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ABSTRACT: This study investigates the influence of autonomous vehicle (AV) front-end geometry on pedestrian
injury biomechanics using PC-Crash multibody simulations. While emerging vehicles promise improved urban safety
through automation and collision avoidance technologies, their unconventional front-end architectures introduce new
passive safety challenges. The research compares classical passenger vehicles with van-type and symmetric flat-front
autonomous platforms under standardized impact conditions at 40 km/h. Results reveal a clear redistribution of injury
mechanisms depending on vehicle geometry. Conventional sloped front-end vehicles, super-mini and compact class,
generate higher Head Injury Criterion (HIC) values due to wrap-around kinematics, where pedestrians rotate onto
the hood and windshield. In contrast, vertically oriented and flat-front autonomous designs significantly reduce HIC
values by suppressing rotational motion. However, this reduction in head injury risk is accompanied by substantially
increased thoracic peak forces, particularly in ROBO1-type configurations, where chest loads exceeded 15 kN. The
findings demonstrate that lower HIC values do not necessarily indicate improved overall pedestrian safety. Instead,
emerging autonomous geometries shift injury risk from the head to the thorax and lower limbs. The study highlights the
need for balanced multi-criteria pedestrian assessment frameworks that incorporate thoracic injury metrics, geometric
optimization, and stiffness distribution considerations in early-stage autonomous vehicle design.
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1 Introduction
Pedestrian–vehicle accidents occur predominantly in urban environments, where interactions between

vehicles and vulnerable road users are frequent. Statistical data indicate that approximately 80%–85% of
pedestrian fatalities and serious injuries take place in urban areas, highlighting the increased risk associated
with dense traffic, mixed road use, and complex infrastructure [1]. Globally, similar trends are observed,
with urban settings accounting for the majority of pedestrian casualties, emphasizing the need for improved
vehicle design and urban safety measures [2].

The advent of autonomous vehicle (AV) services represents a transformative shift in urban transporta-
tion and city design. These self-driving vehicles leverage advanced sensor suites, artificial intelligence, and
real-time data to navigate complex urban environments without human drivers, offering the promise of safer,
more efficient, and more sustainable mobility systems. By optimizing traffic flow and minimizing human
error, autonomous vehicles have the potential to significantly improve road safety; human error accounts
for the vast majority of traffic accidents in conventional driving contexts, and automation could markedly
reduce this source of risk [3]. Enhanced efficiency in urban traffic could also free up valuable road space and
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reduce the need for expansive parking infrastructure; studies suggest that AV could reduce parking demand
by up to 90% in dense urban cores, enabling the reallocation of space to pedestrians, green areas, and mixed-
use developments [4]. Moreover, by facilitating shared mobility services, emerging vehicle can complement
public transportation systems, improving first-mile/last-mile connectivity and accessibility, particularly for
elderly or mobility-impaired populations [5].

Despite these opportunities, the integration of AT into existing urban architecture is not without
substantial challenges. Current infrastructure, including roadways, traffic signaling, and communication
network is predominantly designed for human drivers and may require significant upgrades to support
autonomous operations securely and reliably. Smart infrastructure capable of real-time communication with
AV is essential to fully realize efficiency gains and safety outcomes. Beyond efficiency and automation,
pedestrian safety emerges as a central concern and opportunity in this transition. Urban areas concentrate
vulnerable road users, pedestrians, cyclists, and micromobility users, who account for a disproportionate
share of traffic-related injuries and fatalities. AT or shared autonomous vehicles (SAV), if properly designed
and integrated, have the potential to significantly reduce these risks.

The advantage of AV lies in their ability to reduce crashes caused by human error, which remains the
dominant factor in vehicle–pedestrian collisions. Autonomous driving systems employ continuous environ-
mental perception using cameras, radar, and LiDAR to detect pedestrians and anticipate their movements.
These capabilities enable automated emergency braking and trajectory adjustments that can significantly
reduce impact speeds or avoid collisions altogether [6]. Since pedestrian injury severity, particularly head
and thoracic trauma, is strongly correlated with vehicle speed at impact, even modest speed reductions can
yield substantial safety benefits [7]. Overall, the successful integration of autonomous vehicles and taxis into
urban architecture depends on a holistic approach that combines advanced vehicle technology, pedestrian-
oriented vehicle design, supportive infrastructure, and robust regulatory oversight, with pedestrian safety as
a central design criterion.

The design of AT front ends, Fig. 1, influences not only crash avoidance capabilities but also the severity
of pedestrian injuries when collisions occur. Unlike traditional vehicles, these integrate advanced sensor
suites and active safety systems like pedestrian detection and automated emergency braking, that work with
geometric design to reduce impact risk and severity. Vehicle front-end geometry directly governs pedestrian
kinematics immediately after impact. Key parameters such as bumper height, hood leading edge height, and
front-end inclination determine whether the pedestrian undergoes wrap-around motion or direct forward
projection. These mechanisms strongly influence load transfer to the head, thorax, and lower extremities.

Recent safety data from operational robotaxi fleets indicate that autonomous vehicles can achieve
substantially fewer pedestrian injuries compared to human-driven cars, as evidenced by studies showing up
to a 92% reduction in pedestrian injuries and reduced crash incidence after millions of miles of autonomous
driving, although more data are required to draw definitive conclusions about serious injury prevention [8].
However, real-world incidents involving autonomous vehicle demonstrate that pedestrian collisions still
occur and can lead to injury, highlighting that current perception and control systems—and the physical
design of the front structure—must be optimized to complement software safety systems. Researchers argue
that soft, compliant front structures, integrated with emerging vehicle perception and braking systems, will be
critical in reducing injury severity should a collision become unavoidable [9]. In parallel, studies underscore
that pedestrian perception of autonomous vehicles, including how vehicle size, yielding behaviour, and
external signalling affect pedestrian decision-making—should inform both front-end design and human-
machine interaction strategies to enhance safety and trust in automated urban environments [10]. New
design concepts are proposed both to increase user confidence in AV and to facilitate access for people
with disabilities. Large glass spaces, easy access paths with a ground clearance lowered to sidewalk level.
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Some design principles were adopted to optimize the experience with SAV. The anthropomorphic design
emphasizes incorporating human-like traits into the vehicle to strengthen emotional connections with users.
Defensible space ensures clear boundaries and territoriality, allowing passengers to feel a sense of control
over their environment. The transparency system focuses on keeping users informed about the SAV’s status
and journey, enhancing trust and clarity. Personalization features enable a tailored experience by offering
customizable options that meet the specific needs of individual passengers. Finally, creating a restorative
environment through design fosters relaxation and positive emotions, promoting well-being during the
ride. These principles work together to ensure that the SAV experience is intuitive, comforting, and user-
centered [11]. A good part of these design concepts is reflected in external passive safety, through contact
between vehicles and vulnerable road users.

Figure 1: Autonomous vehicle design.

Analysis of the pedestrian crash database in the United States indicates that injuries to the lower
extremities and the head are the most common outcomes in vehicle–pedestrian collisions, with head injuries
generally representing the most severe trauma [12] (Chidester and Isenberg, 2001). Moreover, injury source
analysis reveals notable differences in head impact locations depending on vehicle type. In SUV-related
collisions, the bonnet (hood) is identified as the primary contributor to head injuries, whereas in passenger
car impacts, the windscreen constitutes the dominant source of head trauma [13] (Longhitano et al., 2005).
Pedestrians struck by sport utility vehicles have approximately twice the risk of sustaining traumatic brain
injuries compared with those impacted by passenger cars [14] (Ballesteros et al., 2004).

2 Research Gaps in Literature and Motivation
While general trends linking bumper height, hood leading edge height, and front-end stiffness to

pedestrian injury severity are known, quantitative relationships between specific geometric parameters and
biomechanical injury metrics remain insufficiently defined. In particular, the combined effects of front-end
height, curvature, and stiffness distribution on pedestrian kinematics and injury outcomes require further
investigation. Passive safety research has traditionally focused on primary vehicle–pedestrian contact.
However, secondary impacts such as pedestrian contact with the ground or other roadside elements can
contribute significantly to overall injury severity. Previous studies have clearly demonstrated that vehicle
front-end geometry plays a decisive role not only in the primary impact but also in shaping the mechanism
of secondary pedestrian-ground contact. For instance, Gupta and Yang [15] showed that variations in
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bumper height, bonnet leading-edge height, and hood geometry can significantly influence pedestrian
kinematics, leading in most cases to head/neck/shoulder ground impact, but also, for certain geometries, to
configurations where lower extremities contact the ground first, thereby reducing the risk of secondary head
impact. Furthermore, their results indicate that even active safety solutions such as pop-up hoods, while
effective in reducing head injury during the primary vehicle contact, may alter pedestrian kinematics in a way
that does not prevent and may even worsen the severity of the secondary ground impact. This highlights the
complex and sometimes counterintuitive relationship between vehicle design and overall injury outcome.

Similarly, multibody simulation studies have shown that vehicle front-end geometry strongly affects
post-impact pedestrian kinematics, including rotation, launch conditions, and flight trajectory. In particular,
parameters such as bonnet leading-edge height and hood angle significantly influence the likelihood of
head-first ground impact, as well as the severity of the secondary impact [16]. These findings confirm that
pedestrian injury mechanisms are governed by the combined effects of vehicle geometry and kinematic
evolution after impact.

