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Abstract

This study investigates the structural analysis
and topology optimization of a Theo Jansen
mechanism-based mobile robot chassis,
developed to help primary school students
learn engineering fundamentals. Finite element
analyses were performed in ANSYS, including
static and modal analyses, followed by topology
optimization to reduce mass while preserving
strength. The pre-optimization model showed
0.2597 mm deformation and 3.5248 MPa stress,
whereas the optimized design had 0.4885 mm
deformation and 3.7745 MPa  stress.
Optimization reduced mass by 37% in
simulation (15.625 g to 9.8925 g) and 26.3% after
3D printing (10.31 g to 7.60 g). Modal analysis
revealed six natural frequencies, used to guide
motor selection and avoid resonance. Results
were simplified for students through ratio,
proportion, and  percentage  exercises,
supported by visuals and models. Future work
includes applying the activities to larger groups
and evaluating learning outcomes using
artificial neural networks and fuzzy logic.

Oz

Bu calisma, ilkogretim 6grencilerinin mithendislik
temellerini 6grenmelerine destek olmak amaciyla
tasarlanan Theo Jansen mekanizmali mobil robot
sasisinin  yapisal  analizini ve  topoloji
optimizasyonunu ele  almaktadir. = ANSYS
ortaminda sonlu elemanlar yontemiyle statik ve
modal analizler yapilmis, ardindan topoloji
optimizasyonu ile kiitle azaltimi1 saglanmistir.
Optimizasyon ©ncesinde model 0.2597 mm
deformasyon ve 3.5248 MPa gerilme gostermistir;
optimizasyon sonrasi ise deformasyon 0.4885
mm’ye, gerilme 3.7745 MPa’ya ytiikselmistir. Kiitle,
simiilasyonda %37 (15.625 g — 9.8925 g), 3D
baskida ise %26.3 (10.31 g — 7.60 g) azalmustir.
Modal analizde elde edilen alt1 dogal frekans,
motor seciminin rezonansa girmeyecek sekilde
yapilmasina  rehberlik  etmistir. ~ Sonuglar,
Ogrencilere oran, orantt ve yiizde hesaplariyla
basitlestirilerek; gorseller ve fiziksel modellerle
desteklenmistir. Gelecek calismalarda etkinliklerin
daha genis 6grenci gruplarinda uygulanmasi,
Ogrenme ciktilarinin yapay sinir aglari ve bulanik
mantik ile degerlendirilmesi planlanmaktadir.
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1. Introduction

With the advent of Industry 4.0, mobile robots have become widely used in the manufacturing, logistics,
service, and defense sectors, evolving into fundamental components of autonomous systems [1-4]. The
carrier chassis, which forms the physical infrastructure of these robots, not only provides structural
support but also ensures the mechanical strength required for the safe and efficient execution of dynamic
tasks such as acceleration, changing direction, and carrying loads. Increasing demands for agility and load
capacity make it essential to optimize these chassis structures to be both lightweight and highly durable.
In this context, the holistic integration of structural analyses into engineering design processes has become
of great importance [5-7]. The structural components of mobile robots must maintain their reliability not
only under static loads but also under environmental and operational effects. In the literature, numerous
studies have been conducted on the structural evaluation of mobile robot chassis. Most of these studies
have been carried out using the finite element method (FEM) and have primarily focused on static and
modal analyses. For example, Dong et al. [8] performed static and modal analyses on a robot chassis
exposed to electromagnetic effects. Rajurkar et al. [9] compared structural stiffness and deformation
behavior in analyses conducted with different material configurations. Chen et al. [10] validated numerical
modal analyses with experimental data, analyzing and confirming the structure’s tendency to enter
resonance. Similarly, Guoging et al. [11] conducted FEM-based modal and static analyses on the chassis
of a tracked test vehicle and proposed improvements to enhance the dynamic performance of the
structure. Related studies typically examine stiffness and deformation under static loads and identify
natural frequencies via modal analysis; some validate modes experimentally. However, they seldom
extend the evaluation to transient operating conditions or re-assess modal characteristics after mass-
reducing topology optimization. As a result, the impact of optimization on resonance margins and the
practical translation of results to instructional use remains only partially addressed in the literature.

