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Abstract

This work investigates the application of generative design in the development of gear wheels, with
emphasis on the relationship between geometry, manufacturing technology, and material selection.
Material properties such as strength, stiffness, fatigue resistance, and manufacturability significantly
influence both the achievable level of shape optimization and the resulting weight reduction.
Generative design enables the adaptation of gear-body geometry to the mechanical characteristics of
individual material classes, supporting efficient material utilization while ensuring the required
stiffness. The study evaluates the effects of various manufacturing technologies—additive
manufacturing, subtractive machining, and casting—by considering material processability and
structural constraints. The results demonstrate that the combination of material and manufacturing
method substantially shapes the design space: additive manufacturing allows lightweight and
organic structures with high geometric freedom; milling requires tool-accessible geometries; and
casting benefits from local reinforcement in the area around lightening holes, improving stiffness and
stability. The analyses confirm that material selection is a decisive factor in the effectiveness of
generative gear design, as an appropriate choice contributes to an improved balance between weight,
stiffness, and production cost. The presented framework integrates shape optimization, load
evaluation, and material constraints to support the development of innovative, efficient, and
manufacturable gear geometries for modern engineering applications.

Keywords: production technologies; material design; spur gear; generative design

1. Introduction

The continuous advancement of digital design and manufacturing technologies is
fundamentally transforming the paradigms of modern mechanical engineering. Traditional
computer-aided design (CAD) systems, which have been developed for decades with respect to
conventional manufacturing processes, are now reaching their limits due to the rapid evolution of
additive manufacturing (AM) capabilities [1]. In response, new computational methodologies such
as topology optimization (TO) and generative design (GD) have emerged, providing engineers with
unprecedented flexibility in creating complex geometries that meet requirements for mechanical
performance, manufacturability, and efficient material utilization. In contrast to the traditional top-
down approach driven by the designer, GD introduces a simulation-based, iterative methodology in
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which algorithms explore the design space within defined boundary conditions and propose optimal
configurations [2].

Generative design and topology optimization tools are increasingly being adopted in industrial
applications as integral components of simulation-driven product development processes. Their
integration with additive manufacturing enables the creation of lightweight structures with
improved stiffness-to-weight ratios and reduced material consumption while maintaining structural
integrity [3,4]. Studies have demonstrated that GD allows the redesign of components already in the
early stages of development, leading to significant reductions in both weight and production time
compared to conventional optimization strategies [1,5]. This shift toward algorithmic and Al-assisted
design highlights the evolving role of the engineer—from a manual shape creator to a definer of
objectives, constraints, and performance criteria within computational frameworks [2,6].

Recent research demonstrates that the integration of GD and TO can yield highly efficient
structural solutions across various engineering domains—from aerospace brackets [7] and robotic
components [4], to wind turbine generators [3] and automotive systems [8]. Machine learning and
deep learning methods further extend the capabilities of GD by enabling the development of design
frameworks that learn from data and generate manufacturable solutions optimized for specific
objectives such as stress, weight, and stiffness [9,10]. Reinforcement learning techniques are also
being applied to generative processes, allowing the exploration of diverse topological configurations
while significantly reducing computational time.

The ability of generative design to integrate manufacturing constraints directly into the design
process enables engineers to account for additive manufacturing limitations—such as build
orientation, overhangs, and surface quality —already in the early stages of development [11]. Bio-
inspired frameworks derived from nature are being explored through topology optimization for their
exceptional mechanical properties in 3D-printed components [12].

The convergence of artificial intelligence (Al), machine learning (ML), and generative algorithms
has also introduced data-driven and adaptive design strategies capable of learning from previous
solutions, thereby significantly accelerating the conceptual design phase and enabling the generation
and evaluation of thousands of 3D designs within integrated digital environments [13].

The growing adoption of additive manufacturing technologies complements these
advancements by enabling the physical realization of geometrically complex and performance-
optimized designs. AM supports rapid prototyping, small-batch production, and the fabrication of
metallic and polymer components that were previously unachievable using traditional
manufacturing methods. Furthermore, the development of hybrid technologies combining additive
and conventional casting techniques opens new possibilities for producing optimized parts with
enhanced material utilization and mechanical performance [14]. These approaches are particularly
relevant for components such as gears and transmission elements, where performance, weight, and
reliability are critical [15].

In the paper [16], the authors focus on applying topology optimization techniques to the design
of gear wheels in order to improve their structural efficiency. The study investigates methods for
reducing weight while maintaining strength and reliability under operational loads. Using numerical
simulations and computational modeling, the paper demonstrates how optimized material
distribution can enhance performance and extend gear service life. In paper [17], the authors apply
generative design to optimize spur gear geometry, reducing material use and weight while
maintaining strength and durability. Finite element analysis confirms that this approach yields
lighter and more efficient designs for modern engineering applications. In article [18], the authors
adapt a force-flow-based topology optimization method to improve generative design processes.
Numerical experiments on 2D cases confirm that integrating load-path analysis with generative
design produces efficient and manufacturable geometries.