Although regulatory testing has improved minimum safety performance, there is a lack of clear, design-
oriented guidelines that translate pedestrian injury biomechanics into practical front-end geometry and
material solutions. This gap limits the proactive integration of pedestrian safety considerations early in
vehicle design.

Pedestrian injury assessment in vehicle impacts is traditionally based on biomechanical criteria derived
from standardized experimental procedures, such as the Head Injury Criterion (HIC), which evaluates
the time-integrated resultant head acceleration and is widely adopted in regulations and consumer testing
protocols (e.g., EuroNCAP, ISO TS 13499). However, these criteria and associated test procedures have
been primarily developed for conventional passenger vehicle geometries characterized by sloped front-end
profiles. This creates a fundamental limitation when assessing emerging autonomous vehicle architectures,
which often feature higher, flatter, or vertically oriented front-end designs. In such configurations, the pedes-
trian kinematics and load transfer mechanisms differ significantly, potentially leading to a redistribution of
injury risk across different body regions.

The main research gap addressed in this study is therefore the lack of a design-oriented understand-
ing of how front-end geometry influences the redistribution of pedestrian injury mechanisms beyond
head-focused criteria. In particular, current assessment frameworks do not explicitly account for the
trade-off between reduced head injury risk and increased thoracic loading observed in non-conventional
vehicle geometries.

The novelty of this work lies in demonstrating, through controlled multibody simulations, that
autonomous vehicle front-end geometry does not uniformly reduce injury severity, but instead redistributes
it spatially and temporally, highlighting the need for multi-criteria pedestrian safety evaluation approaches.

In this paper, using the PC-Crash 15.1 software, we aimed to analyze the forces that occur at the
contact between the vehicle and the pedestrian, to determine the head injury criterion, and to evaluate
the forces generated during contact with the ground. PC-Crash is an application widely used by spe-
cialists in traffic accident analysis and reconstruction, whose models have been validated in numerous
published studies, among which references [17]—pedestrian in contact with vehicle phase, [18]—pedestrian
impact, [19]—PC-Crash validation of pedestrian model, [20]—PC-Crash validation Sport Bike Motor-
cycle model and [21]—improvement of the reconstruction process using the variation factors such the
pedestrian height, collision angle, hood height and pedestrian-road friction coefficient, [22]—pedestrian
throw distance, [23]—a review of pedestrian impact simulation, can be cited. Also, PC-Crash is a widely
used tool in accident reconstruction and pedestrian impact analysis, whose multibody models have been
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validated in numerous studies against experimental data, including cadaver tests, dummy experiments,
and real-world accident reconstructions. The pedestrian is represented as a multibody system composed
of interconnected rigid segments, with motion governed by Newton–Euler equations and contact forces
modeled using stiffness-based formulations [24].

3 Consideration upon Vehicle Front End Geometry and Models
Vehicle front-end geometry has been widely recognized as an important factor influencing pedestrian

injury mechanisms and severity during vehicle–pedestrian collisions [25]. Early research established that
the geometric relationship between the bumper, hood leading edge, and windshield governs pedestrian
kinematics immediately after impact, determining whether the pedestrian is rotated onto the hood or struck
directly at the torso or head level [26] (Niederer & Schlumpf, 1984).

More recent accident reconstruction studies confirm that vehicles with higher and more vertical front-
end profiles, commonly associated with sport utility vehicles, vans, and pickup trucks, present a significantly
increased risk of severe and fatal pedestrian injuries. Hu et al. (2024) [27] demonstrated that tall, blunt front
ends are associated with substantially higher pedestrian fatality risk compared to low, sloped designs, largely
due to higher impact points on the body and unfavorable post-impact kinematics. Similarly, Monfort et al.
(2024) [28] showed that increased hood leading edge height correlates strongly with severe pelvis, thorax,
and head injuries.

In addition to primary impact effects, front-end geometry also influences ground impact severity.
Higher front ends tend to project pedestrians forward, increasing head impact velocity with the ground.
These findings emphasize that pedestrian protection cannot rely solely on material compliance but must
also consider geometric optimization. Overall, the literature indicates that lower, more sloped front-end
geometries, combined with energy-absorbing structures, offer improved pedestrian safety outcomes.

A typical bumper system consists of a curved beam support structure, shock-absorbing mounting
elements, and an elastic fascia manufactured from hard thermoplastics such as polycarbonate, polyurethane,
high-density polyethylene, polypropylene, or thermoplastic rubber. The bumper operates as part of a larger
system that includes shock absorbers, frontal frames, radiator supports, and headlight protection. Recent
studies indicate that adaptive bumpers using anisotropic materials may significantly enhance pedestrian
friendliness while maintaining durability, although further mechanical development is required before
full-scale implementation [29].

Elastic and high-strength bumper structures have an important role in reducing the effects of frontal
and rear impacts by partially absorbing collision forces together with the vehicle side members. Most crash
scenarios involving bumpers are classified as low-speed collisions, with bumpers primarily designed to
limit damage at speeds below 16 kph, as reported in [30,31]. Over time, the protective role of the bumper
cross-member has diminished in importance, as vehicle aesthetics and aerodynamic performance became
higher priorities. However, research later highlighted that the stiffness and deformation behaviour of bumper
structures and their supports are factors that improve pedestrian protection, as controlled deformation can
reduce impact forces on pedestrians.

One of initial vehicle classification, proposed in [32], was developed based on DEKRA research
conducted for the EEVC-WG17 working group. This identifies the six most common types of vehicle front-
end profiles. This classification is intended to represent the typical geometrical configurations encountered in
passenger vehicles. The main geometric characteristics associated with each frontal profile are summarized
in the corresponding Table 1.
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Table 1: Vehicle profile classification upon [32].

Height of Bonnet
Front Edge [m]

Bonnet Inclination
Angle [○]

Angle Determined by the
Bumper Upper Edge and the

Bonnet Front Edge [○]
Key profile <0.7 <20

Trapezoidal profile
Superficial bonnet inclination <20 <70

Pronounced bonnet inclination >20 <70
Ellipsoidal profile Bonnet front edge has a radius of curvature > 0.25 m
Pontoon profile >70

Vertical profile (BOX) Vertically contact plan

In the paper, by using the PC-Crash software, the vehicle’s frontal geometry parameters were modified,
according to Fig. 2 and Table 2. By adjusting the parameters that define the front-end geometry, multiple
vehicle profiles can be generated.

Figure 2: PC-Crash vehicle geometry setup.

Table 2: PC-Crash vehicle geometry setup.

No. Param PC-Crash/Vehicle’s Profile Parameter Description
P1 1 Height of the bumper lower edge
P2 2 Height of the bumper upper edge
P3 3 Height of the bonnet front edge
P4 4 Height of the bonnet rear edge
P5 a Bumper width (bumper advance)
P6 b Front edge advance of bonnet
P7 c Bonnet length
P8 d Windshield length
P9 8 Ground clearance
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Because vehicle geometry can significantly influence pedestrian kinematics during an impact, the
simulation model allows the use of different vehicle shapes. The main characteristics of the vehicles
considered in the simulations are presented in Table 3. Six types of vehicles from different size classes were
chosen for the study. These models were chosen from the PC-Crash database, so as to simulate as well as
possible the experimental vehicle shapes with which the major developers of autonomous vehicles conduct
tests on public roads. In addition to the vehicles with “classic” geometric shapes from Super mini to VAN, two
geometries that are not found in the PC-CRASH database, but which are in the current trend of autonomous
vehicle design, were analyzed, Amazon Zoox [33], which it the most unconventional Minibus shape and
another presented in [11], Fig. 3. For these two typologies, the geometry was generated from the PC-Crash
interface, modifying the geometric parameters presented in Fig. 2 and Table 2.

Table 3: Vehicle characteristics and classification; source: PC-CRASH.

Vehicle Type Mass [kg] Height [m] a [m] b [m] c [m] d [m] 1 [m] 2 [m] 3 [m] 4 [m]
SM 795 1.465 0.050 0.058 0.871 0.498 0.350 0.500 0.837 0.942
CC 1395 1.462 0.050 0.067 1.167 0.667 0.350 0.500 0.835 0.940

SSUV 1585 1.700 0.050 0.065 1.130 0.646 0.340 0.550 0.971 1.093
EC 2135 1.480 0.050 0.076 1.335 0.763 0.350 0.520 0.846 0.951

VAN1 2001 2362 0.055 0.100 0.940 0.920 0.550 0.700 1.300 1.485
VAN2 1405 1.940 0.075 0.000 0.090 0.280 0.300 0.435 1.150 1.240

ROBO1 2650 1.936 0.000 0.050 0.050 0.150 0.350 0.500 1.106 1.245
ROBO2 1800 1.736 0.100 0.000 0.700 0.100 0.600 0.800 0.800 1.000

Figure 3: Autonomous vehicle concept, source [11].

Vehicle characteristics used in the simulations are derived from the validated PC-Crash database, which
includes representative geometries and physical parameters for different vehicle classes (e.g., super-mini,
compact, SUV, van). These predefined modes are based on experimentally informed dimensions and have
been widely used in accident reconstruction studies. In addition, for emerging autonomous vehicle concepts
not directly available in the database, such as flat-front or symmetric designs, the vehicle geometry was
generated parametrically by modifying key front-end parameters, including bumper height, bonnet leading
edge height, and front surface inclination. This parametric approach enables controlled investigation of the
influence of geometry while maintaining a physically consistent modeling framework.
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The selection of vehicle geometries was based on both representativeness and methodological coverage.
Conventional vehicle classes (SM, CC, SSUV, EC, VAN) were selected from the validated PC-Crash database,
ensuring realistic geometric representation. In addition, two non-conventional autonomous vehicle configu-
rations were introduced to reflect emerging design trends characterized by flat or vertical front-end profiles.

