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Abstract

In side-impact collisions, the occupant in the non-impacted far-side position faces a high
risk of death and serious injury. However, current research on injury to far-side occupants
remains limited. This study utilized 40 real-world side collision cases to extract dynamic
boundary of the
reconstruction. These parameters were input into a simplified finite element (FE) vehicle
model equipped with a human body FE model in the far-side position. Simulation
calculations were performed to obtain head and chest injury parameters for the far-side
occupant and assess their injury risk. Finally, the study focused on analyzing the effect of

condition parameters impacted vehicle through kinematic

vehicle motion boundary conditions on far-side occupant’s injury risk. The assessment
based on the head injury criterion HICis shows a low head injury risk for the far-side
occupant. However, using the BrIC metric, which accounts for head rotational motion,
reveals a significant risk of severe traumatic brain injury in some cases. Regarding chest
injury, analysis based on the effective plastic strain of ribs indicated a low risk of rib
fractures. However, results from the chest viscosity criterion (VC) and internal organ
strain analysis suggested a high risk of soft tissue injury in the chest. This computational
investigation, leveraging biofidelic human models, underscores that the human body’s
response to complex, multi-directional impacts is not fully captured by traditional metrics.
This study concludes that addressing the protection of the far-side occupant is essential
in side-impact safety design, with particular emphasis on the unique injury risks posed
by vehicle rotational motion, potentially inspiring biomimetic safety systems that better
adapt to these complex loading conditions.

Keywords: side-impact collision accident; far-side occupant; finite element model; head
injury; chest injury; biomimetics; biofidelic modeling

1. Introduction

Side collisions are a common type of road traffic accident, accounting for as much as
41% of all crash types and ranking among the most frequent accident categories [1].
Furthermore, side collisions contribute to 25% to 35% of all severe injuries resulting from
vehicle collisions [2]. Side collisions can be classified as near-side or far-side based on their
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impact location. Statistical analysis of side-impact accidents in the U.S. NASS-CDS
database indicates that far-side collisions constitute 9.5% of all side-impact crashes [3,4].
Ryb et al. conducted a comparative analysis of occupant fatality and serious injury rates
in near-side versus far-side positions across 380 collision cases from the Collision Injury
Research and Engineering Network (CIREN) database. They found that 72% of fatalities
and severe injuries occurred in the near-side position, while 28% occurred in the far-side
position [5]. This indicates that occupant injuries in the far-side position are a significant
concern.

The injury patterns and risks for far-side occupants differ from those of near-side
occupants [6,7]. Far-side occupants share similarities with near-side occupants, and head
and chest injuries remain the primary causes of injury or death in far-side crashes [3,8-10].
Moreover, there is no significant difference between near-side and far-side occupants in
the risk of sustaining MAIS 3+ severe head injuries (MAIS stands for Maximum
Abbreviated Injury Scale. The AIS is currently the most widely used indicator for
quantifying the severity of human injury, with AIS 0 and AIS 6 corresponding to no injury
and death, respectively [11]). However, far-side occupants face a greater risk of head
injury when not restrained by seat belts [5]. Forman et al. conducted side and oblique side
(90° and 60° test angles) sled crash tests using postmortem human subjects (PMHS),
finding that the 90° angle collision resulted in greater lateral head displacement for far-
side occupants [4,12]. Additionally, far-side occupants experienced higher rates of
secondary collisions with contralateral structures and near-side occupants, leading to
increased head injury. This injury mechanism differs entirely from that of the near-side
occupants, for which the intrusion of the struck side structure is the main cause of injury.
Fildes et al. [13] analyzed the probability of AIS 3 injury across all body regions for the
far-side occupant, finding that chest injuries were most frequent. Rib fractures and
pulmonary injuries were the most common forms, accounting for over 80% of AIS 3 chest
injuries. Over two-thirds of far-side occupant injuries stem from collisions with the struck-
side interior trim, seat belts or buckles, adjacent seats, or the center console [3].

Early research on far-side occupants primarily relied on PMHS to obtain kinematic
and injury responses of various far-side body regions during side collisions [4,12,14,15].
However, due to ethical constraints and other factors, conducting cadaver studies
presents significant challenges. Researchers have attempted to use side-impact dummies
(such as WorldSID, ES-2, and SID-IIs) to investigate injuries sustained by far-side
occupants in vehicle side collisions [16-18]. Yet existing dummy technologies were
developed for protecting near-side occupants and cannot accurately simulate the
biofidelic response of far-side occupants [4,19,20]. Meanwhile, mainstream side-impact
occupant protection test protocols uniformly employ a moving deformable barrier (MDB)
to strike specific locations on the vehicle’s side at speeds between 50 km/h and 60 km/h,
striking at a 90° angle to the vehicle’s center plane [21]. The vehicle side-impact safety
performance is then evaluated using injury metrics from the side-impact dummy.
However, collision speed, angle, and impact location are highly variable in real-world
vehicle side-impacts. As demonstrated by Bahouth et al. [22], the most frequent collision
angle resulting in AIS 3+ far-side occupant injuries in side impact accidents is 60°. At the
same time, these regulations and testing protocols focus solely on injury to near-side
occupants in the collision, without evaluating the injury protection performance for far-
side occupants. Although NCAP programs (such as Euro-NCAP and C-NCAP) have
begun addressing this issue in recent years, their testing scenarios remain highly limited
and restricted [23].

In summary, current research on far-side occupant injury in side collisions remains
limited to statistical analysis of traffic accident data, cadaver studies under typical
conditions, and numerical simulations. There has been insufficient in-depth investigation
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into the injury mechanisms of far-side occupants in real-world side collision scenarios,
which has hindered the advancement of vehicle safety assessment protocols targeting
protection for far-side occupants. Meanwhile, numerical studies on far-side occupants
have neither performed high-fidelity reconstructions of real-world crashes nor employed
high biofidelity finite element human body models to analyze far-side occupant injuries.
To address this gap, this study aims to conduct a series of kinematic reconstructions of
real-world side-impact vehicle collision accidents. By extracting vehicle side-impact
scenarios from accident data, numerical simulation analysis was employed to derive
representative head and chest injury parameters for individual front-seat far-side
occupants across all conditions. This approach, which employs detailed finite element (FE)
human body models to mimic real-world biological responses, provides a pathway for a
biomimetic understanding of injury. This will enable a comprehensive quantitative
assessment of how diverse side-impact load conditions influence injury risks to the far-
side occupant.