In parallel with advancements in manufacturing, research on material selection plays a crucial
role in the success of generative approaches. The choice of material affects manufacturability,
mechanical performance, and overall cost. Studies focusing on carbon fiber-reinforced polymers,
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metallic alloys, and composite filaments have shown that combining material optimization with
generative design leads to significant improvements in strength, stiffness, and sustainability, while
substantially reducing material consumption and production time. In the context of gear design,
understanding the interaction between tool material, cutting parameters, and heat treatment remains
essential for achieving long tool life and consistent gear quality [19]. Integrating this manufacturing
knowledge into generative frameworks enables the simultaneous optimization of gear geometry,
material properties, and process parameters.

Overall, the available literature highlights a clear shift from designer- and experience-driven
processes toward automated, data-informed, and optimization-oriented design methodologies.
Generative design, in synergy with additive manufacturing and intelligent material selection,
provides a foundation for the creation of lightweight, efficient, and manufacturable components.
Despite its growing adoption, gaps remain in adapting GD methodologies for highly stressed
mechanical components, such as gears, where precise engagement geometry, surface integrity, and
material properties are critical for operational reliability.

Therefore, this work focuses on the application of generative design for shaping, selecting
manufacturing technologies, and choosing suitable materials for gears. By integrating topology
optimization, simulation-based evaluation, and manufacturing constraints, the study aims to provide
a comprehensive framework for designing innovative and manufacturable gear geometries that
optimize weight, performance, and cost.

2. Materials and Methods

The main objective of this paper is to demonstrate application of generative design in the
development of a gear wheel, considering the shape optimization, selection of an appropriate
material, and the choice of a suitable manufacturing technology. The research procedure was
designed as a multi-stage process consisting of the following steps:

Definition of input parameters and functional requirements;
Application of generative design in development of the spur gear;
Material selection for gear wheels;

Analysis and simulation;

Comparison and selection of optimal solution.

2.1. Input Parameters and Geometric Characteristics of Gear Wheel

The first step in the design process of a spur gear was selection of geometric parameters that
enable its manufacture using various production technologies —such as machining, forging, casting,
or additive manufacturing, specifically the 3D printing.

Within this selection, it was necessary to consider not only the technological limitations of the
individual manufacturing methods but also the mechanical requirements of the component itself. A
key criterion was the aim of maximizing material savings, primarily for reasons of production
efficiency, weight constraints, and environmental aspects. However, at the same time, the required
stiffness of gear wheel had to be maintained, as it directly affects the operational reliability and service
life of the machine part.

The geometry of the gear wheel —including such parameters as the module, number of teeth,
width of toothed rim, profile correction, and hub shape—was therefore designed to achieve a
compromise between the manufacturability and the functional requirements.

For the purposes of this study, the presented analysis was carried out for a spur gear with the
number of teeth z = 71, standardized module m = 2.5 mm, pressure angle a = 20°, tooth width b =50
mm, if the size of connection hole is dy = 55 mm.

Since suitability of the proposed gear body shape is evaluated according to the tooth stiffness,
which is assessed through deformation analysis using the Finite Element Method (FEM), the value of
load acting on the tooth side wall was set to a unit value of F =1000 N.
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2.2. Application of Generative Design in Proposal of Spur Gear

This part of the article presents the design process of a spur gear using generative design. The
aim is to explore the possibilities of optimizing the gear body shape in terms of weight, stiffness, and
material efficiency, while simultaneously considering the technological constraints of various
manufacturing methods.

At present, several software tools are available on the market that support the principles of
generative design. Among the most well-known are, for example:

Autodesk Fusion 360 — enables a comprehensive CAD/CAM solution that integrates generative
design directly into the design environment and allows the definition of technological,
functional, and geometrical constraints. It is popular for its intuitive interface and broad
accessibility.

Siemens NX (Generative Design) —is an advanced tool primarily used in industrial applications,
offering a high level of control over the design process and strong integration with other CAE
modules.

PTC Creo (Generative Topology Optimization) — provides shape optimization with an emphasis
on integration into the design process and linkage with FEM analysis.

SolidWorks (3DEXPERIENCE / Topology Optimization) — is widely known in mechanical
engineering, it provides topology optimization capabilities and integration with stress analysis.
Topology — is a modern software focused on advanced shape optimization, suitable for additive
manufacturing, offering a high degree of parameterization and computational control.

For the purposes of this study, the Autodesk Fusion 360 was selected, because it provides robust
generative-design functionality and allows the specification of manufacturing constraints (e.g., bi-
directional machining, additive manufacturing). Considering the focus on the universal
manufacturability of the gear wheels using various technologies, this platform was evaluated as the
most suitable for the intended application.

