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Abstract: The aim of this study was to compare the head displacement of the KPSIT C50 dummy,
representing a 50th percentile male, with the KPSIT C5 dummy, representing a 5th percentile female,
during low-speed collisions. Low-speed collisions, such as those occurring in urban traffic jams, are
increasingly common. The research was conducted on a dedicated educational workstation designed
to measure forces in seat belts. This study is part of a comprehensive research project on crash tests
involving both volunteers and physical KPSIT dummies. The tests were conducted at a speed of
20 km/h to simulate real-world low-speed collision scenarios. The findings demonstrate that using a
sports bucket seat with four-point or five-point harnesses significantly reduces head displacement
compared with standard car seats. Such seating configurations enhance safety by minimizing the risk
of head injuries, which can occur when airbags do not deploy during low-speed collisions. Moreover,
the study highlights that standard three-point seat belts allow for greater forward head movement,
increasing the risk of head contact with the vehicle’s interior during collisions at speeds too low to
trigger airbag deployment.

Keywords: crash tests; anthropometric dummy; safety

1. Introduction

Presently, there is a global initiative led by the European Union and numerous coun-
tries worldwide to mitigate the number of fatalities resulting from road accidents. Central
to this initiative is the “Vision Zero” philosophy, which has been widely adopted by these
nations. The fundamental goal of Vision Zero is to establish and oversee a transportation
system in which human error does not lead to fatalities or severe injuries [1–3]. Among the
most prevalent errors contributing to road accidents are the failure to adapt speed to road
conditions and the failure to maintain a safe distance from the vehicle in front [4–6].

In line with the Vision Zero philosophy, the management of vehicle safety aims to
provide individuals who make errors (such as speeding or failing to maintain distance) with
opportunities to prevent accidents or mitigate the severity of injuries through the utilization
of active and passive safety systems. Modern automobiles are now equipped with an array
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of safety features, including obstacle detection, active cruise control, lane-keeping assist,
and blind spot detection [7–9]. These systems collectively enhance the safety of all road
users. However, it is essential to recognize that seat belts constitute the fundamental safety
system in every vehicle. Originally introduced into mass production by Ford in 1955 and
Volvo in 1958, seat belts were primarily intended to restrain drivers’ and passengers’ bodies
during collisions [10–12].

At the moment of impact, the force of inertia propels a person’s body forward, increas-
ing the likelihood of collision with various cabin elements or even expulsion through the
front windshield. To mitigate such risks, the introduction of airbags has played a pivotal
role in reducing injuries to drivers and passengers during crash scenarios. In today’s
automotive landscape, it is challenging to conceive of a vehicle devoid of both airbags and
seat belts [13–15]. Nevertheless, it’s worth acknowledging the significant transformations
that motor vehicles have undergone in this era of automotive revolution. Modern vehi-
cles feature adjustable steering columns and customizable car seats, providing enhanced
comfort and safety for drivers and passengers alike [16–18]. These advancements reflect an
ongoing commitment within the automotive industry to prioritize both comfort and safety
in vehicle design and manufacturing.

In addition to advancements in vehicle safety features, notable changes have also taken
place in road infrastructure. Across many countries, significant expansions of highways
and expressways have occurred, often resulting in unidirectional traffic flow. This alteration
in road layout has contributed to a reduction in frontal and side collisions observed in
recent decades [19–21]. However, despite these improvements, rear-end collisions remain
a persistent concern, particularly at signalized intersections or during sudden stops in
urban traffic. Even at low speeds, such collisions can lead to severe injuries or fatalities.
It is crucial for car manufacturers to not overlook the significance of these incidents. At
speeds as low as 20 km/h, airbags may not deploy, and standard seat belts may not fully
engage due to the relatively minor impact force. Consequently, drivers and passengers risk
impacting the vehicle’s dashboard in such scenarios [22–25]. These realities underscore
the ongoing need for advancements in vehicle safety technology, coupled with continued
efforts to improve road infrastructure and promote safe driving practices.

Regrettably, it isimportant to acknowledge that each crash test dummy is specifically
designed for a particular type of crash test at a predetermined collision speed. While these
dummies may accurately simulate the human body’s biofidelity, manufacturers generally
do not endorse using a single dummy for multiple crash tests. Moreover, there is currently
a scarcity of specialized dummies tailored to low-speed crash simulations available in the
market [26–28].

