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DESIGN AND DEVELOPMENT OF LATEX CUPS COLLECTOR ROBOT V3
(MECHANICAL)

ABSTRACT

Rubber is widely used in the production of products such as gloves, tyres, and
mattresses, and the demand for rubber products is increasing over time. Nonetheless,
global rubber production has declined in recent years due to a variety of factors,
including both environmental and human factors. The lack of manpower in latex
collection is one of the main reasons for the reduction in rubber production. This
project developed an automated robot prototype that collects latex cups in order to
improve global rubber production by assisting workers in rubber plantations. The
robot was designed on a mobile platform equipped with a motor-driven Five Degree
of Freedom (DoF) manipulator arm, Ackermann steering, double wishbone
suspension, rear-wheel drive and a latex storage tank to store the latex collected from
the trees. The robot was equipped with ultrasonic sensors to locate latex cups and
rubber trees so that it could move and perform tasks accurately. In addition, encoder
sensor modules were used to improve the accuracy of the movements by measuring
the rotational speed of the motors. The yield strength of the PLA plastic material
used in developing the latex cup collector robot is 7.00 x 10’N/m? and the maximum
stress of the critical parts should not exceed the maximum yield strength of the PLA
plastic. The robot prototype has gone through tests such as a mobility test, a static
test and a balance test to test its functionality and stability. The height of the barrier
used to conduct mobility test is 10mm and 15mm. Other than that, the robot
prototype has also performed test runs to validate its control system. These findings
demonstrated that the prototype design is workable and capable of carrying out

fundamental duties automatically on the uneven terrain of the rubber plantation.
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CHAPTER 1

INTRODUCTION

1.1 Background

Technology has developed and evolved significantly over several decades,
revolutionising many different fields and industries and these technologies are
employed in our daily lives. One of the technology advancement is robotics.
According to Moravec (2022), robots are machines that run autonomously and are
able to eliminate the need for human labour to carry out tasks. Even though the
appearance of robots does not look like humans, they can carry out activities in a
way that is human-like. The term "robot™ was first used in the play R.U.R. (Rossum's
Universal Robot) by Karel Apek (1920), which was taken from the Czech word
“robota” with the definitions of "forced labour" and "serf". According to The Robotic
Industries Association (RIA) (2017) and to Inc. (2020), described robots as
"reprogrammable, versatile manipulators designed to move material, parts, tools, or
specialised devices through variable programmed motions for the performance of a

variety of tasks".

The agricultural robot being developed in this project is a latex cup collector
robot, which is categorised under "mobile" and "service" robots. According to Ben-
Ari (2018), depending on operating environments, robots are often divided into fixed
robots and mobile robots. These two distinct robot types demand quite different
capabilities due to their highly varied operating conditions. The majority of fixed
robots are industrial robotic manipulators that operate in environments that have been

specially designed for robots. Robotic manipulators are now employed more



frequently in less regulated environments, such as highly precise surgery, as sensors
and technologies for human-robot interaction get more advanced. Mobile robots, on
the other hand, can manoeuvre and carry out duties in huge, vague, and unpredicted
settings that were not created with consideration of robots. They must cope with
circumstances that are uncertain and ever-changing. Robotic vacuum cleaners and
self-driving cars are two examples of mobile robots. Additionally, industrial robots
and service robots are two other categories of robots. Industrial robots carry out
production-related activities in predetermined environments, whereas service robots

help people in completing work.

According to Uribe-Holguin (2020), as reported by the International Labour
Organization, the number of people employed in agriculture has decreased
dramatically from 44 % in 1991 to 21 % today. An increase in larger farms due to
market consolidation and investment in machinery and technology has led to such a
workforce exodus. The agricultural sector has always required a lot of human effort
to finish tasks. With the implementation of automation, the quality of crops produced
can be raised by reducing variation and increasing consistency. Besides, automation
is also required to maintain operational continuity due scarce labour supply and high
labour expenses. Furthermore, according to the Robotic Industries Association (RIA)
(2017), the UN predicts that there will be 9.7 billion people on earth in 2050. The
demand for food and other natural resources will increase significantly, and farmers
will be under tremendous pressure to meet the demand. Farmers' output yields can
increase with the development of agricultural robots. For example, rubber is highly
demanded as it can be used to produce various types of products such as gloves, tyres,
footwear, mattresses, and so on. Therefore, due to the wide range of opportunities
rubber can provide, it is crucial to invest in agricultural robots for rubber plantations.
The development of automatic latex harvest is crucial for the rubber industry to get

over the development snag.



1.2 Problem Statements

The rubber sector encompasses natural rubber which is produced from the latex of
plants, as well as synthetic rubber, which is a man-made material created from
petroleum. 93 % of the natural rubber produced worldwide is produced in Asia, with
Thailand topping the list, followed by Indonesia and Vietnam. Other countries such
as India, China and Malaysia are also significant rubber-producing countries in Asia
(Dublin, 2020). Based on the data provided by the Malaysian Rubber Council (MRC)
(2021) from year 2020 to year 2021, global production and consumption of rubber
grew by 7.3 % and 10.6 % respectively. Although both production and consumption
of rubber resulted in a huge increment, however the total rubber production is 29.4
million tonnes and the total rubber consumption is 29.7 million tonnes. This shows
that the demand for rubber is much higher than the amount produced which leads to
shortage of raw materials for rubber industries to produce goods. Malaysia, as one of
the largest rubber producers around the world, saw a slight reduction of 4% in rubber
production and an increment of 4.8 % in rubber consumption from year 2020 to 2021.