This generative study constitutes the fundamental framework within the Autodesk Fusion 360
environment, where all input data related to a specific design problem are defined. It comprises a set
of parameters, geometric constraints, loads, manufacturing conditions, and objectives that
collectively form a comprehensive description of the design task, based on which the software
automatically generates optimized design solutions.

Each generative model may contain multiple individual studies, with each one focusing on
different aspects of the design—such as varying load conditions, manufacturing technologies, or
material selections. This approach enables efficient comparison of alternatives and facilitates the
selection of the most suitable variant in terms of functionality, weight, and manufacturing costs.

The following procedure outlines the main steps required to create a generative study for a spur
gear within the Fusion 360 environment:

Creation of a new generative study and basic project setup;

Definition of boundary (obstacle) geometry;

Specification of the design space for the generative proposal;

Definition of boundary conditions — model constraints;

Definition of design conditions —loads;

Definition of design criteria in terms of manufacturing and functionality;

NSO e

Selection and definition of materials in generative design.

2.2.1. Creating of New Generative Study and Basic Project Setup

The design process begins with creation of a new generative study within the Generative Design
module of Autodesk Fusion 360. In this step, the type of analysis is specified— in this case, a
generative design study rather than a conventional static simulation— and a framework is
established for the subsequent definition of design conditions, constraints, and optimization
objectives.
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A key element of this step is creation of the generative model, that is, the input geometry serving
as the initial shape of the design. This model includes the definition of regions that must be preserved
in the design, as well as those that can be optimized by the software. In the case of a spur gear, this
geometry must comply with standardized shape and dimensional requirements specified by relevant
technical standards.

In the design process, the fundamental geometric rules for spur gears were observed. For
instance, the thickness of the rim below the teeth must be at least 3.5 times the standardized module.
This requirement ensures sufficient stiffness and strength in the transition zone between the gear
teeth and the wheel body. In addition, the hub height above the bore was defined based on the
anticipated method of mounting the gear onto the shaft— for example, by means of keyed connection
or press connection. For this reason, a minimum material thickness above the bore was strictly
specified to maintain adequate load-carrying capacity during torque transmission.

In this way, a design foundation was established that satisfies both the requirements of
generative design and also the functional and structural requirements for a spur gear in accordance
with applicable standards.

Figure 1 (a) shows the input geometry of the spur gear, with the regions that must be preserved
during optimization highlighted —such as the material above the mounting hole and the part of the
rim beneath the teeth. These regions constitute the so-called preserved geometry, which remains
unchanged throughout the generative design process, thereby ensuring compliance with the
functional requirements and assembly conditions.

a) b) <)

Figure 1. Defining of: (a) geometry of the input spur gear model to be preserved; (b) obstacle geometry in spur
gear model; (c) space, constrained and preserved geometry (visualization of geometry types in generative

design).

2.2.2. Defining of Bounding (Obstacle) Geometry

Within the generative design process, it is important not only to define the regions that can be
optimized, but also to precisely specify the space that the design must avoid. In the Fusion 360
environment, this type of geometry is referred to as obstacle geometry—that is, the obstacle or
restricted geometry.

These regions represent areas, into which the new design must not intrude, for various
reasons—such as assembly constraints, the motion of other components within the assembly, tool
accessibility requirements, or the need to maintain functional tolerances. During the generation of
design variants, the software strictly treats these volumes as non-penetrable.

In the case of the spur gear, the obstacle geometry was defined, for example, as the inner region
around the shaft bore, where no intrusion into the minimum wall thickness of the designated hub is
permitted. Similarly, areas near the gear rim were marked as restricted, as they are technologically
designated for precise machining or for contact with other components in the assembly.

Figure 1 (b) illustrates an example of the obstacle geometry assignment in the model, which
defines the space into which the generated design must not intrude.
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2.2.3. Defining of Design Space for Generative Proposal

After defining of the obstacle regions that the generated design must avoid and marking the
preserved parts of the model, the next step is to delineate the so-called Design Space. This space
represents the volume in which the software is “allowed” to create new geometric forms based on
the specified objectives, loads, and manufacturing constraints.

The design space does not represent a specific shape, but rather the potential volume within which
the algorithm searches for the optimal form. In Autodesk Fusion 360, this space is derived from the
total model volume after subtracting the obstacle and preserved regions. In other words, it represents
the “free” space between what must remain unchanged (e.g., assembly features, functional surfaces)
and what the design must avoid (e.g., collision zones, technological allowances).

In the design of the spur gear body, the design space primarily encompasses includes the region
between the hub and the gear rim—i.e., the area where optimization can generate a lightweight yet
sufficiently stiff and strong structure. Within this space, the software can create various topologies
(e.g. ribbing, organic transitions) that would be difficult to design manually.