In the realm of crash testing, the joints utilized in anthropometric dummies, such as
the Hybrid III, require meticulous disassembly, calibration, and reassembly after under-
going a series of collisions [29–31]. By contrast, the newly developed KPSIT C50 dummy
eliminates the need for recalibration post-collision testing. This highlights a significant
advantage of the KPSIT C50 design, offering enhanced convenience and efficiency in crash
test procedures [32,33].

It is worth emphasizing that an optimal design solution for anthropometric dummies
intended for crash testing would entail a construction that minimizes the need for frequent re-
calibration while ensuring joint durability and consistent test result reproducibility [28,34,35].
This underscores the importance of ongoing research and innovation in the field of crash
test dummy design to improve testing accuracy and reliability.

This article covers the topic of low-speed crash tests. The second chapter presents
the research setup for conducting these tests and describes the research methodology. In
this context, the tools used, measurement procedures, and data collection guidelines are
discussed. The third chapter presents the results of the conducted research. The observed
phenomena and collected data on displacement, acceleration, and other parameters of
low-speed collisions are described. The influence of various factors, such as the type of
car seat or seat belt, on the results of crash tests is also analyzed. Chapter four contains
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a discussion of the obtained results. The consistency of the collected data with previous
studies available in the literature is analyzed. Differences and similarities in the results
are compared, with attention to potential factors that may affect the interpretation of the
results. Valuable conclusions from these studies can have significant implications for
further scientific research and engineering practice related to improving vehicle safety and
reducing injuries resulting from collisions.

2. Materials and Methods

Research on the movement of body parts, especially the head, during low-speed crash
tests was conducted over four years. Initially, the literature on crash testing was analyzed.
According to the requirements of dummy manufacturers, each dummy available on the
market is tailored to a specific type of crash test (frontal, side, rear) and for testing within
a specific collision speed range. Crash tests are most often conducted at speeds from
30 km/h to 64 km/h, and in the case of “whiplash” tests, speeds of 8 km/h or 16 km/h
are selected. It should be noted that low-speed collisions at 20 km/h are not commonly
conducted by research centers, and there is also a lack of dummies specifically designed for
such collisions.

As part of the research, new KPSIT dummies were constructed that correspond to
the dimensions and weight of an average man (50th percentile) and a small woman (5th
percentile). The 5th percentile dummy simulates smaller individuals, often women, while
the 50th percentile dummy represents an average-sized man. This selection allowed for the
evaluation of safety mechanisms across a wide spectrum of body types, ensuring the broad
applicability of the research results. These dummies were compared with the Hybrid III
dummy and the KPSIT C50 simulation model, allowing for an assessment of their behavior
during crash tests.

Experimental studies were conducted at the Faculty of Automotive Vehicles and
Transport of the Kielce University of Technology using an educational station designed to
simulate low-speed collisions and measure forces acting on seat belts. The research station
allows for crash tests at speeds ranging from 5 km/h to 25 km/h, enabling rear, side, and
frontal crash tests. The experimental setup included two separate measurement circuits.
The first circuit recorded the acceleration of the test platform and seat and monitored the
forces acting on the seat belts. The second measurement system was specifically designed
to document crash tests using a high-speed Digital Phantom V310 camera. This approach
enabled a detailed analysis of the dynamic responses of the dummies during simulated
collisions, providing valuable insights into their comparative performance and effectiveness
in crash scenarios.

Before each series of tests, the dummies were meticulously calibrated to ensure mea-
surement accuracy. Calibration involved checking the dummies’ joints and adjusting them
to specific research requirements. Special attention was given to ensuring that the dummies
were properly positioned and that their parameters were consistent with real test condi-
tions, which was particularly important when comparing results between different types
of dummies.

During the research, the authors encountered several significant challenges. The lack
of existing dummies for low-speed tests necessitated the construction of new models that
would meet the specifications and research objectives. It was also necessary to ensure that
the calibration of the dummies was precise enough for the results to be reliable and suitable
for further comparative analyses. Additionally, the complexity of the data analysis required
advanced methods to accurately assess the differences in dummy behavior in various
crash scenarios. These challenges demanded an innovative approach and the application
of advanced engineering techniques, which allowed for obtaining valuable and reliable
research results.