While static analyses determine the stresses and deformations that occur under constant loads, modal
analyses identify the natural frequencies of the system and the corresponding vibration modes, allowing
for a preliminary assessment of resonance risk [8]. Modal analysis is particularly critical in vibration-
sensitive systems, as it enables the determination of frequency ranges that ensure structural safety.
However, in their operating environments, mobile robots are exposed not to constant loads but to time-
varying transient loads such as acceleration, sudden stops, changes in direction, or surface roughness
[12,13]. Such load conditions highlight the necessity of transient analyses, which determine the dynamic
responses of the system. These conditions cause time-dependent transient deformations on the chassis and
directly affect the structural reliability of the system. Nevertheless, the current literature reveals that
transient analyses are addressed only in a limited number of studies and are often neglected. In particular,
the interaction between the natural frequencies identified in modal analyses and the transient
deformations caused by time-dependent loadings has not been sufficiently investigated [14-16]. This
disconnect between modal and transient analyses can lead to the resonance risk being overlooked. In
recent years, topology optimization has become a frequently preferred method for reducing the weight of
carrier chassis [17]. This method increases energy efficiency and reduces manufacturing costs by
decreasing the mass of the chassis. However, it is often observed that newly optimized structures are
tested only under static conditions, with their dynamic performance being overlooked [18,19]. Some
studies have shown that structural optimization can significantly alter the natural frequencies of a system,
potentially increasing the risk of resonance [20-22]. These findings indicate that the dynamic behavior of
optimized structures must also be analyzed.

In this context, the primary aim of this study is to redesign the carrier chassis of a mobile robot — developed
to enhance primary school students” engineering fundamentals and algorithmic thinking skills —using
topology optimization in conjunction with static and modal analyses, and to quantitatively present the
structural performance differences that emerge throughout this process. In addition to practical
implementations, the mathematical foundation of topology optimization is based on compliance
minimization and density-based methods such as the Solid Isotropic Material with Penalization (SIMP)
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approach. The optimization seeks to minimize structural compliance C = FTu subject to a volume fraction
constraint, ensuring stiffness retention under a prescribed load. Previous studies mainly focused on
lightweight design and frequency constraints, yet most neglected educational applications. Hence, this
work positions itself by integrating the theoretical principles of topology optimization with an educational
context, bridging engineering design and STEM pedagogy.

2. Literature Survey

STEM-based educational practices play a significant role in enhancing algorithmic thinking and problem-
solving skills among primary school students. In particular, computational thinking is considered one of
the essential 21st-century skills and can be reinforced through interdisciplinary applications. In this
context, Liu et al. [23] demonstrated that reverse engineering pedagogy significantly improves the
computational thinking skills of primary school students and is more effective compared to traditional
lecture-based methods. Similarly, Mensan et al. [24] revealed that unplugged STEM activities
implemented in rural areas enhance both algorithmic thinking and scientific inquiry. In a study conducted
by Chalmers [25], it was found that classroom projects using commercially available robotics kits not only
improved teachers’ pedagogical competencies but also had a positive impact on students’ computational
thinking skills.

In another application using the Scratch program, it was observed that computational thinking strategies
improved the geometry learning performance of Colombian students [26]. Similarly, game design,
storytelling, and coding-based activities have been reported to enhance both motivation and critical
thinking skills among primary school students [27]. Studies conducted in Ttirkiye, on the other hand, have
mostly focused on science-oriented STEM activities. A systematic review covering the years 2019-2023
revealed that most of the studies during this period were conducted at the middle school level, with
relatively few studies targeting primary school students [28]. With the adaptation of the international
assessment tool TechCheck-2 into Turkish, it has become possible to validly and reliably evaluate the
computational thinking skills of primary school students [29]. Furthermore, a study on teachers” beliefs
about programming and computational thinking found that teachers in the social sciences field exhibited
lower self-efficacy in these areas and required greater support [30]. Another study conducted with
mathematics teachers identified a significant relationship between computational thinking and STEM self-
efficacy levels; however, it also revealed that teachers’ algorithmic thinking skills were low [31]. In this
context, our engineering workflow (analysis-optimization-validation) is intentionally coupled with
measurable classroom tasks, thereby connecting optimization outcomes to computational-thinking
objectives reported in prior STEM studies.

