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1. Introduction 

As a result of the rapid developments from the 19th century until 

today, vehicles have become indispensable elements of daily life. 

Especially in the 90's and later, researchers focused on improving 

fuel economy in vehicles, reducing exhaust emissions, and im-

proving vehicle comfort and safety. This situation led to a similar 

orientation of academic studies in the automotive field. For this 

purpose, studies have been carried out in many areas such as alter-

native fuels, different transmission systems and control methods, 

different suspension systems, and different tire types. Along with 

these studies, tire inflation pressure is one of the most important 

factors affecting fuel economy, driving comfort and safety [1]. 

When the literature is reviewed, it is seen that many studies have 

been conducted on the effects of tire inflation pressure on the ve-

hicle. Various tire inflation pressure control systems have been de-

veloped by researchers to reduce fuel consumption. However, the 

effect of tire inflation pressure change on fuel economy has been 

experimentally investigated in different studies [2]. Rieter and 

Wagner (2010) examined the effect of low tire inflation pressure 

on vehicle steering in order to increase driving quality and safety 

while driving. The results show that the lower front wheel pressure 

causes the turning angle to increase. They observed that if the rear 

wheel pressure is large, the angle of skid increases. Koca (2007) 

examined the dynamic wheel radius at different tire inflation pres-

sures and different vehicle speeds at three tires with different load 

and speed characteristics. It was found that the wheel dynamic ra-

dius increased due to the speed increase and tire pressure change, 

and the dynamic radius increased significantly after 60 km/h vehi-

cle speed [3]. Sina et al. (2015) studied the effect of different tire 

pressures on tire power losses under real road conditions. They ob-

served that at 22 psi at positive inclination, the least power loss 

occurred in the drive wheels, while rolling resistance increased by 

12%. In negative slope, they observed that the minimum power 

loss and rolling resistance were at 36 psi in the drive wheels [4]. 

Cuong et al. (2013) examined the effect of tire pressure on vibra-

tion in a tractor without suspension. During the experiments, they 

measured the lateral vibration accelerations of the front and rear 

axles and the triaxial vibration acceleration of the tractor body us-

ing an accelerometer. As a result of the experiments, they con-

cluded that speed and tire pressure significantly affect vibration [5]. 

Karakuş and Çolakoğlu (2008) determined the 2-dimensional and 

3-dimensional modeling of a 175/70 / R13 car tire by the stresses 

occurring at different internal pressures of the tire. They observed 
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that the maximum stress was on the sidewall of the tire and on the 

inner surface of the carcass, and the tension increased almost di-

rectly depending on the internal pressure [6]. Bayrakçeken et al. 

(2019) experimentally examined the effect of tire inflation pressure, 

which is lower than the rated pressure, on the vehicle, in particular 

the pitching force. In addition, as a result of the study, the relation-

ship between low tire inflation pressure and pitching force of the 

vehicle was modeled by curve fitting method with two different 

functions [7]. 

This study aims to reveal the effect of the tire inflation pressure 

above and below the rated pressure (34 psi) on the pitching force 

that occurs during braking. In the brake tests performed for this 

purpose, a total of nine different tire inflation pressure tests from 

24 psi to 40 psi were carried out. Based on the experimental results, 

different equations suitable for the curve obtained were derived us-

ing the Hybrid Iterative Curve Fitting Algorithm. As a result, the 

relationship between tire inflation pressure and pitch force is ex-

pressed by mathematical models with high correlation coefficients. 

2. Materials and Methods  

2.1 Experimental study  

In addition to the steering wheel control, the brake force also 

plays an active role in keeping a moving vehicle under control. An 

effective braking force is the result of good braking performance. 

Brake performance is basically measured based on stopping dis-

tance, brake output torque or brake efficiency. Tests to evaluate the 

brake performance are performed on the brake tester or vehicle by 

changing parameters such as load, speed, temperature, pedal 

force/brake pressure and tire air pressure. 

Drum type electromechanical brake test devices are widely used 

for brake force measurement in the determination of vehicle brake 

forces. In these devices, the values are determined by the wheels 

of the vehicle rising on the drums of the brake device and by ap-

plying the brakes while the rollers are turning the wheels. Apart 

from this, flat floor test platforms are also used to measure vehicle 

brake force. In the brake test with flat ground test platforms, the 

vehicle is dragged on the platform at a speed of about 8 km / h and 

braked hard. However, such test devices cannot provide the sensi-

tivity and conditions suitable for academic studies. For this reason, 

various test devices have been developed for researchers to per-

form brake tests precisely in the laboratory environment. Brake 

Suspension Test Device, one of these devices, was used in the experi-

mental part of this study [8]. 
Table 1. Features of the Tester 

Internal-combustion engine 4 Cylinder, Gasoline Engine 

Engine capacity 1,4 L 

Engine Maximum Power 57 kW 

Engine Maximum Torque 115 Nm 

Tire Information 175/70R14 

 

In the experiment, the ambient temperature was determined as 

25 ° C. The experiments were carried out using the brake-suspen-

sion test device given in Figure 1. Engine features used in the de-

vice are given in Table 1. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Brake suspension tester 

 

The brake suspension tester in Figure 1 basically measures the 

pitching force coming to the suspension wedge during braking. Ex-

periments were carried out by braking every 20 seconds at 3000 

rpm in the 3rd gear for 300 seconds for each tire inflation pressure. 

