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Abstract: Stiffness and stability are of high importance for vehicles. Existing suspension systems are working for vehicle stability increasing
and they are not limited to own. One of the stability increaser extra elements is the anti-roll bar. The anti-roll bar is a suspension system
supporter in vehicles. However, bar stiffness plays a critical role in vehicle stability. Bar stiffness can be managed on the predefined
limitations. Therefore, a light, effective, and reliable vehicle system can be obtained. In this study, an urban electric bus anti-roll bar
optimization was conducted numerically. For optimization, the bar diameter was changed between 25 mm and 40 mm. S235, 50CrV4,
AISI 1065, and AL 7075 were selected for material comparison. According to vehicle stability limitations under the lateral 1 m/s?
acceleration, different bar diameters and material specifications were analyzed with the finite element method. Results of this study
showed that the highest stiffness and the lightest bar can be achieved with a 36 mm diameter and AISI 1065 steel combination.

Obtained results can lead to vehicle stability studies in the future.
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1. Introduction

Anti-roll bar, also known as a stabilizer bar, is a vehicle stability and
stiffness increaser [1] element whose general material is steel and
prevents the vehicle from tipping over due to high roll angles that
occur during comering [2]. The geometry of the parts may vary
depending on the placement of the parts where they are used. During
cornering, the vehicle’s center of gravity shifts widely toward the
cornering wheels, so a rotation angle on the linear axis will occur on
the vehicle body. Thanks to correctly selected anti-roll bars, the
vehicle body’s bending during cornering will remain within the
specified limits, road holding will increase, and passenger comfort will
be kept at the desired level. Anti-roll bars are parts that are
mechanically exposed to torsional stress. Therefore, it only supports
rotational movements in the longitudinal axis of the vehicle.

Finite element analysis is a numerical method frequently used in
various fields. The process begins with breaking down a structure into
more easily solvable unit elements and ends with obtaining answers
under specified boundary conditions. The responses received from
the structure include basic values such as stress distribution,
deformation amount, and reaction forces. Effective solutions can be
produced in studies such as optimization, weight reduction, and
improvement. Finite element analysis can produce highly accurate
results with the help of a mathematical approach.

The correct selection of material and shape is effective in the design
of an optimum part [3]. Optimization involves the approach of
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determining the difference between the ideal target to be achieved in a
structure or a system under consideration and the existing structure
and eliminating this difference under various conditions. Topology
optimization studies are carried out to reduce weight in a structure that
is under a certain mechanical load. In terms of the automotive
industry, driving behavior or vehicle system optimization is carried
out to optimize the energy consumption of a vehicle. The case that is
brought closer to the ideal determined as a result of optimization will
be more useful in terms of use.

There are several anti-roll bar design and optimization studies
literature [2, 4-10]. In this study, the diameter and material
optimization of an anti-roll bar was carried out numerically. Finite
element analysis was used in the study. In the analyses, the
condition that the load acting on the bar is subjected to a lateral
acceleration of 1 m/s? and, as a result, the bar is torsioned due to the
lateral bending movement of the vehicle body, is taken into account.
The maximum displacement amount was determined according to
the lateral acceleration value. In structural analyses, torsion angle,
reaction force, and stress distributions were obtained by affecting the
maximum displacement value on the bar. Stiffness expressions were
derived from the obtained values according to material and diameter
values. Combinations with values greater than the target stiffness
value were determined and selection was made according to the
lowest mass target.

2. Methodology

In this study, which is based on the torsion and bar rigidity of a
vehicle’s anti-roll bar due to vehicle lateral acceleration, the finite
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element method was used. For the accuracy of the study, the torsional
condition was determined in advance, and the dimensions were
finalized both on paper and by the finite element analysis method for
a specific sample. After method and condition validation, a mesh
convergence study was conducted and unit mesh size was determined.
Since the mesh element type, as well as the size, affects the accuracy
of the analysis, tetrahedron, hex dominant, and sweep-type mesh were
applied to the same part with the same dimensions. Anti-roll bar
boundary conditions were determined for finite element analysis under
the dynamic impact to which the vehicle is exposed. The mechanical
properties of 4 different materials, namely steel and aluminum, which
are frequently used industrially, are shared. Figure 1 is a visual
summarization of the operating conditions of an anti-roll bar.

