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ABSTRACT Automatic emergency steering (AES) is an advanced assisted driving system. AES systems
help avoid collisions by controlling the lateral movement of a vehicle. However, in some scenarios—such as
those involving a laterally approaching vehicle that cannot be detected by AES sensors owing to the vehicle’s
obstruction by an obstacle—AES systems do not have sufficient time to act, and side impact may still occur.
Limited research has been conducted on driver impairment analysis under the influence of AES. This study
investigated driver kinematic responses and injuries after side impact following the AES. First, the study
was based on accident cases in the National Automobile Accident In-Depth Investigation System database;
a precrash scenario involving AES was established using the PreScan software. Second, a finite element
model subjected to side impact was established in HyperMesh; a validated driver restraint system was added
to the model. The effects of the impact angle, impact location, and ride posture on driver responses and
injuries were investigated. It appears that as the impact angle increases, the forces on the abdomen tend to
decrease. When the impact angle is 60°, the abdominal combined force APF is 2638N, which exceeds the
threshold value. We have got the weighted injury criterion (WIC) for five angles: 60°, 75°, 90°, 105°, and
120°. Their values are 0.485, 0.393, 0.408, 0.200, and 0.158. The impact location had WIC values of 0.230,
0.407, and 0.228 for pillars A, B, and C, respectively; the WIC values for normal and left-toward positions
were 0.492 and 0.407 respectively. Finally, the effects of an active seat belt pre-tensioning system on driver
responses and injuries under various lateral accelerations were also investigated. These results contribute to
a reference for investigating scenarios of AES or integrated technology of vehicle active and passive safety.

INDEX TERMS AES, driver kinematic responses, driver injury, finite element, side impact.

I. INTRODUCTION crashes, and injury prevention efforts are transitioning from

Automatic emergency steering (AES) is an advanced assisted
driving system that can improve safety under certain driving
scenarios [1]. The European New Car Assessment Protocol
(Euro-NCAP) plans to include AES system functions in its
testing in 2025 [2]. AES systems can reduce the probability
of collisions [3], [4]; nevertheless, if a vehicle is in a blind
spot in the detection area of AES system sensors, the AES
systems may have insufficient time to act, and a collision may
still occur [5]. AES systems can reduce accident severity in

The associate editor coordinating the review of this manuscript and

approving it for publication was Wei Wei

a focus on fatalities and serious injuries to including less
severe collisions, studying crashes in the presence of AES
systems can further enhance driver safety environments and
reduce driver injuries. According to statistics from the United
States, side impact constituted 33% of all vehicle—vehicle
collisions, and its probability of occurrence was second only
to the frontal collision [6]. Moreover, a Chinese annual report
of traffic accident statistics from 2001 to 2015 revealed that
among 11 211 car collisions, 27% involved side impacts [7].
In vehicle design, relatively few vehicle parts can absorb
energy during side impact, and the survival space of vehi-
cle occupants is easily reduced or compromised; thus, this
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increases the likelihood of the occupants sustaining severe
injuries during side impact. And side impacts are more
complex than frontal collisions [8]. With the promotion of
lightweight vehicle structures, the energy absorption charac-
teristics of the body structure as well as occupant injuries have
attracted wide attention, and many scholars have studied the
vehicle structure, but there are fewer studies involving driver
injuries. Although active safety technology can compensate
for driver error to some extent and act as a driving aid, it does
not completely prevent driver injury. When an accident can-
not be avoided, it becomes especially important to minimize
driver injuries. The greater the intrusion into the doors and
B-pillars during a collision, and the smaller the survivability
of the occupants, the more severe the injury will be, and
studying collisions in AES scenarios to reduce this injury will
make the driver as safe as possible. AES systems have been
demonstrated to cause an apparent displacement of both the
driver and other vehicle occupants when activated [9], and
the degree of lateral displacement of the driver and occu-
pant is related to the intensity of the AES-initiated vehicle
motion [10]. Such displacement reduces the performance of
conventional restraint systems for preventing occupant injury.
This driver out-of-position (OOP) phenomenon renders the
original restraint system ineffective in protecting the driver
and occupant, resulting in increased driver and occupant
injuries [11]. Accordingly, studying AES during side impact
is critical for improving occupant protection.

Currently, the research direction of AES systems is mainly
to optimize and improve them. AES systems mainly use
sensors to perceive the vehicle’s driving environment and
assist the driver in maneuvering the car. Path planning and
trajectory tracking are integral tasks in AES systems. The
methods commonly used for AES path planning include the
geometric curve, search, and artificial potential field meth-
ods [12]. The search method is to search all surrounding
paths to obtain clusters of suitable trajectories, and it then
determines the optimal path by using an objective function
and constraints. However, the method has poor real-time
performance [13]. Yang [14] compared the performance of
multiple lane-change trajectory models and found that the
model of a fifth-degree polynomial had the best performance.
Mages et al. [16] developed an algorithm for bypassing obsta-
cles during lane changes; they implemented this algorithm by
increasing the order of a fifth-degree polynomial, and they
determined that their algorithm exhibited superior real-time
performance compared to other algorithms.

Nowadays, research primarily focuses on the combination
of AEB with vehicle-vehicle collisions and the integration
of AES with frontal and rear-end collisions. However, there
is limited research on the combination of AES with side
collisions, and some studies show that AES has a higher
collision avoidance efficiency than AEB. Battaglia et al. [9]
investigated vehicle emergency steering simulation experi-
ments to conclude that vehicle seat characteristics, interior
trim shape, and body size of the dummy model affect occu-
pant displacement from the seat. Mages et al. [16] based

VOLUME 12, 2024

on a frontal collision with an AES system, concluded that
occupants are displaced laterally during steering and that a
change in occupant position leads to a change in their level
of injury. During an automobile side impact, the driver’s hor-
izontal living space is negatively correlated with the injury.
Xiao et al. [17] conducted tests of side impacts and oblique
side impacts by using a Global Human Body Models Consor-
tium model and a Toyota Camry model. They observed that
distal oblique side impacts and side impacts resulted in more
severe chest injuries in occupants than proximal impacts.

According to the preceding discussion, AES systems
still cannot completely prevent collisions, and they cause
lateral displacement of the driver and occupants, which
reduces their survival space. Research on the effects of AES-
induced driver out-of-position (OOP) on driver injuries dur-
ing vehicle—vehicle collisions is insufficient. Nowadays, cars
are basically assembled with an AES system, AES is one of
the most important factors affecting the side impact, and at
present the side impact of the AES system with the com-
bination of the research is still small. To increase driver
safety and improve research involving AES systems in side
impacts, this study comprehensively examined the interrela-
tionship between a vehicle’s kinematic responses before a
collision and those during a collision by considering both
active and passive safety systems. Moreover, the study used
multiple software programs to simulate AES functions in
scenarios involving vehicle—vehicle side impact; the driver’s
OOP response and potential injuries in such scenarios were
also analyzed. The results were used to develop an optimized
restraint system that can reduce driver injury. The findings
of this study not only provide a reference for the study of
both active and passive safety systems and the optimal design
of restraint systems but also contribute to efforts toward
improving driver protection.

