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1  Introduction

Compared to industries that often rely on solid metals to 
achieve strength in large structures, nature also provide solu-
tions that involve cellular forms to optimize functionalities 
with minimal material consumption [1]. Recognizing these 
findings has marked a significant advancement in recent 
times, opening up innovative possibilities across numerous 
industrial applications and processes. Among these inno-
vations, Additive Manufacturing (AM) technologies have 
emerged as a transformative field, offering novel perspec-
tives across various industrial domains [15–17].

AM technologies are particularly noteworthy for their 
ability to produce intricate forms and designs that were 
previously unattainable through traditional manufacturing 
methods. These technologies enable the fabrication of inter-
nal geometries in complex shapes [13], and their application 
is expanding across an array of industries [4, 20].

In recent years, a significant amount of literature has been 
published on AM fabricated lattice materials. For example, 
[8, 34] researched on several cellular structures, such as aux-
etic, BCC, and octahedral forms at different angles. TPMS 
(Triply Periodic Minimal Surface) based lattice materials 
have also been explored recently in research as well as in 
several industrial applications [6, 15].

Research on AM prepared Gyroid and Schwartz models 
have shown positive stress distribution effect in models tested 
for thermal studies [12]. Moreover, AM prepared lattice mate-
rials have also shown remarkable high energy absorption capa-
bilities with reasonable thermo-mechanical properties in many 
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previous works [9, 27, 35]. Research on hybrid lattice materi-
als have also been addressed recently [15]. There are also some 
bio-inspired lattice studies for various industrial applications, 
such as innovative bio-inspired fabrics, industrial gear applica-
tions, foam applications, and honeycombs [3, 11, 19, 23, 25, 
28,  and 31].

The integration of AM and lattice materials for industrial 
gears has allowed the creation of lightweight, strong, and 
efficient gear components, optimizing material usage, while 
maintaining mechanical strength [24, 36]. By harnessing 
the capabilities of AM and lattice structures, industries can 
enhance gear performance, reduce weight, and contribute to 
more sustainable and cost-effective manufacturing processes 
[22, 29]. For example, [22] proposed lightweight metallic AM 
gears through gear body modifications. Similarly, [21] intro-
duces a lightweight design in tooth, while [2, 14] proposed 
gears featuring internal cooling channels. Additionally, [26] 
discusses weight optimization in gears by replacing their full 
body with a lattice material. Despite extensive research on the 
static and fatigue properties of AM materials, there is a notable 
gap in the literature concerning lattice materials integration 
with the gear system.

Above literature survey has indeed provided strong evi-
dence that lattice structures can significantly influence the 
performance and durability of industrial gears. Furthermore, 
it underscores the pivotal role of AM technology in enabling 
the development of advanced internal lattice forms within gear 
manufacturing. Building upon these insights, a comprehensive 
research initiative was developed to explore and quantify the 
impact of various lattice structures on the mechanical perfor-
mance of industrial gears.

The present study involved the design of six distinct lat-
tice forms, based on strut-based and TPMS lattice types. The 
objective was to investigate how these lattice designs would 
affect the mechanical behavior of gears, specifically focus-
ing on stress transfer from the compressed tooth to the gear 
blank. A multi-faceted approach encompassing both numerical 
simulations and experimental investigations was adopted to 
thoroughly assess the mechanical performance of the gears.

This article, which investigates the usability of different 
styles of lattice infilled gears in industrial areas, introduces an 
innovation to the literature within the scope of the comparison 
of different lattice groups and the manufacturability of indus-
trial gears with AM. The research contains some promising 
results in comparison of traditional lattice forms and innova-
tive TPMS lattice geometries in industrial gears.

2 � Experimental

2.1 � Design Process

The Gibson-Ashby mathematical model is instrumental in 
the design of lattice unit cells for cellular materials [32]. 

By using the model’s equations, designers can tailor the 
lattice structure’s geometry, cell size, and relative density 
to achieve specific mechanical properties, like stiffness, 
strength, and weight reduction [5, 18].

The Gibson-Ashby mathematical model fundamentally 
outlines how the characteristics of a cellular material, such 
as its density, Young’s modulus, and yield strength, are 
interconnected with its microstructural factors, chiefly the 
relative density and cell morphology [10].

