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INTRODUCTION

With the increasing number of traffic ac-
cidents and vehicle safety needs, the analysis 
of rear offset crashes, especially in terms of the 
dynamic loads acting on the occupants, is be-
coming a topic of critical importance to modern 

automotive engineering. In the context of rapidly 
changing safety regulations, research into the ef-
fectiveness of headrest and seat belts in rear-end 
crashes is becoming not only timely but also cru-
cial for future design solutions. Over the past five 
years, changes to The United Nations Economic 
Commission for Europe (UNECE) Regulation 
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ABSTRACT

A model of the dynamics of a vehicle collision with an energy-absorbing barrier was built in the PC-Crash 10.0 
environment, using the following models: vehicle motion dynamics, collision, and multibody models of people 
seated on seats. The energy-absorbing barrier was composed of connected elements whose motion was described 
by Newton’s and Euler’s equations. Rear-seat passengers were modeled as polyhedral systems, each consisting 
of 20 rigid solids connected by spherical joints. The simulations investigated the effects of different headrest and 
seatback settings configurations on the dynamic loads acting on the head of a passenger seated in the rear bench 
seat. The results showed that the value of the coefficient describing the risk of head injury decreased as the back-
rest tilt angle increased, indicating that the head is better protected with greater tilt. The stiffness of the headrest 
significantly affected the value of the coefficient describing the risk of head injury, i.e., with a higher stiffness 
of 20,000 N/m, a strong negative correlation was observed, indicating a lower risk of injury. However, further 
increases in stiffness may negatively impact the risk of head injuries. In contrast, at lower stiffnesses, the correla-
tion was more variable, with different results depending on the angle of the backrest. The results underscore that 
proper configuration of the backrest, seat tilt angles, and headrest stiffness are key to minimizing head injuries. 
Particularly favorable values of the coefficient describing the risk of head injury were achieved at angles of 5° 
headrest tilt angle and 10° headrest tilt angle and corresponding values of headrest stiffness. In general, a negative 
correlation was observed between the backrest tilt angle and the HIC36ms value, i.e., the larger the tilt angle, the 
lower the HIC36ms value, which means better protection. At the lower stiffness of the headrest, 15,000 N/m, the 
correlation was variable, both positive and negative, depending on the backrest tilt angle. 
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17 have focused on improving occupant protec-
tion, working better with modern technologies, 
and adapting seats to electric and autonomous 
vehicles. Requirements for headrest, ISOFIX 
(International Organization for Standardization – 
ISO Fixture) systems, dynamic testing, and side 
impact protection were strengthened. The variety 
of test dummies has also been increased to reflect 
real-world conditions and passenger diversity 
better. The regulation also adapts to changes in 
the automotive industry, covering new technolo-
gies and active safety systems.

With the introduction of modern technolo-
gies in vehicles, there is an urgent need to update 
research on the effectiveness of safety systems to 
better reflect actual operating conditions. The re-
search presented here is aimed not only at under-
standing dynamic loads during rear-end crashes 
but also at providing valuable information for 
builders and designers, which can ultimately 
contribute to raising safety standards in the au-
tomotive industry. According to recent studies 
e.g. [1–3], the need to further explore the topic 
of crashes is obvious, especially in light of the 
frequent head and neck injuries resulting from 
crashes, even in low-speed crashes, i.e., up to 
25 km/h [4]. Headrests must be placed close to 
the head, and their height and shape adjusted to 
protect passengers of different body sizes. Head-
rests and seats must better absorb impact energy 
and prevent excessive head and neck deflection. 
Seats have begun to be designed to integrate with 
active safety systems, such as automatic emer-
gency braking (AEB) and driver-fatigue detec-
tion systems. This allows the seat to work in con-
junction with these systems to better protect pas-
sengers in sudden braking or collision situations. 
In electric and autonomous vehicles, interiors are 
often different from those in traditional vehicles, 
requiring new standards for seats. In autonomous 
vehicles, passengers may assume different seat-
ing positions, including semi-reclining and seats 
must be able to provide an adequate level of pro-
tection regardless of the setting. 

In recent years, changes in automotive seat 
safety standards have focused on improving oc-
cupant protection against spinal injuries, enhanc-
ing safety in side and frontal crashes, integrating 
with advanced safety systems, and adapting seats 
to new electric and autonomous vehicles. In con-
trast, less attention has been paid to offset rear 
crashes, particularly in the context of the dynamic 
loads acting on people riding in the rear seats of a 

vehicle. Rear-end crashes occur when the prima-
ry impact force acts from the rear of the vehicle, 
leading to deformation of the body. This type of 
collision can be observed especially in urban traf-
fic conditions, where frequent and sudden braking 
is required. In this type of collision, the primary 
human protective function is performed by the 
seat back, headrest, seat belt, and the energy-ab-
sorbing structure of the vehicle body, sometimes 
supplemented by an energy-absorbing bumper 
[5, 6]. Such accidents usually result in head and 
neck injuries, including Whiplash (whiplash-type 
injuries), leading to damage to neck muscles, ten-
dons, intervertebral discs, and nerves of the neck 
region. It is also known that the dynamic loads 
of rear-seat riders are often several times greater 
than those of front-seat occupants, where protec-
tion systems are much less developed than for 
front-seat occupants [7]. 

