





Figure 13. The overall design of robot. 1. Motor; 2. Gearbox; 3. Belts; 4. Main shaft; 5.
Bevel Gear; 6. Coupling; 7. Nut tool.
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Figure 14. The overall design of robot without wheel. 8. Gears; 9. Wheel axle; 10. Clutch;

11. Bevel Gear; 12. Whell Shafts.



To better represent the role of components, Table 7 shows the names of these primitives.

Table 7. The components of robots.
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No Name Description

1 Motor The prime mover provides power to the entire system.

2 Gearbox Reduce motor (1) speed for fastener removal and advance.

3 Belts Transmits power from the gearbox (2) to the main shaft (4).

4 Spindle Received power from belts (3).

5 Bevel Gear Change the direction of rotational motion from main shaft (4).

6 Coupling Connect bevel gear (5) and nut tool (7). Compensate the deviation in the three
directions of x, y, and z to adapt to the position of different bolts.

7 Nut tool For rotating and removing fasteners. Power is from coupling (6).

8 Gears Transmits power from the main shaft (4) to the axle of the wheel (9).

9 Wheel axle Received power from gear (8).

10 Clutch Connects to wheel axle (9) and Prevents robot from moving forward while

removing fasteners.
11 Bevel Gear Change the direction of rotational motion from clutch (10).
12 Shafts Connected bevel gear (11) and wheels for active forward movement

To better show the specific working principle of each subsystem, as well as the

manufacturing details of non-standard and non-commercial parts, the next sections will use

figures and text to explain.

3.2.2 Mechanism of robotic system

To better show how the robot operates, the following Figure 15 uses a diagram to describe

it in detail.

First, the electric motor outputs a high-speed, low-torque motive force (marked in red),

which is converted into an intermediate output of lower speed and larger torque (marked in

yellow) through the gearbox, and then transmitted to the main shaft (marked in green)

through a belt.
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When power enters the main shaft, the rotational torque is divided into two parts. One part
is transmitted to the coupling through the bevel gear, and then transmitted to the nut tool for
removing fasteners. The other part is transmitted to the axle through the gear, then connected
to the clutch to stop the forward movement when needed, and finally the power is output to

the axle of the wheel through another bevel gear.

Figure 15. The demonstration of work principle of the robot.

Next paragraphs will disassemble and explain each essential module to reflect the detailed

mechanical principles.

This is the arm of the robot shown in Figure 16. The first element is the air spring, which
ensures that the arm can extend and contract in the horizontal direction without moving or
rotating in other directions. This will ensure that the robot can turn and be used for VCPs of
different sizes. The second original element is a hinge-like shaft that also provides freedom

of rotation around the vertical direction, ensuring that the turning process is unimpeded.
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Original No. 3 is the groove used to install the balls. This part will install steel balls with

very high strength, which will continue to move on the slide rail.

~’§.Q\\‘~

Figure 16. Arm sub-system. 1: Gas Spring; 2. Axis; 3. Ball Groove.

This is a bevel gear shown in Figure 17 used to switch the direction of rotational torque. It
is used from the main shaft to the coupling and from the wheel shaft to the gear. The input
momentum marked in blue on the left is converted into torque in the other direction marked
in red through the two gears in vertical contact with each other. Moreover, it will not hinder

the original input power from continuing to be transmitted forward.

l.. <~ PN\

Figure 17. Bevel gear.
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This is a coupling used to connect nut tools as shown in Figure 18. This coupling has a
certain degree of flexibility. Since during the operation of the robot, especially when
removing bolts at corners, a larger area of nut tool needs to be used to capture the bolt caps,
there is a certain degree of deviation and stress in the horizontal and vertical directions. In
order not to cause damage, The mechanical structure completes the task, and the coupling
can compensate for this deviation. In addition, the robotic arm can also play a similar role,

but the robotic arm focuses more on large changes in position movement.

Figure 18. Coupling.

Since some parts are non-standard custom parts, drawings are made for these parts. The first

is the robotic arm linked to the case in the Figure 19.

The Figure 19 shows that this part adopts the ISO 2768-mk standard, where ISO 2768 is the
name of the standard, m refers to the dimensional tolerance, m represents medium, in
addition to coarse, very coarse, fine. And k is the geometric tolerance, in addition to 4, &, /.
Among them, / is the best, k is the worst, and / is medium (International Organization for

Standardization, 2022).