3. Materials and Methods

To support the development of engineering-based thinking skills among primary school students, a
mobile robot design that is both easy to assemble and suitable for educational environments was
developed. In order to minimize difficulties during the mechanical assembly process, the use of complex
fastening elements such as screws and nuts was largely avoided. Instead, specially designed connectors
manufactured with 3D printers were utilized, which simplified the assembly and made it more accessible
for students.

The designed robot was based on the Theo Jansen mechanism, inspired by natural walking movements,
and was structured to help students understand the fundamental principles of mechanical systems
through hands-on interaction. In this context, static, modal, and transient load analyses of the robot’s
carrier chassis were conducted using ANSYS 2021 R1 software. Following these steps, topology
optimization was applied, and the results were obtained through the finite element method. PLA material
was used during the analyses, and the mass of the structure was calculated as 15.625 grams. The material
information for the PLA material is provided in Table 1.
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Table 1. PLA material properties

Property Value Unit
Density 1.25 x 10° kg/m?3
Young’s Modulus 4.0 x 10° Pa
Poisson’s Ratio 0.36 -
Yield Strength 65 x 10° Pa
Ultimate Tensile Strength 75 x 10° Pa
Printing Temperature 190-220 °C
Bed Temperature 45-60 °C

Finally, the analysis results were simplified using color gradients and visual indicators to make the data
more comprehensible for students. These findings were presented through simulation-based visual
educational materials, allowing students to engage with engineering concepts in an intuitive and practical
way.

3.1. Static analysis

A static analysis was conducted on the carrier chassis of the robot in its pre-optimization state by applying
the necessary boundary conditions, which included fixing the support points and applying the expected
load values. The applied boundary conditions are shown in Figure 1, providing a clear representation of
the constraints and forces considered during the analysis. This setup allowed for evaluating the structural
performance of the chassis under realistic conditions prior to the optimization stage. A 15 N static load
was applied to represent the approximate total weight of the motors and supporting components during
operation, corresponding to the estimated load obtained from preliminary experimental measurements of
the prototype.

0,00 20,00 40,00 (mm)
L . S

10,00 30,00

Figure 1. Boundary conditions for the chassis

After the boundary conditions were applied, the resulting deformation, stress, and strain distributions on
the chassis were carefully examined to evaluate its structural behavior. The analysis revealed a total
deformation of 0.2597 mm, as shown in Figure 2, while stress and strain concentrations were observed in
specific regions that are critical for the overall strength of the design. These findings provided the baseline
data for comparison with the post-optimization model.
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Figure 2. Total deformation of the chassis

0,0014759 Min

10,00 30,00

Figure 3. Stress of the chassis

The stress and strain values obtained from the analysis are presented in Figures 3 and 4, providing a
detailed view of the load distribution on the chassis. The maximum stress was found to be 3.5248 MPa,
while the maximum strain was calculated as 0.0023 mm/mm, indicating the material’s response under
the applied conditions. These results serve as important reference data for evaluating the structural
integrity before optimization.
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Figure 4. Strain of the chassis

3.2. Modal analysis

A modal analysis was performed to determine whether the vibrations generated by the motors to be
mounted on the chassis during operation would cause any structural effects. Within the scope of this
analysis, six mode shapes and their corresponding frequencies, representing the natural frequencies of the
system, were obtained. These data allow for an evaluation of the chassis against resonance risk and assist
in selecting motors whose vibration frequencies are compatible with these values. Only the first six modes
were considered because higher-order modes exhibited frequencies above 1.6 kHz, well beyond the
operational frequency range of the drive motors, and thus were neglected as they have negligible influence
on practical vibration behavior. One of the total deformation results obtained from the modal analysis is
presented in Figure 5.

0,00 25,00 50,00 (rmm)
I 2 a0 )

12,50 37,50

Figure 5. Result of modal analysis
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As aresult of the modal analysis, a total of six natural frequencies were identified. The deformation values
corresponding to these frequencies are presented in Table 2.