Il. MATERIALS AND METHODS

The side impact scenarios simulated in this study were based
on real accident cases recorded in the National Automobile
Accident In-Depth Investigation System (NAIS) database.
Since this paper focuses on the study of intersection drooping
driving conditions in vehicle-vehicle side-impact accidents,
the selected accident case meets the following requirements:
1) the accident case involves only two passenger cars; 2) the
target car relative to the direction of travel of the car is the
left side of the oncoming car; 3) the accident case must
be equipped with a car recorder or a surveillance video.
According to the above screening process, a total of 46 rele-
vant accident cases were statistically qualified. In this paper,
we screened out the clear and typical side impact accidents of
emergency steering of passenger cars at intersections under
vertical driving conditions from these cases. An example
scenario is depicted in Figure 1, and this accident is described
as follows: The main car was traveling at a constant speed
on a six-lane road with bidirectional traffic when the target
car (red sedan) suddenly pulled out from the left into the
main car lanes. When the main car detected the target car, the
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AES system was activated to avoid a collision. However, the
distance between the main car and the target car was exces-
sively short, and the target car could not brake. Therefore,
during the main car’s emergency steering maneuver to avoid
the collision, the target car collided with the main vehicle’s
B-pillar.

FIGURE 1. Stages of the accident case.

To accurately determine the vehicle’s kinematic response
and occupant injuries, this study analyzed the evolution of
this side impact while the vehicle’s AES was triggered. The
vehicle’s kinematic responses before the collision and during
the collision were evaluated. First, the vehicle’s kinematic
response before the collision was obtained using PreScan,
MATLAB/Simulink, and a CarSim cosimulation. Second,
the vehicle’s kinematic response during the collision was
obtained using HyperMesh and an LS-DYNA cosimulation.
Finally, the kinematic responses before and during the col-
lision were combined and input into a finite element model
of the vehicle’s restraint system to analyze the kinematic
responses of and total injuries to the driver during the col-
lision.

A. MODEL OF VEHICLE DYNAMICS
1) ESTABLISHMENT OF THE AES ALGORITHM
An effective method for planning a lane-change trajectory
should be simple, be applicable in real-time, and produce
rational and continuous paths. According to research on
drivers’ emergency steering, the lane-change trajectory for
avoiding collisions during emergency steering approximates
a fifth-degree polynomial [18]. Fifth-degree polynomials are
widely used as lane-change trajectories because they are
smooth and continuous curves that are similar to lane changes
by humans [19]. An example trajectory is illustrated in
Figure 2.

A fifth-degree polynomial can be expressed as follows:

3 i 1 2 3 4 5
y= zi_o Cix' =co+c1x +cpx” +c3x” +cax + c5x

ey

where x and y denote the longitudinal and lateral displace-
ments of the lane change, respectively, and ¢; denotes the

9402

Initial Lane Centerline

e T

Target Lane Centerline

FIGURE 2. Collision avoidance trajectory.

coefficient of the fifth-degree polynomial. At the beginning of
the lane change, the longitudinal starting point of the vehicle,
lateral displacement, velocity, and acceleration are all zero.
Let the lateral displacement and longitudinal displacement
after the completion of the lane change be b and d, respec-
tively; hence, the final reference trajectory based on these
boundary conditions can be expressed as follows:

y:b[lO (2)3 —15 (2)4+6(2)5] @)

2) SIMULATION SCENARIOS

Based on the characteristics of typical real accident cases
selected from the NAIS database, this study constructed a
two-way four-lane intersection with a single-lane width of
3.75 m and a roadway adhesion coefficient of 0.8 by using
the PreScan interface. The main car was considered to be
equipped with an AES control module and to be driving at
60 km/h from west to east. The target car was considered
to be driving at 50 km/h from north to south. Houses and
other buildings occluded the target car; therefore, the main
car’s sensors did not detect it. When the two cars reached
the intersection, and the distance between them was already
short, the main car’s sensors detected the target car from
the lateral direction; at this time, emergency braking could
not avoid the collision. Therefore, the AES control module
triggered and applied emergency steering to avoid collision.
However, the target car did not apply its brakes promptly, and
because the two cars were too close, the main car collided
with the side of the target car during its emergency steering
maneuver. This scenario is depicted in Figure 3.

i,
i

|

FIGURE 3. Simulation scenario.

CarSim was used to obtain the vehicle’s dynamics before
the collision to perform the cosimulation of emergency steer-
ing at speeds of 50, 60, and 70 km/h. Figure 4 displays the
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trajectory tracking results at each vehicle speed relative to
the reference trajectory results planned by the fifth-degree
polynomial. The trajectory tracking effect at different speeds
is generally good, and the actual position curves at the three
speeds are basically consistent with the reference trajectory
curves.

reference track
—— 50km/h
—— 60km/h
—— 70km/h

Lateral displacement( m)

L L L L L L L L
0 20 40 60 80 100 120 140 160
longitudinal displacement(m)

FIGURE 4. Vehicle emergency steering trajectories at different speeds.

B. FINITE ELEMENT MODELING AND VALIDATION

The base model for side impact in this study was a finite
element model of a 2015 Camry vehicle that was developed
by the National Center for Crash Analysis at the University of
Washington. HyperMesh was used to establish the finite ele-
ment model of the vehicle, and the LS-DYNA solver was used
for the subsequent calculations. The finite element model
had 2.25 million units and 1000 components, including the
engine, chassis, suspension, steering, body, interior, and seat
components. As presented in Table 1, the differences between
the model and the real vehicle in terms of mass, rotational
inertia, and center of gravity were <1%, <3%, and <3%,
respectively. The total error between the real vehicle and the
finite element vehicle model was within 5%, demonstrating
the reliability of the finite element model. In the finite ele-
ment model, a moving barrier was used instead of the target
vehicle. The moving barrier model was a standard model
provided by Livermore Software Technology Corporation
(LSTC) [20], [21].

Based on HyperMesh finite element modeling platform
was used to establish a finite element model of the side
impact of the vehicle. To validate the accuracy of the finite
element model, this study compared its collision simulation
results with the results of the National Highway Transporta-
tion Safety Administration (NHTSA) NO.7517 real-vehicle
collision test report. Referring to the collision test protocol to
set the initial state of the collision, the test vehicle remains
motionless, the speed of the moving barrier vehicle is set to
62km/h, and the collision angle of the two vehicles is set to
270°. Set the moving barrier to remain on the same level as
the test vehicle, with the left edge probe of the moving barrier
aligned with the reference line at the left front door edge of
the test vehicle. As shown in Figure 5.
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TABLE 1. Comparison of the simulated and real vehicle parameters.

Relevant
real vehicle simulated vehicle
parameters
quantity (kg) 1452 1462
Vehicle X-
1063 1086
centered (mm)
Vehicle Y-centered
-9 -1
(mm)
Vehicle Z-centered
561 560
(mm)
pitch angle
moment of inertia 2519 2524
(kg*m?)
Transverse
Pendulum Angular
2796 2807
Moment of Inertia
(kg*m?)
Lateral tilt angle
moment of inertia 560 572

(kg*m?)

FIGURE 5. Initial collision position comparison.

The verification of the validity of the finite element model
of the side-impact vehicle is mainly to compare the defor-
mation parts and deformation amount of the vehicle and the
moving barrier after the collision between the real vehicle test
and the finite element simulation, and the acceleration curves
of each part of the vehicle model after the collision are con-
sistent with that of the real vehicle. As depicted in Figure 6,
after the collision, the deformed parts on the impacted side
of the finite element model were noted to be consistent with
those in the real vehicle test. Specifically, these parts were the
B-pillar, the window glass, the door sill beam, and the door
on the driver’s side; the deformation of the door skin of the
finite element model was also nearly identical to that of the
real vehicle.
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FIGURE 6. Comparison of impact damage for the simulated and real
Camry vehicles.

As shown in Figure 7, a comparison of the results shows
that the skin bumps on the left and right sides of the honey-
comb aluminum at the front end of the mobile barriers of the
simulation model, as well as the depressions in the middle, are
basically the same as the deformation of the mobile barriers
of the real vehicle.

FIGURE 7. Comparison of collision results of moving barriers.

