
Assessment of Braking Dynamics of Passenger 
Cars Operating in the Mekong Delta Region of 

Vietnam 
 

Phat Khau Tan  and Danh Nguyen Thanh * 

Faculty of Automotive Engineering Technology, Vinh Long University of Technology Education, Vinh Long, Vietnam 
Email: Phatkt@vlute.edu.vn (P.K.T.); Danhnt@vlute.edu.vn (D.N.T.) 

*Corresponding author 
 
 
 

Abstract—This study presents an experimental investigation 
into the braking dynamics of automobiles operating under 
typical road conditions in the Mekong Delta region, using a 
Kistler dynamic testing device. The primary objective of the 
study is to evaluate braking efficiency and capture key 
dynamic parameters during braking maneuvers with high 
measurement accuracy. The Kistler dynamic testing system 
was selected due to its ability to provide reliable,  
high-resolution data, allowing a precise assessment of 
braking performance under controlled experimental 
conditions. Braking tests were conducted at a constant initial 
vehicle speed of 80 km/h on road surfaces with friction 
coefficients of 0.5, 0.7, and 0.8. During each braking event, 
critical dynamic variables were recorded, including wheel 
slip ratio, vehicle speed variation during braking, vertical 
reaction forces at both the front and rear wheels, longitudinal 
body pitch angle, and braking distance. These parameters 
provide comprehensive insight into the braking behavior and 
stability of the vehicle under different friction conditions. 
Based on the experimental results, key input parameters 
were identified for the development of a future theoretical 
and numerical simulation model of vehicle braking 
dynamics. The close agreement between measured data and 
expected physical behavior demonstrates the reliability of the 
experimental setup and confirms the effectiveness of the 
Kistler dynamic testing device in capturing braking 
performance characteristics. The findings establish a solid 
experimental foundation for subsequent modeling and 
simulation studies aimed at improving braking efficiency and 
safety of automobiles operating in the Mekong Delta. 
 
Keywords—braking dynamic, dynamics experiment, braking 
efficiency, deceleration 
 

I. INTRODUCTION 

Traffic safety remains a critical issue in Vietnam, where 
passenger cars frequently experience stability loss during 
braking, leading to serious traffic accidents. This situation 
is largely attributed to unfavorable road conditions, 
including uneven pavement surfaces, degraded 
infrastructure, and limited maintenance, combined with a 
tropical climate characterized by frequent rainfall 
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throughout the year [1]. Wet and low-adhesion road 
surfaces significantly reduce tire-road friction, thereby 
increasing braking distance and the likelihood of wheel 
slip and vehicle instability [2]. Under such conditions, 
accurately understanding the braking dynamics of 
passenger cars becomes essential for improving vehicle 
safety and developing effective braking control strategies. 

The braking process of a vehicle is a complex dynamic 
phenomenon influenced by multiple factors, including 
vehicle speed, tire-road adhesion, load transfer between 
axles, and suspension characteristics. Variations in road 
surface conditions can significantly alter the distribution of 
vertical reaction forces and wheel slip behavior, directly 
affecting braking efficiency and directional stability [3]. In 
response to these challenges, the author previously 
developed a dynamic model and a system of governing 
equations describing the braking dynamics of passenger 
cars [4]. This theoretical framework provides a basis for 
analyzing the interaction between braking forces, vehicle 
motion, and tire-road contact conditions. 

However, accurate simulation of braking dynamics 
requires reliable input parameters that reflect real 
operating conditions. Therefore, an experimental model 
was developed to investigate the influence of road surface 
characteristics on braking performance. Braking dynamics 
experiments were conducted using a Kistler dynamic 
testing device, which allows high-precision measurement 
of key variables during braking maneuvers [5]. The 
experimental setup enabled direct measurement of braking 
acceleration, vertical reaction forces at the wheels, braking 
distance, and slip coefficient under controlled conditions. 

To ensure safety and repeatability, experiments were 
performed with a passenger car traveling at an initial speed 
of 80 km/h on road surfaces with low and medium 
adhesion coefficients of 0.5, 0.7, and 0.8, respectively. 
Based on the experimental results, braking efficiency was 
evaluated for each operating condition. The obtained data 
provide a reliable foundation for subsequent simulation 
studies and contribute to a more accurate assessment of 
vehicle braking performance under adverse road 
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conditions, supporting future research in vehicle dynamics 
modeling and traffic. 

The novelty of this study does not lie solely in 
conducting braking experiments under varying friction 
conditions, which have indeed been addressed in prior 
literature, but rather in the context, structure, and depth of 
the experimental investigation. Specifically, this work 
targets real-world operating conditions in the Mekong 
Delta, where road surfaces are highly heterogeneous due 
to persistent moisture, low-quality pavement, and seasonal 
degradation—conditions that are not adequately 
represented in conventional experimental studies 
conducted under controlled or standardized environments. 

The creation of a uniform experimental framework that 
examines various adhesion levels under the same vehicle 
and testing conditions is a significant contribution of this 
work. This method makes it possible to compare brake 
dynamics directly and methodically, removing 
discrepancies that are sometimes present in research that 
depends on different datasets or simulation assumptions. 
Specifically, a coupled interpretation of braking behavior 
that goes beyond solitary parameter evaluation is provided 
by the simultaneous measurement and analysis of slip ratio 
evolution, vertical load transfer, braking force variation, 
and deceleration. 

