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Abstract

Research Article
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This article presents a topology optimization of the motor mounting bracket in a 2-degree-

of-freedom (2 DoF) vehicle simulator that is enhanced by the driving scenarios. Firstly, a 14
DoF passenger reference application model is determined in the Simulink environment. Then,
common driving scenarios (Constant Radius, Double Lane Change, Fishhook, Increasing
Steer, Sine with Dwell and Swept Sine) are run on 14 DoF vehicle models to test the dynamic
performance of the vehicle. During the analysis, accelerations in the XYZ axes are logged, and
the minimum and maximum acceleration values on each axis are grouped separately for each
driving scenario. Next, the concept design of 2 DoF vehicle simulators is created. The obtained
accelerations from the driving scenarios are then run on 2 DoF vehicle simulator in the Solid-
works simulation environment, and stress and deformation on the 2 DoF vehicle simulator are
analyzed. During this analysis, linear actuator and axis forces are calculated according to the
reaction forces on the vehicle simulator. Under the determined axial forces, the brackets are
subjected to topology optimization. The obtained generative design of the bracket is reshaped
by post-processing for sustainable production. The shape-optimized bracket is run again on the
2 DoF vehicle simulator with the obtained acceleration values from the driving scenarios, and
the study is completed by performing stress and deformation analysis.
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1. Introduction

Vehicle simulators are systems that are widely used in driver
training or game platforms to create a digital twin of a real vehicle
model. This allows the transfer of driving sensations such as ma-
neuvering and acceleration to the driver, providing a realistic driv-
ing experience. These simulators can be used to measure the dy-
namic responses of the driver [1-5]. Linear actuators are typically
used to connect the vehicle simulator to appropriate configuration,
allowing the vehicle simulator to be considered as a parallel ma-
nipulator. An example of parallel manipulator known as Stewart
platform is shown in Figure 1 [6].

Vehicle simulators or parallel manipulators primarily change
the orientation of the platforms through the sequential movements
of linear actuators [7]. In order to maintain the desired orientation
of the platform, feedback such as displacement, velocity, and ac-
celeration information is used to generate reference signals for the
controller [8].

The real driving feeling on the vehicle simulator can be achieved

by transferring the reference accelerations of the linear actuators
fed with the real driving information of the mobile platform on
which the driver sits. The number and degree of freedom (DoF) of
the actuators used can change depending on the mobile platform’s
connection points [9]. Parallel manipulators typically consist of
base platform, a mobile platform, linear actuators and connection
points between these components. As the mobile platform moves
with the linear actuators, dynamic loads are generated between the
mobile platform, the base platform and the actuator connection
points. These dynamic loads can cause stress and deformation on
the mounting brackets, this situation leads to preventing the natural
operation of the system [10-11].

There are many studies in the literature on brackets. focusing on
the optimization of their shape in sectors such as aviation and au-
tomotive, with the goal of reducing weight, improving fatigue life,
and microstructures. These optimization studies often use topology
optimization and heuristic approaches to address multi-objective
requirements [12-14]. However, the studies typically focus on in-
dividual component. In this study, the brackets of a 2 degree-of-
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freedom (2 DoF) vehicle simulator are considered in the context of
enhanced topology optimization with driving scenarios at a multi-
system level.

Fig. 1. Stewart Platform [6]
2. 2 DoF Vehicle Simulator

2 DoF vehicle simulator discussed in this study is shown in Fig-
ure 2. The system consists of vehicle body, linear actuators, driver
seat, universal joint, mounting bracket, electronic control and
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driver units, steer wheel, throttle, brake, and gear. The linear actu-
ators are connected to the vehicle body and driver's seat with
mounting brackets, and they actuate the driver's seat at the desired
displacement, speed, and acceleration levels using reference sig-
nals from the electronic control unit. The dynamic model of gen-
eral robotic system can be expressed in the form:
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Fig. 2. 2 DoF Vehicle Simulator

The mathematical model with an integrated kinematic and dy-
namic for the 2 DoF vehicle simulator is represented between
Equation (1) to (5). The Lagrangian formulation, instead of to us-
ing the force and moments of the individual components, charac-
terizes the behavior of a dynamic system in terms of work and en-
ergy stored in the system. This method allows for the systematic
derivation of closed-form dynamical equations in any coordinate
system. Here, M(q) isthe positional mass matrix, V(q, q) isthe
vector of the nonlinear terms arising from the centripetal and Cor-
iolis accelerations, and G(q) is the vector of the gravitational

terms. K is the total kinetic energy of the system, U is the total
potential energy of the system, G;; is element of the Jacobian ma-
trix of constraint equation, ¢; Lagrange multiplier, t; is the ac-
tuator force acting on the rods. [15-17].