Overall, this part does not require high precision, so this option is sufficient and there is no
need to determine separate tolerances. Ra 3.2 refers to surface finish. R refers to roughness,
a refers to average, and 3.2 is the average roughness of the surface in microns (National
Physical Laboratory, 1997). In the ‘a5’ label, it represents the welding method and standard,

a represents the distance from the welded corner to the welded plane is 5 mm. In addition,
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geometric tolerances are standardized. For the bolt hole at the bottom of the robot arm, the
circular geometric tolerance standard is 0.05 mm. The geometric tolerance of the verticality

between the centre of the circle and its side is 0.1, with the side as datum.
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Figure 19. Drawing of arm linked to the case.

Then drawings of arm linked to the rail holder are made, as shown in Figure 20. Very similar
to the previous parts, tolerance standards, geometric tolerances of individual parts and
surface finish and other parameters are marked. It should be noted that this part is not
symmetrical up and down, and a gap is reserved below for the installation of the binding.

The binding is between the arm and the rail holder.
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Figure 20. Drawing of arm linked to the rail holder.

The third drawing as shown in Figure 21 is the rail holder. The rail holder enables the robot
to move forward along the track through the sliding of the balls on the track. This part is

made of 4130 Steel to provide enough strength and wear resistance.

Next is the drawing of the middle section that connects the arm to the rail holder as shown
in Figure 22. This part provides a degree of freedom so that when the robot turns, the arm

can rotate about the vertical axis.

The last is the drawing of one side of the main case as shown in Figure 23 and Figure 24.
The case is made of 6061 aluminum alloy to reduce the weight of the whole robot. The

motor’s power is limited, so the weight is a key point to select the material.
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Figure 22. Drawing of the binding section between arm and rail holder.
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Figure 24: Local detailed drawing of the side of the case.
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For all custom parts, in addition to the drawings, the type of material must also be stated.
The following Table 8 describes the materials of all custom parts. In addition, to avoid

unnecessary length, some parts that can be combined and described are only described once.

Table 8. The material of all custom parts.

No. Part Name Material
1 Main case and its two cover plates 6061 Aluminum Alloy T651
2 Robot arm linked to the case and rail holder 6061 Aluminum Alloy T651
3 Rail holders and its four roller balls AISI 4130 Steel, normalized
4 Nut tools AISI Type D2 Tool Steel
5 All shafts between components AISI 4340 Steel, normalized
6 Link to the tier shell Aluminum 7075-0O

In the production process of products, especially in the procurement process, the quantity
and type of standard parts are very critical. So Table 9 below is the material list for standard

parts. Other non-standard parts that require special manufacturing are not listed in the table.

Table 9. The bill of materials for standard components.

Item NO. Part Name Quantity
1 DIN EN 24018 - M10 x 20-WN 8
2 ISO-8674-M8x1.0-W-N 6
3 ISO 4016 - M10 x 55 x 26-WN 4
4 ISO 4016 - M8 x 40 x 22-WN 12
5 ISO 4016 - M12 x 55 x 30-WN 4
6 ISO 15 ABB - 1715 - 26, SI, NC,26_68 5
7 ISO 4014 - M6 x 30 x 18-N 12
8 Piston-Rod-S1163-Lesjofors 4
9 House-S1163-Lesjofors 4
10 MS-803-2 1.5KW 1

For disassembly and assembly during installation and subsequent repair and maintenance,

an assembly and parts list for reference are made, as shown in the Figure 25 below.
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Figure 25. Assembly drawing.
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During the product assembly process, or even during publicity and reporting, it is necessary

to use exploded diagrams to show details and principles. The Figure 26 below is an exploded

diagram of this robot.
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Figure 26. Exploded view of robot.

Table 10 shows prices of most standardized parts or components. Due to the variability and
unpredictability of the commercial market, the price list is for reference only. This list also
does not include all custom-produced parts, as the cost of these parts will vary greatly

depending on the supplier, production volume, and specific market conditions.
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Table 10. Prices of standard parts.

