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Abstract

The steering system, deemed one of the most critical subsystems for ensuring the safety of a vehicle, is
characterised by its pivotal role in manoeuvrability and control. The primary function of transmitting the
steering input from the steering wheel to the vehicle's wheels is carried out by the drag link within the
steering system. Therefore, the durability and proper functioning of the drag link in vehicles, especially ~ History
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carrying heavy loads, are of critical importance for both safety and efficiency. The main purpose of this v " 157072024
study is to determine the optimal geometry of the drag link utilised in the steering system of a 4x2 truck  Accepted  18.09.2024
using the Design of Experiments-Response Surface Methodology (DoE-RSM). Firstly, an idealised worst-
case load model was used to determine the maximum force applied by the Pitman arm on the drag link.
The stress distribution and deformation on the drag link caused by the maximum design load were deter-
mined using Finite Element Analysis (FEA). Based on the results of the analyses, eccentricity, rod thick-  contact
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1. Introduction On the other hand, in many steering system applications, the
volume in which the wheel operates (wheel envelope) does not
allow for the linear rod-shaped design of the rod. Therefore, in
the production of these rods, they are subjected to bending at
certain points in addition to tensile or compressive loading [5].
In this case, the eccentric design of the component becomes in-
evitable. This also results in the generation of an additional
bending moment due to the axial forces acting on the component
during the transmission of steering torque. Therefore, during the
design stage, it is necessary to assess the component in terms of
buckling as well [3,6]. The mechanical and buckling behaviour
of the drag link under various loading conditions has been in-
vestigated in detail by various studies in the literature. Finite El-
ement Analyses (FEA) were performed for different rod materi-
als to investigate the buckling strength of drag link with opti-
mum performance for a heavy-duty vehicle in [7] and [8]. In
another study, structural analysis was carried out to evaluate the
durability of steering components under various loading condi-
tions. In addition, the buckling strength of the drag link was also
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The steering system is one of the most critical subsystems of
a land transport vehicle regarding safety [1]. The general view
and the mechanical components of a steering linkage used in a
tractor truck can be seen in Figure 1 [2]. These components can
be listed as the steering shaft, steering gearbox, pitman arm, drag
link, steering arm, track rod, and tie rod. The steering torque in-
put applied to the steering wheel is transferred to a gear system
known as the steering box, through the steering shaft. Afterward,
by means of a Pitman arm connected to the output shaft of the
gearbox, the steering motion is transmitted to the drag link and
the steering arm connected to the stub axle, enabling the vehi-
cle's wheels to turn right or left for steering. The transmission of
the steering motion between the axle wheels is provided by the
tie rod. Due to its function of transferring the applied steering
torque to the wheels, the drag link stands out as a vital structural
component of this system [3,4].
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investigated [9]. Vijaykumar and Anand applied FEA for a high
strength drag link and the buckling strength of the rod was cal-
culated using the available material properties. Subsequently,
buckling strength tests were carried out on three specimens [4].
None of these studies concentrate to evaluate the effects of
design factors on buckling safety of an eccentric drag link.
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Fig. 1.a. An exemplary truck tractor [10] b. The steerable front axle
of a truck, c. Kinematic representation from the front view [2]

In the scope of this study, the method mentioned in the liter-
ature [3] was employed for the design of the drag link used in
the steering system of a 4x2 drivetrain configuration commercial
truck. Firstly, the total moment for the worst case of the system
was calculated using the idealised method [1,2]. Subsequently,
FEA was applied to the steering system using this moment to