In the No. NO.7517 real-vehicle test report on the NHTSA
website, the acceleration curve for the B-pillar, and the accel-
eration data for the left-front seat beam are missing. There-
fore, this study used the acceleration data for the left-rear seat
beam for comparison and analysis. As illustrated in Figure 8§,
the maximum accelerations of the left-rear seat beam of
the finite element model and real vehicle were 30.66g and
29.4567g, respectively, representing an error of 3.9%, which
was determined to be within an acceptable range. Moreover,
the time difference between the two curves was only 0.1 ms,
and the overall trends of the acceleration curves obtained for
the finite element model and the real vehicle were essentially
the same.
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FIGURE 8. Simulated and actual acceleration curves of the left-rear seat
crossbeam.

The deformation and acceleration curves of the whole
vehicle in the simulation results were consistent, indicating
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that the finite element model was reliable for simulating side
impact.

The real-vehicle test report referenced in this paper was
downloaded from the official website of NHTSA, and the
real-vehicle crash test was provided by the U.S. Department
of Transportation, so to improve the accuracy of the sim-
ulation test, the ES-2re dummy model similar to the real-
vehicle test was selected. The total mass of this model is
73.338 kg with 427088 meshes, 301156 solid cells, 79 beam
cells, and 20651 shell cells. Verify the effectiveness of the
driver restraint system by referring to the Camry side impact
test data published by NHTSA as NO.7517. According to the
data provided in the experimental report, the distance of the
dummy from the various parts of the vehicle, sitting posture,
etc., is adjusted to ensure that the simulation model is con-
sistent with the conditions of the real vehicle test before the
collision. The main purpose of this paper is to see whether the
dynamic response of the dummy in the collision stage in
the simulation results is the same as the collision response
process of the dummy in the real vehicle test, as well as
to compare the damage curves of the dummies in Figure 9
show the comparison between the simulation model result
animation and the real-vehicle test animation at the beginning
and end moments of the collision, from which it can be seen
that, at different collision moments, the tilting attitude of
the dummy, the contact attitude between the dummy head
and the side air curtains, the unfolding state of the side air
curtains, as well as the contact between the torso of the body
and the side door, are all in line with the real-vehicle test
animation.

FIGURE 9. 0ms moment of collision and 100ms moment of collision.

As shown in Figure 10, comparing the occupant injury
curves of the simulation test and the real vehicle test, the peak
time of the two curves is basically the same, and the overall
trend of the curves is basically the same as that of the real
vehicle test, which indicates that the model has a certain
degree of accuracy.

In summary, the reliability and validity of the model were
verified through comparative experiments, and the results
could be used in a subsequent analysis of driver injury.
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FIGURE 10. Driver injury comparisons.

C. DRIVER INJURY EVALUATION
In the event of a vehicle impact, despite the driver being
protected by safety devices such as seat belts, side air curtains,
and side airbags, it is still difficult to predict the injury result-
ing from a driver in motion colliding with the internal struc-
ture of the vehicle. Predicting these injuries is challenging.
Therefore, during finite element simulations of collisions,
sensors should be arranged in each part of the dummy to
identify the damage to the corresponding part. This study
used a finite element model of a dummy to mainly focus
on driver head, chest, abdominal, and pelvic injuries. The
following indices were used to evaluate injuries sustained by
the dummy:

1) The head injury criterion (HIC) was used to assess
occupant head injury:

1 tz 2.5
HIC = (2 —t1) [—/ R(t)dt} o<t < < te
tr —tg ty
3

where f( is the time at which the collision begins (s); z, is
the time at which the collision ends (s); #; and f, are the
start and stop times for which the HIC value is maximized
(s), respectively; and R(¢) is the synthetic acceleration of the
head (g).

2) The chest viscosity index (VC) was used to evaluate
chest injuries:

d[D ()] D (1)

dt D(0)
where V(¢) is the deformation velocity, C(¢) is an instanta-
neous compression function, and D(¢) is the deformation. A
VC value of >1.0 m/s indicates a severe chest injury.

3) The abdomen peak force (APF) was used to evaluate
abdominal injuries. APF is an index of the peak combined
force on the abdomen. The APF threshold was 2500 N, and
this index can be expressed as follows:

VC=V(t)-C(t)= )

APF= max |FrroNT—y + FMIDDLE—y + FBACK—y|  (5)
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4) Pelvic injuries were evaluated in terms of the force received
at the pubic bone (pubic force); the threshold value for injury
was 6000 N.

Each damage index indicates only the risk of damage to
one part of the dummy. To evaluate the overall damage to the
dummy, the weighted injury criterion (WIC) was used. The
WIC is a weighted sum of the head, chest, abdominal, and
pelvic damage and can be expressed as follows [22], [23]:

VC  RDC APF  PSPF

WIC = 0.3 (1'0 + ) ) 0.2( 75 + 6 ) 6)
where VC is the thoracic viscosity index (m/s), RDC is the
thoracic rib-cage compression (mm), APF is the abdominal
force (kN), and PSPF is the pubic force (kN).

D. SIMULATION EXPERIMENT

As mentioned, the vehicle’s kinematic responses before the
collision and during the collision were evaluated. First,
the vehicle’s kinematic response before the collision was
obtained through a cosimulation conducted using PreScan,
MATLAB/Simulink, and CarSim. Second, the vehicle’s kine-
matic response during the collision was obtained through a
cosimulation conducted using HyperMesh and LS-DYNA.
Finally, the kinematic responses before and during the col-
lision were combined and input into the finite element model
of the occupant restraint system to analyze the driver’s kine-
matic response and overall injuries during the collision. The
entire process is illustrated in Figure 11.

I

|

I

i +
! ‘ AES scenario ‘
I

|

I

I

|

I

I

; ss

‘ Vehicle dynamic response ‘

v
‘ Vehicle dynamic response ‘
I coupling

‘ Occupant restraint system FE model ‘

Occupant injury

FIGURE 11. Flowchart for driver OOP analysis

The actual road environment is complex, and two-vehicle
collisions can occur in numerous forms. After reviewing
accident cases recorded in the NAIS database [24], this study
identified three collision parameters—namely the AES action
strength, the collision angle, and the collision position—and
investigated their effects on the overall injuries sustained by
the driver (Table 2).

These parameters were varied to identify the scenario
with maximum driver injury, configure the active seat belt
pre-tensioning system in the model, and analyze the effects
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TABLE 2. Selected parameters.

factor Parameters Unit realm
A Strength of AES action (2) 0.3-0.6
B impact angle (°) 60-120
C collision position A/B/C pillar

of active seat belt pre-tensioning on the driver’s kinematic
response and injuries. The analysis results can provide a
reference for designing an active restraint system.

IIl. RESULTS

A. DRIVER KINEMATIC RESPONSE TO DIFFERENT
LATERAL ACCELERATIONS

Various lateral acceleration curves were extracted from the
simulation of the constructed AES system and input to the
finite element model to study the driver’s OOP response.
According to the relevant literature, vehicles’ lateral acceler-
ation during emergency steering should be at least 0.3g [25]
and at most 0.67g [26]. Therefore, the lateral acceleration in
the simulation model was set to 0.3g, 0.4g, 0.5g, or 0.6g.
To ensure that the driver OOP response for each lateral
acceleration was affected by only the acceleration profile, the
initial positions of the main vehicle and the dolly were the
same in all simulations, and the duration of all simulations
was 0.5 s. Table 3 presents the kinematic response of the
driver, wearing a traditional seat belt, to each lateral acceler-
ation in three views; red, green, blue, and yellow indicate the
OOP responses under lateral accelerations of 0.3g, 0.4g, 0.5g,
and 0.6g, respectively. As indicated in the table, at 100 ms,
the dummy postures for each lateral acceleration already
differed, but the differences were only moderate. At 300 ms,
the AES system was triggered, and the dummy was displaced
to the left due to inertia; the differences in dislocation were
relatively high. At 400 ms, the dummy’s displacements were
maximized for all lateral accelerations; specifically, the head,
chest, arms, and thighs all shifted toward the left, and their
displacements were largest and smallest at the lateral accel-
erations of 0.6g and 0.3g, respectively.

