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Abstract

This paper discusses the development of a prototype industrial robotic arm. This work is related to the previous project where a seven-
degree-of-freedom (DOFs) three fingered robotic hand has been developed for grasping work. However, the working range for the task
was just limited to within working range of the robot hand, thus a robot arm is required. The objective of this work was to determine the
design of the robot arm’s link and joint, components and actuators. The 4-DOF robot arm has four joints to imitate a human upper arm
namely joint 1, 2, 3 and 4 that rotate around x, y, and z axes, respectively. The joints move four arm links to get the required posture of
the wrist that will be assembled with the hand in future application. The investigation of the components and mechanism was i mplement-
ed to make sure that they matched in terms of the dimensions and capability to lift the load. DC geared motor with the calculated torque
has been selected as the actuators of the four joints. Spur gear was chosen to increase the motor torque by 4:1 ratio due to the unavailabil-
ity of higher torque low cost motors to lift 2.635 kg of the required payload. 3D mechanical design and simulation using SolidWorks
software application were repeated several times to confirm the link-joint motion before the final design proceeds to the fabrication step.
Fabricated arm was tested for movement using the control system from a separate study to observe the feasibility of the design. It can be
observed that the joints and links were able to move according to their desired positions except joint 1 that is due to the heavy steel mate-
rial of the spur gears that has caused misalignment of the gears during rotation. Replacing these gears with nylon or ABS material is ex-
pected to solve the problem in the next study. Overall, the constructed robot arm proved that the proposed design is able to achieve the
design requirements and practically moved in several postures in real time. With minor modification, it will be a good reference for the

development of the actual sized arm for the existing hand in the next study.
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1. Introduction

Robot technology is becoming an integral part of the global econ-
omy. Innovations in robotic design and application prove the po-
tential of robot technology to change the quality of human lives.
The application of robots in industry has been widely expanded to
increase productivity and save labour cost. These robots are built
with different structures to execute specific task controlled by
computer programming to create different robot movements or
trajectories in manipulating the products on the assembly line.

The general structures of robot are namely the articulated, Carte-
sian, cylindrical and spherical types. Articulated is a kind of robot
that is capable to rotate its joints on X, Y and Z axes. It is typically
applied in automation industry which requires strong arms to lift
up heavy payloads and flexible movement of the joints for the end
effector to reach large working space. Robots built with the other
types of structures have the combination of between revolute and
prismatic joints and are being used for different applications de-
pending on the features and capabilities of the robot itself.

In a robot design, the structure and characteristic of a robot de-
pends on its application for work. This will help to decide on the
dimension, structure and types of hardware that the robot should
have including the limitations that it could bear. A neurorehabilita-
tion wire-based robot [1] for instance is built to assist post stroke
patients in their recovering treatment. Three wires that are inde-

pendently driven by three different motors are connected to the
patient's upper limb by means of a splint and supported by a trans-
portable frame. By controlling the wire length, patient needs to
follow the arm trajectory set by the therapist through a simple
teaching-by-showing procedure.

Meanwhile, some robots are built to be driven by pneumatic ac-
tuation [2-3] rather than using electric motors. Pneu-WREX [2]
improves the previous Wilmington Robotic Exoskeleton (WREX)
device that has limitation in assisting patients for wide range of
forces when doing natural movements. Meanwhile, Chen et al. [3]
proposed a soft manipulator that is built from the design of linear
soft actuator which is based on compression and expansion of
pneumatic cylinders to rotate the joints. The low-cost actuator was
built into the arms of a 6-DOF manipulator for validation test to
study the force-pressure behavior between the actuator’s cable and
supplied air pressure.

A dual-arm exoskeleton robot was used to validate an adaptive
impedance control scheme to capture the unknown external forces
applied to the first arm that acts as the master to move the second
arm as the slave [4]. Smart Portable Rehabilitation Exoskeletal
Device also called SPRED is a rehabilitation device that assists
therapy treatment of patients with disabled arm. It is developed to
be portable, tele-operatable, and has good interfaces for both pa-
tients and therapists [5]. Chun-Ta and Hoang-Vuong developed a
new stair-climbing robotic wheelchair that could assist disable
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person to ascend or descend stairs [6]. This type of robot consists
of rotational multi-limbed structures that are rotated by epicyclic
gear trains. Another rehabilitation robot was developed to inte-
grate an arm support system to an existing lower limb exercise
device for cerebral palsy patients [7]. They applied position and
force control in order to obtain accurate movement of arm and
safe interaction with patients.

In this study, a prototype 4-DOF arm was designed with multiple
limbs actuated by individual DC motors. The size of the prototype
is made 1.5 times smaller than the actual arm that will later be
built for an existing 7-DOF fingered robotic developed in a previ-
ous study [8]. The application of this robot is to be used with the
hand to assemble small parts in the assembly line within a spheri-
cal geometry of the working envelope. The articulated joints are
arranged for rotations in the direction of X, y and z axes of the

robot coordinates.

2. Methodology

The arm development involved two phases which are the investi-
gation of the structure and components, the design and simulation
of the arm.

2.1. PHASE 1: Investigation of robot components and
structure

The structure was first decided based on the intended application.
In this case, the robot is required to imitate the posture of a human
arm when manipulating small things with their hands while not
exceeding 5 DOF to reduce the cost. The reason is because the
manipulated object will be small in size and expected to be placed
on a table near to where the robot will work. However, the robot
joints should be flexible to rotate in three dimensional directions
in the robot space.