Malaysian rubber consumption has surpassed Malaysian rubber production over the

last five years.
Growth -14.4% 6.1% -10.0% -4.0%
880.3
16% 7532 799.1 3
20% 190 690.4

=
Z

2017 2018 2019 2020 2021
. Natural Rubber - Synthetic Rubber

Figurel.1: Rubber Production in Malaysia from year 2017 to 2021 (in thousand
tonnes) (Source: MRC, 2021)
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Figurel.2: Rubber Consumption in Malaysia from year 2017 to 2021 (in thousand
tonnes) (Source: MRC, 2021)

The issues that led to Malaysia’s low rubber production are discussed below.
The major factor that leads to low rubber production is the reduction of a significant
amount of the work force (Wang, 2022). The root cause of the reduction in the work
force on rubber plantations is the health problems of workers. Each worker is
required to chop up to 500 trees every tapping morning, which is between 2 a.m. and
6 a.m., when the latex yield is higher. Workers still needed to gather each tree’s latex
after their breakfast. Their health issues could be put in danger by demanding such a
heavy physical workload (Zhou, 2021). Musculoskeletal disorders are one of the
most significant health issues present among labourers on rubber plantations. As the
land of the rubber plantation is uneven, the workers will require more energy to
maintain balance when they tap and collect rubber latex. In addition, most of the
rubber tappers are old, and some of them may be overweight (Doi, 2014). The
number of young individuals working in agriculture is still quite low. The primary
reason behind this phenomenon is that the work in agriculture is tough, challenging,
and low-profit (Borneopost, 2019). This has led to a lower performance of the rubber
workers and resulted in lower rubber production (Doi, 2014). Furthermore, the
coronavirus outbreak resulted in a spike in demand for natural rubber products such
as latex gloves and other latex medical products (Ginger, 2021). Rubber plantations
are a labour-intensive sector. However, as the containment measure went into force

by restricting economic activities and affecting livelihoods due to the COVID-19



pandemic, the number of workers allowed to work was limited, which led to low

rubber production.

1.3 Aims and Objectives

Below are the objectives of this project:

i.  To build a mobile robot with a 5 Degree of Freedom (DoF) motion robotic
arm that can move across a variety of terrain surfaces and pick up the latex
cup from various heights.

ii.  To study and analyse the robot prototype design by utilising Solidworks’s
Finite Element Analysis (FEA) and Motion Study Analysis.

iii.  To create and build a functional robot prototype using a 3-Dimensional (3D)

printer.

1.4 Scope of Project

The project scope is to create and develop a mobile robot which is highly accurate,
stable and flexible. A latex cup collector robot was created after careful planning,
research, and analysis. The pick, pour, and place repetitive task-perform ability of the
robot prototype was examined. Besides, the robot prototype's stability and

availability were tested on uneven terrain.

The study's constraints were the prototype's size and material cost, therefore,
all the decisions were very prudent. The latex cup collector robot parts were printed
using a 3D printer as the components are in small dimensions and cannot be found on
the market. The sizes of the prototype components were restricted to 200mm due to
the size limitation of the Raise3D N2 printer. In order to stay within the project's

budget, the prototype's design specifications were carefully taken into account.



CHAPTER 2

LITERATURE REVIEW

2.1 Latex

Latex is a white, milky sap that can be found under the bark of the rubber tree. Latex
can be naturally produced by plants and can also be synthesised through chemical
operations. Although the rubber tree is the most well-known source of natural latex,
in fact, all the trees around the world consist of around 10 % latex. Natural latex is a
combination of proteins, starches, sugars, resins, oils, tannins, alkaloids, and gums.
Latex is a protection mechanism for the plant to defend itself against insect attacks.
When latex comes into contact with air, it will coagulate. The latex harvesting
process can be started once a rubber tree reaches maturity, which is around the age of
7 when it is able to produce rubber. The first step in harvesting latex is the tapping
process. The tapping process is to make a small cut in the bark of the rubber tree to
allow splitting of the bark. The splitting of the bark of the tree will allow the latex to
flow out and be collected. The latex will flow into the cup that is fastened to the end
of the tree cut. After that, latex from the trees is poured and collected in a tank. To
keep latex from coagulating after collection, some chemicals are added to the latex
(Liné, 2020).



2.2 Automated Agricultural Harvesting

Agricultural robots are able to conduct repetitive, sluggish, and boring work for
farmers so that they can concentrate on how to increase total output yields.
Harvesting and picking, weed control, phenotyping, sorting, and packing, utility
platforms and autonomous mowing, pruning, seeding, spraying, and thinning are
some of the most frequent tasks performed by robots in agriculture. Harvesting and
picking are two of the most often employed robotic applications in agriculture
because of the speed and precision that robots can achieve. This contributes to
boosting overall output yield and reducing crop waste (ROBOTIC INDUSTRIES
ASSOCIATION (RIA), 2017). According to Gossett (n.d.), several studies have been
done on agricultural robots. Examples of agricultural robots are lettuce harvesting
robots by the University of Cambridge, strawberry harvesting robots by the Co-
founder of Harvest CROO, and weeding machines. In the development of a
strawberry harvesting robot, rather than using a single arm, it utilizes an assortment
of robotic components to select the berries and pack them. The strawberries
harvesting robot also employs computer vision to distinguish between ripe and
unripe berries. In addition, the robot can reportedly pick a crop in eight seconds and

proceed to the next in one-and-a-half, which is speedier than human employees.



2.3 Obstacles in Deploying Agricultural Robot

Increasingly more people are beginning to realise the possibilities of agricultural
automation with the quick advancement of technology, together with the growing
technological robustness and trust-building capability of robots. However, the
agricultural sector has been slower to become automated compared to other sectors.
One of the factors causing the low adoption of agricultural robots is the insufficient
trust of farmers. In contrast to other industries, the agricultural sector has lower
returns and may only have one chance to plant and harvest per year. If the
agricultural robots fail to operate, the farmers may lose their annual income.
Therefore, farmers are cautious about deploying these agricultural robots unless they
have enough technical robustness and reliability to eliminate the potential threats.
Another reason for agricultural robots' low adoption is their high initial cost. The
initial investment cost for robots is still a huge financial pressure for farmers, even
though the cost of purchasing agricultural robots has been reduced over the past few
years. Another cost that may be a burden for the farmers is the maintenance cost of
the robots. In addition, lack of geographical accessibility is also one of the factors
contributing to the low adoption of agricultural robots. Geographical accessibility
issues have been brought on by a lack of IT infrastructure. Although agricultural
robot technology has advanced over the past few years, widespread adoption is still a
long way off. Communication systems such as Wi-Fi, cellular, and so on are one of
the main problems of agricultural robots. Farms are often found in rural areas with
very little infrastructure, which makes it difficult to support communication networks
(Claver, 2022).

