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Abstract: The objective of this study was to analyze the effects of variables such as pre-
crash emergency braking and reclined posture on human injuries in autonomous vehicle
collisions using an active human model and through crash analysis. To achieve this, the
MADYMO (MAthematical DYnamic MOdels) active human model was validated for
predicting occupant responses during pre-crash emergency braking. Its biofidelity dur-
ing crash conditions was also validated. Additionally, the model was validated under
component-level impact conditions to ensure its suitability for predicting occupant in-
juries. Two autonomous vehicle-relevant crash scenarios reconstructed based on actual
accident conditions were selected. Variations in collision conditions, such as collision
angles, overlaps, and relative collision speeds, were applied to selected crash scenarios. A
finite element vehicle-to-vehicle crash analysis was performed to obtain the crash pulse.
Using the validated crash analysis model, a parametric simulation study was conducted by
applying variations to parameters such as emergency braking, seat-related parameters, and
muscle activity. Finally, the impact of each variable on injury risk was analyzed using the
Wilcoxon rank sum test. Analysis results showed that a reclined posture and a seat track
position located 300 mm rearward from the baseline seat track position had a significant
impact on injuries. Evaluation results on the effects of these variables can contribute to the
development of safety evaluation standards for autonomous vehicles, such as crash safety
regulations, by crash safety assessment organizations.

Keywords: autonomous vehicle collision; active human body model; parametric simulation
study; sensitivity analysis; pre-crash; reclined posture

1. Introduction
Occupants are no longer responsible for driving fully autonomous vehicles (levels

3 to 5, as described in a previous study [1]). This creates both significant safety bene-
fits and new challenges [2]. Since most conventional vehicle accidents are attributed to
human errors [3], autonomous vehicles can lower crash risks for both occupants and
pedestrians [2,4,5]. Nevertheless, complex and dynamic environments in which au-
tonomous vehicles operate pose significant challenges in realizing reliable autonomous
driving technologies [2]. Although some may expect that accidents will cease entirely with
autonomous vehicles, crashes are still likely to happen during the transitional period when
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autonomous and non-autonomous vehicles share the road [6,7]. Therefore, evaluating
vehicle crash safety remains essential as autonomous technologies advance.

Common crash scenarios of autonomous vehicles can be different from established
common crash modes of conventional vehicles because the former can automatically
execute crash avoidance maneuvers such as automatic emergency braking (AEB) or evasive
steering prior to a crash [8]. Previous studies using human models to analyze crash
scenarios in autonomous vehicles have primarily focused on full frontal or side collisions,
which were derived from the crash data with mostly non-autonomous vehicles. However,
to evaluate the crash safety of autonomous vehicles, it is necessary to consider crash
conditions that are specific to these vehicles. One computational study has examined
three autonomous vehicle-relevant crash scenarios [9]. Although that study demonstrated
that seating positions and lower limb postures had the greatest impact on whole-body
responses, it did not account for pre-crash maneuvers or autonomous vehicle-specific
occupant restraint conditions. Therefore, further investigation is needed to assess the
effects of additional autonomous vehicle characteristics on occupant injury risks under
relevant crash scenarios.

At the same time, as driving becomes increasingly automated, the frequency of pre-
crash maneuvers is expected to rise [10]. Such maneuvers can cause occupants to shift from
their nominal positions into out-of-position states at the moment of collision. Experimental
studies on occupant behavior during emergency braking have reported head excursions
ranging from 115 mm to 200 mm [11–13]. These studies also indicate that, during hard
braking, the standard deviation of head displacement is approximately 30% of the average ex-
cursion, suggesting substantial subject-to-subject variability. Therefore, the effects of occupant
excursions on injury risk during autonomous vehicle-related crashes should be investigated
under varying muscle tensing levels to support more generalizable conclusions.

For autonomous vehicles, seating preferences are expected to differ from the con-
ventional upright posture. Surveys on seating preferences of autonomous vehicles have
revealed a strong preference for reclined seating, particularly during longer or leisure
trips [14–17]. However, in reclined postures, the effectiveness of conventional occupant
restraint systems, including B-pillar-integrated (BPI) seatbelts, frontal airbags, and knee
bolsters, might be reduced due to the increased distance between restraints and occupants
at the onset of a crash. Epidemiological studies have indicated that occupants in reclined
seating postures face higher injury risks [18] and increased mortality rates [19] than those in
upright postures. Moreover, modeling studies using human body models have shown that
reclined postures in frontal collisions can elevate the risk of lumbar injuries and submarin-
ing [20,21]. Therefore, to comprehensively assess occupant crash safety in autonomous
vehicles, reclined occupants should be considered.