determine the most severe steering condition. A parametric
model of the drag link was built and three design parameters
were determined. These are eccentricity (e), corner radius (R)
and pipe wall thickness (t). The range of values for these param-
eters was determined by considering the wheel envelope and the
buckling safe region. Then, the Design of Experiments - Re-
sponse Surface Methodology (DoE-RSM) was used to examine
the effects of these parameters on stress and total deformation
and to determine the optimal values for the component. As a re-
sult of this parametric study, the effect percentages of the chosen
design parameters were determined and their importance in the
design stage was identified. The reliability of the design created
with the obtained parameters was also evaluated in terms of
buckling stability. The FEA of the final design of the drag link
geometry showed that it is safe in terms of material and also in
the safe region according to various buckling criteria. To the best
of the authors’ knowledge, there is no literature in which the ef-
fect of drag link eccentricity on the design geometry and
strength of the part has been analysed in detail. The studies car-
ried out within the scope of this study have determined the de-
sign parameters that should be considered in drag link design.
The effects of these design parameters on part performance are
also analysed in this study. In general, the part design steps are
summarised.

2. Material and method
2.1 Load model

In this study, the critical loading condition was assumed as the
wheel is steered without rolling [2,11]. In this loading condition
shown in Figure 2, it is assumed that, in addition to the vertical
load G, the bore torque (Mg), which arises as resistance against
steering and is presumed to act in the plane of the road from the
centre point F' of the tyre contact patch [2,12,13]. The bore torque
(Mp) was calculated using an idealised model proposed by Rill [2].
According to this model, the wheel-road contact surface can be
idealised as an approximate rectangular surface with edge lengths
B and L, while under a specific vertical load. The area of this con-
tact surface is considered equivalent to the area of a circle with the
radius Rg, as shown in Figure 2(b). Here, the vertical stiffness of
the tyre (Cr) directly affects B and L.

The equivalent circle radius is calculated as follows:

Ry= % (L+B) (1)

B is considered approximately equal to the tyre width. The
dimensions of the wheels used in the vehicle are 295/80 R 22.5.
M is calculated as follows:

My=Ry F ®)
where, F is the friction force acting on a unit surface element. In this
model the scrub radius is neglected.

In order to obtain the highest possible stress concentration on
the rod, the coefficient of adhesion between the road and the wheel
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is assumed as py = 1 [14]. The above calculations were performed
for both wheels, and the total moment that the pitman arm must
overcome was found.
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Fig. 2.a. Schematic representation of the critical loading condition
b. Model idealised by Rill [2]

2.2 Buckling of a beam with eccentricity

In axial loaded parts, the force direction and the axis of the com-
ponent are rarely overlap in practice. In most engineering applica-
tions, the effect of eccentricity also needs to be taken into account.
In Figure 3, schematic of an eccentrically loaded part under a spe-
cific “e” eccentricity is illustrated [3, 15].

A
——
g o
o AL @ "
»|d < !
a P Section
L A

Fig. 3.Eccentrically loaded structural element (according to [14])

The relationship between the force (P) acting eccentrically on
the structural member and the resulting moment (M) can be ex-
pressed as follows:

M=P. ¢ 3

Here, '¢' is the eccentricity distance from the neutral axis of the rod.
To prevent plastic deformation, the calculated maximum buckling
stress (Omax) Value must be equal to or less than the material's yield

stress (0y). In the case of Gmax > Oy, the structure may go out of the
elastic state and undergo plastic deformation resulting in damage.
Therefore, when analysing the behaviour of eccentric parts, it is
necessary to consider the situation where the stress in the critical
section of the material reaches its maximum value. In the assess-
ment of buckling for eccentric rods, various methods are available.
One of the commonly used methods among these is the secant for-
mula, expressed as follows [15]:

_r & ook fi
amax—A<]+r2secr 4EA> 4)

or

1 | ec T [P
o, =P(—+—sec— —) 5
max A4 1 2+ Per )
Here, P represents the axial load; L is the length of the rod; r is
the minimum radius of gyration; e is the eccentricity of the rod; E
is the modulus of elasticity of the material; and c is the farthest
point from the neutral axis of the cross-section. The ratio L/r in the
equation is referred to as the slenderness ratio, where r can be ex-
pressed as:
1
r= |t (©)
Design with higher slenderness ratio is more prone to damage.
A commonly used approach for design of columns operating under
axial load is the American Institute of Steel Construction (AISC)
criterion. This criterion can be summarized as follows [3,16,17]:

§<4HJ§ 7)
5>4HJE (8)
r oy

In these equations, oy represents the yield stress, and o, repre-

sents the Euler stress. o, is expressed by the following equation:

o= 2 ©)

)

As seen in Eq. (7), an exponential expression is used to predict
the buckling stress for short and intermediate-length columns,
while a Euler-based relationship is utilized for long columns.
These equations do not include a safety factor, therefore, a safety
factor needs to be added to obtain AISC design formulas. During
design, it is recommended to consider a safety factor of 1.67 and
the allowable stress oay is expressed by the following equation:

w
Opp= (0. 658 ”e) o,
or

0,=(0.877)a,

our= 2= (10)

The safety condition in this approach is as follows:
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2.3 Design of Experiments -Response Surface Method

In the open literature, there are a plenty of studies focusing on
the determination of stress concentration regions on mechanical
components. FE-based optimisations are also frequently used
for design improvement [3,12,14,18-20]. DoE and RSM are
commonly used methods in engineering and statistics for opti-
mizing the performance of a system or process. These ap-
proaches are used together to examine the relationship between
design variables (also known as input parameters) and the sys-
tem's response (also known as output parameters). DoE pro-
duces appropriate design points (experiments) to examine the
effect of more than one variable in the system on the response
in a systematic way and produces a model of the behaviour of
the system through the systemic responses of these points under
various system inputs. This method assists researchers in identi-
fying the most significant variables and determining their opti-
mal levels for maximum performance. RSM is a statistical ap-
proach that attempts to explain the relationship between input
variables and output variables using mathematical models. This
method can be used to predict the system's response based on
the levels of input variables and optimise the system's perfor-
mance by determining the optimal levels of input variables.
While the DoE approach is used to understand the relationship
between the design parameters of the system and its perfor-
mance, the main objective of the RSM is to predict and analyse
the relationship between design variables and system response
to obtain an appropriate model [21]. To create a model that ex-
plains the relationship between design variables and the system
response, response surface experiments designed according to
specific rules are required. Through the results obtained from
these experiments, the effects of design variables on the system
response can be determined, and a mathematical model can be
created using this information. The regression model for a sec-
ond-order response surface can be defined as follows [21]:

y=Pyt 2iziBxi +2?gﬂi,xi?€j te (12)
or in matrix form, this relationship can be expressed as:
y=Xpte (13)

takes the form. Here, y is the observation vector, X is the model
matrix, B is the vector containing partial regression constants, and &
is the error vector [21]. In this study, DoE and RSM were employed
to determine the impact of specific parameters that constitute the
geometry of the eccentric drag link on the elastic stability properties
of the component. Figure 4 illustrates the methodology [21].
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Using the Response Surface
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AN [ |
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Fig. 4.0ptimisation methodology [21]
3. Results and discussion
3.1 Design constraints and preliminary design

The wheel angles during a steering manoeuvre were determined
using the Ackermann principle. During the turning motion of the
vehicle, all wheels move on a curvature. To maintain steering sta-
bility and ensure minimal tire wear, the wheels need to roll without
slipping. This condition where the instantaneous centres of rotation
of the wheels coincide is called the "Ackermann geometry" and
can be expressed as follows [1,22]:

L

tan B. =
i R_%

L

and tan f =—
o Ry

(14)

Here, B; represents the steering angle of the inner wheel, and 3,
represents the steering angle of the outer wheel. The angles for the
inner and outer wheels are defined concerning a turning centre marked
as O in Figure 5(a). The distance between the steering axes of the steer-
able wheels is referred to as the track width and is denoted by 'w.' The
wheelbase is represented as L [1]. The angular positions of the inner
and outer wheels, calculated for different turning radii with Eq. (14),
are illustrated in Figure 5(b). The turning angles of the inner wheel and
outer wheels were obtained as 46° and 33° respectively based on the
given vehicle dimensions and the desired minimum turning radius,
which is denoted as Rs.
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Fig. 5.a. The Ackermann condition, b. The angles of the inner and
outer wheels for different turning radii