These equations together describe the dynamics of a system
with two degrees of freedom. The specific forms of the functions
K, U, and G;;, Gi5, Giz, Gy Will depend on the system under
consideration. Solving these equations will provide the equations
of motion and describe the behavior of the system.
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2.1 Driving Scenarios

In the literature, there are various test maneuvers used to analyze
a vehicle’s response to dynamic situations. These maneuvers are
specially designed to evaluate how a component or subsystem af-
fects overall vehicle handling, performance and stability. The
widely used test procedures are preferred in this study. To evaluate
and optimize the mounting brackets, the following driving scenar-
ios are used: Constant Radius (CR) (SAE J266_199601 and 1SO
4138:2012), Double Lane Change (DLC) (1SO 3888-2), Fishhook
(FH) (NHTSA standard), Increasing Steer (I1S) (SAE J266), Sine
with Dwell (SwD) (NHTSA standard), Swept Sine (SS) which are
shown in Figure 3 [18-21].

Constant radius maneuver involves driving a vehicle at various
speeds on a circular path with a fixed radius. It tests the vehicle's
handling capabilities, self-steering behavior, and lateral stability.

The double lane change maneuver is designed to assess a vehi-
cle's ability to quickly change lanes and avoid obstacles. The driver
accelerates to a target speed, releases the throttle, steers to the left
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lane, and then steers back to the right lane.

The fishhook maneuver is a test developed by the National
Highway Traffic Safety Administration (NHTSA) to evaluate a
vehicle's rollover resistance. It involves initiating a turn at a spe-
cific speed and steering angle, holding the steering angle for a du-
ration, and then completing the maneuver.

The increasing steer maneuver is used to evaluate the lateral re-
sponse of a vehicle. It involves gradually increasing the steering
angle at a constant speed while the vehicle is traveling in a straight
line.

In the sine with dwell maneuver, the vehicle is accelerated to a
specific speed and then released without any steering or braking
inputs. A sinusoidal steering input is then applied using a controller,
with the frequency gradually increasing

The swept sine maneuver tests the frequency response of a ve-
hicle's steering inputs. The driver accelerates the vehicle to the tar-
get speed and applies a sinusoidal steering input, gradually increas-
ing the frequency of the input.
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Fig. 3. Driving Scenarios

These maneuvers are designed to assess different aspects of a
vehicle's dynamics, including stability, maneuverability, and re-
sponse to steering inputs, providing valuable information for eval-
uating the vehicle's performance and safety.

2.2 Topology Optimization

Topology optimization is widely used for structural optimiza-
tion to provide optimal material usage. For light-weighting, the

strength of the material is typically assessed through static and dy-
namic analysis.

E(pe) =ep Eo (6)
K(p) = Zle}]:l [pmin + (1 = ppin) pep]Ke (7)
C(p) = Z¥=1 peP[ue]"[Kel [u,] (8)
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= —p(pe)" M [u] K] [u] (10)
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o= 2 (G v ) @2

Topology Optimization is typically implemented using Solid
Isotropic Material with Penalization (SIMP) approach. This math-
ematical approach focuses on material density to meet the require-
ments [22-23]. The elasticity of the model is given in Equation (6).
In this equation, p, and E, are material density and modulus of
elasticity of the isotropic material. According to the SIMP method,
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the hardness matrix is expressed as in Equation (7). where, K,
and N are the element stiffness matrix and number of elements in
the design.

