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The design of the arms of industrial robots and manipulatorsis a
demanding process both in terms of expertise and in terms of
the time required. For these reasons, algorithms have been
created, with the help of which it is possible to design cross-
sections of individual arms of robots and manipulators not only
from the point of view of maximum allowed deflection but also
from the point of view of minimizing cross-sectional dimensions
or minimizing the weight of arms. These algorithms were
subsequently used in the development of the software tool
RobotArmDesign, with the help of which it is possible to simplify
and shorten the arm design process significantly. This tool also
has a connection to the SolidWorks CAD system and its
simulation tools through its API interface, making it possible to
refine robot arms designs while maintaining significantly shorter
design times than would be the case with commonly used
procedures. This tool's capabilities were demonstrated in the
design of a robot arm with an angular structure and five degrees
of freedom.
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1 INTRODUCTION

Robotics is a multidisciplinary branch of technology. Scientific
teams around the world are involved in the development of both
complete robotic devices and their subsystems. From the point
of view of industrial robotics, attention is currently paid mainly
to the field of control, as described, for example, in the articles
[Azarfar 2018, Castillo-Garcia 2017, Prathab 2017]. However, the
possibility of using optimization algorithms in designing
kinematic structures of industrial robots and manipulators, as
described in the articles, also comes to the fore [Ha 2018, Kumar
2017, Whitman 2019]. A somewhat neglected area is the
possibility of automating the design process of both individual
structural elements of robotic devices and entire mechanical
systems. This is an area with significant potential in terms of
creating better design proposals while significantly reducing the
required design time of the equipment and the related
improvement in work efficiency while reducing the costs
associated with the actual design of the equipment.

Design of individual parts of industrial robots and manipulators
is one of the most demanding processes, both in terms of the
necessary expertise and time. For this reason, methodological
procedures [Isermann 2002, Lindemann 2009, VDI 2004] and
software tools [KISSsoft 2021, MITCalc 2021, Reddy 2016] are
being developed, which can significantly facilitate and speed up
selected parts of this process. The development aims to transfer

known methodological procedures and own experience gained
in designing industrial robots, manipulators, and other types of
mechatronic devices into a software tool that would
automatically generate 3D models of devices or their individual
parts. The development of such software tool is very demanding.
Therefore, it was divided into several stages. This article
describes the stage of automation of the cross-section design of
the arms of industrial robots and manipulators.

Due to the required accuracy of movement or positioning of this
type of device, the developers strive to design their individual
parts in such a way that they undergo as little deformation as
possible. Depending on the shape complexity of the arms, it is
possible to design their cross-sections, resp. their dimensions, in
various ways, e.g. according to the appropriate analytical
method or with the help of the finite element method. The use
of analytical methods is more advantageous for simpler arms,
where it is possible based on known relationships (e.g. according
to Betti's theorem or its modification, according to Maxwell's
theorem, according to the Method of integration of the
differential equation of bending line, etc. [Bedenik 1999, Hearn
1997, Kurrer 2008, Panditta 2012, Panditta 2013, Przemieniecki
2012]) and required size of deflection, to design suitable cross-
sections of the arms, resp. their dimensions. Analytical design
methods are relatively fast. They also do not require specialized
software tools, the acquisition of which is usually quite costly.
Finite element methods, which are used, for example, in
strength analysis in many CAD systems, can also be used for
simpler arms. Still, their advantages are mainly in more complex
parts, with a more complicated distribution of loads, e.g.
interaction of subsequent parts, where the procedures
according to analytical methods would be too complex, or would
not lead to the desired outcome. The disadvantages of this
method of arms design include the need for specialized CAD
systems and knowledge of working with them, sufficiently
powerful computer equipment, and time. The strength analysis
of one design variant of the proposed part can take tens of
hours. For this reason, if possible and advantageous, it is
advisable to consider a combination of these two approaches
when designing the arms. The initial design of the arm profile
and its dimensions would be carried out using a suitable
analytical method, and only in the subsequent phase, the
suitable CAD system would be used. In this way, it would be
possible to significantly reduce the arm's total design time,
thanks to the smaller number of required strength analyses.
Further reduction of design time can be achieved by automating
this process. One possible way to do so is to use the application
programming interface (API), which is often part of many CAD
systems [Chen 2013, Lad 2014]. In this case, the SolidWorks CAD
system is used, with the help of which it is possible not only to
create and subsequently analyze selected parts of the proposed
equipment but also to perform kinematic and dynamic analyses,
the results of which are used in strength analyses.