The application of agricultural robots is still a challenging task. For example,
a robotic harvesting system for sweet peppers has many obstacles. When confronted
with challenging circumstances such as the existence of dust, varying intensities of
light, thermal gradients, and motion brought on by the breeze, vision systems need to
be capable of finding and accessing the pepper's level of maturity. However,
sophisticated visual technologies alone are still insufficient for pepper harvesting. To
precisely grasp and position a pepper, a robotic arm needs to manoeuvre across
hazardous terrain. When compared to sorting and positioning metal pieces on an

assembly line, this approach is much more challenging. The agricultural robotic arm



needs to be precise to harvest the peppers without damaging them while at the same
time being flexible to adapt to changing circumstances (ROBOTIC INDUSTRIES
ASSOCIATION (RIA), 2017).

2.4 Components of Agricultural Robot

In general, agricultural robots are developed to carry out their "main task," which is
typically a particular agricultural task like seeding, weeding, picking, harvesting, etc.
Agricultural robots are made up of several systems and technologies to function and
complete tasks. Agricultural robots need to be capable of carrying out a variety of
"supporting tasks" such as localization and navigation, object identification, etc., to
complete the "main task". Transfer of data and commands takes place between the
agricultural robot systems, regulating the "supporting tasks" and "main tasks" to
ensure the system operates effectively. The main components for agricultural robots
to be able to function are mobility and steering, sensing, path planning, and
manipulation (Bechar, 2016).

Supporting Task 1:
%

B — (Human-Robot Interaction) Supporting
Supporting Tz?k
Task
4: =) i
Main Task |~ | O
("73’?’PU/af°' (weeding, pruning, detection
trajectory Harvesting, monitoring) \ /
planning) 7 ey
e .
| S Supporting Task 3: LS
N
(localization, navigation)
- (Sensors)  (Mobility & steering)

Figure 2.2: Structure of task sub-systems in an agricultural robot (Source: Bechar,
2016)
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2.4.1 Mobility and Steering

When a mobile agricultural robot system is involved in motion planning, its basic
functionality is seen as a dynamic process that involves contact between the robot
and its immediate surroundings. By interacting with the soil, the steering and
mobility subsystems of the agricultural robots have to work together to manoeuvre
the robot at the right speed and in the right orientation. The development of
agricultural robots must take into account a number of factors, which include the
ability of the robot to function throughout damp environments without becoming
stuck or harming the soil structure and also having a flexible robot frame or platform,
which lowers complexity while allowing all wheels to interact with the ground
(Bechar, 2016). There are a few alternatives for the mobility of agricultural robots,
which include legs, wheels, wings, rail tracks, or drones. Locomotion, steering, and
suspension are the three sub-functions that make up a robot's mobility. These sub-

functions carry out various tasks to construct a whole mobility subsystem.

2.4.1.1 Transmission

The types of transmission that have been proposed for robots are chain drive, direct
drive and differential drive.

Differential drive systems have individual actuators for each of their two
wheels. Typically, the driving wheels are positioned towards the front of the robot on
each side. The benefits of a differential drive system include simplicity and direct
connection of the driving wheel to the motor, which is typically a gear motor, as
most gear motors lack the torque necessary to drive a wheel directly. However, one
of the drawbacks of a differential drive system is that moving the robot in a straight
line is challenging as the wheels are independent. As the driving wheels are
independent, the robot will lean in one direction if they are not rotating at precisely
the same rate. Owing to minor variations in the driving motors, friction variations in
the drive trains, and friction variations at the wheel-ground interaction, it is difficult

to get the driving motors to rotate at an equivalent pace. To make sure that the robot
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IS moving straight, odometry sensors can be used to obtain exact wheel position
information and modify the motor RPM (Costanzo, 2021).

Chain drives can be used to mechanically transmit power from one location
to another. It is commonly used in vehicles like bicycles and motorcycles to transmit
power to the wheels. The most common method of transmitting power is by a roller
chain, often referred to as a drive chain or transmission chain, which travels over a
sprocket gear and interacts with holes in the chain's links as it moves over the gear
(Khurmi, 2005). One of the advantages of chain drive is the ability to prevent
slippage since the teeth on the sprocket properly align with the holes in the chain
links. Due to the absence of slipping, chain drives can transmit power with an
efficiency as high as 98%. However, there are numerous disadvantages of chain
drive which including the expensive cost, the need for cautious maintenance and

potential for velocity variations brought on by excessive stretching (Anjum, 2012).

Direct drive can directly transmit power to the locomotion system and then to
the wheels without the need for transmission components like gears, chains or
pulleys. The advantages of direct drive are low maintenance requirements as there is
no wear on tools, superior dynamic performance and precise positional control.
Direct drive is suitable for straight moving, however, if turning is necessary, the
robot's inner wheels may experience slippage issues or the robot may turn in an
unsteady state due to the varying path lengths of the inner and outer wheels
(Hoogewijs, 2020).

2.4.1.2 Locomotion

There are three types of locomotion that are commonly used in agricultural robots to
adapt to the agricultural environment: leg locomotion, wheel locomotion, and track

locomotion.