An important issue in ensuring safety dur-
ing rear-end collisions are headrests on car seats, 
which protect the head and upper spine during a 
collision. The protective effect of headrests re-
sults from an integral part of the seat backrest, 
which together protects against injuries to the 
upper spine [8], which is particularly effective in 
the case of various types of active headrests [9]. 
The lack of or incorrect adjustment of the head-
rest can lead to serious injuries, including con-
cussion and separation of the cervical vertebrae. 
Standard headrests can be adjusted manually, but 
their correct adjustment is often underestimated, 
which significantly reduces their effectiveness. 
Studies have shown that the best protection is 
provided when the headrest is located at the 
height of the center of the head, and the distance 
from it is a maximum of 6 cm [10]. The work also 
states that in the case of rear-end collisions, after 
full contact of the torso with the seat backrest, 
the torso is accelerated, while the head remains 
in its initial position for a very short time of 15–
20 ms. The significant head acceleration occurs 
after 60-90 ms. This delay in the head accelera-
tion to the torso causes relative movement of 
these body parts. The role of the headrest should 
be to reduce the relative movement. In [11] was 
shown, that increasing the backrest angle can ef-
fectively reduce the risk of excessive neck ex-
tension, which leads to a fracture at the base of 
the skull. The studies described in [12] showed 
that seats rated as good by the IIHS (Insurance 
Institute for Highway Safety) differed from poor 
mainly at speeds above 6 km/h in terms of loads 
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and moments acting on the neck, which suggests 
the need for further research on injury preven-
tion systems. In [13] was reported that the seat 
belt significantly affects the dynamic loads of 
the passenger sitting in the rear on the left side 
during an oblique frontal collision, effectively 
reducing the head acceleration and shear forces 
of the neck at collision angles from 10° to 20°, 
but increasing the head acceleration at angles 
between 35° and 40°. The results of studies on 
the protective function of seat belts in the case 
of rear collisions are ambiguous. Some results 
of experimental studies using dummies indicate 
that the three-point seat belt system does not 
have a significant effect on the dynamic loads 
of a human [14], but computational models have 
shown that the seat belt, by increasing the force 
pressing the person to the seat surface, causes an 
increase in the friction force between the pas-
senger and the seat backrest, which reduces the 
movement of people inside the cabin, and thus 
the risk of hitting rigid elements of the vehicle 
interior. In general, it is of course confirmed that 
seat belts, together with an airbag reduce the risk 
of injuries [15, 16], and the sliding of a person 
under the belt is less important. In [17, 18] it is 
stated that wearing seat belts reduces the risk of 
serious injuries in the event of rear-end collisions. 
During rear-end collisions, the airbag is not acti-
vated, therefore it is important to position the hu-
man body correctly so that, for example, at low 
values   of the coefficient of friction between the 
person and the seat and at a greater backrest incli-
nation, the person does not slide out from under 
the belts. According to [19], work is necessary to 
focus on introducing construction materials that 
absorb impact energy in the seat backrests, reduc-
ing contact with the side interior and the B-pillar. 
In [20] it is stated that at low speeds of rear-end 
collisions, the use of seat belts does not affect the 
dynamic loads of the head in a significant way. 
The studies described in [16] have shown that 
the position of the seat belt has a greater effect on 
chest deflection and rib stress than the belt angle, 
which indicates the need to optimize the restraint 
system to increase the protection of the passen-
gers’ chest during frontal collisions. The research 
described in [21] indicates that the introduction 
of an arc-shaped bumper beam increases energy 
absorption almost threefold, which significantly 
affects the value of dynamic head loads.

The qualitative assessment of the protective 
function of safety systems is therefore difficult 

and should be considered individually, because 
it depends on many factors, including vehicle 
design, e.g. body shape, backrest tilt of the rear 
seats, headrest position, as well as individual 
human parameters, e.g. height, weight, muscle 
structure, especially for older people, which is 
manifested by a decrease in the values   of damp-
ing parameters and stiffness of the musculoskel-
etal system [22]. Statistical quantitative assess-
ment is practically impossible. The results of 
experimental studies presented in the literature in 
the analyzed case cannot be generalized due to 
the uniqueness of the motion conditions, e.g. po-
sition and type of obstacle, initial vehicle speed, 
etc. The protective function of various systems, 
e.g., headrests and seat belts in rear collisions, 
can be assessed using computer simulation [23]. 
Various biodynamic models can be found in the 
literature since the beginning of the 20th century. 
Biodynamic models can be divided into three 
main categories, consisting of bodies: rigid con-
nected by elastic-damping elements, deform-
able, and using the finite element method (FEM). 
Many tools support the construction of original 
computational models enabling the introduction 
of motion equations, e.g. Excel or Matlab/Simu-
link, Fortran, and those that contain ready-made 
computational models using rigid body dynamics 
(e.g. PC-Crash, MSC.ADAMS, SIMPACK envi-
ronment) or FEM, which is possible in environ-
ments such as Madymo, LS-Dyna. In construc-
tion practice, research using FEM dominates, 
while in the practice of research on road accidents 
and their effects in quantitative and qualitative 
terms, it is convenient to use the modeling of the 
dynamics of the motion of rigid bodies (vehicles 
or human), which was used, for example, in [24-
27]. Simulation studies conducted using commer-
cially available tools, e.g. PC-Crash, allow for the 
use of high numerical efficiency, leading to the 
possibility of examining a wide field of the influ-
ence of important parameters on the development 
of dynamic loads on humans in a short time [28]. 
The main advantage results from the possibility 
of using them together in one program: rigid body 
dynamics models describing vehicle movement, 
collision models, and multi-body systems de-
scribing human movement, using global and local 
coordinate systems, enabling a transformation of 
one system to another [32].

