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Abstract. The article discusses the optimization of the mass of an orientation
module for a delta robot. The stages of the process of optimizing the mass
of designed products are defined, taking into account the specifics of their
design. Recommendations for using the defined stages are given. Topological
optimization of details of the orientation module design, determined according
to the given criteria at the relevant stage of the optimization process, was
performed. The defined stages are applied to the optimization of the orientation
module for a delta robot.
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1. Introduction

Part of the design process of products is optimizing their mass. Modern CAE
systems have specialized tools for solving this task. These are tools for topology
optimization, which can be considered as a form of structural optimization, solving
one of the most common engineering problems - how to create a sufficiently strong
part using the least amount of material.

Topology optimization methods are most often based on the finite element
method (FEM), which is a powerful numerical method widely used to solve
engineering problems (Bici et al., 2017). The essence of topology optimization
consists in using FEA-based simulations to assess which areas of a given part are
not structurally critical (Bodog & Grebenigan, 2022). These are areas in which the
stresses generated during the operation of the part are less than those allowed for
the material from which it is made. The results obtained are used by the algorithm
built into the system to determine which areas of the part can be removed.

The algorithm continuously evaluates the stress distribution while removing
material to assess the resulting effects. This is done in many separate steps until
a stable shape of the part is obtained, taking into account the specified loads and
boundary conditions (Malakov & Zaharinov, 2021). Topological optimization
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is used in many industrial sectors where weight reduction is essential (Zach &
Dudescu, 2021; Mitev & Malakov, 2024; Tomov, 2017). In this article, topology
optimization will be used to reduce the weight of a module for orientation for
a delta robot. Robots with parallel kinematics find an extremely wide range of
applications.

They allow the weight of the manipulated object to be distributed between
several kinematic chains, which provides higher load capacity and better dynamic
parameters compared to robots with sequential kinematics of the same size (Dichev
et al., 2024; Mitev, 2024).

One of the most suitable for use are delta robots, which implement 3 degrees
of freedom, ensuring the positioning of the manipulated object at any point of the
robot's workspace. Adding an orientation module to the movable platform of the
delta robot provides additional degrees of freedom, through which the manipulated
object can some the necessary poses (Dichev et al., 2021; Vassilev & Komarski,
2024). This design of a delta robot with an added orientation module combines the
advantages of industrial robots with sequential and parallel kinematics.

2. Task statement

The delta robot for which the orientation module was designed, its 3D model
with the orientation module, and a 3D model of the orientation module are shown
in Fig. 1.

Figure 1. Delta robot with orientation module

The use of such an orientation module can significantly increase the possible
applications of the delta robot. The module allows for reorientation of the
manipulated objects.

The payload of the delta robot is 5 [kg]. The mass of the developed orientation
module is 3.6 [kg]. This means that the maximum mass of the objects manipulated
by the robot using the developed module is 1.4 [kg].
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The goal is to optimize the design of the orientation module so that the robot can
manipulate objects with a mass of 1.5 [kg].

3. Topological optimization of products mass

Regardless of the product design, the following main stages of the process of
optimizing its mass can be defined:

3.1. Stage One — Analysis of design

At this stage, the parts and assemblies included in the design of the product are
divided into the following groups:

e Group 1 Standardized not allowing mass reduction — these are parts and
assemblies purchased from external suppliers and incorporated into the design of
the product, the mass of which cannot be reduced (engines, bearings, hydro and
pneumatic cylinders, fasteners, etc.);

® Group 2 Standardized allowing for mass reduction — these are parts purchased
from external suppliers and incorporated into the design of the product, the mass of
which can be reduced (pulleys, gears, structural profiles, etc.) without affecting their
functionality;

e Group 3 Unique not allowing for mass reduction — these are parts and
assemblies designed specifically for the product, whose mass is determined as a
result of their strength calculation and cannot be changed without affecting their
functionality;

e Group 4 Unique allowing for mass reduction — these are parts designed
specifically for the product, whose mass is determined based on the functions they
perform and can be varied within certain limits.