Occupants of autonomous vehicles might be seated farther back from the cockpit area
due to the absence of a need for driving, which could potentially reduce the effectiveness
of traditional restraint systems such as knee bolsters and knee airbags. In conventional
vehicles, knee bolsters can help mitigate submarining in frontal crashes. Their position
plays a critical role in controlling pelvis rotation and protecting the spine [22]. Crash
analyses have shown that when knee bolsters are removed during a 56 km/h frontal crash,
it is difficult to prevent submarining using conventional occupant restraint systems [20,21].
Furthermore, in various unconventional seating positions, BPI seatbelts might not be
practical, prompting the anticipated adoption of belt-in-seat (BIS) systems [23]. Therefore,
to evaluate crash safety in autonomous vehicles, it is necessary to consider seat track
positions farther from the instrument panel, where occupants are not restrained by knee
bolsters, in conjunction with the implementation of BIS systems.
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To enable such investigations, simulation tools capable of capturing occupant behav-
ior during both pre-crash and crash phases are essential. Active human body models
accounting for muscle activity are used widely tools [24]. Various active human models are
available, including finite element (FE) models (such as the Global Human Body Modeling
Consortium v6.0 (GHBMC) [25], Total Human Model for Safety v6.1 (THUMS) [26], and
SAFER Human Body Model v10 (SAFER) [27]) and multi-body (MB) models such as the
MADYMO (Siemens, Munich, Germany) Active human body model (AHBM) [28]. FE hu-
man body models (HBMs) have the potential to achieve higher biofidelity than MB models
because they can represent the human body in greater detail. However, this increased
fidelity comes at a significantly higher computational cost, making them challenging to
use in large-scale parametric studies. Some studies have found that automatic emergency
braking (AEB) activation can alter occupants’ injury risks during frontal and side-impact
crashes using FE human body models. However, these studies were performed under
limited crash or restraint conditions [29,30]. Similarly, other studies have investigated
the effects of seatback angle and seat position without considering occupant excursion
due to emergency braking [20,21,31,32]. In contrast, MB HBMs, such as the MADYMO
AHBM, are computationally efficient and better suited for studies requiring a high number
of simulations. Therefore, it would be meaningful to investigate the effect of emergency
braking prior to a crash on the injury risk of occupants considering other autonomous
vehicle relevant parameters such as seatback angle, seat track position, autonomous vehicle
relevant crash conditions, and so on using computationally efficient MB HBMs.

Considering these distinctive natures of autonomous vehicle crashes, e.g., occupant
posture, pre-crash maneuver, and so on, there could be new vehicle crash test conditions
that need to be included in vehicle crash safety test protocols. Currently, vehicle crash
safety is mainly evaluated by physical tests due to limitations in terms of cost, repeatability,
reproducibility, and standardization, which restrict the types of tests that can be conducted.
These limitations will also apply when selecting crash safety evaluation conditions for
autonomous vehicles. When selecting characteristics to consider in evaluating the crash
safety of autonomous vehicles, it is beneficial to understand the relative importance of
these characteristics in relation to occupants’ injury risk.

The objective of this study was to evaluate the effects of autonomous vehicle relevant
parameters such as AEB activation, seatback angle, seat track position, and seat belt type on
occupant injury risk as an effort to prioritize consideration of those potential parameters in
either physical or virtual vehicle crash safety evaluations. First, biofidelity of the MB AHBM
was validated for both pre-crash kinematics and injury risk prediction. Second, vehicle
crash pulses were predicted using mid-sized sedan FE vehicle models for reconstructed
autonomous vehicle crash scenarios based on real-world crash cases. Third, parametric
vehicle crash simulations were conducted considering AEB activation, muscle bracing
levels during AEB activation, seatback angle, seat track position, and seat belt type. Finally,
the effects of these variables on human injury risk were analyzed. So, the evaluation results
for each variable can serve as a basis for selecting crash safety evaluation conditions for
autonomous vehicles.

2. Methods
2.1. Simulation Framework

A parametric simulation study was conducted to analyze the effects of autonomous
vehicle-relevant variables on injury risk of front-row seated occupants (Figure 1). First,
a MADYMO AHBM representing a 50th-percentile adult male was selected to perform
crash analysis encompassing both pre-crash and crash phases [33]. The biofidelity of the
AHBM was validated against volunteer and cadaveric test data. Second, car-to-car crash
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simulations were performed to obtain vehicle kinematics for two autonomous vehicle-
relevant crash scenarios identified from real-world crash data using FE mid-sized sedan
models. Third, a series of parametric studies were conducted to evaluate autonomous
vehicle-related factors such as degrees of muscle activation during AEB activation, seatback
angle, seat track position, seat belt type, and more. Finally, the effects of these factors on
injury risk were analyzed using statistical methods.

 

Figure 1. Overview of sensitivity analysis of variables in occupant injury risk.

2.2. Active Human Body Model

A computationally efficient 50th percentile adult male MADYMO AHBM was chosen
as the human surrogate to conduct a large-scale parametric simulation study. Biofidelity
of the AHBM was validated against volunteer experiment results for head and torso
kinematics during AEB activation (Table 1) [13,34,35]. The AEB activation simulation was
performed using a mid-sized sedan MB vehicle model by applying a 1G deceleration pulse
at the center of gravity of the vehicle model (Figure 2) according to the literature [35].
Optimal muscle parameters were adjusted to mimic the average responses of volunteers
in terms of longitudinal excursions and forward rotation angles of the head and torso.
Since volunteers of an experimental study demonstrated significant variations in their
kinematics during AEB activation, simulating volunteers’ behavior using a single set of
muscle parameters might not be representative. Therefore, the AHBM was further validated
for two additional sets of muscle tensing levels—weak and strong conditions representing
the upper and lower bounds of volunteers’ responses, respectively. Impact responses of the
AHBM were evaluated at component levels using cadaveric test data from the literature to
ensure biofidelic responses during crash simulations (Table 1). Contact characteristics of
body regions and stiffness between body regions were adjusted from the stock MADYMO
AHBM model to enhance its biofidelity beyond the default settings of the model. Lastly, the
risk of injury was predicted using empirical injury risk functions according to the literature
shown in Table 2.

Table 1. Validation matrix for the MADYMO active human body model.

Type Body Region Test Condition References

Component

Head Frontal impact Melvin et al., 1989 [36]
Frontal drop Loyd et al., 2012 [37]

Neck Frontal sled (15 g) Ewing et al. (1968, 1973) [38,39]
Lateral sled (7 g) Klinich et al., 1995 [40]

Thorax Frontal impact Kroell et al., (1971, 1974) [41,42]
Frontal impact Bouquet et al., 1994 [43]

Thorax Frontal oblique impact Yoganandan et al., 1997 [44]
Thorax Lateral oblique impact Viano et al., 1989 [45]
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Table 1. Cont.