The n-th joint is counted from the origin O towards the end effec-
tor as shown in Figure 1. The joints are labeled as J1, J2, J3 and J4
which rotate around x, y, z and x axes, respectively. Each joint is
connected with Iy, Iy, I3 and I to construct a simpler version of
human upper arm which is from shoulder to elbow.

I3

Fig. 1: Structure of robot arm

Next, based on the decided robot structure, the dimension of each
link and weights of both links and joints were approximated.
These were then used to calculate the required payload to calculate
the motor torque. Sufficient motor torque is important to make
sure that the actuator could lift each link independently. Therefore,
the motor torque calculation was used to purchase the type of
motor equipped with encoder. Spur gears with different ratios
were selected as a mechanism to multiply the motor torque due to
the unavailability of sufficient torque and cheaper motor in the
market. To work with the gear and motor shaft rotation, suitable
size of bearing was selected.

2.2. PHASE 2: 3D mechanical design of arm

SolidWorks application software was used to draw the robot arm
in 3D view. It is important to set the axis direction at the first
place to ensure that all parts are designed related to the correct
angle of view. The dimension of the arm needs to consider the
size of the actual motor, bearing and gears available in the market
as determined in the previous step. The links were designed in
different thickness to hold the weight of the DC motor and to be
connected to the gear or shaft from the previous motor. Every
designed arm part including the motors, bearings and gears must
match the dimension of each other to ensure that the torque from
motor can be transferred efficiently. Example of the sketch for the
first link is shown in the following Figure 2.

When the design is completed, all parts were assembled through
matching processes for simulation to confirm the feasibility of
rotation by each joint. In the case where the result does not fulfill
the design requirement, redesign of the affected part has been
carried out. Once the simulation is satisfied, the arm design was
sent for fabrication.
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" Fig. 2: Link L sketched by using SolidWorks
3. Results and Discussion

3.1. Selection of motor torque

Table 1 shows the selected type of DC motors according to the
design requirement in terms of dimension and rated torque. Plane-
tary gear was embedded inside these motors to gain the torque and
speed. Based on the total weight of links, joints, components and
length of links, the required torque must be not less than
6.458Nm. However, since the torque of IG42E is just 1.96Nm,
gear ratio of 4:1 was selected to multiply the torque to 7.84Nm.
Similarly, suitable gear ratio was selected for joint 2 to achieve the
required torque of 3.92 Nm.

Table 1: DC Geared Motor Specification

Model of DC Motor

1G42E — 104K 1G32E — 100K
Voltage (VDC) 12 12
Rated Torque (N.m) 1.96 0.66
Rated Speed (RPM) 63 60
Rated Current (mA) 5500 900
Weight (g) 360 267
Shaft (dia x ) (mm) 8 x 20 6x16.3
Biersienlapgivdy) 45 %45 x 131.9 32x32x103.3

(mm)

3.2. 3D mechanical design and fabricated arm

The robotic arm has 4 links that are connected to separate joints
for the rotation around x, y, z and x axes, respectively. Figure 3
shows the design of all four links. The parts have been successful-
ly mated and simulation results confirmed the working range of
each link followed the requirement by user where all joints were
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able to rotate according to their respective axes related to the robot
coordinates.

. — (e) Assembled
(c) Link 3 (d) Link 4

Fig. 3: Robot design on SolidWorks

Next, the confirmed design was used to fabricate the arm by FDM
technology using Acrylonitrile Butadiene Styrene (ABS) material
due to similar light weight but lower cost compared to Nylon.
Figure 4 shows the fabricated links of the arm.

-

(a) Link 1 (b) Link 2

(c) Link 3
Fig. 4: Fabricated link

(d) Link 4

Together with the fabricated links and all joints’ components con-
sisting of the DC geared motors, spur gears, metal key hubs and
brackets, the assembled arm is shown in Figure 5. In this figure,
the arm is positioned at its initial posture.

Fig. 5: Assembled robotic arm

L Lo

Consequently, the assembled robot was tested in a real-time exper-
iment to observe the movement of all links and joints as shown in
Figure 6. The motors of joint 1 and 2 were directed 90° position
while the motors of joint 3 and 4 were directed to 180° position.
They were moved from the initial position to the desired position
and after few seconds returned to their initial position. The posi-
tion transient response of the motor is shown in Figure 7. The
feedback control study which was implemented in a separate work
used PID to make sure that the motor tracks the desired positions
at all time. From the figure, it can be observed that all motors
were able to move according to the desired positions (indicated by
blue lines) as measured by encoders for the actual response indi-
cated in red lines.

Fig. 6: Real-time testing for joint rotation

However, for concurrent movement of the joints, it can be ob-
served that joint 1 has faced misalignment in its rotation that re-
sulted to error in its position. This is due to the unsuitable ar-
rangement of the gears and bearing bracket which only allowed
the vertical placement of the gears. This is worsened by the heavy
steel material of gears which caused high gravitational load ap-
plied to the rotating gear that failed the rotation. Furthermore,
vibration of the links can be observed when all joints moved con-
currently due to inertia of the arm body. Further modifications on
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Fig. 7: Transient response of each joint
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4. Conclusion

In developing a robot design, it is important to determine the
structure of the robot, the type of actuator based on the required
payload, the mechanism for the joints, and the type of material
according to the intended application required by user. In this
study, a 4-DOF prototype robot arm was developed to imitate a
human upper arm which is from the shoulder to elbow. The select-
ed DC motor and its mechanism have successfully moved all
joints according to their desired position except joint 1 due to the
mechanical problem caused by the unsuitable placement of the
gear and the bearing bracket. Therefore, the design needs further
corrections to make space for the bearing and gears placement,
change of gear material and slight modifications of the joint de-
sign in the next study.
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