2. Methods and Materials

2.1. Accident Overview

The 40 vehicle side-impact accident cases used in this study were all sourced from
publicly available data on online platforms (YouTube, Youku, and Bilibili). The criteria
for selecting accident videos included the following: (1) video frame rate > 25 fps; (2) one
vehicle striking the side of another vehicle, capturing the entire motion sequence from
pre-collision to post-collision; (3) vehicle brand and model identifiable. We preliminarily
calculated the initial vehicle velocities from video footage and refined them through
kinematic reconstruction [24]. Figure 1 shows the distribution of vehicle collision
boundary conditions across 40 accidents. In Figure 1a, the yellow sections indicate the
vehicle’s speed at the moment of collision, the green sections denote the collision region,
and the blue sections represent the collision angle o of the vehicle.
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Figure 1. Accident information extracted from 40 accident cases: (a) general information; (b) impact
speed; (c) impact angle.

2.2. Accident Reconstruction

This study employed the accident reconstruction software PC-Crash 8.0 to
reconstruct the accident scenario based on the preliminary vehicle boundary conditions
obtained in the previous section [25] (including iterative calibration of friction coefficients
and impact boundary conditions to match observed vehicle trajectories). Through
iterative debugging, the vehicle’s motion trajectory was made to align closely with that in
the video footage (Figure 2). The X and Y displacements and Z rotational velocity of the
struck vehicle throughout the entire collision process were subsequently extracted.
Additionally, we have listed the peak accelerations and angular velocities of the struck
vehicles during the collisions in Table 1.

E"a E J&o

T

0 ms 120 ms 250 ms 420 ms 600 ms

Figure 2. Comparison of actual vehicle kinematics and simulation results.

Table 1. Peak accelerations (in the X and Y directions) and angular velocities (in the Z direction) of
the struck vehicles (Ang_V denotes angular velocity, Xac« denotes the peak acceleration in the X

direction, Yac denotes the peak acceleration in the X direction).

Ang V XAce Y Ace Ang V Xace Y Ace
Case ID (rac%/_s) (m/s?)  (m/s?) Case ID (ra§/s) (m/s?)  (m/s?)
1 1.68 286 —7.30 21 5.34 336 845
2 236 112 5.59 22 3.73 226  -332
3 3.51 233 7.68 23 0.04 141 775
4 259 227 3.68 24 445 35 729
5 ~6.18 217 ~2.04 25 375 268 314
E 3.14 535 7.18 26 1.86 366  —4.90
7 171 -1.15 7.79 27 —2.94 366  -7.46
8 -3.46 592 -4.38 28 ~0.24 553 556
9 245 323 5.69 29 2.46 465  -529
10 5.02 8.1 7.42 30 2.49 408  7.67
11 414 313 -9.54 31 153 031 7.83
12 298 -1.25 -4.03 32 3.13 335 699
13 227 281 7.60 33 -0.56 042 783
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14 -2.18 -1.97 -7.61 34 -4.1 -5.49 -6.59
15 -2.69 -1.58 -7.80 35 0.74 —4.84 4.98
16 -1.97 -2.135 —6.64 36 2.68 —4.84 -4.41
17 1.95 -1.83 -7.63 37 -3 -5.50 5.94
18 -0.13 -0.89 7.84 38 -1.36 -3.28 6.64
19 -2.24 -2.19 7.53 39 -1.5 -6.33 -7.75
20 -3.63 -4.36 7.30 40 -1.68 -3.38 -7.53

2.3. Finite Element Model
2.3.1. Human Body Model

This study used the THUMS 4.1 50th percentile adult male FE occupant model
(Figure 3), jointly developed by Toyota Motor Corporation (Toyota city, Japan) and
Toyota Central R&D Labs, Inc (Nagakute City, Japan). This model has been widely used
to simulate human kinematics and injury responses in traffic crashes, and its validation
for far-side impact scenarios is among the most comprehensively documented in the
literature [26-28]. Although newer versions (v5.0 and v6.0) exist, their validation under
lateral rotational loading is not yet widely published, particularly for internal organ strain.
Golman et al. [29] assessed the biofidelity of the THUMS model by comparing its
biomechanical responses to cadaver test results.

Figure 3. THUMS FE model.

2.3.2. Vehicle Model

We employed the full-scale vehicle FE model of the 2014 Honda Accord (Figure 4a),
developed and shared by the National Highway Traffic Safety Administration (NHTSA),
to conduct collision simulation analysis (https://www.nhtsa.gov/crash-simulation-
vehicle-models, accessed on 14 November 2025). Given the high computational cost of FE
simulations, this study simplified the aforementioned vehicle model to develop a sled
crash model suitable for this research. This simplified model retains all vehicle
components potentially involved in contact with the far-side occupant, including the
chassis, steering wheel, seats, seat belts, center console, doors, etc. (Figure 4b). The average
mesh size is approximately 10 mm.

(a) (b)
Figure 4. Vehicle FE Model: (a) Accord full-scale model, (b) simplified sled model.
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2.3.3. Human-Vehicle Coupling Model

The THUMS occupant model was initially positioned using the marionette approach
[30]. In this approach, seatbelt pretension and gravitational settling over 200 ms were
applied to achieve a neutral seated posture consistent with SAE J4004 [31]. We verified
the final joint angles against SAE ]826 H-point data. We obtained the human-vehicle
coupled model (Figure 5) through pre-simulation of the human body model’s posture and
seatbelt. Then, the initial seating posture was adjusted through pre-simulation to comply
with the SAE]826 standard, and the seat belt pretension was set to 20 N [32]. Finally, the
full kinematic response curve of the struck vehicle obtained during accident
reconstruction was loaded onto the human-vehicle coupled model to simulate and
analyze far-side occupant injuries. All FE simulations in this study were performed using
LSDYNA R11.0 nonlinear explicit FE simulation software developed by LSTC (Livermore,
CA, USA: http://www Istc.com, accessed on 14 November 2025) [33], and each simulation
ran for 600 ms.

Figure 5. Human-vehicle coupled FE Model.