Considering the calculated angle values, the volume swept by
the wheel was taken into account between full right and full left
manoeuvres, and it was observed that the penetration of drag link
with the wheel occurs at this angle. Within the scope of this study,
the impact of shifting the steering gearbox position in —y axis was
also investigated with the aim of obtaining a linear drag link and
eliminate the need for eccentricity. As a result of repositioning the
Pitman arm in —y axis, a difference of 1.12° in the maximum pos-
sible steering angle of the outer wheel was observed. This differ-
ence increases the minimum turning radius by approximately 7%,
thereby reducing the manoeuvrability of the vehicle. In this case,
the addition of eccentricity to the component is required during the
design stage to achieve more effective steering. Thus, the approx-
imate range for the minimum eccentricity value that should be pos-
sessed by the steering component was determined. The wheel en-
velope is illustrated in Figure 6.

The initial geometry of the drag link to be used in the steering
system was determined by taking the wheel operating envelope
into account. Eccentricity is affected by changes in the steering
range of the front wheels. In the steering geometry employed in
this study, the wheel operating angle of 32° is critical. This is be-
cause, for angle values lower than this limit, the steering linkage
component can be designed as a linear hollow bar, whereas, for
angle values higher than 32°, it becomes necessary to introduce an
eccentricity to the component.

™~ Drag \Link

x«-i- -

/' Right Turn
Steering -

Box :7 — _
Center Position ‘ ;
/
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Fig. 6.The working envelope is determined by wheel turning angles
and the interference zone in the absence of eccentricity

The variation above the critical angle alters the eccentricity
value that needs to be applied to the component to a certain ex-
tent. As the wheel operating angle increases, the eccentricity ap-
plied to the drag link also increases. This relationship is illus-
trated in Figure 7.
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Fig. 7.The variation of eccentricity concerning the wheel angle

P460 steel was chosen for the manufacturing of the drag link.
A detailed summary of the mechanical properties of the P460
material is presented in Table 1.
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In the initial stage of the design, the outer diameter (do) of the
drag link was selected to minimise penetration issues during
production. For this purpose, the volume swept by the wheel be-

tween full right and full left manoeuvres were taken into account.

Thus, the required eccentricity of the drag link was approxi-
mately determined. For this reason, the larger the outer diameter
of the drag link was selected, the required eccentricity also in-
creases proportionally according to Figure 6.

Table 1. Mechanical properties of the drag link material

Mechanical Properties Value
Modulus of Elasticity, E (GPa) 200
Poisson ratio 0.3
Tensile Strength, Rm (MPa) 560-730
0.2% strength (Rpo.2) (MPa) 460

This is not a desired condition. The allowed maximum eccen-
tricity value for the component is determined by the critical
buckling value at which the component begins to fail. Thus, the
component was safely designed against buckling by all criteria
[3, 16,17]. The graphical representation of the maximum stress
value as a function of the slenderness ratio (L/r) is shown in Fig-
ure 8.
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Fig. 8.The variation of the maximum stress concerning the slender-
ness ratio according to different criteria

3.2 Finite Element Model

The physical model created for performing FEA of the steer-
ing subsystem consists of one drag link, one steering knuckle,
and two spherical joints. In this model, the chassis and steering
box were connected by means of a bracket. The connections of
the drag link were defined as spherical joint. The rotation of the
wheel group around the kingpin axis was allowed. Here, the
kingpin inclination was neglected. In the analysis, it is assumed
that the steering torque applied to the system from the pitman's
arm exactly counteracts the total resistance torque of the front
wheels. SOLID187 element consisting of a total of ten nodes
with three linear degrees of freedom each was used in the FE
model of the drag link. This model consists of 62,744 elements

and 108,700 nodes. The model, created by the connection con-
straints mentioned above, is shown in Figure 9.