Type Body Region Test Condition References

Component

Shoulder Lateral impact ISO9790 [46]
Lateral impact Subit et al., 2010 [47]
Lateral impact Compigne et al., 2004 [48]

Abdomen Frontal impact Cavanaugh et al., 1986 [49]
Abdomen Lateral oblique impact Viano et al., 1989 [45]
Pelvis Lateral impact Viano et al., 1989 [45]

Whole-body Whole-body Braking 50 km/h (1 g) OM4IS project [13,34,35]

Table 2. Injury metrics for injury risk prediction.

Body Region Injury Metrics (or Predictor) AIS Level

Skull HIC15 (Eppinger et al., 1999 [50]) 2+
Brain Damage (Gabler et al., 2019 [51]) 2+

Thorax Chest compression (Kent and Patrie, 2005 [52]) 3+

Abdomen Abdomen compression (Craig et al., 2020 [53]) 3+

Cervical spine Nij (frontal) (Eppinger et al., 1999 [50]) 2+
Lumbar spine Compressive axial force (Stemper et al., 2012 [54]) 2+

Hip Resultant force (Rupp et al., 2009 [55]) 2+
Femoral condyle Compressive axial force (Rupp et al., 2010 [56]) 3+
Tibial plateau Compressive axial force (Kuppa et al., 2001 [57]) 2+
Ankle Axial load at distal tibia (Funk et al., 2002 [58]) 2+

 
 

(a)  (b) 

Figure 2. A mid-sized sedan interior model for pre-crash and crash simulations. (a) LS-Dyna accord
model and (b) MADYMO vehicle interior model.

2.3. Vehicle Models

Two types of vehicle models were used. First, the publicly available 2011 Honda
Accord FE model was used for crash pulse generation during car-to-car crash simulations
(Figure 2a) [59]. Interior and occupant restraint systems were converted into MADYMO
environment to create an MB version of the vehicle model for occupant simulations. To
improve computational efficiency, all parts except the airbag and seatbelt were modeled
as rigid bodies using facet elements (Figure 2b). The MB vehicle model consisted of an
instrument panel (IP), a right-side front door, a center console, a front-row passenger seat,
a passenger airbag (PAB), and a 3-point seatbelt with a shoulder belt load limiter and a pre-
tensioner. The MADYMO Accord vehicle model was validated through comparison with
a real-world dummy crash test (NHTSA test number: MD5303). Responses of the small
female H3 dummy model were compared with those from the crash test data (Figure 3).
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A generic passenger airbag model was used in the MADYMO simulation due to the
unavailability of detailed information on the OEM airbag from the crash test. While the
generic model did not reproduce the initial spike in head acceleration observed at around
35 ms in the test data, the simulation captured the overall trend well during the later phase.
Overall, the MADYMO simulation results showed a good correlation with the test data. A
comparison of injury metrics is provided in Supplementary Materials S1.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

Figure 3. Comparison of H3 small female dummy responses in physical test and MADYMO simu-
lation under 56 km/h full frontal crash condition: (a) vehicle acceleration pulse, (b) shoulder belt
load, (c) lap belt load over time, (d) resultant head acceleration, (e) resultant T1 acceleration, (f) chest
deflection, (g) resultant pelvis acceleration, (h) left femur axial force, and (i) right femur axial force.

2.4. Parametric Simulation
2.4.1. Simulation Matrix

A parametric simulation study was conducted to investigate the effects of parameters
relevant to autonomous vehicles on occupant injury risk. Parameters included occupant
postures at the start of the crash simulation, seatback angles, seat track positions, seating
locations, shoulder belt load limits, types of seat belt, and crash pulses (Table 3). Notably,
only the BIS type belt was considered for the conceptual rear seat track position, which was
300 mm rearward from the baseline seat track position due to belt-fitting issues associated
with the BPI seat belt. This simulation matrix resulted in a total of 12,096 crash simulations.
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Table 3. Variables of a parametric simulation study.

Input Parameter No. of Conditions Description

Occupant posture at crash 4

Weak bracing with AEB activation,
normal bracing with AEB activation,

strong bracing with AEB activation, and
nominal posture without AEB activation

Seatback angle 2 Upright (19◦), reclined (49◦)

Seat track position 4 Front (−50 mm), baseline (0 mm), rear
(+50 mm), * concept rear (+300 mm)

Seating location 2 Driver, passenger

Shoulder belt load limit 2 Baseline (3.1 kN), low (1.55 kN)

Seat belt type 2 B-pillar integrated (BPI), belt in seat (BIS)

Crash pulse 54
2 (crash scenario) × 3 (overlap)

×3 (relative velocity) × 3 (heading angle)

Total 12,096 simulations
* Seat belt type: BIS only.

2.4.2. Occupant Posture at Crash

First, the AHBM was settled under gravity on the front right seat of the MADYMO
vehicle model, which gave us the nominal occupant posture without AEB activation
(Figure 4a,e). To obtain the initial posture of displaced occupants after AEB activation
for crash simulations, AEB activation simulations were performed by varying the muscle
activation strength in AHBM. The AEB simulation applied 0.8 G of longitudinal deceleration
to the vehicle’s center of gravity (CG) based on the autonomous vehicle crash scenario
(Figure 5) [60]. Using three levels of muscle tensing strengths (average, lower bound, and
upper bound of volunteers behaviors), three additional occupant postures were obtained
for each seatback angle (Figure 4b–d,f–h). Occupant postures and velocities were imported
as initial conditions of the following crash simulations.