A common goal for topology optimization is to maximize stiff-
ness in the model or to minimize coherence, which is the opposite
of stiffness. Therefore, the optimization study analyzes the element
density, which minimizes the global compatibility of the structure.
The compatibility is given in Equation (8), where, u, is the dis-
placement vector of the element. The force is calculated using
static and dynamic analysis, as given in Equation (9). The sensitiv-
ity is calculated as in Equation (10), and the damping effect is cal-
culated as in Equation (11). In these equations, M, w and i isthe
model mass matrix, angular frequency and the number of condi-
tions in the optimization study. Finally, the sensitivity is re-ar-
ranged as in Equation (12) [24-26].
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Fig. 4. Multi System Level Optimization Methodology

3. Materials and Method

In this study, the process steps for multi-system level optimiza-
tion are shown in Figure 4. Firstly, the determined driving scenar-
ios (CR, DLC, IS, FH, SwD and SS) are run on a reference appli-
cation with 14 DoF passenger cars, and the acceleration values in
the XYZ axes are analyzed. The stress and deformation analysis
are carried out on the 2 DoF driving simulator according to the
minimum and maximum values for the acceleration on XYZ axes
obtained from driving scenarios. The resulting data is used to cal-
culate the reaction force and determine the linear actuator force re-
quirement. The topology optimization of the mounting bracket is

electronic control unit block using the actual feedback, and control
signals are generated. These signals are used to control the steering
and traction blocks of the vehicle block. Allowing it to track the
reference signal. Table 1 provides the technical specifications of
the passenger vehicle used in the reference application. The ob-
tained acceleration on XYZ axes during the driving scenarios in
the reference application are shown in Figure 6. As can be seen
from Figure 6, the highest acceleration value occurred in the FH
maneuver. The minimum and maximum accelerations on XYZ
axes for all driving scenarios are given in Table 2
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Table 1. Technical Specifications of 14 DoF Passenger Vehicle

Body Value Unit Transmission Value Unit
Mass 1600 kg Drive Ratio 3.7 -
Wheel Base 3.075 Drive Efficiency 0.86 %
FrAxle Pos. from CG 1.515
RrAxle Pos. from CG 1.504 Steering Front Ackerman
Height CG 0.134 Ratio 18 -
Frontal Area 211 m2 Range 3*pi rad
Drag Coefficient 0.33
Track Width 1.922 m Driver
Sprung Mass 1096.7 kg Kp 400 -
Ki 0.001 -
Engine Pedal Filter Cons. 0.01 -
Max Power 100000 Watt
Max Speed 7000 RPM Suspension
Stall Speed 200 RPM Zeta 0.7071 -
wd 9.4248 -
Tire (205/60R15) Stiffness 52451 N.m-
Wheel Mass 11.433 kg Damping 5565.2 N.s.m
Wheel Width 0.20905 Unsprung Mass Fr 21.0693 kg
Rim Radius 0.1914 Unsprung Mass Rr 21.0693 kg
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Fig. 6. Acceleration on XYZ Axes for Each Driving Scenarios

Table 2. Minimum and Maximum Accelerations on XYZ Axes

CR Acceleration (m.s) DLC Acceleration (m.s) IS Acceleration (m.s2)

Axis X Y z Axis X Y z Axis X Y 4

Xmin | -0.48 0.51 9.6 Kmin -3.01 6.43 9.82 Xmin | -0.43 0.1 9.72
Xmax | 5.87 0.22 10.01 Kmax 5.48 0.08 9.78 Xmax | 6.11 0.1 10.12
Y min 0.53 -0.23 10.25 Y min -1.49 -6.12 11.95 Y min 5.67 -0.12 9.87
Ymax | 0.27 2.54 9.68 Y max -1.77 6.37 10.01 Ymax | 0.07 4.89 9.81
Zmin -0.1 0.17 8.95 Znin 0.01 0.01 3.59 Zmin 0.01 0.01 8.87
Zmax 0.11 0.15 1251 Zmax 0.01 0.01 15.68 Zmax | 0.01 0.01 125
FH Acceleration (m.s?) SwD Acceleration (m.s) SS Acceleration (m.s?)