Figure 1
Working cases for the anti-roll bar

2.1. Study validation

For numerical studies to result in high accuracy, operating
conditions must be verified with a reliable approach. Verification
can be carried out by a real test or by numerical calculations that
are generally known and reliable. This study focuses on the
torsion of an anti-roll bar, and before the structural analysis was
carried out, a torsion study was carried out on a 50 mm long and
36 mm diameter sample using an 8 mm sweep mesh structure. In
addition, the torsion results of the specified part were calculated
and compared with the appropriate formulation.

Equations (1) and (2) express the shear stress and moment of
resistance occurring in a cylindrical part subjected to torsion.

= m

5 )

Figure 2 shows the torsion calculation made on paper with Equations (1)
and (2), realized with finite element analysis.

For 300 Nm torque and 36 mm part diameter, the maximum shear
stress can be calculated as 32.75 MPa in the paper. The same condition
brings about 32.827 MPa maximum shear stress on the outer surface of
the part in finite element analysis with 8§ mm sweep mesh and S235
structural steel. Relative error was found as 0.23%. Loading
conditions and result images are shared in Figure 2.

Equations (3) and (4) express Hooke’s law in a part subjected to
torsion condition. Here, shear stress, shear strain, and shear angles
can be determined. In Equations, y is the shear strain, and G is
the shear modulus and given as 81000 MPa for S235 in the literature
[11]. Figure 3 illustrates the given parameters in Equation (4).
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Equations (5) and (6) [12] show the derivation of the torsion angle
from the shear stress.
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Twist angle was found as 0.0011236 rad with numerical calculation
and found as 0.0011231 rad with finite element analysis. The
relative error is near 0.04%. The torsion angle and part are shared
in Figure 4.

2.2. Mesh convergence

Mesh convergence is a critical aspect in finite element analysis as it
directly influences the accuracy and reliability of simulation results. In
finite element analysis, complex structures are separated into smaller
elements, forming a mesh that approximates the behavior of the real-
world system. Mesh convergence refers to the process of refining
this mesh to achieve convergence in the solution, ensuring that
further refinement does not significantly alter the results.
A converged mesh implies that the solution has reached a stable and
accurate representation of the physical behavior of the system.

Figure 2
Boundary condition (left) and maximum stress distribution (right) on the validation part
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Figure 3
Twist length and angle definition on the part

In the mesh convergence of the study, the mesh unit element size
was reduced from 10 mm to 1 mm. Ten finite element analysis studies
were repeated under the same conditions, and maximum stress values
were obtained according to the von Mises criterion. Taking the stress
value occurring in the 10 mm mesh unit size as a reference, the
difference ratios were calculated based on the stress values occurring
in other mesh sizes. Maximum stress values and difference ratios are
shared in Figure 5. Based on the stress and difference ratios obtained,
it was decided to use an 8 mm mesh unit element size with a
difference rate of 0.2%.

According to the situations specified in the section where the
appropriate mesh type is selected, skewness and aspect ratio
values are created according to unit element sizes at the mesh
convergence stage and are shown in Figure 5. According to the
previously mentioned mesh evaluation criteria, it appears that the
8 mm mesh size is within the acceptable quality range.

2.3. Mesh type definition

In this part of the study, the appropriate mesh structure was
determined. Apart from the mesh unit size, the suitability of the
mesh type is also a factor that affects the accuracy of the work to be
done. In Figure 6, tetrahedron, hex dominant, and sweep mesh types,

whose images are shared and used in many studies, are compared.
The results obtained from the finite element analysis study carried
out on structures created with 3 different mesh types under the same
loading condition are shared in Table 1. According to the mesh
evaluation criteria in the literature, the necessary evaluation was
made and the sweep mesh was found as the most appropriate for the
study. In Table 1, AR is the average aspect ratio, S is the average
skewness, J is the Jacobian ratio (MAPDL), and PT is the process time.