       
(a)  (b)  (c)  (d) 

(e)  (f)  (g)  (h) 

Figure 4. Example of initial postures for an upright condition with baseline seat track position and
B-pillar-integrated seat belt system at the beginning of the crash simulation. (a) Upright-nominal
posture, (b) upright-strong bracing, (c) upright-normal bracing, (d) upright-weak bracing, (e) reclined-
nominal posture, (f) reclined-strong bracing, (g) reclined-normal bracing, and (h) reclined-weak bracing.
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Figure 5. Longitudinal acceleration for pre-crash automatic emergency braking (AEB) activation
simulation.

2.4.3. Seat-Related Parameters

Two seatback angles were considered: upright (19◦) and reclined (49◦) (Figure 4). The
seat track position for the 50th percentile adult male was selected as the baseline seat track
position. Subsequently, forward and backward positions, each 50 mm from the baseline
seat track position, were defined (Figure 6). Additionally, a position 300 mm rearward from
the baseline seat track position was designated as a conceptual rear seat track position. In
this conceptual rear condition, the occupant will have little interaction with the instrument
panel or airbag.

 

Figure 6. Four-seat track locations. From left to right: −50 mm, baseline, +50 mm, and concept rear
conditions (+300 mm).

2.4.4. Seatbelt Types and Load Limits

The BIS system was considered, along with a conventional B-pillar-integrated (BPI)
seatbelt system (Figure 7). The BIS system was modeled based on the BPI seatbelt system,
with the D-ring joint location relocated from the B-pillar to the upper part of the seat. For
a reclined condition, the D-ring location of the BIS system was rotated along with the
seatback to maintain a consistent distance between the hinge joint of the seat and the D-ring
location. Two levels of the load-limiter were considered to obtain a general trend based on
a parametric study [61].
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(a)  (b)  (c)  (d) 

Figure 7. Types of shoulder belt attachment: (a) upright-BPI (B-pillar-integrated), (b) upright-BIS
(belt-in-seat), (c) reclined-BPI, and (d) reclined-BIS.

2.4.5. Crash Pulses

Autonomous vehicle-relevant crash conditions from the literature were used as base-
line crash conditions. In one study, 150 head-on accidents collected by a South Korean
insurance company were reconstructed using PC-Crash software (DSD, Linz, Austria) [62].
Virtual AEB systems were then activated to observe changes in crash configurations and fre-
quencies [60]. Based on these analyses, the two most common autonomous vehicle-relevant
crash scenarios were selected, considering both their frequency and severity (Figure 8a).
These configurations represented the most frequent scenarios involving a host vehicle
equipped with automatic emergency braking (AEB). Among these, cases with some of the
highest crash severities were selected to determine the initial crash conditions. For the
21KR0040 case, the relative velocity, heading angle, and overlap were 93.8 km/h, 209◦, and
43%, respectively. For the 21KR0090 case, the relative velocity, heading angle, and overlap
were 81.2 km/h, 215◦, and 90%, respectively. Variations from baseline values were applied
to these three parameters to generate crash pulses for parametric simulations (Figure 8b).
This approach resulted in 27 variations of crash conditions for each scenario.

 
(a) 

 
(b) 

Figure 8. Baseline crash conditions and application of variations. (a) Two autonomous vehicle
relevant crash scenarios, and (b) method for applying variations to crash conditions.
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For these selected scenarios, car-to-car crash simulations were conducted using a
2011 Honda Accord model in LS-Dyna (version R11.1.0, LSTC, Livermore, CA, USA) to
generate crash pulses for occupant simulation with the MADYMO software. After crash
simulations, crash severity (∆V) and principal direction of forces (PDOF) were calculated
(Equations (1) and (2)). The PDOF was computed at every moment during the crash. Its
value at the point when ∆V reached its maximum was used for further analysis.

∆V = max
(

Vmagnitude

)
− min

(
Vmagnitude

)
(1)

PDOF = tan−1(∆Vx/∆Vy
)

(2)

To account for occupants seated on both the driver side and the passenger side, 27
mirrored crash pulses reflected along the y-axis were included while keeping the AHBM
in the passenger-side seat to simulate occupant responses in the driver-side seat under
identical crash scenarios. It was assumed that the interior environment for the driver side
was the same as that for the passenger side. This methodology resulted in a total of 54 crash
pulses, with 27 allocated to each of the driver and passenger locations.

2.5. Crash Simulation Procedure

The vehicle’s initial velocity at the time of the crash (Figure 8) was applied to the center
of gravity of the vehicle model (Figure 2b) using the INITIAL.JOINT_VEL keyword in the
MADYMO software [63]. Subsequently, six-degree-of-freedom vehicle kinematics were
prescribed to the center of gravity of the vehicle model, represented as linear and angular
acceleration time histories obtained from the finite element (FE) car-to-car crash simulation.

For conditions without AEB activation, initial joint positions of the AHBM from
the gravity settling simulation were used to position the AHBM for crash simulation
(Figure 4a,e). All initial velocities of the AHBM joints, except for the joint between the
AHBM and the reference frame, were set to zero. For the AEB activation simulation, the
AHBM model’s joint positions and velocities at the end of the pre-crash AEB simulation
were imported into the AHBM using the INITIAL.JOINT_POS and INITIAL.JOINT_VEL
keywords, respectively (Figure 4b–d,f–h) [63]. While the initial relative joint positions could
be imported using the Active Human Initializer tool in XMADgic, initial joint velocities
needed to be defined manually [63]. The initial joint velocity of the AHBM was specified
using an in-house code developed in the MATLAB R2022b environment (MathWorks,
Natick, MA, USA) [64]. To prevent excessive muscle activation during crash simulation,
muscle activation was disabled throughout the simulation process.