Further reduction of design time can be achieved by automating
this process. One possible way is to use an application
programming interface (APIl), which is part of many CAD systems
[Abidin 2019, Chen 2013, Lad 2014]. In this case, the SolidWorks
CAD system is used, with the help of which it is possible not only
to create 3D models [Reddy 2018a, Reddy 2018b], but also to
perform their kinematic and dynamic analyzes. The results from
these analyzes can then be used in strength analyzes or
topological optimizations.

2 RESEARCH METHOD

Industrial robots and manipulators are among the devices that
are often characterized by high dynamics of movement. At the

MM SCIENCE JOURNAL 1 2021 | OCTOBER
4863



same time, they can achieve outstanding movement accuracy of
their end member or repeatable positioning accuracy. This
carries increased demands on their construction and overall
mechanical strength and durability [Yang 2016, Lynch 2017,
Jazar 2010, Ceccarelli 2019]. Ideally, the individual mechanical
elements of these devices would be designed as absolutely rigid
bodies [Murray 1994, Xiong 2015, Grotjahn 2001, lvanov 2018],
i.e. without deformations caused by external loads or their
weight. In the real world, however, we can only approach the
properties of an absolutely rigid body for individual elements of
the proposed mechanisms, using, for example, materials with
better mechanical properties [Pandey 2017, Lee 1993],
appropriately modifying the dimensions, shape or structure of
the proposed mechanism elements or using optimization
software tools [ Rueda 2009, Yao 2019, Paska 2020]. At the same
time, there is an effort to achieve the lowest possible weight,
moments of inertia and dimensions of the proposed elements or
the entire proposed device. Production costs also play an
important role. It is, therefore, an optimization process, which
involves a number of requirements and limitations.

In the case of the design of the arms of industrial robots and
manipulators, we can proceed as follows. Suppose an industrial
robot or manipulator is designed for a specific manipulation or
technological task. In that case, it is possible to specify the
trajectory of the manipulation object (OM) movement or specify
a position of the selected point of the technological effector,
resp. determine the rotation of the effector, relative to this
trajectory over time. The area or areas in which the proposed
device could be placed relative to the trajectory should also be
specified. Based on this information, it is then possible to design
a suitable kinematic structure of an industrial robot or
manipulator and its basic dimensions. With repeated kinematic
and dynamic analyses, it is then possible to gradually design
individual parts of the device.

The design process of the arms of industrial robots and
manipulators is divided into two main parts. A preliminary design
of suitable types of cross-sections and their dimensions is
performed using a selected analytical method in the first part. In
the second part, the design is refined using the module for
strength analysis of CAD system SolidWorks. In both parts of the
design process, an iterative process is used, where the shapes
and dimensions of the cross-sections of the designed arms are
gradually adjusted until the required values of their deflections
are reached.

2.1 Preliminary design of the arm profile

By using known analytical methods, it is possible to determine
the angle of rotation and deflection of an arm loaded with
various combinations of forces, bending moments, torques and
other types of loads. This process's complexity depends on the
number and location of supports, respectively embeddings, the
combination and places of action of individual loads, the cross-
sectional shape of the proposed arm, etc.

Within the preliminary design of the arms, the calculation
procedure, according to the Castiglian theorem, is used, which is
based on the deformation energies [Hearn 1997, Kurrer 2008].
To calculate the angle of rotation ¢ (rad) and deflection w (mm)
according to this theorem, relations (1) and (2) apply.
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where E (MPa) is the modulus of elasticity in tension, / (mm?) is
the moment of inertia of the cross-section, M(x) (N-mm) is the
moment, AVi(x)/cdM is the partial derivative of the moment
according to the moment acting in the calculated point,
AM(x)/cF is the partial derivative of the moment according to the
force acting at the calculated point, L (mm) is the length over
which the integration takes place.
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Figure 1. Embedded beam: a) load on embedded beam; b) deflections
in individual planes and total spatial deflection

In the case of industrial robots and manipulators with an angular
structure, which is the most frequently used kinematic structure
of industrial robots today [IFR 2021], it is possible to count
individual arms in the preliminary design as embedded beams
(taking into account the required stiffness of rotary joints of
robots), loaded at its end by forces and moments from previous
parts of the proposed device, resp. from the load caused by the
self-weight of the arms. Figure 1a) indicates the possible load of
the embedded beam, resp. of the designed arm with a force F
(N) acting at an angle y(deg), a bending moment T, (N-mm) and
a continuous load g (N/mm). The magnitude of the moment M(x)
(N-mm) at the point of entanglement, based on which it is
possible to determine the angle of rotation and deflection at the
endpoint of the bending line of the beam, can then be calculated
using equation (3).