AXis X Y A AXis X Y A AXis X Y A

Xmin | -2.53 | -6.07 9.89 Kmin -0.48 0.01 9.81 Xmin | -0.52 0.01 10.12
Xmax | 6.12 0.01 10.27 Xmax 6.12 0.01 9.83 Xmax | 6.17 0.01 9.68
Ymin | -0.27 | -6.73 9.87 Y min -0.12 -5.99 9.72 Ymin | -0.27 | -5.93 9.93
Ymax | -2.01 6.82 9.54 Y max -0.17 5.12 9.57 Ymax | 0.29 5.96 10.01
Zmin 0.01 0.01 8.91 Znin 0.01 0.01 8.85 Zmin 0.01 0.01 8.89
Zmax 0.01 0.01 125 Zmax 0.01 0.01 125 Zmax | 0.01 0.01 125
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4. Results and Discussion

In this section, the obtained results and findings are discussed.
The driving scenarios given in Figure 3 are run on the reference
application of 14 DoF passenger cars shown in Figure 5. In the
reference application, the driving scenarios are transformed into
longitudinal and lateral reference signals by the reference genera-
tor and sent to the predictive driver block. The predictive driver
block uses acceleration, deceleration, steering and gear infor-
mation to control the vehicle block according to the dynamic re-
sponse of the driver.

In the vehicle block, the received signals are evaluated by the
electronic control unit block using the actual feedback, and control
signals are generated.  These signals are used to control the steer-
ing and traction blocks of the vehicle block. Allowing it to track
the reference signal. Table 1 provides the technical specifications
of the passenger vehicle used in the reference application.

The obtained acceleration on XYZ axes during the driving sce-
narios in the reference application are shown in Figure 6. As can
be seen from Figure 6, the highest acceleration value occurred in
the FH maneuver. The minimum and maximum accelerations on
XYZ axes for all driving scenarios are given in Table 2.

Linear modal dynamic analysis was performed based on the
maximum values of the accelerations obtained from 14 DoF vehi-
cle models in the X, Y and Z axes over the section that gives the
movement of the simulator chassis. Thus, the behavior of the sim-
ulator system under accelerations obtained from the relevant driv-
ing scenarios, that is, the results of stress and deformation, were
examined. The simulator system has ST-37(S235JR) structural
steel material, except for the bracket part. The material properties
of ST-37 structural steel are shown in Table 3.

Table 3. ST-37 Structural Steel Material Mechanical Properties

Fig. 8. Simulator Moving Structure CR Xmin Acceleration Values
and Application

With the definition of the analysis boundary conditions, the
mesh application process was carried out to solve the model.
The mesh structure is applied in the same way in all modal dy-
namic analysis conditions and its details are shown in Figure 9.a.
The maximum element size is 25 mm, the mini-mum element
size is 5 mm. There are 357747 nodes, 187602 elements and
high quality mesh is applied. Curvature-based tetrahedral mesh
was applied. Figure 9.b shows the mesh structure in the system.

Xmin (Varsaylan)
Solid Mesh
Curvature-based mesh

Jacobian points for High quality mesh

Meximum Aspect Ratio

P of elements
with Aspect Ratio < 3

Property Value Unit
Elastic Modulus 210000 N.mm-2
Poisson's Ratio 0.28 N.A1
Shear Modulus 79000 N.mm-2
Mass Density 7800 kg.m3 e
Tensile Strength 360 N.mm-2 :M;:?S
Yield Strength 235 N.mm-2 e
Thermal Conductivity 14 W.(m.K)? oo s
Specific Heat 440 J.(kg.K)*

All of the acceleration values in Table 2 were applied to the sim-
ulator system in modal dynamic analysis. For the modal dynamic
analysis, the simulator system is assumed to be fixed from the base,
and the fixation boundary condition is defined as in Figure 7.

In the modal dynamic analysis performed, the accelerations
were applied as in Table 2 in the article. As an example, the Xmin
values in the CR (Constant Radius) driving scenario are applied to
the system together as acceleration in Figure 8.

Percentage of elements
with Aspect Ratio > 10

Percentage of distorted elements
Number of distorted elements
Remesh failed parts independently
Time to complete mesh(hh:mm:ss)

16 points
25 mm
5mm
High
357747
187602
48,065

843

0,106

0

0

Off
00:00:25
BDEMIRCI

Computer name

b)

Fig. 9. a) Mesh Details, b) Mesh Structure
After solving the modal dynamic analysis based on the relevant

boundary conditions and mesh structure, VVon-Mises stress and de-
formation results for each case are obtained and shown in Table 4.
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Table 4. Modal Dynamic Analysis Stress and Deformation Results