2.4. Injury Assessment Criteria
2.4.1. Head Injury Assessment Criteria

Head injuries can be classified into three main categories: (i) skull fractures; (ii) focal
brain injuries, such as cerebral contusions; (iii) diffuse brain injuries. The Head Injury
Criterion (HIC) is the most widely used indicator for assessing head injury, and it is
closely associated with skull fractures and cerebral contusions [34,35]. HIC is calculated
from the linear acceleration of the head center of gravity (CG) and its duration, using the
following formula (1). Moreover, this paper does not address optimization algorithms; all
subsequent equations are solely employed for the assessment of injury risk.

HIC = {(tz ) e “(t)dt]zs} v

max

where a(t) represents the resultant acceleration of the head CG, measured in g; t2— 1
denotes the duration of acceleration at which the HIC reaches its maximum value, set to
either 15 ms or 36 ms.

Rotational motion of the head as a mechanism for brain injury was proposed back in
the 1940s. The Brain Injury Criteria (BrIC) were proposed by Takhounts et al. based on
dummy testing [36], and were primarily used at the macroscopic level to evaluate brain
injury caused by rotational forces to the head. BrIC addresses the limitation of HIC, which
does not account for head rotation, with the following calculation formula:

BriC = j (a‘;’—;)z + (:—yyc>2 + (w“’—c)z @)

where wx, wy, w-represent the angular velocities of the head CG, measured in rad/s; wxc,

wyc, w=c denote the standard angular velocities, with values of 66.3 rad/s, 53.8 radcs, and
41.5 rad/s, respectively [34].
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Maximum principal strain (MPS) serves as an indicator for assessing the severity of
brain tissue injuries such as cerebral contusion and diffuse axonal injury (DAI) [36]. The
cumulative strain damage measure (CSDM) is another important indicator for evaluating
brain injury, represented by the proportion of brain tissue volume subjected to principal
strain exceeding a certain threshold [37]. In this study, CSDMous (i.e., with a principal
strain threshold of 0.15) was employed to analyze traumatic brain injury.

2.4.2. Chest Injury Assessment Criteria

The effective plastic strain of ribs serves as a critical indicator for assessing rib
fracture risk. Through in vitro testing of human rib specimens, Kemper et al. determined
that the effective plastic strain threshold for cortical rib fractures is 0.0271 [38]. The viscous
criterion (VC) is primarily used to assess thoracic soft tissue injury during high-speed
collisions [39], with its calculation dependent on instantaneous chest velocity and chest
compression percentage [30]:

ve =0 28 3)
where D represents the chest cavity thickness prior to impact, while D(t) denotes the
relationship between chest cavity thickness and time, measured in m; VC is measured in m/s.

This study also examined visceral injury in the thoracic cavity of the far-side
occupant. Cavanaugh et al. [40] found that the strain threshold for heart injury was 0.3;
according to Stitzel et al. [41,42], the strain threshold for lung injury was 0.35, and the
strain thresholds for liver, kidney, and spleen injury were also 0.3 [43,44].

3. Results
3.1. Far-Side Occupant Kinematic Response

Figure 6 shows the kinematic response of the far-side occupant in a case study. The struck
side of the vehicle undergoes rotational and lateral displacement upon collision, causing the
far-side occupant to shift laterally toward the impact side. Maximum lateral head
displacement occurs at 170 ms. Concurrently, the collision causes the struck vehicle to
decelerate. Due to inertia, the far-side occupant leans forward (300 ms) before being restrained
by the seatbelt (400 ms). Similar movement patterns are observed in other cases, consistent
with Golman et al. [29]. The maximum displacement positions of the far-side occupant’s head
in all cases are indicated by the red dot in Figure 7. During lateral movement, the occupant’s
head also tends to move forward or backward. In some instances, substantial vehicle rotation
may result in no lateral movement, with the head moving only forward.

Front view

Side view

Top view

0ms 100 ms 170 ms 300 ms

Figure 6. Kinematics response of the far-side occupant for one case.
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Figure 7. Maximum head displacement of the far-side occupant in all cases. Red arrow: the direction of
impact. Circles: the maximum displacement positions of the far-side occupant’s head in all cases.

3.2. Head Injury

The calculated HIC15 values for the far-side occupant in each accident scenario are
shown in Figure 8. Additionally, based on the relationship between HIC15 and the risk of
severe head injury (AIS 3+) as described in the literature [45,46], we calculated the risk of
severe head injury for all far-side occupants. Overall, in the accidents analyzed in this
study, the HIC15 values for the heads of far-side occupants were at relatively low levels,
with the risk of AIS 3+ head injury remaining below 2% in all cases. BrIC is associated
with the occurrence of traumatic brain injury [36,37]. Figure 9 shows the distribution of
predicted BrIC values for far-side occupants across all cases, along with their
corresponding AIS 3+ brain injury risks. These risks were derived from the BrIC-AIS 3+
brain injury risk relationship curve described in Takhounts et al. [36]. In 11 cases, the risk
of far-side occupants sustaining AIS 3+ brain injury exceeded 50%.

Similarly, we calculated two brain tissue deformation-based injury criteria (MPS and
CSDMO.15). The corresponding risks of DAI and AIS 3+ traumatic brain injury were
determined by referencing established relationship curves for each criterion [36,37], as
shown in Figures 10 and 11. In all cases, only three cases showed a risk exceeding 50% for
the far-side occupant to sustain DAI, and five cases indicated a risk exceeding 50% for the
far-side occupant to sustain AIS 3+ traumatic brain injury.

300
250
200

9 150
jan}

0.....||||IIIIIIII|||||”|”||HHHH

Case 1-40

101

S

5

=)

Figure 8. Predicted HICis (black columns) for far-side occupant and corresponding risk (gray

columns) of AIS 3+ head injury across all cases.

2.0p

0.5F

0.0
Case 1-40

Figure 9. Predicted BrIC (black columns) for far-side occupant and corresponding risk (gray

columns) of AIS 3+ brain injury across all cases.
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Figure 10. Predicted MPS (black columns) for far-side occupant and corresponding risk (gray

columns) of DAI across all cases.
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Figure 11. Predicted CSDMo.s (black columns) for far-side occupant and corresponding risk (gray

columns) of AIS 3+ brain injury across all cases.