Moreover, the results offer experimentally grounded 
insights into the mechanisms leading to rear-wheel 
instability and rapid transition to full slip under medium 
and low adhesion conditions. These findings contribute to 
a more detailed understanding of braking-induced 
instability in practical driving environments and provide a 
reliable empirical basis for the calibration and validation 
of future dynamic models and control strategies. 

In recent years, numerous studies on vehicle braking 
dynamics have relied heavily on numerical simulations to 
evaluate system performance under various operating 
conditions. However, such approaches typically depend on 
simplified assumptions regarding tire-road interaction, 
suspension characteristics, and road surface excitation, 
which may limit their ability to accurately capture  
real-world dynamic behavior, particularly under irregular 
road conditions. 

To address these limitations, this study adopts an 
experimentally driven approach, in which high-resolution 
measurements are employed to directly characterize the 
dynamic response of the vehicle during braking. A 
dynamic model is developed to describe the fundamental 
relationships between braking force, vertical load transfer, 
and road-induced excitation. Rather than being used for 
numerical simulation, the proposed model serves as a 
theoretical framework to interpret the experimental 
observations and to provide physical insight into the 
measured phenomena. 

By prioritizing experimental validation over  
simulation-based prediction, this work aims to provide 
more realistic and practically relevant findings, especially 
for conditions where modeling uncertainties remain 
significant. 

II. OVERVIEW OF RELATED RESEARCH STUDIES  

The evaluation of braking dynamics for passenger 
vehicles has transitioned from classical mechanical 
modeling to a multidisciplinary approach that integrates 
reliability-oriented diagnosis and real-time safety 
assessment. In geologically complex regions like the 
Mekong Delta of Vietnam, braking performance is not 
merely a function of hardware integrity but is dictated by 
extremely low-adhesion conditions resulting from high 
humidity, frequent precipitation, and degraded road 
infrastructure.  

In the field of automotive safety, experimental studies 
by Zulhilmi et al. [6] investigated the specific effects of 
emergency braking without an anti-lock braking system on 
vehicle dynamic behavior, which was further expanded by 
their subsequent analysis of vehicle responses during 
emergency braking at varying initial speeds [7]. To address 
these braking instabilities, advanced control mechanisms 
have been continuously developed; for instance,  
Eze et al. [8] proposed a novel model reference adaptive 
control-based PID controller at the wheel slip equilibrium 
point to optimize ABS performance, while Haris et al. [9] 
implemented a self-tuning PID control scheme tailored for 
electronic wedge brakes, building upon foundational 
methodologies such as the sliding-mode PWM control for 
hydraulic ABS developed by Wu and Shih [10].  

Beyond standard passenger vehicles, active braking 
principles have been adapted for alternative mobility 
platforms, as shown by Heerwan et al. [11] in their 
evaluation of a plugging braking system for electric 
wheelchair hill descent control. In the context of 
Vietnamese transportation, ensuring such safety standards 
is strictly governed by the national technical regulation 
QCVN 09:2015/BGTVT [12]. 

 Aligning with these regulatory frameworks, localized 
dynamic challenges have been explored by Le et al. [13] 
through a nonlinear dynamic analysis of the interaction 
between 5-axle heavy trucks and road surfaces. To further 
enhance global vehicle stability under complex conditions, 
Soltani et al. [14] developed an integrated control strategy 
combining both braking and steering systems based on 
optimal wheel slip estimation. Ultimately, these diverse 
experimental and control approaches contribute to the 
comprehensive theoretical and applied framework of 
vehicle dynamics synthesized by Jazar [15]. 

Despite these advancements, there is a clear literature 
gap regarding the localized application of these high-level 
diagnostic principles to passenger cars operating in the 
specific conditions of the Mekong Delta. This study fills 
this gap by establishing a methodological chain from  
field-collected experimental data to condition-based  
safety assessment, utilizing the principles of  
imbalanced-condition identification to ensure a robust 
evaluation of braking dynamics under complex operating 
environments. 

III. BUILDING A CAR DYNAMICS MODEL 

The longitudinal and lateral tire forces, represented by 
the symbols Fxij and Fyij, respectively, interact to control a 
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vehicle’s motion in the road plane, as shown in Fig. 1. The 
vertical reaction force Fzij at each wheel, which changes 
dynamically during braking as a result of load transfer 
effects, has a significant influence on these  
forces [16]. Variations in vertical load have a direct impact 
on tire-road adhesion, which in turn affects vehicle 
stability and braking effectiveness. Therefore, a thorough 
mathematical model that can capture the linked behavior 
of longitudinal, lateral, and vertical motions is necessary 
for an accurate description of vehicle braking dynamics. 

Based on the structural separation method, the vehicle 
is decomposed into subsystems representing the sprung 
mass, unsprung masses, and wheel assemblies. The 
governing equations of motion are established using the 
Newton-Euler approach [17, 18], which allows systematic 
formulation of force and moment balance equations for 
each subsystem. This modeling strategy enables the 
representation of complex vehicle dynamics while 
maintaining computational efficiency and physical 
interpretability [19]. 
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Fig. 1. Diagram of forces and moments acting on the car. 

