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ABSTRACT

This paper introduces the mechanical structure design and construction of a four degree of freedom humanoid

robot arm for teaching purposes. The project started from the concept development stage and obtained six suggestions

to meet the needs of customers. Then, the concept to be developed is selected according to the product specification. For

the proposed concept, seven redesign phases were carried out to achieve the final design proposal. Specifically,

continuous simulation steps are carried out to analyze the dynamic response of the structure under load, observe the

stress state of each component, and adjust the size of the connecting rod according to the previously defined constraints

and specifications. Based on the results obtained, a structure conforming to the original design specification is generated,

taking into account the limitations related to the servo motor to be used and the maximum load to be handled. Finally,

the kinematics models of the straight arm and reverse arm of the developed product are given.
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1. Introduction

At present, robot technology is one of the most advanced research
and development fields in the technical field. At present, robots are
engaged in different work fields (robot arms with different end effec-
tors)!"*l and various working environments, such as medical rehabilita-
tion®), agriculture!), planetary exploration™, search and rescue!®, mili-
tary activities!”! and entertainment parks®), cinemas®® and museums!'?.
Therefore, it is important to provide the University of science and
technology with the latest knowledge in this field, as many profession-
als will be included in the growing field of robotics. In addition, from
the perspective of pedagogy, educational robot is a great tool, which
enables individuals to “give full play to all the exploration and opera-
tion abilities of cognitive subjects to serve the construction of meaning
»[11 - Therefore, robotics
is a useful tool not only in technology, but also in pedagogy. Therefore,

many basic education institutions use educational robots as a means to

according to their own educational experience

awaken students’ cognitive ability in a more effective way than tradi-
tional teaching methods!'?!.

On this basis, the design of a 4GDL humanoid robot arm is pro-
posed to meet some requirements of the Prototyping Laboratory of the
Universidad Nacional Experimental del Téachira, Venezuela. The labor-
atory needs a low budget robot arm to develop its research projects, such
as developing and improving single joint and multi joint control systems
for trajectory tracking, Vibration control and development of small work

unit with arm as actuator. In addition, it will also be used in laboratory
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practice, such as characterization of robot kinemat-
ics and dynamics modeling, trajectory tracking in
Cartesian space, programming and definition of
manipulator accuracy, repeatability and resolution.
In addition, due to the required characteristics, the
designed arm can become a useful tool for robotics
teaching in primary and secondary schools.

In order to start the project, the design of robot
arm is studied from different angles. A manipulator
design and structure using a simple method is pro-
posed, which emphasizes the conceptual selection of
sensors and actuators to determine the connecting
rod size and estimate the bearing capacity of actua-
tors!"*l. Considering the use of arm kinematics re-
search to determine the connecting rod size, the de-
sign and structure of S5GDL robot arm are
proposed!!*l. A control system based on mechanical
structure is developed, which is developed according
to the dimension design standard in CAD model-
ing!"l, Product development technologies such as
QFD (Quality Function Development) are used to
design robot arms!'®!, Finally, a simple manipulator
model is developed!'”); the vibration characteristics
of the manipulator are studied by finite element
method, and the static stress and buckling analysis
are carried out at four important positions consid-
ered by the designer.

In this article, we introduce the development of
the mechanical structure of a 4GDL humanoid robot
arm. It uses a complete methodology, which brings
together the advantages of the previously written
methodology, but has two substantive contributions.
The first method is to use dynamic simulation (me-
chanical event simulation) rather than static simula-
tion to analyze the critical position of the arm when
handling the maximum load; Therefore, the stress
analysis of each arm link is carried out in the most
dangerous position to ensure the strength of the arm
within the range of available positions in its working
load. The second input involves a process of ad-
justing and optimizing the quality of the connecting
rod, taking into account the results of the connecting
rod stress analysis obtained at each redesign stage
and the torque applied to the actuator.

2. Method

For the design of humanoid robot arm, the
product development method specified'®! is used,
which starts with defining customer needs in the
interview and investigation of the end users of the
arm. The identified requirements are then used to
determine the required design specifications. On
this basis, the definition process of various concep-
tual models is carried out to meet the previously
specified requirements. At this stage, six proposals
have been identified and will move on to the next
design stage.

Then, a concept selection stage is proposed to
select the appropriate concept according to the
product specification (in the six proposals that
have been defined). Select the concept to be devel-
oped and carry out different stages of redesign (siz-
ing) and optimization to obtain the final structure
and meet the limitations specified in the target
specification.