Figure 1 (c) shows the division of the different types of geometry, where the obstacle geometry
is indicated in red, and the preserved geometry is indicated in green. The uncoloured portion of the
model represents the design space, within which the design will be generated.

2.2.4. Defining of Boundary Conditions — Model Constraints

In this phase of the generative study, it is necessary to specify how the component is supported
or mounted in actual operation. This information is essential for the software to correctly evaluate
load responses and generate a shape that corresponds to the real-world usage conditions.

In Autodesk Fusion 360, these conditions are defined as the so-called constraints, which involve
fixing certain degrees of freedom (e.g., translations, rotations) on specific faces or bodies. Constraints
simulate, for example, a rigid attachment to a base, mounting on a shaft, contact with other
components in the assembly, or symmetry conditions.\

Figure 2 illustrates the placement of constraints on the input model of the spur gear. In the case
of the spur gear, it was necessary to consider that the gear is mounted on a shaft and transmits torque.
Therefore, selected areas of the inner bore of the hub, which simulate a rigid mounting—e.g., via a
key, groove, or interference fit—were designated as support (fixed) surfaces. The fixation was
configured to ensure the model was stably held while still allowing realistic deformations that occur
during operation.

r
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Figure 2. Defining of constraints and support conditions for the spur gear model.

2.2.5. Defining of Design Conditions — Loads

After defining the constraints that simulate the clamping or mounting of the component, the
next step involves specifying the loads—such as forces, torques, or pressures—to which the model

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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will be subjected during operation. This step is crucial, as it determines how the model is loaded and
thus directly influences the selection of the optimal geometry in the generative design process.

In Autodesk Fusion 360, various types of loads can be applied, including pressure, forces —either
tensile or compressive—torque, as well as custom load combinations.

Loads enable the software to identify which regions of the model must withstand mechanical
stresses and what the expected design strength requirements are. At least one load must be applied
to a portion of the geometry that remains preserved in order for the computation to be valid. It is also
important to note that a constraint and a load cannot be applied simultaneously to the same face or
edge; therefore, their correct distribution is essential.

In the case of a spur gear, there are three fundamental approaches to defining the load acting on
the gear teeth.

The first approach involves specifying the maximum force acting on a single tooth (Figure 3).
Since the gear wheel consists of 71 teeth, the software processes this situation as 71 separate studies,
each simulating the loading of one specific tooth. The force is defined as a continuous load.

Figure 3. Defining the maximum force acting on single gear tooth (continuous load).

The second approach involves applying the total torque acting on
the gear (Figure 4). The software then distributes this torque among the
teeth according to their number and position in mesh, allowing for a
more realistic and comprehensive load simulation

PN

Figure 4. Setting of total torque acting on spur gear.

The third and most critical approach assumes that all 71 teeth are simultaneously subjected to
the maximum force (Figure 5). This model is the most conservative and is used in cases where it is
necessary to evaluate the maximum possible load acting on all teeth at once.
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Figure 5. Worst-case load model — all teeth simultaneously subjected to maximum force.

2.2.6. Definition of Design Criteria in Terms of Manufacturing and Functionality

When applying generative design within the Autodesk Fusion 360 environment, it is essential
to accurately define the design criteria, representing the objectives and manufacturing constraints
required to specify the solver parameters. Based on these objectives, the software produces
manufacturable design solutions that satisfy the defined functional and technological requirements.

The design criteria therefore define the framework within which the design process is carried
out. The fundamental objectives include the reduction of component weight, optimisation of
mechanical performance, minimisation of material consumption, and improvement of structural
stiffness. At the same time, manufacturing constraints are considered, such as the selected production
technology (additive or subtractive), material availability, manufacturing accuracy, and the economic
efficiency of the process.

Within this study, the design is primarily focused on minimising the weight of the gear wheel,
contributing to material savings and a reduction in the energy intensity of production, while
maintaining optimal tooth stiffness and overall component strength. Generative design in Autodesk
Fusion 360 enables the achievement of this balance through algorithmic shape optimisation, whereby
the material is distributed only in areas subjected to actual load transmission.

The design criteria defined in this way enable the Autodesk Fusion 360 system to generate
design variants that are not only functionally reliable but also efficiently manufacturable, thereby
enhancing the quality and cost-effectiveness of the gear wheel design process.

In the design of gear geometry using generative design within the Autodesk Fusion 360
environment, optimisation limits play an important role in defining the boundaries of admissible
solutions. These limits represent supplementary requirements that the algorithm must observe
during the computation process to ensure that the resulting design meets the functional, strength,
and technological criteria. The solver aims to satisfy the specified limits, although achieving them
may not always be possible due to the complexity of the geometry and the nature of the model
loading.

The main optimisation limits considered in this study include:

1. Safety factor — defines the ratio between the materials yield strength and the maximum von
Mises stress within the model. This parameter ensures that the generated design possesses a
sufficient strength reserve and that the materiales load-bearing capacity is not exceeded.