a. RESEARCH GROUP

Experimental research was conducted at the Department of Automotive Vehicles and
Transport at the Faculty of Mechatronics and Machine Construction, Kielce University
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of Technology, in Kielce. The research was carried out on an educational workstation
designed for simulating low-speed collisions and measuring forces in seat belts. The
research workstation is depicted in Figure 1. The workstation enables the execution of
low-speed collision tests ranging from 5 km/h to 25 km/h. The research setup features
a measurement track with a length of 10 m along which a test platform with a car seat
can freely move. The workstation allows for conducting rear, side, and frontal collision
tests. The collision tests were conducted outdoors on a sunny day. The collision tests were
recorded using a high-speed Digital Pantom V310 camera.
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Figure 1. Test stand.

b. IMPLEMENTATION OF EXPERIMENTAL RESEARCH

The study aimed to investigate and compare head displacement between the KPSIT
C50 and KPSIT C5 dummies in a simulated crash scenario. Initially, crash simulations
were performed employing the KPSIT C50 dummy, succeeded by tests with the KPSIT
C5 dummy. The experimental setup comprised two distinct measurement circuits. The
first circuit captured the acceleration of the research platform and the tested seat, along
with monitoring the forces exerted on the seat belts. Meanwhile, the second measurement
system was specifically designed to document the crash test using a high-speed Digital
Phantom V310 camera. This comprehensive approach allowed for a detailed analysis of the
dynamic responses of the dummies during the simulated collisions, providing valuable
insights into their comparative performance and effectiveness in crash scenarios. A diagram
of the stand used for the crash tests is shown in Figure 2.

In the experimental low-speed crash tests at 20 km/h, the precise control of variables
such as the seat adjustment angle and seatbelt tension was crucial to ensure the reliability of
the results. Before each test, the seatback angle was precisely measured to ensure uniform
test conditions. An inclinometer, a specialized device known for its high accuracy in
measuring tilt angles, was used for this purpose. The inclinometer allowed for the precise
adjustment of the seat to a specific angle, eliminating discrepancies due to inconsistent
seating positions in different tests.

To ensure proper seatbelt tension, thorough inspections were conducted before each
test. The belts needed to be adequately tightened to eliminate any slack between them
and the dummy’s body, which is key to replicating real-world collision conditions. Si-
multaneously, the tension had to be high enough to prevent body displacement but not
cause discomfort. The target was to achieve a belt tension force of 50 N. Precise tension
measurements were conducted using a handheld dynamometer, allowing for the accurate
determination and maintenance of consistent belt tension levels in each test.
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The application of these procedures ensured high consistency and repeatability of
the experiments, contributing to the acquisition of reliable data on the head movement of
KPSIT dummies during low-speed collisions. This approach ensured that the study results
were robust and could serve as a basis for further analyses of the impact of seatbelts and
seats on passenger safety.

c. DATA ANALYSIS

The schematic representation of the data acquisition process is depicted in Figure 3.
Both the KPSIT C50 and KPSIT C5 dummies underwent crash tests at identical collision
speeds. The captured crash test footage from the Digital Phantom V310 camera was initially
analyzed using TEMA CLASSIC T2020c software. TEMA CLASSIC is an advanced motion
analysis software used in crash tests to precisely track the trajectory and velocity of objects,
such as test dummies, using video recordings. It allows you to visualize and calculate
speed and acceleration to help you evaluate the effectiveness of vehicle safety systems.
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Following this, the data pertaining to the displacements of specific body parts of the
dummies were transcribed into an Excel 2019 spreadsheet. This facilitated the creation of
graphs illustrating the comparative displacements of different components of the dummies
under test conditions. This meticulous data processing approach enabled a comprehensive
examination of the performance differences between the KPSIT C50 and KPSIT C5 dummies
during crash simulations.
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d. Object of experimental research

The crash tests of the KPSIT C50 and C5 dummies involved frontal, rear, and side
collisions. Each crash test using the dummy was repeated 5 times to ensure the credibility
and repeatability of the data. The final analysis comparing the displacement of the dummy’s
head was conducted based on averaged data from the 5 samples. The crash tests were
conducted using two types of car seats, as depicted in Figures 4 and 5. The recline angle
of the seat back relative to the ground during the crash tests was 110◦, and this range was
checked and corrected after each series of 5 measurements. Tests using the bucket seat were
conducted with four-point and five-point harnesses, while tests using the regular car seat
were conducted with three-point and four-point harnesses.
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The aim of the article was to determine the differences in head displacement between
the KPSIT C50 and KPSIT C5 dummies during a collision test at a speed of 20 km/h.
This speed is particularly significant because it represents low-speed impacts, which are
often overlooked in traditional crash tests but are frequent in urban traffic scenarios.
Understanding the dynamics at this speed helps improve safety measures for everyday
driving conditions.