Mathematically, Gibson-Ashby model can be defined 
as;

where, E, σ, and ρ are elastic modulus, compressive strength, 
and density of a solid material. The subscript ‘o’ signifies 
the lattice structure in the above equations. Here, C1 & C2 
are constants related to their geometric parameters, n1 & n2 
are exponential factors. The ‘C’ and ‘n’ values are typically 
determined through experimentation and can vary for dif-
ferent materials and manufacturing processes. Once these 
values are known, the formula can predict the compressive 
strength of the cellular material based on its relative density 
[37].

Equations used to create the different TPMS geometries 
are shared as follows [30]. Here, α is the unit cell size, t is 
the wall thickness of the gyroid structure [25].

In this ongoing study, we have crafted six unique lattice 
structures, denoted as BCC (m1), tetrahedral (m2), double 
pyramid (m3), gyroid (m4), Schwartz d (m5), and Schwarz 
p (m6). These lattice designs are derived from TPMS 
forms and have been developed with the specific aim of 
evaluating how they impact the stability of gear blanks. 
For a visual representation of these models, please refer to 
Table 1, which illustrates their schematic representation.

The initial step in the design process was to create models 
for each of these lattice forms using Catia V5. Subsequently, 
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these structures were integrated into the gear blank using 
ANSYS Spaceclaim. It is worth noting that the gear design 
adheres to the DIN-867 standard, featuring precise dimen-
sions: an outer diameter of 45 mm, an inner diameter of 
12 mm, a thickness of 15 mm, and a total of 28 teeth.

The design study involved equalizing the unit volumes of 
all six models to 3.6 cm3. It is noteworthy that for all mod-
els, both the outer wall thickness and lattice wall thickness 
were maintained consistently at 0.45 mm. Volume stabiliza-
tion was achieved by adjusting the intercellular distance. As 
shown in Table 2, the lattice direction, volume, and thickness 
values remained consistent across all models, while the cell 
distance value was varied in each lattice model.

2.2 � Static Analysis

The strength analysis of the proposed designs featuring 
six distinct lattice forms was conducted using ANSYS 

Discovery Live. This analysis was carried out as a prelimi-
nary step before the production of components using the 
LPBF process. The analysis report was prepared to inves-
tigate and understand the impact of compressive strength 
on gears designed with different TPMS lattice structures. 
Various stress distribution parameters, including Shear 
Stress, Principal Stress, and Von-Mises equivalent stress, 
were evaluated for all the proposed designs.

Notably, in this study, the focus was on analyzing and 
presenting the Von-Mises stress, as shown in Fig. 1. The 
Von-Mises stress equation, referred to as Eq. (6) in the 
study by [33], was employed for this analysis.
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Table 1   Lattice gear designs

m1 (BCC) m2 (tetrahedral) m3 (double pyrimide)

m4 (gyroid) m5 (schwartz d) m6 (schwartz p)

Table 2   Lattice design 
parameters

Properties m1 m2 m3 m4 m5 m6

Volume (cm3) 3.6 3.6 3.6 3.6 3.6 3.6
Outer wall thickness (mm) 0.45 0.45 0.45 0.45 0.45 0.45
Lattice wall thickness (mm) 0.45 0.45 0.45 0.45 0.45 0.45
Lattice cell distance (mm) 1.1 2.4 1.84 1.0 1.24 1.14
Lattice direction z z z z z z
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In this study, the 3D models were saved in the stl file format. 
When performing FEA, separate mesh structure models were 
not generated. Instead, the analyses were carried out directly 
on the existing triangular mesh structures of these models.

Table 3 furnishes details regarding the characteristics of the 
triangular mesh, including the count of triangles and points 
utilized in these models.

It is worth noting that the number of meshes varied consid-
erably among the proposed designs, depending on their com-
plexity. Several adjustments and refinements were made to the 
mesh numbers, and it was observed that these changes did not 
significantly affect the results.

To expedite the analysis process, the mesh numbers shown 
in Table 3 were chosen. Regarding boundary conditions, a 
standard load of 3KN was applied downward onto the tooth 
surface, as shown in Table 4. To simulate the compression 
outcomes of the actual apparatus accurately, fixed support con-
ditions were applied to both the gear hub and the bottom teeth.

The graphical representations of the analysis results for all 
gears are shown in Fig. 1, and a summarized presentation of 
the results can be shown in Table 4.