2
M(x) =F -sin(y)-L+ Tb+q-% 3

The continuous load g (N/mm) can represent the external action
force and the dead weight of the designed arm. In the case of a
statically loaded beam, with a constant cross-section along its
entire length, the magnitude of the continuous load is based on
the density of the beam material p (kg/m3), its cross-sectional
area S (m?) and the gravitational acceleration g (m/sec?). It can
be calculated using equation (4).

pS g
1000
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However, in the case of a preliminary design of the arm profiles,
it is also necessary to consider the dynamic effects based on their
weight. For this reason, the previous relationship was modified
to a different form (5), which is calculated by the sum of all
accelerations (or their components) at the selected location of
the beam (in the middle of the continuous load, or its part, which
would be calculated) and in the direction of the investigated
deflection of the proposed arm.

n
p-S
= 1000'2‘1" ®)
i=1

where n is the number of all accelerations (or their components)
at the selected location of the beam.
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In the design of the arm's cross-section and its dimensions, it is
based primarily on the value of the maximum required allowable
deflection. However, the calculated bending stress value is also
compared with the allowable value for the selected arm
material. The design algorithm, using an iterative process, during
which the cross-sectional dimensions are gradually read from
the knowledge base from the smallest to the largest, is shown in
Figure 2.

( 1. Start of the design prucess)

Y
2. Input parameters,
requirements and restrictions

6. Determining the size of the
deflection wy_ g1

h 4
| 3. Retrieve cross-section

7. Are the dimensions
of all cross-sections from
the database
checked?

dimensions from database

A 4
4. Determining the magnitude
of the bending moment M{x)

A 4
5. Determining the size of
bending stress o,

9. Completicn of the design
process

Figure 2. Algorithm for the preliminary design of arm cross-section
dimensions

8. Selection of the most suitable
cross-section

The design process is not completed when the arm's cross-
sectional dimensions are found at which the calculated amount
of deflection is smaller than required. Due to the effort to
minimize the force effects on the following parts of the proposed
device, cross-sections come to the forefront of the selection,
with which it is possible to achieve the lowest possible weight of
the arm. The maximum permissible external cross-sectional
dimensions, or other requirements and restrictions defined at
the beginning of the preliminary design, can also play an
important role. For this reason, deflection calculations are
performed for all cross-sections (or their dimensions) contained
in the knowledge database. Only then is the final selection made
based on other specified requirements and restrictions. In this
way, it is possible to work on a more suitable type of cross-
section and its dimensions than would be the case if the design
were completed when the first cross-section of the arm was
found in the database, with which it is possible to achieve less
deflection than required.

The designed arm need not be subjected to a load in only one
plane passing through its deflection line, as indicated in Figure
1a). In such a case, it is necessary to distribute the force and
moment effects into two suitably designed, mutually
perpendicular planes passing through the beam's deflection line.
The design of the beam cross-sectional dimensions would then
proceed again according to the algorithm in Figure 2. However,
the inspection of the maximum deflection would be performed
in both mutually perpendicular planes. The total deflection
wb_calc (mm) would be calculated using equation (6), where
wb_calc_x (mm) and wb_calc_y (mm) are the calculated partial
deflections in individual, mutually perpendicular planes (Figure
1b)).

— 2 2
Wp_calc = \/Wb_calc_x + Wp_calc_y (6)

The design of the arm cross-section would further proceed as
described above. However, the value of wb_calc would be
compared with the value of the required maximum allowable
deflection.