In order to determine the worst case where of the pitman arm
force acting on the drag link reaches its maximum value, five
different angular positions of the arm were determined as fol-
lows 0° (centre position), 15°,33°, -15°, and -31°. Here, negative
and positive signs represent left and right turn manoeuvres re-
spectively. FEA were conducted by taking these positions into
account. The normalised reaction forces obtained from the anal-
yses, which are shown in Figure 9(b), are proportionally ex-
pressed concerning the centre position (0°) as a reference point.
Here, the axial force acting on the arm for the central position
(Fo) is assumed as 1. The analysis results showed that the maxi-
mum axial force (F) occurs during the wheel's maximum right
turn manoeuvre.
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Spherical
Joint

Pitman
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Arm J
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Spherical
Joint
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T
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©
% Pitman Angle (°)
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2 .

Left Turn ' Right Turn
1
0
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Fig. 9.a. The Finite Element model (right turn), b. Five different an-
gle positions of the Pitman's arm and axial force variation according
to the centre position

3.3 Parametric optimisation

The preliminary design of the drag link was initially made in
the form of a hollow rod. However, since the rod shape cannot
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be linear due to the wheel operating envelope, a very low initial
eccentricity “e” was given to the part at the initial stage. A FEA
was performed according to the worst-case scenario shown in
Figure 9. According to the results of the analyses, it was seen
that the difference between the stress concentration region in a
linear and eccentric geometry is in the eccentricity area, which
is shown as Region B in Figure 10.

In order to reduce the stress intensity, certain input parame-
ters were selected on the rod and an optimum design search was
carried out according to the total deformation and stress values.
For this purpose, the rod was designed in accordance with the
DoE module and DoE was carried out depending on the deter-
mined parameters. The design parameter values to minimise the
stress intensity and total deformation were determined by creat-
ing response surfaces with the output parameters obtained using
the DoE results.

Linear Geometry

— ;
R T —

Eccentric Geometry

Fig. 10. SEA results of the preliminary design

The eccentricity was determined as the first design parameter.
The second parameter was chosen as the tube wall thickness, t
and the third parameter were determined as the curve radius R
as shown in Figure 11(a). An analysis model was developed for
the application of DoE, based on the calculated torque and the
selected worst-case scenario. In this newly created model, the
connection bracket and wheel connection were not used. Addi-
tionally, the solid models of spherical joints were also removed,
and their functions on the component were simulated with joint
definitions. The axial force was applied in the form of the critical
load obtained from the analysis results. The parameters deter-
mined within the scope of the study and the FEA model created
for the DoE smdy are shown in Figure 11(b).

Pltman Arm Joint Track Rod Joint

1
I L |
a
Fixed
Joint
Spherical Spherical
Joint i X Joint
zZ
y
b

Fig. 11. a. Design of Experiments (DoE) model and Input Parame-
ters: radius (R), eccentricity (e), and rod wall thickness (t), b. The
model for the DoE study

In the initial stage, FEA was applied to the primary model, as
shown in Figure 10, considering the specified boundary condi-
tions and loading conditions. The load condition used for the
analysis is the total moment that the pitman arm must overcome,
calculated with the help of Figure 2. The boundary conditions of
the parameters were determined according to the working enve-
lope of the wheel and buckling safe design criteria. Here, the
drag link is subjected to compressive stress as expected. From
the analysis results, equivalent stress and total deformation were
selected as the output parameters. The flowchart of the DoE pro-
cess applied to the component was shown in Figure 12 [23].
Subsequently, a table containing design samples generated by
the system using the DoE method for the allowed value range of
introduced input parameters was created. The optimisation was
performed using ANSYS Workbench® software. Central Com-
posite Design (CCD), which is available as an option in the de-
sign table definition of DoE module, was applied to determine
the appropriate parameter values [24]. A broad theoretical ex-
planation of this procedure can be found in [25] and [26].