The selection of two car seats aimed at examining the differences in the trajectory of
the dummy’s head movement, which provides insights into how seat design can impact
occupant safety during collisions. A sports bucket seat significantly differs in construction
from standard car seats, offering enhanced lateral support and a snugger fit. These seats
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are specifically designed to be better tailored to the human body, providing increased
stability during vehicle operation, which can be crucial in high-performance and racing
environments where sharp maneuvers and high g-forces are common.

Additionally, the use of four-point and five-point harnesses in the study highlights the
importance of advanced restraint systems. These harnesses reduce the possibility of lateral
body movement and stabilize the human posture during driving, unlike standard seat belts,
which do not maintain the body posture in one position during vehicle operation. Standard
seat belts allow for some freedom of movement and include features like automatic belt
length adjustment to accommodate different occupant sizes and positions. However,
in the context of collision safety, particularly during low-speed impacts, the additional
restraint provided by multi-point harnesses can significantly enhance occupant protection
by minimizing the risk of injuries due to sudden lateral or forward movement.

This research underscores the necessity of evaluating seat and restraint designs in
various crash scenarios to optimize safety features that can mitigate injury risks across
different impact speeds and angles. By focusing on both the type of seat and the restraint
system, this study provides valuable data that can inform future automotive safety designs
and regulations, ultimately aiming to enhance the overall safety of vehicle occupants in
real-world conditions.

3. Results of Experimental Studies

In Figure 6, the trajectory of the KPSIT C50 and KPSIT C5 dummy heads during a
frontal collision test at a speed of 20 km/h is depicted, using four-point safety harnesses
and a sports bucket seat. In Figure 7, the trajectory of the KPSIT C50 and KPSIT C5 dummy
heads during a frontal collision test at a speed of 20 km/h is shown, using five-point
safety harnesses and a sports bucket seat. When four-point harnesses were employed,
the maximum head displacement in the X-axis direction was recorded for the KPSIT C50
dummy, amounting to 0.20 m. The differences in head trajectory values during the collision
test between the KPSIT C50 and KPSIT C5 dummies were minor, not exceeding 15%.
This difference was calculated on the basis of the sum of differences in each point of the
head trajectory within a specified time interval (from 0.00 s to 0.40 s), then averaged and
presented as a percentage value. When five-point harnesses were used, the maximum head
displacement in the X-axis direction was recorded for the KPSIT C50 dummy, amounting
to 0.195 m. The differences in head trajectory values during the collision test between the
KPSIT C50 and KPSIT C5 dummies were negligible, not exceeding 12%.
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Figure 6. Head trajectory of KPSIT dummies during a frontal crash test at 20 km/h—four-point belts,
sports bucket seat.



Sensors 2024, 24, 5714 8 of 18

Sensors 2024, 24, 5714 8 of 18 
 

 

difference was calculated on the basis of the sum of differences in each point of the head 
trajectory within a specified time interval (from 0.00 s to 0.40 s), then averaged and pre-
sented as a percentage value. When five-point harnesses were used, the maximum head 
displacement in the X-axis direction was recorded for the KPSIT C50 dummy, amounting 
to 0.195 m. The differences in head trajectory values during the collision test between the 
KPSIT C50 and KPSIT C5 dummies were negligible, not exceeding 12%. 

 
Figure 6. Head trajectory of KPSIT dummies during a frontal crash test at 20 km/h—four-point belts, 
sports bucket seat. 

 
Figure 7. Head trajectory of KPSIT dummies during a frontal crash test at 20 km/h—five-point belts, 
sports bucket seat. 

In Figure 8, the trajectory of the KPSIT C50 and KPSIT C5 dummy heads during a 
rear collision test at a speed of 20 km/h is presented, using four-point safety harnesses and 
a sports bucket seat. In Figure 9, the trajectory of the KPSIT C50 and KPSIT C5 dummy 
heads during a rear collision test at a speed of 20 km/h is depicted, using five-point safety 
harnesses and a sports bucket seat. 

When four-point harnesses were used, the maximum head displacement in the X-
axis direction was recorded for the KPSIT C50 dummy, amounting to 0.235 m. The differ-
ences in head trajectory values during the collision test between the KPSIT C50 and KPSIT 
C5 dummies were minor, not exceeding 8%. 