2.2 Armdesign using CAD software

The arm of an industrial robot or manipulator with a pre-
designed cross-section and its dimensions is then subjected to
strength analysis in the CAD environment of the SolidWorks
system. It is possible to perform strength analyses in two ways,
as a separate element or as one of an assembly model's
elements in motion analysis. In the first method, the arm is
analyzed as a statically loaded embedded beam. In the second
method, the proposed arm is analyzed within the entire motion
cycle of the industrial robot or manipulator, within a selected
part of this cycle, or at specified times of this cycle. Changes in
applied loads during the movement cycle are reflected in the
analysis here. This is a computationally demanding process and,
therefore, more time-consuming than the arm's strength
analysis as a separate element. In this article, only the first
method will be considered. The arm design process algorithm is
indicated in Figure 3, which, as in the case of the preliminary
design, is an iterative process.

( 1. Start of the design process )

v

2. Retrieve cross-sectional
dimensions and method of load

v

3. Generating of the 3D model
of the arm

v

4. Strength analysis -
determination of arm
deflection Wy, g

-

Yes

6. Completion of the design
prosess

Figure 3. Algorithm of the arm profile design process using FEM

In the first iteration, a 3D model of the arm is created based on
a preliminary design, which is then subjected to strength
analysis, based on which the deflection of the arm wb_sim (mm)
is determined. If this value is less than the required deflection
wb_req (mm) value, the following strength analysis will be
subjected to an arm of smaller cross-section, resp. lower weight,
which was no longer suitable in the preliminary design. If this
arm does not comply, the design process will be completed with
the most appropriate cross-section from the preliminary design.
If this arm is also suitable, the same procedure will continue until
a cross-section of dimensions is found, which would no longer be
suitable from the required deflection point of view. The last,
dimensionally suitable cross-section will be marked as the most
suitable cross-section, and thus the design process will be
completed.

Otherwise, if the arm based on the preliminary design
dimensions does not meet the required deflection, the strength
analysis will be subjected to the arm of a larger cross-section,
resp. higher weights in the order specified in the preliminary
design. If this arm is not suitable either, this procedure will be
repeated until a dimensionally suitable cross-section is found in
terms of the required deflection. That will complete the design
process.

The time required for this process depends on the complexity of
the analyzed 3D model, its size, the fineness of the mesh used in
the given strength analysis and the number of iterations.
However, at least two iterations will always be performed. The
process of creating a 3D model of the arm, preparation and
performance of strength analysis, and subsequent comparison
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of the achieved results with the required results, can be
automated using the API of CAD system SolidWorks [Chen 2013,
Lad 2014].

2.3 RobotArmDesign software tool

To speed up and simplify the design of the arms of industrial
robots and manipulators, the algorithms and calculation
procedures mentioned above were converted into the software
tool RobotArmDesign (Figure 4).

o RobotamDesgn ——

Input parameters: Axis X | Axis Y [ Axis Z and

Length of arm [mm] 300 Maxmum required deflection [mm] 0.1
Materiol selection: Sted o A skoy e w

Force at the end of the arm [N] 2 9 1 o Mk :

Bending moment at the end of the arm [Nmm] 26| 12758] [ 3829

Ratio Hoight / Width of rectangulor cross
] section (full and thin-walled profile cross

The sum of the accelerations in the middle of the arm [mm/s2]: 953 | 12332 534
section)
Preliminary proposal r from: 001| 1o 100
RunTime 00:00:52 46
Number of cross sections ~ COTy Arm cross section:
checked 1635 Aa F ] Circular cross section
= L a™ - O ntercrcur cross section
I ] Square cross section
it slerect I 1 1Fe, 7 )T, I Thin-walled square cross section
I J
checked: 362 /2 X E | Rectangular cross section
Create Excel 3 T CJ Thin-walled rectangular cross section
z

&4 All profile cross sections

Figure 4. RobotArmDesign software tool

When designing an arm, you must first specify its length and the
material from which it is to be made. Subsequently, the
magnitudes of the loading forces and moments at the end of the
arm and the acceleration at its centre of gravity are entered.
Then it is possible to select either one of the available profiles of
the proposed arm, or to allow selection from all available profiles
stored in the database. Before starting the design using the
"Preliminary proposal" button, it is necessary to enter the
proposed arm's maximum permissible deflection value. Before
starting the design, it is possible to check the arm's design
options with minimum external dimensions or minimum weight.
In the case of rectangular cross-sections, it is possible to enter
restrictions regarding their height and width ratios.