[ Preliminary Design ]

}

FEA

Input Output
Parameters Parameters
(e, R ) (o, 5)

DOE-RSM-Optimisatlon ]

Optimum
Parameter Set

Compare Default and
Optimum Results

Strength
Requirements
Satisfied?

[ Final Design ]

End

Fig. 12.The flowchart of the DoE [According to [23]]

RS graphs of the output parameters obtained from the system
using these input parameters were generated as shown in Figure
13.
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In the optimisation module, the constraint that minimises the
equivalent stress was determined as the design objective and
candidate points were found. These three candidate points gen-
erated by the software are given in Figure 14(a). In summary,
minimising the stress is an objective function for this parametric
study and there are no constraints for this objective function. Be-
cause DoE analyses have shown that part designs with different
versions of the parameters do not exceed the material yield stress
limit, all part designs are in the safe range.

The objective is to find the parameters that give the minimum
stress on the part and to find the effect percentages of the design
parameters that affect this objective. In order to compare the

maximum stress concentration value in the DoE result, FEA
analysis was performed on the reconstructed model with opti-
mum parameter values. According to the results shown in Figure
14(b), it is seen that the error rate does not exceed 1%.

Mame PS5 - Equivalent Stress Maximum {MPa)
Candidate Point 1 Y ¥ 55,775
Candidate Point 2 YW 55,801
Candidate Point 3 W 55,862
a
— —
b

Fig. 14. a. Candidate points, b. Validation analysis with the values
of these candidate points

Within the scope of the study, the effects of the determined input
parameters on the output parameters were also examined. The
graph showing the local sensitivity of input parameters for the
selected equivalent stress and total deformation output parame-
ters is presented in Figure 15. In terms of component design, the
factor that has the highest effect on stress and deformation is
eccentricity. This result is in agreement with the literature results
for different vehicle components [3]. The safety condition of the
new design created with the optimal parameter values were also
examined for buckling. It was observed that the component re-
mains in the safe region according to Figure 8.
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80 | % Equivalent Stress

V///////////////////////ﬂ

%
_______ 7.

Local Sensitivity
o B

i)
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-40

Parameters

Fig. 15. Local sensitivity (%) of the effect on total deformation and
equivalent stress

4. Conclusion

This study focuses on examining the effects of various parame-
ters, particularly on the total deformation and stress concentration
of a drag link. Finite Element Analysis (FEA) was used to evaluate
stress and deformation under loading conditions. For this purpose,
amodel of the steering linkage was created using the SolidWorks®
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commercial software, and the analysis was performed with the
ANSYS® Workbench™ 2020 R1 Finite Element software under
specified loading conditions. The initial design was made in the
form of a hollow rod eccentricity. Result of the analyses showed
that, the right turn scenario, which showed the maximum alteration
in stress values according to the angular position of the Pitman's
arm, was the most critical. Subsequently, a Design of Experiments
(DoE) -based optimisation procedure was used to investigate the
effects of design parameters such as fillet radius R, eccentricity e,
and rod thickness t on the output parameters namely equivalent
stress ¢ and total deformation 8.

The minimum value of eccentricity on the part was determined
through the American Institute of Steel Structures criterion
(AISC)-based buckling calculations. Response Surface plots were
created to determine the relationships between input and output pa-
rameters. Subsequently, the obtained parameters were used to re-
analyse the DoE results, and it was confirmed that the error was
below 1%. Thus, the analysis model's accuracy and reliability in
examining the part's behaviour based on the selected parameters
were observed. Additionally, it was observed that the parameters
obtained from the DoE indicated that the newly designed part is
within a safe region against buckling.

When examining the local sensitivity percentages of the param-
eters on total deformation, it was observed that the eccentricity (e)
parameter has the largest effect with an approximate positive rate
of 74%. While the fillet radius (R) showed almost negligible influ-
ence, the thickness parameter (t) had a negative impact of approx-
imately 20%. The results provide insights into the influence of de-
sign parameters on the performance of the part, summarizing the
steps for developing an improved part design with structural integ-

rity.
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