The translational motion of the vehicle’s center of mass 
in the longitudinal (xc) and lateral (yc) directions as well as 
the yaw motion of the vehicle body around the vertical axis 
(zc) are first described by the vehicle dynamics equations 
in the longitudinal plane (XOY). In order to assess 
directional stability during braking movements, these 
equations must take into account the impacts of braking 
forces, lateral tire forces, and yaw moments [20]. 

Second, the dynamics equations in the vertical plane 
(XOZ) are established to analyze longitudinal motion and 
pitching behavior of the vehicle body. This subsystem 
accounts for vertical load transfer between the front and 
rear axles during braking, enabling calculation of the 
vehicle’s longitudinal oscillation (pitch) angle. Accurate 
modeling of this behavior is essential for determining the 
distribution of braking forces and vertical reactions at each 
axle [6, 10]. 

Third, the vertical motions of the left and right front axle 
wheels, axle 2’s roll motion about the xA2 axis, and the 

sprung mass’s lateral oscillation angle are all described by 
the dynamic equations in the horizontal plane (YOZ). 
These equations reflect asymmetric loading conditions and 
suspension responses that influence vehicle stability and 
comfort. 

The rotational motion of each wheel is finally described 
by wheel dynamics equations, which connect tire forces, 
slip ratio, brake torque, and wheel angular speed. A 
thorough assessment of braking ability under various road 
adhesion situations is made possible by the combination of 
wheel dynamics with vehicle body motion. Together, this 
system of coupled equations provides a robust theoretical 
foundation for analyzing vehicle braking dynamics and 
serves as the basis for subsequent simulation and 
experimental validation.  

Equation of motion along the xc axis of the car [21]: 

ሺ𝑚 ൅𝑚ଵ ൅𝑚ଶሻሺ𝑥ሷ௖ ൅ 𝜓ሶ௖𝑦ሶ௖ሻ ൌ 𝐹௫ଵଵ𝑐os𝛿ଵଵ  
൅𝐹௫ଵଶ𝑐os𝛿ଵଶ െ 𝐹௬ଵଵ 𝑠𝑖𝑛 𝛿ଵଵ െ 𝐹௬ଵଶ 𝑠𝑖𝑛 𝛿ଵଶ ൅ 𝐹௫ଶଵ ൅ 𝐹௫ଶଶ

 (1) 

Equation of horizontal motion yc of the car: 

 
ሺ𝑚 ൅𝑚ଵ ൅ 𝑚ଶሻሺ𝑦ሷ௖ ൅ 𝜓ሶ௖𝑥ሶ௖ሻ ൌ 𝐹௫ଵଵ 𝑠𝑖𝑛 𝛿ଵଵ

൅𝐹௫ଵଶ 𝑠𝑖𝑛 𝛿ଵଶ ൅ 𝐹௬ଵଵ𝑐os𝛿ଵଵ ൅ 𝐹௬ଵଶ𝑐os𝛿ଵଶ ൅ 𝐹௬ଶଵ ൅ 𝐹௬ଶଶ
 (2) 

Equation of rotational motion around the zc axis of the 
car body: 

 

𝐽௭௖𝜓ሷ௖ ൌ ሺ𝐹௫ଵଵ 𝑠𝑖𝑛 𝛿ଵଵ ൅ 𝐹௫ଵଶ 𝑠𝑖𝑛 𝛿ଵଶ ൅ 𝐹௬ଵଵ𝑐os𝛿ଵଵ
൅𝐹௬ଵଶ𝑐os𝛿ଵଶሻ𝑙ଵ ൅ ሺ𝐹௫ଶଶ െ 𝐹௫ଶଵሻ𝑏ଶ

൅ሺ𝐹௫ଵଶ𝑐os𝛿ଵଶ െ 𝐹௫ଵଵ𝑐os𝛿ଵଵ ൅ 𝐹௬ଵଵ 𝑠𝑖𝑛 𝛿ଵଵ
െ𝐹௬ଵଶ 𝑠𝑖𝑛 𝛿ଵଶሻ𝑏ଵ െ ሺ𝐹௬ଶଵ ൅ 𝐹௬ଶଶሻ𝑙ଶ

 (3) 

The differential equation describing the vertical 
oscillation of the center of gravity of the suspended mass 
is written as follows [22]: 

 
𝑀𝑧ሷ ൌ 𝐹஼ଵଵ ൅ 𝐹௄ଵଵ ൅ 𝐹஼ଵଶ ൅ 𝐹௄ଵଶ
൅𝐹஼ଶଵ ൅ 𝐹௄ଶଵ ൅ 𝐹஼ଶଶ ൅ 𝐹௄ଶଶ

 (4) 

 
𝐽௬௖𝜑ሷ௖ ൌ ሺ𝐹஼ଵଵ ൅ 𝐹௄ଵଵ ൅ 𝐹஼ଵଶ ൅ 𝐹௄ଵଶሻ𝑙ଵ

െሺ𝐹஼ଶଵ ൅ 𝐹௄ଶଵ ൅ 𝐹஼ଶଶ ൅ 𝐹௄ଶଶሻ𝑙ଶ ൅ 𝑀ଵ௝ ൅ 𝑀ଶ௝
 (5) 