Robots with legs for locomotion are suitable in agricultural fields due to their

flexible movements towards the terrain present in the agricultural fields. They are
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incredibly adaptable and can move through a variety of terrain, including rocky and
uneven terrain (Fue, 2020). In the research study by Zhang (2019) about the
implication of head movement adjustment on the goats’ stability, as the slope
increases, the trajectory of the head of the goat (representing the robot platform) will
abruptly fluctuate to achieve balance and stability when walking. When the goat
moves on different slopes, the head of the goat will fluctuate in vertical motion to
achieve stability. The fluctuation increases as the slope increases. This proves that
leg locomotion is not suitable for robots that require liquid transport. Besides, some
of the drawbacks of leg locomotion are poor energy efficiency, a relatively slow pace,
and high complexity and costs due to large numbers of actuators, sensors,
communications, and auxiliary hardware. Furthermore, they are often sluggish and
much less energy efficient compared to wheeled and tracked locomotion robots
(Tedeschi, 2014).

Figure 2.3: Example of leg locomotion system (Source: Tedeschi, 2014)

Wheel locomotion has a high speed, making field navigation faster and more
practical (Fue, 2020). According to research, most agricultural robots use wheels as
their locomotion system, especially four-wheel-drive (4WD). However, local
geographical conditions like rocks and braches have a significant impact on wheeled
systems. Additionally, the frequent movement of these agricultural robots across the

farm could lead to a significant level of soil compaction (Oliveira, 2021). Research
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has been done to resolve the issues of wheel locomotion for travel on unstructured
terrain. For instance, Nakajima (2011) has proposed a wheeled robot with separated
front and rear wheels. The front and rear wheels are separated by two independent
moving axles that can turn in any vertical direction when confronted with obstacles

or moving on uneven surfaces.

Figure 2.4: RT Mover (source: Nakajima, 2011)

Last but not least is track locomotion. It is suitable for operating in soft and
slippery terrain such as sand and mud to prevent sliding as it has a large ground
contact area (Bruzzone, 2022). However, there are some downsides to track
locomotion, which has a slow moving speed and requires a large amount of energy.
Since the lateral track profile of tracked robots is a polygon with moving vertices,
they are susceptible to vibrations and are rarely equipped with dampening
mechanisms, which will restrict the maximum speed and lower mechanical

performance (Bruzzone, 2012).

2.4.1.3 Steering

There are three types of steering that can be applied to robots, including Ackermann

steering, four-wheel steering, and skid steering.
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Ackermann steering is also known as kingpin steering (Hrbacek, 2010). The
Ackermann steering principle serves as the foundation for the steering control system
of a four-wheeled vehicle (Xu, 2021). Robots are able to operate efficiently and
behave well at high speeds by using differential drive systems in conjunction with
Ackermann steering (Hrbacek, 2010). In the Ackermann mechanism, the front
wheels of the vehicle are connected with a tie-rod to allow the wheels to turn at
different angles so that the wheels are independent when turning (Skill-Lync, 2022).
The angle of each wheel will be different during the turning of the vehicle as each
wheel will travel over a different radius, requiring the inner wheel to be slanted more
than the outer wheel (Hrbacek, 2010). Therefore, the Ackermann steering system can
be applied to the coordinated motion control of agricultural robots to greatly reduce
tyre sideslip during turning and travel at high speeds. When the wheels turn, the
angle of the end of the pivot in the double pivot system can intersect at the centre of
rotation due to its alignment with the axis of Ackermann and the centre of the rear
axle (Hrbacek, 2010).

m? H EI% ; }E T Center of
1 rotation
—-L——
R

Figure 2.5: Ackermann steering principle (Hrbacek., n.d.)

Four-wheel steering can also be known as rear-wheel steering or all-wheel
steering. Four-wheel steering will actively direct the rear wheels during the turning
of wvehicles. Four-wheel steering can create near-neutral steering and can
automatically correct an understeer or oversteer issue. In addition, a four-wheel
steering system can allow a tighter turn, enhance the steering response and stability
of the vehicle, and have higher efficiency compared to Ackermann steering (Sundar,
2018). However, a large number of motors are required for four-wheel steering to

operate compared to Ackermann steering. This will increase the weight of robots and



15

power consumption and, at the same time, increase the complexity of control system
algorithms.

Next, the skid steering mechanism is based on the movement of each wheel
of the vehicle in different directions and velocities, which causes the wheels or tracks
to skid or slip. Due to their adaptability and simple design, skid-steered robots will
be significant in agricultural robotics. However, the inherent non-linearities of skid
steering have caused the design of the controller to be extremely challenging.
Besides, because of the abnormalities in the agricultural land, the system’s dynamics
are continually changing (Fernandez, 2018). Another drawback of skid steering is
that it can be challenging to maintain the required speed for all four wheels in order
to travel straight (Costanzo, 2021).

2.4.1.4 Suspension

A suspension is a network of links that joins the car’s chassis to its wheels. The main
function of suspension is to maintain constant contact between the wheels and the
ground, which promotes the stability and traction of the vehicle. The types of

suspension that will be discussed are spring, double wishbone, and Rocker Bogie.

Double wishbone suspension is a suspension system with two control arms
(also known as wishbones) that are connected to the wheel knuckle and spindle. Each
wheel is able to move up and down on the driving wheels because the axle-shafts are
connected to the differential and hub flanges. In front-wheel-drive applications, it
additionally enables steering movement in side-to-side directions. Double wishbone
suspension is usually installed with a shock absorber between the upper and lower
control arms to minimize the suspension bounce (OnAllCylinders, 2017). Double
wishbone suspension provides good stability and consistency for vehicles. According
to research done by Faurox and Bouzgarrou (2011) related to the vehicle with double
wishbone suspension travelling over obstacles, they found out the stability limit of
the double wishbone. They carried out experiments by allowing the robot to travel at

various speeds and heights. The robot with double wishbone suspension is only able
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to travel over low obstacles at high speeds and over high obstacles at low speeds.
This illustrates the non-linear relationship between robot speed and obstacle height.
If the robot travels over low obstacles at low speed and high obstacles at high speed,
it will tip over. To resolve this problem, they suggested using sensors to determine

the height of the obstacles to control the speed of the robot.