Table 1
Mesh type comparison table
Mesh type AR S J  PT(s) Used memory (Mb)
Tetrahedron 1.91 025 1.03 3 43
Hex dominant 9.04 0.53 2.50 4 62
Sweep 2.10 0.16 1.01 4 215

In a related study [13], mesh quality criteria were specified and
the threshold values were expressed as 3 for aspect ratio, 0.45 for
skewness, and 0.7 for Jacobian. According to the mesh type
comparison results obtained and shared in Table 1, although the
sweep-type mesh structure requires longer process time and
memory, it was found to be more suitable for this study.
Sweep-type mesh was structured with uniform size function, fine
relevance center, and slow transition. 21730 nodes and 6630
elements were obtained on the part with a specified mesh
combination. The parts to which the mesh types evaluated in the
study are applied can be seen in Figure 6.

The sweep mesh with an 8 mm unit element size applied to the
anti-roll bar can be seen in Figure 7.

2.4. Application definition

The anti-roll bar subject to the study belongs to an electric vehicle
and since it serves in public transportation, passenger comfort is of great
importance. For this reason, it is expected that the bar will not exceed the
targeted deformation and torsion amounts during the stage of
supporting the vehicle structure. In this study, it was requested that
the twist at the point where the anti-roll bar is fixed to the chassis
should not exceed 0.6° when the vehicle is subjected to a lateral
acceleration of 1 m/s>. The maximum displacement value resulting

Figure 4
Twist angle result (left) and angle surface (right) of the part
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Figure 5
Mesh convergence study graph
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Figure 6
8 mm mesh structure illustrations: (a) tetrahedron, (b) hex dominant, and (c) sweep
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Figure 7
8 mm sweep mesh structured bar

s

from the specified torsion angle criterion according to the bar
dimensions is approximately 6 mm.

As seen in Figure 8, due to the resulting moment, a force of
2219.25 N acts at the junction points of the anti-roll bar with the
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wheels. The perpendicular measure between the force application
surface and chassis connection point is 200 mm. Therefore, the bar
cross-sectional area exposed 443.85 Nm torque. According to this
information, considering the force value that can create a torsion
angle of 0.6° [14] which brings about 6 mm displacement in the
force-exposed surfaces, the anti-roll bar is expected to have a
stiffness value of at least 739.75 Nm/°.

2.5. Finite element analysis

Finite element analysis is an engineering approach used to
simulate and predict the mechanical behavior of structures. It is
based on the principle of approximating the physical behavior of
the entire structure by dividing a part into smaller elements. Finite
element analysis is frequently used in a variety of engineering
disciplines, including automotive, construction, aerospace, and
materials science. The process involves decomposing a considered
geometry into finite elements, applying material properties and
boundary conditions, and then solving mathematical equations to
predict how the structure will respond to different loads and
environmental conditions. With the help of finite element analysis,
designs can be optimized, structural integrity can be evaluated, and
possible problems can be identified to provide more efficient and
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Figure 8 Figure 10
Load case for anti-roll bar Finite element analysis boundary condition
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cost-effective engineering solutions. Matrix formats are used in finite
element analysis static solutions due to the requirement that a
mathematical solution process be applied simultaneously for more
than one part. Figure 9 shows an example solution matrix [15-17].
It is known that, in basic terms, each part works like a spring and
has a rigidity according to its structure, and as a result of the effects
on it, the displacement result is obtained depending on the
structural rigidity. With this result, results such as stress,
displacement, and torsion angle can be obtained on the structure.

In the finite element analyses of the study, torsion analyses were
performed for an anti-roll bar. As the application conditions were
previously stated, the stiffness values of the structure were
obtained according to different diameters and materials, and the
combination with which the target stiffness and above could be
achieved was determined. For this target, the structure was moved
diagonally from the edge regions by 6 mm on the y-axis. On the
other hand, since there is freedom for rotational movement in the
connection areas of the bar with the chassis, cylindrical support is
defined in these areas. In Figure 10, areas of 4 and B are
cylindrical support in blue color, and C and D are displacement
applied areas in yellow color.