No. Name Price Source Quantity Total Price in €
1 Raspberry Pi Zero W Verkkokauppa 1 29.99
2 MS-803-2 with reducer Radioduo Oy 1 560.25
3 Bevel gear Aliexpress 2 22.56
4 Clutch Aliexpress 1 178.00
5 Transmission belt eBay 1 37.22
6 Gears Aliexpress 1 42.00
7 Transmission plate Aliexpress 2 53.20
8 Standard bolts Temu 51 27.40
9 Gas spring Autodoc 4 48.00
10 Tier with shell Aliexpress 1 87.99
11 Cameras and sensors kit Aliexpress N/A 62.47

Based on all the above detailed information, it can be easy to manufacture and assemble the

robot.

3.3 CAM result

To ensure that the product designed in this thesis could be manufactured, this section will
conduct analysis using SolidWorks' CAM Add-in. The scope of the analysis is mainly the
manufacturing process of custom parts because standard parts come from manufacturer
products rather than special production process. The custom parts mainly include the shell

and two robotic arms.

Firstly, it is a CAM analysis of the shell. Generally, a shell is produced by casting, but in
this design, to reduce the weight of the equipment as much as possible, aluminum alloy is
the material of the shell, and the production volume of this product is not large, and it is

often customized, so the casting cost is high, and machining method is chosen here.

The shell itself is a long piece of metal plate raw material. The first step is to generate features
through the machining step, and the second step is to perform the sheet metal process. To
avoid duplication, here only simulated the processing process of one-sided features, as

shown in Table 11. The features on the other side are the same process due to symmetry.



Table 11. Manufacturing steps of main case.
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Secondly, the CAM on the binding component that connects the robotic arm and rail holder

is performed. It is easy because only one hole needs to be drilled as shown in Figure 27.

Figure 27. CAM for binding between arm and rail holder.

Thirdly, it is the step to perform CAM analysis on the robotic arm as shown in Figure 28.
The arm linked to the case and the arm linked to the rail holder are similar, so the arm linked
to the case is used as a sample. The hollow part of the robotic arm is like the previous one
and can be processed by milling. To reduce repeated descriptions, similar diagrams will not

be pasted.

Figure 28. The drill step for the arm linked to the case.

The potential problems and improvement measures of the above-mentioned manufacturing

steps will be analyzed in detail in the next chapter.
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3.4 Finite system analysis results

After entering the parameters and model into ANSY'S as described in the previous chapter,

the results of this chapter are obtained and ready for analysis.

The first analysis is about the robot arm connected to the main case. Figure 29 shows the
deformation degree of the entire robot arm, and Figure 30 shows the von-mises equivalent

stress of the entire robot arm.

According to Figure 29, the maximum deformation for the arm linked to the main case is

0.0089 mm at the red area.
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Figure 29. Deformation of arm connected to the case.

According to Figure 30, the maximum equivalent von-mises stress is 4.9957 MPa at the red

node marked with the probe.
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Figure 30. Von-mises equivalent stress of arm connected to the case.

According to Figure 31, the maximum deformation for the arm connected to the rail holder

is 0.00028 mm at the red area at the left part.
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Figure 31. Deformation of arm connected to the rail holder.

According to Figure 32, the maximum equivalent von-mises stress is 3.2971 MPa at the red

node marked with the probe.
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Figure 32. Von-mises equivalent stress of arm connected to the rail holder.

According to Figure 33, the maximum deformation for the main case is 0.070708 mm at

the red area with the probe.
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Figure 33. Deformation of main case.

According to Figure 34, the maximum equivalent von-mises stress is 2.0344 M Pa at the red

node marked with the probe.
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Figure 34. Von-mises equivalent stress of main case.

The finite element analysis results give a solid basis for judgment. Combining the results
and analysis, it can be determined whether factors such as material selection and shape and
size in the design meet the requirements and have sufficient safety margins. Later in Chapter
4 Analysis, these data are analyzed in detail to determine whether the design is reasonable

and appropriate.



47

4 Analysis

This chapter will analyze the design from both qualitative and quantitative perspectives,

demonstrating the feasibility of the design and the space for improvement from different

models.

4.1 Evaluations of design

This part will mainly conduct a comprehensive analysis of the design of the robot product

and determine the advantages and disadvantages of the design. This analysis will be based

on both theoretical and practical aspects.