2.6. Sensitivity Analysis

Based on MADYMO crash analysis results, injury metrics, and injury risks for 10 body
regions were calculated using injury risk functions available in the literature (Table 2).
Effects of considered parameters, including occupant excursion during AEB activation,
seatback angle, seat track position, and types of seat belts, were analyzed by comparing
differences between average values of injury risk for each body region. The significance
of differences in median injury metrics or injury risk values was evaluated using the
Wilcoxon rank sum test [65]. A p-value of less than 0.05 from the statistical test indicated
that the difference between the two groups was statistically significant. Each body region
was analyzed independently to assess the sensitivity of the variable of interest. Since the
analyses were not intended to test a global hypothesis across all body regions, adjustments
for multiple comparisons were not applied.
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3. Results
3.1. Biofidelity Evaluation of the AHBM

Figure 9 compares the responses of volunteers and the AHBM during AEB activation
(Table 1). The normal muscle strength produced similar head kinematics and shoulder belt
forces to those from volunteer test data. Scaling the muscle strength of the normal condition
by 65% and 150% resulted in similar head and torso excursion amounts with upper and
lower bounds of response corridors, respectively, in terms of magnitudes. However, a
weak setting muscle strength resulted in greater head and torso rotation than the upper
bounds of response corridors. Due to space limitations, the excursion data of the AHBM
are provided in Supplementary Materials S2. Also, the impact responses of the AHBM
generally followed the response corridors from the cadaveric tests (see Supplementary
Materials S3).

     
(a)  (b)  (c) 

     
(d)  (e)  (f) 

Figure 9. Comparison of the kinematics of volunteers and the AHBM during 1G emergency braking
across three muscle tension levels: (a) vehicle deceleration pulse, (b) longitudinal head excursion,
(c) head rotation about the local Y-axis, (d) shoulder belt force over time, (e) longitudinal T1 excursion,
and (f) T1 rotation about the local Y-axis.

3.2. Crash Pulse of an Autonomous Vehicle

Peak longitudinal accelerations of baseline conditions for 21KR0040 and 21KR0090
were 34G and 24G, respectively (Figure 8a, Figure 10a). Peak lateral accelerations for the
two baseline conditions (21KR0040 and 21KR0090) were both around 10G (Figure 10b).
Peak yaw rates for the two baseline conditions were 100 deg/s and 206 deg/s, respectively
(Figure 10c). Distribution of the ∆V and PDOF of the 54 car-to-car crash simulations
ranged from 25–55 km/h and from −26◦ to 27◦, respectively (Figure 10e–f, Figure 8b,
Equations (1) and (2)).
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(a)  (b)  (c) 

     

(d)  (e)  (f) 

Figure 10. Vehicle kinematics time histories and distributions of ∆V and principal direction of
force from 54 car-to-car crash simulations: (a) vehicle acceleration along the local X-axis, (b) vehicle
acceleration along the local Y-axis, (c) vehicle yaw rate over time about the local Z-axis, (d) vehicle
velocity change over time, (e) distribution of velocity change (∆V), and (f) distribution of principal
direction of force.

3.3. Average Injury Risk from Parametric Simulations

A total of 12,096 crash simulations were performed, incorporating variations in factors
such as pre-crash AEB activation-induced posture displacement and seatback angle. Of
these, 340 simulations were prematurely terminated before reaching 150 milliseconds
of analysis time. Consequently, these incomplete simulation cases were excluded from
subsequent analyses. On average, the brain, cervical spine (c-spine), thorax, and lumbar
spine (l-spine) exhibited the highest injury risks (Figure 11). Injury risks for the lower
extremities were relatively lower than those for the upper body and the spine. Time
histories of the AHBM behaviors from selected parametric simulations can be found in
Supplementary Materials S4.

Figure 11. Average injury risk for each body region from the complete simulation results.
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3.4. Parameter Effects on Injury Risk

Effects of different variables considered in the parametric simulation on human injury
risk were analyzed. In cases where the difference between the two groups was statistically
significant based on the Wilcoxon rank sum test, an asterisk is placed on the x-axis label of
the graph.

3.4.1. Effect of Seatback Angle

The effect of the seatback angle or seating posture on human injury was significant
for all body regions, while the degree of sensitivity varied depending on body regions
(p < 0.05). Compared to the upright posture, the reclined posture resulted in an increased
average injury risk for the skull, brain, c-spine, and l-spine, while the injury risk for the
thorax decreased. The most significant increase in average injury risk was observed for
the brain, which showed a 15.4% increase in the reclined posture compared to the upright
posture. The skull demonstrated the second-largest increase (8.2%) in injury risk associated
with a reclined posture (Figure 12). A significant increase in l-spine injury risk was observed
only under the no-AEB condition, whereas no such increase was noted with AEB.

 
(a) 

 
(b) 

 
(c) 

Figure 12. Effects of reclined posture vs. upright posture on injury risk, excluding a concept rear
seat track position: (a) AEB + No AEB, (b) no AEB, and (c) AEB. * Indicates a statistically significant
difference between the two groups.



Appl. Sci. 2025, 15, 6492 14 of 23

3.4.2. Effect of AEB Activation

The effect of out-of-position due to pre-crash AEB activation of 0.8G is shown in
Figure 13. Among the initial forward excursions of the occupant’s head considered, the
muscle weak condition showed the greatest excursion amount, followed by muscle normal
and muscle strong conditions (Figure 4d,f). The initial excursion of the nominal posture
without AEB activation was zero (Figure 4a,e). With initial occupant excursion due to AEB
activation, injury risks of the skull, brain, c-spine, and l-spine regions decreased compared
to those from nominal posture conditions. The risk of abdominal and right hip injuries
slightly increased with AEB activation. When analyzing the effect of displaced posture
separately for upright and reclined postures, the average injury risk difference in an upright
posture ranged from −5.2% to 4.6% (Figure 13b). In contrast, in a reclined posture, the
occupant excursion due to the activation of AEB reduced injury risks of the head, brain,
c-spine, and l-spine by up to 11% (Figure 13c). These body regions coincided with those that
showed an increased injury risk in a reclined condition compared to an upright condition
(Figure 12).