3.3. Chest Injury

The distribution of calculated VCmax for the far-side occupant across all cases is
shown in Figure 12. We also calculated injury risk based on the VC- AIS 4+ severe chest
injury risk relationship curves reported in the literature [30,47,48]. Although only one case
predicted a risk exceeding 50%, the majority of predicted VCmax fell between 0.5 and 1.0.
This indicates that the far-side occupant still faces a moderate to low risk of chest injury
[47]. The effective plastic strain of the far-side occupant’s rib cortical bone is shown in
Figure 13. In the vast majority of cases, the plastic strain values of the rib cortical bone
were below the threshold of 0.0271 [38,49], indicating a low probability of rib fracture.

2.0p

0.

111

Figure 12. Predicted VCmax (black columns) values of far-side occupants and corresponding risk

Case 1-40

(gray columns) of AIS 4+ chest injury across all cases.
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Effective Plastic Strain

Figure 13. Predicted effective plastic strain of the rib cortical bone of the far-side occupant across all
cases. The black dashed line represents the rib fracture threshold described in the literature [38].

The distribution of maximum strain values for the visceral organs of the far-side
occupant across all cases is shown in Figure 14. In all cases, the strain experienced by the
occupant’s heart was significantly below the threshold of 0.3 reported in the literature [50]
(Figure 14a). In 7 out of 40 cases, the strain experienced by the far-side occupant’s lungs
approached or exceeded the threshold of 0.35 [41] (Figure 14b). For the liver, kidney, and
spleen, strain values exceeded the literature thresholds in nearly all cases, particularly for
the liver [43] (Figure 14c-e).

04 - 0.6

03
Z
Eo2
E
2
0.1
0.0
Case 1-40 Case 1-40
(a) (b)
25 12,

Maximum strain

Case 1-40 . Case 1-40
(c) (d)
12¢
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Z
S04t
02
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Case 1-40
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Figure 14. Predicted strain distribution of the internal organs of the far-side occupant across all cases.
The black lines indicate the injury thresholds described in the literature [41,43,50]: (a) heart; (b) lung;
(c) liver; (d) kidney; (e) spleen.
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3.4. The Effect of Load Boundary Conditions on Far-Side Occupant Injury

Through the analysis of the aforementioned far-side occupant injury results, this
study found that far-side occupant injury primarily concentrates in chest soft tissue
injuries, specifically reflected in VCmax and the peak strains of the liver, kidney, and spleen.
Therefore, we conducted further observations on the effect of vehicle load boundary
conditions on the injury parameters for the far-side occupant.

Figure 15 shows the linear regression results between the peak Z-direction rotational
velocity of the struck vehicle in each case and the calculated values of four primary injury
indicators. All analyzed chest injury indicators (VCmax and peak strains of liver, kidney,
and spleen) showed significant positive correlations with the Z-axis rotational velocity of
the struck vehicle (p = 0.052 for liver, p < 0.05 for other parameters, and r > 0 for all
parameters), particularly VCmax (p =4.91 x 10-¢).

Figures 16 and 17 present the linear regression results between the peak linear
accelerations in the X and Y directions of the struck vehicle and the calculated values of
four primary injury indicators across all cases. Except for the p-value between the peak Y-
direction linear acceleration and VCmax, which was close to 0.05 (See Figure 17a), all other
p-values were significantly greater than 0.05. This indicates that no significant correlation
exists between the peak X- and Y-direction linear accelerations of the vehicle and any of
the injury indicators.

25 Linear fit 3.0 Linear fit
95% Confidence intervalr=0.653 251 95% Confidence interval 1=0.308
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Figure 15. Linear regression results between the peak Z-direction rotational velocity of the struck
vehicle and four analyzed injury indicators: VCmax (a), maximum strains of liver (b), kidney (c), and

spleen (d).
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Figure 16. Linear regression results between the peak X-direction linear acceleration of the struck

vehicle and four analyzed injury indicators: VCmax (a), maximum strains of liver (b), kidney (c), and
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Figure 17. Linear regression results between the peak Y-direction linear acceleration of the struck
vehicle and four analyzed injury indicators: VCmax (a), maximum strains of liver (b), kidney (c), and

spleen (d).

4. Discussion

In this study, the predicted maximum HICis value for a far-side occupant’s head was
270.73, corresponding to an AIS 3+ severe head injury risk of only 1.6% (see Figure 8).
Given that all far-side occupants’ heads in this study underwent inertial motion without
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hard contact with vehicle components and thus did not experience significant linear
acceleration, the overall low HICis values—calculated solely from head CG linear
acceleration and the duration—are reasonable. In contrast, BrIC calculations indicated a
higher risk. Although the risk was below 50% in most cases, 13 cases showed risks
exceeding 40%, including 5 cases above 60% and a maximum of 92.9% (see Figure 9). This
finding is consistent with the study by Forman et al. [12]. In the present study, due to the
rotational motion of the vehicle during the crash, some far-side occupants experienced a
combined head motion involving rotation about the Y-axis and forward flexion, which
substantially elevated their risk of severe traumatic brain injury. The brain injury risks
predicted by MPS and CSDMo.s were generally lower. However, similar to the BrIC
analysis, there were still individual cases where the corresponding brain injury risks for
MPS and CSDMu.s exceeded 50%, and even approached 80%.

Compared to head injury, the risk of chest injury for far-side occupants is
significantly higher. In all cases, the calculated effective plastic strain of the far-side
occupant’s cortical ribs was well below injury thresholds, indicating a low rib fracture risk.
However, analysis of the VCmax revealed a higher risk of chest soft-tissue injury, typically
of moderate-to-low severity chest soft-tissue injury, for the far-side occupants. This aligns
with the results for visceral organ injuries based on soft tissue strain analysis, particularly
for the liver, kidney, and spleen. High organ strains must be interpreted alongside VC,
which incorporates rate-dependent viscous effects that are critical to soft tissue injury. In
fact, existing research [51] has confirmed that visceral injuries can occur through a viscous
mechanism, which also serves as a critical factor in soft tissue injuries during side-impact
collisions. Other studies [52,53] have further indicated that due to the inherently
biomimetic, viscoelastic nature of the chest and abdomen, even minor deformations may
lead to injury in internal organs. The elevated VCmax values observed in the chest region
in this study suggest that visceral injuries are primarily induced by a viscous mechanism,
aligning with the injury mechanisms described in the literature cited above.