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1
-0.3 -0.1 0.1 0.3 0.5

D
isp

la
ce

m
en

t i
n 

th
e 

di
re

ct
io

n 
of

 th
e 

Z 
ax

is,
 m

Displacement in the X-axis direction, m
KPSIT C5 KPSIT C50

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1
-0.3 -0.1 0.1 0.3 0.5

D
isp

la
ce

m
en

t i
n 

th
e 

di
re

ct
io

n
of

 th
e 

Z 
ax

is,
 m

Displacement in the X-axis direction, m

KPSIT C5 KPSIT C50

Figure 7. Head trajectory of KPSIT dummies during a frontal crash test at 20 km/h—five-point belts,
sports bucket seat.

In Figure 8, the trajectory of the KPSIT C50 and KPSIT C5 dummy heads during a
rear collision test at a speed of 20 km/h is presented, using four-point safety harnesses and
a sports bucket seat. In Figure 9, the trajectory of the KPSIT C50 and KPSIT C5 dummy
heads during a rear collision test at a speed of 20 km/h is depicted, using five-point safety
harnesses and a sports bucket seat.
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Figure 8. Head trajectory of KPSIT dummies during a rear-end crash test at 20 km/h—four-point belts.

When four-point harnesses were used, the maximum head displacement in the X-axis
direction was recorded for the KPSIT C50 dummy, amounting to 0.235 m. The differences
in head trajectory values during the collision test between the KPSIT C50 and KPSIT C5
dummies were minor, not exceeding 8%.

When five-point harnesses were used, the maximum head displacement in the X-axis
direction was recorded for the KPSIT C50 dummy, amounting to 0.25 m. The differences
in head trajectory values during the collision test between the KPSIT C50 and KPSIT C5
dummies were negligible, not exceeding 10%.
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Figure 9. Head trajectory of KPSIT dummies during a rear crash test at 20 km/h—five-point belts.

In Figure 10, the trajectory of the KPSIT C50 and KPSIT C5 dummy heads during a
frontal collision test at a speed of 20 km/h is presented, using three-point safety belts and a
regular car seat. When three-point seat belts were used, the differences in head trajectory
values during the collision test between the KPSIT C50 and KPSIT C5 dummies were minor,
not exceeding 12%.
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Figure 10. Head trajectory of KPSIT dummies during a frontal crash test at 20 km/h—three-
point belts.

In Figure 11, the trajectory of the KPSIT C50 and KPSIT C5 dummy heads during a
rear collision test at a speed of 20 km/h is depicted, using three-point safety belts and a
regular car seat. When three-point seat belts were used, the differences in head trajectory
values during the collision test between the KPSIT C50 and KPSIT C5 dummies were minor,
not exceeding 10%.
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Figure 11. Head trajectory of KPSIT dummies during a rear crash test at 20 km/h—three-point belts.

In Figure 12, the trajectory of the KPSIT C50 and KPSIT C5 dummy heads during a
frontal collision test at a speed of 20 km/h is shown, using four-point safety belts. When
four-point seat belts were used, the differences in head trajectory values during the collision
test between the KPSIT C50 and KPSIT C5 dummies were minor, not exceeding 10%.
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Figure 12. Head trajectory of KPSIT dummies during a frontal crash test at 20 km/h—four-point belts.

In Figure 13, the trajectory of the KPSIT C50 and KPSIT C5 dummy heads during a
rear collision test at a speed of 20 km/h is depicted, using four-point safety belts. When
four-point seat belts were used, the differences in head trajectory values during the collision
test between the KPSIT C50 and KPSIT C5 dummies were minor, not exceeding 8%.

The comparison of the head acceleration of KPSIT C50 and KPSIT C5 dummies during
a frontal crash test at a speed of 20 km/h, using four-point safety harnesses and a sports
bucket seat, is presented in Figure 14. It should be noted that during the collision, the
maximum head acceleration value was recorded as 205 m/s2 for the KPSIT C50 dummy and
152 m/s2 for the KPSIT C5 dummy. Lower values were observed for the KPSIT C5 dummy
during the collision when using four-point safety harnesses and a sports bucket seat.
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Figure 13. Head trajectory of KPSIT dummies during a rear-end crash test at 20 km/h—four-
point belts.
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Figure 14. Comparison of the head acceleration of the KPSIT C50 dummy and the KPSIT C5 dummy
during the frontal crash test at 20 km/h—four-point belts, sports bucket seat.