Table 2. Results of modal analysis

Deformation

Mod (mm) (Ha)
1 370.97 378.93
2 621.81 657.66
3 686.66 813.41
4 714.22 960.42
5 290.04 1470.7
6 486.2 1610

3.3. Topology optimization

Topology optimization was performed on the chassis structure using ANSYS software, after which a new
static analysis was carried out to compare the results before and after optimization. The topology
optimization was conducted using the density-based SIMP method in ANSYS. The objective function was
the minimization of total strain energy (compliance), subject to a 60 % mass-retention constraint.
Convergence was achieved when the change in compliance between successive iterations fell below 1 %.
Boundary conditions identical to the static analysis were maintained, and the optimization was terminated
after 50 iterations once the design reached convergence. This comparative approach allowed the structure
to be evaluated not only in terms of mass reduction but also in relation to its ability to maintain sufficient
structural strength under loading conditions. The geometric configuration of the optimized part, together
with the boundary conditions applied during the analysis, is illustrated in Figure 6, providing a clearer
understanding of the changes introduced by the optimization process.

0,00 40,00 80,00 (mm)

20,00 60,00
Figure 6. Model and boundary conditions created with topology optimization

According to the results of the static analysis performed on the part generated after topology optimization,
the total deformation was calculated as 0.4885 mm, as shown in Figure 7.
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0,00 40,00 80,00 (mm)
20,00 60,00
Figure 7. Total deformation amount after topology optimization

The stress and strain values of the model generated after optimization were also calculated. The maximum
stress was found to be 3.7745 MPa, as presented in Figures 8.

0,00 35,00 70,00 (mm)
[ EEEE— S|

17,50 52,50

Figure 8. Stress amount generated after topology optimization

A detailed comparison of the static analysis results obtained before and after the application of topology
optimization, including the changes in total deformation, stress, and strain values, is presented in Table 3
to illustrate the structural performance differences between the two design stages. The factor of safety
(FOS) for the optimized design was calculated to evaluate the structural reliability of the PLA material
under the applied loading conditions. The FOS is defined as the ratio of the material’s yield strength to
the maximum von Mises stress obtained from the finite-element analysis. Considering the yield strength
of PLA as 60 MPa and the maximum stress after optimization as 3.77 MPa, the calculated safety factor was
approximately 15.9. This high value indicates that the optimized chassis remains well within the elastic
region of the material and can safely withstand potential overloads or minor assembly imperfections
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during operation. Consequently, the design ensures sufficient structural robustness while achieving the
targeted weight reduction through topology optimization.

Table 3. Comparison table of static analysis

Analysis Before Topology After Topology Percentage Change
Optimization Optimization (%)
Total Deformation, mm 0.2597 0.4885 88
Stress, Mpa 3.5248 3.7745 7
Strain, mm/mm 0.0023 0.002348 2

The maximum stress of 3.7745 MPa was adopted as a practical design limit based on the expected load
conditions of the educational robot. Since the structure is intended for low-speed operation and light
payloads, this value represents a conservative stress level that ensures mechanical reliability while
achieving significant mass reduction through topology optimization. Topology optimization was
performed on the chassis structure using ANSYS software, followed by a new static analysis to compare
the results before and after optimization. According to the optimization results, although mass reduction
was achieved, no adverse effect on the structural strength of the part was observed. This evaluation
revealed the performance of the structure in terms of both mass reduction and structural strength. The
chassis mass, which was 15.625 grams before optimization, was reduced to 9.8925 grams after
optimization, resulting in approximately a 37% weight reduction.

3.4. Printing with a 3D printer

Upon completion of the analyses, both the pre- and post-topology optimization designs of the robot
chassis were produced using 3D printing technology with PLA (Polylactic Acid) material. During the
production process, a 20% infill density, 0.2 mm layer thickness, 45 °C bed temperature, and 220 °C nozzle
temperature were used. After physical production, the pre-optimization design was measured at 10.31
grams, while the post-optimization design weighed 7.60 grams. These results indicate that topology
optimization achieved approximately a 26.3% reduction in chassis mass. The produced physical models
were utilized not only to allow the mass difference between the pre- and post-optimization designs to be
observed directly but also to enable a visual and tactile evaluation of the structural changes in detail,
providing a tangible means for comparing the two design stages. Specifically, Figure 9 presents the 3D-
printed version of the part modeled before optimization, while Figure 10 illustrates the physical print of
the design obtained after the optimization process.