When the preliminary design is complete, the RobotArmDesign
software tool lists the matching profiles in the lower window,
including their weight and deflection size. In the window below
the "Preliminary proposal" button, the time of the preliminary
design of the arm cross-section and the number of analyzed
cross-sections are listed. The maximum pre-design time (on a
computer configured with an AMD Ryzen 5 2600X processor,
16GB of RAM, a graphics card equipped with an NVidia GeForce
GTX 1650 chip, and a 500GB SSD) will not exceed 1 minute.

By using the "CAD design" button, it is possible to design the arm
cross-section, including its strength analysis in the CAD
environment of the SolidWorks system. However, in this case, it
is necessary to limit the selection to only one specific type of
cross-section, one explicit material and select one of the options
"Minimum Dimensions" or "Minimum weight". After pressing
the "CAD design" button, the RobotArmDesign software tool
first proceeds according to the algorithm indicated in Figure 2.
After performing the preliminary design, the procedure follows
the algorithm indicated in Figure 3. An example of the strength
analysis result is shown in Figure 5. window of the
RobotArmDesign software tool. In the window below the "CAD
design" button, the design time of a suitable cross-section of the
arm and the total number of analyzed profiles are then listed.
The maximum design time depends on the number of strength
analyzes performed. In most cases (up to five strength analyses
performed) it does not exceed 10 minutes.

URES {mm)
9,863¢-02
l 9,046¢-02
| 8,2240-02

_ 7,401e-02

_ 657902

_ 5,756e-02

bt 4,934e-02

| 4112002

_ 3,25%e-02

. 2467e-02

1,645¢-02
8,224e-03
1,000¢-30

Figure 5. Result of strength analysis of the arm of a rectangular thin-
walled cross-section

The "Create Excel" button can be used to export the results of
the preliminary design of the arm cross-section to a pre-
prepared MS Excel file and then view these results in graphs
(Figure 6) showing the dependencies between the dimensions of
available cross-sections in the database and deflections at a
specified load. They also plot the relationship between the given
cross-sections' dimensions and their weight, for a given arm
length.

Proposal of arm of circular cross-section (material Steel)

0,001 ~
6 10 15 20 24 27 30 35 40 46 52 60 68 73 80 95 110125140T6A190220250280310

0,0001 —

Deflection of arm w, (mm) / Mass of arm m (kg)

0,00001
Diameter of circular cross section d (mm)

We m
Figure 6. Dependence of the size of the deflection of the full circular

cross-section arm and its weight for the specified load and all diameters
listed in the profile database

3 RESULTS AND ANALYSIS

Functionality and benefits of the algorithms mentioned above,
respectively RobotArmDesign software tool was verified on the
manipulation task indicated in Figure 7. A robot with an angular
structure and 5 degrees of freedom was designed to manipulate
a cylindrical object with a diameter of 52 mm, a length of 200
mm and a weight of 3,313 kg. The length of the trajectory is
1314,16 mm, and OM travels it in 3 seconds.

.‘_-4\
\\ /,rArm 1
\‘(,'
\\
4 ‘\\
\\
\ ‘?“) —
“Arm 2 =

Figure 7. Design of the kinematic structure of the manipulator

Based on the robot's kinematic structure, the object of
manipulation and repeated kinematic and dynamic analyzes in
the CAD environment of the SolidWorks system, the individual
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elements of the robot were gradually designed. Starting with the
end effector and ending with the robot base. The previously
created Drive Picker software tool was used to design the
Harmonic Drive units of the CanisDrive series. 3D models of
structural elements related to power units were generated with
the help of a previously created knowledge base. The following
graphs (Figure 8) show the forces, moments and accelerations
required to design Arm 1 arm, obtained from a dynamic analysis
of the proposed device. The length of this arm is 300 mm.

a) Force F,, F,, F,

Force (N)
5
o

-200
-300
0,0 0,5 1,0 15 2,0 2,5 3,0
Time (sec)
Fx Fy Fz
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-10000
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Figure 8. Graphs with courses of: a) forces Fx, Fy, Fz; b) moments Tx, Ty,
Tz; c) accelerations ax, ay, az

Table 1 shows preliminary dimensional designs for individual
types of cross-sections (including the indication of the arm's final
weight), for Steel and Aluminum alloy materials, at selected
moments of OM movement. For each type of cross-section,
material and time, two values are given, the minimum size of a
suitable cross-section and the cross-section's size with the
lowest achievable weight, for the required maximum deflection
of 0,01 mm. If a suitable cross-section is not found, there is a
dash in the table column.