The comparison of head acceleration between the KPSIT C50 and KPSIT C5 dummies
during a frontal crash test at a speed of 20 km/h using a five-point safety harness and a
sports bucket seat is presented in Figure 15. It should be noted that during the collision, the
maximum head acceleration value was recorded as 255 m/s2 for the KPSIT C50 dummy and
173 m/s2 for the KPSIT C5 dummy. Lower values were observed for the KPSIT C5 dummy
during the collision when using five-point safety harnesses and a sports bucket seat.

The comparison of head acceleration between the KPSIT C50 and KPSIT C5 dummies
during a frontal crash test at a speed of 20 km/h using three-point safety belts and a
passenger car seat is depicted in Figure 16. It should be noted that during the collision, the
maximum head acceleration value was recorded as 110 m/s2 for the KPSIT C50 dummy
and 100 m/s2 for the KPSIT C5 dummy. Lower values were observed for the KPSIT C5
dummy during the collision when using three-point safety belts and a passenger car seat.
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Figure 15. Comparison of the head acceleration of the KPSIT C50 dummy and the KPSIT C5 dummy
during a frontal crash test at 20 km/h—five-point belts, bucket sports seat.
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Figure 16. Comparison of the head acceleration of the KPSIT C50 dummy and the KPSIT C5 dummy
during a frontal crash test at 20 km/h—three-point belts passenger car seat.

The comparison of acceleration between the KPSIT C50 and KPSIT C5 dummies during
a rear-end crash test at a speed of 20 km/h using three-point safety belts and a passenger
car seat is depicted in Figure 17. It should be noted that during the collision, the maximum
head acceleration value was recorded as 240 m/s2 for the KPSIT C50 dummy and 245 m/s2

for the KPSIT C5 dummy. Lower values were observed for the KPSIT C50 dummy during
the collision when using three-point safety belts and a passenger car seat.
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Figure 17. Comparison of acceleration of KPSIT C50 dummy and KPSIT C5 dummy during rear
crash test at 20 km/h—three-point belts, seat, passenger car.

4. Discussion

Article [34] describes a research setup and a specialized control system with data
acquisition for experimental analysis of physical parameters during vehicle crash tests.
These tests were conducted at low speeds using a dummy carriage, employing various
types of seat belts ranging from two-point to multi-point configurations. Details regarding
the research setup, control system, and measurement apparatus utilized are outlined.
During the experiments, the authors delineated the force profiles acting on the three-point
section of the lap and shoulder belts within collision speeds ranging from 15 km/h to
17 km/h. The authors demonstrated that despite the low speeds, the force values between
the dummy and the three-point seat belts can reach significant magnitudes, even up to 5 kN,
with a dynamic increase on the order of 30 kN/s. In the ongoing study, a modified research
setup was employed for crash tests. The setup was expanded, and the measurement track
was extended from 7 m to 10 m. The final 3 m of the measurement track were horizontally
positioned relative to the ground to stabilize the collision velocity.

Previous articles [32,33] have focused on comparing the results of crash tests conducted
on volunteers with computer simulation using a dummy. The authors conducted a series
of crash tests on volunteers, followed by a simulation using a dummy in the MSC ADAMS
2023 program. The simulation results of dummy head displacement aligned with the
results observed during volunteer crash tests, validating the credibility of the simulation
model crafted by the authors in the MSC ADAMS 2023 program. In the ongoing study, a
series of five crash tests were conducted under identical conditions. The results from the
crash test series were averaged to reduce errors stemming from individual tests.

One article [35] presented a research setup and a control and data acquisition system
for experimental low-speed crash tests. The authors conducted experimental crash tests
involving volunteers. The authors’ studies encompassed volunteers of both genders, and
the results indicated that the trajectory of female volunteers’ heads aligned with that of male
volunteers. These findings suggest that the construction of an anthropometric dummy for
low-speed crash tests can be based on data averaged across the entire population, without
the need to account for gender differences. In the ongoing study, it was demonstrated
that the difference in head displacement between KPSIT C50 and KPSIT C5 dummies
ranged from 8% to 12%. The results suggest that differences in the mass and dimensions
of individual dummy body parts during low-speed crash tests do not induce changes.
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Perhaps one KPSIT dummy representing the 50th percentile population is sufficient for
determining displacements, irrespective of gender.