2. Target mass — specifies the desired mass of the resulting model and enables a balance to be
achieved between material savings and the preservation of the required stiffness. In this study,
the design is oriented towards reducing the weight of the gear wheel while maintaining tooth
stiffness and the overall strength of the component.

3. Modal frequency — allows the inclusion of dynamic performance requirements in the
computation. By specifying the minimum frequency of the first natural mode, it is ensured that
the design will not be susceptible to resonance at the operational rotational speeds of the gear
wheel.
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4. Displacement (deformation) limit — defines the allowable displacement values in specific regions
of the model. This parameter is essential for maintaining the geometric accuracy of the gear teeth
and ensuring reliable tooth engagement during torque transmission.

The correct definition of these limits is crucial for achieving results that meet the required
strength and functional properties while being simultaneously optimised in terms of weight and
technological feasibility. In combination with the design objectives, the limits therefore represent a
fundamental tool for controlling the quality and efficiency of the resulting generative model of the
gear wheel.

Within the Autodesk Fusion 360 environment, the command Manufacturing Constraints allows
the definition of manufacturing limitations that the generative design must respect. These constraints
represent an important part of the optimisation process, as they ensure that the generated shapes are
not only functionally and structurally suitable but also practically manufacturable using the selected
production technology.

For each selected manufacturing method, the system generates a separate set of results
demonstrating how the design has been optimised with respect to specific technological
requirements. This enables the comparison of individual design variants and the analysis of trade-
offs between performance, weight, aesthetics, and technological feasibility.

The most commonly used manufacturing methods in generative design include:

Additive manufacturing (3D-printing) — allows the creation of complex and organic shapes that
would be impossible to produce using conventional methods. It is particularly suitable for
prototypes or lightweight structures with an emphasis on saving material.

Subtractive manufacturing (machining) — includes processes such as milling or turning. Within
generative design, it is possible to define the machining direction, tool access axes, and geometric
constraints to ensure that the resulting shape is suitable for this type of manufacturing.

Casting or forging — is mainly used in mass production, where emphasis is placed on
repeatability, surface quality, and dimensional accuracy. Generative design can assist in
optimising the shape of the casting or forging to reduce weight while maintaining strength.

In the context of this study, the analysis focuses primarily on comparing the suitability of
additive and subtractive manufacturing technologies in the design of the gear wheel. The objective is
to identify which of the methods enables a more efficient realisation of the generated geometry in
terms of weight, stiffness, and manufacturing accuracy.

2.2.7. Selection and Definition of Materials in Generative Design

Material selection is a key factor in the generative design of gear wheels, as the physical
properties of the material significantly influence the resulting geometry and the mechanical
characteristics of the component. Correct material definition within the Autodesk Fusion 360
environment enables the solver to generate designs that meet the requirements for strength, stiffness,
and weight.

During the generative design process, the following material properties are of primary
importance:

Yield strength — is used to calculate the safety factor, ensuring that the design does not exceed
the materiale load-bearing capacity and remains resistant to operational loads.

Younge modulus and Poissone ratio — these mechanical characteristics are crucial in solving
linear stress and deformation problems, enabling the generation of geometries that optimally
combine stiffness and weight.

Material density — is used in calculating the modeles weight as well as in simulations of
gravitational loading or dynamic behaviour. The material density must be defined correctly to
ensure that the physical simulations accurately influence the resulting geometry of the gear
wheel.
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The correct definition of the material is an integral part of the entire generative design process,
as the material properties, together with the design criteria and manufacturing constraints, determine
the final geometry, functionality, and manufacturability of the gear wheel.

2.3. Material Selection for Gear Wheels

In generating the gear wheel design proposals, several material alternatives were considered.
The selection of a specific material was based not only on technical parameters (strength, hardness,
wear resistance) but also on the technological and economic factors (cost, availability, machinability,
and suitability for additive manufacturing).

An important factor in the selection of material was the chosen manufacturing technology of the
gear wheel. For the individual manufacturing methods, the following alternatives were considered:

1.  Additive manufacturing (3D-printing)

This method enabled the realization of complex shapes with optimized geometry that would not
be feasible to manufacture using conventional processes. From a material standpoint, polymer and
composite materials suitable for 3D printing were therefore considered, such as:

PA12 GF30 (Nylon with 30% glass fiber reinforcement);
CarbonX PA-CF (Nylon reinforced with carbon fibers);
Zytel® PA-CF by DuPont (carbon fiber-reinforced nylon.

These filaments combine low weight with sufficient strength, stiffness, and wear resistance,
making them suitable for functional prototypes and lightweight gears subjected to lower loads. For
applications requiring higher dimensional stability and reduced friction, POM (polyoxymethylene,
also known as Acetal or Delrin) was also used, as it exhibits excellent tribological properties.