Rather than representing specific commercial vehicles, the analyzed configurations should be inter-
preted as representative geometric archetypes spanning the full spectrum of front-end designs, from sloped
passenger cars to vertical autonomous platforms. This approach enables a systematic investigation of the
influence of geometry alone on pedestrian impact biomechanics.

The vehicles in PC-Crash are modeled as rigid bodies for multibody pedestrian contacts. The surface of
the vehicle is defined by several planes, which are defined by triangular polygons. The vehicle shape can be
specified either by entering specific geometrical distances to describe the vehicle shape or by using detailed
3D vehicle shapes imported as DXF drawings. The assumption is made that the point of contact is on the
surface of the vehicle plane. Thus, vehicle deformation is neglected. The point of contact has to be inside
the three points that define the vehicle’s triangular polygonal plane being contacted. The penetration of the
ellipsoid is the distance between a point on the ellipsoid where the tangential plane is parallel to the contacting
plane, and the contacting plane. The tangential components of the contact force are calculated using the
specified ellipsoid to vehicle friction coefficient and the relative velocity of the contact points. The contact
force from the ellipsoid is applied as an external force to the vehicle. Therefore, the influence of a pedestrian
impact on the vehicle’s post-impact motion can be analyzed [34].

The vehicle is modeled as a rigid body composed of planar polygonal surfaces.
The contact relations, according to Fig. 4, are:

ne = −np (1)
λ = ∣ Pe − Pp (2)
Fne = −λSene (3)
Fn p = −Fne (4)

Figure 4: Vehicle pedestrian contact model [34].
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Friction force can be expessed as:

Ft =∣ Fn ∣ ⋅μ ⋅
vre l

∣ vre l ∣
(5)

where:

• ne is normal vector at the contact point on the ellipsoid (pedestrian body segment)
• np is normal vector of the vehicle contact surface (polygon/plane)
• λ is the penetration depth,
• Fn p, Fne is normal contact force components onto ellipsoid and plane,
• Ft p, Fte is tangential contact force components onto ellipsoid and plane,
• S is the stiffness coefficient,
• μ is the friction coefficient,
• vre l is the relative velocity at the contact point.

The vehicle geometry may be defined either by selecting a defined shape from the software menu, Fig. 2,
or by importing a detailed three-dimensional DXF model and associating it with the vehicle [34]. The model
applies a linear stiffness formulation with restitution to describe impact behavior [35]. Also, in PC-Crash,
simplified 3D DXF vehicle models are employed for contact calculations. Each vehicle directory includes
two DXF files: one corresponding to the vehicle model name and a second file labeled “output.dxf.” The
latter is preferred for interactions with multibody systems due to its more uniform and simplified mesh. In
addition, users may define custom vehicle dimensions. The specified vehicle geometry is used to determine
the ellipsoid dimensions within the stiffness-based impact and rollover model and is also applied in collisions
with multibody objects, unless a specific DXF/IDF shape is assigned for these contacts. Custom vehicle
multibody models can also be defined for multibody-to-multibody interactions [34].

For stiffness-based impact modeling, the following parameters can be specified:

• Friction, representing the coefficient of friction of the vehicle body;
• Restitution, defined as the coefficient of restitution for vehicle impacts, with a single value applied when

using the stiffness-based model;
• Stiffness, expressed as a deformation distance, where for passenger cars the specified value applies to

the lower body structure, while one quarter of this stiffness is assigned to the roof region.

The multibody representation of the pedestrian consists of individual body segments (head, torso, pelvis,
etc.), Fig. 5, interconnected by articulated joints that allow relative rotational motion. Each body’s segment is
characterized by distinct physical and mechanical properties, including geometry, mass, contact stiffness, and
frictional behavior. The geometric shape of each segment is defined using a generalized ellipsoid of degree
“n”, which enables flexible representation of human body contours. Both pedestrian and occupant multibody
models are typically composed of 20 rigid bodies connected through 19 joints, as described in [34]. The
pedestrian can be modeled in any movement position; thus a wide variety of collisions can be simulated.

For each segment within the multibody system, the following properties may be independently
defined:

• Body geometry, represented by ellipsoidal shapes, with configurable principal axis lengths and ellipsoid
degree;

• Mass and corresponding moments of inertia for each rigid body;
• Contact stiffness coefficients used in the computation of interaction forces during impacts;
• Friction coefficients, differentiated between ellipsoid-to-vehicle contacts and ellipsoid-to-ellipsoid or

ellipsoid-to-ground interactions.
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Figure 5: The pedestrian multibody model.

In order to accurately simulate vehicle–pedestrian impacts, the pedestrian is modeled as a multibody
system composed of rigid bodies interconnected by joints. Each body segment (e.g., head, torso, femur)
is characterized by its geometry, mass properties, and contact parameters. This approach allows capturing
complex kinematics and interaction forces during impact events. Each rigid body is defined in two coordinate
systems an inertial (global) coordinate system, used for translational motion and a body-fixed coordinate
system, aligned with the principal axes of the body [34].

Each body segment is represented by a generalized ellipsoid, Fig. 6, (superquadric) defined parametri-
cally as:

P(u, v) =
⎛
⎜
⎝

Xe(u, v)
Ye(u, v)
Ze(u, v)

⎞
⎟
⎠

(6)

Xe(u, v) = a ⋅ cos
2
n (v) ⋅ cos

2
n (u) (7)

Ye(u, v) = b ⋅ cos
2
n (v) ⋅ sin

2
n (u) (8)

Ze(u, v) = c ⋅ sin
2
n (v) (9)

where:

• a, b, c are the semi-axes of the ellipsoid,
• n is the shape exponent controlling the curvature,
• u ∈ [−π, π], v ∈ [− π

2 , π
2 ].

The corresponding outward normal vector is given by:

n(u, v) = 1
a

cos2− 2
n (v) cos2− 2

n (u)i + 1
b

cos2− 2
n (v) sin2− 2

n (u)j + 1
c

sin2− 2
n (v)k (10)
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Figure 6: The coordinate systems of ellipsoid bodies [34].

This formulation enables efficient computation of contact detection, penetration depth, and surface
normals, which are essential for impact modeling.

The motion of each rigid body i is governed by the Newton–Euler equations.
Translational motion:

mi ẍi = ∑
j

F j (11)

Rotational motion:

Θ i ω̇i + ωi × (Θ i ωi) = ∑
j

M j (12)

where:

• mi is the mass of body i,
• xi is the position of the center of gravity,
• F j are external forces (gravity, contact, joint forces),
• ωi is angular velocity,
• ω̇i is angular acceleration,
• M j are external moments,
• Θ i is the inertia tensor:

Θ i =
⎛
⎜
⎝

Ix x −Ix y −Ixz
−Ix y Iy y −Iyz
−Ixz −Iyz Izz

⎞
⎟
⎠

(13)

The system is solved numerically using an explicit Euler integration scheme with a small time step
(typically 0.1–1 ms) to ensure stability in highly dynamic contact scenarios.

Rigid bodies are connected via ball-and-socket joints, Fig. 7, enforcing kinematic constraints through
reaction forces.
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Figure 7: Joint definition [34].

At each time step, the following conditions must be satisfied:

• Action–reaction principle:

Fi j = −F ji (14)

• Acceleration compatibility:

ai = a j (15)

The joint forces are obtained by solving a linear system:

A ⋅ F = b (16)

or explicitly:

⎛
⎜⎜⎜⎜
⎝

a1,1 − a1,2
a2,1 − a2,2
⋮

a j ,1 − a j ,2

⎞
⎟⎟⎟⎟
⎠

= A

⎛
⎜⎜⎜⎜
⎝

F1
F2
⋮

F j

⎞
⎟⎟⎟⎟
⎠

(17)

where:

• A is a 3n × 3n matrix,
• F j are joint reaction forces,
• a j ,1 , a j ,2 are accelerations at the joint for the connected bodies.

This approach is equivalent to the Lagrange multiplier method, where geometric constraints are replaced
by constraint forces.

The contact models, based on a linear stiffness function, are used to calculate the contact forces between
two multibody bodies or a body and another object. A coefficient of restitution is specified to define the
amount of elasticity during the contact. Once the contact normal force is calculated friction forces are
calculated, using the specified contact friction between the two bodies. Therefore sliding impacts, partially
sliding impacts and full impacts can be calculated. Calculation of the amount of penetration, the location of
the point of impact and the orientation of the contact plane is performed automatically. There is no need for
user interaction for the calculation of these impacts once the general body parameters have been specified.
Contact forces are computed using a linear stiffness penetration model.
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Normal contact force is expressed:

• during approach:

Fn = λ ⋅ S (18)

• during separation:

Fn = ε2 ⋅ λ ⋅ S (19)

where:

• λ is penetration depth,
• S is the stiffness coefficient,
• ε is the coefficient of restitution.

For ellipsoid to ellipsoid contacts, Fig. 8, the assumption is made that the point of contact is found on
a line between two points, where one point is on the surface of the first ellipsoid and the second point is on
the surface of the other ellipsoid. The tangential planes for both points are parallel and the distance between
these two planes is a minimum. The exact location of the point of contact can be found using the body
stiffness values.

Figure 8: Elipsoid to elipsoid contact [34].