 

2.1 Non-linear iterative regression 

Regression analysis was developed and put forward by legendre, 

Gauss, Galton and Fisher in the 19th and 20th centuries. Regres-

sion analysis is used for curve fitting purposes in most of the cur-

rent studies. Thus, numerical modeling of events that are difficult 

to model analytically is provided in the light of experimental 

data[9,10-14]. In this study, numerical modeling has been done by 

using the Hybrid method whose algorithm is given in Equation (1), 

(2) and (3). The method consists of a combination of nonlinear re-

gression algorithm and Newton-Raphson iteration method. 

 

𝑓(𝑖) = 𝑎1 ∙ 𝑥(𝑖)2 + 𝑎2 ∙ 𝑥(𝑖) + 𝑎3 − 𝑦(𝑖)                 (1) 

 

ℎ(𝑖, 𝑗) = ∑
𝜕𝑓(𝑖)

𝜕𝑎𝑘

𝑘
𝑗=1                                     (2) 

  𝑎𝑘 = 𝑎𝑘 −
𝑓(𝑖)

ℎ(𝑖,𝑗)
                                     (3) 

Here, Eq. (1) represents the sample model. Classical nonlin-

ear regression formulation is given in Equation 2, and Newton-

Raphson expression giving model coefficients is given in Eq. (3). 

When the coefficients obtained by using the hybrid algorithm 

are used, the target mathematical model given in Eq. (1) is writ-

ten as presented in Eq. (4). 

 

𝑦(𝑥) = 𝑎1 ∙ 𝑥2 + 𝑎2 ∙ 𝑥 + 𝑎3                           (4) 

 

Empirical relations derived by curve fitting and similar methods 

based on experimental data have certain margins of error in the 

extent of the accepted acceptances and approaches. The correla-

tion constant R2 given in Eq. (5) is used to determine the amount 

of error, especially in the modeling made with curve fitting [15]. 

𝑅2 =
∑(𝑦𝑟𝑒𝑎𝑙−𝑦𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛)

2

∑(𝑦𝑟𝑒𝑎𝑙−𝑦𝑟𝑒𝑎𝑙 𝑚𝑒𝑎𝑛)
2                (5) 
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2. Results and Discussion 

In this study, in order to reveal the relationship between pitch-

ing force and tire inflation pressure, a total of nine different pres-

sures from 24 psi to 40 psi rated pressure were performed. Ex-

periments were carried out by applying braking every 20 sec-

onds at 3000 rpm for 300 seconds for each tire inflation pressure. 

Average pitching force was obtained for each tire inflation pres-

sure by taking the average of the force values measured during 

the experiment. Table 2 shows the average pitching forces up to 

a tire inflation pressure of 24-40 psi. 
 

Fig. 2. Average pitch force to 24 - 40 psi tire inflation pressure 

 
Table 2. Average Pitch Force to 24 - 40 psi tire inflation pressure 

Tire Inflation Pres-
sure (psi) 

Average Pitch 
Force (N) 

Brake Main Cen-
ter Pressure (bar) 

During Braking 

24 84.3 

8 

26 83.267 

28 82.316 

30 80.15 

32 77.85 

34 77.07 

36 81.4 

38 85.68 

40 88.9 

 

The relationship between the pitching force generated in the sus-

pension wedge during braking and the brake force can be expressed 

as given in Equation 6 at high inflation pressures where the vehicle 

tire behaves close to a rigid material. Here, the pitching force is 

shown by Fpitching, the brake force Fbrake, the dynamic  

 

wheel radius Rdyn, the distance of the outer surface of the brake disc 

to the suspension wedge Ldisc and the radius of the brake disc with 

rdisc. 

 

𝐹𝑝𝑖𝑡𝑐ℎ𝑖𝑛𝑔 ∙ (𝐿𝑑𝑖𝑠𝑐 + 𝑟𝑑𝑖𝑠𝑐) = 𝐹𝑏𝑟𝑎𝑘𝑒 ∙ 𝑅𝑑𝑦𝑛                 (6) 

 

𝐹𝑝𝑖𝑡𝑐ℎ𝑖𝑛𝑔 = 𝐹𝑏𝑟𝑎𝑘𝑒

𝑅𝑑𝑦𝑛

(𝐿𝑑𝑖𝑠𝑐+𝑟𝑑𝑖𝑠𝑐)
                           (7) 

 

Fig. 2 shows that average pitching forces up to 24 - 40 psi tire 

inflation pressure. As it can be seen from Eq. (7), as the tire infla-

tion pressure increases, the dynamic wheel radius will increase and 

the pitching force generated during braking is expected to increase. 