Figure 9
Finite element analysis static analysis solution system
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Al 7075 [20] materials which are most seen in literature were
selected to compare. The chosen material group includes 3 steel
and an aluminum alloy. Steel materials are mostly used in
industry and also are suitable for several applications. Aluminum
alloys are good materials for lightweight projects and mass is an
energy consumption effective parameter on the vehicles.
Therefore, aluminum was chosen for mass reduction besides the
steel materials. The mechanical properties of the chosen materials
are given in Table 2.

3. Results

According to the finite element analyses performed for
different diameters under the specified conditions, the equivalent
maximum stress, torsion angle, and reaction forces with the von
Mises criterion were obtained. Bar stiffness was obtained from
the obtained force and torsion angles. Safety coefficients were
obtained based on the maximum stress values according to the
tensile yield strength values between the mechanical properties
of the materials. Obtained torsion angles were considered
reasonable for relative study [21]. Mass values were also found
for lightness evaluation. Obtained data from finite element
analyses are shared in Tables 3, 4, and 5. Also, calculated
stiffness values, mass data, and safety factors are given in
Tables 6, 7, and 8.

Table 2
Mechanical properties of materials
AISI AL
Property S235  50Crv4 1065 7075
Density (kg/m?) 7850 7850 7850 2810
Young’s modulus (MPa) 210000 210000 200000 71700
Poisson’s ratio 0.3 0.3 0.3 0.33
Tensile yield strength 250 1333 490 503
(MPa)
Tensile ultimate strength 400 1409 635 572
(MPa)
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Table 3
Equivalent maximum stress (MPa) results

Bar diameter S235 50Crv4 AISI 1065 AL 7075
40 mm 266.45 266.45 253.76 90.45
36 mm 237.57 237.57 226.26 80.62
34 mm 220.19 220.19 209.70 74.74
32 mm 212.69 212.69 202.56 71.30
30 mm 196.70 196.70 187.33 66.70
28 mm 181.93 181.93 173.26 61.71
25 mm 158.81 158.81 151.25 53.76

Table 4

Rotation (degree) results

Bar diameter S235 50Crv4 AISI 1065 AL 7075
40 mm 0.90130 0.90130 0.90130 0.90358
36 mm 0.90155 0.90155 0.90155 0.90378
34 mm 0.90191 0.90191 0.90191 0.90411
32 mm 0.90183 0.90183 0.90183 0.90400
30 mm 0.90211 0.90211 0.90211 0.90428
28 mm 0.90223 0.90223 0.90223 0.90436
25 mm 0.90233 0.90233 0.90233 0.90444

Table 5

Reaction force (N) results

Bar diameter S235 50Crv4 AISI 1065 AL 7075
40 mm 5630.90 5631.90 5363.30 1900.90
36 mm 3689.50 3693.80 3521.00 1247.70
34 mm 295890  2965.30 2818.20 1013.00
32 mm 2310.80  2310.70 2197.60 784.36
30 mm 1756.70 1760.40 1679.70 593.56
28 mm 1290.00 1290.50 1229.40 422.02
25 mm 843.77 834.91 795.15 306.37

Table 6

Stiffness (Nm/degree) results

Bar diameter S235 50Crv4 AISI 1065 AL 7075
40 mm 1249.50 1249.73 1190.13 420.75
36 mm 818.48 819.43 781.10 276.11
34 mm 656.14 657.56 624.94 224.09
32 mm 512.47 512.45 487.37 173.53
30 mm 389.47 390.29 372.394 131.28
28 mm 285.96 286.07 272.53 93.33
25 mm 187.02 185.06 176.24 67.75