For two contacting bodies the geometric conditions is:

n1 = −n2 (20)
λ =∣ P1 − P2 ∣= λ1 + λ2 (21)

The penetration is minimized:

λ →min (22)

Normal forces on the two surfaces:

Fn1 = −λ1S1n1 (23)
Fn2 = −λ2S2n2 (24)

The contact point is defined as:

Pc = P1 − n1 λ1 = P2 − n2 λ2 (25)
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Friction forces

μc =min (μ1 , μ2) (26)

Ft1 =∣ Fn1 ∣ ⋅μc ⋅
vre l

∣ vre l ∣
(27)

Multibody forensic models are notably simpler models as they have fewer body segments a more
simplified contact characteristics and do not necessitate long time for computation. A finite element
pedestrian model lack of robustness during extended simulations, because is primarily subjected to the
accumulation of explicit time-integration errors. The major advantage of Multibody models is that they can
be easily scaled to any given stature or mass. An additional advantage of these models is that they are part
of robust software packages [24]. A comparison of the motion response of their custom multibody model,
which was based on the PC-CRASH solver, against video frames obtained from cadaveric and dummy tests,
was conducted in [36]. The study involved adjusting the physical parameters, specifically the coefficients
of restitution and friction, of the initially proposed model. These parameters were fine-tuned individually
for each collision configuration in order to achieve a motion response that closely matched the reference
test results.

4 Simulation Hypothesis
The simulations were performed in a three-dimensional environment. Throughout the analysis, vehicle–

pedestrian collisions were simulated at various vehicle impact speeds. These scenarios were modeled by
defining and applying the following initial conditions:

• The types of vehicles involved in the collision were the following: super-mini class-SM, compact class-
CC, small SSUV, executive class-EC, VAN and ROBO. The characteristics of each vehicle is presented
in Table 3;

• The selected impact speed of 40 km/h is consistent with widely adopted pedestrian safety assessment
protocols, such as EuroNCAP testing conditions, where this velocity represents a critical and standard-
ized scenario for evaluating pedestrian injury mechanisms. The use of a fixed impact speed allows a
controlled comparison between vehicle geometries by eliminating additional variability associated with
speed-dependent effects;

• Vehicle deceleration during impact 5 m/s2;
• Additional simulations were conducted for three distinct braking deceleration levels in order to perform

a sensitivity analysis of pedestrian throw distance.
• A standard 50th percentile adult male pedestrian configuration was used in this study, consistent with

common accident reconstruction practice, characterized by a height of approximately 1.75 m and a mass
of about 78 kg. The multibody framework allows scaling of anthropometric characteristics (e.g., height
and mass), enabling the simulation of different pedestrian statures and initial conditions;

• Simulations of pedestrian projection distance were performed for three pedestrian masses and three
heights to evaluate sensitivity effects.

• Pedestrian walking perpendicular to vehicle direction at 1.4 m/s;
• The impact occurred with the median area of the bumper (on the longitudinal axis of the vehicle), the

area thus considered is the most favorable in terms of the severity of the pedestrian’s injuries;
• The coefficient of friction between vehicle and pedestrian is 0.2;
• In this study, force-based metrics are interpreted as relative indicators of mechanical loading, enabling

comparison across different vehicle geometries. The conclusions are therefore based on observed shifts
in loading patterns rather than absolute injury risk.



Comput Model Eng Sci. 2026;147(3):34 15

The simulation framework employed in this study is based on controlled and standardized assumptions,
designed to isolate the influence of vehicle front-end geometry on pedestrian injury mechanisms. The
selected impact speed of 40 km/h follows commonly adopted pedestrian safety testing conditions (e.g.,
EuroNCAP), while pedestrian motion, friction coefficients, and impact configuration are defined according
to validated literature values. These assumptions ensure consistency across all simulated scenarios and enable
a direct comparative analysis between vehicle geometries. Consequently, the objective of this study is not to
provide absolute injury predictions for specific real-world cases, but rather to identify relative biomechanical
trends and injury redistribution mechanisms.

5 Results
Ravani et al. classified pedestrian post-impact kinematics as one of the following conditions: wrap

trajectory, forward projection, fender vault, roof vault or somersault [37]. Vehicle-pedestrian impacts create
different movement patterns like those mentioned above, depending on vehicle speed, position of center of
gravity of pedestrian in rapport with bonnet leading edge height, impact point front or corner and vehicle
type. Roof vaults often involving the pedestrian going over the vehicle’s roof, it is common in higher-speed
collisions with certain vehicle profiles, leading to severe head injuries [38].

The severity of head injury is quantified using the Head Injury Criterion (HIC), according to [39], which
is based on the time integral of the resultant head acceleration. The HIC is defined as:

HIC = maxt1 ,t2 [(t2 − t1) (
1

t2 − t1
∫

t2

t1
a (t) dt)

2.5
] (28)

where:

• a(t) is the resultant acceleration of the head center of gravity expressed in units of gravity g,
• t1 and t2 define the time interval over which the criterion is maximized.

In practical applications, the duration of the time interval is limited to 15 ms for HIC15 and 36 ms for
HIC36.

(t2 − t1) ≤ 0.015 or 0.036 s

The HIC value reflects both the magnitude and duration of head acceleration, making it sensitive to
different impact profiles. Lower peak accelerations acting over longer durations may produce similar HIC
values to short-duration high peaks, which explains the differences observed between vehicle geometries in
this study. Good performance is considered when HIC values lower than 1000 are obtained in a pedestrian
collision. The accelerations curves enabled the subsequent determination of the head injury criterion HIC,
these values being synthesized in a table similar to Table 4.

In addition to head injury assessment, thoracic injury risk was evaluated using peak contact force and
acceleration-based indicators.

The resultant thoracic force is defined as:

Fthorax(t) =
√

F2
x + F2

y + F2
z (29)

The peak thoracic force is then:

Fmax
thorax =max

t
(Fthorax(t)) (30)
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Table 4: HIC values calculated, acceleration and forces during contact with vehicle.

No Vehicle Type HIC HIC36 HIC15 Head Peak
Acceleration [m/s2]

Thorax Peak
Forces [N]

Lower
Limb Peak
Forces [N]

Throw
Distance

[m]
1 SM 603 603 425 769 2987 3854 12.88
2 CC 760 760 545 888 5236 4222 13.19
3 SSUV 469 449 244 576 5854 7231 13.51
4 EC 438 420 255 620 7117 5160 13.00
5 VAN1 227 132 47 331 11,338 6384 18.12
6 VAN2 294 253 88 473 9500 8658 16.57
7 ROBO1 230 230 151 646 14,969 4858 17.17
8 ROBO1_low_cl 220 220 147 633 15,173 4910 17.32
9 ROBO1_wh 218 218 142 607 12,341 16,364 12.82
10 ROBO2 181 147 103 458 2917 8598 14.88

From a biomechanical perspective, thoracic injury is related to compression and energy transfer to the
ribcage. A simplified relationship between force and chest deformation may be expressed as:

Fthorax = kchest ⋅ δchest (31)

where:

• kchest is the effective thoracic stiffness,
• δchest is chest compression.

In a more general injury-risk framework, thoracic injury probability may be expressed as a function of
normalized force or compression:

Pin jur y = f (Fthorax

Fcr i t
) (32)

or

Pin jur y = f (δchest) (33)

These formulations highlight that thoracic injury is governed by both force magnitude and deformation
characteristics. Thoracic peak force is used in this study as a comparative indicator of loading severity rather
than a direct injury predictor.

The vehicle front-end geometry, defined by parameters P1–P9, influences the pedestrian response
through the determination of contact conditions. The geometric parameters define the spatial configuration
of the vehicle front, which directly affects: the location of the contact point, the orientation of the contact
normal, the timing and duration of contact. Thus, the mapping can be expressed conceptually as:
{P1 . . . P9} → contact point→ contact normal→ contact force→ biomechanical response
This relationship explains how variations in bumper height, hood angle, and front profile lead to

different pedestrian kinematics and injury mechanisms.
The method used to analyze the data stemmed from simulations was structured throughout the

following stages:

• Carrying out an overall analysis of accelerations during the specific time interval;
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• Determining time sub-intervals of high interest. These are characterized by the head acceleration values,
contact forces on lower leg, thorax and head;

• Determining the values regarding the injury criteria;
• Carrying out a comparative analysis of these values in order to determine the influence of front end

design parameters upon the impact with the pedestrian as well as the injury degree.

For the accuracy of the results, the model used has been validated in previous research in [17,19,40,41].
The impact scenario, identical for all the geometric typologies studied, in accordance with the previously

mentioned hypotheses, included the stages of primary and secondary impact of the pedestrian with the
vehicle, followed by the flight phase and finally rolling/sliding on the ground until the final position. As the
final distance of throwing the pedestrian, we considered the thorax as the element that indicates the total
distance of its projection. In all the cases analyzed, the total duration of the impact, until the pedestrian landed
in the final position on the ground, was in the range of 2–2.5 s. The graph in Fig. 9 shows the total distance
of pedestrians throwing, for the ten configurations of the frontal geometry. The largest projection distances
are found in the cases VAN1 and VAN2, ROBO1 and ROBO1_low_clearance, probably due to both the larger
masses of the vehicles and the type of impact, forward projection, different from that of vehicles with a
“classic” profile where the type of impact is (wrap around or sommersault). Atypical case ROBO1_wheel,
where the throw distance is among the smallest, due to the impact with the lower limbs.