The spring is significant in adjusting the inconsistencies of vehicles, keeping
the suspension system at a prescribed height and being able to sustain extra weight
without excessive drooping (Goms, 2011). The coil spring allows the vehicle to
remain stable as it stretches when the wheel moves down and compresses when the
wheel moves up. Dampers, often known as shock absorbers, contain a piston that
goes vertically with the wheel’s movement. By adopting a damper in the suspension
system, the wheels of the robot can still remain on the ground even if the robot is
slanted, which shows that it provides good stability to the robot. However, the robot
is not able to return to its initial position. But the problem of not being able to return
to the original posture can be solved by adding springs to the suspension system with
a damper (Roh, 2013).

The Rocker Bogie is a suspension system developed by NASA, and this
suspension system was implemented in their Mars rover. "Rocker" refers to how the
large links on either side of the suspension system rock when they are in motion,
while "Bogie" refers to the links with a drive wheel at either end. Rocker Bogie is a
suspension system that has stub axles and is springless, which enables the rover to
pass across obstacles that are almost double the size of the wheel diameter while at
the same time maintaining contact with the ground with all six wheels. However, the
height of the centre of gravity has limited the tilt stability of the rover. Besides, the
Rocker Bogie suspension system was made to operate at slow speeds of about 10
cm/s in order to reduce dynamic shocks and subsequent damage to the vehicle when

navigating over large obstacles (Technology Robotix Society, 2019).
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Figure 2.6: Rocker-bogie suspension system (Source: Technology Robotix Society,
2019)

2.4.2 Manipulation

A manipulator is typically an arm-style piece of electromechanical machinery that
can operate in a confined area, and the end of the manipulator is equipped with an
end-effector. Manipulators are categorised based on different degrees of freedom,
joint type, length of the link and length of offset. A manipulator’s main job is to
position its end effector such that the end effector is able to grasp the work object
and to posture it so that it can accomplish the task required. Robotic arm
manipulators are commonly found in industrial robots. However, they are unsuitable
for agricultural use due to their enormous weight, high costs, and high power
consumption. Thus, a manipulator for agricultural use ought to be made in a
straightforward, fundamental manner. The mechanism of the end effector is chosen
according to the task to be carried out, the environment, and the object to be
manipulated. Sensors are required to be equipped on the end effector when it requires
physical contact with the crops to avoid injuring them. This is due to the fact that
crops are normally much softer than normal objects in industrial sectors and crops
come in various sizes and shapes (Bechar, 2016). The manipulator and end-effector
are the two sub-functions that make up a robot's manipulation system. A manipulator

serves as an indicator for the end-effector as it approaches the work item and
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completes its duty. Thus, in order to function precisely, the design concepts for the

manipulator and end-effector should be connected.

2.4.2.1 Manipulator

There are three manipulators that will be discussed in this section, which are

pneumatic manipulators, hydraulic manipulators, and motor-driven manipulators.

Pneumatic manipulators are manipulators that use pneumatic actuators to
operate. Pneumatic actuators produce force when the cylinder moves along the axis
of the piston due to a rise in pressure. When a spring-back force is supplied to the
piston or fluid is supplied to the opposite side of the piston, the piston will then
return to its initial position. Although pneumatic manipulators ensure high accuracy
and repeatability, their efficiency is lower due to loss of pressure and air

compressibility.

Hydraulic manipulators have the same operating principle as pneumatic
manipulators; the difference between them is that the hydraulic manipulators use an
incompressible liquid instead of compressed air. Due to fluid incompressibility,
hydraulic manipulators can maintain force and torque without the pump contributing
additional fluid or pressure. However, the downside of hydraulic manipulators is that

they will have leaking problems, which may lead to damage to components.

Last but not least is the motor-driven manipulator; it can provide higher
precision and operate faster compared to pneumatic and hydraulic. In addition,
motor-driven manipulators are able to control position, velocity, applied force, and
torque. The disadvantage of motor-driven manipulators is that tool wear may occur

due to overheating of the continuously running motor (Gonzalez, 2015).
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2.4.2.2 End-Effector

The two types of end-effectors that will be discussed are electric grippers and

vacuum grippers.

Robotic applications such as pick-and-place and machine tending commonly
employ electric grippers. Electric grippers are ideal due to their moderate gripping
force and high speed. Electric grippers commonly have two or three jaws, which

makes three jaw grippers the best choice when handling cylindrical or round items.

Vacuum grippers lift, handle, and manipulate things using the difference in
pressure between air pressure and vacuum. Vacuum grippers offer the benefit of
being able to handle a range of objects when compared to other grippers. However,
vacuum grippers require additional electricity to operate due to the usage of
compressed air and they are sensitive to dusty environments, which may lead to a

reduction in performance (Universal Robots, 2022).

2.4.3 Sensing

Sensors are utilised in various types of tasks, which include mapping, localization,
navigation, plant detection, and environmental parameter monitoring. They help with
decision making, operations, and the performance evaluation of the robots. There are
two types of sensors: internal sensors and external sensors. The robot's inertia, speed,
and accelerations are measured via internal sensors. For instance, gyroscopes are
used to determine the rotational acceleration. In contrast, external sensors gather
ambient data regarding the state of the system relative to the location of the robot.
Machine vision, GPS sensors, laser radar (LIDAR), and ultrasonic waves are a few

examples of external sensors (Bechar, 2016).
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2.4.4 Path Planning

Path planning is seen as one of the components of navigation, and constitutes one of
the most prevalent and essential "supporting tasks" for agricultural robots. It is
important in the advancement of agricultural robot systems since it determines the
best route for the robot to go from one location to another while also avoiding
impediments in its way (Bechar, 2016). Path planning depends on the crops and
requires the collaborative effort of sub-systems such as manipulators, sensors, and
end effectors to perform effectively. Path panning gets expensive to protect the plants
from damage if the branches are weak or the fruits are extremely delicate and the
degree of freedom of the robotic arm is high. The majority of the agricultural robots
reported using GPS and cameras along with path tracking algorithms to operate
around the farm (Fue, 2020).