In this iterative stage, the kinematics, dynamics
(mechanical event simulation) and stress analysis of
the arm are carried out to obtain the response of the
structure and actuator to the load applied on the end
actuator. After each analysis, the arms were sized to
reduce mass to make the structure more dimension-
ally efficient, fail free under operating conditions,
and can be driven by available and feasible structural
actuators. Then it introduces the design process of
the 4GDL humanoid robot arm and the results after
redesign and optimization.

3. Result

3.1. Select concepts to develop
3.1.1. Design code

In order to develop the design specifications
that the proposed robot arm should meet, it is nec-
essary to collect untreated customer needs through
interviews and surveys with end users of the product.
This information is recorded and expressed in ap-
propriate technical language to obtain an interpreted
customer voice. Then it determines the priority of
requirements and determines the importance level of
each requirement. Then the design index or target
specification of the robot arm is established. These
indicators are responsible for determining the extent
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to which products meet customer needs. It is im-
portant to note that each indicator meets one or more
identified needs. Table 1 lists the target specifica-
tions of the products to be designed and their re-

spective units, acceptability of ideal value (V.1.) and
marginal value (V.M.) and their importance in the
range of 1 to 5, of which (1) is not important and (5)

is very important:

Table 1. Objective specification of a robot arm

Metric No. Metric Unity Vi VM Importance
1 Workload kg >0.3 >0.05 5
2 Maximum range m >1 >0.4 5
3 Total mass kg <6 <12 4
4 Time required for manufacturing h <36 <40 3
5 Time required for maintenance h <0.5 <1 3
6 Parts cost Bs <500,000 <600,000 3
7 End effector interchangeability Subi** 5 >3 4
8 Beautiful appearance Subj** >3 >1 2
9 Shipping capacity Subj** 5 >3 4
10 Stiffness relative to ideal position mm <10 <15 5
11 Part safety factor Adim* >1.5 >1.2 5
12 Volume of work m? >(0.2 >0.01 5

Note: *Dimensionless unit; **Subjective unit on an evaluation scale from 1 to 5.
Source: self compiled.

Table 2. Based on the concept of internal function of robot arm, the matrix is generated

Function

Option 2 Option 3

Transmission:

First joint

Option 1

[
| G

Gears

Transmission:

Second jomnt

Gears

Transmission:

Third joint l
Gears Direcf*
- v
Transmission: 1
Fourth joint [
Gears Direct*
End effector ~ r_v
connection }\\:;?_;‘
N’
Flange Plaie
Concept No. 1 | N2 No. | No.4 Na s [ No 6

Note: *Means that the servo motor is directly connected to the joint

Source: self compiled.

3.1.2. Concept generation

After determining the target specifications,
some conceptual suggestions conforming to these

velop a wide variety of design solutions in order to
choose the most appropriate choice. These recom-
mendations are derived from a concept generation
matrix (based on the internal functions of the robot

specifications are produced. This enables us to de-
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arm, see Table 2), which proposes different options
for the power transmission system at the arm joints.

Then, different combinations were made be-
tween the proposed options (Table 2) to generate six
concepts (Figure 1), including possible configura-
tions for building 4 GDL robot arms that meet
product specifications. For example, for concept 3,
power transmission is achieved by connecting the
servo motor directly to the connector, while concept
4 uses three available power transmission systems:
gears (first and fourth connectors), direct coupling of
the servo motor to the connector (second connector)
and gaskets (third connector).

Concept No. 1

Concept No. 6

Concept No. 5

Figure 1. Generated concepts. Source: self com-
piled.

3.1.3. Select concepts to develop

When selecting alternatives to development,
some criteria are used to assess the extent to which
the generated concept meets the specifications de-
fined for the product. Two selection stages are used.
The first is a qualitative evaluation through the ma-
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trix shown in Table 3, where each concept is evalu-
ated according to the specifications previously de-
veloped using its marginal value. The reference
codes used are as follows: (+) “ratio”, (0) “equal to”,
(-) “ratio”. On the basis of this preliminary assess-
ment, concepts 2, 3, 5 and 6 were excluded.

Subsequently, a weighted quantitative assess-
ment was carried out with an assessment scale of 1 to
5 to distinguish the remaining concepts (1 and 4)
according to the same specifications as above. This
assessment is summarized in

Table 4 shows a matrix in which concept 6 is
selected as the highest level according to the weights
performed.

