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ABSTRACT 

The conceptual design represents the concretization of project requirements defined based on market data. This pa-
per will focus on the steering system, specifically the steering arm. The parameters of the steering arm are not known 
in the initial design phase of a heavy motor vehicle, so an attempt is made here to define the necessary dimensions 
based on the minimization of its lateral vibrations, while simultaneously minimizing the mass and maximizing the 
critical buck-ling force. For this purpose, a simplified geometric, physical, and mathematical model of the steering 
arm, as well as the stochastic parameter optimization method and 2D Fourier transform, were used. 
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1. INTRODUCTION 

The heavy motor vehicle defined by the project task is further developed in subsequent design phases, where creative 
and intuitive approaches that played a significant role in the creation of the project task give way to logical and ob-
jective factors, calculations, measurements, shaping, evaluations of production and technological capabilities, etc. 
[1,2]. The conceptual design represents the first concretization of the project task [1].  

This paper will focus on the steering system, specifically the steering arm.The assumption is that the project task 
defines the need to design a heavy motor vehicle for the market with a total mass of 11000 kg and a payload capacity 
of 4000 kg, with dimensions (length x width x height, mm): 6400 x 2500 x 3600, and a short cab. The engine is posi-
tioned at the front, and the vehicle is rear-wheel drive.The steering system of the newly designed vehicle must with-
stand rigorous exploita-tion conditions.  

For illustration purposes, Figure 1a shows the diagram of the steering system, with the steering arm marked. The 
steering arm of the steering system will be dimensioned using optimization methods based on minimal lateral vibra-
tions and mass, as well as maximum critical buckling force. It should be noted that optimization can be performed: 

• theoretically, using mathematical models and dynamic simulations, 
• experimentally, and 
• in combination. 



Engineering Today Vol. 3 • (2024) • No. 2 

 18 M. Demić 

We note that experimental research is costly and often impractical in the initial design phase of a vehicle. Therefore, 
the approach of theoretical optimization has been accepted here, which required modeling of the steering arm, 
which will be further discussed. 

2. METHOD 

The aim of this paper is to explore the possibilities of applying optimization methods in selecting the dimensions of 
the steering arm in the conceptual design phase of a vehicle. The objective function should enable the minimization 
of lateral vibrations of  the arm and its mass, while maximizing the critical buckling force. 

2.1. Steering arm model 

It was considered appropriate to first define in detail the load to which the steering arm is exposed during exploita-
tion. For illustration, Figure 1b shows a possible position of the steering arm of heavy motor vehicles. It should be 
noted that option 1b-1 is used in heavy vehicles with rear-wheel drive, while 1b-2 is used in front-wheel drive vehicles. 

  

a) b) 

  

c) 

 
 

d) e) 

Figure 1: a) Position of the steering arm in the steering system of the subject heavy vehicle; b) possible positions of 
the steering arm; c) axle for FAP heavy vehicles; d) forces in the steering arm during vehicle braking; e) braking force  

One of the methods for dimensioning the  steering arm is based on the maximum force in the link during intense 
braking on a straight road [3]. In this case, the steering arm located behind the axle is subjected to compressive force 
and possible buckling, while if it is in front of the drive axle, it is subjected to tensile force. Since buckling is more 
critical from a dimensioning perspective, it will be discussed further. 

 It was considered appropriate to consider the front axle of the FAP vehicle for further analysis, designated as FAP 6.5, 
shown in Figure 1c. Figure 1d shows the forces acting on the steering arm during intense braking, so further discus-
sion will focus on calculating the braking forces, or the force in the arm. 

Based on the data on the selected axle, the maximum vertical force is Z=65000 N, α=12°, size ll=228 mm, and the 
average distance from the center of the axle arm to the center of the wheel m=147 mm. 

Taking into account [2], the total braking force during straight-line motion is given by the expression: 

 K Zϕ=  (1) 
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where:  

− Z - vertical force on the front axle, and 

− ϕ - coefficient of adhesion - for braking on dry asphalt road, the adopted value is 0.7 [2]. 