Equation of horizontal oscillation around the xc axis for 
a suspended mass: 

 
𝐽௫௖𝛽ሷ௖ ൌ ሺ𝐹஼ଵଶ ൅ 𝐹௄ଵଶ െ 𝐹஼ଵଵ െ 𝐹௄ଵଵሻ𝑤ଵ

൅ሺ𝐹஼ଶଶ ൅ 𝐹௄ଶଶ െ 𝐹஼ଶଵ െ 𝐹௄ଶଵሻ𝑤ଶ
 (6) 

Equation of vertical motion of the left front axle wheel: 

 𝑚ଵ𝜉ሷଵଵ ൌ െሺ𝐹௄ଵଵ ൅ 𝐹஼ଵଵሻ ൅ 𝐹஼௅ଵଵ (7) 

Equation of vertical motion of the right front axle wheel:  

 𝑚ଶ𝜉ሷଵଶ ൌ െሺ𝐹௄ଵଶ ൅ 𝐹ଵଶሻ ൅ 𝐹஼௅ଵଶ (8) 
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The vertical equation of motion (z) of the rear  
axle [23]: 

 
𝑚ଷ𝑧ሷ஺ ൌ 𝐹஼௅ଶଵ ൅ 𝐹௄௅ଶଵ ൅ 𝐹஼௅ଶଶ ൅ 𝐹௄௅ଶଶ

െ𝐹஼ଶଵ െ 𝐹௄ଶଵ െ 𝐹஼ଶଶ െ 𝐹௄ଶଶ
 (9) 

Equation of lateral oscillation motion around axis xA2 of 
bridge 2: 

𝐽஺௫𝛽ሷ஺ ൌ ሺ𝐹஼ଶଵ ൅ 𝐹௄ଶଵ െ 𝐹஼ଶଶ െ 𝐹௄ଶଶሻ𝑤ଶ ൅ ሺ𝐹஼௅ଶଶ ൅ 𝐹௄௅ଶଶ
െ𝐹஼௅ଶଵ െ 𝐹௄௅ଶଵሻ𝑏ଶ െ 𝐹௬ଶଵሺ𝑟ଶଵ ൅ 𝜉஺ଶଵሻ െ 𝐹௬ଶଶሺ𝑟ଶଶ ൅ 𝜉஺ଶଶሻ

 (10) 
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Fig. 2. Wheel dynamics diagram. 

A wheel dynamics model is established in Fig. 2. Each 
of an automobile’s two axles has one wheel on the left and 

one on the right. Each of an automobile’s two axles has 
one wheel on the left and one on the right. For the four 
wheels in the longitudinal plane, we have the following 
equations [24]: 

 

⎩
⎪
⎨

⎪
⎧𝐽஺௬ଵଵ𝜑ሷ ଵଵ ൌ 𝑀஺ଵଵ െ𝑀஻ଵଵ െ 𝐹௭ଵଵ𝑒௫ଵଵ
𝐽஺௬ଵଶ𝜑ሷ ଵଶ ൌ 𝑀஺ଵଶ െ𝑀஻ଵଶ െ 𝐹௭ଵଶ𝑒௫ଵଶ
𝐽஺௬ଶଵ𝜑ሷ ଶଵ ൌ 𝑀஺ଶଵ െ 𝑀஻ଶଵ െ 𝐹௭ଶଵ𝑒௫ଶଵ
𝐽஺௬ଶଶ𝜑ሷ ଶଶ ൌ 𝑀஺ଶଶ െ 𝑀஻ଶଶ െ 𝐹௭ଶଶ𝑒௫ଶଶ

 (11) 

A direct connection between the experimental data and 
the underlying vehicle dynamics theory is enabled by 
quantitatively analyzing the recorded phenomena using the 
theoretical models given in Eqs. (1)–(11). 

IV. EXPERIMENT TO MEASURE THE EFFECTIVENESS OF 

CAR BRAKES 

To determine the normal reaction force from the road 
surface acting on the wheel, load cell force sensors are 
placed at the wheel, where there is direct contact between 
the wheel and the axle. A Kistler 8152C vehicle body 
acceleration sensor located in the center of the vehicle 
body provides signals to the computer. The speed sensors 
shown in Fig. 3 are installed on the wheels to measure the 
vehicle’s speed; the computer uses these sensors as input 
parameters. Eq. (1) can be used to calculate the wheel slip 
coefficient based on the longitudinal acceleration, wheel 
velocity, and vehicle body velocity parameters while 
braking [25]. 
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Fig. 3. Arrangement diagram of sensors measuring signals and processing measurement results. 

Install the sensors according to the experimental layout 
diagram. Fig. 4 presents the experimental equipment, 
which is specialized dynamic testing equipment from 

Kistler, Germany. Fig. 5 presents Wheel velocity sensors, 
longitudinal vehicle velocity sensors during braking, and 
braking acceleration sensors, vertical reaction force 
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sensors, and Fig. 6 presents other sensors that were 
installed directly on the vehicle to collect real-time data 
from the sensors throughout the experiment. 