3.2. Stage Two — Selecting parts for optimization

After dividing the parts into groups, the basic mass of the product is determined,
which is not subject to reduction (the sum of the masses of parts and assemblies from
groups 1 and 3). This mass can be used as a criterion for assessing the feasibility of
carrying out the remaining stages. If this mass is too large, over 85% of the total mass
of the product, it should be assessed whether reducing the mass of the parts from the
remaining groups can achieve the desired goal.

The parts from groups 2 and 4 are arranged in descending order of their mass,
in order to determine those whose mass reduction will have the desired effect of the
optimization. Reducing the mass of parts whose percentage share in the total mass
of the product is less than 1% will in most cases not have a significant impact on the
final result.

Based on the results obtained at this stage, the parts whose mass optimization will
lead to the desired result are determined.

3.3. Stage Three — Optimizing the mass of the determined parts

For some of the parts in this group, mass reduction can be achieved by drilling
holes that do not violate their functional characteristics (pulleys, gears, etc.).
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For the rest, it is necessary to conduct topological optimization in the following
steps:

e development of a computational model that takes into account the loads and
constraints acting on the part;

e determination of the strength characteristics of the part;

e performance of topological optimization under the specified loads and
constraints;

e creation of a new part taking into account the results of the optimization;

e strength check of the new part;

e cvaluation of the optimization result.

3.4. Stage four — Evaluation of results from the performed optimization of
the product mass

Atthis stage, the total weight reduction of the product is determined, the achieved
weight reduction is evaluated and a decision is made on the appropriateness of its
implementation.

Since weight reduction using traditional processing technologies is associated
with additional costs, it must be assessed whether the achieved weight reduction of
the product is worth these costs.

4. Optimizing the mass of an orientation module for delta robots

The defined stages for optimizing the mass of products will be used in optimizing
the mass of the orientation module shown in Fig. 1.

4.1. Stage One — Analysis of design

The orientation module has sequential kinematics, 3 rotational joints, providing
3 degrees of freedom (DOF), allowing the manipulated objects to assume the
necessary poses. It is made up of 144 parts and assemblies, which, according to
the considerations made in part 3 of the article, fall into the groups given in tables
1 to 4:

Table 1. Group | Standardized parts not allowing mass reduction

No Name Pieces Mass [g] Total mass [g]
1 Stepper Motor Nema 17 3 600.00 1800.00

2 | Bearing B6810ZZ 1 71.53 71.,53

3 | Bearing B6807 1 37.10 37.10

4 | Bearing B6805ZZ 1 32.29 32.29

5 | Bearing JFM-3034-20 1 4.96 4.96

6 | Bearing JFM-2023-21 1 2.61 2.61

7 | Bearing JTM-2036-15 3 1.04 3.12

8 | Timing Belt GBN2493GT-60x255 2 11.2 22.4
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Ne Name Pieces Mass [g] Total mass [g]
9 | Timing Belt GBN2043GT-60x210 3 9.5 28.5
10 | Timing Belt GBN1893GT-60x195 1 7.6 7.6

11 | Support RollerHIRLM-0511-30 4 5.22 20.88
12 | Support Roller HIRLM-0511-24.5 2 5.21 10.42
13 | Support Roller HIRLM-0511-20 3 2.07 6.21
14 | Axle for Support Roller SFTW5-49-M3-N3 1 6.68 6.68
15 | Axle for Support Roller SFIW5-60-M3-N3 2 2.85 5.70
16 | Axle for Support Roller SFJTW5-20-M3-N3 3 2.34 7.02
17 | Socket Head Cap Screw M 2,5x4 8 0.44 3.52
18 | Socket Head Cap Screw M 2,5x6 19 0.52 9.88
19 | Socket Head Cap Screw M 2,5x10 32 0.67 21.44
20 | Slotted Set Screw M 3x10 8 0.48 3.84

Total Pieces 99
Total mass | 2105.70
Table 2. Group 2 Standardized allowing for mass reduction