Figure 11 shows the reasonable stress distribution of the anti-
roll bar with a diameter of 36 mm and AISI 1065 material
according to related studies [4, 9, 22]. As expected, stress
occurred at the fillets close to the surface, where the bar was
connected to the chassis and had only rotational freedom.
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Table 7
Mass (kg) results
Bar diameter S235 50Crv4 AISI 1065 AL 7075
40 mm 15.89 15.89 15.89 5.69
36 mm 12.87 12.87 12.87 4.61
34 mm 11.48 11.48 11.48 4.11
32 mm 10.17 10.17 10.17 3.64
30 mm 8.94 8.94 8.94 3.20
28 mm 7.79 7.79 7.79 2.79
25 mm 6.21 6.21 6.21 222
Table 8
Safety factor results
Bar diameter S235 50Crv4 AISI 1065 AL 7075
40 mm 0.88 5.00 1.93 5.56
36 mm 0.99 5.61 2.17 6.24
34 mm 1.07 6.05 2.34 6.73
32 mm 1.11 6.27 242 7.06
30 mm 1.20 6.78 2.62 7.54
28 mm 1.29 7.33 2.83 8.15
25 mm 1.48 8.39 3.24 9.36
Table 9
Material performance comparison
S235 50Crv4  AISI 1065 AL 7075
Rotation X X X
Reaction force X
Stiffness X X X
Mass X
Safety factor X X
Applicability X X X X
Cost X X X
Figure 11

Stress distribution result on 36 mm diameter with AISI 1065
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Figure 12 shows the force reaction and torsion angles that occur
under the boundary conditions of the distribution seen in Figure 11.
In this study, an optimization of an urban electric bus anti-roll
bar was conducted on material and bar diameter. Performance
comparison is shared in Table 9, the sign of X states a good result
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Figure 12
Reaction force (left) and rotation angle (right) results on 36 mm diameter with AISI 1065
Details of “Force Reaction” 2
-I| Definition
Type Force Reaction

Location Method Boundary Condition
Boundary Condition | Remote Displacement

Orientation Global Coordinate System
Suppressed No
-1/ Options
Result Selection All
Display Time End Time
+ | Results
-/ Maximum Value Over Time
X Axis o,N
Y Axis -3521, N
Z Axis o,N
Total 3521, N
-/ Minimum Value Over Time
X Axis o,N
Y Axis -3521, N
Z Axis o,N
Total 3521, N
+| Information

of material in specified parameter. According to the obtained results,
the most effective parameters showed 50CrV4 and AISI 1065 are the
most suitable for the anti-roll bar. At this point, the cost of AISI 1065
is more beneficial than 50CrV4 (due to commercial confidentiality,
cost data of material supplier was not provided) while 50CrvV4
provides better results.

4. Conclusion

Since vehicles are dynamic systems, they are exposed to dynamic
loading and therefore structural rigidity has an important place. In this
study, the structural rigidity of an anti-roll bar of a bus was examined
according to material and diameter changes. Minimum stiffness was
determined according to the torsion angle limitation that would occur
in response to the targeted lateral acceleration and was considered as
the evaluation criterion. As a result of the structural static analyses
carried out with S235, 50CrV4, AISI 1065, and AL 7075 materials
with diameter values of 40 mm, 36 mm, 34 mm, 32 mm, 30 mm,
28 mm, and 25 mm, the minimum stiffness criteria specified were
met with S235, 50CrV4, and AISI 1065 materials with diameters of
40 mm and 36 mm has provided. However, in terms of safety
coefficient, combinations with S235 material remained below 1.
Combinations with 50CrV4 material are above 5 and are considered
extremely safe. The safety coefficient of the remaining AISI 1065
material options was approximately 2, which was found to be a
suitable value for an anti-roll bar. In terms of mass, which is the final
evaluation criterion, it was observed that the mass values of 40 mm
and 36 mm diameter were 15.887 kg and 12.868 kg. The use of 36
mm diameter AISI 1065 material was preferred due to its lightness,
sufficient strength, industrial use, and economic conditions.

Since this work provides numerical optimization methods, the
results need to be verified with real tests. In future studies, actual anti-
roll bar rotation and displacement values will be collected from real
driving tests. In parallel, stress values will be obtained using a strain
gauge or a suitable tool and FEA results will be verified with real
data. In addition, a 1-D model that can numerically simulate the
working environment of the anti-roll bar will be created and the
model verification will be carried out by transferring the data
obtained from the real driving test to the numerical model.

Details of "Flexible Rotation Probe" 2
-!| Definition
Type Flexible Rotation
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Remote Points Remote Point 3
Suppressed No

Options

Result Selection

1

X Axis
Display Time |End Time
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A variety of literature will be obtained by performing different
optimization methods on the validated 1-D model.
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