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Industrial revolution 4.0 has affected many industries, including warehouse
management. Warehouse management so far has progressed with the
introduction of automation, i.e. using warehouse robots to improve the flow of
the warehouse management. This work discusses and builds a 3D-printed
warehouse robot prototype in the form of mobile manipulator with mecanum
wheel. The mecanum wheel is chosen for better kinematics movement. The
prototype warehouse robot is designed to accept command wirelessly through
Bluetooth via an Android application. The prototype robot was successfully built
and tested. The movement test shows it can move freely in any direction due to
the mecanum wheel. However, the robot still has poor repeatability and
reliability. Based on the result, the prototype can serve as a basis for an
affordable warehouse robot, and the future work to improve the repeatability and
reliability of the robot is strongly encouraged.

© 2024 Journal of Applied Science and Advanced Technology. All rights reserved

Introduction

A warehouse is known as an industrial building that
has the main function to store and distribute goods
in an efficient manner to the customers [1]. As
consumption increases, so does the size of the
warehouses. In addition, according to van den Berg
and Zijm [2] and Shah and Khanzode [3], 60% of
the warehouse costs attributed to Order Picking
activities, which around 70% of the activities are
attributed to travelling and searching for items.
Therefore, increasing efficiency in this section of
the warehouse system may save a great deal on the
overall operational costs of the warehouse itself.
One of the proposed solutions to increase the
efficiency in warehouse operational costs is to use
automation, such as robots. Several preprogrammed
and autonomous robotic technologies have already
been studied and even commercialized in warehouse
and supply chain industries [4-6].

The autonomous framework and system that
currently gains attraction in warehouse is called
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Robotic Mobile Fulfillment System (RMFS), which
was first introduced by KIVA Systems [7]. This
system is used in major retailers such as Amazon
and Alibaba [8]. In addition, there are also
companies that offer RMFS in terms of
Autonomous Mobile Robots (AMRs), which use
advanced sensors and computation algorithms to
plan routes [6,9]. However, most of the solutions or
designs offered by these companies use
conventional wheel system, which may be restricted
in terms of maneuver agilities [10].

Some studies have reported methods to improve
restricted conventional wheel system. These
improved wheel systems are usually called
omnidirectional wheels that allow the robot to move
in any direction without reorientation [11].
Mecanum wheel is one of the typical
omnidirectional wheel designs. Mecanum wheels
have rollers that are typically positioned + 450 [12],
which allows it to have 3 degrees of freedom (DoF),
namely steering drive, roller motion, and vertical
axis turning slip. This allows the system to have
better maneuvers than that of the conventional
system, especially in tight spaces. However, this
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wheel system may also have disadvantages, which
other studies have tried to solve.

A study by Mutalib and Azlan [13] presented the
kinematic and the dynamic modelling of the
mecanum wheels. It showed several improvements
compared to other studies to solve problems in the
mecanum wheels, such as slippage, mass and
friction, and noise of the sensor. Sun, et al. [11] had
proposed improved control schemes to solve
tracking accuracy and control robustness for a
system that uses this wheel system. In addition,
Leng, et al. [14] proposed another design called a
Flexible Spoked Mecanum (FSM) wheel. This
design allows the robot to have unique movements
that could be used in unstructured terrain. With
these advantages and improvements, a mecanum
wheel system can be used as the main wheel system
to allow it to have superior maneuver in tight space
in warehouse.

Besides RMFS, another technology that may be
used in the warehouses or manufacturing industries
is robotic arms. Robotic arms can be equipped with
modules that can be used according to the user’s
requirements. One of the modules that can be
equipped to the arms is picking module to pick and
place objects, as demonstrated in [15-17]. Chih-
Hsing Liu, et al. [15] designed a topological
improvement of compliant fingers to pick
vulnerable objects that fabricated by a 3D printing.
Sobhan and Shaikat [16] designed an automated
scheme that uses a 5 DoF robotic manipulator
equipped with pick and place module for
warehouses. Another study that uses pick and place
module is by Wang, et al. [17] who designed a
sorting system that uses RRT-connect algorithm for
the robot's motion planning. Studies have shown
that robotic arms with pick and place modules can
repetitively perform tasks with high degree of
precision.

Both RMFS and robotic arms technology give
improvements to warehouse technologies have
reportedly improved the efficiency of the robot
application in the warehouse. However, these
systems are usually implemented individually.
Therefore, a robot with a mecanum wheel system as
the main wheel system to have superior maneuver in
tight space in warehouse combined with robotic arm
having pick and place module is developed. This
paper foresees the combination provide the
advantages of both RMFS and robotic arms into one
system. The robot is then tested for its performance
by calculating the repeatability and reliability. The

robotic arm on the robot allows the robot to grab an
object, and the RMFS system allows it to transport
while carrying the object. Besides, the use of the
mecanum wheels allows the robot to maneuver
better in tight spaces than that of the conventional
wheels.

Research Methodology

Figure 1 shows the flowchart of the methodology
used for the present work. The methodology used in
the present work was adapted and modified from
Dejan [18]. Each of the methodological steps are
explained in their respective subsections.