3.1.4. Description of the selected concept

The concept to be developed (option 4) should
have the following characteristics:
® 4 GDL, each with four rotating joints
(Figure 2).

® Housing structure of 4 servo motors and
their power transmission system

® The servo motor is connected to the first
connector through a gear.

® The servo motor is directly coupled to the
second connector.

® The servo motor is connected to the third
joint through the synchronous belt, and the
servo motor is located on the first con-
necting rod.

® The servo motor is connected to the fourth
joint through a gear, and the servo motor is
installed on the third connecting rod.

® Claw end effector, driven by servo motor.

® Aluminum is selected as the material for
designing connecting rods and other me-
chanical structural components.

® With aload of 1 N, the end effector can be
manipulated.

® Servo motor control card space.

® A structure with a design factor (margin)
of 1.2. This criterion also applies to the
selection of actuators.

® End user arm obtained before using servo

motor and other mechanical elements
(gears).
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Table 3. Qualitative matrix of concept evaluation

Selection criteria Concept
01 02 03 04 05 06
Workload + + - + + -
Maximum range + + + + + +
Total mass 0 0 - 0 + -
Time required for manufacturing 0 - + 0 - 0
Time required for maintenance 0 - + 0 - 0
Parts cost 0 0 0 0 0 0
End effector interchangeability + + + + + +
Beautiful appearance + 0 0 + 0 0
Shipping capacity 0 0 0 0 0 0
Stiffness relative to ideal position 0 0 0 0 0 0
Part safety factor + + + + + +
Workload 0 0 + + 0 +
Net evaluation 5 2 4 6 3 2
Continue? Yes No No Yes No No
Source: self compiled.
Table 4. Quantitative matrix of concept evaluation
Concept
Selection criteria Weight (%) 01 04
Grade Weighting Grade Weighting
Workload 10.4 5 0.52 5 0.52
Maximum range 10.4 5 0.52 5 0.52
Total mass 8.3 3 0.24 4 0.33
Time required for manu- 6.2 3 0.18 3 0.18
facturing
Time required for mainte- 6.2 3 0.18 3 0.18
nance
Parts cost 6.2 3 0.18 3 0.18
End effector interchangea- 8.3 4 0.33 4 0.33
bility
Beautiful appearance 4.1 2 0.08 3 0.12
Shipping capacity 8.3 3 0.24 3 0.24
Stiffness relative to ideal 10.4 4 0.41 4 0.41
position
Part safety factor 10.4 5 0.52 5 0.52
Workload 10.4 4 0.41 4 0.41
Total 3.81 3.94
Continue? No Yes
Source: self compiled.
Link 3 Articulation 4

Muneca

Articulation 3
Effector coupling
Link 1

Articulation 2
Base

Articulation 1

Figure 2. The final mechanical structure is obtained
according to the selected concept. Source: self
compiled.

3.2 Size and optimization of the ob-
tained mechanical structure

The final mechanical structure was obtained
after six improvements to the initial design, which
was redesigned and optimized (Figure 3). In the first
three designs, the focus is to adjust the structural size
to obtain a suitable arm, which can meet the size
specification, low mass and inertia, and can ac-
commodate servo motor and power transmission
elements. From redesign 4 to redesign 7, dynamic
simulation was carried out to determine whether the
torque required by the joint is below the allowable

99



Kevin Morales, Carlos Hoyos, Jesus M. Garcia

limit (Table 5), taking into account that each joint
has an available servo motor. In addition, a stress
analysis was performed using MEF to verify the
strength of each component when handling loads at
critical locations. Based on these two analyses, the
size of each connecting rod is adjusted to reduce the
mass and torque applied to the actuator (Figure 4).
This optimization is carried out in the area where the
stress concentration of the part is low, so it will not
affect the structural integrity of the part. In addition,
it must be noted that the reduction in quality con-
tinues until the stress concentration is considerable
or the new size and geometry of the part make the
manufacturing process very difficult.

Finally, the final design (proposed 7ma) was
obtained, which met the target specification and
produced an appropriate torque that did not exceed

the allowable value of the available servo motor
(Figure 5).

Then, through the dynamic simulation of the
final designed joint and the stress analysis of its most
key components, the results are obtained.

