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Abstract

Gears have wide range application areas in various industries which no matter they are small-scaled or large-scaled. As a part of their
design, gears inner bodies are full filled with their solid material and significantly increase the weight of systems which they used in. If
the weight of gears’ body mass can be decrease during their design process, the mechanical properties that expected from the systems
can be achieved with the minimum cost of material via additive manufacturing comparing to the traditional manufacturing processes.
First ideas which comes to mind presents two choices for the way should follow. This study focused on design optimization of material
layout rather than material selection. Generative design technic also known as topology optimization can create new designs via
mathematical methods that optimize material layouts within a specific design space. Absolute geometry is depending on various
parameters such as given set of loads, boundary conditions and constraints. Alternatively, lattice structures are designs which inspired
from bio-entities based on repeating unit cells. As a result of static analysis of a helical gear’ s uniform lattice structure, output parameters
have been used for varying unit cells’ beam thickness and optimize lattice design. End of this study which used nTopology as engineering
software for whole implicit design and analysis process, the analysis of generative designed geometry and pattern of lattice structure
gave different results. These outputs compared on point of weight savings.

Keywords: Helical Gears, Static Analysis, Topology Optimization, Lattice Structures, nTopology.

Topoloji Optimizasyonu ve Kafes Yapilar1 Yontemleriyle Dislilerin i¢
Govdelerinde Tasarim Yaklasimlari

Oz
Digsliler, kii¢iik dl¢ekli veya bityiik 6lgekli olsun gesitli endiistrilerde, genis uygulama alanlarina sahiptir. Tasarimlarinin bir pargasi

olarak dislilerin i¢ govdeleri kat1 malzeme ile doludur ve kullanildig: sistemlerin agirligini dnemli dlgiide arttirir. Dislilerin gévde
kiitlelerinin agirliklar1 tasarim siirecinde azaltilabilirse, geleneksel iiretim siireglerine gore eklemeli imalat ile sistemlerden beklenen
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mekanik 6zelliklere minimum malzeme maliyeti ile ulasilabilir. Akla gelen ilk fikirler, izlenmesi gereken yol i¢in iki segenek sunar. Bu
¢alisma malzeme se¢iminden ziyade, malzeme yerlesiminin tasarimi igin optimizasyona odaklanmustir. Topoloji optimizasyonu olarak
da bilinen iiretken tasarim teknigi, belirli bir tasarim alani igindeki malzeme yerlesimlerini optimize eden matematiksel yontemlerle,
yeni tasarimlar olusturabilir. Mutlak geometri verilen yiikler, sinir kosullari ve kisitlamalar gibi ¢esitli parametrelere baglidir. Alternatif
olarak kafes yapilari, tekrar eden birim hiicrelere dayanan ve biyo-varliklardan ilham alan tasarimlardir. Helisel bir dislinin i¢ gévdesine
uygulanan uniform kafes yapisinin statik analizinin bir sonucu olarak, birim hiicrelerin kiris kalinligini1 degistirmek ve kafes tasarimini
optimize etmek i¢in static analizin ¢ikis parametreleri kullanilmigtir. Tiim tasarim ve analiz siireci igin miithendislik yazilimi olarak
nTopology'nin kullanildig1 bu ¢aligmanin sonunda, generatif tasarimli geometri ve kafes yap1 deseninin analizi farkli sonuglar vermistir.

Bu analiz ¢iktilar1 agirlik tasarrufu agisindan karsilastirilmigtir.

Anahtar Kelimeler: Helis disli, Statik analiz, Topoloji optimizasyonu, Kafes yapilar, nTopology.

1. Introduction

For decades, traditional manufacturing techniques as proven
methods have been constantly preferred for mass production of
industrial parts. However, additive manufacturing has robust
capabilities of production of lightweighted parts which has high-
complexity porous geometry its inside that could not seen from
outside of the part how its inner structure.