2. Machining (3-axis and 5-axis milling)

In machining, the selection was based on the availability of materials suitable for precise
mechanical processing. For this manufacturing method, metals were chosen that allow for high
dimensional accuracy, good machinability, and adequate mechanical strength:

Carbon steel S45C (equivalent to C45) — suitable for highly loaded gears requiring high strength
and toughness after heat treatment;

Stainless steel SUS420]2 — appropriate for environments demanding resistance to corrosion and
wear, such as applications involving contact with water or humidity;

Alloy steel SCr415 — a material intended for case hardening, suitable for gears requiring a hard
surface combined with a tough core;

Aluminum alloy EN AW-7075 —used for lightweight gears where low weight is prioritized while
maintaining high strength.

The choice between 3-axis and 5-axis machining made it possible to optimize the geometric
complexity and minimize the amount of removed material, while maintaining the stiffness and
accuracy of the tooth profile.

3. Casting

In casting, the emphasis was placed on mass production and the geometric complexity of the
component. In the case that this manufacturing method was selected, suitable alternatives considered
included low-carbon or alloy steels (e.g., S45C, SCr415) and aluminum alloys such as EN AW-7075,
which provide a good balance of strength, stiffness, and cost-effectiveness for larger production
series.

The material selection defined in this way ensured that each generated gear design was
optimized in terms of manufacturing technology, functionality, and efficient material utilization. The
chosen combination of materials — ranging from metallic to composite and polymer-based — made it
possible to tailor the design to specific requirements for strength, weight, durability, and
manufacturing complexity.
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3. Results

The geometries of spur gear bodies can vary considerably and often include features such as
webs of different shapes, lightening holes, and other structural details. These elements are designed
to achieve an optimal combination of weight reduction, structural stability, and manufacturing
feasibility, while maintaining the functionality and operational reliability of the gear wheel.

3.1. Generation of Gear Wheel Body Geometry with Definition of Basic Geometrical Constraints

At the beginning of the investigation into the use of Autodesk Fusion 360 for designing the body
of a spur gear, freedom was given to the software itself to propose an optimal solution through the
principles of generative design. The aim of this approach was to verify the capability of the program
to automatically generate shapes that take into consideration the selected manufacturing method,
material, and the required functional properties of the component.

The definition of the design space in this case is illustrated in Figure 2. The uncoloured part of
the model represents the design space itself, within which the generative design process takes place.
A selection of results — that is, the generated solutions for the individual types of manufacturing
technologies under torque loading of the gear wheel (Figure 4) — is presented in Table 1.

Table 1. Shape generation with definition of basic geometric constraints.

Type of Load — Torque
Variant 1 Variant 2 Variant 3

Manufacturing

Additive

Casting

Milling 5 axis

After completing the computational process, the program generated several alternative design
solutions. Table 1 presents only a selected sample of the proposed options. As shown in the presented
results, the suitability of several automatically generated solutions does not always correspond to the
selected manufacturing methods - certain geometries are atypical and, from a practical
manufacturing standpoint, often infeasible. For this reason, the subsequent stage of the analysis
involved a more precise definition of the available design space, with the aim of obtaining more

realistic and technologically feasible shape proposals.

3.2. Design Optimization Using Refinement of Geometric Constraints

In the design of a spur gear body, the primary objective is to achieve the lowest possible
component weight while maintaining the required stiffness and tooth strength. In engineering
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practice, various structural modifications of gear bodies are therefore commonly applied to enable
effective weight reduction without negatively affecting the functional performance of the gear.
Among the most frequently used solutions are webs, cutouts, and lightening holes of different
shapes, which ensure optimal material distribution. Typical examples of these design configurations
are illustrated in Figure 6.

Figure 6. Examples of structural solutions for lightening of spur gear bodies.

There are several approaches to reduce the weight of a spur gear body. In this study, two specific
methods were selected: weight reduction by means of 10 circular holes (Figure 7 — a) and b)) and
weight reduction by means of 6 holes (Figure 7- ¢) and d)). For both types of designs, it is possible to
define a material layer of a certain thickness around the holes that must be preserved. Such a
constraint modifies the design space and simultaneously influences the final geometry of the gear
body generated by the software.

a) b) 9) d)

Figure 7. Variants of lightening a spur gear body: (a) 10 circular holes without preserved material; (b) 10 circular

holes with material preserved around the holes; (c) 6 holes without preserved material; (d) 6 holes with material

preserved around the holes.

As previously mentioned, the red volumes represent regions into which the generated geometry
must not extend, whereas the green volumes denote the areas of material that must be preserved.
The design space corresponds to the free volume within the model where the generative algorithm
is allowed to create the new shape of the gear body.