Owing to the constraining effect of the seat belt, the dis-
placements of the dummy’s chest and pelvis were small. The
head and neck were less constrained by the seat belt, and
they thus continued shifting toward the left during emergency
steering. As listed in Table 4, at a lateral acceleration of
0.6g, the maximum head displacement was 136.753 mm, the
maximum neck displacement was 92.395 mm, the maximum
chest displacement was 54.791 mm, and the maximum pelvic
displacement was 22.526 mm.

B. ANALYSIS OF DRIVER INJURY FOR DIFFERENT SITTING
POSTURES

This study observed that when the AES system was activated,
it resulted in a leftward OOP response in the driver. Does this
lateral displacement have a new effect on the driver and does
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TABLE 3. Dynamic response of the driver's sitting posture under four
lateral accelerations with a traditional seat belt.

Time front view left view top view

100ms

300ms

400ms

500ms

it act as a cushion? To analyze whether this sitting position
increases driver injuries, this study compared injuries sus-
tained in a normal sitting position with those sustained in the
AES-induced leftward sitting position at different moments
during the collision (Table 5 ); the study considered the
passive constraint system in this comparison.

As indicated in Table 5, at 60 ms into the collision, the
dummy head had the greatest contact with the side air cur-
tains; however, the degree of contact between the dummy
and the side curtain is also different with different sitting
postures. At 90 ms into the collision, the dummy head began
to rebound because of the action of the side air curtains. At
150 ms into the collision (the late stage of the collision), the
dummy head and torso both rotated; this rotation was greater
in the AES-induced leftward sitting position, in which the
entire car was at an angle about the collision direction. The
dummy rotation and the parts and depths at which the dummy
contacted the side air curtain differed between the normal
and leftward sitting positions. The reason for this observation

VOLUME 12, 2024
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TABLE 4. Maximum leftward (y-direction) displacement of the dummy
for four lateral accelerations.

0.3g 0.4g 0.5g 0.6g

Maximum head

displacement 105.234 113.515 122.914 136.753

(mm)

Maximum neck

displacement 80.027 81.844 83.450 92.395

(mm)

Maximum chest

displacement 47.810 48.834 50.493 54.791

(mm)

Maximum

pelvic bone

24.593 23.301 21.206 22.526

displacement

(mm)

is that the dummy was closer to the side air curtains in the
AES-induced leftward sitting position. Moreover, the shoul-
der belt of the seat belt moved to the upper right side of the
dummy and exhibited a tighter fit to the dummy’s shoulder
and neck; hence, the seat belt could protect the dummy during
a collision. The leftward OOP stance was caused by the
angle of the side impact between the vehicle and the moving
barrier during emergency steering. The vehicle has a certain
angle during the collision, so that the collision deceleration
is decomposed along the three directions of X, Y, and Z, and
the vehicle deflects around the Z axis during the collision.
The synthetic acceleration of the dummy’s head reached
its maximum value at 0.56 s for both sitting positions, and
the HIC values were much smaller than the threshold values.
The main reason is that although the contact position and
attitude of the head and side air curtains are different in
different seating positions, the side air curtains were able to
unfold and wrap the head in time, and there was no collision
with the window glass and other interior parts, so the head
damage value was not large. The injury curves obtained for
each body part of the dummy for each sitting position are pre-
sented in Figure 12. The curves obtained for upper rib-cage
compression, middle rib-cage compression, and lower rib-
cage compression in the dummy in the two sitting positions
exhibited similar trends. The maximum compression levels
of the lower rib cage were similar between the two positions
and occurred at approximately 0.54 s. This is because, in the
event of a side impact, the lower end of the dummy’s left arm
comes into contact with the deformed door and is compressed
by the door, transmitting the impact force to the chest. For the
normal sitting position, the maximum compression and VC of
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TABLE 5. Collision response of dummies in different sitting positions.

moment
of left-toward position Normal sitting position

collision

Oms

60ms

90ms

150ms

the upper rib cage were 15.17 mm and 0.18 m/s, respectively;
the maximum compression and VC of the middle rib cage
were 13.28 mm and 0.20 m/s, respectively; and the maximum
compression and VC of the lower rib cage were 24.15 mm
and 0.37 m/s, respectively. For the AES-induced leftward
sitting position, the maximum compression and VC of the
upper rib cage were 16.23 mm and 0.26 m/s, respectively;
the maximum compression and VC of the middle rib cage
were 11.68 mm and 0.15 m/s, respectively; and the maximum
compression and VC of the lower rib cage were 22.05 mm and
0.18 m/s, respectively.

For the two sitting positions, the anterior abdominal force,
midabdominal force, and posterior abdominal force of the
dummy increased gradually, and the moments of peak force
were all approximately 0.54 s. The peaks of the posterior and
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FIGURE 12. Curves of injuries sustained by the dummy in various sitting
positions.

anterior abdominal forces were highest and lowest, respec-
tively, in both sitting positions. The main reason is that when
the collision occurs, the handrail inside the left front door is at
the same level as the abdomen of the dummy, so the handrail
of the door is intruded by the impact force and squeezes the
abdomen of the dummy, and the handrail inside the door
squeezes the force of the dummy’s posterior abdomen more
than that of the anterior abdomen. The combined abdominal
force was 1698 N in the leftward sitting position and 1744 N
in the normal sitting position. As displayed in Figure 12(h),
although the peak values of the dummy pelvic force were
similar between the leftward and normal sitting positions
(1070 and 1083 N, respectively), these peaks appeared at
different times. These similar values were attributed to the
seatbelt effectively restraining the dummy’s pelvis during
both collisions.

In summary, the postural response of the dummy’s
torso during the collision differed considerably between the
AES-induced leftward sitting position and the normal sitting
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position. The most affected areas were the chest and abdomen
of the dummy. The WIC values for the normal and leftward
sitting positions were 0.492 and 0.407, respectively, a 17.28%
decrease in WIC, indicating that the AES-induced leftward
sitting position can reduce driver injury during a side impact.

C. ANALYSIS OF DRIVER INJURIES FOR DIFFERENT
IMPACT LOCATIONS

The impact location of a side impact can also affect driver
injury. Based on a comprehensive evaluation of side impact
in the NAIS accident database, this study conducted collision
simulations in which a moving barrier collided with the A-,
B-, or C-pillar of the finite element model at a speed of
50 km/h; the study also considered the complexity of the
actual road environment in the simulations. During a 90°
collision with the moving barrier, the AES system caused the
body of the vehicle to deflect, resulting in an angled collision.

During the collision, the two vehicles also moved for-
ward. Therefore, to accurately simulate the vehicle kinematic
responses before the two-car collision in HyperMesh, when
setting the spacing of the two-vehicle pre-collision, it is offset
by a certain distance from the original. Images of the vehicle
kinematic responses for different impact locations are pre-
sented in Table 6.

As indicated in this table, at the initial moment of the col-
lision, the edge of the moving barrier was in contact with the
A-, B-, or C-pillar. During the collision, both vehicles moved
forward. For the A-pillar collision, the vehicle’s left-front
fender, left-front wheels, A-pillar, left-front door, and left-
front door sill beam all underwent deformation and intrusion.
For the B-pillar collision, at the end of the collision, the parts
with the greatest deformation were the B-pillar, the middle
of the threshold beam, the left-front door, and the left-rear
door. For the C-pillar collision, the parts with the greatest
deformation were the left-rear C-pillar, the left-rear door, the
left-rear side of the wing plate, and the left-rear wheel.