Start

Designing the Robot ](—
¥

[
[ Designing the Control }
[
[

Movement

¥

Designing the Android App]

v

Testing the Robot ]

ls It Repeatable
and Reliable?

( End )
Figure 1. The flowchart of the
methodology of the present work

research

Adapted Design

To achieve the purpose of the study, the author has
adapted some of the design process from Shigley’s
Mechanical Design book with few changes in the
name of the process. The processes include problem
definition, research and literature review,
prototyping, analysis and experiment, and evaluation
[19]. In this our initial study of the warehouse
robots, we adapted the design of Dejan [18] with a
few modifications to make the prototype work
properly to account for the mechatronics
components with the wiring system. The robot is
divided into two main parts, which were 3D-printed
for fast prototyping [20]. The first is the base which
is the body of this mobile robot. The body served
two functions, the compartment for the Arduino
controller and electronics parts, as well as the frame
to mount the stepper motors to motorize the
mecanum wheels. The second main part is the robot
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arm. The modified adopted design of the complete
mobile robot arm is illustrated in Figure 2.

| Upper Arm |

Lower Arm

Mecanum Wheel

Figure 2. Mobile arm robot

| Pin and Dovetail Joint |

The common design of mecanum wheel that is
already available in the market and created first by
Bengt llon was used. The mecanum wheels were 3D
printed using fused deposition modelling (FDM) 3D
printing in order to lower the cost of purchasing
[20]. The conventional design of the mecanum
wheel was employed. It used the common 45-degree
angle between each roller and the central axis, and
the rollers can move freely [21]. In detail, the
exploded view of the mecanum wheel design can be

seen in Figure 3.
/—| Coupler + M4 Nut I
®

|—| M4 x 45 mm Bolt |

Figure 3. Exploded view of the mecanum wheel
design

Control Movement

The configuration of the mechatronics system
played an essential role for the robot. The main
microcontroller chosen for the project was an
Arduino Mega 2560 with a CNC Shield V3 module
attached and four DRV8825 modules to control the
motors. The motor used to control the movement of
each wheel was NEMA 17 stepper motor. Besides,
six servos were used to control the movement of the
robotic arm. There are two types of servos used for
the robotic arm, which were micro and standard size

servos. The micro servos were used for the gripper
and wrist of the robot, while the standard servos are
used in upper arm, lower arm, and waist.
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Figure 4. Circuit diagram for the warehouse robot

Besides the components to control the movement,
there were also components to allow the user to

control the robot. We used HC-05 Bluetooth
Module to control the movement of all the
components. This module allowed wireless

communication through Bluetooth from the user’s
machine, such as smartphone to the Arduino Mega
2560 controller. Lastly, the electronic component
required for the project is the battery. The battery
chosen for this project was a Lithium-Polymer (Li-
Po) battery with 11.1 Volt rating. The circuit
diagram of each component used in this project is
presented in Figure 4.

Android App Design

An Android app was developed to ease the user in
controlling the robot. This app was designed to
control the robot with Bluetooth signal which was
connected between the Arduino board and the app
from a smartphone. This app was developed by
using online freeware software developed by
Massachusetts Institute of Technology (MIT), called
Applnventor. The base code of the app was taken
from template created by Dejan, a creator of How-to
Mechatronics website [18], which was modified to
match the system of warehouse robots. The designed
user-interface for the Android app is shown in
Figure 5. Each button from the app represents a
specific signal that is sent from the smartphone to
the Arduino board inside the robot through
Bluetooth signal. This signal is received by the
Bluetooth module on the Arduino and converted to
an electrical signal that commands the action.
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Figure 5. App interface when run in smartphone

Repeatability and Reliability Calculations

In order to measure the robot performance, the
repeatability and reliability of the robot movements
were performed. The robot was given a task,
moving from a fixed start point to a fixed end point.
The travelled distance x; were recorded. The task
was repeatedly few times, where the i signifies the
number of repetition index and N is the number of
repetition test. From the result, the standard
deviation s and relative standard deviation %RSD
were calculated. The lower of both values were
considered the better. The formulas for calculating
standard deviation and relative standard deviation
were presented in equations (1) and (2),
respectively. Both standard deviation and relative

standard deviation required average distance value
of the measurements, which described in equation

(3).

s= 150 - 072 (1)

%RSD = (1) x 100% @)

S
v

1

X =YX ®)

Result and Discussion

This section covers the prototype test with control
and movement test, then proceeds with the
calculation of repeatability and reliability of the
robot.

Tested Prototype

Figure 6. Assembly prototype of the robot

The assembled prototype of the robot is shown in
Figure 6. The body, robotic arm, and the wheel of
the robot were 3D printed using polylactic acid
(PLA) material. The body, specifically, was divided
into two parts due to the limited capability of the
printer. These parts later were joined by employing
sliding dovetail joint to minimize the needs of
mechanical fastener due to dovetail joint’s simple
and strong design [22,23].