Based on the information presented in Fig. 1, it can 
be observed that when a 3KN load is applied, the maxi-
mum stress value falls within a range of approximately 
300 ± 10 MPa across various deformation levels for both 
TPMS and strut-based gear configurations. Upon a closer 
examination of these two distinct forms, it becomes apparent 
that TPMS models exhibit a slightly improved stress–strain 

response, characterized by relatively lesser deformation 
compared to the strut-based geometries.

As shown in Table 4, it is evident that the stress distribu-
tions on both the gear tooth and the gear blank vary among 
the different models. In this context, the chosen lattice geom-
etries in each model played a pivotal role in determining how 
stress is distributed across the gear tooth and blank. Notably, 
models m1–m3 exhibit relatively uniform stress distribution 
within the blank. In contrast, models m4–m6 display stress 
reduction patterns closer to the tooth region. This obser-
vation suggests that models m4–m6 demonstrated superior 
stress absorption capabilities compared to models m1–m3.

It is apparent that when moving from the gear tooth 
to the gear blank, stress levels generally diminish as one 
approaches the root. The gear blank itself experiences mini-
mal stresses, assuming it is adequately supported and sub-
ject to uniform loading. The primary function of the gear 
blank is to provide support to the gear tooth and transmit the 
applied loads to the gear shaft. In this particular case, models 
m4–m6 stand out in their ability to offer substantial support 
to the gear tooth, resulting in a reduced transfer of stress 
from the tooth to the blank side. The robust lattice geometry 
within the gear blank ensures a consistent and stable sup-
pression of stress in models m4–m6.

Fig. 1   Results of the analysis 
study

Table 3   Mesh parameters of 
the models

m1 m2 m3 m4 m5 m6

Triangles mesh number 1,100,268 354,976 972,018 2,344,998 1,389,054 1,826,454
Point number 539,934 162,914 459,294 1,171,351 693,269 911,875
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Table 4   Analysis result images of six models, stress distributions
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2.3 � LPBF Production and Compression Test

Following the preliminary model design and the numerical 
analysis stage, the six gear models were fabricated using 
AlSi10Mg material on a metal 3D printer (EOS M290), 
as shown in Fig. 2. These gear models were strategically 
arranged in a horizontal orientation on the production plat-
form and were manufactured efficiently in a single produc-
tion run. Subsequently, they were subjected to standard 
compression testing to assess their mechanical properties 
and performance under load.

The manufacturing of gear models using AlSi10Mg mate-
rial followed the recommended standard laser processing 
parameters as specified by EOS, which are comprehensively 
shown in Table 5. In addition, Table 6 presents the material 
properties of AlSi10Mg.

The fabricated gears underwent compression testing on 
ALSA 100 KN, Turkey within the designated test setup 

(Fig. 3a). Subsequently, deformation and fracture analy-
sis were conducted using a Scanning Electron Microscope 
(SEM) setup, as shown in Fig. 3b. Notably, no postprocess-
ing was applied following the removal of supports.

In the SEM study, fracture analysis was conducted on all 
gear models, utilizing magnifications of 35, 100, and 500 
times, employing a Hitachi SU 3500 microscope. This analy-
sis aimed to elucidate the differences in deformation char-
acteristics among industrial gears with distinct lattice types.

3 � Results

All of the gear models underwent compression testing, and 
their behavior during deformation at 2 and 4 mm was metic-
ulously recorded through video documentation. Table 7 
provides a visual representation of the position of each 
compressed gear at 2 and 4 mm of compression for all the 
models. It is noteworthy that nearly all gear models exhibited 
signs of deformation at the 2 mm compression stage, indicat-
ing an early onset of compression.

However, the deformation characteristics of each model, 
particularly between models m1–m3 and m4–m6, displayed 
notable differences in each case. While all proposed gear 
models demonstrated a ductile mode of failure, the stress 
distribution during the progression of the compression test 
significantly varied between the two sets of gear models.