As hardware, software and 3d printers evolve, it is possible
to develop innovative parts that could not be produced before with
traditional manufacturing methods. Especially thanks to the
software, the development processes can be completed in less
time. On the other hand, with nTopology, you can solve the
hardest advanced manufacturing and engineering problems,
generate unique high-performance parts, share, and reuse your
workflows with your team, and more [1].

Also gears have wide range application areas in various
industries which no matter they are small-scaled or large-scaled.
As a part of their design, gears inner bodies are full filled with
their solid material and significantly increase the weight of
systems which they used in [2]. If the weight of gears’ body mass
can be decrease during their design process, the mechanical
properties that expected from the systems can be achieved with
the minimum cost of material via additive manufacturing
comparing to the traditional manufacturing processes [3].

First ideas which comes to mind presents two choices for the
way should follow. This study focused on design optimization of
material layout rather than material selection. Generative design
technic also known as topology optimization can create new
designs via mathematical methods that optimize material layouts
within a specific design space. Absolute geometry is depending
on various parameters such as given set of loads, boundary
conditions and constraints [4].

Alternatively, lattice structures are designs which inspired
from bio-entities based on repeating unit cells [5]. As a result of
static analysis of a helical gear’ s uniform lattice structure, output
parameters have been used for varying unit cells’ beam thickness
and optimize lattice design.

End of this study which used nTopology as engineering
software for whole implicit design and analysis process, the
analysis of generative designed geometry and pattern of lattice
structure gave different results. These outputs compared on point
of weight savings.

e-ISSN: 2148-2683

2. Material and Method
2.1. Implicit Modelling and Meshing

nTopology software has blocks based on functions which
accepts appropriate inputs. As a result of calculations, blocks also
can give outputs that can be suitable for another block's input
arguments. This feature enhances the software' s design and
analysis capabilities and this study has benefit from its various
features. One of them is static analysis result outputs used for
changing the thicknesses of lattice structure beams. Thus, instead
of the periodic structure's uniform thickness, there are variable
thicknesses where it’s needed. nTopology blocks can handle
various requirements such as import CAD part, convert to implicit
body from CAD body, latticing, varying thicknesses with analysis
outputs. To do that, a workflow that special to this study's
purposes is necessary as a combination of blocks, inputs, and re-
used outputs. Figure 1 shows workflow and how blocks look like.

nTop Notebook

e All operations happen in the
Notebook as parameterization of I
volume-defining equations I

e One block = one function I

e Order of blocks doesn’t matter I

Fig. 1 Workflow and blocks (ntopology.com)

In order to re-design helical gear’s full-filled inner body as a
lattice structure, previously designed and imported CAD data of
the helical gear must be converted to an implicit body. CAD data
of gear has some design parameters as shown in the Table 1 [6].
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Table 1. Gear Design Parameters

European Journal of Science and Technology

Parameters Values
Gear Module 3
No. of Teeth 30

Addendum 1*m
Dedendum 1.25*m
Width 22.5

Figure 2 shows the parts of the gear CAD data. Inner body is
the necessary part for latticing and topology optimization. The
center part is where displacement restraint boundary conditions
applied and the outer one is where loads applied.

Cl-]
oI

Fig. 2 Parts of CAD Data

To create a lattice structure from implicit body, using of
“Volume Lattice” block is essential. Material layouts and volume
ratios can be affected depending on selection of “Unit Cell”
parameter. Figure 3 shows various graph type unit cells except
triply periodic minimal surface ones. Also, table 2 shows that
“Octet” unit cell type presents highest weight saving for the

biggest unit cell size rather than others.