For a given simulation moment, the level of door intrusion
differed between the three impact locations. For the A-pillar
collision, the door exhibited partial intrusion, with the great-
est level of intrusion occurring at the upper left side of the
dummy pelvis. For the B-pillar collision, the entire left-side
door intruded into the dummy’s space; consequently, the side
airbag was squeezed by the door and the dummy simultane-
ously, resulting in its air pressure decreasing rapidly. For the
C-pillar collision, the impact force was mainly concentrated
at the left-rear door and the C-pillar. No internal intrusion
occurred for the left-front door, and the dummy contacted
the side air curtains and the side airbags due to inertia. The
damage curves obtained for the dummy at the end of the
collision for each part are presented in Figure 13.

The time and position at which the dummy head contacted
the side air curtains also differed between the impact loca-
tions. As illustrated in Figure 13(a), the HIC values for the
A-, B-, and C-pillar collisions were 85.88, 121.89, and 74.85,
respectively. The impact speed was fixed in the simulations,
and only the collision site was varied. The B-pillar was the

VOLUME 12, 2024



C. Zhang et al.: Driver Injury During AES in Vehicle-Vehicle Side-Impact Collisions

IEEE Access

TABLE 6. Sequences of vehicle collision response for different impact
locations.

> Oms 30ms 60ms
=
g
90ms 120ms 150ms
w Oms 30ms 60ms
=
g
90ms 120ms 150ms
a Oms 30ms 60ms
=3
5
90ms 120ms 150ms

closest pillar to the head of the dummy; hence, the impact
force and injury levels were greatest at this pillar. However,
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FIGURE 13. Curves of injuries sustained by the dummy for different
impact locations.

the injury values for all three collision sites were less than the
threshold values. Mainly due to the car-vehicle side impact
speed is certain, only the collision site changes, the B-pillar
from the driver’s dummy’s head is the closest, by the impact
force is the largest, resulting in the impact of the B-pillar
dummy’s head HIC value is the highest, but the dummy’s
head with the side air curtains are beyond the protective range
of the contact location and the side air curtains to expand to
block the car window glass and car interiors and dummy’s
head to occur a second collision. The upper, middle, and
lower rib-cage compression values were similar for the three
collisions; however, the B-pillar collision was associated with
the highest lower rib-cage compression value. For the A-pillar
collision, the maximum upper, middle, and lower rib-cage
compression values occur at 0.54 to 0.58 ms. The maximum
upper rib-cage compression and VC values were 6.5 mm
and 0.0198 m/s, respectively; the maximum middle rib-cage
compression and VC values were 5.9 mm and 0.0233 m/s,
respectively; and the maximum lower rib-cage compression
and VC values were 7.1 mm and 0.036 m/s, respectively.
For the B-pillar collision, the maximum upper, middle, and
lower rib-cage compression values occur at 0.54 to 0.56 ms.
The maximum upper rib-cage compression and VC values
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were 16.23 mm and 0.26 m/s, respectively; the maximum
middle rib-cage compression and VC values were 11.68 mm
and 0.15 m/s, respectively; and the maximum lower rib-cage
compression and VC values were 22.05 mm and 0.18 m/s,
respectively. For the C-pillar collision, the maximum upper,
middle, and lower rib-cage compression values occur at
0.53 to 0.56 ms. The maximum upper rib compression and
VC values were 15.27 mm and 0.13 m/s, respectively; the
maximum middle rib-cage compression and VC values were
9.15 mm and 0.06 m/s, respectively; and the maximum lower
rib-cage compression and VC values were 22.05 mm and
0.18 m/s, respectively. These results indicate that VC is not
always positively correlated with chest compression; it is also
affected by the rate of chest deformation.

The peak values of the front abdominal force, midabdom-
inal force, and rear abdominal force on the dummy for the
different impact locations were observed at 0.52—0.58 ms into
the collisions. The B-pillar collision was associated with the
highest combined abdominal force (1698 N); those associated
with the A-pillar and C-pillar collisions were 1332 and 906 N,
respectively. In the collision between the moving barrier and
the A-pillar, localized internal intrusion of the left front door
occurred, with the first areas of compression being the pelvis
and the left side of the abdomen; this explains why the
abdominal force was higher for the A-pillar collision than it
was for the C-pillar collision.

The magnitude and occurrence time of the peak pelvic
force differed between the impact locations. For the A-pillar
collision, the largest force was imposed on the pelvic bone
(1827 N); in this collision, The worst area of door intrusion
in a side impact is near the dummy’s pelvis bone. For the
B-pillar and C-pillar collisions, the forces acting on the
dummy pelvic bone were 1070 and 1083 N, respectively.

In summary, the dummy’s chest, abdomen, and pelvis were
constrained by the seat belt in all collisions; therefore, the
displacement of the dummy in the leftward OOP position
did not vary considerably. The total injuries were mainly
dependent on the survival space of the dummy. For the A-,
B-, and C-pillar collisions, the WIC values were 0.230, 0.407,
and 0.228, respectively. The WIC value increases and then
decreases from the A-pillar to the C-pillar at the collision
location, with the B-pillar having the highest WIC value and
higher injury severity, and the C-pillar having the lowest and
lower injury severity. When the collision position was column
A, it caused an increase in the pelvic force of the dummy,
which increased the risk of injury to the pelvis; when the
collision position was column B, it caused an increase in the
injury of the viscous index of the thorax and the combined
force of the abdomen, which increased the risk of injury to
the thorax and abdomen. The triggering of the AES changes
the driver’s survival space, and the above results lead to the
conclusion that the closer the dummy was to the collision
site, the smaller its survival space became and the greater the
WIC value became. The deformation of the B-pillar increases
the risk of occupant injury, so the AES system should be
improved to avoid the collision of the B-pillar, and at the
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same time with active pre-tensioning seat belts to enhance
the protection ability of the restraint system and increase the
survival space of the occupants.

D. EFFECT OF THE IMPACT ANGLE ON DRIVER INJURY
Most vehicle—vehicle side impacts do not occur at a 90°
angle; an angle of deflection always exists when the colli-
sion initially occurs. The angle between the moving barrier
and the vehicle model affected the damage and deformation
sustained by the model. To further study the influence of
angle change on side impact results, accordingly, this study
conducted simulations of impact at angles of 60°, 75°, 90°,
105°, and 120°. To ensure the accuracy of the simulation
experiment, in all simulations, the moving barrier impacted
the same location on the vehicle and set the same simulation
length; the displacements of the moving barrier during AES
and the Initial position at the initial moment of the collision
were estimated. The initial and postcrash deformations of
the vehicle model at various impact angles are presented in
Table 7.

The motion and deformation of the two vehicles during the
impact differed considerably at various impact angles. For the
impact at 60° and 75°, the front end of the vehicle model was
deflected counterclockwise about the z-axis; this deflection
was greater for the 60° impact. The most deformed parts of
the vehicle model were the left-front door, B-pillar, and left
door sill beam. For the 90° vertical impact, the entire vehicle
model rotated counterclockwise about the z-axis, and the
most deformed parts were the left-front door of the dummy,
the left-front wing panel, the door sill beam, the B-pillar, and
the left rear. For the 105° and 120° impacts, the entire vehicle
model rotated counterclockwise about the z-axis; however,
the offset of the rear part of the vehicle was greater than that
observed in the other impact. The offset for the 105° impact
was larger than that for the 120° impact; in both impacts, the
most deformed parts were the left-front door, the B-pillar, the
door sill beam, and the left-rear door. The movable barricade
dolly was offset to the right during this collision and appeared
to be fishtailing; a greater initial impact angle resulted in more
severe fishtailing.