In the second and third columns of Table 2, for each type of
cross-section and materials, the cross-sections' dimensions are

given (again for the minimum size of a suitable cross-section and
the cross-sectional size with the lowest achievable arm weight).
It also shows the sizes of the calculated deflection and the
number of sizes checked within the given type of cross-section.
The fourth column shows the percentage difference in weight
between the arms of a given type of cross-section with the
smallest dimensions and the smallest weight.

In the fifth and sixth columns of Table 2, the dimensions are
given for each type of cross-section and material, again for the
minimum size of a suitable cross-section (the size of the cross-
section with the lowest achievable arm weight) designed using
strength analyzes performed in SolidWorks CAD. Again, it
shows the deflection sizes and the number of sizes checked
within the given cross-section. However, there are two values,
separated by a slash. The first indicates the number of sizes of a
given cross-section, checked in the preliminary design. The
second (after the slash) shows the number of strength analyzes
performed to find a cross-section of suitable dimensions.

It is clear from Table 2 that for this particular case, it was
necessary to perform only two strength analyses for most
cross-sections. Overall, it could be concluded that it is possible
to obtain a cross-section of the arm either dimensionally
satisfactory or close to the preliminary design process's desired
result.

Figure 9 shows the structural designs of the Arm 1 arm according
to the cross-sections in Table 2, including flanges whose
connection dimensions correspond to the respective designed
rotary joints of the robot (a) @78, material Steel; b) @110,
Aluminum alloy material; c) @90x10, material Steel; d) J140x10,
material Aluminum alloy; e) 70x70, material Steel; f) 100x100,
material Aluminum alloy; g) 80x80x8, material Steel; h)
120x120x3, material Steel; i) 60x90, material Steel; j) 80x120,
material Steel; k) 120x80x6, material Steel; 1) 100x120x3,
material Steel.

Figure 9. Arm 1 designs

If we compare the proposed cross-sections of the arms only from
the point of view of the arm's weight, it is evident that the thin-
walled ones perform significantly better than the solid ones.
Aluminium alloy arms are also lighter than steel arms. But they
also have larger external dimensions. The larger external
dimensions of the proposed arm are not problematic from the
point of view of the actual construction or the robot's planned
deployment. It is more appropriate to use thin-walled cross-
sections made of Aluminum alloy and thus achieve its lower
weight. Otherwise, the use of Steel or full cross-sections is more
advantageous (in the case of full cross-sections, there is
significantly more space for possible subsequent topological
optimization than thin-walled cross-sections).
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Z72mm & 70mm Z78mm Z78mm Z78mm Z78mm Z50mm &72mm
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Z90x5mm Z90x5mm  F90x10mm  Z90x10mm  Z90x10mm  F90x10mm  F80Ox2mm Z90x5mm
(3,144kg) (3,144kg) (5,919kg) (5,919kg) (5,919kg) (5,919kg) (1,154kg) (3,144kg)

@120x10 @120x5 @120x10 &140x10 &140x10 @120x10 Z80X5mm @120x10
mm mm mm mm mm mm mm
(2.851kg)  (14%g)  (2.851kg)  (3,369kg)  (3,36%g)  (2851kg) (09729 gsikg)
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90x90mm 80x80mm 90x90mm 90x90mm 90x90mm 90x90mm 60x60mm 90x90mm
(6,683kg) (5,28kg) (6,683kg) (6,683kg) (6,683kg) (6,683kg) (2,97kg) (6,683kg)
90x9mm 80x80mm 90x90mm 90x90mm 90x90mm 90x90mm 60x60mm 90x90mm
(6,683kg) (5,28kg) (6,683kg) (6,683kg) (6,683kg) (6,683kg) (2,97kg) (6,683kg)

80x80x5 80x80x4 80x80x8 80x80x8 80x80x8 80x80x8 50x50x5 80x80x5
mm mm mm mm mm mm mm mm
(3,532kg) (2,864kg) (5,426kq) (5,426kg) (5,426kg) (5,426kg) (2,12kg) (3,532kg)