Another article [36] conducted research aimed at examining the acceleration and force
resulting from contact between go-karts, a popular amusement park attraction. During
44 low-speed collisions between a stationary go-kart and a moving go-kart involving
passengers, one of the measuring devices used was a male 50th percentile Hybrid III
ATD. The authors demonstrated that the acceleration and velocity changes of the go-
karts increased with higher collision speeds, while the collision duration and restitution
decreased at higher collision speeds. Injury indices such as HIC remained below harmful
thresholds. In the ongoing study, maximum head acceleration during collisions, ranging
from 100 to 260 m/s2, was recorded, depending on the type of car seat and seat belt used.
The lowest acceleration values occurred when standard three-point belts were employed.
Unfortunately, when using these belts, the dummy head displacement was several times
greater than when using five-point or four-point belts.

The research conducted in [37] showed that tests at a speed of 56 km/h do not
favor the use of technologies reducing chest injuries in cases of lower force. The authors
analyzed the benefits of conducting crash tests with a lower-force front barrier (40 km/h)
using female dummies restrained by 5% belts and more stringent requirements regarding
chest injury. The authors’ preliminary analysis suggested that a standard limiting chest
deflection to 34 mm could reduce the risk of serious chest injuries by 16–24% in the case of
seat-belted individuals during frontal collisions. In the ongoing study, chest deflection was
not measured. The authors focused solely on dummy head displacement and acceleration
during crash testing. Head displacement on the order of 0.3 m can cause the head to
strike the vehicle’s cockpit. Collision at such a speed does not always activate the airbag.
Therefore, improperly positioned car seats may cause additional injuries to the occupant
when the head strikes the car’s cockpit during a low-speed collision. Unfortunately, such
collisions are often encountered in urban traffic jams.

In another article [38], the authors evaluated the effectiveness of Autonomous Emer-
gency Braking (AEB) technology at low speeds in current passenger vehicle models, based
on real accident experiences. The authors’ research results showed an overall reduction in
rear-end collision accidents by 38% for vehicles equipped with AEB compared to a control
group of similar vehicles. Additionally, the authors found no statistical evidence of any
difference in the effectiveness of AEB between urban areas (≤60 km/h) and rural areas
(>60 km/h). The research in [39] suggests that current crash test dummies are based on Eu-
ropean and American models, which may lead to limitations in predicting injuries in other
regions. The authors demonstrated that further research is needed on crash test dummies
that take into account differences between countries and develop dummies representing
different groups of people, such as older individuals or those with obesity. In the ongoing
study, KPSIT dummies were used; these are dedicated to low-speed crash tests in which the
most important parameter is the displacement and acceleration of individual body parts at
the moment of impact.

The aim of the study in [40] was to examine changes in the frequency, risk, and patterns
of lower limb injuries depending on vehicle and passenger parameters as a function
of the vehicle model year. To achieve this, the authors analyzed 10,988 observations
representing 4.7 million drivers involved in frontal collisions. The authors applied a logistic
regression model to understand the relationship between persistent lower limb injuries
and characteristics of car accidents, such as vehicle type, model year, and the intrusion
of footwells and dashboards, as well as passenger characteristics like age, gender, height,
and weight. The authors’ research showed that the risk of lower limb injuries in women
was higher than in men. According to the authors, increased driver mass had a positive
relationship with injury occurrence, while age and height did not affect the likelihood of
injury. In the ongoing study, the authors confirmed that the type of seat belt and car seat
had an impact on injuries during low-speed accidents. The authors emphasized that a



Sensors 2024, 24, 5714 15 of 18

properly selected and adjusted car seat contributes to reducing the risk of injury during
low-speed collisions.

In [41], the authors highlighted a significant difference in the number of fatalities and
injuries in car accidents between male and female drivers. Female drivers are 13% more
likely to die in similar car accidents compared to male drivers. Meanwhile, in [42], the
authors presented the full results of a low-intensity frontal collision in which a small vehicle
struck a stationary vehicle at a speed of about 12 m/s, causing it to overturn. The authors’
findings indicated that even a low-intensity collision poses a significant threat and carries
the risk of vehicle rollover as well as head and neck injuries to the passenger. Even at a
relatively low speed, the driver experienced minor neck and head injuries in the following
days, and the longitudinal damages were significant. In the ongoing study, the authors
confirmed that despite the low collision speed, head acceleration in the range of 100 to
260 m/s2 can cause serious cervical injuries.