CR Stress Deformation DLC Stress Deformation IS Stress Deformation
(MPa) (mm) (MPa) (mm) (MPa) (mm)
Xmin 17.46 0.66 Kmin 129.18 3.31 Kmin 14.43 0.69
Xmax 74.92 0.53 Xmax 94.74 2.74 Kmax 77.49 0.55
Y min 15.6 0.74 Y min 112.01 3.49 Y min 73.03 0.55
Y max 43.11 1.47 Y max 113.62 3.23 Y max 84.41 2.49
Zmin 13.12 0.61 Zmin 531 0.25 Zmin 13.09 0.62
Zmax 18.57 0.81 Zmax 23.14 1.09 Zmax 18.45 0.87
Stress Deformation Stress Deformation Stress Deformation
FH SwD SS
(MPa) (mm) (MPa) (mm) (MPa) (mm)
Xmin 113.22 341 Kmin 15.52 0.71 Kmin 16.35 0.74
Xmax 77.25 0.57 Xmax 77.29 0.55 Xmax 77.95 0.54
Y min 120.24 3.53 Y min 89.24 1.19 Y min 106.26 3.19
Y max 123.17 341 Y max 88.63 2.59 Y max 102.99 2.94
Zmin 13.15 0.62 Zmin 13.06 0.61 Zmin 13.12 0.62
Z max 18.45 0.87 Zmax 18.45 0.87 Zmax 18.45 0.87

Mesh convergence studies have been carried out in an exemplary
manner based on the DLC (Double Lane Change) Xmin dynamic
analysis scenario in which the highest stress value is seen in the
article. Table 5. for the related mesh convergence study are given
below.

It has been seen that the 25 mm 5 mm mesh application applied
within the scope of the relevant study is generally sufficient. At the
values close to these mesh sizes, it is seen that the stress values are
close to each other in the analysis results, so the results converge.

Stress and deformation analysis are performed under the acceler-
ations on 2 DoF vehicle simulators given in Table 2. The results of
this analysis of stress and deformation are shown in Table 4. In the
illustration in Table 4, displacements are shown with an exaggera-
tion of 100 times. As a result of 36 modal dynamic analysis under
the driving scenarios, the maximum stress is observed as 129.18
MPa in DLC. On the other hand, the maximum deformation is ob-
served as 3.53 mm in FH.

Reaction force (N)

iComponent Selection| Entire Model
| Sum X: 23321 -73,676
| Sum Y: -32,76 -259,09
E‘Sum Z 18,519 170,92
37,704 319,01

|
| Resultant:

Fig. 10. The Resultant and Reaction Forces

In the case of the maximum stress and maximum deformation,
the resultant force and reaction force are obtained as shown in Fig-
ure 10. The reaction force is observed as 319.01 N. Considering
safety factor and standard product specification, the reaction force
is determined as 400 N.

Table 5. Mesh Studies and Stress Results

Analyzes Max Size(mm) Min Size.(mm) Stress(MPa)
Study-1 200 40 53,69
Study-2 100 20 65,71
Study-3 40 8 95,99
Study-4 35 7 111,53
Stduy-5 30 6 117,35
Study-6 29 5 129,2
Study-7 28 5 130,84
Study-8 27 5 128,31
Study-9 26 5 128,57
Study-10 25 5 129,18

To increase the system strength and lightness while reducing the
deformation and stress values, topology optimization is used for the
mounting brackets. In the topology optimization process, the
mounting bracket is fixed through the bolt holes and a load of 400
N is applied vertically on the axis of the movement of the linear
actuators to the screw shaft connection part to which the linear ac-
tuator is connected. The connection diagram and boundary condi-
tions are shown in Figure 11. On the other hand, the mounting
bracket is made of ABS PC, and its material properties are given in
Table 5.
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Fig. 11. The Boundary Condition and Connection Points Between the
Linear Actuator and Mounting Bracket

Table 6. Minimum and Maximum Accelerations on XYZ Axes

Property Value Unit
Elastic Modulus 241 N.mm2
Poisson's Ratio 0.3897 N.A?
Shear Modulus 862.2 N.mm2

Mass Density 1070 kg.m

Tensile Strength 40 N.mm-2
Thermal Conductivity 0.2618 W.(m.K)*?
Specific Heat 1900 J.(kg.K)1

In this study, the objective function for the topology optimization
of the mounting bracket is weight reduction with a maximum stress
constraint of 20 MPa. The resulting optimized design is shown in
Figure 12. This design is then processed to generate the final gen-
erative design, as shown in Figure 13.