As emphasized earlier, models m4–m6 exhibited a 
remarkable ability to withstand the compression load, 

Fig. 2   Bio-inspired lattice 
gears as prepared on the EOS 
M290 LPBF machine

Table 5   LPBF production parameters for AlSi10Mg [7]

Laser power Scan speed Hatch distance Layer thickness
370W 1300 mm/s 0.19 mm 30 µm
Preheat tem-

perature
Laser intensity Scanning strategy

35 °C 49,93 J/mm3 x-rotation
Laser type Atmosphere Global beam 

offset
Part beam offset

Ytterbium Fibre Argon 0.1 mm 0.02 mm

Table 6   Material properties of AlSi10Mg [15]

Density (ISO3369) Yield strength (vert.)
ISO 6892-1

Yield strength (hor.)
ISO 6892-1

 ≥ 2.67 g/cm3 230 MPa 270 MPa
Tensile strength (vert.) ISO 6892–1 Tensile strength (hor.) ISO 6892-1 Particle size distribution
460 MPa 450 MPa 25–70 μm
Average defect percentage as manufactured Elongation at break (vert.) ISO 6892-1 Elongation at break 

(hor.) ISO 6892-1
%0.04 %6.3 %10.2
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Fig. 3   a Compression test 
setup, b SEM study

Table 7   Deformation images of six lattice gear models at 2 and 4 mm

m1 m2 m3

Deformation of 
the gear at 

2 mm 
compression

At 4 mm 
compression

m4 m5 m6

At 2 mm 
compression

At 4 mm 
compression
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resulting in the gear blank remaining intact, while the gear 
itself experienced failure. In contrast, gear models within 
the m1–m3 set were unable to resist the compression load, 
leading to the fracture of the gear blank. This situation is 
unfavorable as it can potentially lead to catastrophic machine 
component failure, resulting in significant property damage 
and even potential safety risks.

The video recording examination is insufficient to deter-
mine the fracture types of proposed gear models. Conse-
quently, it become evident that a more detailed analysis is 
necessary, prompting the need for SEM assessment at vari-
ous magnification levels for all gear models.

Figure 4 illustrates the relationship between applied stress 
and deformation for all gear types, revealing distinct behav-
iors between the two gear sets. Models m1–m3 exhibited a 
significant onset of permanent deformation at approximately 
1.25 mm compression and around 6500–8000N of applied 
compression load. Notably, models m1 and m3 continued to 
undergo expansion of more than 1.5 mm even with a con-
stant load, which can be attributed to the load being trans-
ferred from the gear tooth to the gear blank, resulting in 
rapid rupture. The gear blank in these models failed to pro-
vide the necessary support to the tooth under compression, 
leading to the gear’s fracture.

In contrast, models m4–m6 displayed a higher stress-
bearing capacity of about 9000–10000N before reaching 
the onset of permanent deformation. As indicated in Fig. 4, 

the deformation mode in these models was sudden, unlike 
the gradual expansion observed in models m1 and m3. This 
difference in deformation behavior can be attributed to the 
robust nature of the gear blank in models m4–m6. The stress 
generated at the gear tooth during the compression test was 
predominantly contained within the tooth region and dis-
tributed only minimally to the gear blank. Consequently, the 
gear tooth broke, while the blank remained stable.

The deformation mode displayed by models m4–m6 
is preferable in a gear assembly as it can prevent abrupt 
machine part failure, thus safeguarding the entire machinery. 
In contrast, when cracks propagate into the gear blank from 
the tooth, as observed in models m1 and m3, this type of 
deformation can be catastrophic for the machine component.

Aluminum, as is known, is a material that exhibits 
elastic–plastic deformation. This type of deformation is 
expressed by Hooke’s law (7).

In this study, it is seen that the material exhibits plastic 
behavior since it is determined that it gets fractured. There-
fore, the stress and strain diagram is given according to 
Hooke’s law (Fig. 4). In addition, the maximum stress values 
of the six gear model were shared as Table 8.

Table 9 offers SEM images that provide insights into the 
failure modes and behaviors of the gear models. As mentioned 
earlier, it is clear that the deformation mode of each gear model 

(7)� = E�

Fig. 4   Compression test result 
graph for six lattice models
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is fundamentally ductile in nature, although the extent of duc-
tility varies among the different cases.

The examination of gear blanks in Table 9 clearly reveals 
distinct behaviors between models m1–m3 and models 
m4–m6. In the case of models m1–m3, the gear blanks can be 
observed tearing apart under the applied compression loading, 
indicating their relatively weaker strength to withstand exter-
nal stresses in dynamic operational conditions.