However, at tire pressures less than 34 psi, the pitch force increased 

rather than decreased. Tire, which is a polymer material, can show 

reactions such as adhesion and adhesion to the contact surface at 

sub-standard tire inflation pressures. Adhesion between the tire and 

surface is increase in low tire pressure values. Additionally, the inertia 

of the test device is same at each tire pressure. Therefore, the adhesion 

increased by low tire pressure could be lead to increasing in term of 

pitch force during the braking process. As a result, at tire inflation 

pressures below the rated pressure, the tire may have shown a non-

linear behavior contrary to Eq. (1). 
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Fig. 3. Tester wheel group schematic 

 

When the effect of tire inflation pressure on pitching force dur-

ing braking was examined experimentally, a parabolic change was 

observed. However, considering the non-linear factors arising 

from vehicle dynamics, it is predicted that the relationship between 

tire inflation pressure and pitching force can be modeled by para-

bolic or periodic functions. Therefore, the periodic functions given 

in Eq. (8), (9) and (10) and the parabolic functions given in Eq. (11) 

and (12) are considered as models for curve fitting. The coeffi-

cients and R2 values of the functions derived by using the hybrid 

regression model, which is an iterative algorithm, as seen in Eq. 

(3), are given in Table 3. 

 

𝑦(𝑥) = 𝑎0 + ∑ (𝑎𝑛 cos
𝑛𝜋𝑥

𝐿
+ 𝑏𝑛 sin

𝑛𝜋𝑥

𝐿
)

∞

𝑛=1
             (8) 

 

𝑦(𝑥) = ∑ (𝑎𝑗 sin(𝑏𝑗 ∙ x + 𝑐𝑗))
𝑛

𝑗=1
       (9) 

 

By using the hybrid regression method, the Fourier series given 

in Eq. (8) is expanded to the second terms and as a result of the 

curve fitting performed, a mathematical model that provides the 

sensitivity of R2 = 0.9957 is presented. When the Sine series ex-

pansion given in Eq. (9) is expanded to the third terms, a modeling 

with R2 = 0.9931 is provided in the curve fitting made using the 

model obtained. 
 

The Gaussian series expansion, which is the last periodic model 

considered as the basis of the mathematical model, is given in Eq. 

(10). When the Gaussian series is expanded to its third terms, the 

regression using the function obtained has provided a sensitivity of 

R2 = 0.9967. 

 

𝑦(𝑥) = ∑ (𝑎𝑗 ∙ 𝑒
−(

𝑥−𝑏𝑗

𝑐𝑗
)

2

)

𝑛

𝑗=1

                   (10) 

 

Figure 4 shows mathematical models derived from periodic 

functions. When the R2 values of the derived curve fittings were 

examined, it was seen that the periodic function expansions dis-

cussed could be used as a mathematical model for the relationship 

between tire inflation pressure and pitch force. However, since all 

three equations are periodic, a mathematical model can be obtained 

in only one period of the function, namely as "local". Therefore, 

two different parabolic functions given in Eq. (11) and (12) as an 

alternative to periodic functions are considered as mathematical 

models. 

 

𝑦(𝑥) = ∑ (𝑎𝑗 ∙ 𝑥𝑗−1)
𝑛

𝑗=1
                              (11) 

 

(𝑥) = ∑ (𝑎𝑗 ∙ 𝑒𝑏𝑗)
𝑛

𝑗=1
               (12) 

 

 

The general polynomial equation given in Eq. (11) is handled as 

a third order polynomial and a mathematical model with R2 = 

0.9104 is derived as a result of the curve fitting. The last equation 

considered to model the relationship between tire inflation pressure 

and pitching force is the exponential function seen in Eq. (12). As 

a result of the modeling by expanding Equation 11 up to the second 

term, a curve fitting with a precision of R2 = 0.8881 is performed. 