To take into account the influence of micro-roughness on the coefficient of adhesion, in the absence of experimental 
data, it is assumed that it randomly varies with an amplitude of 2.5% from the adopted value. For illustration, Figure 
1e shows the change in braking force for the assumed change in the coefficient of adhesion. 

Considering Figure 1d, the magnitude of the force in the steering arm is given by the expression: 

 cos
2tr

l

K m
F

l
α=  (2) 

It should be noted that the force Ftr represents the excitation function, Figure 2. 

 

Figure 2: Model of the steering arm for analyzing its transverse vibrations 

It was considered appropriate to model the steering arm as an elastic beam with a constant cross-sectional ring shape, 
loaded at the ends with variable axial forces, Figure 2. When defining a model to describe the lateral vibrations of the 
steering arm, the following assumptions were made [4,5]: 

− the curvature of the arm is small during lateral vibrations, 

− the influence of torsional and other dynamic loads is neglected, 

− the cross-section of the arm is a pipe with constant radii, 

− the mass of the arm is continuously distributed along its length, and 

− the influence of friction and clearances in the arm joints is neglected. 

Given that the partial differential equation describing the transverse vibrations of an elastic beam is described in de-
tail in [4,5], it will not be repeated here, but only its final form will be given. 

Based on the assumptions introduced, the forced transverse vibrations of the steering arm are described by the partial 
differential equation [4,5]: 

 
2 4

2 4
( , )xEIu u
f x t

At xρ
∂ ∂− =
∂ ∂

 (3) 
where: 

− u = u(x, t) - transverse vibrations of the steering arm, 

− x - coordinate along the length of the arm, 

− f(x, t) =Ftr - excitation function originating from intense vehicle braking, 

− t - time, 

− Ix - moment of inertia of the cross-section of the arm, 

− ρ - material density, 

− E – Young's modulus of elasticity, and 

− A - cross-sectional area of the arm. 

The area and moment of inertia of the annular cross-section of the steering arm are given by the expression: 

 2 2 4 4( ); ( )
4xA R r I R r
ππ= − = −  (4) 

where: 

− R - outer, and 

− r - inner radius of the arm tube. 

As known [4,5], to find the general solution of the partial differential equation (3), it is necessary to know the boundary 
and initial conditions. In this specific case, both ends of the steering arm are connected by a spherical bearing, so the 
torques at the ends are equal to zero, and the forces due to vibrations are equal to the disturbance forces, i.e.: 
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where: 

− Ftr - force at the ends of the arm. 

For dynamic simulation, it is assumed that the displacements at the spherical joints are zero at the initial moment, i.e.: 

 ( ,0) 0; ( ,0) 0su x u l= =  (6) 

The disturbance force is encompassed by the boundary conditions (5). It should be noted that in solving the partial 
differential equation (3), it is sometimes necessary to introduce additional initial conditions [6]. 

Partial differential equations (3), in closed form, with boundary and initial conditions (5), (6) and a disturbing force (2), 
can only be sought in the case of harmonic excitation [6], so an attempt was made to solve it using the Wolfram 
Mathematica 13.2 sofware [6]. However, difficulties arose with scrolling numerical data and the fact that the men-
tioned software only solves partial differential equations up to the second order, so it was decided to solve the prob-
lem numerically [7], using the finite difference method. Since this procedure is known from [7], there will be no further 
discussion about it here, and the differential equation was solved using the developed Pascal software. 

2.2. Dimensioning of the steering arm 

In the following text, there will be more words about the optimal dimensioning of the steering arm. It should be noted 
that various methods are used in practice for this purpose, and here the "stochastic parametric optimization" method 
will be applied. As is known, the "stochastic para-metric optimization" method is used in optimizing the oscillatory 
parameters of motor vehicles and is based on nonlinear programming methods [8,9]. Since there are constraints on 
the design parameters in the optimization process, the problem is solved by introducing "external" or "internal" pen-
alty functions [8]. 