Conversely, the gear blanks of models m4–m6 remained 
stable and uncracked during the tests, with only the gear tooth 
bearing the maximum stress from the compression load. This 
observation underscores the robustness of the gear blanks in 
models m4–m6, as they effectively prevent the propagation of 
cracks from the tooth to the blank region. It is known that a 
stronger gear blank provides greater support to the gear tooth, 
making it more resistant to deformation. This can result in 
reduced tooth deflection or bending when subjected to load. 
Consequently, it can be expected that stress distribution in 
models m4–m6 is more uniform and less localized compared 
to models m1–m3, which experienced gear rupture due to 
localized stress concentrations.

4 � Discussion

Additive manufacturing processes, especially those involv-
ing LPBF techniques, are continuously evolving within the 
industrial sector. This is largely attributed to their advan-
tages in material handling and parts fabrication. However, 
it is important to acknowledge that conventional manufac-
turing methods have a rich history, with products having 
undergone extensive testing and modification to meet the 
demands of various applications.

While AM products represent a relatively novel approach, 
there is still a need for thorough investigation to ensure their 
suitability for current industrial requirements. In this par-
ticular study, we focus on the incorporation of lattice materi-
als produced through the LPBF process into gear geometry. 
Notably, modifications have been implemented on the blank 
side of the gear to assess their impact on the tooth geometry.

It is well understood that the gear blank primarily serves 
as a foundation for the gear tooth, facilitating the transmis-
sion of applied loads to the gear shaft. Additionally, the 
gear blank plays a crucial role in evenly distributing these 

Table 8   Maximum stress 
values of the models

m1 m2 m3 m4 m5 m6

Maximum Stress(MPa) 158.667 160.956 162.578 204.15 223.156 201.782

Table 9   SEM surface examination of six lattice gear models and fracture analysis

m1 m2 m3

m4 m5 m6
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transmitted loads and stresses across the entire structure of 
the gear. Proper design and material selection for the gear 
blank are essential in achieving even load distribution and 
minimizing localized stress concentrations.

It is crucial to emphasize that the material used for the 
gear blank must possess the necessary mechanical proper-
ties, including hardness, toughness, and wear resistance, to 
endure the loads and stresses encountered during operation. 
The quality and properties of the gear blank material directly 
impact the strength of the gear tooth.

Previous review studies have extensively explored the 
strength of gyroid TPMS, especially when compared to 
other strut-based lattice models. This comparison could 
also explain their superior resistance to external compres-
sive loading in TPMS models m4–m6 when contrasted with 
strut-based models (m1–m3). This insight underscores the 
importance of selecting the appropriate lattice structure for 
optimizing the performance of AM-manufactured compo-
nents in various industrial applications.

5 � Conclusions

Based on the comprehensive analysis and compression tests 
conducted on industrial gears incorporating six distinct lat-
tice forms, several significant findings emerge:

•	 The integration of strut-based lattice structures (m1–m3) 
within gear blanks exhibited failure under compression 
loading conditions. In contrast, TPMS models (m4–m6) 
demonstrated remarkable resistance to compression 
stress, leading to tooth fracture, while maintaining the 
stability of the gear blank itself.

•	 TPMS lattice materials consistently demonstrated supe-
rior stress-bearing capabilities during compression test-
ing. These lattice structures effectively delayed the onset 
of permanent deformation compared to the strut-based 
lattice models. This enhanced resilience is crucial for 
industrial gears exposed to heavy loads.

•	 TPMS lattice forms have proven to be better suited for 
industrial gear applications, particularly in terms of 
mechanical strength and deformation behavior. They 
allow gears to continue functioning with minimal dam-
age to the gear assembly, which is essential in industrial 
systems, where operational uptime is critical.

•	 The ability of TPMS lattice models to limit damage to the 
gear assembly contributes to cost-effective and efficient 
gear systems. By preserving the integrity of other compo-
nents within the system, they ensure extended operational 
periods and reduce maintenance costs.

The selection of the lattice type in industrial gear design 
has a profound impact on performance, durability, and the 

potential for damage to other system components. This 
research underscores the significance of choosing appropri-
ate lattice forms and emphasizes the advantages of innova-
tive lattice structures, such as TPMS, in optimizing indus-
trial gear applications. Such advancements not only enhance 
mechanical strength but also ensure reliable, long-lasting 
gear systems in various industrial settings.
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