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LIGHTWEIGHT PLASTIC GEAR BODY USING GYROID STRUCTURE
FOR ADDITIVE MANUFACTURING

Nowadays, plastic gears are more commonly used. The Triply Periodic Minimal Surfaces (TPMS) structure can
perfect the design to reduce weight but still achieve the desired workability criteria. It can also be adjusted more
easily and scientifically than the empirical structure optimization based on experience. Currently, the fabrication
of gears with complex internal structures such as TPMS is possible thanks to 3D printing technology. This study
investigates the mechanical properties of a TPMS structure when applied to Polyetheretherketone (PEEK) plastic
gears. The research content includes displacement, deformation, and VVon-mises stress to evaluate the stiffness and
strength of gears. The structure used to optimize the gear mass is the Gyroid structure, developed in the cylindrical
cell map and studied in the paper. The goal of the research is to apply the Gyroid structure to optimize mass while
still ensuring gear performance. This study not only offers new insight into the importance of the control variables
for TPMS structures but also provides a mass lean process for gear designers. It uses experimental design methods
to choose a suitable topology structure, and the final research result is a regression equation, which clearly shows
the close relationship between the volume reduction and displacement with the specified control variables of the
unit cell. From there, it is possible to determine the proper amount of material reduction while ensuring the working
ability of the gear transmission.

1. INTRODUCTION

At present, gears made of non-metallic materials are gradually replacing metal gears in
many fields. In 2015, the American Gear Manufacturers Association (AGMA) released
a document [1] (reaffirmed June 2020) to review the materials of non-metallic gears. Plastic
gears are widely used in new fields as well as gradually replacing steel in applications ranging
from automotive components to office automation equipment (printers, scanners, fax
machines, ...) [2]. The advantages of plastic gears over metal gears are that the former is
competitive in material cost, easier to fabricate, and lighter in density, while its tolerances are
not too strict, plus it can withstand a wide range of chemicals, suppress noise due to damping
properties, and be self-lubricating due to viscoelastic properties [2]. Therefore, the potential
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of non-metallic gears is huge. Except for the case of extremely large power transmissions,
the remaining applications of metal gears are gradually being replaced by non-metallic gears.
In 2013, the German plastic gear design standard VDI2736 [3] proposed materials with
studied mechanical properties suitable for manufacturing gears, failure type, and cause. These
standards are quite suitable for general gear design cases; however, according to [4], to select
the most suitable gear material, it is necessary to first define all the material data because test
data are often inconsistent with actual production conditions.

According to [3], plastic gears have the main types of failure such as melting, crown
cracking, root cracking, tooth fatigue, tooth deformation, tooth creep, and abrasion. These
failures only occur on the tooth part of the gear, and the material from the transmission shaft
to the tooth root is very much left over (Fig. 1), so it is necessary to have a method to reduce
excess material and help reduce the weight of the gear. Traditional material reduction methods
such as hole punching, body thinning, etc. are mainly based on experience. More scientific
methods are needed to achieve maximum volume reduction.

Fig. 1. Gear component: fixed hub (a), gear body (b), tooth ring (c)

The CAD/CAE engineering software has integrated topology optimization algorithms
to minimize excess material. However, this software uses traditional topology methods such
as Evolutionary Structural Optimization (ESO), Homogenization, Level Set, and Solid
Isotropic Material with Penalization (SIMP), which account for a huge amount of computa-
tion that leads to a long computation time, difficulty in editing, and still having to use
the experience to reshape the details. The topological optimization methods of commercial
software only minimize the compliance of the design while constraining the overall volume
fraction to a target value [5]. According to [6], the newly created optimal structures will have
overhang structures and need to print more support. That support is difficult to remove, and
harms the surface detail, costs of material, time, and cost in machining and removal. In
addition, this optimal result needs to be converted to a smoothed CAD model before
fabrication. Meanwhile, the lattice structure is highly appreciated when optimizing
the structure due to its ability to reduce the volume of the structure more easily because it can
be controlled by functions and variables.

According to [7], Lattice structures, also known as cellular structures, are those available
in nature such as wood, honeycomb, trabecular bone, foam, or butterfly wings [8] that help
optimize energy loss. Nature has designed these structures to reach optimal energetic
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solutions on a long-term basis that are extremely morphological, lightweight, and optimal in
structure and function [9]. To avoid complicating the problem, the lattice structure is
represented as unit cells with a defined geometry that repeats periodically in space [10]. There
are many ways to classify structures, but the most common is strut-based or triply periodic
minimal surfaces (TPMS) [11]. [12] further subdivides TMPS into sheet TPMS and cellular
TPMS. There are many different structures and applications of lattice types. However,
considering the advantages of mechanical properties to be able to apply them to the gear body,
according to [13], TPMS has a higher elastic modulus than strut-based, proving that the TPMS
structure has good force dispersion and high strength; there are no areas of stress
concentration so the fatigue strength is higher; TPMS structure is better for angular loads.
TPMS is less limited in removing excess printing powder inside the structure than strut-based
[14]. The characteristics of the TPMS lattice structure have immense potential to optimize
the gear structure.