Figure 9: Pedestrian throwing distance, according to frontal geometry typology.

After the primary and secondary vehicle contacts, the pedestrian may enter a flight phase, followed by a
ground-contact phase. During this final phase, the body may undergo sliding, rolling, and successive contacts
with the ground, with random motion characteristics and variable energy dissipation. Therefore, a direct
and universal correlation between throw distance and injury severity cannot be established. Each accident
remains case-specific, because injury outcomes are strongly affected by the contact conditions during ground
impact, including the type and state of the surface, such as asphalt, compact soil, loose soil, snow, or ice, as
well as the possible presence of local obstacles such as curbs, poles, trees, or roadside objects. Consequently,
in the present study, throw distance is used only to support the interpretation of pedestrian kinematics and
energy transfer, while injury severity is discussed through biomechanical loading indicators obtained from
the simulations.

The impact with the lower limbs differs, depending on the leg that was hit first by the vehicle and
depending on the posture in which it is (with which leg it steps forward), Figs. 10 and 11. The duration of
the action of the forces is a maximum of 50 ms. Higher values of the forces are observed on the leg that is
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hit first, Fig. 10. It is worth mentioning the higher value of the forces with the increase in the height of the
contact point between the vehicle and the leg (shock absorber). On the leg that is not hit first, the force values
are lower, and the time at which the forces begin to be applied has a delay of approximately 10 ms compared
to the limb hit first. Atypical case, ROBO1_wheel, where it is observed that the impact on the standing leg
has a maximum at 20 ms, slightly later, compared to the other types of vehicles. In the first 10 ms, the left leg
is dragged on the ground. In the cases ROBO1 and ROBO1_low_cl, due to vehicle flat and slightly inclined
profile, the primary impact is in the tibia-ankle area, leading to a lower effort on the left femur.

Figure 10: Contact forces at the left foot (the foot struck first in the case of simulations).

Figure 11: Contact forces at the right foot.

The contact of the chest with the vehicle extends for a maximum of 0.15 s, Figs. 12 and 13, from the
primary impact and differs depending on the shape of the vehicle. From Figs. 12 and 13 it can be seen that for
vehicles in classes SM, CC, EC, the impact of the chest with the hood area occurs approximately 0.11 s after
the impact on the foot. The SSUV class generates accelerations and forces on the chest of the adult pedestrian
comparable in value to the SM, CC, EC classes and the maximum forces and accelerations occur slightly
earlier, at the time 0.08 s. Vehicles in classes VAN1, VAN2, ROBO1, through their frontal profile produce the
impact with the chest almost at the same time as the primary impact on the lower limbs, Figs. 10–12. The
values of forces and accelerations upon contact with the vehicle are higher than in classes SM, CC, SSUV,
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EC. Classes ROBO1, VAN1, VAN2 have the highest contact forces. and accelerations in the chest area, a likely
factor being the greater mass of the vehicles.

Figure 12: Torso accelerations.

Figure 13: Torso forces.

ROBO1, VAN1 and VAN2 type vehicles cause the head to hit the vehicle body faster in time, between
0.03 and 0.08 s, compared to the “classic” forms, Fig. 14. The impact in the head area for the VAN1 and VAN2
typologies produce the lowest decelerations in value, but longer in duration. Although the ROBO1 typology,
with all its analyzed variants, generates higher peaks in amplitude of head accelerations, these are limited
in duration of action, thus the HIC values are low. The evolution of forces and accelerations, on the entire
human body shows that most of the impact energy is taken over by the lower limbs and thorax, for the VAN1,
VAN2 and ROBO1 classes. Numerical values regarding the impact of the pedestrian’s body are presented
in Table 4.
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Figure 14: Head accelerations.

6 Discussion
The results are derived from deterministic simulation scenarios, intentionally structured to highlight

systematic differences between vehicle configurations. In this context, statistical variability is not explicitly
modeled, as the study does not rely on stochastic inputs. Instead, robustness is supported by the consis-
tency of observed trends across multiple vehicle typologies. Future work will extend this approach using
probabilistic simulations to quantify variability under real-world conditions.

The surface of the area defined by the hood–fender–windshield assembly can be characterized by regions
with different potentials for head and torso injury to pedestrians, as illustrated in Fig. 15. These regions
include: the central area of the hood, the hood–fender zone, which comprises the hood surface bounded
within 150 mm of its lateral edges, as well as the rear portion of the hood located between the lower edge of
the windshield and an imaginary line positioned 150 mm from the rear edge of the hood.

During traffic accidents involving pedestrians, impacts with the vehicle occur in a largely random
manner within these regions. Depending on the vehicle speed and front-end profile, the pedestrian may
experience contact with the windshield or, in more severe cases, with the A-pillars.

Through a retrospective examination of the evolution of pedestrian protection, it can be observed that
the severity of pedestrian injuries has decreased substantially over time. This improvement has been driven
by changes in vehicle architecture as well as by constructive and technological innovations. Fig. 16 illustrates,
from left to right, the temporal evolution of the front-end geometric zones of a passenger vehicle and their
associated potential for pedestrian injury (red = severe injuries, green =minor injuries).

In the past, impacts with the central region of the hood generated high values of the HIC, as shown
in Fig. 16. In modern vehicles, impacts occurring in the central hood area result in lower HIC values
compared to those measured in the frontal edge region and in the vicinity of the A-pillars. In the hood–
fender zone, the head injury criterion values are comparable to those observed in the other hood regions
defined above, Fig. 16, despite the presence of rigid structural components such as fender mounting points,
suspension attachments, and local reinforcements. Owing to improved fender attachment and structural
design solutions, impact forces in this area are reduced when compared with those observed in older vehicles
of similar class, as illustrated in Fig. 17.
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Figure 15: Delimitation of areas with different potential for injury on the front surface of the vehicle.

Figure 16: Level of injury to pedestrians by the front surface of a car, evolution over time (adapted from EuroNCAP).

Figure 17: Wing attachment through deformable, slightly rigid elements.

Another vehicle characteristic that influences impact severity is the clearance between the hood surface
and the components located in the engine compartment, as well as the material used for the hood and its
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reinforcement structure. In order to maintain low HIC values, sufficient space must exist between the hood
and the powertrain components. In most cases, these components are rigid and massive when compared to
the pedestrian’s head and the material of the hood itself.

The materials used in vehicle components also play an important role in determining the severity
of pedestrian injuries in the context of external passive safety. Conventional steel sheet metal used for
hood and fender structures is capable of absorbing impact energy, thereby generating lower contact forces
and, consequently, reduced injury criterion values. Aluminium hoods also exhibit good energy-absorption
characteristics; however, they tend to undergo larger deformations, which necessitates increased clearance
between the hood and the underlying vehicle subassemblies. The hood reinforcement structure further
affects pedestrian injury severity during hood impacts. Vehicles equipped with hoods featuring rigid
reinforcement structures, Fig. 18a may lead to more severe pedestrian injuries compared to those with more
compliant reinforcement designs, Fig. 18b.

Figure 18: Reinforcement structure for the hood: (a) rigid, (b) flexible.

Vehicle geometry fundamentally alters pedestrian kinematics, force transmission pathways, and injury
distribution. Rather than uniformly increasing or decreasing injury severity, emerging autonomous vehicle
architectures redistribute injury risk between head and thoracic regions. This redistribution has important
implications for pedestrian safety assessment frameworks that currently emphasize head injury criteria. The
most important result is the inverse relationship observed between head injury metrics (HIC) and thoracic
loading across vehicle geometries. Conventional passenger vehicles (SM and CC) produced the highest HIC
values (603–760), consistent with classical wrap-around kinematics in which the pedestrian rotates onto the
hood and windshield. These configurations delay torso contact (~0.11 s after lower limb impact), allowing
rotational motion to develop and resulting in elevated head deceleration.

In contrast, vertically oriented or flat-front designs (VAN1, VAN2, ROBO1, ROBO2) produced substan-
tially lower HIC values (181–368) but markedly increased thoracic peak forces, except ROBO2. The ROBO1
configuration generated thoracic forces exceeding 15 kN, approximately three to five times greater than those
observed in classical passenger vehicles. This shift reflects immediate torso engagement and suppression of
wrap-around kinematics.

These results suggest that vertical front-end geometries reduce rotational head loading while increasing
direct chest compression. The trade-off observed here indicates that improvements in HIC do not necessarily
reflect overall reductions in pedestrian injury risk. Instead, injury mechanisms are redistributed spatially
and temporally.

Timing differences across configurations provide insight into the biomechanical mechanisms under-
lying injury redistribution. In classical geometries, lower limb contact precedes thoracic engagement by
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approximately 0.1 s, facilitating angular acceleration of the upper body and head impact against compliant
hood or windshield regions. In vertical autonomous designs, thoracic contact occurs almost simultaneously
with lower limb impact, limiting rotation and producing a forward projection trajectory. Throw-distance
analysis supports this interpretation. VAN1, VAN2, and ROBO1, except ROBO1_wheel, configurations
produced the largest projection distances, consistent with translational rather than rotational energy transfer.

These patterns align with prior kinematic classifications (e.g., forward projection vs. wrap trajectory)
and suggest that front-end verticality governs post-impact motion more strongly than vehicle mass alone.

Although heavier vehicles exhibited greater projection distances, mass did not consistently predict
injury metrics. For example, the executive-class vehicle EC, 2135 kg produced higher HIC and thoracic
forces than lighter vehicles, but the extreme thoracic loading observed in ROBO1 was primarily attributable
to geometry rather than mass. This finding reinforces the dominant role of front-end profile in shaping
injury mechanisms.