3.3 Dynamic simulation of determining arm
structure

Dynamic simulation allows quantitative analy-
sis of the position, velocity, acceleration and torque
distribution of each component and joint when the
structure moves by manipulating the maximum
working load (1 N on the end effector). In order to
perform this simulation on the joint, it is necessary to
define the path of the mechanism and the velocity
profile followed by the actuator related to the joint.

Table 5. Comparison between torques obtained through simulation for different design improvements

Torque obtained (N-mm)

Maximum torque

Articulation Tdesign 5 T design 6 Taesign 7
1 34,5 18.9 15.5 302.5
2 2,096.0 2,020.0 2,005.6 2,019.2
3 655.5 622.7 757.4 777.4
4 8.7 5.4 3.7 394.0

Source: self compiled.

Design No. 4

Design No. 5

Design No. 6

Figure 3. Design before obtaining the final design. Source: self compiled.
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Figure 5. Final design of the robot arm (7™ proposed design). Source: self compiled.

In the definition of speed profile, the speed
profile is used for permanent speed, that is, the
maximum available speed that the servo motor can
provide when using its allowable torque. However, it
is also important to define the velocity profile at
actuator start-up, as this moment may be critical,
depending on the position of the connecting rod. In
order to define this profile, it is necessary to use the

1" which takes into

time constant of the actuator
account the characteristics of the engine and the
inertia characteristics of the servo motor and load

transmission. For this purpose:

Ui +Jr)Rm
=

)
where,
Jr = Moment of inertia of load, determined by:

Jr = Jmec +]eng
Jmee = Moment of inertia of mechanism
Jeng = Moment of inertia of gearbox
J» = Moment of inertia of servo motor

R,, = Measure the resistance on the servo motor
K,, = Mechanical constant, determined by:
_ Rmeloq

m
Vbloq

@)
where,

Thioq = Maximum torque of servo motor

Viiog = Servo motor locking voltage.

The first joint is dynamically simulated ac-
cording to the velocity profile defined by the arm
inertia information provided by the CAD software
using the technical data available by the hs-322hd
servo motor (actuator of the first joint) and structural
modeling (Figure 6a). This profile defines the an-
gular displacement of the first joint in unidirectional
and reverse motion (Figure 6¢). It is worth noting
that the previous purpose was to connect the servo
motor directly to the axis of the first joint. In this
case, the required torque is lower than the allowable
torque of the actuator. However, the starting speed
proved to be too slow, so a gear transmission system
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was adopted to reduce the torque requirements of the
servo motor. In this case, the maximum torque re-
quired is 15.5 N-mm (Figure 6d), which is lower
than the allowable value of 302.5 N-mm servo motor
(see Table 5). Although the size of the servo motor is
too large, it ensures the quick start of the connector.

For the second connector, the servo motor used
is hs-805bb, and the maximum torque value is
2019.2 N-mm. When the servo motor is directly
installed on the joint, the speed profile defined for
the actuator (Figure 7a) is dynamically simulated.
The maximum torque value of 2005.6 N-mm (Fig-
ure 7d) was obtained to verify that the torque gen-
erated by the structure at the joint does not exceed
the maximum torque defined for the servo motor.

The same is true of the third joint. In this case,
the servo motor used corresponds to Futaba S9206,
and the maximum torque value is 777.4 N-mm. The
servo motor is located on the connecting rod 1.
The belt transmission system and pulley are used to
transmit power to the third joint, and the transmis-
sion ratio is 1. For the speed profile determined ac-
cording to the characteristics of the servo motor and
its load (Figure 8a), the maximum torque value
obtained through dynamic simulation is 757.4
N-mm (Figure 8d), which is less than the maximum
torque value allowed by the servo motor.

Finally, the dynamic simulation of the fourth
joint is described, which is based on the speed profile

a) Velocity graph b) Acceleration graph

80

= g 1
0 ﬂ.\ 2100 ]
= [ \ =
B f \ é ‘ L
g0 : S5 - B
2 0 2 | o4 § 3 0 2 4 6
40 \ [ 2100 t
| 1
80 -200
Time (s) Time ()

Position (deg)

defined according to the characteristics of the
available servo motor (HS-225BB) of the joint
(Figure 9a), which transmits torque to the wrist
shaft through the gear transmission system. The
allowable torque value of the servo motor is 394
N-mm. According to the simulation, the maximum
torque value required by the actuator is 4 N-mm
(Figure 9d), which is less than the maximum al-
lowable torque value. In this case, it can be said that
the torque required by the servo motor relative to the
application is too large, but it must be remembered
that all the loads applied to the end effector (the
weight of the manipulation load plus the weight of
the claw) are supported by the wrist. Therefore, the
actuator only needs to apply the torque required to
move the wrist from left to right, which greatly re-
duces the torque required to perform this movement.