According to [15], [16], TPMS is a surface that is created mathematically, such that they
do not have a self-cutting or folding surface. “Triply periodic” means a periodic 3-dimensio-
nal structure and “minimal surfaces” mean it minimizes the local surface area within a given
boundary limit, such that the average surface curvature at each point is zero. According to
[12], there are two different ways to generate a TPMS surface from a mathematical equation;
one is to thicken the surface of the TPMS to create a solid structure, called a “sheet” of the
TPMS; the other is to fill the volume separated by the TPMS surface, which is called the
“cellular” or “skeleton” TPMS. According to [11], Lattice structure design has two steps: unit
cell design and pattern design. There are three ways to design a unit cell: primitive-based
method, implicit surface-based method, and topology optimization; there are three methods
of pattern design: direct patterning, conformal patterning, and topological optimization [16];
a lattice structure can be designed using traditional CAD software, but there will be many
limitations related to large degree unit cell repetition to achieve the desired structure, it is
possible to use MATLAB [17] or software especially; Currently, the software that supports
3D printing also has unit cell samples in the library.

The choice of lattice topology has a great influence on the geometric accuracy level,
Schwarz IWP and Schwarz Diamond configurations have far worse accuracy than Gyroid and
Neovius; machinability and mechanical properties are also related because the machinability
is too low to affect the actual mechanical properties [18]. Meanwhile, the Gyroid structure
can be self-supporting so it is possible to create large-sized unit cells without support [14].
After testing the mechanical properties by simulation and experiment, [19] confirmed that
the Gyroid structure has comparable properties with other TPMS structures and is a potential
structure in various technological applications. [20] also experimentally confirmed that 3D-
printed Gyroid structures are very fast and resistant to loads. [21] applied Lattice structures
such as Spiral, Honeycomb, and Gyroid into the mechanical field, intending to reduce
the Ti6AI4V gear mass in the position from the transmission shaft to the tooth root, resulting
in a Gyroid structure that can withstand 21% more load than solid gear standard gear (DIN
867) despite a 33% reduction in volume. However, [21] uses a Gyroid structure designed with
a pattern expanded in a rectangular cell map, so the force distribution is uneven over the entire
gear because the structure is subjected to angular force; in the study of [13], the axial and
angular forces are different. This study will develop the Gyroid structure according to
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the cylindrical coordinate system, distribute the force evenly over the entire gear (Fig. 2), then
simulate and evaluate the mechanical properties of the gear. According to [18], choosing
the right material is also an important step in the optimal design of a structure; Low-stiffness
materials such as B-titanium alloys and PEEK will allow the reduction of the limits
of manufacturability and expand design areas where lower stiffness can be achieved. [21] has
already used Ti6Al4V, so this study will fill the remaining gap with PEEK plastic material.

Fig. 2. Gyroid pattern in rectangular cell map (a), cylindrical cell map (b)

2. METHODOLOGY

2.1. LATTICE STRUCTURE

A TPMS structure in a cylindrical cell map can be controlled with these control
variables: cell radius, cell height, arc count, and approximate thickness. The first three
parameters are used to control the cylindrical cell map (Fig. 3) and the approximate thickness
is used to control the unit cell thickness (Fig. 4). The unit cell radius is the size of the unit cell
in the u-axis, the unit cell height is the unit cell size in the w-axis, the number of arcs is to
divide the v-circle into equal parts and the unit cell is one of them. Approximate thickness is
the thickness factor when thickening the TPMS plane. Only the number of arcs must be
selected as a positive integer, and the remaining input parameters will be optional according
to the machining capabilities of the 3D printing device. Volume reduction is expressed in:

Rv=1-V/\Vo (1)

where V is the volume of the TPMS part, Vo is the volume of the full part

There are 6 TPMS structures used in this study, including SplitP; Neovius; Diamond,;
Schwarz; Lininoid; and Gyroid to evaluate the influence of the structure on the mechanical
properties of the gear as shown in Fig. 5.
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Fig. 3. Cylindrical cell map with cell radius: 2 mm; cell height: 2 mm and arc count: 8 (a),
One unit cell in the cylindrical cell map (b)
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Fig. 4. Gyroid unit cell with thickness: 0.5 mm (a), Fig. 5. SplitP (a); Neovius (b); Diamond (c); Schwarz
2.5 mm (b) (d); Lininoid (e); Gyroid (f)
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2.2. FINITE ELEMENT MODEL

The gear is used to apply TPMS structure to the gear body area (Fig. 6) and apply FE
Robust Tetrahedral Mesh to both solid gear and TPMS gear (Fig. 7). The simulation is simple
by constraining a part of any tooth and applying torque to the fixed hub (Fig. 8). The simula-
tion results are shown in Fig. 9.

b) a) b)

Fig. 6. TPMS gear (a), Solid Gear (VDI 2736) (b) Fig. 7. FE Robust Tetrahedral Mesh
FE TPMS Gear (a), FE Solid Gear (b)

a)
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Fig. 8. Tooth constraint (red) and torque (yellow) Fig. 9. Simulation result

2.3. INTRODUCTION OF DESIGN OF EXPERIMENTAL METHODS

Taguchi method allows for studying the influence of factors on a response with
the minimum number of experiments that are needed, from which the proper structure can be
selected. This method is particularly suitable when there are too many factors, each of which
has many different levels of values, and the factors might be just names, not numbers.
Therefore, the Taguchi method is used for preliminary experiments when there are 5 factors
affecting gears; the TPMS structure factor must take 6 levels of values to evaluate, and
the others take 3 value levels.