Lower-limb force analysis revealed rapid peak loading within the first 50 ms of impact, with the
initially struck limb experiencing the highest forces. Elevated bumper height increased lower limb peak
forces, consistent with prior biomechanical findings. Notably, the ROBO1_wh configuration, representing
wheel-first contact, produced the highest lower limb peak force, 16,364 N.

Passenger car tire vertical stiffness typically varies significantly with inflation pressure, wheel load and
tire construction. Some values used in studies is in range of 181–235 N/mm [42] and 195–400 N/mm [43]. For
pedestrian safety, total bumper/spoiler stiffness, in order to manage injury metrics, like lower leg acceleration,
used in literature is in range of 2207.25 N/mm in [44] and in range 650 up to 810 N/mm, for deflection of
6 and 10 mm for fascia bumper, in [45]. Thus, in the case of vehicles whose design resembles the Zoox, the
impact of the pedestrian with the wheel itself should not cause greater injuries than the classic structure of a
crash bar. However, the kinematics of the pedestrian may change due to the fact that the impact at the foot is
made with a material that has greater elasticity than the front structure of the crash bar. Although passenger
car tire stiffness values reported in the literature are not greater than typical bumper stiffness, altered impact
geometry modifies kinematic response and load distribution. Wheel-first contact may therefore introduce
injury mechanisms not adequately represented in existing regulatory test configurations, which typically
assume bumper-first engagement.

This finding highlights a potential gap in current pedestrian protection protocols for symmetric, wheel-
exposed autonomous vehicle platforms.

Head acceleration traces demonstrate distinct amplitude–duration characteristics across vehicle types.
VAN1 and VAN2 configurations produced lower peak head accelerations but longer deceleration durations,
resulting in reduced HIC values. ROBO1 configurations exhibited higher instantaneous acceleration peaks
but shorter duration, also yielding lower HIC values. These patterns illustrate the sensitivity of HIC to both
magnitude and temporal integration. While HIC values across all configurations remained below the 1000
threshold, substantial differences were observed between classical passenger vehicles (highest HIC) and
autonomous flat-front designs (lowest HIC). However, the concomitant increase in thoracic loading suggests
that reliance on HIC alone may not adequately characterize injury risk in emerging vehicle geometries.

In current vehicle designs, sensing systems are typically embedded within the vehicle structure, rather
than mounted as external protruding elements. This is done to ensure both aesthetic integration and
aerodynamic performance. Therefore, sensors do not necessarily introduce significant visible geometric
changes to the vehicle front-end. In the present study, sensor placement was not explicitly modeled. The
related discussion refers only to potential design implications, particularly regarding localized stiffness
variations, and not to directly simulated features.
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The influence of hood clearance, reinforcement stiffness, and structural compliance discussed in the
manuscript is supported by the simulation outcomes. Increased under-hood clearance and compliant
reinforcement structures are associated with lower head deceleration, consistent with established pedestrian
protection principles. Electric autonomous platforms may provide additional design flexibility due to
reduced engine packaging constraints. However, flat and vertical front-end symmetry, along with integrated
sensor housings, introduces localized stiffness regions that may influence injury outcomes. The ROBO1_wh
case suggests that structural discontinuities can alter load transfer and peak force generation. A summary
of the influence of the frontal profile of autonomous vehicles on pedestrian impact and injuries is presented
in Table 5.

Table 5: Influence of autonomous vehicle front-end design on pedestrian injury biomechanics.

Front-End Design
Element

Design Characteristics
in Autonomous Vehicles

Observed
Biomechanical Trend
(Simulation-Based)

Influence on Injury Risk

Bumper height &
compliance

Higher in VAN/ROBO1
platforms; vertical fascia

Increased direct torso
engagement

Elevated thorax forces;
altered lower limb loading

Hood leading edge
height

Reduced hood projection
in flat-front designs

Limited wrap-around
kinematics

Lower HIC but increased
chest compression

Hood length & slope
Shortened or nearly
absent in symmetric

designs

Reduced head impact
velocity in modeled

cases
Decreased HIC values

Windshield base
stiffness

May remain rigid near
cowl area. Integrated
sensor housings may

stiffen windshield area

Localized stiff zones
increase head
deceleration

Higher HIC in cases with
upper contact

Sensor placement
(LiDAR, radar)

External or embedded in
front fascia

Lower leg injuries,
Chest compression

increases with vertical
fronts

Hard sensor housings may
create localized injury risk

if struck

Vehicle overall frontal
geometry (VAN-type)

Elevated, semi-vertical
front

Direct torso impact;
reduced head rotation

Lower HIC, higher thorax
peak forces

Vehicle overall frontal
geometry

(ROBO1-type)

Flat, symmetric vertical
front

Torso-dominant
impact pattern

Very high thorax forces
(>15 kN), moderate-to-low

HIC

Localized structural
stiffness

Reinforcements, sensor
mounts

Can create local
acceleration peaks

Potential HIC increase if
head strikes stiff area

Under-hood clearance Variable depending on
EV packaging

Affects deformation
energy absorption

Greater clearance reduces
HIC, reduce thorax injuries

Thorax injury
mechanism

Dependent on front
height and stiffness

distribution

Chest compression
increases with vertical

fronts

Elevated thoracic trauma
risk

(Continued)
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Table 5 (continued)

Front-End Design
Element

Design Characteristics
in Autonomous Vehicles

Observed
Biomechanical Trend
(Simulation-Based)

Influence on Injury Risk

Head Injury Criterion
(HIC) response Geometry-dependent

Wrap kinematics
increase HIC; direct
torso impact reduces

it

Trade-off between head and
thorax injury mechanisms

The findings are applicable across a broad range of vehicle categories, including conventional passenger
vehicles, electric vehicles, and larger platforms such as vans or trucks. Electric vehicle architectures, in
particular, provide increased design flexibility due to reduced engine packaging constraints, potentially
enabling improved energy absorption characteristics.

The increasing design flexibility of electric vehicle may allow improved pedestrian protection through
enhanced deformation space. In particular, increased under-hood clearance and energy-absorbing structures
are known to reduce head injury metrics by allowing controlled deformation during impact. Electric vehicle
platforms may offer additional design flexibility in this regard due to reduced engine packaging constraints.

Conversely, vehicles with higher and more vertical front-end geometries tend to promote direct torso
engagement, resulting in increased thoracic loading. These observations indicate that pedestrian injury
criteria must be adaptable to diverse vehicle architectures and should not rely exclusively on head-based
metrics, especially in the context of autonomous vehicles.

The ROBO1 and ROBO2 configurations represent two distinct interpretations of non-classical
autonomous vehicle front-end design. Although both employ symmetric and relatively vertical frontal
architectures, their biomechanical responses differ substantially.

With respect to head injury metrics, the ROBO2 configuration demonstrated the most favorable
performance among all vehicles tested (HIC = 181; HIC36 = 147; HIC15 = 103). In comparison, the ROBO1
configuration produced also low HIC values (230), with similar results for ROBO1_low_clearance (220) and
ROBO1_wh (218). These values remain below those observed for compact passenger vehicles, CC (760),
indicating that both autonomous geometries reduce wrap-around kinematics relative to conventional sloped
designs. However, ROBO2 more effectively attenuates head deceleration magnitude and duration, suggesting
improved energy absorption or more favorable upper-body rotation control.

The principal difference between the two configurations emerges in thoracic loading. ROBO1 generated
the highest thorax peak force recorded in the study (14,969 N), with ROBO1_low_cl and ROBO1_wh
also producing elevated forces (15,173 and 12,341 N, respectively). These values substantially exceed those
observed in conventional passenger vehicles and indicate a torso-dominant impact mechanism characterized
by early and direct chest engagement. In contrast, ROBO2 produced a thorax peak force of 2917 N,
comparable to the super-mini class and markedly lower than ROBO1. This suggests that vertical symmetry
alone does not determine thoracic risk; rather, the interaction between bumper height, compliance, and
stiffness distribution governs chest compression severity.

Lower-limb loading further differentiates the two platforms. ROBO1_wh exhibited the highest lower-
limb force (16,364 N), reflecting the atypical wheel-first contact scenario. ROBO2, however, demonstrated
elevated lower-limb loading (8598 N) without corresponding extreme thoracic forces, implying greater
energy redistribution to the extremities. This may delay torso engagement and reduce chest compression.
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In the present study, the significantly higher thoracic forces observed for vertical and flat-front
geometries indicate a shift toward compression-dominated injury mechanisms, in contrast with rotation-
dominated head injury mechanisms in conventional vehicles.

A synthesis, in Table 6, shows that conventional passenger cars promote a wrap-around trajectory
characterized by body rotation over the bonnet and dominant head involvement, Fig. 19.

Table 6: Comparative synthesis of pedestrian impact kinematics for different vehicle front-end geometries.