Table 2. Comparison of Unit Cells

@ Lattice: Volume Lattice

§) Volume:

= Unit type:
= Fill type:

| TargetVolumeA X

Truncated octahedron  +
Simple cubic
Body centered cubic

Unit Cell Cell Size Ratio
Simple Cube [4, 4,4 mm 32.4%
BCC [5, 5, 5] mm 31%
FCC [5,5,5] mm 28.1%
Diamond [5, 5, 5] mm 30.7%
Fluorite [8, 8, 8] mm 32.3%
Octet [10, 10, 10] mm 32.8%
Truncated cube [4,4, 4] mm 29.2%

e-ISSN: 2148-2683

o Scale: Face centered cubic
/" Rotation: Column
o Position: Columns

Diamond
Fluorite
Octet
Truncated cube
Kel
IsoTruss
Re-entrant
Weaire-Phelan
Triangular honeycomb
Hexagonal honeycomb
Re-entrant honeycomb
Square honeycomb rotated
Square honeycomb
Face centered cubic foam
Body centered cubic foam
Simple cubic foam
Hex prism diamond
Hex prism edge
Hex prism vertex centroid
Hex prism central axis edge
Hex prism laves phase
Tet oct vertex centroid
Oct vertex centroid

Fig. 3 Various Unit Cells

After settings of input parameters, Figure 4 shows the lattice
structure which has uniform beam thickness.

Fig. 4 Lattice structure with uniform thickness

The lattice structure should be merged with other implicit
bodies for creating an instance of single implicit body, thus, as a
next step, the part can be ready for meshing via the block "Mesh
from Implicit Body". To do that, “Boolean Union” block accepts
multiple implicit bodies as inputs which you want to merged ones,
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also this block presents a radius option which you can select its
value to create rounded intersection areas.

“Mesh from Implicit Body” block is first step of whole
meshing process. Tolerance setting can affect quality and meshing
time. Decreasing of tolerance value can improve the quality and
you can observe that captured body curvatures clearly without
black lines via uncheck the wireframe option in the block’s
properties tab. Adjustment of optimum value may require
multiple attempts.

Second step of meshing goes on “Remesh Surface” block.
This block tries to create equal surface mesh elements. Mesh
metrics should be checked. Mesh metrics are “closed, oriented,
manifold and self-intersecting”. In sequence except last one, you
should see their values as bool type of “true”. Self-intersecting
should be “false”. Otherwise, you will receive a warning from the
software.

Third step is using the “Volume Mesh” block that creates a
solid mesh with tetrahedral elements. As output data, clean
surface meshes can be an input data of the “Volume Mesh” block.
Equality of “Edge length” values is recommended. So, volume
mesh elements can be created easily derived from surface mesh
elements’ edge sizes. Also, last step is using the “FE Volume
Mesh” Block that defines placement of nodal elements in the solid
mesh elements. Figure 5 shows the order of meshing process and
Figure 6 shows the parameters of these mesh blocks. Figure 7
shows the gear which has FE volume mesh.

STARTING MODEL

5w @

5 v Final Part Mesh  FE Volume Mesh
w | A Discretization: Volume Mesh
w |® Domain: Remesh Surface v
w |@ Surface: Mesh from Implicit Body
(@ Body: Semi-Final Part X
0.1 Tolerance: iY
0.1 Min. feature size: 0
(D Sharpen:
@ Simplify:
Edge length: .8
Shape: Triangle
Span angle: 30
Growth rate: 2
Feature angle: 45
Min edge length: 0
Chord height:
Min feature size:
Edge length: 8
Shape: Tetrahedra

Crawth rate- 2

Fig. 6 Parameters of mesh blocks
e-ISSN: 2148-2683

Fig. 7 Gear which has finite element volume mesh

2.2. Static Analysis Setup

Before running a simulation of static analysis, “FE Model”
block parameters and “Load Case” should be set up. To create a
“FE Component”, material and mesh components can bring
together. In this study, selected material AI6061-T6 is pre-defined
in the software’s material library. Also, 250N distributed force
applied to the helical gear’s teeth surface. Figure 8 and Figure 9
shows all steps of the analysis set up.