Pros:

Cons:

Through solid tracks and matching connectors, the robot can run firmly on the

predetermined track without worrying about complex kinematics problems.

The structured and easy-to-disassemble design ensures that the product is easy to
produce and transport from different suppliers, and that assembly and subsequent

maintenance are also easy and low-cost.

Compared with other manufacturers' designs that require parts replacement based on
different bolt positions, this robot can use its internal flexibility and fault-tolerant

design to implement a set of tools suitable for work in different scenarios.

Due to the use of aluminum alloys and other lightweight metals, the product has good
processability, reasonable cost, sufficient strength and is also very environmentally

friendly. This is in sharp contrast to other robots that use a lot of steel.

Due to the highly customized design, the robot is difficult to be directly used in other

industries and fields, and many new customized parts need to be produced.
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- There is a certain possibility that the robot will not be able to successfully remove all
fasteners at one time when turning, and may need to try a second time to get the nut

tool's groove to “capture” the bolt cap.

4.2 Finite element analysis results

Stress distribution (von-mises equivalent) is the most basic finite element analysis result. In
the distribution diagram provided in the previous chapter, it is easy to determine that the
maximum stress value is SMPa for arm linked to case and 3.3MPa for arm linked to the rail
holder and 2.0344 MPa for the main case. The material 6061 aluminum alloy at T651 state

has yield strength at 276 MPa. Yield strength can be used to evaluate the safety factor.

Safety factor in most design scenarios, a value of 2 — 3 is considered reasonable. In the

. . 276 MPa
current scenario, the actual safety factor is = 55> 3.
max(5MPa,3.3MPa,2.0344MPa)

Total Deformation is also a key consideration. It is generally considered extremely safe when
the maximum deformation of the beam is less than one thousandth of the thickness in that
direction. Similarly, according to the previous analysis results, the maximum deformation
value is 0.009 mm for arm linked to case and 0.0003 mm for arm linked to the rail holder
and 0.070708 mm for the main case. However, the criteria are suitable for key structural
components, so only the arms are considered here. The corresponding thicknesses are

respectively 9.75 mm for arm linked to case and 10.5 mm for arm linked to the rail holder.

0.009 mm) (0.0003 mm
9.75mm /)’

So, in this scenario, the ratio is max(( )) = (0.0009 < 0.001. As for

10.5mm

0.070708 mm

the main case, the ratio is = 0.007 < 0.01, so it is still a safe value for a case.

For other components such as gears, bevel gears, couplings, and transmissions, it is not
necessary to conduct finite element analysis on them. These components come from different
parts manufacturers, and their manufacturers have completed these necessary analysis
processes, which means they all meet the design strength. Therefore, the finite element

analysis mainly focuses on the analysis process of all custom parts.

Therefore, it is reasonable to fully believe that the design has a huge safety margin, and even
if overload operation occurs, it will not have any impact on safe operation before other

standard parts such as bolts fail.
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4.3 Manufacturability analysis

This part will conduct a feasibility analysis of manufacturing based on the CAM results in
the previous chapter. The manufacturing processes of three specific parts will be discussed

one by one.

First is the shell’s manufacturing. In the simulation of the shell, all processing operations are
obviously straightforward without any necessary additional techniques as shown in Figure
35. The manufacturing process for the features on one side of the housing takes 3.628
minutes, while the other side takes 7.256 minutes, and the subsequent sheet metal process
also requires a small amount of time. For the binding part between arm and rail holder, it
only needs a simple drilling process. Overall, the manufacturing of the casing is completely

feasible and convenient.

Figure 35. Machining process analysis of the shell.

Subsequently, the analysis is about the arm linked to the case. However, when processing
the round holes used to connect the air springs, there are certain difficulties. As shown in the
Figure 36 below, due to the small hollow area (only 16.5 mm), the drill bit will not be able

to enter the work area.
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Figure 36. Infeasible situation for drilling.

To solve this processing problem, there are mainly three options. If the budget and skills are
all enough, the first option is optimal, however if a simpler solution is required, the second

and third options are also perfectly feasible.