 

 

Fig. 4. Kisler dynamic laboratory apparatus. 

 

Fig. 5. Kistler acceleration sensor 8152C. 

 
Fig. 6. Sensor layout for real-time vehicle braking data acquisition. 

Fig. 7 presents the computer receiving and processing 
signals sent from the sensors, then calculating and 
displaying the values of the vehicle’s longitudinal velocity, 
wheel velocity, and deceleration during braking [26]. 

 
Fig. 7. Measured data from the sensors is sent to the computer, which 

processes it. 

A. Experimental Procedure 

To ensure the reliability and reproducibility of the 
experimental results, a structured and controlled testing 
procedure was implemented. The experiments were 
conducted using a passenger vehicle instrumented with a 
Kistler dynamic measurement system, enabling  
high-precision acquisition of braking-related parameters. 
During the experiments, the 11.00R20 radial tires on the 
experimental vehicle were kept at an inflation pressure of 
750 kPa. To guarantee solid tire-road contact conditions, 
the tires’ average tread depth was roughly 12 mm. 

 

 
Fig. 8. Measure the output voltage using an oscilloscope. 

 
Fig. 9. Circuit with capacitors CX, CY, CZ for data filtering. 

To guarantee measurement accuracy, all  
sensors—including load cell force transducers, wheel 
speed sensors, and acceleration sensors—were calibrated 
in compliance with the manufacturer’s specifications 
before testing. To record fleeting dynamic responses 
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during braking, the data collection system was configured 
with a sufficiently high sampling rate. 

To guarantee the precision and dependability of the 
recorded acceleration signals, the Kistler 8152C 
acceleration sensor was calibrated in accordance with the 
manufacturer’s specifications prior to the experiments. 
Verifying sensor sensitivity, output stability, and 
measurement repeatability were the main goals of the 
calibration process. A conventional vibration calibration 
instrument, a stabilized power supply, and a  
high-precision oscilloscope for tracking the sensor output 
signals comprised the calibration setup. The acquired 
acceleration signal was evaluated during calibration by 
comparing the sensor’s response with a reference 
excitation signal using an oscilloscope, as shown  
in Fig. 8. 

The acceleration signals obtained were processed using 
a low-pass filter to reduce noise during vehicle vibration 

measurements, as shown in Fig. 9. According to  
ISO 2631-1, this method preserved the low-frequency 
vibration components associated with vehicle ride comfort 
while reducing high-frequency disturbances caused by 
undesired mechanical vibrations and electromagnetic 
interference. After three repetitions of each calibration 
condition, the mean values were utilized for further 
experimental analysis. 

The test vehicle was operated under fully loaded 
conditions to reflect realistic driving scenarios. Key 
vehicle parameters, including total mass and load 
distribution, were kept constant throughout all 
experiments, as shown in Table I. The tires used in the tests 
were maintained at the manufacturer—recommended 
pressure to ensure consistency in tire-road interaction 
characteristics.

TABLE I. INPUT PARAMETERS OF THE SURVEY MODEL 

TT Parameter Symbol Value Unit 

1 Front and rear suspension stiffness 
C11, C12 

C21, C22 

175,000 
326,000 

N/m 

2 Front and rear damping coefficients 
K11, K12 

K21, K22 

12,180 
15,350 

N.s/m 

3 Front and rear tire radial stiffness 
CL11, L12 

CL21, CL22 

350,000 
652,000 

N/m 

4 The weight should not be suspended in front or behind. 
mA1 

mA2 

570 
735 

kg 

5 Total weight of the fully loaded vehicle M 1732 kg 
6 The overall length of the vehicle LW 4.410 m 
7 The overall width of the vehicle BW 1.700 m 
8 The overall height of the vehicle HW 1.475 m 
9 Wheelbase L 2.500 m 
10 Front wheel dynamic radius r1 0.4229 m 
11 Rear wheel dynamic radius r2 0.4252 m 

12 Moment of inertia of the vehicle body around the x-y-z axis. 
Jx 

Jy 

Jz 

4289 
15,399 
18,900 

kgm2 

13 Moment of inertia of the front and rear axles around the longitudinal axis x 
JAx1 

JAx2 

285 
335 

kgm2 

14 Moment of inertia of the mass of the front wheels around the horizontal axis y JAy11, Ay12 10 kgm2 

15 Moment of inertia of the mass of the rear wheels around the horizontal axis y JAy21, Ay22 20 kgm2 

Road surfaces with varying adhesion  
conditions—corresponding to friction coefficients of 0.5, 
0.7, and 0.8—were used for braking tests. Before braking, 
the car was first accelerated to a steady starting speed of 
80 km/h for each test circumstance. To reduce random 
measurement errors, each experimental condition was 
performed three times, and the average data were chosen 
for further analysis. The driver initiated the braking 
procedure at the assigned test point by applying the brake 
system in a controlled and consistent manner.  

Key dynamic characteristics, such as vehicle 
longitudinal velocity, wheel angular velocity, braking 
deceleration, vertical reaction forces at each axle, and slip 
ratio, were continually recorded by the measurement 
equipment throughout each braking event. These 
measurements were then processed to assess stability 
characteristics and braking performance. 