This study examines the effects of three vehicle impact boundary parameters (X- and
Y-direction linear acceleration, Z-direction rotational velocity) on far-side occupant head
and chest injuries. Among these, the peak Z-direction rotational velocity showed
significant positive correlations with VCmax and the peak strains of the liver, kidney, and
spleen. In contrast, the peak X- and Y-direction linear accelerations showed no significant
correlations with these injury indicators. Based on the injury characteristics of the head
and thorax observed in far-side occupants in this study, as well as findings from existing
research [5], it is evident that the rotational motion of the struck vehicle in side-impact
scenarios is a key factor causing chest injury to the far-side occupant. Furthermore, brain
injury associated with head rotational motion represents a critical focus for head injury
protection for far-side occupants. These biomechanical insights, derived from a biofidelic
simulation framework, must be considered in future developments of vehicle side-impact
test protocols [54].

Unlike active safety systems focusing on human-machine cooperative control (e.g.,
driver-state-adaptive braking [55-57]), our work addresses passive safety during the crash
phase, specifically the biomechanical response of occupants under complex multi-axial
loading. Our key contribution lies in identifying vehicle rotational motion (a factor
overlooked in current regulatory tests) as a critical driver of internal organ injury of the
far-side occupants through viscous mechanisms, thereby informing the development of
next-generation adaptive restraint systems [58,59] (e.g., rotation-sensing side curtains).
Furthermore, from a biomimetic perspective, safety systems such as airbags could
emulate the human body’s adaptive response to multi-axial loading. For instance,
variable-stiffness side airbags could be deployed to enhance lateral head restraint when
high rotational motion is detected.
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This study focuses on inertial injury mechanisms (e.g., head swing, thoracic shear) in
a single-occupant scenario and does not include multi-occupant interactions. Meanwhile,
this study is also limited by the following: (1) use of only a 50th percentile male HBM,
excluding females and elderly occupants; (2) fixed driver seating posture, without
accounting for posture variability; and (3) reliance on a single vehicle geometry (Honda
Accord), which may affect generalizability. Future work will expand to include multi-
vehicle platforms, diverse anthropometric models, and advanced human body FE models.

Another key limitation of this study is the absence of modeled intrusion. Prior studies
have reported higher HIC values in far-side collisions involving substantial compartment
intrusion [60-63]. The relatively lower HIC values observed in our analysis may be
because the real-world crash videos used predominantly represent low-to-moderate
severity impacts with limited intrusion. Nevertheless, our findings regarding BrIC
(indicative of shear-induced brain tissue injury) and VC (reflecting internal organ injury)
remain valid in scenarios without significant intrusion. These results reveal an
independent injury pathway that is overlooked by conventional intrusion-focused
assessment approaches.

5. Conclusions

Based on the reconstruction and numerical analysis of real-world side-impact
accidents, this study systematically investigated the injury risks of far-side occupants and
their influencing factors, yielding the following key conclusions:

First, the head injury risk for far-side occupants is complex. HICis-based analysis
shows that the risk of AIS 3+ head injury from linear head acceleration is low, remaining
below 2% in all cases. However, metrics such as BrIC, MPS, and CSDMo.s reveal a high
risk of severe traumatic brain injury in certain scenarios, with peak risk reaching 92.9%.
This indicates that, for a single front-seat far-side occupant in a side impact, rotational
vehicle motion, which causes angular head acceleration and brain tissue deformation, is
the primary mechanism behind brain injury.

Second, chest injury exhibits a “low fracture risk, high soft-tissue injury risk” pattern.
Analysis of rib effective plastic strain shows minimal rib fracture risk across all cases. In
contrast, VCmax values indicate a high likelihood of chest soft-tissue injury. Strain
assessments of internal thoracic organs (liver, kidney, and spleen) further confirm that
injury thresholds are frequently exceeded, highlighting a critical vulnerability under
rotational loading.

Finally, vehicle rotational velocity (peak Z-direction) showed significant positive
correlations with VCmax and the peak strains of the liver, kidney, and spleen. In contrast,
the peak X-direction and Y-direction linear accelerations of the vehicle exhibit no
significant correlation with these injury indicators. This confirms that rotational motion of
the vehicle is a key dynamic factor causing chest soft tissue and internal organ injuries to
far-side occupants.

In summary, in a single-occupant scenario, far-side occupants experience distinctly
different injury mechanisms compared to near-side occupants in side-impacts: head
injury is primarily caused by rotational dynamics, while chest injury mainly involves soft
tissues and internal organs due to vehicle rotation. These findings, based on biofidelic
human body modeling, underscore the need to incorporate far-side occupant protection
into future vehicle safety designs and assessment protocols (e.g., NCAP). Particular focus
should be placed on mitigating injuries from rotational motion using safety systems that
address multi-axial loading, thereby enhancing overall side impact safety.

https://doi.org/10.3390/biomimetics11020126



Biomimetics 2026, 11, 126 15 of 18

Author Contributions: Conceptualization, F.W. and S.D.; methodology, K.P. and S.D.; software, S.D.
and D.W.; validation, S.D., K.P., and ].Z.; formal analysis, S.D. and K.P.; investigation, S.D. and ].Z.;
resources, F.W., ].Z.,, and D.W.; data curation, K.P. and S.D.; writing—original draft preparation,
S.D. and K.P.; writing—review and editing, ].Z,, D.W., and F.W.; visualization, 5.D. and K.P.;
supervision, F.W.; project administration, D.W.; funding acquisition, D.W. and F.W. All authors

have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
numbers 52372348 and 52502440; the Education Department of Hunan Province, China, grant
number 24A0240; The Innovative Research Group Project of Hunan Province, grant number
2025]]J10006; Science and Technology Innovative Research Team in Higher Educational Institutions
of Hunan Province, grant number 2023CT02. The APC was funded by the National Natural Science
Foundation of China, grant number 52372348.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to the confidentiality agreements between the collaborative research

units.

Conflicts of Interest: The author Jing Zhang is employed by Sany Automobile Manufacturing Co.,
Ltd., Changsha 410100, China, which is registered as a limited company. The other authors declare

no conflicts of interest related to this work.

Reference

1.

10.