Research on dynamic loads on the human 
head during a road accident, especially in the con-
text of a rear-end collision with a rigid obstacle, is 
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an area of   significant importance in vehicle safety 
and injury prevention. However, several key re-
search gaps result from: 
 • limitations of existing biomechanical models; 
 • shortage of data on design and operational pa-

rameters regarding the integrated safety sys-
tem in the mutual coincidence of the headrest, 
backrest, seat, seat belt, and energy-absorbing 
structure of the vehicle body; 

 • diversity of cases in real road accidents.

Most previous studies have used biome-
chanical models and mannequins (e.g., Hybrid 
III) to simulate crashes and assess dynamic 
head loads. These models do not always faith-
fully represent the complex biomechanics of the 
human body, especially in the cervical-cranial 
system. Rear impacts induce complex interac-
tions between the cervical vertebrae and the 
skull, and current models may not fully capture 
these nuances. A research gap exists in the area of   
more accurate biomechanical modeling of the hu-
man head and neck in real road accidents. Studies 
on dynamic head loads during crashes focus on 
studies, particularly in frontal and side impacts. 
However, there is a lack of data on the protective 
effectiveness of all passive safety elements in rear 
impacts, i.e. rear structure, seat, seat adjustment, 
backrest, headrest, and safety bassinet. The re-
search gap, therefore concerns the need for multi-
variant approaches, especially in the context of 
searching for the best configurations of design 
parameters, i.e., headrest stiffness, and operation-
al parameters, i.e., setting the headrest, seat, and 
backrest angles to minimize the risk of head in-
jury. Most studies are conducted on standard im-
pact simulations, which assume certain idealized 
conditions, such as obstacle stiffness or ideal road 
conditions. Real accidents differ in terms of im-
pact angle, type of obstacle, speed, and passenger 
body position. The research gap exists in the need 
for more diverse studies, taking into account the 
variety of accident scenarios, which could lead to 
more realistic conclusions and recommendations 
regarding head and neck protection. The above 
indicates that although there are many studies on 
dynamic head loads during rear impacts against a 
rigid obstacle, there are still some research gaps. 
These include both imperfections in biomechani-
cal models and the lack of sufficient research on 
the influence of design and operational param-
eters of the seat with an integrated safety system. 
The article constitutes a significant extension of 

knowledge concerning the influence of design 
and operational parameters of the seat, together 
with the integrated safety system on the genera-
tion of dynamic loads of the human head during 
a road accident. The challenge was taken up con-
cerning solving key problems – research gaps in 
the scope of: 
 • the process of reconstructing similar accidents 

in the scope of proposed models, adopted in-
put data for modelling; 

 • for designers during design or selection of 
headrests in the scope of their stiffness; 

 • for operators during vehicle operation in the 
scope of the angles of headrests, seat back-
rests, and seat adjustment.

DESCRIPTION OF THE CONSTRUCTED 
MODEL OF THE DYNAMICS OF THE 
COLLISION PROCESS

Description of the calculation tool used

The vehicle motion model was constructed 
in the PC-Crash 10.0 environment, using simu-
lation modules covering vehicle dynamics, crash 
mechanics, and multi-body systems representing 
passengers. The built-in dynamics models al-
lowed obtaining reliable results. The adopted in-
tegration step is 15 ms, which ensures sufficient 
simulation accuracy.

Description of vehicle dynamics models and 
rear-seat passengers

The spatial model of vehicle dynamics is 
characterized by six degrees of freedom, which 
allows for a detailed representation of vehicle 
motion in real conditions. Initial modeling condi-
tions are as follows: 
 • a linear tire model was used for the coopera-

tion of the tire with the roadway; 
 • the vehicle moved at an initial speed of VP = 

80 km/h. 