3.4 Stress analysis of main boom parts

The data obtained from dynamic simulation can
define the critical position where the actuator must
apply the maximum torque for each joint to achieve
appropriate motion according to the required speed
and trajectory profile. Given these critical positions,
various stress analyses (MEFs) were performed on
the arm components, including the load profiles
obtained from the dynamic simulation of these crit-
ical positions.

c) Position graph d) Moment graph
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Figure 6. The dynamic simulation results of the servo motor coupled to the first joint (HS-322HD) are ob-
tained. Profile: (a) velocity, (b) acceleration, (¢) position and (d) moment. Source: self compiled.
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a) Velocity graph b) Acceleration graph
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Figure 7. The dynamic simulation of the second joint is carried out by using hs-805bb servo motor, and sat-
isfactory results are obtained. Profile: (a) velocity, (b) acceleration, (c¢) position and (d) moment. Source: self
compiled.
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Figure 8. Results obtained by dynamic simulation of the third joint using a Futaba S9206 servomotor. Profile:
(a) velocity, (b) acceleration, (c) position and (d) moment. Source: self compiled.
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Figure 9. Results obtained by dynamic simulation for the servomotor coupled to the fourth joint (HS-225BB).
Profile: (a) Speed, (b) acceleration, (c) position and (d) moment. Source: self compiled.

These analyses are performed at each redesign
stage and then optimize the part by removing mass in
areas with low stress concentrations. Therefore,
quality is eliminated according to three criteria: 1)
obtain the minimum safety factor of parts; 2) reduce
quality by ensuring that the resulting parts can be
manufactured with available machines and tools; 3)
the quality of the parts should be low enough to
ensure that the actuator can move the arm with the
working load.

In most linkage mechanisms, the mass reduc-
tion does not reach the ideal safety factor. In this case,
the criterion limiting the reduction of quality is the
feasibility of part manufacturing, because if the

quality of connecting rod is further reduced, the
manufacturing process will become cumbersome
and expensive. Therefore, for example, the stress
analysis of connecting rod 2 (Figure 10) shows that
the von Mises stress is 9961 Mpa, the maximum
displacement is 0.01631 mm, and the safety factor is
greater than 15. Conversely, the stress analysis of
connecting rod 3 (Figure 11) produced a von Mises
stress of 8676 Mpa, with a maximum displacement
0f 0.006846 mm and a safety factor greater than 15.
On the other hand, the manufacturing of other
parts, such as joint shafts, if they allow appropriate
quality reduction according to the proposed optimi-
zation criteria. For example, the stress analysis of the
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horizontal axis of joint 3 corresponding to the belt stress is 191.9 Mpa, the maximum displacement is
drive system (Figure 12) shows that the von Mises 0.1592 mm, and the safety factor is 1.43.

Figure 10. Stress analysis of link 2: (a) von Mises effort, (b) displacement and (c) safety factor. Source: self
compiled.

Figure 11. Stress analysis of link 3: (a) on Mises effort, (b) displacement and (c) safety factor. Source: self
compiled.

a) b) . ¢)
Figure 12. Stress analysis of horizontal axis of joint 3: (a) von Mises effort, (b) displacement and (c) safety
factor. Source: self compiled.

obtained (Table 6). The direct kinematics solution is
determined by (3) matching the elements of matrix T

The direct kinematics research is carried out  with the elements generated by the product of ho-
according to the formula of Denavit-Hartenberg!?,

3.5 Kinematics model of straight arm

mogeneous transformation matrix:

which verifies the simulation using the calculation Ny 0y Gy Py

tool. The first step is to specify a reference system | O Gy Dy|_ 40 a1 a2 43
for each joint (Figure 13). From this, a set of equa- 7 In, o, a, p, 172 48 4
tions are derived, which allow the arm joint variables 0 0 0 1

with known end effector position and direction to be 3)
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From the matching term to the matching term, 4 0,4 0 Ly=11420 0
equations (4) to (12) are obtained, which correspond ~ Source: self compiled.
to the direction matrix elements of the end effector
relative to the reference system at the bottom of the
structure; And equations (13) to (15), corresponding
to the vector position element of the end effector end
relative to the reference system fixed at the bottom
of the structure:

Table 6. D-H parameters of mechanical structure

Joint 0; d; (mm) a;(mm) 0
1 6,  L=90 0 90°
2 0, 0 L=2032  0° i .
3 6, 0 L=123.66 —90° Figure 13. The reference system obtained by De-

navit-Hartenberg formula. Source: self compiled.

n, = cos 04 cos 6, cos 63 cos 8, — cos 0, sin B, sin 0 cos 0, — sin B, sin 6,

4
ny, = sin6; cos 6, cos 65 cos 6, — sin 6, sin 6, sin 03 cos 64 + cos 6, sin 6,
(5)
n, = sin 6, cos 05 cos 0, + cos 0, sin 03 cos 6,
(6)
0y = —c0s 01 cos 0, cos 83 sin 0, + cos 601 sin B, sin 03 sin 0, — sin 0, cos O,
(7)
0y = —sin 6y cos 0, cos 03 sin 0, + sin 0, sin 6, sin 63 sin 6, + cos 6, cos O,
(8)
0, = —sin 0, cos 05 sin 0, — cosO, sin O3 sin G,
9)
a, = —cos 64 cos 0, sin 03 — cosf, sin B, cos O3
(10)
a, = —sin 6, cos 0, sin 05 — sinb, sin 6, cos 63
(1)
a, = —sin 6, sin 03 — cos 6, cos 03
(12)
Px = cos 64 cos 0, (I4 cos O3 cos 8, + 15 cos 03) — cos 0, sin 0, (I45inB5c050, + 15 sin 03)
— 14sinf,sinby + l,cos6,cosH,
(13)
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Py = sin 6y cos 0, (14 cos 05 cos 0, + I3 cos 03) — sin 6, sin 0, (l45inB3c0s0, + I3 sin 63)

+ l4cos0,sinb, + 1,sinf,cosH,

(14)

p; = sin 0, (I4 cos 05 cos O, + 15 cos 63) + cos 6, (14sinf;3c0s0, + I3 sin 03) + l,sinb, + |4

3.6 Inverse kinematics model

The inverse kinematics is studied by using the
geometric method, and the expressions (16) to (25)
suitable for determining the joint variables 6, 8>, 65
and s, known the orientation of the end of the
structure m = [ My 7], and its position 7, =
[Px Py Pg]. For this purpose, we first obtained
use 0, using the equation (16):

m
0, = tan 1=

My

(16)
where m, and m, are components of the vector 7,
that was calculated by (17):

(17)
Then, 65 was calculate by (18):
_, EJ1—cosb3
0; =tan™ ———
cos6;
(18)

where cosf; was obtained through (19), for 8, =
0°:

M \2
(cosf?l) +m, -’ -5 -1
2 ) l2l3

cosl; =

(19)
Or through (20), for 8, # 0°:

m 2
(Sinygl) +(my — )2 — 13— 13
2 : l2l3

cosf; =

(20)
Then, two characteristic solutions of &, were
obtained for the geometry employed; these solutions

(15)
are best referred to as “upper elbow solutions” and
“lower elbow solutions”:

For 684 = 0° (elbow upward (+); elbow down
)
l3sinf5
l, + l3cos0;

m, — 1
177z 1 -1
T, + tan

cos6;

0, = tan™

e2y)

For 681 # 0°, (elbow upward (+); elbow down
)

m, — 1 l;sinf
1 Z 1 -1 3 3
) + tan

sinf,

0, = tan™ _—
2 an l, +13c0s6;

(22)
Finally, calculate 6, through (23):

_, EJ1—cosb;

0, =tan
4 cos0,

(23)
where cosf, was obtained through (24):

2 2 _ .2
ry —di — Ty

cosf, = dor
4"m

(24)

And:

rm = Module of the position vector 7,

rp = Module of the position vector 7,

ds = Module of the position vector dg, calcu-
lated by (25):

dy = |7y = T
(25)

3.7 Workload structure

The calculation workload of the robot arm
(Figure 14) is obtained by considering the joint limit
(Table 7) and the maximum range in the design due
to the mechanical buffer in the servo motor. The
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maximum range is defined by the farthest point at
which the arm can locate its end actuator. In this case,
the maximum range is 450 mm. The workload cal-
culated for the design is:  Vipa =
0.02965 m3. Since the use of a gear transmission
system with a gear ratio of $2.8 limits the variable to
only the opening, the first joint mainly limits the
variable ¢ to only 64°, but as mentioned above, this
transmission is necessary to ensure that the actuator
is effective during startup, thus helping to implement
an appropriate control system.

final

Figure 14. The workload of the robot arm. Source:
self compiled.