Chen, Z.; Wang, Y.; Li, W.; Chen, G.; Zhou, C. Study of the Response of the Front-Row Far Side Dummy Under Vehicle Side
Impact Condition. In Proceedings of the China SAE Congress 2021: Selected Papers; Springer: Berlin/Heidelberg, Germany, 2022; pp.
1185-1195.

Wang, F.; Yang, J.; Li, G.; Zhou, S.; Han, Y.; Li, F. Numerical Analysis of Human Thoracic Injury Response in Side and Oblique
Vehicle Collisions. Acta Mech. Sin. 2016, 48, 225-234. https://doi.org/10.6052/0459-1879-15-265.

Bostrom, O.; Gabler, H.C.; Digges, K.; Fildes, B.; Sunnevang, C. Injury Reduction Opportunities of Far side Impact
Countermeasures. Ann. Adv. Automot. Med. 2008, 52, 289-300.

Perez-Rapela, D.; Markusic, C.; Whitcomb, B.; Pipkorn, B.; Forman, J.L.; Donlon, J.-P.; Montesinos-Acosta, S.; Crandall, J.
Comparison of WorldSID to PMHS kinematics in far-side impact. In IRCOBI Conference Proceedings; IRCOBI: Zurich,
Switzerland, 2018; pp. 630-654.

Ryb, G.E.; Dischinger, P.C.; Braver, E.R.; Burch, C.A.; Ho, S.M.; Kufera, ].A. Expected differences and unexpected commonalities
in mortality, injury severity, and injury patterns between near versus far occupants of side impact crashes. |. Trauma Acute Care
Surg. 2009, 66, 499-503.

Arun, M.\W.; Umale, S.; Humm, J.R.; Yoganandan, N.; Hadagali, P.; Pintar, F.A. Evaluation of kinematics and injuries to
restrained occupants in far-side crashes using full-scale vehicle and human body models. Traffic Inj. Prev. 2016, 17, 116-123.
https://doi.org/10.1080/15389588.2016.1197394.

Gabler, H.C,; Digges, K.; Fildes, B.N.; Sparke, L. Side Impact Injury Risk for Belted Far Side Passenger Vehicle Occupants. SAE
Trans. 2005, 114, 34-42.

Zhang, J.; Yang, J.; Jin, X.; Shen, M.; Luo, X.; Ma, C. Differences of Anthropometric Dimensions between Chinese and American
and the Effects on Drivers’ Injury Risks in Vehicle Frontal Crash. ]. Automot. Saf. Energy 2016, 7, 175-181.
https://doi.org/10.3969/j.issn.1674-8484.2016.02.006.

Zhang, R.; Zhou, C.; Chen, G.; Ding, Y. Research Progress on Far-side Side Collisions. In Proceedings of the 2020 Annual Conference
of the Society of Automotive Engineers of China; Springer: Berlin/Heidelberg, Germany, 2020; Volume 4.

Wang, F; Lv, Y,; Long, C; Hu, L.; Liu, Z; Liu, Y.; Zhou, Z. Industry Insights Into Kinematics and Injury Risk for Far-Side
Occupants During Electric Vehicle Side Pole Impact Accidents. IEEE Trans. Consum. Electron. 2025, 71, 2407-2420.
https://doi.org/10.1109/TCE.2025.3557871.

https://doi.org/10.3390/biomimetics11020126



Biomimetics 2026, 11, 126 16 of 18

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

AAAM. Abbreviated Injury Scale 2005, Update 2008; Association for Advancement of Automatic Medicine: Barrington, IL, USA,
2008.

Forman, ].L.; Lopez-Valdes, F.; Lessley, D.].; Riley, P.; Sochor, M.; Heltzel, S.; Ash, ].; Perz, R.; Kent, RW.; Seacrist, T.; et al.
Occupant Kinematics and Shoulder Belt Retention in Far-Side Lateral and Oblique Collisions: A Parametric Study. Stapp Car
Crash . 2013, 57, 343-385. https://doi.org/10.4271/2013-22-0014.

Fildes, B.; Fitzharris, M.; Gabler, H.C.; Digges, K.; Smith, S. Chest and abdominal injuries to occupants in far side crashes. In
Proceedings of the 20th International Technical Conference on Enhanced Saefty of Vehicles Proceedings, Lyon, France; NHTSA:
Washington, DC, USA, 2007.

Gabler, H.C.; Hollowell, W.T. The aggressivity of light trucks and vans in traffic crashes. In SAE International Congress and
Exposition; SAE International: Warrendale, PA, USA, 1999.

Augenstein, ].; Perdeck, E.; Martin, P.; Bowen, J.; Stratton, J.; Horton, T.; Singer, M.; Digges, K.; Steps, ]. Injuries to restrained
occupants in far-side crashes. In Annual Proceedings/Association for the Advancement of Automotive Medicine; Association for the
Advancement of Automotive Medicine: Chicago, IL, USA, 2000; p. 57.

Guo, Q.X.; Wang, N.; Tan, W.X; Zheng, Y.T.; Bu, X.B. Virtual Test Based on Far Side Occupant Protection. J. Phys. Conf. Ser. 2023,
2476, 012054. https://doi.org/10.1088/1742-6596/2476/1/012054.

Diez, M.; Abajo, J.; Negro, A.; Fernandez, M.T. Pediatric occupant-to-occupant interaction responses in side impact conditions
using Q-dummy and child human body models. Traffic Inj. Prev. 2025, 26, 369-375.

Costa, C.G.; Devane, K; Stitzel, ].D.; Iraeus, J.; Weaver, A.A. Validation of a generic finite element vehicle buck model for near-
side crashes. Traffic Inj. Prev. 2025, 26, 215-225.

Pintar, F.A.; Yoganandan, N.; Stemper, B.D.; Bostrom, O.; Rouhana, S.W.; Digges, K.H.; Fildes, B.N. Comparison of PMHS,
WorldSID, and THOR-NT responses in simulated far side impact. Stapp Car Crash ]. 2007, 51, 313-360.
https://doi.org/10.4271/2007-22-0014.

Perez-Rapela, D.; Donlon, J.P.; Forman, J.L.; Pipkorn, B.; Shurtz, B.K.; Markusic, C.; Crandall, J.R. Occupant Restraint in Far-
Side Impacts: Cadaveric and WorldSID Responses to a Far-Side Airbag. Ann. Biomed. Eng. 2021, 49, 802-811.