In the first solution, flexible shaft drilling is used to complete feature processing. During
ordinary drilling, the drill bit needs to be kept perpendicular to the plane being drilled.
However, after using a flexible shaft, the power of the drill bit can come from outside that is
not in a straight line, and the drill bit is fixed by an additional clamp to achieve drilling in a
small space. However, in this process since the inclined drill bit may cause a beveled hole,
the processing is slightly more difficult and relies on professional equipment and labor. The

flexible shaft is shown in Figure 37.

Figure 37. Flexible shaft for drilling tools (Xzhan-US, 2024).

The second option is to drill through the side of the entire robotic arm from the outside as

shown in Figure 38. This method is very simple and highly feasible, but it may cause a
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reduction in mechanical strength and concentration of stress. If the manufacturer takes this

approach, the designers will need to redo the finite element analysis (FEA).

Figure 38. The through-all drilling method.

The third option is to divide the robotic arm into upper and lower parts, process them
separately, and then use welding to connect the two parts. This solution is also very simple
and feasible, but the problem is that the resulting hole geometric tolerance increases,
although it is within a reasonable range, it should still be considered. Since this is a solvable

problem, so that all custom parts’ manufacturing is feasible.

The above problems also affect rail holders. As shown in the Figure 39, this part has the need
to drill holes in a small space in addition to the surrounding easy-to-machine parts. Similarly,
the above method can also be used here, except that the method of manufacturing the upper

and lower halves separately is not feasible at this time because of the shape and material.
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Figure 39. Problems in rail holder part.

After the above analysis, the conclusion is that the manufacturing of all customized parts is
completely feasible. Except for some parts that require some slightly higher-cost

manufacturing processes, the overall manufacturability is good.

4.4 Error analysis

From the production of mechanical equipment parts to assembly and user use, errors may
continue to occur and accumulate. In some cases, errors occurring at different stages may
cancel each other out, but in the design stage, the best way is to conservatively estimate by

cumulative amplification to ensure the reliability of the product.

Different components have different tolerances for errors. In this analysis, the part that
requires additional attention is the error problem between the gears and the shaft. There is
no need to worry about the error problem of the robot arm, because the robot arm itself is
designed to be able to There is no need to worry about the inaccuracies of the motor and
gearbox when moving within the range, as these are produced, assembled, and tested by the

manufacturer.

For the design process, according to the tolerance standard ISO 2768-mk (International
Organization for Standardization, 2022), the tolerance range will be within the following

range:

- For length dimensions between 0.5 mm and 3 mm, the tolerance is +0.1 mm.
- For length dimensions between 3 mm and 6 mm, the tolerance is £0.1 mm.

- For length dimensions between 6 mm and 30 mm, the tolerance is 0.2 mm.
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- For length dimensions between 30 mm and 120 mm, the tolerance is £0.3 mm.
- For length dimensions between 120 mm and 400 mm, the tolerance is 0.5 mm.

- For length dimensions between 400 mm and 1000 mm, the tolerance is £0.8 mm.

To maximize errors in predictions, it is assumed that all errors are in the same direction. The
transmission path from the gearbox to the wheels is the longest (Transmission plate — gear —
clutch — bevel gear — wheel shaft), so the theoretical maximum error value in the design can
be calculated as 0.5 + 0.5 + 0.3 + 0.3 = 1.6 mm. The transmission path from gearbox to
nut tool is transmission plate — bevel gear — coupling — nut tool, so the theoretical maximum

error value here canbe 0.5 + 0.3+ 0.3 + 0.3 = 1.4 mm.

For the production process, if the actual dimensions of the final product exceed the tolerances
noted in the design, then such a product is unacceptable. So, these parts should not be
delivered to customers. And the cumulative tolerances produced by this section are no more
significant than the design tolerances, so no additional extensive discussion is required. In

this step, the error is considered as 0 mm for both paths.

The assembly process is often one of the most serious stages that generates additional errors.
Although there are standards like ISO 281 (ISO, 2010) as matching standards, the actual
operation is far more complicated. According to the assumption from (Syam, 2021), under
the most adverse circumstances, errors and unexpected displacements during assembly can
reach twice the original dimensional tolerance. In this step, the error is considered as 1.6 *

2=32mmand 1.4 %2 = 2.8 mm.