The impact angles also affected the intrusion of the left-
front cab. As the deformations of the B-pillar and left
front door increased, these parts exhibited greater levels of
intrusion into the cab’s safe space. The left-front door and
B-pillar intrusions for different impact angles are illustrated
in Figure 14 and Figure 15, respectively.

The maximum left-front door intrusion decreased as the
impact angle increased, except for the 75° impact angle. For
the 60°,75°,90°, 105°, and 120° impact, the maximum levels
of intrusion of the left-front door were 408, 306, 359, 278, and
207 mm, respectively (Figure 14). In addition, as displayed
in Figure 15, the maximum level of intrusion of the B-pillar
decreased gradually as the impact angle increased, except for
the 75° impact angle. For the 60°, 75°, 90°, 105°, and 120°
impact, the maximum levels of intrusion of the B-pillar were
362, 290, 311, 265, and 207 mm, respectively. In summary,
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TABLE 7. Vehicle deformation for different impact angles.

The initial moment of Deformation of the whole

angle m
105°

collision vehicle after the collision
impact
angle 60°
)
L 4
Yo
impact
2 4
s !/
impact
angle 90°
Ty
impact

impact

angle

120°

the impact angles associated with the maximum levels of
intrusion of the left-front door and B-pillar can be ordered
as follows (in descending order): 60°, 90°, 75°, 105°, and
120°. Figure 16 presents the curves of injuries sustained by
the dummy.

The finite element model of the vehicle was equipped
with side airbags, side air curtains, and seat belts to protect
the occupants. The AES-induced rightward steering of the
vehicle resulted in a leftward OOP response in the driver.
The peak head synthetic acceleration varied for the different
impact angles but was always less than the threshold value;
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the largest (36g) occurred for the 90° impact angle. For the
60°, 75°, 90°, 105°, and 120° impact, the HIC values were
105, 91, 121, 55, and 35, respectively, all of which were also
less than the threshold value. The main reason is that the
side collision of the mobile barrier vehicle speed is the same,
in the AES role of the dummy leftward OOP response is the
same, although different angles of the collision on the driving
space invasion amount are different, due to the vehicle model
and the mobile barrier as a whole lower, the collision area is
concentrated in the dummy torso, the collision occurs in the
collision, the side of the air curtains are normally inflatable
to unfold the head of the dummy is completely subjected to
the constraints of the curtains, and did not have a secondary
collision with the interior decoration of the car and the car
window glass.

The upper, middle, and lower rib-cage compression curves
were similar for all impact angles. The maximum chest com-
pression observed for the 105° and 120° impact were smaller
than those observed for the 60°, 75°, and 90° impact. For
the 60°, 75°, and 90° impacts, the most severe deformation
occurred at the left-front door and the B-pillar (the closest
part to the dummy); for the 105° and 120° impacts, the most
severe deformation occurred at the left-rear door and the B-
pillar. For the 60°, 75°, and 90° impact, the lower rib cage
had the highest level of compression, and for the 105° and
120° impact, the upper rib cage had the highest level of
compression. For the 105° and 120° impacts, the impact force
was mainly concentrated in the front of the left-rear door,
but no direct intrusion into the dummy’s torso was observed;
therefore, the compression was smaller. This was attributed
to the deployed side air curtains contacting the dummy’s left
upper arm, further squeezing the upper rib cage. According
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FIGURE 16. Curves of injuries sustained by the dummy for different
impact angles.

to Table 8, for the 60°, 75°, 90°, 105°, and 120° impact,
the maximum compression values for the ribs were 24.07,
22.03, 22.05, 13.89, and 13.02 mm (a gradually decreasing
trend), respectively, and the VCs were 0.23, 0.22, 0.18, 0.08,
0.06 m/s, respectively. The risk of chest injury increases with
decreasing angle of impact, with a potential risk of injury to
the dummy chest at 60°. VC was not proportional to chest
compression primarily because VC is related to the rate of
chest deformation. The maximum chest compression was less
than the threshold value of 42 mm specified in FMVSS208,
and the chest viscosity index was also less than the threshold
value of 1.0 m/s specified in regulations. The driver’s maxi-
mum chest compression and chest viscosity index at different
angles were within the threshold values and did not cause
serious injury to the chest.

The front, center, and rear abdominal forces generally
decreased as the impact angle increased. Changes in impact
angle caused the risk of abdominal injuries, with smaller
impact angles increasing the risk of abdominal injuries, which
provides a better understanding of the changes in the risk of
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TABLE 8. Dummy thorax compression at different impact angles.

Maximum Maximum Maximum
impact compression of compression of ~ compression of the
angle the upper ribs of mid-thoracic lower ribs of the

the chest (mm) ribs (mm) chest (mm)
60° 21.21 18.44 24.07
75° 13.78 10.01 22.03
90° 16.23 11.68 22.05
105° 13.89 12.21 8.79
120° 13.02 11.32 9.25

injuries to the vehicle and driver in an accident, implying that
the driver has the lowest risk of abdominal injuries in a 120°
collision. Moreover, the front and rear abdominal forces were
typically the smallest and largest, respectively. Depending on
the characteristics of the rear abdominal forces, this risk of
injury can be reduced with an active pre-tensioned seat belt.
The combined abdominal forces for the 60°, 75°, 90°, 105°,
and 120° impacts were 2638, 1823, 1744, 581, and 238 N,
respectively. The European ECER95 Regulation states that
the combined abdominal force should not exceed 2500 N;
however, the combined abdominal force for the 60° impact
was noted to exceed this threshold. Therefore measures such
as optimizing AES systems or improving seat belts need to
be considered to avoid excessive driver injuries.

The dummy posture was noted to be consistent among
the side impacts occurring at various angles because of the
seat belt restraint. The damage to the dummy was generally
inversely correlated with the distance between the dummy
and the part of the vehicle model into which the moving
barrier intruded. The WIC values for the 60°, 75°, 90°, 105°,
and 120° impact were 0.485, 0.393, 0.408, 0.200, and 0.158,
respectively. From the WIC values, it can be seen that the
most severe driver injury and abdominal synergy exceeds the
threshold value at impact angle of 60°, whereas the WIC
values for impact angles of 105° and 120° are relatively small,
and changing the impact angle has the greatest effect on the
abdomen, increasing the risk of injury to the abdomen. Based
on these results, the AES cornering can be optimized and the
vehicle can be fitted with active pre-tensioner seat belts to
reduce the severity of the driver’s injuries.

E. ANALYSIS OF DRIVER INJURY UNDER ACTIVE SEAT
BELT PRE-TENSIONING

Active seat belt pre-tensioning systems have been proposed
by researchers for effectively restraining drivers during colli-
sion avoidance and to increase driver protection in the event
of a collision [27]. The triggering principle of the active
pre-tensioning seat belt is to trigger the motor of the active
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pre-tensioning retractor immediately after detecting the dan-
ger by the vehicle’s own sensors, and then the motor drives
the turbine worm gear to make the retractor retract the seat
belt, thus realizing the pre-tensioning in advance. In the event
of a collision, a better angle and distance, in conjunction with
the airbag deployment angle, can minimize occupant damage.
To study the effect of active seat belt pre-tensioning systems
on driver displacement and injury during AES actions, this
study included an active seat belt pre-tensioning system in
the finite element model and compared its effects with those
of traditional seat belts under various driver lateral accelera-
tions. The maximum decrease in the side displacement of the
dummy under each lateral acceleration is listed in Table 9.

