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behavior, and boundary conditions representing the reaction forces transmitted
from the traction motor to the chassis. Three geometric design parameters base
sheet thickness, side sheet thickness, and stiffener sheet thickness were examined
at three levels. Equivalent stress, displacement, safety factor, and mass were
evaluated as response parameters, and the S/N ratio and ANOVA techniques were
used to quantify parameter sensitivity and contribution to the variance of the mass
response.

The results indicate that the base sheet thickness is the dominant parameter
governing the lightweighting performance of the bracket, while the side and
stiffener sheets have comparatively lower influence. The optimum thickness
configuration was identified as 5-4—5 mm, yielding a 15.5% mass reduction with
respect to the 6-6—5 mm reference design while maintaining a safety factor above
3.18. The findings demonstrate that the Taguchi—~ANOVA-FEM approach
provides an effective decision-support framework for early-stage design of
bracket-type structural components in electric bus traction systems. Moreover, the
methodology is compatible with manufacturable design constraints and can be
extended to multi-objective formulations including durability and fatigue
performance in future studies.

1. INTRODUCTION

The increasing use of electric buses and trolleybuses in urban public transportation necessitates the
reconsideration of load-bearing body structures and auxiliary structural components in terms of both
lightweight performance and structural strength. The integration of additional components such as
battery packs, power electronics units, and traction motors increases the mass of the load-carrying
structure and leads to elevated local stress levels. This situation has become a critical design parameter
in terms of both energy consumption and operating costs. In recent years, studies focusing on the
lightweighting of bus body and chassis structures and the enhancement of their structural performance
have demonstrated that meaningful mass reductions can be achieved through the combined use of finite
element analysis (FEA) and optimization methods. In the study conducted by Ozcan et al. on a 25-m-
long bi-articulated electric bus body, topology and size optimization were applied based on an
experimentally validated finite element model derived from road test data, and approximately 14% mass
reduction was achieved while preserving strength criteria [1]. Similarly, FEM-based investigations on
the body and chassis stiffness, stress distributions, and fatigue life of mid- and large-sized buses have
reported improvements in both mass and structural performance through the use of optimum cross-
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section and sheet thickness combinations [2—4]. Moreover, studies examining the effects of power
battery packs on body stiffness, natural frequencies, and stress distributions in electric vehicles have
emphasized that additional mass can cause significant stress concentrations on local load-bearing
components [5].

In addition to these full-scale body or chassis-level investigations, the structural performance of local
components that directly affect the overall durability and operational safety of the vehicle—particularly
connection and load-carrying brackets—has emerged as a distinct research area in recent years. In
studies where the fatigue life of battery carrier brackets under random vibration loads was predicted
using finite element analysis, it has been demonstrated that stress concentrations constitute the primary
mechanism governing fatigue damage and that the fatigue performance can be improved through
geometric optimization of the bracket [6]. In another study, the fatigue lives of two different bracket
designs used in the charging door mechanism of an M3-class electric bus were investigated under
constant-amplitude load cycles derived from real service data. The results, obtained by combining
equivalent stress distributions and S—N curve-based life predictions, revealed that both material selection
and geometric differences play a decisive role in fatigue safety [7]. For motor and transmission mounting
brackets carrying powertrain components, finite element models are commonly calibrated with
experimental test data, allowing fatigue life assessment to be performed prior to defining structural
optimization-oriented design revisions [8]. In a recent study on upper brackets positioned on an
automotive front-end frame, multi-objective optimization was applied under combined static and
dynamic loading conditions, enabling both mass reduction and stiffness enhancement to be achieved
simultaneously [9]. These findings indicate that bracket-type local components, although inseparable
from the global body design, possess a significant independent potential for lightweighting and strength
optimization.