Face Centered Central Composite Design (FCCCD) method can describe the properties
of the research object in the entire design space relatively well. In Central Composite Design
(FCCCD, Box-Wilson, Box-Hunter), FCCCD helps researchers conduct fewer experiments
and levels of values but still get the regression equation with ensured accuracy and
compatibility [22]. With this method, it is easy to obtain the quadratic regression equation and
show the correlation between the factors for each response. However, the factors must have
the same number of levels of values, and all must be real. Therefore, the FCCCD method is
used immediately after the Taguchi method when a suitable structure has been found.

3. RESEARCH RESULT

3.1. GEAR DESIGN

The simulation material for the gear is PEEK (VDI2736) with Young’s Modulus:
3580 N/mm?, Poisson’s ratio: 0.4, and Density: 1300 kg/m3. The gear size for the Taguchi
method: normal module m = 2 mm, normal pressure angle o = 200, number of teeth n = 20,
face width b = 10 mm, torque =5 Nm. The gear size for the FCCCD method: normal module
m = 1 mm, normal pressure angle o = 200, number of teeth n = 40, face width b = 5 mm,
torque T =1 Nm.

3.2. STRUCTURE SELECTION ACCORDING TO TAGUCHI ANALYSIS

TPMS structure types and control variables that affect volume reduction should be
selected as factors to evaluate their influence on the mechanical properties of gears. TPMS
includes 6 structures, and the value range of control variables is selected to ensure that
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the volume reduction is not zero, and the arc count must be chosen as an integer. This study
will evaluate the influence of factors on volume reduction (RV), displacement (D),
deformation (¢), and stress (o) of gears applying TPMS structure compared with solid gears
through the Taguchi method. It uses Taguchi Design L18, where smaller is better, for 5 factors
(6”1; 3"4) as shown in Table 1, then runs simulations and obtains results as in Table 2.

Table 1. Factors and level values in the Taguchi method

Factor Level Values
Tvpe Gyroid (Gy); Schwarz (Sh); Diamond (Di);
yp Lininoid (Li); SplitP (Sp); Neovius (Ne)
Radius (R) (mm) 6;7;8
Height (H) (mm) 6;7;8
Arc (A) 10; 15; 20
Thickness (T) (mm) 1.1;13;15

Table 2. Taguchi method table and simulation result

roe [ e [t | e [ s | s
Full 0 0.049749 0.0103929 | 75.73610
Gy 6 6 10 1.1 0.2507 0.076539 0.0112524 | 73.01830
Gy 7 7 15 1.3 0.2188 0.069565 0.0088766 | 63.41840
Gy 8 8 20 1.5 0.1935 0.067387 0.0084463 | 54.14320
Sh 6 6 15 1.3 0.0898 0.054998 0.0084348 | 54.03750
Sh 7 7 20 1.5 0.0750 0.054669 0.0088226 | 57.00000
Sh 8 8 10 1.1 0.1987 0.066700 0.0101607 | 67.29610
Di 6 7 10 1.5 0.1756 0.063320 0.0122584 | 62.71220
Di 7 8 15 1.1 0.2239 0.071016 0.0090778 | 69.19430
Di 8 6 20 1.3 0.1678 0.062742 0.0094657 | 55.60290
Li 6 8 20 1.3 0.1303 0.061257 0.0102563 | 65.83920
Li 7 6 10 1.5 0.1368 0.059382 0.0097182 | 57.95600
Li 8 7 15 1.1 0.1762 0.064382 0.0103132 | 54.38242
Sp 6 7 20 1.1 0.1676 0.063360 0.0077902 | 57.71870
Sp 7 8 10 1.3 0.2034 0.066772 0.0095716 | 53.89130
Sp 8 6 15 1.5 0.1291 0.058267 0.0080866 | 52.69380
Ne 6 8 15 1.5 0.0461 0.052363 0.0085396 | 52.61090
Ne 7 6 20 1.1 0.0602 0.053128 0.0092962 | 51.34910
Ne 8 7 10 1.3 0.0903 0.056121 0.0103986 | 68.45030
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Table 3. Taguchi Analysis: Volume reduction versus Table 4. Taguchi Analysis: Displacement versus Type,
Type, Radius, Height, Arc, Thickness Radius, Height, Arc, Thickness

Level | Type R H A T Level | Type R H A T
1 2.17 1.37 1.32 1.70 1.74 1 2297 | 24.22 | 24.38 | 23.81 | 23.68
2 114 | 1.47 1.43 1.41 1.43 2 24.65 | 24.15 | 24.20 | 24.24 | 24.20
3 1.83 1.52 1.60 1.25 1.19 3 23.66 | 24.09 | 23.88 | 24.41 | 24.58
4 1.39 4 24.20
5 1.59 5 24.05
6 0.59 6 25.38

Delta | 1.58 | 0.15 | 0.28 | 0.45 | 0.56 Delta | 2.41 | 0.13 | 050 | 0.60 | 0.90

Rank 1 5 4 3 2 Rank 1 5 4 3 2

Table 5. Taguchi Analysis: Strain versus Type, Radius, Table 6. Taguchi Analysis: Stress versus Type, Radius,