Figure 9. The 3D-printed version of the robot chassis modeled prior to topology optimization
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Figure 10. The robot chassis design obtained after topology optimization, produced using a 3D printer

A slight difference was observed between the 37 % mass reduction obtained in the simulation environment
and the 26.3% reduction measured after physical production. The primary reason for this discrepancy is
that, in the finite element analysis, the part was assumed to be fully solid, whereas in the 3D printing
process, production-related parameters such as a 20% infill density were applied. In addition, internal
structure arrangements automatically generated by the printer software during production and material
tolerances also contributed to this difference.

4. Educational Integration of Results

The engineering analyses and physical production outputs obtained in this study were not only presented
as technical performance evaluations but were also restructured as instructional materials for primary
school students. Adapted to the students” age and cognitive levels, the analysis results were visualized
using color gradients, with critical regions of stress and deformation highlighted, as exemplified in Figure
11.

-

Figure 11. Visual work prepared for students
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The mass difference and strength data obtained in the simulation environment were supported by the
comparison of physically produced parts, enabling students to relate abstract data to tangible experiences.
In particular, the engineering calculations were presented in conjunction with basic mathematical concepts
such as ratio-proportion and percentage calculation. For example, the information that the mass decreased
from 15.625 grams to 9.8925 grams after topology optimization was discussed with the students through
questions such as “How much did the mass decrease?” and “What is the percentage reduction?”. As a
result, the 37% weight reduction was calculated together, ensuring active student participation. Similarly,
when the mass of the physical models decreased from 10.31 grams to 7.60 grams after printing, the 26.3%
reduction was calculated collaboratively with the students, thereby improving their inference and ratio
formulation skills. For such calculations, the students recorded and evaluated their results as shown in
Table 4.

Table 4. Table used by students for mathematical calculations

o Amount
Condition (&) %)
Before Simulation 15.625 -
After Topology Optimization (Simulation) 9.8925 37%
Before 3D Printing 10.31 -
After 3D Printing 7.60 26.3%

The advantages of topology optimization were presented in a scenario as “reducing weight by removing
unnecessary parts while maintaining strength” and discussed with the students using examples.
Discussions on which regions of the part might have been removed and the possible reasons for their
removal were conducted to encourage critical thinking.

Through all these approaches, students were enabled to apply engineering concepts, algorithmic thinking,
and basic mathematical operation skills in an integrated manner, thereby creating a STEM-based
comprehensive learning environment. In this respect, the study is considered to provide not only a
technical contribution but also an educational one.

5. Conclusion and Recommendations

The results obtained in this study are consistent with previous findings in the literature [6, 17, 21], which
reported mass reductions between 30 % and 40 % with negligible stress increases. The 37 % simulation-
based and 26 % experimental mass reductions achieved here confirm the reliability of the applied
optimization methodology. Unlike most prior works focusing solely on industrial applications, this study
extends the discussion to an educational framework, highlighting the pedagogical potential of topology
optimization in STEM learning environments. This study encompasses the structural analyses and
topology optimization of a mobile robot chassis with a Theo Jansen mechanism, developed to support
primary school students in learning engineering fundamentals. In the static analyses, pre-optimization
results showed 0.2597 mm deformation and 3.5248 MPa stress, while post-optimization results indicated
an increase in deformation to 0.4885 mm and a stress value of 3.7745 MPa. In the simulation environment,
a 37% mass reduction was achieved (from 15.625 g to 9.8925 g), whereas after 3D printing, the reduction
was 26.3% (from 10.31 g to 7.60 g), with no adverse effect observed on structural strength. The natural
frequencies obtained from the modal analysis were evaluated to prevent resonance risk during motor
selection.

In future studies, the activities will be conducted with a larger group of students, and the extent to which
these engineering-based trainings are understood will be assessed through exam-like evaluation methods.
The collected data will be analyzed using artificial neural networks (ANN) and fuzzy logic methods,
thereby quantitatively revealing the relationship between students” conceptual learning levels and their
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practical performance. This approach will enhance both the technical and pedagogical contributions,
enabling the development of the study as an innovative model in education.
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