In finite element-based structural design studies, the use of design of experiments (DOE) and statistical
analysis methods for the systematic scanning of design parameters and the determination of optimum
design combinations has become increasingly widespread. In particular, the Taguchi method is
frequently preferred in the optimization of automotive structural components due to its ability to evaluate
the effects of parameter levels on the response with a limited number of experiments or analyses, to
assess performance robustness through signal-to-noise (S/N) ratios, and to quantify factor contributions
via analysis of variance (ANOVA). Studies aiming to reduce the mass of automotive load-carrying
elements using FEM-based Taguchi approaches have demonstrated that design variables such as sheet
thickness can be optimized under safety factor and maximum stress constraints in chassis and structural
members [10]. In a different study, the geometry of a single right-angle bracket was optimized under
random vibration loads using a Taguchi L9 orthogonal array and the finite element method; the results
showed that relatively small variations in bracket dimensions can lead to significant improvements in
fatigue life [11-13]

In parameter optimization applications employing FEM—-DOE/Taguchi hybrid models for truck and bus
chassis structures, the effects of geometric variables such as thickness and cross-section dimensions on
mass, maximum stress, and safety factor have been statistically evaluated, and balanced design solutions
between minimum mass and allowable stress levels have been reported [10,14,15]. Barea et al. (2018)
demonstrated that design parameters have pronounced effects on fatigue behavior and structural
performance in their Taguchi-based optimization study on a right-angle bracket [11]. Similarly, Patel
and Bhatt (2016) reported that an FEM-Taguchi-based optimization process provides a feasible
approach for improving mass and performance outputs in heavy vehicle chassis components [16]. The
15.5% mass reduction achieved in the present study is consistent with the optimization trends reported
in the Taguchi—FEM literature and supports the engineering tendency toward lightweighting of structural
bracket designs in heavy commercial vehicles. Furthermore, studies integrating random vibration fatigue
analysis with design optimization for bracket-like components subjected to heavy-duty service
conditions, such as energy storage enclosures and battery housings, have demonstrated that FEM-based
design—experiment integration is an effective tool for developing reliable and lightweight structures
[10].

The collective findings in the literature indicate that: (i) FEM-based lightweighting and structural
performance assessment has become widespread in bus bodies and heavy commercial vehicle chassis
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structures, (ii) local components such as battery, charging door, and powertrain brackets are critical in
terms of static and fatigue strength, and (iii) the FEM—Taguchi integration provides a suitable framework
for the systematic optimization of sheet thickness and geometric parameters. However, no study has
been identified in which the sheet thickness parameters of the main motor mounting bracket in trolleybus
applications have been systematically investigated using a Taguchi experimental design and in which
the interaction between mass, safety factor, and displacement has been evaluated in a comprehensive
manner.

The original contribution of the present study is to systematically scan three fundamental sheet thickness
parameters namely the base plate, side plates, and intermediate stiffener plate of a motor mounting
bracket belonging to a 12-m-long trolleybus using a Taguchi L9 orthogonal array. For each design
combination, the maximum equivalent stress, displacement, safety factor, and total mass are computed
through finite element analysis, and the optimum thickness combination is determined within a
lightweight-focused performance framework. By employing S/N ratios and ANOVA results, the relative
effects of the design parameters on mass are quantitatively revealed, and the base plate thickness is
demonstrated to be the dominant design variable in terms of lightweighting performance. Consequently,
a motor mounting bracket design is proposed for the trolleybus traction system that satisfies structural
safety requirements while providing a meaningful level of mass reduction compared to the reference
design.

2. MATERIAL AND METHOD
2.1. Bracket Geometry and Material Properties

The detailed geometry of the bracket is illustrated in Figure 1. The bracket has an overall width of 412
mm and a height of 158 mm in the initial configuration. The intermediate stiffener divides the structure
into two sub-sections of 220 mm and 192 mm, respectively. The mounting interfaces are realized through
two cylindrical features, with inner and outer radii of 30 mm and 40 mm. A top-view representation
shows that the plate thickness of all structural members is 6 mm. In addition, the support plates forming
the lateral load path are dimensioned as 140 mm x 158 mm and 180 mm X 120 mm, with a 20 mm
connecting flange. These geometric definitions characterize the design envelope of the bracket and
define the available space for motor mounting and chassis integration.
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Figure 1. Dimensional representation of the motor mounting bracket with geometric constraints and
support plate configuration

The bracket is manufactured from a low-carbon structural steel with mechanical properties equivalent
to the EN 10025-2 grade S355J2. In the context of the present study, this material can be regarded as
approximately corresponding to an AISI 10xx-series structural steel (similar to AISI 1024), with a
minimum yield strength of about 355 MPa and a tensile strength in the range of 510—630 MPa. The
mechanical properties used in the analyses are summarized in Table 1.
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Table 1. Mechanical properties of the bracket material (EN 10025-2 S355J2, approx. AISI 10xx
structural steel) [17],[18]