Fig. 12. The Optimization Results for the Mounting Bracket

At initial stage, the mounting bracket shown in Figure 11 has a
mass with 0.47717 kg. After the topology optimization, the mass of the
mounting bracket shown in Figure 10 is reduced to 0.20819 kg. This

result shows that a weight reduction of 56.4% has been achieved.

- B

Mass = 0.20819 kg

Fig. 13. The Generative Design for the Mounting Bracket

The obtained generative design is subjected to dynamic analysis
to evaluate its stress and deformation performance. In the case of
DLC scenario, the von-mises stress is reduced from 129.18 MPa
to 126.42 MPa and the maximum deformation is reduced from
3.31 mm to 2.98 mm. These results show that the improvements in
the mounting bracket are 2.2% for stress and 10% for the defor-
mation. Furthermore, a decrease of 70.6% from 71.1% is observed
in the mass participation rate in the X-axis at the same frequency
mode number (30 modes), indication a reduction in the moment of
inertia. The results of the dynamic analysis for the generative de-
sign of the mounting bracket are shown in Figure 14.

126417
lv 13775
101,133
88,492
L 75850
i e
50,567
37,925
25,283
12642
0,000

Stress (MPa)

Deformation (mm)
Fig. 14. The Generative Design Dynamic Analysis Under DLC Scenario

5. Conclusion

In this study, multi-system level topology optimization based on
driving scenarios is studied for 2 DoF vehicle simulator brackets.
First of all, the commonly used driving scenarios for analyzing the
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dynamic performance of a vehicle and its components are deter-
mined as CR, DLC, IS, FH, SwD and SS. These scenarios are then
run on a passenger vehicle with 14 DoF. During the driving sce-
narios, the acceleration information on the XYZ axes is logged.
Using the obtained maximum and minimum acceleration values,
the concept 2 DoF vehicle simulator with 36 different configura-
tions is analyzed in terms of stress and deformation. The results
show that the maximum stress is in the DLC scenario (129.18
MPa) and the maximum deformation is in the FH scenario (3.53
mm).

According to the maximum stress, the resultant and reaction
forces in the DLC scenarios are analyzed. In the DLC scenario, the
reaction force is 319.01 N, so the linear actuator providing a reac-
tion force of 400 N is chosen as a standard product. Then, the ob-
jective function for the topology optimization is then determined
as mass minimization with the maximum stress of 20 MPa as the
design constraint. The generative bracket design as shown in Fig-
ure 14 as a result of topology optimization is obtained under these
conditions, then it is evaluated in comparison with the initial
bracket as shown in Figure 12. The results show that the weight
reduction of 56.4% is achieved. Additionally, stress and defor-
mation analysis are performed on the generative bracket design un-
der the DLC scenario. In the obtained findings, an improvement of
2.2% for maximum stress and 10% for deformation are achieved.
Moreover, the moment of inertia is reduced with a 0.5% improve-
ment in the mass participation rate. According to the obtained re-
sults, it is observed that topology optimization can be improved
with multi-system level based on driving scenarios for determining
and evaluating the objective function and design constraints of a
vehicle component.

Acknowledgment

This work was supported by Marmara University Scientific Re-
search Projects Commission (Project No: FYL- 2022-10537).

Nomenclature

T; : Actuator force acting on the rods (N)
M(q) . Positional mass matrix (kg)

V(q,q) : Vector of the nonlinear terms arising from the centri-
petal and Coriolis accelerations
G(q) . Vector of the gravitational
K : Total kinetic energy of the system (Joule)
U . Total kinetic energy of the system (Joule)
Gi; : Element of the Jacobian matrix of constraint
¢ : Lagrange multiplier
DLC : Double Lane Change
CR : Constant Radius
IS . Increase Steer
FH : Fishhook
SS : Swept Sine
SwD : Sine with Dwell
Xmin : Minimum value on x-axis
Xmax : Maximum value on x-axis
Ymin : Minimum value on y-axis
Ymax : Maximum value on y-axis

Zmin : Minimum value on z-axis
Zmax : Maximum value on z-axis
Pe . Material density

Eo : Modulus of elasticity

K, . Stiffness matrix and

N . Number of elements

U, : Displacement Vector

M : Mass matrix

w . Angular frequency

i : Number of conditions

F . Applied Force Vector

Cc : SIMP Optimization Variable
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