TABLE 9. The dummy’s maximum decrease in side displacement for
different lateral accelerations with the active seat belt.

Maximum
lateral Maximum Maximum Maximum
drop in
accelerations neck drop chest drop pelvic drop
head
0.3g 60.2% 71.9% 65.9% 74.3%
0.4g 52.9% 62.1% 53.5% 60.9%
0.5g 47.8% 55.1% 43.9% 56.3%
0.6g 15.5% 19.8% 16.6% 50.4%

Compared with the traditional seat belts, the active seat belt
pre-tensioning system reduced the dummy’s displacement
under all lateral accelerations, but its effectiveness varied
under the various accelerations. As listed in Table 9, the active
seat belt pre-tensioning system was most effective in reducing
the displacement of the neck and pelvis. Active pre-tensioner
seat belts restrain the dummy best in lateral OOP when the
lateral acceleration is 0.3g, 0.4g, and 0.5g. This is because
the vehicle’s steering acceleration is small, and the dummy is
subjected to less lateral inertia force, which leads to a smaller
amount of lateral dislocation, the active pre-tensioning seat
belts in the pre-crash phase after the role of a force opposite
to the direction of the occupant’s movement will be applied
to constrain the occupant’s lateral dislocation. As the lateral
acceleration was increased, the restraining effect of the active
pre-tensioning system decreased. Larger lateral accelerations
can invalidate the protection of the restraint system as well
as challenge vehicle stability, and AES system improvements
cannot be considered to reduce occupant injury severity by
increasing lateral acceleration alone. the system was least
effective at a lateral acceleration of 0.6g, at which the pre-
tensioning force before the collision was no longer suf-
ficient to prevent dummy displacement. Accordingly, this
study compared the damage sustained by the dummy when
the active pre-tensioning system was used with the damage
sustained when the traditional seat belts were used under a
lateral acceleration of 0.6g.
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FIGURE 17. Injuries sustained by the dummy using traditional seat belts
and active seat belt pre-tensioning.

As displayed in Figure 17, when the active seat belt pre-
tensioning system was used, the synthetic acceleration of the
dummy’s head was 24.5g, and the HIC was 83; this was
20.9% lower than that observed when the traditional seat belts
were used (HIC of 105). Moreover, the compression of the
upper, middle, and lower rib cages decreased from 21.21 to
19.55 (7.8%), 18.44t0 16.26 (11.8%), and 24.07 to 21.51 mm
(10.6%), respectively, when the active seat belt pre-tensioning
system was used. Similarly, the active seat belt pre-tensioning
system reduced the anterior abdominal, midabdominal, and
posterior abdominal forces from 638 to 427 N (33.1%),
1022 to 710 N (30.5%), and 978 to 864 N (11.6%), respec-
tively. The pelvic bone force also decreased from 1022 to 798
N (21.9%). Therefore, the active seat belt pre-tensioning
system considerably reduced the dummy injury values for the
head, abdomen, and pelvis; a smaller amount also reduced
chest injury values. This is because restraining the dummy
out of position under the action of an active pre-tensioning
seat belt also alters the optimum protective properties of the
restraint system; Secondly, the active pre-tensioning seat belts
mainly consider restraining the longitudinal displacement of
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the driver, to a certain extent, ignoring the potential risk of
lateral displacement of the driver to the driver, inherently in
the optimization of the restraining system should be taken
into account in the role of the auxiliary driving functions
such as the AES system. The intervention of active seat belts
reduces the severity of driver injuries to a certain extent, and
the combination of the AES system with the restraint system
can better protect the safety of the occupants. Improvement
and optimization should not be detached from the vehicle
system itself, but need to take into account the comprehensive
consideration of the assisted driving function, which is a great
improvement to improve the whole driver safety protection
system.

IV. DISCUSSION

This study established an AES control algorithm, simula-
tion scenarios, and a whole-vehicle model and analyzed the
dynamic OOP response of the driver under various lateral
accelerations. Different steering accelerations cause differ-
ent driver displacements, and the driver’s displacement may
influence the effectiveness of the in-vehicle restraint system
during the collision. Therefore, analyzing the effect of dis-
placement on driver injury is crucial for improving driver
protection. The largest OOP was observed at a lateral acceler-
ation of 0.6g. Hence, this study investigated driver injury for
different seating postures under this lateral acceleration and
comprehensively assessed the damage to the dummy. In gen-
eral, driver injuries can be reduced by AES, and including
an active seat belt pre-tensioning system can further improve
safety. Although passive safety clearly reduces the degree of
driver injury, the results of this study indicate that both active
and passive safety systems should still be further optimized.
This study bridges the gap in research on vehicle—vehicle side
impact in scenarios that involve AES systems and provides
supporting data for optimizing AES systems.

TABLE 10. Orthogonal test factors and values.

Ignition moment Mass flow rate

level Vent area B
A C
1 -3 0.8 0.8
2 6 1 1
3 +3 1.2 1.2

Research has found that left OOP reduces the severity
of driver injuries, Zhe et al. [11] studied the forward dis-
engagement of occupants caused by the AEB system, and
Mages et al. [16] showed that this disengagement increases
occupant injuries, so we believe that excessive disengagement
will cause the driver to come into contact with the door or the
B-pillar, which will increase the risk of driver injuries, and
that, in addition to the improvement of the AES system, it is
necessary to match the active pre-tensioning seat belts with
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the side airbags to protect the driver; More serious damage
occurred when the collision area was the B-pillar, and Pro-
chowski et al. [28] also indicated that contact with the B-pillar
caused the most serious damage in a side impact; At impact
angle of 60°, the abdominal combined force was found to
exceed the threshold and the severity of injury was higher,
so we suggest that improvements to the AES need to be made
to avoid the B-pillar and impact angles of 60° as much as
possible. With active pre-tensioning seat belts, lateral OOP
of all parts of the driver was reduced, and driver injuries were
reduced compared to normal seat belts. As lateral acceleration
increases, active pre-tensioning seat belt pre-tensioning force
underperforms and restraint capacity decreases. The risk of
abdominal injuries was not significantly reduced, consider-
ing that the active pre-tensioning seatbelt mainly restrains
lateral displacements, and the restraining process increases
abdominal pressure, so the AES system and the active pre-
tensioning seatbelt need to be improved for the abdomen,
to further restrain lateral displacements and reduce the risk
of abdominal injury. When the collision cannot be avoided,
the results of the study can be used to optimize the setting of
the optimal collision pattern to reduce the degree of driver
injury. In addition to the several factors considered in this
paper, other factors should not be ignored, for example, lateral
acceleration affects the longitudinal stability of the vehicle,
which may cause rollover in the event of a collision; the AES
system alters the angle of the steering wheel of the vehicle,
and the rotational speed of the steering wheel may also pose
a potential risk to the driver.

Imler et al. [29] investigated the effects of relative speed,
restraint systems, and occupant position on occupant injuries
in vehicle—vehicle side impact; they revealed that occupants
wearing seat belts sustained fewer injuries than those who did
not wear seat belts. Dong et al. [30] examined the motion and
intrusion velocity of doors during side impact and established
a side impact dolly model with dummies; the dummy damage
sustained in the dolly test and the actual side impact test
results were highly correlated. Moreover, Yanchao et al. [31]
explored the head and torso injuries sustained by occupants
sitting in various positions on the side of a vehicle that was
impacted during a side impact; they demonstrated that if the
occupants rotated to the right side, head and torso injuries
were minimized, but clavicle injuries were maximized. How-
ever, none of these studies on side impact have considered the
effects of AES systems. Unlike previous side-impact studies,
we considered vehicle-vehicle side-impacts under the effect
of AES, which causes driver OOP and can change the driver’s
injury risk, and it is important for driver protection to explore
the driver’s injury under the OOP response.