Parameters Value
Density g/cm? 7.85
Elastic Modulus (GPa) 210
Poisson’s Ratio (v) 0.3
Yield Strength (MPa) 355-420
Tensile Strength (MPa) 490-630
Shear Modulus (GPa) 81
Elongation (%) 20-24

The bracket was manufactured from a structural steel equivalent to EN 10025-2 grade S355J2 due to its
favorable balance between stiffness, yield strength, fatigue resistance and manufacturability. In heavy-
duty commercial platforms such as trolleybuses, the mounting components of traction motors are
subjected to repeated load cycles during acceleration and braking, making low-carbon structural steels
more suitable than aluminum alloys or composite laminates, which offer higher specific strength but
may exhibit reduced fatigue robustness and impose limitations in welding and joining operations. S355-
class steels are also widely available in flat sheet stock, compatible with MAG/MIG welding processes,
and cost-effective for mass production, which makes them industrially preferred for bracket and
mounting assemblies. The material choice is consistent with the literature, where sheet-metal brackets
and metallic support components are frequently adopted for chassis-mounted or load-transfer structural
applications in automotive platforms [19-21].

2.2. Finite Element Model of the Bracket
2.2.1. FEM Literature Context

Finite element-based methodologies are widely employed in the assessment of sheet-metal brackets and
structural components due to their capability of capturing bending-dominated deformation modes and
localized stress concentrations with high numerical fidelity. In the literature, shell-element formulations
have been extensively used for thin-walled structures, as they allow for accurate prediction of equivalent
stress distributions at a reduced computational cost [20—22]. Moreover, hybrid meshing strategies
combining shell and solid elements have been reported to improve stress resolution in load-transfer
regions of mounting assemblies and bolted or welded joints [23-25]. For motor mounts and support
brackets subjected to quasi-static loads, linear elastic FEM approaches have demonstrated sufficient
accuracy for the preliminary evaluation of structural rigidity and strength, especially in the early design
stages [26,28]. The finite element modeling approach followed in this study is consistent with these
previous findings and tailored to the geometric characteristics of the proposed bracket.

2.2.2. Mesh Characteristics

The finite element model of the motor mounting bracket was constructed using quadrilateral shell
elements to accurately represent the bending-dominated behavior of the sheet-metal structure. During
the mesh generation process, mesh independence and element size sensitivity were taken into account
to ensure that the solution became independent of the spatial discretization [29]. Based on these
evaluations, a nominal element size of 2 mm was selected as the optimal resolution in terms of
computational efficiency and model accuracy. In regions subjected to localized load transfer, solid
elements were employed and discretized using an orthogonal meshing strategy, as recommended in the
literature for load-bearing plate and bracket analyses [30].

The final mesh consisted of 170,052 nodes and 137,498 elements, with an average element quality of
0.89. The predominance of quadrilateral shell elements ensured favorable accuracy in stress prediction
and reduced numerical locking. A detailed view of the discretized mesh structure is provided in Figure
2.
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Figure 2. (a) Finite Element Mesh Structure, (b) Finite Element Convergence Plot

2.2.3. Finite Element Method

The Finite Element Method (FEM) is a numerical analysis technique used to determine, through
approximate methods, the behavior of complex engineering geometries that cannot be solved
analytically. The method is based on dividing the modeled structure into small elements and defining
the displacement field within each element using local shape functions. Through this approach, stress,
strain, and displacement distributions can be calculated by considering material properties, boundary
conditions, and applied loads. Under the assumption of linear elasticity, FEM solves the structural
equations using Hooke’s law, force—displacement relationships, and the principle of energy equilibrium.
In this study, the analyses were carried out using a linear static solution approach, and the stresses
developed in the bracket were evaluated according to the von Mises criterion. The fundamental
mathematical formulation of the finite element analysis is expressed in the following general form
[18],[29]:

Ku=F (1
Here, K represents the global stiffness matrix, u denotes the nodal displacement vector, and F

corresponds to the external load vector. The element stiffness matrix is obtained at the element level
based on the principle of virtual work and is expressed as follows [18],[29]:

Ke = fBTDB v )
14

In this equation, B represents the strain—displacement matrix derived from the shape functions, and D
denotes the material-dependent elasticity matrix. The von Mises equivalent stress, which was taken as
the reference parameter for the safety evaluation of the bracket design, is calculated using the following
expression [18],[29]:
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Oeq = %[(01 —03)? + (0, — 03)% + (03 — 01)° )

This formulation enables complex multiaxial stress states to be represented by a single scalar quantity,
thereby allowing direct comparison in engineering design. The analysis results obtained based on this
method were evaluated together with the Taguchi method to establish the optimum design decisions.