100x100x3 ~ 100x100x3  100x100x3  120x120x3 100x100x3  110x110x3 70x70x2 100x100x3

mm mm mm mm mm mm mm mm
(2,741kg) (2,741kg) (2,741kg) (3,306kg) (2,741kg) (2,741kg) (1,281kg) (2,741kg)
120x120x4  120x120x4 75X75x5 120x120x4
mm mm - - - - mm mm
(1,531kg) (1,531kg) (1,155kg) (1,531kg)
120x120x4  120x120x4 100x100x2 120x120x4
mm mm = = = = mm mm
(1,531kg) (1,531kg) (0,647kg) (1,531kg)
50x70mm 40x70mm 50x90mm 50x90mm 50x80mm 60x90mm 30x50mm 50x70mm
(8,243Kkg) (6,594kg) (10,6kg) (20,6kqg) (9,42kqg) (12,72kg) (3,532kg) (8,243Kkg)
12x120mm 20x100mm 50x90mm 50x90mm 20x110mm 50x100mm 8x90mm 10x130mm
(3,391kq) (4,71kg) (10,6kg) (10,6kq) (5,181kg) (11,76kg) (1,696kg) (3,062kg)
50x100mm  40x100mm 80x120mm  80x120mm 50x120mm  80x120mm 50x60mm 50x100mm
(4,125kg) (3,3kg) (7,92kg) (7,92kqg) (4,95kqg) (7,92kg) (2,475kg) (4,125kg)
20x150mm  40x100mm 80x120mm 80x120mm 20x150mm 80x120mm 12x100mm 15x150mm
(2,475kg) (3,3kg) (7,92kg) (7,92kg) (2,475kg) (7,92kg) (0,99kg) (1,856kg)
60x80x6 60x80x5 80x100x5 80x100x4 50x100x6 80x100x5 30x60x4 60x80x6
mm mm mm mm mm mm mm mm
(3,617kg) (3,062kg) (4,004kg) (3,24kg) (3,9kg) (4,004kg) (1,545kg) (3,617kg)
60x100x3 50x100x3 100x120x3 80x120x3 80x120x3 80x120x3 20x80x2 60x100x3
mm mm mm mm mm mm mm mm
(2,176kg) (2,035kg) (3,024kg) (2,741kg) (2,741kg) (2,741kg) (0,904kg) (2,176kg)
40x150x4 40x150x4 50x180x4 60x80x4 40x150x4
mm mm - - mm - mm mm
(1,201kg) (1,201kg) (1,465kg) (0,871kg) (1,201kg)
34x200x3 34x200x3 34x200x3 40x120x2 34x200x3
mm mm - - mm - mm mm
(1,129kg) (2,129kg) (2,129kg) (0,515kg) (2,129kg)

Table 1. Preliminary design of the dimensions of the cross-sections of the arms at selected moments of OM movement
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Z78mm Z78mm Z78mm Z78mm
(11,25kg) (11,25kg) 0.0 (11,25kg) (11,25kg) 0.0
[0,0098mm] [0,0098mm] : [0,010mm] [0,010mm] :
NoCSCh*: 74 NoCSCh: 74 NoCSCh: 74/2 NoCSCh: 74/ 2
2110mm @110mm @110mm Z110mm
(7,84kg) (7,84kg) 0.0 (7,84kg) (7,84kg) 0.0
[0,0075mm] [0,0075mm] ' [0,008mm] [0,008mm] '
NoCSCh: 31 NoCSCh: 31 NoCSCh: 31/2 NoCSCh:31/2
@90x10mm 290x10mm ZE Sl
(5,919kg) (5,919kg)
(5,919kg) (5,919kg)
0,0 [0,020mm] [0,010mm] 0,0
[0,009mm] [0,009mm] NoCSCh: 164 / NoCSCh: 164 /
NoCSCh: 164 NoCSCh: 164 2 ’ 2 :
2140x10mm @150x5mm @140x10mm @140x10mm
(3,369Kkg) (1,879Kkg) 442 (3,369Kkg) (3,369kg) 0.0
[0,0063mm] [0,0093mm] ' [0,008mm] [0,008mm] '
NoCSCh: 95 NoCSCh: 95 NoCSCh: 95/2 NoCSCh: 95/ 3
70x70mm 70x70mm 70x70mm 70x70mm
(11,54kg) (11,54kg) 0.0 (11,54kg) (11,54kg) 0.0
[0,0089mm] [0,0089mm] ! [0,010mm] [0,010mm] !
NoCSCh: 25 NoCSCh: 25 NoCSCh: 25/2 NoCSCh: 25/ 2
90x90mm 90x90mm 100x100mm 100x100mm
(6,683kg) (6,683Kkg) 0.0 (8,25kg) (8,25kg) 0.0
[0,0099mm] [0,0099mm] ’ [0,007mm] [0,007mm] '
NoCSCh: 18 NoCSCh: 18 NoCSCh: 18/2 NoCSCh: 18/ 2
80x80x8mm 120x120x3mm 80x80x8mm 120x120x3mm
(5,426kg) (3,306kg) 301 (5,426kg) (3,306kg) 301
[0,0091mm] [0,0058mm] ! [0,010mm] [0,008mm] ’
NoCSCh: 78 NoCSCh: 78 NoCSCh: 78/2 NoCSCh: 78/ 2
60x90mm 50x100mm 60x90mm 60x90mm
(12,72kg) (12,72kg)
(12,72kg) (11,76kg) 0,0 [0,009mm] [0,009mm] 0,0
[0,0071mm] [0,0099mm] , NOC'SCh' 368/ NOC’SCh‘ 368/ '
NoCSCh: 368 NoCSCh: 368 2 ’ 2 :
80x120mm 80x120mm 8(();‘222?('“)'“ 8(();%22?(”1)”1
(7.92kg) (7.92kg) 0,0 [0 (;Ogn?m] [0 609mgm] 0,0
[0,0068mm [0,0068mm] ’ NoCSCh: 276/  NoCSCh: 276/ ’
NoCSCh: 276 NoCSCh: 276 2 ’ 5 '
80X100x5mm 100x120x3mm 120x80x6mm 100x120x3mm
(5,313kg) (3,024kg)
(4,004kg) (3,024kg) 24,5 [0,009mm] [0,010mm] 431
[0,0092mm] [0,0075mm] ’ NOC'SCh' 362/ NOC’SCh‘ 362/ '
NoCSCh: 362 NoCSCh: 362 5 : 2 :