Fig. 5 shows mathematical models derived from parabolic func-

tions. It is seen that R2 values of mathematical models obtained as 

a result of modeling based on parabolic functions are lower than 

periodic functions. However, it is seen that the models obtained as 

a result of curve fitting made with parabolic functions are more 

globally compatible with the physics of the problem. However, in 

third order polynomials, the function curve is similar to the com-

bination of two parabolas. Therefore, it is seen that the modeling 

made with the third order polynomial does not exactly fit the phys-

ics of the problem, but it fits in one half of the function. The graph 

of the exponential function obtained as a result of the modeling 

based on Eq. (12) consists of a single parabola in accordance with 

the physics of the problem under consideration. Although R2 value 

is the lowest among the derived mathematical models, it is seen 

that the most suitable function to define the relationship between 

tire inflation pressure-pitching forces globally is the second order 

expansion of Eq. (12). 
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Table 3. Equation coefficients obtained by hybrid regression

 
3rd Degree  

Polynominal 
2nd Order  

Exponentinal 
2nd Order Fourier 3rd Order  

Gaussian 
3rd Order Sine 

Sum 

R2 0.9104 0.8881 0.9957 0.9967 0.9931 

a0 - - 83.07 - - 

a1 -76.82 132.8 4.903 89.25 173.2 

a2 19.37 0.04152 -0.2783 64.88 96.21 

a3 0.7468 - - 12.99 3.853 

a4 0.009168 - - - - 

 

Fig. 4. Mathematical models derived with periodic functions 

 
 

The R2 values of the functions derived using the Hybrid Iterative 

Regression model whose algorithm is given in Equation 1-3 

showed that the algorithm can be successfully used in curve fitting 

studies of nonlinear problems. High R2 values obtained in curve 

fitting studies with periodic functions that present a local model to 

the problem in particular revealed that the Hybrid Iterative Regres-

sion algorithm is a reliable approach. 

 

3. Conclusion 

In this study, the pitching force generated in vehicle suspensions 

during braking was investigated. For this purpose, brake tests at 

different tire inflation pressures were carried out in the laboratory. 

Tests performed between 24-40 psi in the Brake Suspension Test 

Device developed by Bayrakçeken et al. (2016) as the tire inflation 

pressure increased more than the rated pressure of 34 psi, it was 

observed that the pitching force increased as the dynamic wheel 

radius also increased (8). However, at tire pressures less than 34 

psi, the pitch force increased rather than decreased. Tire, which is 

a polymer material, can show reactions such as adhesion and ad-

hesion to the contact surface at sub-standard tire inflation pressures. 

This has led to an increase in pitch force at tire inflation pressures 

below the rated pressure. 

 

Hybrid Iterative Regression analysis was performed in order to 

model the change of pitching force occurring during braking ac-

cording to tire pressure. When the effect of tire inflation pressure 

on pitching force during braking was examined experimentally, a 

parabolic change was observed. Therefore, periodic functions 

given in Eq. (8), (9) and (10) and parabolic functions given in Eq. 

(11) and (12) are used to model the relationship between tire infla 
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Fig. 5. Mathematical models derived with parabolic functions

-tion pressure and pitching force. When the R2 values of the de-

rived functions are examined, it is seen that the periodic functions 

provide higher correlations. However, it is evaluated that periodic 

functions can only provide high correlation over a period of time. 

As a result, although the correlation coefficients are lower than the 

periodic functions, it has been determined that parabolic functions 

are more suitable for modeling the problem addressed in the whole 

state space globally. Therefore, it has been demonstrated that peri-

odic functions can be used in modeling for local situations where 

high precision is required. However, it has been observed that par-

abolic functions are more suitable to make a more general model-

ing for the problem under consideration. In addition, it has been 

revealed that the Hybrid Iterative Algorithm, which uses high R2 

values obtained as a result of the performed models, has achieved 

success in curve fitting studies. 

Bayrakçeken et al. (2019) was handled only the low tire pressure 

[7]. In this paper it’s investigated the effect of high pressure in ad-

dition to low tire pressure, unlike to previous study. Furthermore, 

it’s used five different mathematical models for curve fitting. It 

was seen that two mathematical models (Fourier Expan-sion and 

3rd degree Polynomial) developed by Bayrakçeken et al. (2019) for 

low tire pressure are also valid for high tire pressure [7]. This situ-

ation shows that the obtained empirical formulas are suitable for 

the physics of discussed problem. 

Conflict of Interest Statement 

The authors declare that there is no conflict of interest. 

CRediT Author Statement 

Hüseyin Bayrakçeken: Experiment design, Zekeriya Gir-

gin: Creation of non-linear regression equations, Faruk Emre 

Aysal: Solution of non-linear regression equations, Mustafa 

Babagiray: Writing the article 

Nomenclature 

𝑎, b, and c : coefficients of functions 

𝐹𝑝𝑖𝑡𝑐ℎ𝑖𝑛𝑔  : pitching force (N) 

𝐹𝑏𝑟𝑎𝑘𝑒  : braking force (N) 

𝐿𝑑𝑖𝑠𝑐  : disc length (m) 

𝑟𝑑𝑖𝑠𝑐
  

: disc radius (m) 

𝑅𝑑𝑦𝑛 : wheel radius (m) 

R2 : coefficient of determination 
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