Pipkorn, B.; Larsson, K.-J.; Rapela, D.P.; Markusic, C.; Whitcomb, B.; Ayyagari, M.; Sunnevang, C. Occupant protection in far-
side impacts. In IRCOBI Conference Proceedings; IRCOBI: Zurich, Switzerland, 2018; pp. 76-125.

Bahouth, G.T.; Murakhovskiy, D.; Digges, K.H.; Rist, H.; Wiik, R. Opportunities for Reducing Far-Side Casualties. In
Proceedings of the 24th International Technical Conference on the Enhanced Safety of Vehicles (ESV), Gothenburg, Sweden, 8-
11 June 2015.

Euro NCAP. European New Car Assessment Programme (Euro NCAP) Far Side Occupant Test & Assessment Protocol; Euro NCAP:
Leuven, Belgium, 2023.

Han, Y,; Li, Q,; Wang, F.; Wang, B.; Mizuno, K.; Zhou, Q. Analysis of pedestrian kinematics and ground impact in traffic
accidents using video records. Int. |. Crashworthiness 2019, 24, 211-220. https://doi.org/10.1080/13588265.2018.1429520.

Klug, C.; Rudd, R, Fitterer, S.; Tomasch, E.; Blume, H.]J.; Craig, M.; Wernicke, P. Priorities in Far-side Protection-What can we
learn from field data for the development of virtual testing protocols. In Conference Proceedings International Research Council on
the Biomechanics of Injury (IRCOBI); IRCOBI: Zurich, Switzerland, 2022.

Toyota Motor Corporation and Toyota Central R&D Labs. Total Human Model for Safety(THUMS) AM50 Occupant Model Version
4.1.; Toyota Central R&D Labs: Tokyo, Japan, 2021.

Fahse, N.; Millard, M.; Kempter, F.; Maier, S.; Roller, M.; Fehr, J. Dynamic human body models in vehicle safety: An overview.
GAMM-Mitteilungen 2023, 46, €202300007. https://doi.org/10.1002/gamm.202300007.

Martynenko, O.V.; Kempter, F.; Kleinbach, C.; Nélle, L.V; Lerge, P.; Schmitt, S.; Fehr, J. Development and verification of a
physiologically motivated internal controller for the open-source extended Hill-type muscle model in LS-DYNA. Biomech. Model.
Mechanobiol. 2023, 22, 2003-2032. https://doi.org/10.1007/s10237-023-01748-9.

Golman, A.].; Danelson, K.A.; Miller, L.E.; Stitzel, ].D. Injury prediction in a side impact crash using human body model
simulation. Accid. Anal. Prev. 2014, 64, 1-8.

Miller, L.; Gaewsky, J.; Weaver, A,; Stitzel, ].; White, N. Regional Level Crash Induced Injury Metrics Implemented within
THUMS v4.01. In Proceedings of the SAE 2016 World Congress and Exhibition, Detroit, MI, USA, 12-14 April 2016.

SAE ]4004; Positioning the H-Point Design Tool-Seating Reference Point and Seat Track Length. Society of Automotive
Engineers: Pennsylvania, United States, 2008.

Manary, M.A.; Schneider, L.W.; Flannagan, C.C.; Eby, B.H. Evaluation of the SAE ]826 3-D Manikin Measures of Driver Positioning
and Posture; SAE International: Warrendale, PA, USA, 1994.

https://doi.org/10.3390/biomimetics11020126



Biomimetics 2026, 11, 126 17 of 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Yang, K.H.; Mao, H.; Wagner, C.; Zhu, F.; Chou, C.C.; King, A.I. Modeling of the brain for injury prevention. In Neural Tissue
Biomechanics; Springer: Berlin/Heidelberg, Germany, 2011; pp. 69-120.

King, A.L. The Biomechanics of Impact Injury: Biomechanical Response, Mechanisms of Injury, Human Tolerance and Simulation;
Springer International Publishing: Berlin/Heidelberg, Germany, 2018.

Wang, F.; Wu, J.; Hu, L;; Yu, C.; Wang, B.; Huang, X.; Miller, K.; Wittek, A. Evaluation of the Head Protection Effectiveness of
Cyclist Helmets Using Full-Scale Computational Biomechanics Modelling of Cycling Accidents. ]. Saf. Res. 2022, 80, 109-134.
Takhounts, E.G.; Craig, M.].; Moorhouse, K.; Mcfadden, ].; Hasija, V. Development of brain injury criteria (BrIC). Stapp Car Crash
J. 2013, 57, 243-266. https://doi.org/10.4271/2013-22-0010.

Takhounts, E.G.; Ridella, S.A.; Hasija, V.; Tannous, R.E.; Campbell, ].Q.; Malone, D.; Danelson, K.; Stitzel, J.; Rowson, S.; Duma,
S. Investigation of traumatic brain injuries using the next generation of simulated injury monitor (SIMon) finite element head
model. Stapp Car Crash J. 2008, 52, 1-31. https://doi.org/10.4271/2008-22-0001.

Kemper, A.R.; McNally, C.; Kennedy, E.A.; Manoogian, S.J.; Rath, A.L.; Ng, T.P.; Stitzel, ].D.; Smith, E.P.; Duma, S.M.; Matsuoka,
F. Material properties of human rib cortical bone from dynamic tension coupon testing. Stapp Car Crash ]. 2005, 49, 199-230.
https://doi.org/10.4271/2005-22-0010.

Yoganandan, N.; Nahum, A.M.; Melvin, ].W. Accidental Injury. Biomechanics and Prevention; Springer: London, UK, 2015; p. 104.
Cavanaugh, ].M.; Zhu, Y.; Huang, Y.; King, A.IL Injury and Response of the Thorax in Side Impact Cadaveric Tests; SAE International:
Warrendale, PA, USA, 1993.

Stitzel, ].D.; Gayzik, F.S.; Hoth, ].J.; Mercier, ]J.; Gage, H.D.; Morton, K.A.; Duma, S.M.; Payne, R.M. Development of a Finite
Element-Based Injury Metric for Pulmonary Contusion Part I: Model Development and Validation; SAE Technical Paper 2005-22-0013;
SAE International: Warrendale, PA, USA, 2005.

