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ABSTRACT

Topology optimization provides an effective approach for achieving efficient conceptual
designs in mechanical structures. Traditional design practices based on experience and trial-
and-error methods are time-consuming and lack systematic optimization. In this study, a
computer-aided engineering (CAE) framework is employed to perform static and topology
optimization analyses of a fixed boom system. The finite-element-based optimization aims to
minimize weight while preserving the required structural stiffness under identical loading and
boundary conditions. The results reveal critical stress concentrations on the boom pins and
arms, guiding the material removal process during optimization. The proposed approach
demonstrates that integrating finite element analysis with topology optimization enables the
development of lightweight, high-stiffness boom structures suitable for industrial lifting
applications.

1. Introduction

In industrial lifting mechanisms, fixed boom systems play a crucial role in ensuring
safety and operational efficiency during material handling processes. These systems,
which are typically designed for transferring heavy loads in a controlled manner, must
simultaneously satisfy lightweight requirements and structural stiffness. Achieving
this balance demands a design approach that integrates structural mechanics, op-
timization theory, and computational analysis within a unified computer-aided
engineering (CAE) framework. Topology optimization has emerged as one of the
most powerful tools for conceptual design in recent decades. The pioneering ho-
mogenization method proposed by Bendsee and Kikuchi [1] and the subsequent
density-based solid isotropic material with penalization (SIMP) formulation by
Bendsee [2] and Yang and Chung [3] established the mathematical foundation of
modern structural optimization. These approaches treat material distribution as a
continuous variable field, enabling the generation of efficient structural layouts under
prescribed boundary conditions.

The evolution of topology optimization methods continued through various com-
putational strategies. Rozvany et al. [4] extended the approach to generalized shape
and layout optimization, Liu et al. [5] introduced a reproducing kernel particle method
that eliminated mesh dependency, and Eschenauer and Olhoff [6] provided a com-
prehensive review emphasizing design reliability and manufacturability. Subse-
quently, evolutionary and heuristic algorithms were integrated into topology frame-
works. Jiang et al. [7] implemented evolutionary structural optimization (ESO), while
Ozkal and Uysal [8] and Isik [9] applied hybrid finite element method (FEM)-based
approaches to mechanical components. Jia et al. [10] introduced multi-objective
formulations considering both stiffness and frequency constraints. Luo et al. [11] and
Zhao [12] enhanced the robustness of density interpolation schemes, improving nu-
merical convergence.

Recent advances have also addressed material heterogeneity, boundary uncer-
tainty, and geometric nonlinearity. Zhang et al. [13] developed a level-set-based
optimization approach for continuum structures with geometric constraints, while
Kefal et al. [14] adopted isogeometric analysis for lightweight composite systems.
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Li et al. [15] explored functionally graded materials (FGMs)
for topologically optimized beams, and Wei et al. [16] in-
vestigated multi-material interpolation schemes applicable
to additive manufacturing. Erden and Yalginkaya [17] applied
a multi-objective genetic algorithm to industrial crane com-
ponents, providing direct relevance to boom structures.
Karamert and Demir [18], Gorgiin [19], and Konal [20]
demonstrated that combining CAE analysis with topology
optimization effectively reduces structural weight while
maintaining mechanical integrity in practical engineering
systems.

Despite these advances, the application of topology op-
timization to fixed boom systems remains limited in the lit-
erature. These systems experience complex combined load-
ing, bending, shear, and torsion, requiring simultaneous con-
sideration of strength and manufacturability constraints. Con-
ventional design practices often rely on trial-and-error finite
element iterations, which cannot guarantee global optimality.
Although generative design has gained popularity in com-
mercial engineering software as a concept-driven optimiza-
tion approach, classical topology optimization remains a widely
adopted method for structural design problems where stress
constraints, convergence behavior, and engineering inter-
pretability are critical. In this study, a stress-constrained to-
pology optimization framework integrated within a CAE
environment is employed to ensure transparent control over
boundary conditions, loading scenarios, and structural per-
formance criteria.