2.5 Improvement from Previous Research

According to research done by Kang (2021), a latex cup collector robot prototype
with 3 DoF was being designed and developed. The prototype was able to perform
the actions of collecting, pouring, and placing the latex cup back in its initial position.
However, the availability of the prototype on unstructured terrain was not tested in
this research. Other than unstructured terrain in rubber plantations, the latex cups
may be located at different heights, which cause the 3 DoF robotic arms to not be
able to collect latex cups at different heights. Another research was done by Khor
(2022); a latex cup collector robot prototype with 4 DoF was being developed. The
robot prototype developed is able to collect latex cups at different heights. In this
project, a robot prototype with 5 DoF of robotic arm will be designed and developed
by improving on the previous design. The aim of improving on the previous design is
to reduce the cycle time for the latex cup collecting process. Besides, to improve the
accuracy of the movement of the prototype, an encoder sensor was installed to detect

the angle of rotation of the robotic arm.
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CHAPTER 3

METHODOLOGY

3.1 Chosen Design
Table 3.1 below shows the chosen sub-functions to be used to design the latex cup
collector prototype. Then, the prototype will be designed using software called

Solidworks.

Table 3.1: Selected mechanisms for each design sub-function

Sub-function Mechanism

Transmission Differential

Locomotion Wheel

Steering Ackermann

Suspension Double wishbone and spring
Manipulator Motor Driven

End-effector Gripper

3.2 Design of Robot Prototype and Choice of Material

The robot prototype was created in a 1:10 ratio to the original product. The

prototype's parts were created in scale with commercially available products. The
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selected mechanism for each sub-function will be displayed and thoroughly
explained in subchapter 3.2.

3.2.1 Properties of PLA Plastic Material in Solidworks

A 3D printer will be used to create the final robot prototype design. The material
used in the 3D printer to build the prototype is polylactic acid (PLA) plastic. The
properties of PLA plastic were manually entered into the software for simulation and
analysis as the Solidworks software did not support the PLA plastic material. Figure
3.1 below displays the properties determined by Matweb (2020), including density,

tensile strength, and elastic modulus.

Model Type: Linear Elastic Isotropic +| [save model type in library

Units: SI - N/mm* 2 (MPa) v

Category: | plastics |

Name: | PLA |

Description: I ‘

Source: l ‘

Sustainability: ‘Uﬂdefined Select...
Property Value Units
Elastic Modulus 3800 N/mm#*2
Poisson’s Ratio 0.36 N/A
Shear Modulus 1287 N/mm#*2
Mass Density 1240 kg/m»3
Tensile Strength 60 N/mm#2
Compressive Strength N/mm#2
Yield Strength 70 N/mm#2
Thermal Expansion Coefficient /K
Thermal Conductivity W/(m-K)
Specific Heat 1386 J/kgK}
Material Damping Ratio N/A

Figure 3.1: Properties of PLA plastic material in Solidworks
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3.2.2 Transmission System Design (Differential)

The transmission system used in the robot prototype is differential drive transmission.
Differential drive transmission was chosen as it only requires one motor to drive two
wheels. Besides, the differential effect of the differential transmission boosts the

performance of the robot prototype when encountering unstructured terrain.

Differential gear box was used to transmit the power from the motor to the
wheels. It consists of four types of gear that allow the rear wheels to rotate at
different paces. Figure 3.2 shows the differential gear in the differential gear box
built using Solidworks. The dimension of the differential gear is not designed to the
actual dimension as there are limitations to designing small gears in Solidworks. The
design of the differential gear was assumed to have no effect on the simulation of the
robot prototype in Solidworks. The differential gear was covered by a case and
connected to the rear wheels through axles. Figure 3.2.3 shows the differential gear

transmission system used in the prototype.

Figure 3.2: Differential gear model in Solidworks
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Y

To DC mo\

-

Figure 3.3: Differential gear box in Solidworks

The DC motor was connected to the rear axle of the differential gear box via
a propeller shaft, as the DC motor and rear axle are not at the same level. Figure 3.4
shows the connection of the DC motor to the differential gear box for power

transmission.

DC motor

/

Propeller
Shaft

Differential
Gear Box

Figure 3.4: Differential gear transmission in Solidworks

3.2.3 Locomotion System Design (Wheels)

The locomotion system chosen for the prototype is wheels as they can allow travel at
high speed. The dimensions of the front wheels and rear wheels are different. The
vehicles in agricultural sector are commonly equipped with larger rear wheels
compared to front wheels, as large rear wheels are able to provide better grip on the
ground. As the majority of forces are directed at the rear wheel, applying larger rear
wheels allows for an even distribution of weight acting on the robot prototype. On
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the other hand, according to Sacrewell Farm (2017), the front wheels are usually
smaller as they can allow tighter steering angle when turning. Referring to Figure 3.5
and Figure 3.6, the dimension of the front wheel has an external diameter of 65 mm
and a width of 24 mm, whereas the dimension of the rear wheel has an external

diameter of 85 mm and a width of 31 mm, respectively.

65mm
33mm
24mm‘
(a) Front View (b) Top View

Figure 3.5: Front wheel design

85mm I
I 70mm I 31mm
(a) Front View (b) Top View

Figure 3.6: Rear wheel design

3.2.4 Suspension System Design (Double wishbone and spring)

The suspension system of the prototype featured both double wishbone and spring

suspension due to their ability to withstand the external forces occurring on the
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wheels. The front wheel system was installed with a double wishbone suspension,
whereas the rear wheel system was installed with a spring suspension. Due to the
straight orientation of the wheel axle, double wishbone suspension could not be

employed on the rear wheel; consequently, spring suspension was used.

The suspension system applied to the front wheel is a double wishbone
suspension system. The lower and upper wishbones, two shock absorbers, and wheel
hubs make up the double wishbone suspension system. The function of the shock
absorbers is to absorb the external forces acting on the wheels, such as when
travelling over uneven surfaces. The shock damper can be compressed to a length of
75 mm from its hole-to-hole measurement of 100 mm (refer to Figure 3.7). Figure
3.8 shows the effect of the shock damper acting on the double wishbone suspension

system.