3.8 Final design and construction of
the structure

Finally, the assembly process of each compo-
nent of the robot arm is completed. These materials
are made of aluminum by casting process. After
casting, the parts are refined by machining to obtain
an acceptable surface finish. Finally, the result ob-
tained was a robotic arm that conforms to the design
made in Autodesk Inventor® software and to the
product specifications initially established (Figure
15).

Table 7. The joint boundary on the robot arm

Joint Servo- Variable Minimum Maximum
motor value value
1 HS-322H 0 -32° 32°
D
2 HS-805B ) 0° 180°
B
3 Fukuda 65 -45° 90°
S9206
4 HS-225B 04 30° 30°
B

Source: self compiled.

il
Figure 15. Robotic arm built. Source: self compiled.

4. Discussion

The designed manipulator is developed ac-
cording to the product specifications determined by
customers. In this regard, the design fully meets the
required indicators, all of which are higher than the
set threshold: the workload is initially estimated
to be at least 0.05 kg; after the design process, it is
determined that the actual working load is 0.1 kg,
which is higher than the minimum allowable value.
The maximum range of the arm is estimated to be at
least 0.4 meters; during the design process, the total
range of 0.45 m was determined, which was also
higher than the minimum allowable value. The total
mass of the structure has been determined to be less
than 6 kg, but the final structural mass is 3.2 kg,
which effectively realizes the basic purpose of re-
ducing mass and easy to move equipment. The time
required for periodic maintenance is set to %2 hours
(theoretically according to the modular definition of
arm).

In addition, a wrist that allows the exchange of
end effectors is designed, and a built-in device with
good appearance is obtained. In all cases, the safety
factor of parts is greater than 1.2, forming a structure
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within the range of established parameters. It
must be pointed out that the safety factor of some
parts is greater than 15; this value supports the idea
of continuing the quality reduction process, but
considering the limitations of the existing manu-
facturing process, it is decided not to continue to
redesign the parts. Finally, the required workload is
0.01 m3. The actual value is 0.02965 m3, higher than
expected.

5. Conclusion

This paper introduces a design method of robot
arm, which includes defining 12 design specifica-
tions according to customer requirements. Six de-
sign concepts are generated and evaluated according
to two evaluations: one is qualitative and the other is
quantitative. The concept that can best meet the ini-
tially proposed customer needs is obtained.

The size and optimization of each arm com-
ponent are based on three criteria: the minimum
safety factor of each component, the manufacturing
feasibility of available machines and tools, and the
appropriate quality to ensure the capability of the
actuator. This process is realized through two types
of analysis and calculation tools: mechanical event
simulation (dynamic simulation) to obtain the
maximum load and torque of each component when
following the critical trajectory; the stress analysis is
carried out by finite element method, especially at
the critical position of high load and high bending
moment. After seven iterations, the size of each part
was modified and evaluated according to the above
two analyses, and a low-quality optimized structure
meeting the defined criteria was obtained.

In addition, dynamic simulations were per-
formed to verify that the torque applied by the actu-
ator was sufficient to move along all possible tra-
jectories on the required speed profile.

In addition, the direct kinematics modeling is
carried out by using Denavit-Hartenberg formula,
and the inverse kinematics modeling is carried
out by using geometric method. By comparing the
application results with the results obtained by
computer simulation, the obtained equation is veri-
fied. The simulation allows the CAD model of the
arm to be established with different joint variable

values to determine the final position and direction
of the arm. It also defines the transmission ratio,
joint boundary and workload at the joint according to
the structural characteristics of the actuator, which
also meet the expected volume.

The structure of the manipulator is established
and assembled with aluminum as the constitutive
material and casting and machining as the manu-
facturing process. The obtained structure meets the
size and quality requirements determined in the
previous design stage. Finally, it must be pointed out
that the future work aims to develop the electronic
structure, architecture and control system of arm
debugging.
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