A single-body model of vehicle motion dy-
namics, an energy-absorbing barrier model, and 
multi-body passenger models were used. The ve-
hicle was loaded with the mass of people travel-
ing: the driver and passengers. The applied mod-
els of vehicle motion dynamics, people, and col-
lision were positively verified in [29, 30], which 
confirms their reliability in the context of research 
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on the dynamics of dynamic loads acting on the 
human body. The motion of each component of 
the multi-body system (the multi-body human 
model) is described by Newton’s and Euler’s 
equations [28]:
 𝑚𝑚𝑖𝑖�̈�𝑟𝑖𝑖 = ∑ 𝐹𝐹𝑗𝑗𝑙𝑙

𝑗𝑗=1   (1) 
  
 
𝑇𝑇𝑖𝑖𝜔𝜔𝑖𝑖̇ + 𝜔𝜔𝑖𝑖 × 𝑇𝑇𝑖𝑖𝜔𝜔𝑖𝑖 = ∑ 𝑀𝑀𝑗𝑗𝑙𝑙

𝑗𝑗=1   (2) 
 
𝑚𝑚�̈�𝑥 = ∑ 𝐹𝐹𝑥𝑥𝑗𝑗𝑛𝑛

𝑗𝑗=1   (3) 
  
𝑚𝑚�̈�𝑦 = ∑ 𝐹𝐹𝑦𝑦𝑗𝑗𝑛𝑛

𝑗𝑗=1   (4) 
  
𝑚𝑚�̈�𝑧 = ∑ 𝐹𝐹𝑧𝑧𝑗𝑗𝑛𝑛

𝑗𝑗=1   (5) 
  
 
𝐼𝐼𝑥𝑥�̇�𝜔𝑥𝑥 + 𝐼𝐼𝑧𝑧𝜔𝜔𝑦𝑦𝜔𝜔𝑧𝑧 − 𝐼𝐼𝑦𝑦𝜔𝜔𝑦𝑦𝜔𝜔𝑧𝑧 = ∑ 𝑀𝑀𝑥𝑥𝑗𝑗

𝑚𝑚
𝑗𝑗=1   (6) 

  
 
𝐼𝐼𝑦𝑦�̇�𝜔𝑦𝑦 + 𝐼𝐼𝑧𝑧𝜔𝜔𝑥𝑥𝜔𝜔𝑧𝑧 − 𝐼𝐼𝑥𝑥𝜔𝜔𝑥𝑥𝜔𝜔𝑧𝑧 = ∑ 𝑀𝑀𝑦𝑦𝑗𝑗
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𝑗𝑗=1   (8) 
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where: i – element number of the multibody 

system;
 j – external force number;
 l – number of external forces acting on the 

component of the polyhedral system;

 
mi– mass of the component of the polyhe-
dral system;

 ϔi– acceleration of the centre of mass in 
the global system;

 Fj– the external force acting on the com-
ponent, expressed in the global system;

 Mj– moment of external forces acting 
on the element, expressed in the local 
system;

 Ti– tensor of inertia in the local system;
 ωi– angular velocity in the local system;
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The load on the jth component of a multi-
body system, e.g., the head, results from both: 
the force of gravity and contact forces, as well as 
other components of the multi-body system, e.g., 
the neck and torso, which act on the head through 
joints. When deriving the equations of motion of 
a multi-body system, one should not ignore the 
deviation moments in the inertia tensor, which 
in the case of vehicles, can be done with a fairly 
good approximation. Therefore, equations 1–2 
can be simplified to the following form (ignoring 
the deviation moments in the inertia tensor):
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𝑇𝑇𝑖𝑖𝜔𝜔𝑖𝑖̇ + 𝜔𝜔𝑖𝑖 × 𝑇𝑇𝑖𝑖𝜔𝜔𝑖𝑖 = ∑ 𝑀𝑀𝑗𝑗𝑙𝑙
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𝑚𝑚�̈�𝑥 = ∑ 𝐹𝐹𝑥𝑥𝑗𝑗𝑛𝑛
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𝑗𝑗=1   (4) 
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𝐼𝐼𝑥𝑥�̇�𝜔𝑥𝑥 + 𝐼𝐼𝑧𝑧𝜔𝜔𝑦𝑦𝜔𝜔𝑧𝑧 − 𝐼𝐼𝑦𝑦𝜔𝜔𝑦𝑦𝜔𝜔𝑧𝑧 = ∑ 𝑀𝑀𝑥𝑥𝑗𝑗

𝑚𝑚
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 (8)
where: m – mass of the car;
 x, y, z – coordinates of the beginning of 

the inertial coordinate system of the car’s 
center of mass in the global system;

 Ix, Iy, Iz – moments of inertia of the car body 
relative to the center of mass, expressed 
in the local system; 

 Fx, Fy, Fz, Mx, My, Mz – external forces and 
moments, respectively, acting on the car, 
forces in the global system, moments in 
the local system;

	 ωx, ωy, ωz – projections of the angular ve-
locity vector of the car in the local system.