Table 1. Design of cross-sections using strength analysis and comparison with the results of preliminary design (*NoCSCh - Number of Cross-Sections

Checked)

Based on the achieved results, the Arm 1 arm was designed from
a square thin-walled cross-section measuring 80x80x8 mm,
made of Steel. Its weight is 44,3 % greater than in the case of
using a rectangular thin-walled cross-section measuring
100x120x3 mm, which was the best in terms of weight. But from

the point of view of the cross-section's external dimensions, this
is a significantly more compact solution, better corresponding to
the dimensions of the joints, resp. other parts of the proposed
robot. Due to the excessive external dimensions, aluminium
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alloy profiles were not considered, despite the significantly
lower achievable weights than the final solution.

Similarly, the Arm 2 arm was designed. A rectangular thin-walled
cross-section with dimensions of 100x80x3 mm, made of Steel,
was designed for this arm based on the achieved results. Figure
10 shows the resulting 3D model of the robot, including the OM
and its trajectory.

Figure 9. 3D model of the robot arm

At the time of writing, no information was available on a similar
way of designing the arms of industrial robots and manipulators
or similar structural elements. Commonly used design
procedures, or available software tools, were designed to solve
partial tasks within the described issues. By modifying them with
regard to the design of the arms of industrial robots and
manipulators, interconnection, the addition of other necessary
algorithms, and subsequent creation of the software tool
RobotArmDesign, enabling the design of a suitable cross-section
of arms of robots and manipulators, can be considered unique.
At the same time, not only was the required reduction of time
and reduction of design complexity achieved but also the way
was opened to automate the design process of complete arms
of industrial robots and manipulators.

4 CONCLUSIONS

This article contains three main parts. The first describes
calculations and algorithms, which can significantly not only
reduce the design time of the arms of industrial robots and
manipulators, but also achieve significantly better results in
terms of their final dimensions or weight than in the use of
classical design procedures. At the same time, the proposed
algorithms can serve as inspiration for automating the design of
other structural elements not only in the field of robotics. The
second part describes the software tool RobotArmDesign, built
on the basis of these calculations and algorithms and using the
simulation tools of the CAD system SolidWorks to refine the
design of the arms. The third part is devoted to verifying the
functionality of the proposed algorithms, respectively the
software tool RobotArmDesign. The achieved results show a
significant benefit both from the point of view of shortening the
design time of the arms and from the point of view of choosing
a suitable cross-section or material from which it would be
made. The RobotArmDesign software tool has therefore proved
its worth in terms of possible practical use.
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