Among the various topology optimization strategies re-
ported in the literature, this study adopts a density-based,
stiffness-driven topology optimization with a safety-factor
constraint integrated within a CAE framework. This method
was selected due to its numerical robustness, computational
efficiency, and direct coupling with finite element stress
analysis, enabling explicit control over stress limits and con-
vergence behavior. These characteristics make the approach
particularly suitable for practical engineering applications
involving complex assemblies and realistic boundary con-
ditions.

Although topology optimization is widely applied to
structural components, studies on fixed boom assemblies
typically focus on strength verification or isolated-part opti-
mization, without explicitly linking component-level reduc-
tion targets to assembly-level mass savings. Moreover, the
interaction between stress constraints, convergence behavior,
and manufacturability-driven refinement is often insuffi-
ciently documented in practical engineering implementations.
The present study does not propose a new optimization algo-
rithm; instead, it contributes a structured and transparent
CAE-based workflow for a fixed boom system that integrates
stress-constrained, density-based topology optimization with
convergence assessment and post-optimization numerical
verification under realistic industrial constraints. In particular,
the study explicitly quantifies the relationship between com-
ponent-level optimization targets and realized assembly-level
mass reduction, providing an application-oriented method-
ological contribution.

2. Static analysis

In a fixed boom system, the highest tensile forces occur in
the pins and arms under loading. Prior to topology optimiza-
tion, a static analysis is performed using the computer-aided
design (CAD)-based CAE module to evaluate stress distribu-
tion and deformation. Although such systems may be sub-
jected to various combined loading scenarios, a single rep-
resentative load case corresponding to the most critical
design condition is considered. This load case governs the
structural response in terms of stress and stiffness and is
therefore used for the optimization process. In the present
study, a single representative boom configuration was an-
alyzed under a defined loading condition. The aim is not to
identify the absolute worst-case position over the full motion
range, but to apply topology optimization under a consistent
and clearly specified design scenario. Under industrial op-
erating conditions, the boom arm was assumed to have a
lifting capacity of 3 tons corresponding to an equivalent
vertical force of approximately 29.4 kN, applied in the global
vertical direction at the load application point, with a mini-
mum safety factor of 1.8. St44 structural steel with a yield
strength of 273 MPa was selected as the structural material.
The finite element model employs triangular and quadrilateral
elements for 2D surfaces and tetrahedral and hexahedral
elements for 3D solid regions. A high-accuracy, curvature-
based meshing strategy was adopted, and the minimum and
maximum element sizes were defined as 6 mm and 30 mm,
respectively, based on preliminary mesh sensitivity checks
and the geometric complexity of the assembly. This mesh
configuration provides a compromise between numerical ac-
curacy and computational efficiency, ensuring stable, repre-
sentative von Mises stress (excluding local singularities) and
displacement responses that are suitable for topology opti-
mization. A separate mesh convergence study was not con-
ducted, as the selected mesh density was found to be suf-
ficient for the scope of the present work. After the meshing
process, the model consisted of 204 304 nodes and 107 711
elements. In the assembly-based finite element model, the
boundary conditions were defined to represent realistic op-
erating constraints. The pin connections were modeled using
cylindrical supports that restrict translational motion while
allowing rotation about the pin axis. Contact interactions
between structural plates were defined as bonded contact to
ensure stable load transfer under static loading conditions. In
the assembly-level static analysis, the hydraulic cylinders
were modeled to transmit axial forces only. The cylinder
connections were defined using pin-type (cylindrical) joint
definitions that allow rotation while preventing moment
transfer. Thus, the cylinders do not artificially increase the
bending stiffness of the structure. The joints between boom
members were also modeled as pin-type connections, ensur-
ing realistic force transfer without rotational constraint. It
should be noted that the term “cylindrical support” refers to
boundary condition implementation and is distinct from joint
definitions within the assembly. These modeling assumptions
provide consistent stress distribution and enable reliable in-
terpretation of the numerical results. The static analysis was
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Fig. 1. von Mises stress distribution of the fixed boom system with applied boundary conditions and axial reaction forces of both hydraulic

cylinders.

conducted for a single representative boom configuration
corresponding to the most critical operating condition, which
governs the structural response and was therefore selected as
the design-driving case for the topology optimization. In the
stress contour plots, the upper limit of the color scale was
fixed to the material yield strength to enable direct visual
assessment of the safety margin. The peak representative von
Mises stress was obtained as approximately 121.7 MPa. The
applied boundary conditions and the axial reaction force
directions of the hydraulic cylinders, ensuring clear repre-
sentation of load transfer and directionality in the finite ele-
ment model, are indicated in Fig. 1. The hydraulic cylinders
are included in the assembly-level model to represent axial
load transfer through physically consistent pin-type joint
definitions and realistic boundary conditions; they are not
evaluated as part of the structural analysis.