Height, Arc, Thickness Height, Arc, Thickness
Level | Type R H A T Level | Type R H A T
1 40.49 | 40.33 | 40.61 | 39.56 | 40.37 1 -36.0 | -35.7 | -35.1 | -36.1 | -35.8
2 40.81 | 40.70 | 40.32 | 41.05 | 40.47 2 -354 | -354 | -35.6 | -35.2 | -35.6
3 39.85 | 40.51 | 40.62 | 40.94 | 40.71 3 -359 | -35.3 | -35.6 | -35.1 | -35.0
4 39.92 4 -35.5
5 | 41.46 5 | -348
6 40.56 6 -35.1
Delta | 1.62 | 0.37 | 0.30 149 | 0.34 Delta 1.2 0.3 0.5 1.0 0.8
Rank 1 3 5 2 4 Rank 1 5 4 2 3
Table 7. TPMS structures with the same control variables

10 |y | oy | | oy | reducion | nmy | ST 9 | o

Full 0 0.0497 0.0104 75.7361

Gy 6 6 20 1.5 0.1521 0.0617 0.0111 66.4193

Sh 6 6 20 15 0.0499 0.0524 0.0087 | 60.2903

Di 6 6 20 1.5 0.1075 0.0571 0.0082 54.3002

Ne 6 6 20 1.5 0.0227 0.0509 0.0079 60.3908

Sp 6 6 20 1.5 0.0816 0.0552 0.0081 58.3729

Li 6 6 20 1.5 0.0900 0.0567 0.0081 54.8109

From Taguchi analysis (Table 3, Table 4, Table 5, Table 6, and Fig. 10, Fig 11), it can
be seen that the type of structure has the most significant influence on displacement, strain,
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and stress; then come the thickness and arc count. Although the SplitP structure has
advantages in terms of stress and strain, it is not suitable for volume reduction. By conducting
simulations with the same control variables, it was found that although the stress, strain, and
displacement of the SplitP structure were good compared with the full gear, it did not reduce
much volume (Table 7).

The study continues to evaluate Displacement/\VVolume reduction, Strain/\VVolume
reduction, and Stress/VVolume reduction (Fig. 12) to find a suitable configuration. From the
Taguchi analysis, it can be concluded that the Gyroid structure satisfies the need for optimum
gear mass when achieving lower displacement, strain, and stress to volume reduction ratios
than other structures.

Main Effects Plot for Means
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Fig. 10. Diagram for Taguchi analysis: volume reduction (a), displacement (b)
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Main Effects Plot for Means
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Fig. 11. Diagram for Taguchi analysis: strain (a), stress (b)

3.3. RESPONSE SURFACE ANALYSIS FOR OPTIMIZATION

After proving to Taguchi that the Gyroid structure is the most suitable type for reducing
the mass in the gear, the remaining 4 factors have not been studied for their influence on the
mass of the structure. Therefore, the FCCCD method is implemented for gears applying
a Gyroid structure with those 4 remaining factors for further study as shown in Table 8.
Because of the finite element simulation, only 1 iteration was performed, and thus 25
experiments in total. The results are shown in Table 9.
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Table 8. FCCCD factors and value levels

Value levels
N | Factor Name Intervals
-1] 0 | +1
1 R Radius (mm)
2 H Height (mm)
3 A Arc 10 | 15 | 20 5
4 T Thickness (mm) | 1.1 | 1.3 | 1.5 0.2

Table 9. FCCCD method table and simulation result

no- | T | oy | A% | Ty | recucton | oy | 1P| Swin 09) | (23

Full Gear 0.0000 0.0277 1.0000 | 0.00734 | 51.6650
1 3 3 10 11 0.3301 0.0402 1.4507 | 0.00619 | 36.9082
2 5 3 10 11 0.3945 0.0425 1.5359 | 0.00712 | 42.4398
3 3 5 10 11 0.3953 0.0513 1.8518 | 0.00667 | 34.2970
4 5 5 10 11 0.4482 0.0519 1.8740 | 0.00702 | 49.3335
5 3 3 20 11 0.2189 0.0338 1.2211 | 0.00671 | 34.9491
6 5 3 20 11 0.3032 0.0382 1.3792 | 0.00693 | 51.1541
7 3 5 20 11 0.3034 0.0414 1.4954 | 0.00670 | 44.8669
8 5 5 20 11 0.3721 0.0458 1.6527 | 0.00710 | 36.2507
9 3 3 10 15 0.1758 0.0319 1.1502 | 0.00607 | 37.2256
10 5 3 10 15 0.2665 0.0352 1.2710 | 0.00607 | 45.6617
11 3 5 10 15 0.2669 0.0396 1.4291 | 0.00679 | 40.4459
12 5 5 10 15 0.3421 0.0417 1.5050 | 0.00904 | 74.8633
13 3 3 20 15 0.0478 0.0285 1.0290 | 0.00640 | 38.8290
14 5 3 20 15 0.1416 0.0308 1.1113 | 0.00579 | 35.3452
15 3 5 20 15 0.1419 0.0322 1.1640 | 0.00579 | 33.6705
16 5 5 20 15 0.2361 0.0369 1.3322 | 0.00724 | 42.9839
17 3 4 15 1.3 0.2328 0.0352 1.2714 | 0.00592 | 31.6941
18 5 4 15 1.3 0.3148 0.0394 1.4217 | 0.00857 | 57.2505
19 4 3 15 1.3 0.2334 0.0344 1.2422 | 0.00591 | 33.5628
20 4 5 15 1.3 0.3161 0.0412 1.4863 | 0.00747 | 53.4773
21 4 4 10 1.3 0.3412 0.0413 1.4921 | 0.00762 | 50.4214
22 4 4 20 1.3 0.2336 0.0356 1.2840 | 0.00638 | 39.9536
23 4 4 15 11 0.3538 0.0418 1.5085 | 0.00730 | 46.7193
24 4 4 15 15 0.2085 0.0340 1.2259 | 0.00561 | 46.4760
25 4 4 15 13 0.2820 0.0374 1.3495 | 0.00635 | 36.6595