 
(a) 

 
(b) 

 
(c) 

Figure 13. Effect of AEB excluding seat track position for concept rear. (a) Both upright and reclined
seatback conditions, (b) upright seatback condition, and (c) reclined seatback condition. * Indicates a
statistically significant difference between the two groups.
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3.4.3. Effect of Seat Track Position

In general, the risk of injuries varied slightly as the seat was moved forward by 50
mm. In contrast, the risk of l-spine injuries increased as the seat was moved rearward by
50 mm (Figure 14b). For the 300 mm rearward seat position, substantial increases in the
average injury risk for the brain (13.1%) and l-spine (22.0%) were observed compared to
the baseline seat track position (Figure 14c). However, the risk of chest injury showed no
significant change with a concept rearward position compared to the baseline condition,
possibly due to the presence of a shoulder belt load limiter. Note that only the BIS system
was considered for the concept rearward position.

(a) 

 
(b) 

 
(c) 

Figure 14. Effect of seat track position (belt-in-seat): (a) front 50 mm, (b) rear 50 mm, and (c) concept
rear 300 mm. * Indicates a statistically significant difference between the two groups.

3.4.4. Effects of Belt System Types

When comparing the effects of BPI and BIS on injury risk, the concept of rear seat track
position was excluded because BPI seatbelt application was not practical for that position.
While BIS increased the risk of l-spine injuries by 14.7%, it reduced the risk of brain injuries
by 7.5% compared to those of the BPI (Figure 15). Both the increase in l-spine injury risk and
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the decrease in brain injury risk with BIS were more pronounced in a reclined posture than
in an upright posture (Figure 15b,c). The risk of lower extremity injuries, which include the
hip to ankle regions, was insensitive to seatbelt types.

 
(a) 

 
(b) 

 
(c) 

Figure 15. Effect of belt-in-seat excluding the concept rear seat track position: (a) both upright and
reclined seatback conditions, (b) upright seatback condition, and (c) reclined seatback condition.
* Indicates a statistically significant difference between the two groups.

4. Discussion
4.1. Overview

The objective of this study was to compare the effects of autonomous vehicle occu-
pant safety-relevant parameters—such as AEB activation, seatback angle, and seat track
position—on occupant injury risk. This effort also aimed to help prioritize these parameters
in autonomous vehicle crash safety evaluations. To enable broader conclusions, the study
incorporated variations in vehicle crash conditions, levels of muscle activation during AEB
events, seating locations, and seat belt types, which significantly increased the number of re-
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quired simulations. To manage the resulting computational burden, a validated multi-body
(MB) human body model was employed.

The findings of this study indicate that the seatback angle is one of the most influential
parameters affecting the risk to head and neck regions, particularly for conventional seat
track positions. Furthermore, when the seat track was moved to the concept rear position,
a substantial increase in injury risk in the brain and l-spine regions was observed. In this
study, the reclined seatback angle and the concept of rear seat track position were the most
influential factors, as they deviated the most from the baseline seating posture and location.
A detailed discussion of these findings is presented in the following sections.

4.2. Upright vs. Reclined Posture

Risks of injury to the skull, brain, c-spine, and l-spine were higher in the reclined
posture than those in the upright posture. During the simulation, the shoulder belt was
the only measure controlling head kinematics in a crash involving a reclined seatback.
Additionally, due to the oblique nature of the representative crash condition identified for
AEB-equipped vehicles, the head of the reclined occupant often missed the frontal airbag.
The fixed location of the frontal airbag increased the distance between the occupant and the
airbag in the reclined posture. This greater relative distance resulted in more uncontrolled
head kinematics compared to the upright posture, leading to increased head rotation and
elevated neck forces and moments. Previous epidemiological studies have shown similar
trends [18]. While these studies considered both frontal and side-impact conditions, they
reported odds ratios greater than one for injuries to the HFN (head, face, and neck) regions
in a reclined posture. Dissanaike et al. (2008) have also demonstrated that as the seat is
reclined, the mortality rate of front-seat occupants is increased [19].

The average chest injury risk based on chest anterior-posterior compression decreased
slightly by 4.2% in a reclined posture compared to that in an upright posture. Similar
findings have been reported in previous studies, although degrees of reduction are different.
One study showed that the reduction in chest compression amount was as much as 0.8%
and 16.5% with a reclined angle using GHBMC and THUMS models, respectively [66].
Furthermore, the effect of seatback reclination on the risk of MAIS3 or higher chest injuries
was not statistically significant in a field data analysis [18].

The l-spine injury risk, which was based on axial compressive load, increased by
5.9% on average in a reclined posture compared to an upright posture. Previous studies
have similarly reported an increase in lumbar compression force with increasing seatback
angle [20,21,31]. Two studies have suggested that the axial force of the l-spine is increased
by 37–44 N/◦ [20,21]. Another study has shown that l-spine compression is increased
by around 35 N/◦ with an OEM seat model for the additional 20 degrees of rotation
from the upright posture [31]. Interestingly, the increase of the l-spine injury risk under a
reclined seatback angle was more pronounced without AEB activation, which showed a
23.7% increase, than that with AEB activation, which showed only a 0.1% increase. One
hypothesis is that the activation of the AEB might have changed the reclined occupant’s
posture closer to the upright posture, which could reduce the compressive loading to the
l-spine. Lastly, the risk of lower extremities was insensitive to seatback angles.