To ensure repeatability, each test condition was 
repeated under identical operating conditions. The 
consistency of the recorded data across repeated trials 

confirmed the reliability of the experimental setup. Any 
anomalous data caused by external disturbances were 
excluded based on consistency checks. Overall, the 
experimental methodology was designed to provide a 
controlled yet representative assessment of braking 
dynamics, ensuring both measurement accuracy and the 
reproducibility of the obtained results. 

The experiment was carried out with the car traveling at 
80 km/h when fully loaded in order to confirm the car’s 
braking efficiency. The driver kept the accelerator pedal 
depressed to keep the car moving continuously on the road 
surface, and the Kistler test apparatus recorded the results 
as soon as the driver began braking [27]. 

The vehicle body acceleration characteristics and the 
interior pressure of the pneumatic balloon were determined 
using the article’s sensors and measuring instruments: 

 Vertical acceleration sensors placed on the vehicle 
body at the contact points of the suspension system 
with the left and right sides of the vehicle body to 
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measure the vertical acceleration of the vehicle 
body, shown as number 4 in Fig. 10. 

 Vertical acceleration sensors placed on the axle at 
the contact points of the suspension system on the 
left and right sides to measure the vertical 
acceleration of the axle, shown as number 2 in  
Fig. 10. 

 Longitudinal acceleration sensors placed on the 
vehicle body at the center of gravity to measure 
braking acceleration and vehicle body velocity 
during braking, shown as number 3 in Fig. 10. 

 Angular velocity sensors for the wheels at the left 
and right front wheels, shown as number 1  
in Fig. 10. 

 

yc

C

zc

xc

A2

1

1

2

4

2

4

 
Fig. 10. Location of the experimental sensors. 

Knowing the longitudinal and angular velocities of the 
wheels, we can determine the longitudinal slip coefficients 
of the wheels as follows: 

 𝑠௫௜௝ ൌ ൞
െ

௫ሶ೔ೕି௥೏೔ೕఝሶ ೣ೔ೕ
௫ሶ೔ೕ

𝑘ℎ𝑖 െ 1 ൑ 𝑠௜௝ ൑ 0

௥೏೔ೕఝሶ ೣ೔ೕି௫ሶ೔ೕ
௥೏೔ೕఝሶ ೣ೔ೕ

𝑘ℎ𝑖0 ൏ 𝑠௜௝ ൏ 1
 (12) 

In there: Sxij Wheel slip coefficient; 𝑥ሶ௜௝ The x-axis 
velocity of the car; 𝑟ௗ௜௝𝜑ሶ ௫௜௝  wheel angular velocity;  
i = 1÷2, j = 1 (Left), j = 2 (Right) 

B. Survey Results 

The longitudinal velocity of the car body during 
braking, the wheel speed during braking, the vertical 
reaction force from the road surface on the wheels on the 

bridge, and the coefficient of slip of the car when braking 
on a road with a low adhesion coefficient  = 0.5, a 
medium adhesion coefficient  = 0.7 and high adhesion 
coefficient  = 0.8 were all determined by the 
experimental results. 

According to the experimental findings of the “Magic 
Formula” in Hans Pacejka’s book Tire and Vehicle 
Dynamics, there is a non-linear relationship between a tire’s 
slip ratio and coefficient of friction (φ) [28]. This model 
demonstrated that the ideal braking force achieves its 
greatest value (Smax%) when the slip ratio varies between 
15% and 20%, rather than when the wheel is fully locked 
(100% slip). This serves as the basic theoretical foundation 
for the programming and construction of active control 
systems like ABS found in contemporary cars. 

TABLE II. EXPERIMENTAL RESULTS AND CRITERIA FOR SLIDING COEFFICIENTS 

Sliding Coefficient φ = 0.5 (%) φ = 0.7 (%) φ = 0.8 (%) Slip Coefficient Standard 
S11max 5.5 3.5 2.2 10–15 

S21max 
100 

(0.6 s ≥ 5 s) 
100 

(0.8 s ≥ 5 s) 
9.5 10–15 
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Fig. 11. Left front wheel slip coefficient. (1. Black  = 0.8; 2. Red 

dashed line  = 0.7; 3. Blue dot  = 0.5). 

 
Fig. 12. Left rear wheel slip coefficient. (1. Black  = 0.8; 2. Red 

dashed line  = 0.7; 3. Blue dot  = 0.5). 

The wheel slip ratio time histories during braking on 
three distinct road surfaces with varying adhesion 
coefficients are shown in Figs. 11 and 12. The front axle 
wheel 11 operated inside the steady linear adhesion zone 
of the tire-road characteristic, as indicated by the slip ratio 
staying below 6% for all evaluated road conditions in 
Table II [29]. This result confirms that the braking force 
demand at wheel 11 did not exceed the available 
longitudinal tire force. During deceleration, longitudinal 
load transfer increased the normal load acting on the front 
axle, thereby enhancing the available tire-road adhesion 
and maintaining stable rolling behavior. Consequently, the 
braking force at wheel 11 remained lower than the 
maximum transmissible friction force, and no wheel lock 
tendency was observed. This behavior is consistent with 
classical vehicle braking theory, where dynamic load 
transfer shifts vertical force from the rear axle to the front 
axle during deceleration [30]. 