Parameter Passenger Cars
(SM-CC-EC-SSUV) Vans (VAN1-VAN2) Autonomous Vehicles

(ROBO1-ROBO2)

Front-end geometry Low bonnet, sloped hood
surface

High and more
vertical front structure

Flat, highly vertical and
symmetric frontal

architecture

Initial contact location Lower limbs (bumper–leg
contact)

Lower limbs followed
rapidly by pelvis

contact

Lower limbs followed
rapidly by pelvis contact;

Lower limbs or wheel area
depending on geometry

Contact phase Pelvis and thorax sliding
over the bonnet

Immediate
thorax-torso

engagement with
frontal panel

Immediate thorax-torso
engagement with flat

frontal surface

Pedestrian body
motion

Progressive rotation over
the hood

Limited rotation;
pedestrian pushed

forward

Rotation largely
suppressed; body remains

upright initially

Dominant kinematic
mechanism Wrap-around trajectory

Forward projection
trajectory;

Thorax-torso
dominant impact

pattern

Forward projection
trajectory; Thorax-torso
dominant impact pattern

Head impact
probability

High contact with bonnet
or windshield

Reduced compared
with passenger cars

Reduced or delayed
depending on geometry

Thoracic loading Moderate High due to early
chest contact

High due to direct torso
engagement

Lower limb loading Significant but localized
at bumper level

Increased due to
higher bumper height

Potentially increased,
especially in wheel-first

contact scenarios

Pedestrian trajectory
after impact

Rotation over hood
followed by ground

contact

Forward projection
away from vehicle

Sliding or forward
projection depending on

front structure

Overall injury
distribution trend

Head-dominated injury
mechanism

Thorax-dominated
injury mechanism,

lower limb

Redistribution toward
thorax and lower limbs
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Figure 19: Pedestrian trajectory for (a)—SM, (b)—CC, (c)—EC, (d)—SSUV class vehicle.

Vehicles with higher front ends, such as vans, produce early thoracic engagement and forward
pedestrian projection, Fig. 20.

Figure 20: Pedestrian trajectory for (a)—VAN1 and (b)—VAN2 class vehicle.

Emerging autonomous vehicle architectures with flat vertical fronts suppress wrap-around motion and
redistribute loading toward the torso and lower limbs, Fig. 21.
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Figure 21: Pedestrian trajectory for (a)—ROBO1 and (b)—ROBO2 class vehicle.

In terms of pedestrian projection distance, a sensitivity analysis was performed considering different
pedestrian masses, different pedestrian heights, and three distinct braking deceleration levels.

The influence of pedestrian mass on projection distance was analyzed for identical anthropometric
height but varying body mass (55, 75, and 115 kg), Table 7. The results consistently show that lighter
pedestrians tend to be projected over longer distances, while heavier pedestrians exhibit shorter projection
trajectories. This behavior can be explained by the momentum transfer during impact. For a given vehicle
mass and velocity, a lighter pedestrian undergoes a higher acceleration and achieves a higher post-impact
velocity, leading to an increased projection distance. In contrast, heavier pedestrians absorb a larger portion
of the impact energy and exhibit lower acceleration, resulting in shorter projection distances.

Table 7: Sensitivity analysis of pedestrian mass on throw distance.

Vehicle
Throw Distance
for Pedestrian

115 kg [m]

Throw Distance
for Pedestrian

75 kg [m]

Throw Distance
for Pedestrian

55 kg [m]
Tendency

SM 11.3 12.9 13.0 Decrease with mass
CC 13.5 13.2 13.4 Almost constant
EC 12.6 13.0 13.3 Slight decrease

SSUV 13.0 13.5 13.6 Slight decrease
VAN1 16.6 18.1 17.9 Decrease with mass
VAN2 16.0 16.6 16.8 Decrease with mass

ROBO1 17.0 17.8 18.1 Decrease with mass
ROBO1_low_cl 17.2 17.7 18.4 Decrease with mass

ROBO2 14.1 14.8 15.1 Decrease with mass

The results in Table 8 indicate that pedestrian height has a significant influence on projection distance,
with the effect strongly dependent on vehicle front-end geometry. For conventional passenger vehicles with
sloped front profiles, shorter pedestrians tend to experience larger projection distances due to increased
rotational motion (wrap-around mechanism). In contrast, for vehicles with flat or vertical front geometries,
taller pedestrians exhibit greater projection distances, as the impact occurs closer to the center of mass,
promoting forward translational motion rather than rotation. These findings highlight that pedestrian height
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primarily affects the kinematic impact mechanism rather than acting as a simple scaling factor, leading to
fundamentally different projection behaviors depending on vehicle geometry.

Table 8: Sensitivity analysis of pedestrian height on throw distance.

Vehicle
Throw Distance
for Pedestrian

155 cm [m]

Throw Distance
for Pedestrian

175 cm [m]

Throw Distance
for Pedestrian

200 cm [m]
Tendency

SS 13.0 m 12.8 m 11.9 m Decrease
CC 13.7 m 13.1 m 13.2 m Slightly decrease
EC 13.7 m 13.0 m 12.6 m Decrease

SSUV 15.2 m 13.5 m 12.6 m Decrease
VAN1 17.2 m 18.1 m 16.3 m Maxim at 175 cm
VAN2 16.2 m 16.5 m 16.9 m Increase

ROBO1 16.1 m 17.8 m 18.0 m Increase
ROBO1_low_cl 15.6 m 17.8 m 17.6 m Increase

ROBO2 14.1 m 14.9 m 17.5 m Increase

The analysis of the projection distance clearly highlights the influence of braking deceleration on
pedestrian kinematics, Table 9. In general, increasing the deceleration level from 2.5 to 7.5 m/s2 leads
to a consistent reduction in projection distance, with decreases ranging from approximately 3% up to
45%, depending on vehicle geometry. For conventional passenger cars (e.g., sedan and compact vehicles),
the reduction is significant (25%–45%), indicating that braking plays a major role in limiting pedestrian
throw distance. In contrast, for vehicles with more vertical front-end geometries (e.g., vans or autonomous
box-shaped designs), the projection distance shows minimal sensitivity to braking deceleration (below 10%).

Table 9: Sensitivity analysis of vehicle deceleration on pedestrian throw distance.

Vehicle Throw Distance at
2.5 m/s2 [m]

Throw Distance at
5 m/s2 [m]

Throw Distance at
7.5 m/s2 [m] Variation (%)

SM 14.6 12.9 10.9 ~25%
CC 20.0 13.2 11.0 ~45%
EC 15.3 13.0 10.9 ~29%

SSUV 15.5 13.5 13.0 ~16%
VAN1 18.0 17.5 17.0 ~6%
VAN2 17.0 16.5 16.3 ~4%

ROBO1 17.8 17.6 17.3 ~3%
ROBO1_low_cl 18.3 18.0 17.8 ~3%

ROBO2 16.0 14.8 13.5 ~16%

The results indicate that vehicles with flat or nearly vertical front-end profiles tend to generate the largest
pedestrian projection distances. This behavior is consistent with a forward projection mechanism, in which
the pedestrian is pushed forward by the vehicle front rather than rotating over the hood in a classical wrap-
around trajectory. In contrast, conventional passenger-car geometries, with a sloped hood and lower leading
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edge, promote wrap-around kinematics, resulting in shorter projection distances and more pronounced body
rotation over the vehicle front.

Overall, the results show that braking deceleration reduces pedestrian projection distance, but the
dominant factor remains the vehicle front-end geometry. Flat and vertical profiles produce larger projec-
tion distances due to forward projection, whereas conventional sloped profiles generate shorter distances
associated with wrap-around kinematics.

Many studies mention that vehicle braking influences pedestrian injury mechanisms through multiple
coupled effects, which extend beyond a simple reduction of impact speed. While a lower impact velocity
reduces the kinetic energy transferred during the vehicle–pedestrian contact, braking also significantly
modifies pedestrian kinematics, including body rotation, trajectory, and post-impact motion. As a result,
the pedestrian’s subsequent interaction with the ground is altered, affecting both the timing and severity
of the secondary impact. Previous studies have shown that braking can mitigate not only primary impact
injuries but also those associated with ground contact. In particular, Rosén et al. [46], based on real-world
accident data, demonstrated that pre-impact braking reduces impact energy and contributes to lowering the
severity of secondary ground impacts. More recent work by Zou et al. [47] showed that controlled braking
strategies can significantly reduce head impact velocity and overall injury metrics during the ground contact
phase, emphasizing that braking effectiveness is strongly linked to pedestrian kinematics rather than impact
speed alone. Further developments presented by Zou et al. [48] highlight that the combined effect of vehicle
front-end geometry and controlled braking strategies can substantially alter the pedestrian ground impact
mechanism. Their results indicate that braking not only reduces injury severity, but can also modify the
pedestrian’s trajectory such that the distance between the pedestrian and the vehicle at ground contact is
reduced, potentially enabling additional protective interventions. At the same time, the study shows that
different geometric configurations may lead to different kinematic responses, including variations in head
impact timing and velocity, confirming that injury outcomes depend on both vehicle design and braking
strategy. These findings reinforce the idea that pedestrian injury severity is governed not only by impact
energy, but also by the dynamic evolution of the pedestrian during and after impact. Consequently, braking
should be understood as a mechanism that reshapes the entire impact scenario, influencing both primary
contact and secondary ground interaction.

Recent studies emphasize the importance of simulation-based environments for analyzing autonomous
vehicle behavior under controlled and repeatable conditions. For example, Bakirci [49] developed a
virtual simulation framework enabling consistent sensor-based data acquisition and reproducible testing
scenarios. Although focused on vehicle maneuvering, such approaches highlight the broader relevance of
virtual environments in studying vehicle–environment interactions. In the present work, the PC-Crash
simulation framework fulfills a similar role, providing a controlled platform for analyzing pedestrian
impact characteristics.