In this specific case, the method of "stochastic parametric optimization" based on the Hooke-Jeeves method and "ex-
ternal" penalty functions was used for the selection of dimensions [8,9]. Since this optimization method is described 
in detail [9], it will not be discussed here. For illustration purposes, Figure 3 shows its block diagram, and the software 
is implemented in Pascal. 

 
Figure 3: Block diagram of the optimization method 

It was deemed appropriate to make the optimal choice of dimension parameters for the steering arm based on the 
conditions of minimal arm vibrations as an elastic system, its minimum mass, and maximum critical buckling force. 
With this in mind, the objective function of the form was used: 

 1 2 3RMS kru m Fα α αΦ = + −  (7) 
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where: 

− α1, α2, α3 - weight factors that define the influence rank of the variables on the objective function and allow 
for the conversion of variables that define sub-objectives into the same units. In the absence of recommen-
dations for the selection of these coefficients, the case where they are equal to one was observed, 

− uRMS - values of the steering arm vibrations obtained by solving the partial differen-tial equation (3), and 

− Fkr - critical buckling force of the arm. 

The RMS transverse vibrations of the arm are calculated using the expression: 

 2 2
1 1

1
( , )

nx nt

RMS i j
x t

u u i j
n n = =

=    (8) 

where: 

− u(i,j) - transverse vibrations of the arm, 

− nx - number of points along the x-axis, and 

− nt - number of points along the t-axis. 

The mass of the steering arm is calculated based on the dimensions of the cross-section and the its length, using the 
expression: 

 trm Alρ=  (9) 

where: 

− A - cross-sectional area of the beam (expression 4), 

− ρ - material density, and 

− ltr - length of the arm. 

The critical buckling force of the steering arm was calculated using the following expression [10]: 

 2 m
2

I in

o

E
F

L
π=  (10) 

where: 

− Lo - buckling length (in our case, equal to the length of the arm ltr for both hinged ends of the arm), and 

− Imin - minimum moment of inertia of the cross-section of the arm, given by expression (4). 

During the process of optimal selection of the geometric parameters of the arm, based on the data of the adopted 
axis, its length ltr=1560 mm, and the boundary values of the pipe radius of the arm were used: 20 ≤ R ≤ 25; 10 ≤ r ≤ 20. 
By introducing the optimizing parameter x[i], i=1,2, instead of R and r, with corresponding boundary values xu[i], xl[i], 
i=1,2, the objective function depends on two optimizing parameters and it has multiple local minima and only one 
global minimum [8,9]. Considering that, in practice, finding the global minimum is achieved by starting the optimi-
zation process with multiple initial values of the optimizing parameters [9], it was deemed appropriate to start with 
three initial values of these parameters in this case: 

0.5( [1] [2])

0.8 [1]; 0.8 [2]

1.2 [1]; 1.2 [2]

u u

u u

l l

x x x

x x x x

x x x x

= +

= =

= =

 

The optimization was performed on a Pentium 4 computer (Intel 2.4 GHz, 9 GB RAM), and the iterative process was 
automatically terminated when the difference between two adjacent values of the objective function was 10-15. The 
optimization time for each combination was about 15 minutes, and the calculated parameters are shown in Table 1. 

Table 1: The calculated parameters 

Initial values R 
[mm] 

r 
[mm] 

Objective function 
Φ 

Number  
of iterations 

0.5(xu[1]+xu[2]) 22.50 10.00 -1.64726⋅105 646 

0.8xu[1];0.8xu[2] 20.00 16 1020 313 

1.2xl[1];1.2xl[2] 24.00 10.00 -2.15216⋅105 580 
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3. DATA ANALYSIS 

By analyzing the data from Table 1, it can be concluded that the lowest value of the objective function was obtained 
when the initial values of the optimizing parameters were in the middle of their boundary values. Therefore, for prac-
tical reasons, this combination is adopted as the global minimum. It should be noted that in the case of starting the 
optimization process with 0.8xu, the values of the objective function obtained were 1020, which indicates that the 
optimizing parameters were outside the adopted boundary values. 