The response for the rear axle wheel 21 is noticeably 
different in Fig. 12. The slip ratio stayed below 10% on the 
high-adhesion road surface (φ = 0.8), suggesting steady 
tire functioning with enough traction reserve. However, on 
wet and lower-adhesion surfaces (φ = 0.5–0.7), the slip 
ratio increased rapidly and reached 100% after 
approximately 0.8 s of braking, indicating complete wheel 
lock in Table II [31]. Once wheel lock occurred, the tire 
transitioned from rolling adhesion to sliding friction, 
causing a substantial reduction in usable longitudinal force 
and a near loss of lateral force generation capability. This 
phenomenon significantly degrades directional stability 
and yaw controllability, particularly for rear-axle lock, 

which can induce vehicle oversteer, lateral instability, and 
tail swing. The result demonstrates that low-friction 
surfaces combined with dynamic rear axle unloading 
substantially increase the risk of rear wheel lock during 
severe braking [32]. 

 

 
Fig. 13. Braking force at the front left wheel. (1. Black  = 0.8; 2. Red 

dashed line  = 0.7; 3. Blue dot  = 0.5). 

 
Fig. 14. Braking force at the rear left wheel. (1. Black  = 0.8; 2. Red 

dashed line  = 0.7; 3. Blue dot  = 0.5). 

Fig. 13 presents the variation of braking force during the 
stopping process. For all three road surfaces, the braking 
force at the front wheel 11 follows the same trend as the 
applied braking torque, indicating a direct proportional 
relationship between brake torque input and the generated 
longitudinal tire force. This confirms that, for the front 
axle, the available tire-road adhesion was sufficient to 
transmit the demanded braking force without significant 
saturation. 

A clear quantitative difference can be observed in 
braking duration as the road adhesion coefficient 
decreases. On the dry road with high friction (φ = 0.8), the 
vehicle reached a complete stop in approximately 3.0 s. 
When the friction coefficient decreased to φ = 0.7, the 
braking time increased to about 4.2 s, representing an 
increase of nearly 40%. On the lower-adhesion surface  
(φ = 0.5), the stopping time further increased to 
approximately 4.9 s, which is about 63% longer than that 
on the dry road [33]. 

This trend can be explained by the reduction in 
maximum available tire-road friction force under  
low-adhesion conditions. Since the achievable braking 
force is proportional to the normal load and friction 
coefficient, a lower φ value limits deceleration capability, 

International Journal of Mechanical Engineering and Robotics Research, Vol. 15, No. 5, 2026

440



thereby extending the stopping time. These results are 
consistent with established braking dynamics theory and 
demonstrate the strong sensitivity of braking performance 
to road surface conditions 

The maximum braking force for the rear axle wheels 21 
is approximately 26 kN (corresponding to  
MBmax = 76% MBđm) when running on a road with a 
coefficient of friction  = 0.7. The wheel slips because the 
braking force has surpassed the friction force threshold 
value, resulting in a reduction of the braking force to 
approximately 21kN. Fig. 14 presents that when running 
on a road with a coefficient of friction  = 0.5, the 
maximum braking force is approximately 20 kN 
(corresponding to MBmax = 59% MBđm), and then it 
drops to approximately 15 kN [34]. 

According to the fundamental principles of vehicle 
dynamics outlined by Thomas D. Gillespie in 
Fundamentals of Vehicle Dynamics, the theoretical 
maximum deceleration achievable by a vehicle utilizing 

the full friction potential between the tires and the road 
surface is defined as 𝑥

⋅⋅
௠௔௫. Given a friction coefficient of 

 = 0.5, this theoretical limit equals 4.905 m/s2. Formula 
for determining the error between theory and experimental 
results: 

 Percentage Error ൌ
ቚ௫
⋅⋅
೐ೣ೛೐ೝ೔೘೐೙೟ೌ೗ିఝൈ௚ቚ

ఝൈ௚
ൈ 100% (13) 

in there: : Adhesion coefficient; g: Gravitational 
acceleration. 

The acceleration deviation between theory and 
experiment for braking acceleration with a coefficient of 
friction  = 0.5 is 16.3%,  = 0.7 is 6.7%, and  = 0.8 is 
8.2%, according to the survey results in Table III. All 
deviations are less than 20%, indicating that the 
experimental survey results are reliable and consistent with 
pure theory. 

TABLE III. COMPARISON OF BRAKING ACCELERATION DEVIATION VALUES BETWEEN THEORY AND EXPERIMENT 

Sliding Coefficient Brake Acceleration (m/s2) Percentage Error (%) Standard Brake Acceleration (m/s2) 
φ = 0.5 4.1  16.3 4.905 

φ = 0.7 6.4 6.7 6.86 

φ = 0.8 7.2 8.2 7.84 

 
Fig. 15. Deceleration of a car during braking. (1. Black  =0.8; 2. Red 

dashed line  = 0.7; 3. Blue dot  = 0.5). 