* D/Dy is the displacement of the volume-reduced gear divided by the solid gear
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Based on the analysis results, it is found that the regression equation between volume
reduction (2) and displacement (3) for factors has very high compatibility, R-sq is 99.96%
and 99.4% (Table 10), respectively. However, the compatibility of stress and strain was not
high, at less than 70% (Table 10). But obviously, most gears that do not respond to strain and
stress are those with volume reductions higher than 30%, so the largest amount of material
can be cut without affecting the mechanical properties counted as less than 30%. When using
the cubic regression equation to test the correlation of volume reduction and displacement,
the results obtained are that these two values have a correlation level of more than 90%
(Fig. 13).

Rv =0.6129 + 0.0631R + 0.0564H — 0.01477A — 0.467T
—0.00726 R2 — 0.00634 H2 + 0.000253A2 + 0.0024T2

— 0.002629RH + 0.000722RA + 0.02613RT ()
+0.000707HA + 0.02596HT — 0.007090AT

Displacement = 0.0660 + 0.00175R + 0.00810H — 0.002146A — 0.0377T

—0.000207R2 + 0.000283H2 + 0.000038A2 + 0.0091T2

—0.000040RH + 0.000091RA + 0.000211RT (3)
—0.000121HA — 0.003622HT + 0.000424AT

Table 10. R-sq of the regression equation of the responses

No. Response S R-sq | R-sq(adj) | R-sq(pred)
1 | Volume reduction | 0.0028471 | 99.96% | 99.90% 99.69%
2 Displacement 0.0006918 | 99.40% | 98.56% 95.31%

Fitted Line Plot
Displacment = 0.02725 + 0.02538 RV
+ 0.0052 RV~2 + 0.1384 RV"3

0.0557 s 0.0017614
.

R-Sq 91.8%
R-Sqladj) 90.7%
0.050

=
o
=4
bt

Displacment

0.0 0.1 0.2 03 0.4 0.5
RV

Fig. 13. Regression cubic line plot of volume reduction and displacement

From Fig. 14 it can be seen that thickness has a great influence on both volume reduction
and displacement, so thickness should only be adjusted so that the volume reduction is greater
than 10%, but it should not be reduced too much because of the affection of the gear stiffness.
The radius of the unit cell does not affect the volume reduction and displacement too much,
S0 it can be kept the same or adjusted higher. The arc count has a second effect on volume
reduction but only a third effect on displacement, so this parameter is only selected to ensure
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the volume reduction is greater than 10%, Choosing it too high will not reduce the volume
reduction much but will affect the stiffness. The unit cell height has a third effect on volume
reduction but a second effect on displacement, so it should be kept as small as possible, just
ensuring the structure is still within manufacturability.

Pareto Chart of the Standardized Effects Pareto Chart of the Standardized Effects
(response is RV, a = 0.05) (response is Displacment, a = 0.05)
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Fig. 14. Pareto Chart evaluates the significance of the factors for the regression equation of volume reduction (a)
and displacement (b)

Another FCCCD is conducted with the new control variables. Table 11 contains
the factors and the range of values for the second FCCCD implementation, but this time
the value ranges of the factors are re-selected according to the result drawn from the previous
FCCCD and obtained the results as Table 12.

Table 11. FCCCD factors and value levels (second times)

Value levels
N | Factor Name Step
-1 0 | +1
Radius (mm) 6 | 7 | 8 1
Height(mm) |09 |14 ]19]| 05
Arc 25 | 30| 35 5

Thickness (mm) | 0.7 | 0.8 | 0.9 | 0.1

—H|>»|IT |

1
2
3
4

Table 12. FCCCD method table and simulation result (second time)

No. R|H|A| T Rv D D/Do" e o

Full Gear 0 0.0277 1 0.00734 | 51.6650
09 25| 0.7 | 0.3197 | 0.0355 | 1.2823 | 0.00597 | 37.3510
09|25 0.7 | 0.3575 | 0.0371 | 1.3403 | 0.00635 | 34.2808
19|25 0.7 | 04136 | 0.0443 | 1.5988 | 0.00813 | 41.1018
19|25 0.7 | 0.4429 | 0.0458 | 1.6517 | 0.00829 | 66.4848
09|35 0.7 | 0.2680 | 0.0340 | 1.2289 | 0.00565 | 35.4177