By using the software  developed in Pascal, the maximum force in the joint Ftrrmax= 15063, N was calculated, and based 
on equation (10), the critical buckling force, assuming both ends are free, is Fcr = 164742, N. The safety factor is given 
by the expression [10]: 

 
max

164742
10.93

15063
cr

tr

F
F

ν = = =  (11)
 

The value of the safety factor is significantly greater than 3.5 [10], so it can be argued that the optimized parameters 
are acceptable for this design phase. It should be noted that in the later stages of vehicle design, the safety factor can 
be reduced by changing the thickness of the pipe wall. 

It is considered useful to calculate the slenderness of the steering arm for optimal parameters - (previously, the surface 
area and minimum moment of inertia were calculated: A=1276 mm2; Ixmin=1.934⋅105 mm4) [10]: 

 
5

1560
126.71

1.934 10
1276

tr

x

l

I
A

λ = = =
⋅

 (12) 

Since the slenderness of the steering arm is greater than 100 (for steel), it can be argued that it is acceptable to use 
Euler's theory [10]. During the optimization process, a dynamic simulation was performed for the steel arm using the 
following data: E=2.1⋅105, N/mm2; ρ=8⋅10-6 , kg/mm3; nx=1000; hx=1.56, mm; nt=1000; ht=0.02 s. The chosen values for 
the number of points and discretization steps allowed for reliable results for the parameter x: 0.00064 to 0.32,1/mm 
and t: 0.04 to 25 Hz [11]. It was deemed appropriate to also perform an analysis of the transverse vibrations of the 
steering arm for the optimal parameters, which are shown in Figure 4, for illustration. 

 

Figure 4: Transverse vibrations of the steering arm  

From Figure 4, it can be seen that the transverse vibrations of the steering arm depend on the position along the arm 
and the time of observation of the wave motion. Due to the random nature of the excitation forces, the transverse 
vibrations have a random character, which is in accordance with [4,5]. 

For frequency analysis, it is necessary to apply the 2D Fourier transformation (the author developed software in Pascal 
[12]). However, considering the available commercial software on the market, it was considered appropriate to use 
Origin 8.5 [13] for further analysis, as potential users will have easier access to this software. Using the mentioned 
software, the sizes and phase angles of the 2D Fourier transform were calculated, and the results are shown in Figures 
5 and 6, for illustration. 

By analyzing the data from Images 5 and 6, it can be determined that the vibrations (spectrum magnitudes and phase 
angles) vary along the length of the steering arm and depend on time. This fact confirms the theoretical knowledge 
about transverse vibrations of an elastic beam [4].  
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Figure 5: The spectrum magnitude of  

transverse vibrations of the steering arm 
Figure 6: The phase angles of the spectrum  
of transverse vibrations of the steering arm 

It should be noted that the calculated dimensions are preliminary and can be changed in a later stage, especially 
when adopting a standard tube for the steering arm. This can be done at the expense of reducing the safety factor, 
with a final calculation verification using the finite element method and experimentation, which will not be discussed 
here [14]. It should be noted that based on the adopted standard dimensions, and analysis of the resonance of the 
steering arm must be performed and compared with the frequencies of the harmonics obtained through 2D Fourier 
transform. The goal is to avoid overlap between the arm resonance and wave frequencies, which will not be discussed 
further here. 

It is also worth noting that there are no explicit procedures for calculating errors in spectral analysis for 2D Fourier 
transform, as in the case of 1D Fourier transform [11]. Keeping this in mind, as well as the fact that the goal of this 
work is to illustrate the potential application of 2D Fourier transformation in the analysis of transverse vibrations of 
the steering arm, statistical errors were not calculated. 

4. CONCLUSION 

The developed procedure, based on the analysis of transverse vibrations, mass, and critical buckling force of the steer-
ing arm, allows for defining its dimensions in the initial stage of vehicle design. In further development of the project, 
based on the defined parameters of the steering arm, more detailed calculations can be performed, possibly using 
the finite element method. The conducted analyses have shown that the use of 2D Fourier transform is desirable for 
analyzing the transverse vibrations of the steering arm, which specifically refers to the analysis of its resonant fre-
quencies. 
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