The vehicle brake acceleration graph is displayed in  
Fig. 15. We see that the vehicle’s braking acceleration 
profile is quite similar. On a good road with a coefficient 
of adhesion  = 0.8, the braking duration is approximately 
3 s, the braking acceleration reaches 7.2 m/s2, and the 
braking efficiency is great when braking with a torque 
equivalent to 80% of the nominal braking torque. On a 
road with an average coefficient of adhesion of  = 0.7, 
the braking time is approximately 4.2 s, the initial braking 
acceleration reaches approximately 6.4 m/s2 after 0.5 s, 
and the wheels slip as a result of the braking force 
surpassing the adhesion threshold, causing the braking 
acceleration to rapidly drop to approximately 5.2 m/s2, 
resulting in a 28% decrease in braking efficiency. It takes 
about five seconds to brake on a road with a low coefficient 
of friction  =0.5). The braking acceleration reaches about 
4.9 m/s² after 0.3 s of braking. Wheel slippage then causes 
the braking acceleration to drop sharply to about 4.1 m/s2, 

which results in a roughly 43% reduction in braking 
efficiency [35]. 

 

 
Fig. 16. Vertical reaction force at the front left wheel. (1. Black  = 0.8; 

2. Red dashed line  = 0.7; 3. Blue dot  = 0.5). 

 
Fig. 17. Vertical reaction force at the left rear wheel. (1. Black  = 0.8; 

2. Red dashed line  = 0.7; 3. Blue dot  = 0.5). 
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The road’s vertical reaction force acting on the wheels 
of axles 1 and 2 is shown in Figs. 16 and 17. The road’s 
vertical response force pushing on the wheel of axle 1 rises 
while it falls on axle 2 during braking, as we can observe. 
The vertical response force of the road acting on axle 1’s 
wheel rises when braking with a greater moment, whilst 
the vertical reaction force of the road acting on axles 3 and 
6 falls, and vice versa. The rationale is that during braking, 
a longitudinal inertial force tends to push the vehicle’s 
weight forward, transferring the load on the axles in the 
same direction as the motion [36]. 

 

 
Fig. 18. The speed of the car during braking. (1. Black  = 0.8; 2. Red 

dashed line  = 0.7; 3. Blue dot  = 0.5). 

The findings of the study demonstrate that an 
automobile’s braking characteristics are mostly 
determined by the coefficient of friction between the tire 
and the road surface. The vehicle often has a higher 
deceleration rate when the coefficient of friction reaches a 
high value ( = 0.8), which results in noticeably shorter 
stopping times and distances. Fig. 18 presents that braking 
efficiency drastically drop when the coefficient of friction 
drops to  = 0.7 and  = 0.5, as shown by longer stopping 
times and slower deceleration. Wheel slippage is more 
likely when the coefficient of friction decreases because it 
restricts the amount of braking force that is transferred to 
the road surface [37]. This has a direct impact on the 
longitudinal stability of the vehicle. This outcome 
validates the significance of road surface conditions and 
the need for sophisticated braking and stability control 
systems to enhance operational safety under low-traction 
circumstances. 

V. CONCLUSION 

The experimental results clearly demonstrate that the 
tire-road friction coefficient strongly governs both braking 
performance and vehicle dynamic stability. Under  
high-adhesion conditions (φ = 0.8), the slip ratios of both 
front and rear wheels remained predominantly within the 
linear adhesion region, where tire forces increase 
proportionally with slip. In this operating range, the tires 

are able to transmit braking forces efficiently, resulting in 
stable deceleration and shorter stopping times. In addition, 
longitudinal load transfer during braking increases the 
normal force acting on the front axle, thereby enhancing 
front-wheel traction capacity and reducing the likelihood 
of premature front-wheel lock. 

In contrast, under medium- and low-adhesion road 
conditions (φ = 0.7 and φ = 0.5), the rear axle wheels 
exhibited a rapid rise in slip ratio followed by early wheel 
lock. This indicates a transition from the adhesion region 
to full sliding friction, where the available longitudinal tire 
force decreases significantly. As a consequence, braking 
effectiveness deteriorated substantially, with stopping 
performance reduced by approximately 28% at φ = 0.7 and 
up to 43% at φ = 0.5 compared with the dry-road condition. 
The corresponding increase in braking time and decrease 
in achievable deceleration confirm the strong dependence 
of braking efficiency on surface friction. 

Furthermore, the reduction in rear axle braking  
force—approaching 50% lower on low-friction roads than 
on dry pavement—adversely affects both longitudinal and 
lateral stability. Since locked rear wheels generate little 
lateral guidance force, the vehicle becomes more 
susceptible to yaw instability, tail swing, and loss of 
directional control during severe braking maneuvers. 
These findings emphasize the necessity of effective  
brake-force distribution and slip control strategies when 
operating on low-adhesion surfaces 

Overall, the results show that reducing road adhesion 
raises the likelihood of wheel lock, skidding, and vehicle 
instability in addition to reducing braking force and 
acceleration. These findings demonstrate how road surface 
characteristics have a significant impact on braking 
dynamics and emphasize the need for sophisticated 
braking and stability control systems to guarantee safe 
vehicle operation in lowtraction situations.  
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