g~ | W |IN|PF,|O
| 0| O |00 | O
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6 | 809350703108 | 0.0358 | 1.2915 | 0.00649 | 44.2880
7 | 619350703739 | 0.0433 | 1.5622 | 0.00641 | 44.1213
8 | 8193507 0.4081 | 0.0448 | 1.6162 | 0.00671 | 37.2650
9 |6]09|25|0.9)0.1952 | 0.0306 | 1.1060 | 0.01010 | 43.2814
10 | 8 | 09| 25| 0.9 | 0.2464 | 0.0321 | 1.1583 | 0.00599 | 34.0016
11 |6 |19|25|0.9|0.3191 | 0.0384 | 1.3871 | 0.00651 | 41.0374
12 |8 |19 | 25| 0.9 | 0.3580 | 0.0401 | 1.4486 | 0.00648 | 39.5233
13 |6 09|35|0.9]0.1321 | 0.0298 | 1.0746 | 0.00646 | 42.2791
14 |8 |09|35|09]0.1862 | 0.0307 | 1.1100 | 0.00547 | 35.9770
15 | 6 1.9|35]0.9]0.2668 | 0.0365 | 1.3163 | 0.00701 | 53.1921
16 | 8 1.9|35]0.9]0.3117 | 0.0393 | 1.4172 | 0.00801 | 57.0699
17 | 6 | 1.4 | 30 | 0.8 | 0.2990 | 0.0373 | 1.3481 | 0.00689 | 45.1102
18 | 8 14|30 0.8|0.3391 | 0.0381 | 1.3747 | 0.00623 | 38.7438
19 | 7109|3008 |0.2518 | 0.0328 | 1.1849 | 0.00833 | 45.2538
20 | 7119|30|0.8|0.3616 | 0.0422 | 1.5220 | 0.00636 | 36.0364
21 | 7114|2508 | 0.3455 | 0.0385 | 1.3881 | 0.00699 | 47.1097
22 | 7114 |35]0.8|0.2974 | 0.0374 | 1.3491 | 0.00632 | 44.3849
23 | 7114|3007 |0.3726 | 0.0404 | 1.4600 | 0.01014 | 51.8304
24 | 7114|3009 |0.2667 | 0.0352 | 1.2718 | 0.00629 | 45.0575
25 | 7114|3008 |0.3202 | 0.0376 | 1.3587 | 0.00651 | 56.6285

* D/Dy is the displacement of the volume-reduced gear divided by the solid gear

The second time, it can be seen that to achieve a displacement of less than 20%,
the volume reduction must be less than 26% (Table 12 No. 10 and No. 19); to achieve
a displacement of less than 11%, the volume reduction must be less than 20% (Table 12 No. 9,
No. 13 and No. 14). Volume reduction below 30% will not exceed the strain and stress
of solid gears. The compatibility of factors for volume reduction and displacement regression
equation, (4) and (5), has increased (99.99% and 99.64%); however, the compatibility
of factors for stress and strain decreased sharply (Table 13). The correlation between volume
reduction and displacement stays above 90%. (Fig. 15). Fig. 16 shows that now the height
of the unit cell has the most significant influence on both volume reduction and displacement.

Rv =0.7081 + 0.01131R + 0.14334H — 0.00691A — 0.703T

- 0.000951R? — 0.05330H2 + 0.000059A% — 0.0349T?
- 0.004845RH + 0.000233RA + 0.02817RT
+ 0.001214HA + 0.14146HT — 0.006133AT

Displacement = 0.0376 + 0.00176R + 0.01537H — 0.000332A — 0.0194T
—0.000135R? — 0.00142H? + 0.000003A2 — 0.0009T?
+ 0.000212RH + 0.000010RA + 0.00039RT
+ 0.000005HA — 0.00574HT — 0.000026AT

(4)

()
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Table 13. R-sq of the regression equation of the responses (second time)

No. | Response S R-sq | R-sq(adj) | R-sq(pred)
Volume reduction | 0.0010578 | 99.99% | 99.98% | 99.95%
Displacement 0.0004142 | 99.64% | 99.13% | 97.57%

Fitted Line Plot
Displacment = 0.03264 - 0.0626 RV
+ 03344 RV~2 - 0.2798 RV"3

0.0481 s 0.0013916

R-Sq 91.4%

0.046 R-Sq(adj) 90.2%

0.044+
0.042
0.040

0.038-

Displacment

0.036

0.034-

0.032-

0.030

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
RV

Fig. 15. Regression cubic line plot of volume reduction and displacement (second times)

Pareto Chart of the Standardized Effects Pareto Chart of the Standardized Effects
(response is RV, &t = 0.05) (response is Displacment, o = 0.05)

Factor MName Factor MName

R Radius R Radius
H Height H Height
A Arc A Arc
T Thickness T Thickness
0 50 100 150 200 250 0 10 20 30 40
Standardized Effect Standardized Effect
a) b)

Fig. 16. Pareto Chart evaluates the significance of the factors for the regression equation of volume reduction (a)
and displacement (b) (second times)

4. ANALYSIS AND DISCUSSION

Gears when applying the Gyroid structure to reduce mass can reduce stress and strain,
showing the potential to increase the strength and stiffness of the gears. At present, it is
necessary to find out the correlation rule between the generated stress and strain and
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the design variables. In some cases, the gear stress and strain after volume reduction are higher
than the solid gear, but if the volume reduction is kept below 30%, the stress and strain will
be lower than that of the solid gear.