2.3. Boundary Conditions and Load Application

The loading acting on the bracket was applied through the mounting interfaces illustrated in Figure 3.
For the static analyses, the traction motor mass was assumed to be 400 kg and considered under standard
gravitational loading (1 g), corresponding to a downward force of approximately 3922 N. The load was
uniformly distributed over the contact surface to prevent numerical singularities and to ensure realistic
load transfer at the mounting interface.

The welded faces connecting the bracket to the vehicle chassis were modeled as fully constrained,
restricting all translational and rotational degrees of freedom (UX = UY = UZ = ROTX = ROTY =
ROTZ = 0). No contact non-linearity was considered in the interface regions, and the chassis connection
was treated as rigid to represent the high stiffness of the welded joints.

A linear static structural analysis was performed under small-deformation and isotropic elasticity
assumptions. Further details regarding the mesh configuration and finite element methodology are
provided in Section 2.2.1.and 2.2.2.

Gravity Force

Engine Connection l
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w

400 kg =3922 N
Figure 3. Motor mounting bracket connection showing load application and boundary conditions.

The numerical model was verified through a mesh independence study and numerical consistency
checks to ensure that the finite element solution was not sensitive to spatial discretization. The structural
responses obtained for the reference 6—6-5 configuration were found to be consistent with the stiffness
and stress levels typically reported for sheet-metal brackets and mounting assemblies in the literature.
In addition, the deformation modes observed in the analyses exhibited the global bending behavior
expected for base-plate-dominated geometries, confirming that the load-transfer mechanisms were
physically meaningful. Although experimental validation is beyond the scope of the present study, the
adopted verification and benchmarking steps provide sufficient confidence in the model accuracy for
the screening-level design evaluation carried out in this work.

In the finite element simulations, the material behavior was assumed to be linear elastic and isotropic
due to the quasi-static nature of the applied loading. The traction motor was represented by an equivalent
static load acting on the mounting interface, and the effects of dynamic excitation, damping, temperature
variation and manufacturing tolerances were neglected. The simulations were carried out under standard
gravitational acceleration and were limited to the evaluation of structural stiffness and strength. The
boundary conditions were defined to represent the reaction forces transmitted from the vehicle chassis
to the bracket, and no relative motion was allowed at the bolted interfaces. These assumptions are
considered reasonable for early-stage structural screening and optimization studies.
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2.4. Taguchi Experimental Design

The Taguchi method is a systematic experimental design approach that enables the determination of
parameter effects with a limited number of experiments [31,32]. In this study, a Taguchi-based
experimental design was applied in order to systematically investigate the main geometric parameters
affecting the structural behavior of the motor mounting brackets. Three different design factors were
defined, each at three levels: (i) base plate thickness, (ii) side plate thickness, and (iii) central stiffener
thickness. These factors were selected because of their direct influence on bracket stiffness, load transfer
capacity, and stress distribution. The Taguchi L9 orthogonal array was used to generate the experimental
combinations, thereby providing a representative sampling of the design parameter space with a
minimum number of analyses. Within the L9 layout, nine different thickness combinations were
evaluated, with each row representing a distinct design configuration in the finite element analyses. This
approach enables both the systematic evaluation of the sensitivity of the load path to thickness
parameters and the statistical identification of the dominant factor levels affecting structural
performance during the optimization process.

In this study, a parameter space consisting of three design factors, each with three different thickness
levels, was defined. Using the L9 orthogonal array structure of the Taguchi method, nine experimental
combinations were generated, and each combination was modeled as a distinct design variant evaluated
through finite element analysis. The design factors and their corresponding levels used in the study are
presented in Table 2.