During the user's use, errors will also be introduced, such as looseness and wear of parts,
which are almost impossible to predict and estimate. In this product, since it works in a

professional environment, it can be considered that this error will not be large.

To sum up, the basic maximum error for the nut tool is 2.8 + 1.4 = 4.2 mm and 3.2 +
1.6 = 4.8 mm for the wheel. Add in the usage process and, in rare cases, the use of

substandard products, and this error becomes even larger.

For the wheel, the error of 4.8 mm is within an acceptable range because the tire has great
elasticity, but if the tire pressure is too high, the tire service life may be significantly reduced.
For nut tools, an error of 4.2 mm may cause equipment failure, because in the original

design, the coupling is used to compensate for inaccurate bolt positioning, rather than
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mechanical error. At the current error level, the coupling’s compensation capability is largely
compromised. If the bolt is not accurately positioned at the predetermined position, the

operation will fail.

In conclusion, if all errors are the worst-case scenario, the life of consumable parts such as
the tire may be reduced, and a more accurate nut tool may need to be replaced to complete
the operation process, resulting in cost and time consumption. However, the probability that

all worst-case scenarios will occur simultaneously is very low.

4.5 Sustainability analysis

It is important to maintain the sustainability of products, even seemingly unimportant
products, that can greatly impact the future, especially controllable fusion reactors as an
example of clean energy. Since the product may not be manufactured in large quantities, but
a single machine requires a lot of materials, it is necessary to conduct a sustainability analysis
based on the LCA method. By dividing the environmental impact into three parts, material
impact, manufacturing impact, and maintenance/recycling impact, the descriptions are clear

to read.

For raw materials, the product mainly uses metals. The following Table 12 shows all types

of materials used in the product.

Table 12. The material usage distribution of the product.

No. Type Specific Model Percentage

1 Aluminum Alloy 6061 Aluminum Alloy T651, 7075 Aluminum Alloy Approx. 58%

AISI 4130 Steel normalized, AISI 4340 Steel
2 Steel Approx. 33%
normalized, S275N/1.0490 Steel, S355J0/1.0553 Steel

3 Iron Gray Cast Iron, Cast Iron Approx. 8%

4 Rubber Natural rubber, BUTYL rubber Approx. 1%
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It should be noted that components such as motors may include components such as copper
coils and starting capacitors, but these are difficult to calculate due to the limitations of the

STEP type model provided by the manufacturer.

In the production of aluminum alloys, a large amount of electricity and other energy will
naturally be consumed, and a certain number of emissions and pollution will be generated.
The use of recycled aluminum can alleviate these problems, but as designers, it is difficult
to control the choices of manufacturers and how users dispose of end-of-life equipment. The
use of aluminum alloy itself is to reduce weight, reduce power consumption during use and
the ecological cost of motors and gearboxes. However, to avoid negative environmental
benefits, the supply chain needs the cooperation of manufacturers and users. As for alloy
steel, its production process uses relatively less energy and is easier to recycle. This is a type
of material that can be optimistically evaluated in terms of environmental impact. Products
mainly use natural rubber, and the amount is very small, which will not cause major

problems, but it should still be noted that users should be reminded not to burn rubber.

During the production process of the product, as a designer, carefully avoid unnecessary
emissions. First, the product will not be assembled in the assembly plant but will be
transported to the end user in the form of parts and then assembled. The customers are all
professional customers with technical personnel, so this is not a problem. Secondly, all the
parts chosen are components that can currently be produced using low-emission processes,
such as using metal plates for simple milling and drilling and sheet metal processes to obtain
products, without involving processes such as casting that consume more energy. Third,
over-designing is avoided as much as possible. This is a common problem in many products.
For example, some designers will choose to add more transmission steps to achieve a better-
looking appearance, or even install unnecessary in-machine components to achieve a better-
looking cross-section. However, the product itself is used by business users and does not
need to consider these appearance and design factors, so it is a good idea to keep the most

indirect and effective design of all components.

During product maintenance and recycling, designers can be confident that this product will
not have a significant environmental impact. First, all parts are easily disassembled and made
of a single material. Users can easily send the product to a recycling bin for specific materials
if they wish. Secondly, the product uses materials that are easy to recycle and remanufacture.

For example, 4340 Steels can be easily restored to its condition through heat treatment again,
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