Depending on the applied loading and boundary con-
ditions, the safety factor (SF) of the system was determined
as follows:

SF =2 (1)
Omax

where o, denotes the yield stress and opqx represents the peak
representative von Mises stress value. Localized mesh-de-
pendent stress singularities observed near idealized geometric
discontinuities were not considered representative for safety-
factor evaluation; instead, representative von Mises stress
values from converged regions were used. The reported safety
factor is therefore based on representative von Mises stress
values that characterize the global structural response rather
than mesh-dependent local singularities. For St44 structural
steel with a yield strength of 273 MPa, the calculated safety

factor was 2.25, exceeding the target value of 1.8. Thus, the
structure is safe under the applied loading and exhibits low-
stress regions suitable for material removal, motivating
topology optimization for weight reduction.

3. Topology optimization

Topology optimization was performed using a standard built-
in density-based material distribution method implemented
within a commercial CAE software environment. The approach
follows a SIMP-type formulation, in which element stiffness
is interpolated as a function of density variables and iter-
atively updated under stress and mass constraints. Following
the static analysis, low-stress regions were identified as can-
didates for material removal. Topology optimization was then
performed to minimize the weight of the boom system while
preserving stiffness and maintaining a safety factor above 1.8.
The optimization process directly incorporated the static
analysis results, boundary conditions, loading, and mesh
definition to achieve an optimal stiffness-to-weight balance.
Figure 2 shows the optimized forearm (a, c, e) and rear arm
(b, d, f) configurations for 40%, 50%, and 60% mass-re-
duction levels, respectively. The boundary condition direc-
tions, including supports and applied loads, are indicated by
arrows in figures.

During the topology optimization stage, the model was
treated at the component level rather than as a full assembly.
To ensure numerical stability and computational efficiency,
the cylinder attachment regions were represented using
equivalent boundary constraints derived from the assembly-
level load path. This idealization is commonly adopted in
part-level topology optimization and does not modify the
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Fig. 2. Forearm (a, c, e) and rear arm (b, d, f) designs for 40%, 50%, 60% mass reduction.
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Fig. 3. Convergence behavior of stiffness ratio, mass, and safety factor at 60% mass-reduction of the forearm (a-c) and rear arm (d-f).

physical interpretation of global structural behavior. In this
study, stiffness was treated as a relative, dimensionless per-
formance metric derived from structural compliance and used
for comparative evaluation between optimization iterations.
The minimum safety factor was set to 1.8, and both boom
arms were optimized separately under different mass-re-
duction levels. The mass reduction ratios of 40%, 50%, and
60% were selected to enable a progressive evaluation of the
trade-off between material removal, stiffness degradation, and
safety factor, allowing identification of an optimal compro-
mise for the fixed boom system. Preliminary exploratory
trials indicated that reductions below 40% resulted in limited
structural evolution, whereas reductions beyond 60% led to
excessive stiffness degradation and geometrical impracti-
cality; therefore, 40%—60% was selected as a representative
and feasible evaluation range. Half-symmetry modeling was
applied during the topology optimization stage to reduce
computational cost, while the final stress verification was
performed using the full reconstructed geometry. The opti-
mization targeted a structurally stable and manufacturable
configuration, with a minimum thickness of 5 mm imposed
based on operational requirements. Load-carrying regions
were preserved while non-critical material was removed to
reduce mass. In Fig. 3, the variations of stiffness ratio, mass,
and safety factor with respect to the iteration number for the
60% mass-reduction case of the forearm (a—c) and rear arm
(d—f) are presented.