Table 2. Experimental combinations and factor levels used in the Taguchi L9 orthogonal design

Factor Description Level 1 Level 2 Level 3
A Base plate thickness (mm) 4 5 6
B Side plate thickness (mm) 4 5 6
C Central stiffener thickness (mm) 4 5 6

The experimental combinations generated according to the factor levels are presented in Table 3.

Table 3. Experimental combinations used in the Taguchi L9 orthogonal design

Experiment A — Base B — Side C - Stiffener
No Plate (mm) Plate (mm) Plate (mm)
1 4 4 4
2 4 5 5
3 4 6 6
4 5 4 5
5 5 5 6
6 5 6 4
7 6 4 6
8 6 5 4
9 6 6 6

This design structure provides the statistical basis for determining the optimum factor levels according
to the mass response obtained from the finite element analysis.

2.5. S/N Calculation Method

Within the scope of the Taguchi method, signal-to-noise (S/N) ratios were calculated in order to evaluate
the performance sensitivity of the experimental results. In this study, the “smaller-the-better” approach
was selected as the optimization criterion, and the S/N ratio was calculated using Equation (4). For
comparative cases, the “larger-the-better” approach is presented in Equation [30-33] (5).

1 n
S/N = —10log %Z yE) (4)
i=1
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1 1
S/N = —10log (17 Z F) (5)
i=1

In this study, since lightweighting is the primary objective, the “smaller-the-better” approach, which
directly rewards the minimization of the performance output represented by mass, was adopted. This
approach is widely preferred in the literature for Taguchi-based studies focused on weight optimization
[33].

2.6. Anova Analysis

In this study, a one-way analysis of variance (ANOVA) was applied in order to statistically evaluate the
effects of the design parameters on the total mass of the bracket. ANOVA makes it possible to determine
the relative influence of each design factor on the final response and to quantify the proportion of
variance explained in the response variable. The analysis results obtained within the scope of the Taguchi
experimental design were evaluated based on contribution ratios and F-values, and thus the level of
influence of the design parameters on the performance response was quantitatively determined in a
statistical manner. This method provides a basis for systematically improving the design variables by
identifying the parameters that play a dominant role in the optimization process. Through the use of
ANOVA, the relative effects of the design parameters on the response were quantitatively determined.

Table 4. Results of the variance analysis (ANOVA) performed for the bracket mass

Factor SS (Sum of Squaresy  DOF MS F-Value C"“t(ro‘/lo’)“t“’“
A (Base
plate 10.8610 2 5.4305 719.80 87
thickness)
B (Side
plate 1.5551 2 0.7775 103.06 12.5
thickness)
C (Central
stiffener 0.0524 2 0.0262 3.47 0.4
thickness)
Error 0.0151 2 0.0075 - 0.1
Total 12.4835 8 - - 100

The results of the variance analysis (ANOVA) performed for the bracket mass are presented in Table 4.
According to the results, the base plate thickness is observed to be the most dominant design factor by
explaining 87.0% of the total variance. The side plate thickness ranks second with a contribution of
12.5%, while the effect of the central stiffener thickness is negligible.

3. RESULTS

In this section, the results obtained from the finite element analyses carried out within the scope of the
Taguchi L9 experimental design are presented. For each design combination, the total mass of the
bracket, maximum equivalent stress, maximum displacement, and the calculated safety factor were
evaluated. These outputs were compared in accordance with the lightweighting criterion, and the
optimum design level was determined by calculating the S/N ratios in accordance with the Taguchi
method.

The finite element analysis results of the Taguchi experimental design are presented in Table 5.
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Table 5. FEA results (stress/displacement/mass/safety factor for Trials 1-9)
A B- C-

Experiment Base Side Stiffener Equivalent Displacement Mass Natural
No Plate  Plate  Plate Stress (mm) (kg) Oafety Frequency
(MPa) g (Hz)
(mm) (mm) (mm)

1 4 4 4 193 0.59 11.08 1.81 23.146
2 4 5 5 128 0.53 11.68 2.73 24.386
3 4 6 6 117 0.51 12.27  2.99 25.431
4 5 4 5 110 0.36 12.61 3.18 29.252
5 5 5 6 88 0.32 13.22 397 30.59
6 5 6 4 80 0.31 13.41 437 30.948
7 6 4 6 70 0.23 13.86 5 35.366
8 6 5 4 64 0.22 1432 546 35.756
9 6 6 5 59 0.21 1492 593 37.229

When Table 5 is examined, it is observed that although the increase in thickness levels reduces the
equivalent stress and displacement, it leads to a significant increase in mass. Nevertheless, it is
confirmed that the safety factor remains within the range of 1.81 to 5.93 for all design combinations and
stays within safe design limits. This indicates that the design factors have a direct influence on both
stiffness and lightweight performance.