The following car parameters were assumed: 
length 4.2 m, width 1.7 m, height 1.4 m, dis-
tance of the center of mass from the front axle 
– 1.31 m, from the ground – 0.5 m, the moments 
of inertia are as follows: Ix = 450 kg⋅m2, Iy = 1498 
kg⋅m2, Iz = 1498 kg⋅m2; wheelbase 2.62 m, stiff-
ness coefficient of the front and rear suspension 
(left and right side separately) 17576 N/m, 1977 
N/m, front and rear stabilizer stiffness (separate-
ly) 8788 N/m. The basis for the selection of the 
values adopted is the PC-Crash program library. 
Passengers sitting in the rear seat were modeled 
using multi-body systems with multiple degrees 
of freedom, namely:
 • two 50th percentile human models represent-

ed by 20 hyper-ellipsoid-shaped rigid solids 
(each) that were linked in kinematic chains us-
ing 19 spherical joints, the coefficient of fric-
tion between the solids and the seat is μ = 0,6, 
which is consistent with the results presented 
in [31];

 • two models of front seats and one model of 
rear bench seats represented by 13 rigid lumps 
(each) of hyper-ellipsoid shape, which were 
connected in kinematic chains using hinges.

The seat belts consist of two parts: chest and 
hip with a stiffness of 10,000 N/m and damping 
of 1000 N⋅s/m. The maximum force transmitted 
by the seat belts is 1 GN (1 giga Newton), and the 
pre-tension of the seat belt is 0 N.

Energy-absorbing barrier model and collision 
model

The barrier consists of 11 interconnected ele-
ments with the following parameters: 
 • dimensions and mass of each element: length 

1.9 m, width 0.46 m, height 0.87 m, the center 
of mass of each element is at the geometrical 
center of the element, the moments of inertia are 
as follows: Ix = 62 kg⋅m2, Iy = 559 kg⋅m2, Iz = 
559 kg⋅m2; rotational resistance at the point of 
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contact concerning the axes: horizontal longitu-
dinal (direction in line with the longer edge of 
the barrier) Sx = 1000 Nm/°; vertical Sz = 3000 
Nm/°, horizontal transverse (direction in line 
with the shorter edge of the barrier) Sy = 0 Nm/°; 
stiffness of each element is 355,331 N/m;

 • coefficient of friction between colliding ob-
jects μ = 0.5, coefficient of restitution k = 0.1.

The barrier elements are spaced 0,05 m 
apart and are connected in a chain. The above-
mentioned values   are proposed in the PC-Crash 
program and presented in [28]. The barrier is a 
kinematic chain of connected solids, moving as 
a result of impact forces. The movement of the 
above-described chain is influenced by forces 
generated in the connections between the ele-
ments. More details on the construction of the 
energy-absorbing barrier are described in [28]. 
The barrier elements are attached and can be 
rotated. Due to the lack of possibility to include 
in the program supports fixed in the ground, in-
cluding their bending and tilting in the ground, 
the set of barrier elements will be most similar 
to an energy-absorbing barrier attached at the 
edge of the roadway. The resistance of the bent 
and displaced post in the ground at the stage 
of the impact of the front right wheel will be 
replaced by the friction of the blocks, while 
the post supporting the barrier will be replaced 
by a cylinder of relatively high mass and stiff-
ness (m = 500,000 kg, Iz = 15,862 kg⋅m2, S = 
98,100,000 N/m). A rigid model was used to 
model the collision process, in which the ve-
locities and accelerations of the bodies are cal-
culated as a function of time. When a collision 
is detected, the vehicle is represented by sever-
al hyperellipsoids, consisting of 8 solids, 4 of 
which represent a solid and the other 4 repre-
sent wheels. The forces occurring in the contact 

areas between the vehicle and the energy-ab-
sorbing barrier were represented using the coef-
ficient of friction between the colliding objects. 
This coefficient, as a substitute parameter, is 
selected taking into account: metal-on-metal 
friction, interlocking of the bent sheet metal of 
the vehicle and the barrier, and tearing of the 
sheet metal of the right side door of the vehicle, 
and is μ = 0.5, the coefficient of restitution k = 
0.1.The view of the prepared model of the vehi-
cle collision process with an energy-absorbing 
barrier is shown in Figure 1 and 2.

In the next step, calculations were performed 
to obtain the course of the process of the car hit-
ting the energy-absorbing barrier. A silhouette 
view of the car during the analyzed event at se-
lected moments is shown in Figure 3.

Preliminary (exploratory) calculations were 
carried out to determine the initial distance of 
the vehicle from the barrier. To obtain the rear-
end rotation described in item 2 above, under the 
analyzed road conditions, on a wet road surface, 
with the assumed tire-road adhesion coefficient 
μ = 0.5, an initial angular velocity relative to the 
vertical axis (VkZ) was introduced in the simula-
tion. Reconnaissance calculations show that the 
vehicle, for the assumed initial distance from 
the barrier, will obtain the angle of rotation de-
scribed above in p. 2 for an angular velocity of 
VkZ = -3,5 rad/s. The results of these calculations 
indicate a satisfactory correspondence of the 
simulated movement of the vehicle in this stage 
of movement with the course of the accident. If 
a different value of speed VkZ is assumed, the 
distance of the vehicle from the barrier would 
be different, and at the moment of contact of the 
right side with the energy barrier, the speed is 
VkZ = 0 rad/s. Therefore, the aspect of the influ-
ence of speed VkZ and the initial distance will 
not be considered further.