5. Conclusions

In the literature on the subject, a definition of low-speed collision up to 25 km/h
has been adopted. For low-speed collisions, rear-end crash tests of the whiplash type
are conducted. These are most commonly performed at speeds of 8 km/h and 16 km/h.
Low-speed collisions are also conducted in the case of vehicle front bumper tests. These
tests are typically carried out at speeds of 5 km/h and 10 km/h. For the experimental crash
tests conducted, a speed of 20 km/h was adopted. Both frontal and rear crash tests were
performed. On the basis of the crash tests involving KPSIT dummies, the trajectory of head
movement was determined. The level of potential bodily injury was assessed on the basis
of the displacement of the dummies’ head movement. It should be noted that in the case of
frontal collisions, a collision at 20 km/h is not fatal, but due to incorrect seat positioning and
improperly fastened seat belts, the accident participant may additionally hit the vehicle’s
dashboard, which can cause cervical spine injuries. Moreover, the rebounding head in a
frontal collision, striking a poorly adjusted headrest, can further exacerbate cervical spine
injuries. In the case of rear collisions at a speed of 20 km/h, it can cause severe cervical
spine injuries. Therefore, due to safety reasons, it is not possible to use volunteers in such
crash tests.

In the assessment of low-speed collisions, the accuracy and durability of the dummy
are of particular importance. The constructed KPSIT dummies can be used for crash tests,
including side, rear, and frontal collisions at low speeds. Using a single dummy allows
for a comprehensive understanding of the displacements of various body parts at the
moment of impact at low speeds. According to traffic accident statistics, the number of
frontal and side collisions has significantly decreased in the past decade. This is due to the
development of road infrastructure, especially expressways and highways, on which all
vehicles move in the same direction. Urban infrastructure has also undergone significant
changes, with parallel intersections increasingly being replaced by roundabouts, which also
reduce the likelihood of frontal accidents. It can only be observed that rear-end collisions
have remained almost at the same level for several years across the EU. Rear-end collisions
most often occur at intersections or in traffic jams due to a failure to stop in time. Rear-end
collisions are the most dangerous for passengers and the driver of the vehicle because
even at low speeds, they can cause serious upper cervical injuries. Therefore, experimental
studies of low-speed crash tests are necessary to examine how vehicle elements such as the
driver’s seat or seat belts affect body displacement.

The results of experimental studies highlight minimal differences in the head dis-
placement profiles of the KPSIT dummies. It is noteworthy that gender seems to have a
negligible impact on the differences observed in the displacement patterns of the dummies’
body parts during low-speed collision simulations. The custom-made KPSIT dummy
models tailored for low-speed impact simulations prove to be essential tools for uncovering
the complexities of human injury mechanisms during collisions. Comparative analyses of
the head displacement profiles of the dummies reveal a noticeable influence of changes
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in car seat designs and types of seat belts on the dynamics of head displacement during
low-speed collisions. The use of four-point or five-point seat belt configurations ensures
less head displacement of the KPSIT C50 dummy during 20 km/h collisions compared to
conventional seat belt systems.

Summarizing the comparative assessment of crash test outcomes between KPSIT C50
and KPSIT C5 dummy variants, nuanced differences in head displacement and acceleration
profiles surfaced. While both dummy iterations exhibit similar behavioral patterns across
frontal, rear, and side impact scenarios at 20 km/h, the KPSIT C50 dummy demonstrates
marginally reduced displacement and acceleration metrics relative to its KPSIT C5 counter-
part. The implementation of four-point and five-point seatbelt systems within bucket sports
seats, alongside three-point seatbelts in passenger car settings, collectively contributes to
the mitigation of head displacement for both dummy variants. Conversely, trials featuring
three-point seatbelts in passenger car configurations manifest the least accelerative forces,
indicative of the efficacy of standard safety mechanisms in passenger vehicles. In essence,
while dissimilarities in dummy responses during crash simulations are discernible, over-
arching parallels underscore the suitability of both dummy models for vehicular safety
assessments. Moreover, these nuances furnish pivotal insights for advancing research
endeavors aimed at enhancing road transport safety, particularly in the realm of passenger
protection system design.

The results of the experimental studies confirmed that gender is not a significant
parameter in low-speed crash tests. The differences between the head displacement of
the KPSIT C50 dummy and the KPSIT C5 dummy were within 10%. However, it should
be noted that the seating preferences of men and women are likely different. Therefore,
in further research, the authors will compare the seat settings, including the angle of the
backrest and headrest, among volunteers divided by gender.
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