In addition, it is observed that the natural frequency values increase with increasing thickness, and
particularly that the 4—4—4 configuration exhibits values close to the resonance limits. This demonstrates
that the modal performance is sensitive to the design variables and should be considered together with
static optimization.

For the purpose of optimizing the bracket mass, S/N ratios were calculated for each experimental
combination using the “smaller-the-better”” approach. The calculated values are presented in Table 6.

Table 6. S/N Values

E"p‘i;:)me“t Mass (kg)  S/N(dB)
1 11.08 220,89
2 11.68 2135
3 1227 21.78
4 12.61 22,01
5 13.22 2242
6 13.41 2255
7 13.86 2284
8 14.32 23.12
9 14.92 -23.48

When the S/N values given in Table 6 are examined, according to the “smaller-the-better” criterion, a
decrease in the absolute value of the S/N ratio—that is, the value approaching zero—is considered to
represent better performance. In this regard, the highest S/N value of —20.89 dB was obtained in Trial
1, corresponding to the 4—4—4 mm thickness combination. As the thickness levels increase, the bracket
mass increases in parallel, causing the S/N values to shift toward more negative levels. In particular, the
fact that Trial 9, with the 6-6—5 mm combination, has the lowest S/N ratio (—23.48 dB) indicates that
this configuration provides the poorest performance in terms of mass. These results reveal that the
bracket mass is highly sensitive to the design factors and that an increase in thickness directly leads to
performance degradation. Similar studies in the literature have shown that a significant degree of
lightweighting can be achieved by reducing thickness in bracket components [11,29].

Using the S/N values obtained from the experiments, the level averages for each factor were calculated.
This process allows the relative effects of the design variables on the response to be analyzed in a
comparable manner. The calculated average S/N levels are presented in Table 7.
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Table 7. Average S/N values of factor levels and the optimum design combination

Factor Description Level 1 Level 2 Level 3 Olfél‘illlm
A Base plate thickness (mm) -21.31 dB -22.33 dB -23.15dB Al (4mm)
B Side plate thickness (mm)  -21.43 dB -22.29 dB -22.96 dB B1 (4 mm)
C Central S“gflrrf)r thickness 5} 564 2225 dB 22.87 dB C1 (4mm)

When the average S/N values presented in Table 7 are examined, it is observed that the highest (least
negative) S/N values for all design factors occur at the first level (4 mm). For the “smaller-the-better”
criterion, a higher S/N ratio corresponds to a lower response (i.e., lower bracket mass) and therefore
better performance. Accordingly, the optimum design combination is defined as A1-B1-C1, that is, the
configuration in which the base plate, side plate, and central stiffener thicknesses are all 4 mm. This
combination minimizes the total mass of the bracket within the investigated design space while
maintaining acceptable structural strength.

When the main effects plot presented in Figure 4 is examined, it is observed that the S/N values shift
toward more negative levels as the factor levels increase for all design factors, reflecting the increase in
mass with thickness. For the “smaller-the-better” criterion, the optimum level is the one with the highest
(least negative) S/N ratio; therefore, the optimum level for all factors is determined to be 4 mm. In
addition, the comparison of the slopes reveals that the base plate thickness (Factor A) has the highest
sensitivity on the S/N response, whereas the side plate thickness (Factor B) and the central stiffener
thickness (Factor C) exhibit more limited effects. These results are consistent with the statistical findings
obtained from the ANOVA analysis.