Figure 1. View of the prepared model of the process of vehicle collision with an energy barrier (top view)
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The obtained results of calculations present-
ing the silhouettes of the car, directions and re-
turns of displacement vectors during the analyzed 
impact, areas of car contact with the barrier, and 
the post-accident position of the car are consistent 
with the revealed traces (car and barrier damage) 
and the course of the road event resulting from 
the analysis of evidence. The model of the car’s 
movement was therefore considered reliable and 
proceeded to be used in further calculations of the 
dynamic loads acting on a person. In this stage of 
the work, the time was determined at which the 
first contact of the car with the barrier occurred 
(t = 0.9 s) and the last contact of the car with the 
barrier (t = 2.7 s).

The loads acting on the passenger seated on 
the rear seat on the left side during the impact of 
the car with the barrier were determined. Given 
the above, calculations of the dynamic loads on 
the seat occupant will be carried out at t = 0.9–
2.7 s, where t = 0 s is the start time of the car. A 
multi-body model of the human seated on the rear 
seat on the right side was also considered, as it 
may affect the movement and dynamic loads of 
the passenger seated on the rear seat on the left 
side. The lumped parameters of the passenger 
models provided in the calculation program pack-
age were adopted. A view of the car model with 
rear-seat passengers is shown in Figure 4.

CALCULATION OF THE DYNAMIC LOADS 
ACTING ON THE LEFT REAR SEAT 
PASSENGER, SITTING FURTHER AWAY 
FROM THE OBSTACLE

Description of the adopted configurations 

Having the models prepared: the dynamics 
of the car movement, the impact, the energy ab-
sorbing barrier, the passengers on the seats, and 
multivariant simulations of the traffic event were 
carried out, which took into account:
 • headrests with different stiffness versions: 

A0 = 20,000 N/m, A1 = 15,000 N/m, A2 = 
10,000 N/m, A3 = 5000 N/m, for a single val-
ue of the restitution coefficient k = 0.1;

 • headrest tilt angle from vertical axles (Alfa 1 
= 0°, Alfa 2 = 5°, Alfa 3 = 10°, Alfa 4 = 15°);

 • backrest tilt angle from horizontal axle: OP55 
= 55°, OP65 = 65°, OP75 = 75°;

 • seat tilt angle: s0 = 0°, s5 = 5°, s10 = 10°, 
s15 = 15°.

The passenger’s seating position is deter-
mined by the vehicle’s interior design. The dis-
tance of the head from the headrest varies depend-
ing on the adopted configuration of the backrest 
and headrest angle setting. The adopted configu-
rations of the headrest tilt angle and backrest tilt 
angle are shown in Figure 5.

Figure 2. View of the prepared model of the impact with the energy barrier at the start of the simulation, 
t = 0 s (isometric view)

Figure 2. View of the prepared model of the impact with the energy barrier at the start of the simulation, 
t = 0 s (isometric view)
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The result of the calculations carried out is 
the waveforms of dynamic loads on the head 
(accelerations) of this passenger during a road 
accident. The reference systems in which the 
analyzed dynamic loads will be considered are 
local mutually perpendicular coordinate systems 
rigidly connected to the solids. 

Of the 132 configurations considered and 
further presented, the results of the simulation 
calculations are sought to be the most favorable, 
to minimize the dynamic loads on the human 

head during the traffic accident analyzed. Tables 
1 and 2 show the results of the Head Injury Cri-
terion (HIC36ms) value calculations.

Analysis of the protective effectiveness of the 
headrest

The calculation results of the dynamic loads of 
the passenger depending on the considered variants 
at a backrest inclination angle of 55° (OP55), 65° 
(OP65), and 75° (OP75) are shown in Figures 6–8.

Figure 3. Silhouette view of the car during the analyzed incident at selected moments

Figure 4. View of passenger models seated on the rear seat, a) isometric view, b) top view
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The analysis of the headrest’s protective ef-
fectiveness was carried out based on the deter-
mined values   of the HIC36ms coefficient, and the 
correlation coefficient of 1 was determined be-
tween the tables representing the increase in the 
OP angle value and the coefficient HIC36ms.

There is a visible negative correlation of the 
HIC36ms coefficient with the OP angle in each 
analyzed case. As the OP angle increases from 
OP55 to OP75, the HIC36ms coefficient value de-
creases. This is primarily due to the decrease in 
the distance of the head from the headrest. In the 
case of stiffness A0 = 20,000 N/m, as the head-
rest angle increases, the HIC36ms coefficient value 
decreases (negative correlation -0,595) for OP55, 
while as the headrest angle increases, the HIC36ms 

coefficient value increases (positive correlation 
0,408 and 0,944) for OP65 and OP75. In the case 
of stiffness A1 = 15,000 N/m for the OP55 angle, 
the above values   are strongly correlated (positive 
correlation 0.533); in the case of the OP65 angle, 
they are strongly negatively correlated (negative 
correlation -0.463), while in the case of OP75, 
they are weakly negatively correlated (negative 
correlation -0.073). In the case of stiffness A2 = 
10,000 N/m, the above values   are positively cor-
related for the analyzed angles OP55, 65, and 75 
(respectively 0.907; 0.023; 0.462). In the case of 
stiffness A3 = 5000 N/m, the above values   are 
positively correlated for OP55 and 75 (respec-
tively 0.793 and 0.339), while for OP65 they are 
negatively correlated (-0.519). 