3 1 £ FEMESH

FE MODEL
[@ maTeriaL

COMPONENT

£ Properties

i > (@ Young's modulus:
nsi

(1 Poisson’s ratio:
FE MESH

ATTRIBUTES £ Mesh | FEMESH
| v | 2o Atrributes

MATERIAL v|& o

< Material k MATERIAL

Ny A, Frame

> Region

Fig. 8 Creating a FE component before static analysis

+ [ % FecomponenT » | @ FEMODEL
b | 4 Force

= Restraint

 Model | FEMODEL

| ¢ remooe

v |5 Load case:
= o | Force

FE COMRONENT "
=0 | Restraint

Fig. 9 Static analysis case set up

2.3. Field-driven design and Re-construction

Static analysis block’s output property list gives the Von
Mises data. As an advantage of implicit modelling technics, this
data can be used as an input data to create point map with the
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related block. Also, the point map block’s output is an input to
create “Fields”. “Ramp” block gives the capability of Field-driven
design that can change uniform thickness of lattice. Ramp block
uses the "Field" input. Figure 10 shows the Von Mises data and
Figure 11 shows the essential block named “Ramp” for “Field-
driven” design.

Fig. 10 Von Mises data for "Field-driven™ re-construction
process

(7~ Ramped Thickness Ramp v 00
v f Scalar field: Field from Point Map v| Scalar Field 5 @ O
w |52 Pointmap: Von Mises Stress Poi... Scalar PointM.. @ O
0 Analysis result: Static Analysis
123 Step number:
= Interpolation: Natural
= Extrapolation: Nearest
In min: | min VM stress v..
In max: I max VM stress ...
Out min: | Lattice_min_thi..
Out max: I Lattice_max_thi..

Geometric (C0)

(('.
f
f
f

Continuity:

Fig. 11 Point map, scalar fields, and “Ramp” block

Ramp block’s one parameter limits the maximum thickness
of beams. Engineers can set automatically minimum and
maximum diameter of beams based on Von Mises data range.
“Field-driven” design technic improves lattice structures material
layout and optimizes its periodic lattice design which has uniform
thickness depending on analysis. Figure 12 shows “Fields” and
Figure 13 shows re-constructed design.

e-ISSN: 2148-2683

Fig. 12 Field sections based on data and geometry

L_.‘,

u A\/ A A

Fig. 13 Re-constructed design

To design the helical gear's inner body geometry via topology
optimization, majority of design steps similar such as converting
cad body to implicit body, meshing and FE Model. “Structural
Compliance Response” block, “Optimization Objective” block,
“Optimization Constraint List” block, “Topology Optimization”
block, and “Smoothen Body” blocks are different blocks that
included in topology optimization workflow comparing to the
lattice design workflow. Figure 14 shows topology optimization
of gear’s inner body.

Fig. 14 Topology optimization of gear’s inner body.
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3. Results and Discussion

Approximately, initial analysis results of lattice structure
showed 137 MPa Von Mises value. Field-driven design improved
the result and decrease it to 49 MPa. In addition, weight saving is
just under %60. Figure 15 shows improved lattice design analysis
results.

Fig. 15 New lattice dsign static analysis results

Figure 16 shows the topology optimization analysis results
comparing to the initial cad geometry which has full filled inner
body of helical gear.

37,0622 @

0.1 v weight savings Weight Savings

@ Lightweightbody: | top_opt_full_body
(@ Original body: | full body

Fig. 16 Weight savings of topology optimization

According to the initial lattice design and load scenario, thin
beams caused weak lattice structure and decrease structure’s
mechanical property. The helical gear’s teeth construction looks
preserved and more robust although "Deformation scale" that is
exaggerated graphical presentation was increased. Figure 17
shows weakness of initial lattice. Figure 18 shows robust new
lattice design, however weakness of shell thickness of outer body.

e-ISSN: 2148-2683

A aa
Fig. 18 Weakness of shell thickness of outer body

4. Conclusions and Recommendations

Full filled parts such as brackets, gears should be optimized
for weight savings and decrease material costs of additive
manufacturing. Field-driven design provides new improved
designs that derived from its initial analysis data.
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