Shang et al. [32] investigated the acceleration profile of a
dummy’s chest in frontal crash tests and found that active seat
belt pre-tensioning along with emergency braking systems
increased the risk of chest injury. The present study also
observed that active seat belt pre-tensioning did not signif-
icantly reduce dummy chest injuries. To effectively protect
drivers and reduce the risk of chest injuries during a collision,
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TABLE 11. Orthogonal test data sheet.

Experiment Ignition Vent Mass flow Maximum compression Chest Viscosity Abdominal force pelvic strength WIC
number moment A area B rate C of thoracic ribs (mm) Index VC (m/s) synergy (N) (ND value
1 -3 0.8 0.8 21.03 0.203 2228 593 0.409

2 -3 1 1 18.06 0.082 1560 654 0.300

3 -3 1.2 1.2 21.89 0.16 1751 614 0.365

4 6 0.8 1 24.24 0.20 1666 509 0.385

5 6 1 1.2 23.10 0.18 1427 504 0.350

6 6 1.2 0.8 15.89 0.14 2390 537 0.365

7 +3 0.8 1.2 23.57 0.12 1536 495 0.343

8 +3 1 0.8 17.35 0.10 2215 577 0.350

9 +3 1.2 1 19.41 0.20 1958 651 0.377

this study proposes measures for optimizing the design of side
airbags. Specifically, drivers can be effectively protected by
appropriately setting the airbag deployment time, vent area,
and mass flow rate. For side impact, the time before the side
airbags deployment should be reduced; this study determined
the optimal deployment time to be 6 ms. This study optimized
the performance of the side airbags of the occupant restraint
system by conducting an orthogonal test with three factors,
namely deployment time, vent area, and mass flow rate,
at three levels. HyperMesh was used to investigate the effect
of the three factors on airbag performance: the value of the
vent area coefficient curve of the side airbag was set to 0.8,
1, and 1.2; the airbag deployment delay time was set to —3,
0, and 3 ms; and the values of the gas mass flow rate of the
airbag were set to 0.8, 1, and 1.2 (Table 10). Therefore, nine
simulations were performed by the orthogonal method.

WIC values were derived to determine injuries sustained
by the dummy in the simulations (Table 11).

Extreme value analysis was conducted to investigate the
extent to which the factors at the three levels influenced the
WIC; the analysis results are presented in Table 12, where
levels 1, 2, and 3 indicate the average WIC values for the cor-
responding factors. As indicated in Table 12, factors affecting
the performance of the side airbags could be ordered as
follows (in descending order): vent area, mass flow rate, and
deployment time. The optimal combination was determined
to be A3B2C3, which was based on the average of the WIC
values for each factor at each level.

The WIC and other injury criteria for the side airbags with
optimized parameters were determined and compared with
those obtained before optimization to validate the results.

Optimizing the side airbags significantly reduced injury for
all parts of the dummy. The HIC decreased from 83 to 58
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TABLE 12. Range analysis table.

Ignition Vent Mass flow
moment A  area B rate C
Level 1 0.358 0.379 0.375
Level 2 0.367 0.333 0.377
Level 3 0.357 0.369 0.354
extreme value 0.01 0.046 0.023
optimal combination 3 2 3

(30.1%), and the chest viscosity index, pelvic forces, abdom-
inal combined force, and maximum rib-cage compression
were reduced by 41.2%, 34.3%, 23.7%, and 17.8%, respec-
tively. The driver is closer to the collision vehicle in a side
impact than in a frontal impact, and only the side airbags,
side air curtains, and side door parts can absorb the collision
energy. Therefore, to further protect occupants, the side parts
of the car, as well as the interior trim, should be upgraded and
optimized.

Regarding the errors and limitations, considering that the
local structure and material properties of the model and the
actual situation are not the same, and to reduce the model
computing time, the mesh division of the model is larger, and
the size of the mesh has a certain impact on the subsequent
analysis, which causes errors in modeling and analysis, and
through the subsequent validation of the model, it is shown
that the errors are all within the controllable range. This study
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TABLE 13. Injury criteria for the optimized and unoptimized side airbags.

Large
Chest Combine
compression pelvic
Viscosity d- WIC
of the ribs in strength
Index VC abdominal value
the chest (ND
(m/s) force (N)
(mm)
pre-
21.51 0.17 2001 798 0.391
optimization
post-
17.69 0.10 1527 524 0.295
optimization
decline 17.8% 41.2% 23.7% 34.3% 24.6%

has some limitations: Only one ES-2re dummy model was
used, and only upper-body injuries in side impact were stud-
ied. Injuries to the leg were not investigated. Hence, future
studies should consider using other dummies to investigate
leg injuries. Moreover, only driver injuries were studied; rear
occupants are not as well protected and could have different
injuries. Therefore, future studies should explore injuries
sustained by rear occupants during collisions.

V. CONCLUSION

This study conducted simulations by considering both active
and passive safety technology to investigate driver injuries
caused by side impact in scenarios in which a suddenly
appearing vehicle was occluded from the field of view of the
vehicle’s AES system. We established a precrash scenario
by using PreScan, developed an AES control algorithm in
MATLAB, and obtained vehicle dynamics by using CarSim.
A joint simulation was then performed to extract the lat-
eral acceleration trajectory of the vehicle during the steering
process, and the extracted trajectory data were subsequently
used to establish a finite element model of the vehicle by
using HyperWorks. In HyperWorks, the finite element model
was subjected to side impact, and the driver OOP responses
were studied under different lateral accelerations before the
collisions. The integration of AES systems with active and
passive safety technologies is emphasized. Providing case-
specific parameters on how to better integrate these technolo-
gies to improve overall vehicle safety can make the findings
more operational and practically instructive, helping to drive
the automotive safety industry in the direction of safer and
smarter vehicles. The results reveal that greater lateral accel-
erations were associated with greater driver head, neck, and
chest displacements. Moreover, based on the OOP response
data, the risk of injury for drivers in different sitting positions
was studied. The results indicate that the AES-induced left-
ward sitting position was associated with fewer injuries than
the normal sitting position. Furthermore, injuries sustained
by the driver at different impact locations and impact angles
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were also investigated. For B-pillar (closest to the driver)
collisions, driver head, chest, and abdomen injuries were the
most severe. Driver injury typically depends on the size of
the survival space. The study determined that as the impact
angle was increased, the levels of intrusion of both the door
and the B-pillar gradually decreased. Differences in driver
head, chest, abdominal, and pelvic injuries were small, but the
injuries increased as the impact angle decreased; 60° impact
was associated with the most severe injuries. In particular,
this study determined that the abdominal force sustained
during the collisions exceeded the threshold value at this
angle, indicating that further safety optimization is required.
Finally, when an active seat belt pre-tensioning system was
included in the model, dummy head, abdominal, and pelvic
injury values were considerably reduced when compared with
those observed when traditional seat belts were used; chest
injuries were also moderately reduced when this system was
used. The research will contribute to a more comprehensive
understanding of the impact of AES systems on vehicle safety
in real-world driving, providing valuable insights for sys-
tem improvement and future vehicle design. Presenting the
results of the study to provide a basis for the development
of relevant regulations and policies to ensure the safety and
compliance of automated driving systems, as well as training
and awareness-raising measures to improve the proper use
and understanding of AES systems by drivers to maximize
their potential benefits. For foreseeable collisions, the AES
system can adjust the impact angle, collision position, and
other parameters through the vehicle position to plan the path
with optimal decision-making.
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