90mm 70mm

(a) Uncompressed (b) Compressed

Figure 3.7: Uncompressed and compressed conditions of shock absorber
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(®

Figure 3.8: Front wheel system: Double wishbone suspension system (a) When both
sides are at their initial position; (b) While one of the shock absorbers is compressed

In the rear wheel suspension system, there are two pairs of shock dampers
installed to connect the rear wheels to the robot platform (refer to Figure 3.9). The

shock absorbers are connected to supporting beams to support the robot platform.

Supporting Beams

Shock Dampers /

Figure 3.9: Spring suspension system used in the rear wheel
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3.2.5 Steering System Design (Ackermann Mechanism)

The Ackermann steering system was applied to the prototype as it only requires one
motor to control the front wheels. Besides, it also allows sharper turns on the
prototype. A steering bar is connected to the steering motor to enable the turning of
the front wheels. The wheel hub was designed with an extended arm that connected
to the steering bar, allowing the wheels to turn left and right synchronously to

accomplish turning (refer to Figure 3.10).

Extended arm
o

Figure 3.10: Extended arm on wheel hub

To allow the wheels to move freely as they will when they absorb external
impact, a linkage was created between the wheel hubs and the steering bar. The
linkage was designed with a ball joint and rod. A ball and a socket make up the ball
joint (refer to Figure 3.11). While one of the ends is fixed, the ball joint allows
rotating movement at either end. Then, a rod was connected with a ball joint at both
ends to become a ball joint linkage rod. Figure 3.12 depicts the connection between

the steering bar and wheel hubs using ball joint linkage rods.

Ball

Socket

Figure 3.11: Design of ball joint
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Steering bar

Figure 3.12: Connection between steering bar and wheel hubs using ball joint linkage

rods

A DC motor was used to control the steering bar of front wheels. A gear was
attached to the DC motor, and its job was to grab hold of the steering bar's rack teeth
and convert rotational action to linear motion. Figure 3.13, 3.14 and 3.15 depict how
the steering wheel and bar are turned by the DC motor.

Figure 3.13: Wheels are aligned straight and the gear was set at default position
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Figure 3.14: Both wheels turn left when the servo motor rotates its shaft anti-

clockwise

Figure 3.15: Both wheels turn right when the servo motor rotates its shaft clockwise

The principle of Ackermann steering system states that the steering angles, &
for both wheels will be different when turning. The inner wheel's steering angle, di

will be always greater than the outer wheel's steering angle, do.

3.2.6 Manipulator Design

The robot's primary duty is to collect the latex cups that are positioned at various
heights. Therefore, the manipulator ought to be built with a greater joint or with a
greater DoF so that it is able to move in both vertical and horizontal directions. The
manipulator design for the prototype is 4 DoF. The 5 DoF refers to the manipulator

system of the prototype. There will be one more DoF for the end-effector to perform
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pouring tasks. Therefore, there is a total of 5 DoF in the manipulator of the robot

prototype.

The robotic arm has 3 DoF to move upwards and downwards, which means
that it requires 3 motors at each joint to operate. However, this will increase the
weight that the robotic arm has to withstand. In order to control the 3 DoF using only
two motors, the manipulator design for the prototype was based on the design of
"EEZYbotARM MK2" (Carlo, 2018). Figure 3.16 shows the "EEZYbotARM MK2".
The horizontal arm and supporting arm are connected to the gripper support by a
parallelogram mechanism that was incorporated into the arm design. The horizontal
arm and supporting arm are connected to the gripper support by a parallelogram
mechanism that was incorporated into the arm design. With this mechanism, the
supporting bar will rotate parallel to and in tandem with the horizontal arm. When
the manipulator is moving, the mechanism guarantees that the gripper support
maintains alignment with the plane. This could also prevent the liquid latex from
leaking when collecting the latex cups, as the gripper will stay horizontally. The
manipulator design of the robot prototype was also inspired by the “SolidWorks
Tutorial” from Youtube (2017).

Supporting arm

Figure 3.16: EEZYbotARM MK?2 (Source: Carlo, 2018)

For the base design, a base with two supporting legs was created to hold the
servo motor that allows that robotic arm to rotate in a horizontal direction. Then the

shaft of the servo motor will be connected to a rotating base that can rotate in a
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horizontal direction. Next, the base for the robotic arm to move in a vertical direction
was designed with a blank space in the middle. The blank space was designed to hold
the motor so that the centre of mass of the manipulator could be reduced. The main
arm is propelled by the right-side motor, while the horizontal arm is propelled by the

left-side motor. Figure 3.17 shows the base design of the robotic arm.

Motor Holder
for vertical
movement

Servo
Motor Motor
Holder for/ /

horizontal
cnt Supporting
Leg

Figure 3.17: Front view of manipulator base design for horizontal movement

The main arm's hole-to-hole distance is 145 mm (refer to Figure 3.18). In
order to reach the targeted latex cup, the main arm must be long enough to stretch the
horizontal arm and gripper forward. The main arm's perforations at the bottom were

made to enable rotation by connecting the main arm to the motor.
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Joint connect to
I horizontal arm

145mm

(o} Joint connect to
o 9 servo motor

Figure 3.18: Main arm of manipulator system design

The hole-to-hole distance of the horizontal arm is 145 mm (refer to Figure
3.19). From top to bottom, the first joint of the horizontal arm is connected to a
linkage bar that will control the movement of the horizontal arm, the main arm is

connected to the second joint and the last joint is connected to gripper support.

Joint connect
to linkage rod

Joint connect
to main arm

145mm

Joint connect to
gripper support

Figure 3.19: Manipulator horizontal arm design
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A gripper support was designed to hold the gripper. Besides, it is also used to
hold the motor and camera chip (refer Figure 3.20). The cylindrical bar at the bottom
of the gripper support is to hold the gear and gripper; the gripper will rotate with the

gear to pour liquid latex into the tank.