Ne Name Pieces Mass [g] Total mass [g]
1 Timing Pulley GPA48GT3060-A-H30 4 23.78 95.12

2 | Timing Pulley GPA48GT3060-A-H20 4 15.78 63.12

3 | Timing Pulley GPA22GT3060-A-P6 3 7.6 22.8

Total Pieces 11
Total mass | 181.04
Table 3. Group 3 Unique not allowing for mass reduction

Ne Name Pieces Mass [g] Total mass [g]
1 |Shaft—1 1 62.86 62.86

2 Shaft — 2 1 62.14 62.14

3 |Shaft-3 1 55.97 55.97

4 |Shaft—4 1 31.95 31.95
5 Shaft—5 1 24.24 24.24

6 Shaft — 6 1 16.43 16.43

7 | Shaft—7 3 8.50 25.5

8 |Flange — 1 1 19.78 19.78

9 |Flange -2 1 18.96 18.96
10 |Flange —3 1 16.17 16.17
11 |Flange —4 1 11.08 11.08
12 |Body -1 1 192.88 192,88
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Ne Name Pieces Mass [g] Total mass [g]
13 |Body —2 1 56,33 56.33
14 |Body -3 1 48.49 48.49
15 |Body -4 1 44.09 44.09
16 |Body -5 1 35.05 35.05
17 | Support — 1 1 50.07 50.07
18 | Support — 2 1 40.87 40.87
19 | Support — 3 1 30.35 30.35
20 | Column 3 37.24 111.72
21 |Cover—1 1 36.87 36.87
22 | Cover—2 1 17.62 17.62
23 | Cover—3 1 13.97 13.97
24 | Cover—4 1 4.06 4.06
25 |Cover—5 1 3.84 3.84
Total Pieces 29
Total mass | 939.81

Table 4. Group 4 Unique allowing for mass reduction

No Name Pieces Mass [g] Total mass [g]
1 |Base 1 209.43 209.43
2 |Plate — 1 2 42.87 85.74
3 |Plate — 2 2 38.81 77.62
Total Pieces 5
Total mass 372.79

4.2. Stage Two — Selecting parts for optimization

Based on the data in tables I to IV, the total mass of the orientation module is
3599.34 [g]. Its base mass, which is not subject to reduction, is 3045.51 [g] — 84.6%
of the total mass.

The mass of the orientation module parts from groups 2 and 4 is 553.83 [g]. The
need to reduce the mass of the orientation module by 100.00 [g] means reducing
the mass of the parts from groups 2 and 4 by 18.1% or 2.8% of the total mass of the
orientation module.

To achieve the set goal, based on the above data for mass optimization,
the following parts were selected: Base; Plate — 1; Plate — 2; Timing Pulley
GPA48GT3060-A-H30 and Timing Pulley GPA48GT3060-A-H20.

4.3. Stage Three — Optimizing the mass of the determined parts

e Optimizing the mass of standardized parts allowing mass reduction

Considering the function and design of the parts in this group, reducing their
mass is most appropriate to be done by drilling holes parallel to their axis of
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rotation, which does not violate their strength characteristics. The results obtained
are shown in Fig. 2 and Fig. 3.

a) before optimization b) after optimization
Figure 2. Optimization of the mass of a part
Timing Pulley GPA48GT3060-A-H30

a) before optimization b) after optimization
Figure 3. Optimization of the mass of a part
Timing Pulley GPA48GT3060-A-H20
The mass of the part, Timing Pulley GPA48GT3060-A-H30, before
optimization is 23.78 [g]. The mass of the part after optimization is 19.15 [g].
The achieved mass reduction is 4.63 [g] or a total of 18.52 [g] for the orientation

model.
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The mass of the part, Timing Pulley GPA48GT3060-A-H20, before optimization
is 15.79 [g]. The mass of the part after optimization is 12.10 [g]. The achieved mass
reduction is 3.69 [g] or a total of 14.76 [g] for the orientation model.

e Optimizing the mass of unique parts allowing mass reduction

To optimize the mass of unique parts, it is necessary to conduct topological
optimization.