The stiffness ratio, used as a relative indicator of structural
efficiency, decreases rapidly in the early iterations due to the
removal of low-stress material and subsequently stabilizes as
the load paths are refined. The mass approaches the pre-
scribed target smoothly, while the safety factor converges
above the required minimum value of 1.8 after initial fluctu-
ations associated with stress redistribution near connection

regions. These trends confirm that the reported configurations
correspond to numerically stable and fully converged so-
lutions.

4. Validation process

In this study, validation refers to a numerical verification step
in which the revised geometry obtained after topology opti-
mization is reanalyzed using linear static finite element analy-
sis to ensure that stress levels and safety factors remain within
acceptable limits under the applied loading conditions. It should
be noted that the convergence information presented in the
previous section corresponds to the topology optimization
stage prior to geometric modification, whereas the subsequent
design refinements are introduced for manufacturability-
oriented adjustments and numerical verification purposes and
do not affect the convergence behavior of the optimization
process. Within this context, validation is limited to verifying
whether the optimized design satisfies the target performance
parameters, such as stiffness ratio and mass, based on linear
static structural response. The objective of this step is to con-
firm the numerical consistency and feasibility of the opti-
mized configuration following geometry interpretation, rather
than to provide a comprehensive structural certification.
More advanced validation procedures, including geometric
nonlinearity, local buckling, fatigue or spectrum loading,
weld assessment, bolt-hole bearing or shear checks, and
design code compliance, are beyond the scope of the present
work. Figures 4 and 5 show the forearm and rear arm models
of the boom system after the validation stage. In both figures,
(a) and (b) present the raw topology optimization output and
the corresponding finalized design, respectively. Since opti-
mization results are not directly suitable for manufacturing,
geometry interpretation and refinement are required, and the
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Fig. 4. The forearm design after topology optimization: raw data (a) and final design (b).

(b)

Fig. 5. The rear arm design after topology optimization: raw data (a) and final design (b).
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Fig. 6. von Mises stress distribution of the validated fixed boom system after topology optimization.

accuracy of the revised models is verified through numerical
validation.

During validation, the static analysis was repeated on the
revised solid models to verify the structural integrity and to
detect any potential defects introduced during the redesign.
Figure 6 illustrates the distribution of von Mises stress ob-
tained after the validation step. The maximum representative
von Mises stress obtained from the validated static analysis
was 195.9 MPa.

The safety factor was recalculated based on the yield
strength of the material and the maximum stress value, using

Eq. (1):
SF =22 §F =1.39. @)
195.9
Considering that the required safety factor for the design
was 1.8, a local modification was performed near the region
where the maximum stress was observed. In Fig. 7, the up-

dated von Mises stress distribution after the modification is
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Fig. 7. von Mises stress distribution of the modified fixed boom system after topology optimization.

presented. It was determined that the critical stresses were
concentrated around the pin-hole areas. By reducing the size
of the adjacent void regions and redistributing material around
these holes, the stress was successfully mitigated.

After the design modification, the maximum represen-
tative von Mises stress decreased to 117.8 MPa, and the safety
factor was recalculated as follows:

SF =22 =232, SF =232, 3)
117.8

This improvement indicates that the revised boom struc-
ture satisfies the design requirements, achieving both me-
chanical safety and manufacturability within the defined con-
straints.

5. Results and discussion

In this study, topology optimization was applied to a fixed
boom system with stress considered as the primary design
constraint. A baseline static analysis was first performed,
followed by topology optimization to refine the structural
layout. The safety factor increased from 2.24 in the initial
configuration to 2.32 after optimization, remaining well above

the minimum requirement of 1.8. As a result, the total system
mass was reduced from 1610 kg to 1485 kg, corresponding
to a weight saving of 125 kg (7.76%). Table 1 summarizes
the optimum stiffness, mass, and safety factor values obtained
for the forearm at different mass-reduction ratios. Based on
the convergence behavior shown in Fig. 3, the optimization
converged at a 60% mass-reduction level, where the target
criteria were satisfied. At this level, the optimum stiffness,
mass, and safety factor were 25, 72 kg, and 2.1, respectively,
achieved at the corresponding iteration steps.