4.3. Effect of Activation of AEB on Injury Risk

When evaluating the effect of an occupant’s forward excursion due to AEB activation
on injury risk, it was found that the average risks for head, brain, and c-spine injuries de-
creased by up to 2.6% compared to those under a no-AEB activation condition (Figure 13a).
These reductions were more pronounced in the reclined seatback condition, which showed
up to a 5.1% reduction in injury risk for head and neck regions (Figure 13b).
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In frontal crashes, the forward excursion of the occupant caused by AEB activation
reduced the distance between the occupant and the frontal airbag. This reduction in
distance might have improved the interaction between the head and the frontal airbag,
leading to a decreased risk of head and neck injuries, particularly in the reclined condition.
Another modeling study has also demonstrated that occupant excursion caused by pre-
crash braking can influence the injury risk in frontal crash scenarios [28]. In this study, the
head injury criterion (HIC) was reduced by 19%, although chest deflection was increased
by 20%. Similarly, another study has reported a reduction in neck torsion under pre-impact
braking conditions compared to no-braking conditions with an upright seatback [30].

Overall, the effect of occupant excursion due to the activation of AEB (0.8G for 0.5 s)
was smaller than that caused by a 20-degree reclination of the seatback from its upright
posture (Figures 12 and 13a). The impact of AEB activation was primarily protective and
more pronounced when the seatback was reclined instead of upright (Figure 13c). This
protective effect from AEB activation raises an interesting question about pre-crash preten-
sioning devices [11,28]. While such systems may reduce occupant excursion during AEB
activation, their effects on injury risk for reclined occupants warrant further investigation.

4.4. Effect of Seattrack Position

In general, risks of skull, c-spine, and thorax injuries changed very little when the seat
was placed forward, while the risk of l-spine injuries increased for the 50 mm rearward
seat track position (Figure 14). In a concept rear position (+300 mm), the average l-spine
injury risk was further increased by 22% compared to that in the baseline position. One
modeling study has investigated the effect of the distance between the knee bolster and
the lumbar behavior under a simplified frontal impact condition [22] and found that early
restraint to the knees using the knee bolster can reduce the flexion of the thoracolumbar
junction (TLJ) by rotating the pelvis forward. This effect also lowered the axial force of the
l-spine across various seatback angles ranging from 40 to 60 degrees. Other studies have
also shown that removing knee bolsters can increase the risk of submarining and l-spine
flexion moments [20,21,67]. The average risk of brain injuries increased by 13.1% in the
concept rear condition compared to that in the baseline seat track position. This increase
was attributed to the lack of interaction between the head and the passenger frontal airbag
due to a greater distance between them.

4.5. BPI vs. BIS

The BIS system, on average, reduced the risk of head and c-spine injuries compared
to the BPI system. However, it was associated with an increased risk of l-spine and
thoracic injuries (Figure 15). This trend was particularly pronounced in the reclined posture
(Figure 15c). In addition, this increase in l-spine injury risk appears to be influenced by
the vertical component of the shoulder belt force in the BIS system, which arises due to a
horizontal belt geometry around the shoulder relative to the thorax of the AHBM (Figure 7).
A previous study has also suggested that the BIS system can reduce the forward motion of
the occupant through earlier belt engagement compared to the BPI system, although this
might lead to higher compressive forces on the l-spine [67].

4.6. Limitations

This study has several limitations. First, to conduct 12,096 simulations considering
various variables and for applying the variations, the MADYMO AHBM was used instead
of an FE human model. The MADYMO AHBM has been primarily validated for upright
postures and component-level blunt impact conditions. Consequently, its biofidelity under
reclined postures requires further validation. The interaction between the AHBM upper
body and the seat belt in a reclined posture is particularly worthy of investigation. The
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risk of abdominal injuries was mostly insensitive to crash and restraint parameters. Thus,
this model might require an improvement of its biofidelity around the abdominal and
pelvic regions to be able to predict the submarining phenomenon. If the capability of the
model in predicting submarining is improved, the pelvic forward excursion and abdominal
compression amount would also increase with the occurrence of the submarining phe-
nomenon during the frontal crashes [21]. The increased pelvic forward excursion would
also increase the l-spine load due to the increase in the flexion of the l-spine. Although
the biofidelity of the AHBM is limited, general trends in the sensitivity between crash and
occupant parameters and the risk of injuries could still be observed.

Second, the study considered only a limited range of crash conditions, including
occupant anthropometries, vehicle interiors, restraint systems, and crash scenarios. The
findings are applicable only to frontal crashes, as the two reconstructed autonomous
vehicle cases involved oblique frontal impacts. Furthermore, the results are based on
typical restraint systems, including a three-point seatbelt with a pretensioner and load
limiter, a frontal airbag, and a knee bolster. Additionally, the exclusion of toe pan intrusion
effects may have masked the potential protective benefits of rearward seating for foot and
ankle injuries.

Future research should explore a broader range of occupant anthropometries, pre-crash
vehicle maneuvers (such as lateral avoidance), and varied vehicle interior and restraint
system configurations.

5. Conclusions
In summary, consideration of a reclined seatback angle might take higher priority

over occupant excursion caused by AEB activation when evaluating the crash safety of
autonomous vehicles. However, occupant excursions could become more critical in sce-
narios involving either evasive steering maneuvers or different crash conditions where the
coverage of an occupant protection system is limited.