The individual steps of the performed topological optimization and its results
for detail Plate — 1 are:

— development of a computational model - taking into account the forces acting
on the part during operation caused by its own weight 0.4 [N], the weight of the
remaining parts and assemblies 23.5 [N] and the weight of the manipulated objects
14.7 [N] Fig. 4.a;

— determination of the strength characteristics of the part - maximum von Mises
stresses obtained 4.9 [MPa], maximum displacements obtained 0.22 [um] Fig. 4.b;

— topological optimization under the specified loads and constraints, in order
to obtain a minimum mass with permissible maximum displacements in the part
S5[um] Fig.5.a;

— creation of a new part taking into account the results of the optimization
Fig.5.b;

— strength testing of the new part maximum stresses obtained by von Mises
5.1[MPa], maximum displacements obtained 0.25 [um] Fig.5.c

As a result of the optimization carried out, the mass of the detail Plate — 1 was
reduced by 13.59 [g], from 42.87 [g] to 29.28 [g], or in total for the orienting model,
the mass was reduced by 27.18 [g].

The individual steps of the performed topological optimization and its results
for detail Plate - 2 are:

— development of a computational model — taking into account the forces acting

a) computational model b) strength characteristics
Figure 4. Optimization of the mass of a part Plate — 1
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a) topological optimization b) optimized part c) strength characteristics
Figure 5. Result of optimizing the mass of a part Plate — 1

on the part during operation caused by its own weight 0.38 [N], the weight of the
remaining parts and assemblies 10.5 [N] and the weight of the manipulated objects
14.7 [N] Fig.6.a;

— determination of the strength characteristics of the part - maximum von Mises
stresses obtained 1.7 [MPa], maximum displacements obtained 0.08 [um] Fig.6.b;

— topological optimization under the specified loads and constraints, in order
to obtain a minimum mass with permissible maximum displacements in the part
5[um] Fig. 7 a;

a) computational model b) strength characteristics
Figure 6. Optimization of the mass of a part Plate — 2
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a) topological optimization b) optimized part c0 strength characteristics
Figure 7. Result of optimizing the mass of a part Plate — 2

— creation of a new part taking into account the results of the optimization
Fig. 7.b;

— strength testing of the new part maximum stresses obtained by von Mises
0.1[MPa], maximum displacements obtained 0.01 [um] Fig. 7.c.

As a result of the optimization carried out, the mass of the part Plate — 2 was
reduced by 12.3 [g], from 38.81 [g] to 26.51 [g], or in total for the orienting model,
the mass was reduced by 24.6 [g].

The result of the optimization of the mass of the part Base is shown in Fig. 8.
The mass of the part is reduced by 67.84 [g], from 209.43 [g] to 141.59 [g].

a) before optimization b) after optimization
Figure 8. Optimization of the mass of a part Base

4.4. Stage four — Evaluation of results from the performed optimization of
the product mass
The results of the optimization performed are given in Table 5.
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Table 5. Results of the optimization performed

. Mass Mass Total mass

M Name Pieces befo;{f] afteﬁg] reduction [g]
1 | Timing Pulley GPA48GT3060-A-H30 4 23.78 19.15 18.52
2 | Timing Pulley GPA48GT3060-A-H20 4 15.78 12.10 14.76
3 | Base 1 209.43 141.59 67.84
4 |Plate - 1 2 42.87 29.28 27.18
5 | Plate - 2 2 38.81 26.51 24.6
Total mass reduction for the entire module 152.93

The data in Table V show that the set optimization goal - reducing the total mass
of the orientation module by 150 [g] - has been achieved.

5. Conclusions

The stages of the process of optimizing the mass of designed products are
defined, taking into account the specifics of their construction. The defined stages
are applied to the optimization of the orientation module for a delta robot. As a
result of the optimization of the orientation module for a delta robot, its total mass
is reduced by 150 [g], and the mass of the parts that the robot can manipulate is
increased to 1.5 [kg]. The defined stages of the process of optimizing the mass of
designed products are universal and can be used in the design of various products.
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