To quantitatively distinguish between wrap-around and non-rotational impact mechanisms, rotational
dynamics indicators could be introduced in the future work. The angular momentum of the pedestrian body
relative to its center of mass is defined as:

L = IC M ω (34)

where:

• IC M is the moment of inertia about the center of mass,
• ω is the angular velocity.
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The rotational kinetic energy is expressed as:

Erot =
1
2

IC M ω2 (35)

while the translational kinetic energy is:

Etrans =
1
2

mv2 (36)

The ratio between rotational and translational energy, η = Erot
Etrans

can be used as an indicator of impact
mechanism. High values of η correspond to wrap-around kinematics, characterized by significant body
rotation and head impact against the hood or windshield. Low values of η indicate forward projection, where
rotation is suppressed and the body is primarily subjected to translational motion.

In the present simulations, conventional sloped front-end geometries promote higher angular momen-
tum due to delayed torso contact, while vertical geometries generate early thoracic engagement, reducing
rotational motion and increasing direct load transfer to the torso.

From an energy perspective, the total kinetic energy of the system is redistributed during impact into:
translational motion, rotational motion, deformation energy, dissipated energy through contact and friction.

Etotal = Etrans + Erot + Ed e f + Ed iss (37)

where:

• Etrans translational kinetic energy;
• Erot rotational kinetic energy,
• Ed e f deformation energy,
• Ed iss dissipated energy, corresponding to energy losses due to friction, damping, and other non-

conservative effects during the collision.

The presented energy curves, Fig. 22, represent the evolution of the pedestrian multibody system energy
during and after impact, including translational and rotational kinetic energy components, as well as energy
dissipation associated with contact interactions, friction, and secondary ground impacts within the PC-
Crash multibody framework. The diagrams indicate that the main vehicle–pedestrian energy transfer occurs
during the initial contact phase, within approximately the first 0.15–0.20 s. After this interval, the curves
reach a quasi-stationary plateau, corresponding to the airborne motion of the pedestrian after separation
from the vehicle. The end of this energetic plateau is closely correlated with the first contact of the pedestrian
with the ground, after which the rolling/sliding phase on the asphalt begins until complete rest. For the
ROBO1 and ROBO1_low configurations, the plateau ends at approximately 0.55–0.65 s, consistent with the
very early ground contact of the pedestrian, first contact at 0.53 and 0.59 s, respectively. Similar behavior is
observed for VAN2, where the energy decrease starts around 0.6–0.65 s. ROBO2 exhibits an intermediate
behavior, with the plateau ending near 0.80–0.90 s, consistent with the first ground contact at approximately
0.81 s. In contrast, conventional passenger vehicles such as SM, CC, and EC show significantly longer
plateau regions. For these vehicles, the major energy decrease begins around 1.1–1.4 s, corresponding to
the delayed pedestrian-ground contact caused by wrap-around kinematics over the hood and windshield.
Similar delayed behavior is also observed for SSUV and VAN1, where the pedestrian first contacts the ground
at approximately 0.95 s.
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Figure 22: Pedestrian total energy during impact with vehicle.

Therefore, the duration of the energetic plateau reflects the pedestrian airborne phase after separation
from the vehicle. Earlier plateau termination for vertical autonomous vehicle geometries indicates a faster
projection toward the ground, while conventional sloped front-end vehicles generate longer airborne
trajectories before the rolling/sliding phase on the road surface begins.

The energy level itself also varies significantly with vehicle front-end geometry. Vertical or nearly
vertical autonomous vehicle configurations, such as ROBO1, ROBO1_low, VAN1, and VAN2, generate the
highest energy levels, reaching approximately 6500–7800 J, indicating a more direct and concentrated
transfer of impact energy to the pedestrian body. In contrast, conventional passenger vehicles such as
SM, CC, and EC exhibit lower energy levels, typically around 3700–4500 J, reflecting a more progressive
energy transfer associated with wrap-around pedestrian kinematics. Intermediate behavior is observed for
SSUV and ROBO2 configurations, the latter combining characteristics specific to both vertical and sloped
front-end geometries.

The results confirm that each collision scenario exhibits distinct energetic and kinematic behavior.
Therefore, pedestrian injury severity cannot be directly generalized from pedestrian throw distance alone,
since the same projection distance may result from substantially different impact mechanisms, force
distributions, and secondary ground-contact conditions.

Vehicle geometry influences the partitioning of energy between these components. Sloped front-end
geometries promote energy transfer into rotational motion, increasing head impact risk, while vertical
geometries favor direct energy transfer into thoracic compression, increasing torso loading.

The present study is subject to several limitations. The simulations were conducted for a single
standardized impact scenario, without explicit modeling of braking dynamics, vehicle pitch motion, or
variations in pedestrian posture and orientation.

Furthermore, the use of a multibody pedestrian model enables efficient simulation of global kinematics
but does not capture tissue-level deformation or internal injury mechanisms.
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These assumptions were adopted to ensure a controlled comparison between vehicle geometries. Future
work will extend the analysis to include variable impact conditions, advanced human body models, and more
detailed structural representations.

Another limitation of the research, this study employed a validated multibody pedestrian model, which
provides computational efficiency and scalability but does not capture tissue-level deformation or detailed
organ response. Furthermore, thoracic injury risk was inferred from peak force metrics rather than detailed
chest deflection or organ-level injury predictors. Future studies using finite element human body models
may provide more detailed insight into thoracic injury mechanisms.

The multibody pedestrian model and contact formulations employed in this study have been previously
validated against experimental data and accident reconstruction cases. However, empirical validation for
emerging autonomous vehicle geometries, such as flat-front configurations (e.g., ROBO1), remains limited
due to the lack of standardized test datasets.

Consequently, the current analysis should be regarded as a physics-based exploratory investigation, in
which novel vehicle architectures are represented through parameterized extensions of validated models.

While the simulations are conducted under controlled impact conditions, real-world autonomous
driving environments, particularly unstructured urban scenarios, are characterized by highly variable and
unpredictable pedestrian behavior.

Due to the rigid-body nature of the multibody model, internal deformation-based injury criteria (e.g.,
chest deflection, viscous criterion) cannot be directly obtained. Such metrics typically require finite element
human body models. According to standard crash analysis frameworks, thoracic injury criteria are often
defined based on deformation or deformation rate rather than force alone. Therefore, thoracic peak force is
used in this study as a comparative indicator of loading severity rather than a direct injury predictor.

Also, in the PC-Crash framework, the vehicle is modeled as a rigid body without explicit structural
deformation or component-wise stiffness differentiation; consequently, contact interactions are governed by
a global stiffness-based formulation, and the influence of vehicle design on pedestrian injury mechanisms
arises primarily from geometric factors, such as contact point location, contact normal orientation, and
impact sequence, rather than from local structural compliance, thereby enabling a consistent isolation of
geometry-driven effects on load transfer and injury distribution.

7 Future Developments and Implications for Regulatory and Design Frameworks
Future research should extend the present findings through higher-fidelity human body models, includ-

ing finite element simulations capable of capturing rib deflection, organ injury, and soft-tissue response,
particularly for high thoracic loading observed in vertical autonomous configurations. Experimental vali-
dation using pedestrian impact tests or physical surrogate models is necessary to corroborate the simulated
force magnitudes. Future autonomous vehicle design must therefore address not only geometric optimization
but also stiffness distribution and sensor integration to mitigate localized injury risk.

Future work should therefore incorporate a broader range of conditions, including varying impact
angles, pedestrian postures, and dynamic vehicle responses, to enable a more comprehensive evaluation of
pedestrian injury mechanisms under realistic scenarios.

Without adaptation of assessment protocols, emerging vehicle designs may exhibit favorable head injury
performance while posing increased thoracic and lower limb injury risk.

Sensor integration, vertical front symmetry, and potential wheel-first contact scenarios introduce
new passive safety challenges that are not fully addressed by current pedestrian assessment protocols.
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Future regulatory frameworks should consider both geometric optimization and localized stiffness manage-
ment in autonomous vehicle platforms.

8 Conclusions
The results of this study suggest that existing pedestrian safety evaluation procedures, which often

prioritize HIC thresholds, may be insufficient for emerging autonomous vehicle geometries. Van-type
and symmetric flat-front designs can achieve low HIC values while simultaneously generating elevated
thoracic loads.

This finding indicates the necessity of:

1. Balanced assessment of head and thorax injury criteria.
2. Explicit consideration of front-end verticality in safety standards.
3. Development of new test configurations for wheel-first or torso-dominant impacts.
4. Integration of geometric optimization guidelines into early-stage autonomous vehicle design.

Emerging vehicle platforms offer both opportunities and risks. While their electric architecture enables
improved hood compliance and lower head injury metrics, flat and vertical front profiles may shift injury
mechanisms toward potentially severe thoracic trauma. Simulation results demonstrate that these vehicles
front-end geometry significantly redistributes pedestrian injury mechanisms. Conventional passenger car
profiles produce higher head injury criteria, while flat or vertically oriented VAN/ROBO1-type geometries
substantially reduce HIC values. However, this reduction in head injury risk is accompanied by a marked
increase in thoracic and lower limb loading. Therefore, pedestrian protection in autonomous vehicles
requires balanced optimization of both head and thorax injury criteria rather than focusing exclusively on
HIC reduction.

Flat and vertical designs reduce wrap-around motion and lower HIC values but significantly
increase thoracic loading due to direct torso engagement. Consequently, pedestrian safety optimization in
autonomous vehicle must move beyond single-criterion evaluation and adopt a holistic, geometry-aware,
multi-injury framework.
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