Next to a reclined posture, the concept rear seat track position poses a challenge for
protecting the brain and lumbar regions of occupants due to the lack of a restraint force to
the knee and the interaction between the head and the conventional frontal airbag.

Lastly, the AEB activation demonstrated the protective effects of the reclined seatback
angle by allowing forward rotation of the upper body prior to the crash. This result suggests
that correcting an occupant’s initial posture at the crash is worthy of further investigation
as an active safety concept, which has also been suggested by earlier studies [22,68].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app15126492/s1, Table S1.1: comparison of injury metrics be-
tween an H3-05F physical dummy and an H3-05F MADYMO model; Figure S2.1: postures of the
active human body model at the time of crash (t = 0) due to pre-crash emergency braking (seat track
position: front, seat belt type: B-pillar-integrated; Table S2.1: excursions and body rotations of the
active human body model compared to nominal posture due to pre-crash emergency braking (seat
track position: front, Seat belt type: B-pillar-integrated); Figure S2.2: postures of the active human
body model at the time of crash (t = 0) due to pre-crash emergency braking (seat track position:
front, Seat belt type: belt-in-seat); Figure S2.2: postures of the active human body model at the
time of crash (t = 0) due to pre-crash emergency braking (seat track position: front, seat belt type:
belt-in-seat); Table S2.2: excursions and body rotations of the active human body model compared
to nominal posture due to pre-crash emergency braking (seat track position: front, seat belt type:
belt-in-seat); Figure S2.3: postures of the active human body model at the time of crash (t = 0) due to
pre-crash emergency braking (seat track position: baseline, seat belt type: B-pillar-integrated); Table
S2.3: excursions and body rotations of the active human body model compared to nominal posture
due to pre-crash emergency braking (seat track position: baseline, seat belt type: B-pillar-integrated);

https://www.mdpi.com/article/10.3390/app15126492/s1
https://www.mdpi.com/article/10.3390/app15126492/s1


Appl. Sci. 2025, 15, 6492 20 of 23

Figure S2.4: postures of the active human body model at the time of crash (t = 0) due to pre-crash
emergency braking (seat track position: baseline, seat belt type: belt-in-seat); Table S2.4: excursions
and body rotations of the active human body model compared to nominal posture due to pre-crash
emergency braking (seat track position: baseline, seat belt type: belt-in-seat); Figure S2.5: postures of
the active human body model at the time of crash (t = 0) due to pre-crash emergency braking (seat
track position: rear, seat belt type: B-pillar-integrated); Table S2.5: excursions and body rotations of
the active human body model compared to nominal posture due to pre-crash emergency braking
(seat track position: rear, seat belt type: B-pillar-integrated); Figure S2.6: postures of the active human
body model at the time of crash (t = 0) due to pre-crash emergency braking (seat track position: rear,
seat belt type: belt-in-seat); Table S2.6: excursions and body rotations of the active human body
model compared to nominal posture due to pre-crash emergency braking (seat track position: rear,
seat belt type: belt-in-seat); Figure S2.7: postures of the active human body model at the time of
crash (t = 0) due to pre-crash emergency braking (seat track position: concept rear, seat belt type:
belt-in-seat); Table S2.7: excursions and body rotations of the active human body model compared
to nominal posture due to pre-crash emergency braking (seat track position: concept rear, seat belt
type: belt-in-seat); Figure S3.1: head frontal impact (Melvin et al., 1989); Figure S3.2: head frontal
drop (Loyd et al., 2012); Figure S3.3. frontal sled 15 g (Ewing et al., 1968, 1973); Figure S3.4: lateral
sled 7 g (Klinich et al., 1995); Figure S3.5: (a), (b) thorax frontal cylindrical impact (Kroell et al.,
1971; Kroell et al., 1974), (c) thorax frontal hammer impact (Bouquet et al., 1994); Figure S3.6: thorax
frontal oblique cylindrical impact, 4.3 m/s (Yoganandan et al., 1997); Figure S3.7: thorax oblique
pendulum impact (Viano et al., 1989); Figure S3.8: shoulder lateral pendulum impact (ISO9790);
Figure S3.9: shoulder lateral cylindrical impact 1.0 m/s (Subit et al., 2010); Figure S3.10: shoulder
lateral cylindrical impact 3.0 m/s (Subit et al., 2010); Figure S3.11: shoulder lateral cylindrical impact
1.5 m/s (Compigne et al., 2004); Figure S3.12: shoulder lateral cylindrical impact 3.0 m/s (Compigne
et al., 2004); Figure S3.13: abdomen frontal bar impact 6.1 m/s (Cavanaugh et al., 1986); Figure S3.14:
abdomen lateral oblique pendulum impact (Viano et al., 1989); Figure S3.15: pelvis lateral pendu-
lum impact (Viano et al., 1989); Figure S4.1: time-history signal of MADYMO active human body
model (crash pulse: 21KR0040/nominal posture without AEB activation/seat back angle: upright,
reclined/seat track position: baseline/seating location: driver/seat belt type: belt-in-seat); Figure S4.2:
time-history signal of MADYMO active human body model (crash pulse: 21KR0040/nominal posture
without AEB activation/seat back angle: upright, reclined/seat track position: baseline/seating
location: passenger/seat belt type: belt-in-seat); Figure S4.3: time-history signal of MADYMO active
human body model (crash pulse: 21KR0040/normal bracing with AEB activation/seat track position:
baseline/seating location: driver/seat belt type: belt-in-seat); Figure S4.4: time-history signal of
MADYMO active human body model (crash pulse: 21KR0040/normal bracing with AEB activa-
tion/seat back angle: upright, reclined/seat track position: baseline/seating location: passenger/seat
belt type: belt-in-seat). References [36–49] are cited in the Supplementary Materials.
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