Control and Movement Tests

There were several tests performed on the robot.
These tests were mainly divided into two, which
were control and movement, and repeatability and
reliability tests for the robot. This section explains
the control and movement tests. The control tests
were conducted through the Android app which also
tests the Android app, the Bluetooth signal, and the
capability of the robot to response to the signal.
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Subsequently, the tests were performed to examine
the mecanum wheels and robotic arm movements as
intended by the controller.

The control of the robot, as previously stated, was
achieved by the Android app wirelessly, by sending
Bluetooth signal. From the conducted test, the
Android app could signal the microcontroller to
control the movements of the robot. Besides, the
Android app also had the capability to record the
path of the robot mobility, as well as the robot arm
specific movement. This allowed the robot to repeat
the saved path and arm movement without user
input. These had already been successfully tested
with the Android app. The next test was to test the
movement of the robot of the mecanum wheel and
the robotic arm.

Figure 7. Wheel movement tests on carpet (above)
and paper (below) surfaces.

The test for the mecanum wheels was to test the
maneuverability due to their unique steering system.
In order to turn or rotate, the combinations of the
four mecanum wheels must be achieved. Hence, the
surface and the four—wheel traction play an
important role for the steering system to work [11—

14]. The test was conducted on a carpet and a paper
as they had different surface roughness’s, as shown
in Figure 7. The speed used for the test was 250
steps/second of the stepper motors. This employed
the rate of 200 steps per revolution or 1.8° per step.
The test was performed by moving the robot
forward, backward, sideway, and diagonal. The
result of the test showed that the carpet gave a better
grip compared to the paper, as the wheel was
slipping in paper when performing the diagonal
movement. However, since the carpet was soft,
uneven and might get folded, it disturbed the wheel
movements as it might also clog the rollers of the
mecanum wheels. Therefore, it was recommended to
use the robot on rough but rigid surfaces, such as
concrete floors. The 3D-printed rollers also
contributed to the poor traction. Rubber roller is
strongly  recommended, due to  rubber’s
viscoelasticity and friction that can increase traction
and grip [24-26].

In addition to the mecanum wheels, the movement
and function of the robotic arms were also tested.
When tested through the app, each of the servos
acted accordingly to the controlled input. However,
the standard servos did not response as well as the
micro servos. This happened due to insufficient
power supply since the single battery was used to
supply electricity to all electrical components in the
robot, as each of the servo required 5V with
minimum of 1000 mA DC current to work [27,28].
Therefore, it is recommended to use a bigger and
more suitable power source for the robot to work
properly. This project also tested the gripper
performance. However, since the surface of the
gripper is smooth, then it only can grip object with
certain roughness.

Repeatability and Reliability Tests

As previously stated, there were two main types of
tests in this project, namely control and movement
test, and repeatability and reliability test. The
repeatability and accuracy tests were performed by
moving the robot one meter forward by using saved
path data. It was then measured the offset. The tests
were performed three times with ten cycles in each
test. The test results are presented in Table 1.

Table 1. Repeatability and reliability test results

1 Test 2™ Test 3 Test
X 4.850 mm 5.436 mm 3.027 mm
S 1.827 2.979 1.485
%RSD 37.67% 54.80% 49.06%
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As shown in Table 1, the first test shows the lowest
relative standard deviation, which means that that
specific test has the highest repeatability among
other tests [29-31]. However, since each test gives
wide ranges of relative standard deviation among
each other, we conclude that the robot has poor
mobile reliability as the reliability itself referred to
as the consistency of the results of the test [29,32].

There are two solutions that can improve the
repeatability and reliability of the robot as the
extension of the study. The first extension is to
study the kinematic movement and improve the
formulation of the kinematic movement itself. The
improvement of the kinematic formulation can
improve the accuracy and precision of the
movement [11]. There are several studies that have
been done on the improvement of kinematic
formulation and algorithm [11,13,14,33]; however,
it may not be suitable for this specific case. The
second extension is to study the signal from the
Android app to the microcontroller through
Bluetooth. This may include the study of how the
signal can be improved, the latency can be
decreased, and the reliability of the signal.

Conclusions

This paper tried to develop an automated robot to
optimize these activities by using the robotic arm
with mecanum wheels for easy mobility. The
adopted design prototype was 3D-printed using
PLA material. The user could use an Android app
that was designed to control the robot sending
Bluetooth signal. Several tests were performed on
the robot: the app, the movements, and the
repeatability and the reliability. The tests showed
that the movement of the robot was successfully
controlled using the Android app. The movements
include forward, backward, sideway, and diagonal.
However, diagonal movement of the robot has poor
performance, due to slipping in some surfaces.
Besides, the movement and gripping performance
were also tested for the robotic arm, which resulted
in difficulties gripping objects with low roughness.
The repeatability and reliability of the robot
mobility showed poor performance due to wide
ranges of relative standard deviation between tests.
To improve wheel traction, rubber rollers and rigid
surfaces are strongly recommended. Besides, it also
recommended to extend the study by studying the
kinematic formulation for the specific case and
signal send from the Android app to the
microcontroller through Bluetooth to improve the
accuracy and precision of the robot.
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