Table 2 presents the optimum stiffness, mass, and safety
factor values obtained for the rear arm design. According to
the convergence behavior, the optimization converged at a
60% mass-reduction level, where the target criteria were
satisfied. At this level, the corresponding stiffness, mass, and
safety factor values were 260, 260 kg, and 1.8, respectively.

The optimization results confirm that substantial mass
reduction can be achieved without compromising structural
safety. Specifically, the 60% mass reduction scenario pro-
vided the most balanced outcome, maintaining the target
safety factor while delivering an efficient material distribution
across the load paths.

Table 1. Optimum stiffness, mass, and safety factor values for different mass reduction ratios in the forearm design

Parameter Mass reduction (%)
40 50 60
Iteration | Value | Iteration | Value |Iteration | Value
Stiffness 29th 17 38th 20 57th 25
Mass 29th 109.7 43rd 92 52nd 72
Safety factor 36th 5.8 43rd 2.9 59th 2.1
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Table 2. Optimum stiffness, mass, and safety factor values for different mass reduction ratios in the rear arm design

Parameter Mass reduction (%)
40 50 60
Iteration | Value | Iteration | Value |Iteration| Value
Stiffness 29th 205 36th 210 7th 260
Mass 34th 392 36th 325 67th 260
Safety factor 29th 1.9 32nd 1.95 76th 1.8
6. Conclusions 2. Bendsee, M. P. Optimal shape design as a material distribution

This study presented a finite-element-based topology opti-
mization framework for a fixed boom system, incorporating
von Mises stress as a critical design constraint. The results
demonstrated that the optimized boom system achieved a
notable reduction in total mass while preserving structural
safety and stiffness performance. It should be emphasized that
the mass reduction ratios of 40%—-60% were applied at the
individual component level during topology optimization of
the boom arms. These optimized components constitute only
a portion of the total mass of the fixed boom system. Con-
sequently, when the optimized components were reassembled
with non-optimized parts, such as pins, hydraulic compo-
nents, and auxiliary structural elements, the resulting overall
system-level mass reduction was approximately 8%. This out-
come highlights the difference between per-part optimization
targets and the realized mass savings at the assembly level.

Beyond the numerical results, the findings demonstrate
the practical benefits of integrating topology optimization into
engineering design by reducing material usage and associated
manufacturing costs. The proposed CAE-driven approach
highlights its applicability to industrial lifting systems by
improving structural efficiency without compromising per-
formance. Future work may extend the present study by con-
sidering fatigue behavior under cyclic loading, experimental
validation, alternative loading scenarios, and multi-objective
optimization involving additional performance criteria.
Although the proposed design is evaluated from a structural
performance perspective, operational aspects such as material
accumulation and maintenance requirements were not con-
sidered and may motivate alternative configurations, such as
an open-bottom face, in future design studies.
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CAE-integreeritud topoloogia optimeerimise rakendamine fikseeritud

noolslisteemis

Onder Can Arda ja Fatih Karagam

Topoloogia optimeerimine on t6hus meetod mehaaniliste konstruktsioonide kontseptuaalsete lahenduste op-
timeerimiseks. Traditsioonilised projekteerimispraktikad, mis pohinevad kogemusel ja katse-eksitusmeetodil,
on ajamahukad ega vdimalda slisteemset optimeerimist. Kdesolevas uuringus kasutatakse raal-tehnoanaltisi
(CAE) raamistikku fikseeritud noolsilisteemi staatika anallilsi ja topoloogia optimeerimiseks. L&plike elemen-
tide meetodil péhineva optimeerimise eesméark on vahendada konstruktsiooni massi, séilitades samal ajal
vajaliku jaikuse samade koormus- ja rajatingimuste korral. Optimeerimisprotsessi tulemusena tekivad kriitili-
sed pingekontsentraatorid noole tappidele ja kinnituskdrvadele, mis mdjutavad materjali eemaldamise prot-
sessi. Pakutud Idhenemine néitab, et [6plike elementide anallilsi ja topoloogia optimeerimise integreerimine
vdimaldab td6tada valja kergeid ja suure jaikusega noolkonstruktsioone, mis sobivad to6stuslikeks tdste-

seadmete rakendusteks.
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