contact. The highest airbag pressures were observed for the
highest PPT force, increasing linear acceleration of the head (as
indicated by HIC15 values) and, in turn, brain strain and
concussion risk.

The upper neck tension force decreased substantially due to
the AEB-induced impact speed reduction. However, there was no
considerable effect of the PPT. Neither AEB nor PPT
substantially influenced lumbar spine compression. The
highest loading was measured in the L5 vertebra in all the
simulations. The reduced impact speed due to AEB also
decreased the pelvis ASIS forces but the PPT either increased
or did not affect the forces. This is likely due to the shorter pelvis
frontal displacements (up to 20 mm) compared to the head and
the chest (up to 160 mm and 75 mm, respectively). Even though
increasing PPT forces reduced pelvis displacements in the pre-
crash phase, the magnitudes and thus the effect of PPT were
considerably lower to influence the pelvis ASIS forces in crash.

FIGURE 3 | Head, chest, and pelvis forward displacements: (A) at the beginning of crash phase and (B) peak values in crash phase. Note: Y-axis scales differ.

FIGURE 4 | NFR2+ risk for 45-year-old (narrow bars) and 65-year-old
(wide bars) male occupants, and AIS2 concussion risk for a male occupant of
unspecified age.
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The lap belt forces and the pelvis displacements in the crash phase
followed the same trend as the pelvis ASIS forces, i.e., they were
reduced due to AEB but mostly unaffected by PPT.

The leg to instrument panel contact was severe in the
No_AEB+0N simulation, particularly on the left leg which
explains the high forces in the left femur and left tibia. The
left leg hits the glove box near its hinge, while the right leg hits
near the center of the glove box. This, along with the higher
severity of the No_AEB+0N simulation could explain the high
forces in the left leg in the No_AEB+0N simulation. With the
increase in PPT force, femur and tibia forces decrease as the leg to
instrument panel contact is less severe. There is no consistent
relationship between the increase in PPT force and the femur and
tibia forces.

AEB was shown to substantially reduce injury risks at high
impact speeds, even with an AEB duration of only 0.5 s. However,
the reduced impact speed does not linearly translate to injury risk
and loading reductions to all body regions as pre-crash occupant
displacement and interaction with the vehicle interior and
restraint systems substantially influence loading to the body
regions and injury risks as well. These findings are consistent
with previous studies which have also reported a mixed effect of
PPT on injury risks (Saito et al., 2016; Matsuda et al., 2018). The
injury reduction effect of AEB needs to be studied with an
integrated safety analysis (Matsuda et al., 2018), analyzing the
effect of interventions in the pre-crash and crash-phase together.
Advanced occupant restraints, such as PPT, can ameliorate the

effects of AEB as shown in this study and previous studies (Mages
et al., 2011; Woitsch and Sinz, 2014; Östh et al., 2015).

Current crash test standards do not consider these aspects
when evaluating occupant safety (Mages et al., 2011; Schoeneburg
et al., 2011). Updates are needed. The current crash test standards
should be adapted to an integrated active and passive safety
evaluation. A first step could be to allow for pre-crash activation
of restraints within existing passive safety assessment methods as
already considered by Euro NCAP (Euro NCAP, 2017). Further,
it has been demonstrated that speed reduction achievable by AEB
can also be replicated in physical testing (Berg et al., 2011).
However, current crash test dummies are not validated for pre-
crash kinematics, and results of such physical testing therefore
questioned. Virtual assessment with active HBM would allow
seamless and biofidelic assessment of the pre-crash and crash
phase. Harmonized integrated virtual assessment was developed
in the OSCCAR project, a particular focus is on the validation of
all components like vehicle environment, restraint systems, and
HBM (Eggers et al., 2021). HBM-based assessment criteria for
kinematics and injury can then be evaluated following a
standardized virtual test procedure for occupant positioning,
belt installation, etc. (Eggers et al., 2021).

We have analyzed the effects of AEB and PPT on occupant
injury risks and loadings in high-severity crashes. However, there
are limitations. The generalizability of these results can be
questioned because the model represents one occupant in an
upright sitting position wearing a seatbelt with no slack. The key

FIGURE 5 | Comparison of the upper neck tension forces, lumbar spine compression forces, and ASIS, femur, and tibia resultant forces across the four
simulations. The values on the top of each blue bar represent the peak forces of each body region in the No_AEB+0N simulation which were normalized to 100%.

Frontiers in Future Transportation | www.frontiersin.org June 2022 | Volume 3 | Article 8839516

Mishra et al. Effect of AEB and PPT on Injury

https://www.frontiersin.org/journals/future-transportation
www.frontiersin.org
https://www.frontiersin.org/journals/future-transportation#articles


real-world aspects regarding variability of occupants, seating
postures, AEB pulses, crash pulses, restraint systems and their
trigger times are important and should be considered in future
studies. In particular, the effect of age and BMI should be
considered as they significantly affect the head forward
displacements in braking (Reed et al., 2018).

A major simplification is the increased airbag pressure by
decreasing ventilation hole area to avoid strike through, as injury
risks in strike-though conditions could not be evaluated with the
models used. Current production airbags do not achieve such
high pressures. A pressure of about 30 kPa is considered normal
for a full-frontal crash at 56 km/h impact speed. Even if the effect
of increasing airbag pressure on strike through has been studied
before (Boyle et al., 2020), our focus in this study was not to study
airbags. Other systems e.g., dual-depth airbags, adaptive airbags,
or adaptive venting exist that similarly can reduce risks of strike-
through and can be investigated in more detail.

The Honda Accord FE model used to extract the crash pulses
has also not been validated for crashes at an impact speed of
80 km/h.

There are limitations in the HBM as well. As injury risk curves
for the neck, lumbar spine, pelvis, and lower extremity were not
available, only qualitative comparisons were possible.

CONCLUSION

In this study, the effects of AEB and seatbelt pre-pretensioning on
the occupant injury risks and loadings at high-severity crashes
were evaluated. The FE simulation results using the SAFER
A-HBM show that AEB results in substantially lower rib
fracture risk, lower concussion risk, lower neck forces, lower
pelvis ASIS forces, and lower forces in the lower extremities.
There was little effect of AEB on the lumbar spine compression
forces.

Adding a PPT reduced rib fracture risk: the higher the force,
the higher the reduction. PPT has negligible effect on the upper
neck tension, lumbar spine compression, and pelvis ASIS forces.
Moreover, there was no clear relationship between PPT force and
femur and tibia forces. However, increasing PPT force increased
concussion risk which can be attributed to the delayed first airbag
contact.

The lowest joint injury probability for rib fractures and
concussion was at 0 N PPT for 45-year-old and at 600 N PPT
for 65-year-old, the lowest loading to other body regions at 300 N
PPT. While variations in occupant anthropometrics, crash
conditions and restraint characteristics are needed, it appears
nevertheless necessary to study AEB and restraint performance

not in isolation, as currently done in regulation and rating
programs, but together in an integrated safety analysis.
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