Figure 5. The adopted configurations of headrest tilt angle and backrest tilt angle (a) 55°, (b) 65°, (c) 75°

Figure 6. Results of calculations of dynamic loads of the passenger depending on the considered variants 
at a backrest inclination angle of 55°
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Analysis of the protective effectiveness of the 
backrest and seat

The calculation results of the dynamic loads 
of the passenger depending on the considered 

variants of the seat inclination at a backrest angle 
of 75°, 65°, and 55° are presented in Figures 9–11.

The analysis of the protective effectiveness of 
the backrest and seat was carried out based on 
the determined values   of the HIC36ms coefficient. 

Figure 7. Results of calculations of dynamic loads of the passenger depending on the considered variants 
at a backrest inclination angle of 65°

Figure 8. Results of calculations of dynamic loads of the passenger depending on the considered variants 
at a backrest inclination angle of 75°
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The correlation coefficient 2 was determined be-
tween the tables, representing the decrease in the 
value of the stiffness coefficient of the seat and 
headrest and the HIC36ms coefficient for selected 
seat inclination angles.

There is a strong correlation between the HIC-
36ms coefficient and the OP angle in each analyzed 

case. As the angle increases from OP55 to OP75, 
the HIC36ms coefficient value decreases. This is pri-
marily due to the increased distance of the head 
from the headrest. HIC36ms values below 10 are 
considered low and pose no health risk. Accord-
ing to safety standards (FMVSS 208, Euro NCAP) 
and biomechanical tests, HIC36ms values below 100 

Figure 9. Results of calculations of dynamic loads of the passenger depending on the considered seat inclination 
variants at a backrest inclination angle of 75°

Table 1. Value calculation results in HIC36ms – analysis of the protective effectiveness of the headrest

Parameters
HIC36ms Correlation coefficient 1

OP55 OP65 OP75

A0 = 20,000 N/m

Alfa 1=0° 10.0 7.0 6.1 -0.955

Alfa 2=5° 9.9 6.0 6.2 -0.842

Alfa 3=10° 7.7 6.3 6.3 -0.866

Alfa 4=15° 9.1 7.7 6.3 -1.000

A1 = 15,000 N/m

Alfa 1=0° 5.9 6.7 5.8 -0.101

Alfa 2=5° 8.1 7.1 6.1 -1.000

Alfa 3=10° 5.9 5.4 5.3 -0.933

Alfa 4=15° 8.6 6.4 6.0 -0.929

A2 = 10,000 N/m

Alfa 1=0° 6.7 8.0 6.5 -0.123

Alfa 2=5° 6.6 5.8 6.4 -0.240

Alfa 3=10° 9.5 9.7 6.1 -0.840

Alfa 4=15° 9.8 6.8 7.1 -0.817

A3 = 5000 N/m

Alfa 1=0° 7.3 8.7 5.6 -0.548

Alfa 2=5° 6.5 5.1 5.7 -0.569

Alfa 3=10° 8.2 7.6 6.5 -0.986

Alfa 4=15° 8.8 5.6 5.7 -0.852
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are considered safe and do not cause head injuries. 
The dynamic loads on the human head examined 
during the analyzed road accident allowed for the 
formulation of detailed conclusions: 

 • increasing the headrest inclination angle 
from Alfa1 to Alfa4 with a stiffness of A0 = 
20,000 N/m causes a slight decrease in the 
HIC36ms coefficient; 

Figure 11. Results of calculations of dynamic loads of the passenger depending on the considered seat 
inclination variants at a backrest inclination angle of 55°

Figure 10. Results of calculations of dynamic loads of the passenger depending on the considered seat 
inclination variants at a backrest inclination angle of 65°
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 • in variant 3, with the increase in the headrest 
inclination angle, the HIC36ms values   increase; 

 • the most unfavorable configuration is variant 
1, in the Alfa1 configuration then the HIC36ms 
values   are the highest; - the most favorable 
configuration is variant 2 in the Alfa3 configu-
ration, then the maximum HIC36ms values   are 
the lowest; 

 • for a headrest inclination angle of 5°, the 
HIC36ms values   decrease with the reduction of 
headrest stiffness; 

 • for variants 1 and 2, the lowest HIC36ms coeffi-
cient values   were achieved for the Alfa 3 con-
figuration (10°), while for variants 3 and 4 for 
the Alfa2 configuration (5°).