Stitzel, ].D.; Cormier, ].M.; Barretta, ].T.; Kennedy, E.A.; Smith, E.P.; Rath, A.L.; Duma, S.M.; Matsuoka, F. Defining Regional
Variation in the Material Properties of Human Rib Cortical Bone and Its Effect on Fracture Prediction; SAE Technical Paper 2003-22-
0012; SAE International: Warrendale, PA, USA, 2003.

Melvin, J.; Stalnaker, R.L.; Roberts, V.; Trollope, M. Impact Injury Mechanisms in Abdominal Organs; SAE Technical Paper 730968;
SAE International: Warrendale, PA, USA, 1973.

Du, T,; Chen, J.; Zhang, X.; Ma, Z.; Hu, Y. Numerical Analysis of Liver Biomechanical Response in Blunt Impacts to Upper
Abdomen. |. Mech. Med. Biol. 2023, 23, 2340074. https://doi.org/10.1142/s0219519423400742.

Melvin, ].W.; Nahum, A.M.; Yoganandan, N. Accidental Injury: Biomechanics and Prevention; Springer: New York, NY, USA, 2015.
Mertz, H.J.; Prasad, P.; Irwin, A.L. Injury Risk Curves for Children and Adults in Frontal and Rear Collisions. SAE Trans. 1997,
106, 3563-3580.

Lau, I.V.; Viano, D.C. The viscous criterion —Bases and applications of an injury severity index for soft tissues. SAE Trans. 1986,
672-691. DOI: 10.4271/861882

Shaw, G.; Lessley, D.J.; Ash, ].L.; Sochor, M.R.; Crandall, ].R.; Luzon-Narro, J.; Arregui-Dalmases, C. Side impact PMHS thoracic
response with large-volume air bag. Traffic Inj. Prev. 2014, 15, 40-47.

Kent, R.; Woods, W.; Bostrom, O. Fatality risk and the presence of rib fractures. Ann. Adv. Automot. Med. 2008, 52, 73-82.
Yamada, H.; Evans, F.G. Strength of Biological Materials; Robert E. Krieger Pub. Co.: New York, NY, USA, 1970.

Viano, D.C.; Lau, I.V.; Andrzejak, D.V.; Asbury, C. Biomechanics of injury in lateral impacts. Accid. Anal. Prev. 1989, 21, 535-551.
https://doi.org/10.1016/0001-4575(89)90069-9.

Du, T. Biomechanical Response and Damage Evaluation of Thorax Covered Liver in Automobile Occupants. Ph.D. Thesis, South
China University of Technology, Guangzhou, China, 2019. (In Chinese)

Wu, H,; Peng, J.; Deng, X,; Jin, X.; Hu, L. Study on Chest Response of Elderly Drivers in Frontal Collisions. Automot. Eng. 2020,
42,1050-1059. (In Chinese)

Zhang, H.; Yu, D.; Hou, L.; Wang, D.; Peng, Y. Dynamic modelling and multidisciplinary injury-based design optimization of
driver workspace in high-speed train collisions. J. Ind. Inf. Integr. 2025, 48, 100939. https://doi.org/10.1016/j.jii.2025.100939.

Dao, P.N.; Nguyen, V.Q.; Duc, H.A.N. Nonlinear RISE based integral reinforcement learning algorithms for perturbed Bilateral
Teleoperators with variable time delay. Neurocomputing 2024, 605, 128355. https://doi.org/10.1016/j.neucom.2024.128355.
Doecke, S.D.; Baldock, M.R.J.; Kloeden, C.N.; Dutschke, ] K. Impact speed and the risk of serious injury in vehicle crashes. Accid.
Anal. Prev. 2020, 144, 105629. https://doi.org/10.1016/j.aap.2020.105629.

Wang, D.; Deng, W.; Wu, L.; Xin, L.; Xie, L.; Zhang, H. Impact of Vehicle Steering Strategy on the Severity of Pedestrian Head
Injury. Biomimetics, 2024, 9, 593. https://doi.org/10.3390/biomimetics9100593.

https://doi.org/10.3390/biomimetics11020126



Biomimetics 2026, 11, 126 18 of 18

58.

59.

60.

61.

62.

63.

Wang, F.; Liu, Z.; Wang, M.; Hu, L.; Liu, Z;; Zhang, Y.; Liu, Y. Injury Prediction of Nonstandard Posture Occupants in Typical
Intelligent Vehicle Frontal Impact. IEEE Trans. Consum. Electron. 2025, 71, 895-904. https://doi.org/10.1109/TCE.2024.3506719.
Wang, D.; Deng, W.; Hu, L.; Huang, Z; Lu, Y.; Zhang, H. Safety Assessment of Intelligent Vehicles Considering Drivers' Risk
Perception Information under Interval 2-tuple q-rung Orthopair Fuzzy Sets. Appl. Soft Comput. 2025, 175, 112919.
https://doi.org/10.1016/j.as0c.2025.112919.

Devane, K.; Hsu, F.-C.; Koya, B.; Davis, M.; A. Weaver, A.; Gayzik, F.S.; Guleyupoglu, B. Comparisons of head injury risk
prediction methods to field data in far-side impacts. Traffic Inj. Prev. 2022, 23, S189-5192.

Devane, K.; Hsu, F.-C.; Koya, B.; Davis, M.; Weaver, A.A; Scott Gayzik, F.; Guleyupoglu, B. Assessment of finite element human
body and ATD models in estimating injury risk in far-side impacts using field-based injury risk. Accid. Anal. Prev. 2023, 192,
107274. https://doi.org/10.1016/j.aap.2023.107274.

Hostetler, Z.S.; Hsu, F.-C; Barnard, R.; Jones, D.A.; Davis, M.L.; Weaver, A.A.; Gayzik, F.S. Injury risk curves in far-side lateral
motor vehicle crashes by AIS level, body region and injury code. Traffic Inj. Prev. 2020, 21, S112-5117.

He, Y.; Xiao, S.; Wu, J.; Zhang, H.; Yuan, M. Analysis of characteristics about far-side occupant’s chest injury during oblique
side impact. Proc. Inst. Mech. Eng. Part D ]. Automob. Eng. 2023, 237, 784-792.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biomimetics11020126