The displacement in the gear, on the other hand, is closely related to the design variables
(R-sq over 99%) and the volume reduction (R-sq above 90%). If compared with another study
by [23] for traditional gear reduction methods such as holes or ribbed; then analysing
the similarity with Fig. 13 and Fig. 15, it can be concluded that even though the new topology
structure is applied to reduce the mass, the volume reduction still influences the gear
displacement and stiffness; however, the stiffness can be adjusted by reducing the unit cell
height and reducing the volume loss moderately through the remaining input parameters for
higher stiffness. This adjustment is more scientific with the regression equation being derived
from the FCCCD method, which is controllable, and completely independent of experience.
According to the results of [23], it can be seen that the traditional method has about 24%
larger displacement than the solid gear, but the material reduction is only about 15%. While
(Table 12 No. 10) shows that this new topology reduces the amount of material by over 24%
with only 16% larger displacement than the solid gear and also has lower stress and strain.

When observing the first Pareto chart of volume reduction and displacement (Fig. 14),
it can be seen that all four factors have an influence, but the degree of influence is different.
Thickness has the greatest influence on displacement and volume reduction, the larger
the thickness, the lower the displacement and the lower the volume loss. To reduce mass,
increasing the thickness to increase the gear stiffness is not the optimal solution, so only
a suitable thickness should be selected. It should be thick enough to achieve high stiffness but
thin enough to achieve the desired volume reduction. The radius of the unit cell has the least
effect; the larger the radius, the less displacement and volume reduction will decrease, but not
much. This can be considered as a parameter to fine-tune the amount of mass to be reduced
of the gear accordingly. Two notable parameters here are the arc count and the height of the
unit cell. The number of arcs is the second most influential factor for the volume reduction
but only the third effect for displacement, i.e., increasing the number of arcs too high leads to
a significant increase in volume but not much stiffness for the gear. This means that increasing
the number of arcs to increase the stiffness of the gear is not beneficial, and only the proper
number of arcs should be selected. The height of the unit cell has the third effect on volume
reduction but the second most significant effect on displacement, so decreasing the height
results in a slight increase in volume but an enormous improvement in displacement. This
shows that lowering the height of the unit cell and then adjusting the volume reduction
through other variables will help improve the desired gear displacement and ensure
the amount of material.

When the second Pareto chart (Fig. 16) is observed, the re-selected variables make
the height of the unit cell become the greatest influence on displacement and volume
reduction. Because the chosen thickness step is small, the thickness influence decreases.
The order of selection of control variables when applying the Gyroid structure to the gear is
drawn as follows, first selecting the parameters with the goal of the thickness as small as
possible but still ensuring the machinability; then recalculating the volume reduction. If not
suitable, the unit cell height and thickness can be adjusted to suit the needs, and the other two
parameters can be kept the same. The adjustment of control variables is of great importance
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in the ability to shape the TPMS structure. If the control variables are not adjusted properly,
they cause many errors such as structural errors (Fig. 17), meshing errors, and algorithm
errors. Those errors are not yet controllable, but they rarely happen. Also, the change to
eliminate errors is simple by just randomly increasing and decreasing the control variables,
especially the radius of the unit cell or the arc count.

-

Fig. 17. Error when choosing arc count A = 5 (black areas appear)

To account for how changing the height of the unit cell affects the displacement,
the Gyroid unit cell must be revised. A cell has 2 position types: 450 and 900 as shown in
Fig. 18. When the force is applied in the w direction, position 900 will be subjected to tension
and compression at the centre, so the displacement will be lower than position 450. This angle
only occurs when the two dimensions w and u of the unit cell are equal (i.e., like a square),
as the w dimension increases, the angle of 450 will increase closer to 900 and vice versa.
Therefore, for the gear to become stiffer, the optimal area needs to have many positions with
an angle of 900 in the bearing direction, and the remaining positions gradually increase to
900. The decrease in the height of the Gyroid unit cell in a cylindrical cell map will meet that
need. For example, in Fig. 19, reducing the height to 0.5 mm instead of 5 mm results in a very
large change, as can be seen in Table 14. Gears with a height of 5 mm only achieve a volume
reduction of 23.6% but displacement up to 33.2% (Table 14, No. 1) compared to solid gears,
while gears adopting 0.5 mm height achieve a volume reduction of 22.45% and displacement
of 09.48% (Table 14, No. 11). Clearly, the lower the height of the unit cell is, the more the
volume reduction and displacement reduction can increase, but it should be selected to ensure
manufacturability

To test the research results for large gears, we design some new spur gear sizes with
such parameters as: normal module m = 3 mm, normal pressure angle o = 200, number
of teeth n = 40, face width b =15 mm, torque = 27 Nm; and the other one: normal module m
=5 mm, normal pressure angle « = 200, number of teeth n = 40, face width b = 25 mm, torque
=125 Nm. After comparing the simulation results of the gear with a similar volume reduction
of the gear in Table 14 No. 5, the results are as shown in Table 15 and Table 16. The results
show that, even if the small gear is not capable of precision fabrication, this formula can apply
to large gears. As can be seen in the table below, large gears with a pitch diameter of 120 mm
(Torque=27 Nm) or 200 mm (Torque=125 Nm) still ensure displacement and stress.
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The displacement increases by 18% (d = 120 mm) and 19% (d=200 mm) compared to
the gear Table 14 No. 5, which is initially 15.8%, and stress and strain increase to
approximately equal to that of a solid gear. Therefore, when at a larger size, the gear with
the same configuration will no longer be as stiff and durable as the original. Applying
the research results to adjust the control variables will obtain the desired stiffness and strength
(Table 16 No. 2). Finally, the gear in Table 16 No. 1 was chosen for addictive manufacture,

as shown in Fig. 19 and Fig. 20.