Main Effects Plot for S/N Ratio

-21.25¢
A- Base plate (mm)
-21.50 B- Side plate (mm)
—®— (- Central stiffener (mm)
-21.75}
)
T -22.00t
P
s W
v -22.25 ——
& —
[
s -22.50
-22.75¢
—-23.00

4.00 4.25 4.50 4.75 5.00 5.25 5.50 575 6.00

Level (mm)

Figure 4. Taguchi Main Effects Plot (S/N graph)

The equivalent von Mises stress results obtained from the nine design configurations are summarized in
Table 5 and presented in Figure 5 for direct visual comparison. Overall, the peak stress levels varied
between 59 MPa and 193 MPa, while the corresponding factors of safety ranged from 1.81 to 5.93,
highlighting the strong sensitivity of the bracket response to the sheet-thickness distribution. Among
these configurations, the 4—4—4 and 4-5-5 thickness combinations exhibited the highest stress levels,
corresponding to the lowest sheet-thickness values within the design space and therefore to the weakest
stiffness contributions. In contrast, the 6—6-5 reference configuration generated the lowest stress values,
as expected from the increased thickness of both the base and side sheets. The remaining configurations
(5-4-4, 5-54 and 4-6-5) exhibited intermediate stress levels, reflecting varying contributions of the
base, side and stiffener sheets to the load transfer behavior of the bracket. These results confirm the
classical stiffness—mass trade-off characteristic of sheet-metal structural components, in which reduced
thickness improves mass performance at the expense of stress intensification in critical load-bearing
regions. Within this context, the 5—4-5 configuration was identified as a compromise solution between
mass reduction and structural safety, yielding a peak von Mises stress of 110 MPa with a factor of safety
of 3.18, while providing a 15.5% weight reduction compared to the initial bracket configuration.
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Figure 5. Equivalent von Mises stress comparison across the L9 Taguchi orthogonal-array design
configurations, validating the selection of the optimal bracket thickness combination via finite element
analysis.

Under identical loading and boundary conditions, the deformation patterns obtained from the reference
(6-6-5), optimized (5-4-5), and extreme low-thickness (4—4—4) configurations exhibited similar global
bending modes dominated by the base plate rigidity. However, a clear thickness-dependent deformation
trend was observed. The maximum deformations were 0.21 mm for the reference 6—6-5 case, 0.36 mm
for the 5—4-5 optimized configuration, and 0.59 mm for the 4—4—4 configuration. These results align
with the stiffness—compliance behavior expected for sheet-metal assemblies, where thickness reduction
improves mass performance at the expense of increased deformation. Despite its higher compliance
relative to the reference case, the 5—4—5 configuration remained within acceptable engineering limits,
validating it as a structurally feasible lightweight solution (Figure 6).

5-4-5

Figure 6. Comparison of total deformation responses for the 6—6-5, 5—4-5, and 4—4—4 design
configurations obtained by finite element analysis.
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4. DISCUSSION AND CONCLUSIONS

In this study, the structural behavior of a motor mounting bracket for an electric bus traction system was
investigated through finite element simulations combined with a Taguchi-based design methodology.
The results show that the primary load path is governed by the base sheet, which directly transfers
reaction forces from the traction motor to the chassis. This finding is consistent with bracket and support
optimization studies reporting that similar metallic components are dominated by their main load-
carrying regions [19], [34].

The ANOVA results, in which the base factor accounts for the majority of the variance, agree with
Taguchi-based DOE applications on L-brackets, sheet-metal supports and snap-fit assemblies, where a
single geometric factor was shown to explain a dominant portion of the response variability [10], [19]-
[21], [30], [35], [36]. This confirms that the Taguchi—rANOVA framework is suitable for sensitivity
evaluation during early-stage design decisions.

From a lightweighting perspective, the optimum sheet configuration was identified as 5-4-5 mm,
achieving approximately 15.5% mass reduction relative to the 6—6—5 mm reference, while maintaining
a maximum equivalent stress below 110 MPa and a safety factor greater than 3.18 Comparable mass
reductions (10-20%) have been reported in redesign studies on metallic brackets and support structures
without compromising structural performance [20],[33], [34].

Modal analysis revealed increased global stiffness, shifting the first natural frequency outside the typical
excitation band of traction motors. Similar modal improvements were observed in engine mounting
bracket studies emphasizing resonance avoidance [27], [34].

A key implication of this work is that mass-based single-response optimization may lead to structurally
insufficient designs, emphasizing the need to include criteria such as stress, displacement and fatigue.
Limitations include linear static modeling assumptions, deterministic boundary conditions and discrete
sheet-thickness levels. Future work will focus on multi-objective optimization and prototype-level
validation under representative operating conditions.
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