Table 2 presents selected solutions for the generated shapes of spur gear bodies with circular
lightening holes. For the individual variants, different manufacturing approaches are considered,
comparing options with preserved material around the lightening holes and those without such
preservation.
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Table 2. Results of generative design of the gear body with lightening holes.

. Lightening Type of Load
Manufacturing . . . .
Options All teeth (Figure 5) Torque (Figure 4) 71 separate studies
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Despite the precisely defined conditions, the program also generates solutions that are
inadequate, unsuitable, or practically non-manufacturable. These solutions were obtained under the

same input settings as the results presented in Table 2 and are summarized in Table 3.

Table 3. Unsuitable solutions of generated spur gear body shapes.

Torque (Figure 6) 71 separate wsfudies i

Similarly, Table 4 shows selected solutions for the generated shape of the spur gear bodies with

All teeth (Figure 7)

six 1igh{:ened holes (see Figure 7 — (c), (d)).

Table 4. Results of generative design of the gear body with six lightening holes.

Manufacturin Lightening Type of Load 3
anufa 8 Options All teeth (Figure 5)  Torque (Figure 4) 71 separate studies

&

Additive

Milling 3 axis
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Milling 5 axis

3.3. Design Optimization Using Gear-Tooth Stiffness and Volume of Body Wheel Minimization

In this case, it was possible to monitor the change in the mass or volume of the gear wheel as the
primary optimization criterion. Since the study also considered the influence of the manufacturing
method, various materials with different densities and mechanical properties were proposed, which
resulted in different volumes and masses of the final designs. Therefore, the study focused on volume
as the priority parameter over mass, allowing the assessment of design efficiency independently of
the selected material. Based on the calculated volume of each variant, this parameter was compared
with the volume of a solid (unrelieved) gear body (Figure 8), providing a unified measure of material
savings. Such a comparison makes it possible to quantify the degree of structural light-weighting and
to identify the most efficient geometries in terms of volume of wheel body.

\\\\\\

Figure 8. Solid gear blank before optimization.

The results indicate which regions of the gear can be lightweighted without compromising
stiffness or strength, and which areas require material retention to preserve the functional
characteristics. This approach provides a practical tool for decision-making regarding material
selection and manufacturing technology, as a reduced volume enables a broader choice of cheaper or

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0287.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 December 2025 d0i:10.20944/preprints202512.0287.v1

16 of 20

lighter materials. The volume value relative to the solid gear body thus becomes a key criterion in
gear-shape optimization, providing a clear metric for comparing different design variants.

During gear meshing, tooth deformations occur as a result of the transmission force acting
between the tooth flanks. These deformations affect motion-transfer accuracy, transmission noise,
and load distribution within the mesh. Gear mesh stiffness represents the resistance of the teeth to
these deformations and defines the relationship between the applied force and the resulting
deflection or displacement in the mesh.

The mesh stiffness of a gear pair is not constant—it varies throughout the meshing cycle as the
contact point shifts along the tooth flanks and the number of simultaneously engaged tooth pairs
changes. Determining the overall mesh stiffness is therefore a complex task that involves bending,
shear, contact, and torsional deformations of the teeth, as well as the elastic effects of shafts and
bearings.

To simplify the problem, the analysis often starts with evaluating the stiffness of an individual
tooth subjected to a force applied at a specific point, most commonly at the tooth tip. This approach
makes it possible to examine the toothes behavior under a known load and to derive its bending and
contact stiffness. Tooth stiffness can be characterized as the ratio of the applied force to the
corresponding deformation, typically in the direction normal to the line of action.

In this case, tooth stiffness was determined based on the deformation induced by a load applied
at the tooth tip. It was assumed that the force acts in the direction normal to the tooth flank at the
contact location, which best represents the real conditions in gear meshing (Figure 9). To determine
the resulting deformation, the finite element method (FEM) was employed, allowing detailed
evaluation of the stress—strain state within the individual regions of the tooth. The tooth model was
loaded with a unit force of F = 1000N, and the stiffness was subsequently calculated as the ratio
between the applied force and the corresponding deformation.
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Figure 9. Tooth deformation solved by FEM.

The deformation along the entire tooth width is neither uniform nor constant. The deflection
values of the gearing vary depending on whether the loaded tooth is located directly above the
lightening segment of the gear wheel body or outside its influence. When the tooth is positioned
above this lightened segment, its stiffness is reduced, resulting in greater deformation compared to a
tooth situated in a fully supported section of the gear wheel body. This difference is clearly visible in
Figure 10, which illustrates the increased tooth deflection above the lightening segment. For this
reason, the analysis was conducted considering the most unfavorable loading condition, specifically
when the applied force acts on a tooth positioned above the lightening segment. This configuration
represents a less stiff support for the tooth, resulting in higher deformation values and allowing the
evaluation of the gear wheel under the most critical operational conditions.
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Figure 10. Distribution of deformations above the lightening segment and outside of it.