45°

90°

Fig. 18. Force distribution positions in Gyroid

Table 14. The results table simulates several configurations of input parameters to see the potential of changing

unit cell

Fig. 19. Cross-section of TPMS structure with a height of
0.5 mm (a) and 5 mm (b)

the unit cell height, sorted in descending order D/Dg

No. [ R| H|A|T Rv D D/Dq € o

0 Full Gear 0 0.0277 1 0.00734 | 51.6650
1 |5| 5 |20|15|0.2361 | 0.0369 | 1.3322 | 0.00724 | 42.9839
2 |6|08|20|0.8|0.2752 | 0.0328 | 1.1855 | 0.00607 | 38.3857
3 |7/09|30|0.8]0.2518 | 0.0328 | 1.1849 | 0.00833 | 45.2538
4 | 6|06 |15 |0.8|0.2748 | 0.0323 | 1.1651 | 0.00622 | 43.2415
5 18]09|25|0.9|0.2464 | 0.0321 | 1.1583 | 0.00599 | 34.0016
6 | 6|05|20|0.7|0.2628 | 0.0318 | 1.1465 | 0.00579 | 36.3578
7 | 6|06 |25|0.7 | 0.2567 | 0.0317 | 1.1450 | 0.00544 | 30.8905
8 | 7]05|25|0.7 | 0.2503 | 0.0310 | 1.1206 | 0.00633 | 39.9433
9 |8]0.9|35|0.9|0.1862 | 0.0307 | 1.1100 | 0.00547 | 35.9770
10 | 6 | 0.9 | 25| 0.9 | 0.1952 | 0.0306 | 1.1060 | 0.01010 | 43.2814
11 | 6 | 05| 25| 0.7 | 0.2245 | 0.0303 | 1.0948 | 0.00599 | 37.5997
12 | 6 |09 (35|09 |0.1321 | 0.0298 | 1.0746 | 0.00646 | 42.2791

Table 15: Large gear (d = 120 mm) simulation result

No. R|HJA|T Rv D D/Do € o
0 Full Gear 0 0.0820 1 0.0073 | 42.2918
1 |24]27|25|27|0.2486 | 0.0960 | 1.1698 | 0.0074 | 41.5751
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Table 16. Large gear (d = 200 mm) simulation result

No. R H A T Rv D D/Do e o
0 Full Gear 0 0.1359 1 0.00795 | 48.0918
1 40 | 45 | 25 | 45| 0.2486 | 0.1619 | 1.1914 | 0.00715 | 47.4175
2 20 | 25 | 25 3 0.2380 | 0.1553 | 1.1430 | 0.00606 | 43.3903

* R=40 mm occurs the error (black areas appear), problem solved when reducing R=20 mm

B
- 4 A
- £ -
» Sy >
¢ W W
I
\
f . e b
Fig. 20. Gear sample Fig. 21. Close-up image

4. CONCLUSIONS

The PEEK gear, applying the TPMS Gyroid structure, is designed and simulated in
the finite element model, and then based on experimental design models such as Taguchi and
FCCCD to evaluate and compare the data with solid gears (VDI12736).

» The Gyroid structure is the most efficient in terms of mass optimization while
preserving the mechanical properties of the gears. Six different TPMS constructs were
investigated using the Taguchi method and were retested. The aim is to find a structure with
guaranteed mechanical properties but with the highest volume reduction, by assessing
the influence of factors on the ratio coefficients between displacement, strain, and stress on
the volume reduction. The result reveals that the structural type of factor has the most
significant influence, and the Gyroid structure has the lowest ratio of displacement, stress,
and strain to volume reduction.

» The input parameters have a robust correlation with the volume reduction and
displacement, from which the variables to be fixed can be determined, and the variables can
be fine-tuned to achieve stiffness and desired volume reduction. When choosing a lower unit
cell height, the stiffness of the gear increases. However, it is necessary to choose
a combination with other variables to ensure the ability to build, mesh and fabricate
the structure. The errors in structural modeling are not yet controllable, but simply adjusting
the controlled variables will eliminate the problems.

« Volume reduction and displacement are more than 90% correlated with each other;
the larger the volume reduction, the greater the displacement. To have a high-volume
reduction but low displacement, it is necessary to adjust the input parameters reasonably and
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scientifically based on the regression equation. This is an advantage when topology uses
lattice structures because it can be easily controlled to achieve the desired volume reduction
and stiffness. In contrast, the input parameters and volume reduction were not correlated with
strain and stress. In most cases, lower strain and stress will be obtained than VDI2736 gear,
but it will be difficult to control when there is no correlation with input parameters, only stress
and strain can be guaranteed to be not greater than solid gear if the volume reduction does not
exceed 30%.

« The small gear is not capable of precision fabrication, but this design method is
proven for larger gears. The desired configuration in small diameters does not guarantee
mechanical properties when applied to larger gears, but the design variables can still be
adjusted to achieve the desired results.
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