ANALYSIS OF THE IMPACT OF HEADREST 
STIFFNESS AND INCLINATION ON HEAD 
INJURY RISK IN COLLISIONS

The analysis of the protective effectiveness of 
the headrest, backrest, and seat was carried out 
using the HIC36ms coefficient, which measures the 
risk of head injuries in a collision. The influence 
of the OP angle (pitch deviation) and the stiffness 
of the headrest on this coefficient was examined. 
In general, a negative correlation was observed 
between the OP angle and the HIC36ms value, i.e., 
the larger the tilt angle, the lower the HIC36ms val-
ue, which means better protection. Higher stiff-
ness (A0 = 20,000 N/m) caused a strong, negative 
HIC36ms correlation for most angles, which indi-
cates a lower risk of injury. At the lower stiffness 
(A1 = 15,000 N/m), the correlation was variable, 

both positive and negative, depending on the OP 
angle. Stiffness A2 (A2 = 10,000 N/m) was char-
acterized by weaker correlations, with a predom-
inance of positive values   for higher OP angles. 
In contrast, the stiffness A3 (A3 = 5000 N/m) 
showed similar trends, with correlations being 
mainly positive for OP55 and OP75, but negative 
for OP65. The conclusions indicate a significant 
effect of the headrest angle on the protective per-
formance, especially at higher stiffnesses. 

The HIC36ms value decreased with increasing 
headrest angle from OP55 to OP75. The lowest 
HIC36ms values   were achieved for larger angles, 
suggesting better head protection with a more 
reclined backrest. However, the analysis showed 
differences depending on the seat angle, desig-
nated as s0, s5, s10, and s15. In some cases, the 
correlation was positive, while in others, it was 
negative, indicating the complexity of the effect 
of seat angle on protective performance. For ex-
ample, for OP65 and s0, the correlation coeffi-
cient was negative (-0.898), indicating a strong 
inverse correlation. For OP65 and s10, the cor-
relation was positive (0.526), which may indicate 
that a greater seat and backrest inclination angle 
may reduce protection. These results show that 
both the seat and backrest inclination have a sig-
nificant impact on passenger safety. The correct 
configuration of angles is particularly important 
to minimize the risk of head injury. 

The research provides new and important 
information on the impact of headrest geometry 
and stiffness on the risk of head injuries. These 
results have both scientific and practical signifi-
cance, contributing to the design of safer car seats 

Table 2. Value calculation results in HIC36ms – analysis of the protective effectiveness of the backrest and seat

Parameters
HIC36ms Correlation

coefficient 2A0 A1 A2 A3

s0

OP55 10 5.9 6.7 7.3 0.530

OP65 7 6.7 8 8.7 -0.898

OP75 6.1 5.8 6.5 5.6 0.264

s5

OP55 5.7 5.2 4.8 10.5 -0.680

OP65 7.2 5.7 4.8 8 -0.134

OP75 6.4 6.1 5.9 7.5 -0.561

s10

OP55 4.2 6.2 5.6 4.6 -0.085

OP65 7.6 9.6 6.9 6.7 0.526

OP75 7.2 7 7.2 7.7 -0.735

s15

OP55 7 5.7 6.1 5.9 0.653

OP65 8.1 8.1 6.3 9 -0.103

OP75 5.4 6.3 5.3 8.4 -0.718
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and the optimization of existing solutions. New 
knowledge: These results show that head restraint 
stiffness is not linearly correlated with the risk of 
head injury, but its influence depends on the head 
restraint geometry (OP angle). It has been shown 
that smaller headrest angles may require less stiff-
ness to provide low HIC36ms values.

Directions for further research should be fo-
cused on the analysis of other types of vehicles, 
head mass, and impact velocity, including semi-
reclining positions, leading to new standards for 
newly manufactured vehicles.

CONCLUSIONS

Conclusions from the analysis of the protective 
effectiveness of the headrest, backrest, and seat:
 • the backrest angle (OP) has a significant im-

pact on the level of head protection: the greater 
the angle of the OP (more reclined backrest), 
the lower the HIC36ms – meaning a lower risk 
of head injury;

 • the headrest with a high stiffness (A0 = 20,000 
N/m) has strong negative correlation with 
HIC36ms for most it’s tilt angles;

 • lower stiffnesses (A1 = 15,000 N/m – A3 = 
5000 N/m) have variable correlations, depen-
dent on OP angle – sometimes positive, some-
times negative; at lower OP angles, lower stiff-
ness may be sufficient to achieve low HIC36ms;

 • the impact of seat angle is complex – in some 
configurations, increasing the inclination im-
proves protection; in others, it worsens it; for 
example: OP65 and s0 has strong negative cor-
relation (-0.898) which means very good pro-
tection; OP65 and s10 has correlation also posi-
tive (0.526), which means reduce protection;

 • it is no linear relationship between head re-
straint stiffness and head protection; the effec-
tiveness of stiffness depends on the OP;

 • the optimal configuration of backrest angle, 
seat angle, and head restraint stiffness can sig-
nificantly reduce the risk of head injuries.
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