Figure 11 presents the results of the analysis of the gear body shape design for models with
circular lightening holes, evaluated with respect to different manufacturing methods. From the set of
proposed solutions for each manufacturing technology, representative variants were selected. For
these variants, the gear body volume was examined and compared to the solid (full) gear body,
whose volume is considered as 100%. Additionally, the tooth deformation and stiffness above the
lightening hole were analyzed and compared to the deformation and stiffness of the teeth in the solid
gear body. Based on this case study, it can be concluded that when using generative design for
selecting the shape of a gear body, the most appropriate loading method is to apply the force
simultaneously to all teeth. Alternatively, a series of individual studies for each tooth can be used.
Furthermore, it is preferable to use a lightening-hole variant without preserving material around the

holes.
Additive Milling Casting
3 axis 5 axis
0,
SECes 45,68%
38,70% 38,70% 9 39,24%
40,00% ~o70% ZANL 38,47% m Body volume
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0,00% M Decrease of stiffness
'y (]
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Figure 11. Analysis of the gear body shape with circular lightening holes depending on the manufacturing
method.

The analysis for lightening holes of shapes other than circular is shown in Figure 12. This study
also confirms the most appropriate loading method, similar to the previous case, and likewise
supports the use of a lightening concept without additional material around the lightening holes. The
differences in volume among the selected representative models are comparable; more significant
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differences occur in tooth deformation and stiffness, which depend on the influence of the body
geometry and the chosen manufacturing method.

Additive Milling Casting

3 axis 5 axis
50,00%

40,37%
10,00% 37,73% 37,63% 37,57% 37.46% 37,51%
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W Body volume
20,00%
W Deformation increase
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I m Reduction of stiffness
004 71 t 71
separate separate| Al teeth separate|  alteeth <= Type of Load
studies Alltesth o4 dies studies B »

DO DD B

Figure 12. Analysis of the gear body shape with lightening holes depending on the manufacturing method.

In the design of gears, it is often desirable to minimize the volume of the gear body, resulting in
material savings and a reduction in the overall weight of the transmission system. However, the
reduction of volume must be achieved while maintaining the required tooth stiffness and strength so
that neither service life nor operational performance is compromised [20]. Geometry optimization—
such as adjusting the disk thickness, hub shape, or removing material from less-loaded regions—
makes it possible to achieve an effective balance between weight reduction and mechanical
resistance. Therefore, the design process relies on stiffness and stress analysis results, which identify
critical areas where material can be removed without affecting functionality. Such an approach leads
to a more efficient, lighter, and cost-effective gear design, suitable even for modern dynamic
applications.

4. Conclusions

The selection of an appropriate material represents a key factor in the design of gear wheels,
particularly in combination with generative design methods. Material properties—such as strength,
toughness, elastic modulus, fatigue resistance, and manufacturability —significantly influence the
final geometry of the optimized gear body as well as the achievable weight reduction.

Generative design enables the development of geometrical solutions precisely tailored to the
mechanical characteristics of the chosen material. High-strength and stiffer materials allow for
greater volume reduction, whereas lower-strength materials require more robust constructions or
additional reinforcement in critical regions. Therefore, material selection alone largely determines the
potential for shape optimization.

In the selection of manufacturing technologies (e.g., subtractive machining, casting, metal 3D
printing, powder metallurgy), material properties play an equally critical role, as each technology
imposes specific requirements regarding microstructure, homogeneity, and thermal processability.
The combination of generative design with a suitable material and appropriate manufacturing
technology thus allows the design of gear wheels with an optimal balance between weight, strength,
and production cost.

Based on the conducted analyses and the comparative evaluation of generative gear design
variants, the following conclusions can be drawn:
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Regarding the application of loads in Autodesk Fusion 360, the most suitable approaches involve
either applying force to all teeth simultaneously or performing a series of individual simulation
studies in which each tooth is loaded separately, both of which provide stable and representative
results for generative design;

When defining geometric constraints in the generative design process, it is preferable to avoid
retaining material around lightening holes, as this tends to limit optimization space without
providing a significant stiffness benefit;

In the design of the gear body for additive manufacturing, it is optimal to conduct a series of
individual load studies and to avoid leaving material around lightening holes, which allows
achieving lower weight and a more efficient internal structure without compromising
functionality;

For subtractive manufacturing such as milling, the use of 5-axis machining is advantageous
because it provides greater geometric freedom for material reduction, and applying the load to
all teeth simultaneously during simulations yields consistent results in stiffness and deformation
analyses;

In casting, circular lightening holes benefit from retaining material around the holes, which
improves local stiffness and resistance to deformation, while loads should be applied to all teeth
simultaneously. For non-circular or shaped lightening holes, material near the holes should be
removed, and loads should be applied through a series of individual studies to better capture
local stress effects.
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