Motor holder
/

Gripper
holder

/

Figure 3.20: Gripper support design

In addition to these parts, there are numerous other parts that are made to
work in support of the primary parts. Most of these components are linkage rods that

hold the primary components in place.

3.2.7 End effector Design (Gripper)

The prototype design's end-effector was a gripper end-effector. The gripper end-
effector uses less power, has a faster processing time, and is not affected by dust. The
dimensions of the gripper are a length of 50 mm, width of 20 mm, and thickness of
15 mm. The gripper's inner face is curved and tilts at an angle of 79.38 degrees (refer
to Figure 3.21). In order for the gripper to hold the latex cup better and more steadily,

the tilting angle is designed to match the angle of the latex cup design.
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Figure 3.21: Gripper end-effector design

The gripper can simultaneously open and close by being driven by a motor to
rotate two gears located on each side of the gripper. A motor holder was designed to
be 50 mm long and 29 mm wide (refer to Figure 3.22). A gripper cover was designed
to be 50 mm long and 29 mm wide and the motor holder will be placed on top of the
gripper cover (refer to Figure 3.23). Small vents were designed on the motor holder

to allow heat generated by the motor to escape.

Vents for heat to
escape

Figure 3.22: Motor holder design

29mm
50mm

Figure 3.23: Gripper holder design

Two gear mechanisms were implemented in the gripper design to perform the
pouring process. A small gear with 10 teeth was driven by a servo motor, and it will
drive the large gear with 15 teeth. The big gear was then fastened to the gripper
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holder and attached to the gripper support. This connection can allow rotation for the
pouring process. Figure 3.24 shows the assembled parts of the gripping system.

Small gear
/ g

Grippers

Big gear

Figure 3.24: Gear mechanism that drives the gripper rotation

3.2.8 Storage Tank Design

The storage tank's external dimensions are length of 90 mm, width of 70 mm, and
height of 27.5 mm. It is in a rectangular shape (refer Figure 3.25). The height of the
tank cannot be designed with a large dimension since it will obstruct the
manipulator's motion. To make pouring easier, the funnel and pipe were placed in the
centre of the tank. The design of the pipe and funnel also prevents overflowing and
spilling of the latex onto the robot.

Funnel
Storage /

Tank

Funnel Pipe

Figure 3.25: Storage tank, pipe and funnel design
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The formula below can be used to calculate the maximum amount of liquid
that this storage tank can hold, which is up to 104832 mm?® or 104.832 ml of liquid:

Vie = Wit X Ly X Hy (3.1)

where

Vi, = inner tank volume, mm?
W, = inner tank width, mm
L;; = inner tank length, mm

H;; = inner tank height, mm

In order to allow for easier removal of the latex from the storage tank, the
robot platform was designed to be detachable. Four male slots and four female slots
were created for the robot platform and storage tank, respectively (refer to Figure

3.26). This can allow the storage tank to be fixed in place when the robot is travelling.

Figure 3.26: Fitting of storage tank into the robot platform's slots

When all of the robot's elements are positioned on the platform, the stress
imposed on the platform increases. Therefore, the robot platform's bottom was
reinforced to make it stronger and less likely to bend readily. The reinforcing design

of the robot platform is depicted in Figure 3.27.
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Reinforcement

Figure 3.27: Reinforcing design at bottom of the robot platform

3.2.9 Encoder sensor holder

The encoder sensor holder was designed to hold the encoder sensor in position so
that it can operate. An encoder sensor was located at the rotational base to detect the
angle of rotation of the base with horizontal movement (refer to Figure 3.28). This
could improve the accuracy of the robotic arm’s rotation to the desired position to

collect latex cups.

Speed
sensor

Rotate base
with 30 slots

Speed sensor
holder

Figure 3.28: Encoder sensor holder for base with horizontal movement



39

3.2.10 Electronic components holder

In order to keep the electronic components from becoming wet, the holder was made
to be an enclosed box. The electronic component holders were designed with a slot at
the back to allow the controller board and other electronic components to connect to
the power supply and wiring (refer to Figure 3.29). One of the electronic component
holders was designed with two layers to store the electronic components (refer to
Figure 3.30).

Joint connect to
robot platform

Figure 3.29: Electronic components holder with slot

Joint connect to
robot platform

Figure 3.30: Electronic components holder with double layer
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3.2.11 Base Storage Compartment

Last but not least, a container was created to house the battery, the steer-used DC
motor that used to control the steering, and the 12V DC motor that used to power the
motion of the robot prototype. With bolts and nuts, this compartment was fastened to
the robot platform (see Figure 3.31).

Joint connect to
robot platform

Steer-used DC

12V DC motor motor

Figure 3.31: Base storage compartment for DC motor

3.2.12 Solidworks Assembly
An overall prototype design will be developed through the combination of the sub-

function designs. The finished prototype design was then run through a variety of
simulations to assess its viability before being built for a real-world trial.

3.2.12.1 Mobility components

The locomotion and steering systems are combined and connected to the robot
platform after all of their individual sub-functions have been designed. The
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locomotion and steering systems have a width and length of 290.00 mm and 303.14
mm, respectively. The isometric perspective of the entire mobility subsystem is seen
in Figure 3.32.

-

290.00mm

Figure 3.32: Mobility subsystem (Isometric view)

303.14mm

3.2.12.2 Manipulation components
All the parts of the manipulators and end-effector were connected using various
diameters of threaded rod and self-locking nuts. The manipulation system in the

Solidworks software is illustrated in Figure 3.33.

Horizontal arm

Gripper
Main arm support

Horizontal arm
driver lever

Rotate base —>

Figure 3.33: Assembly of manipulation components
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3.2.12.3 Overall Assembly

The entire prototype assembly is completed by joining the mobility component,
manipulation component, and other components (refer to Figure 3.34). The
Solidworks prototype measures a length of 303.14 mm, width of 290 mm, and height
of 324.04 mm. The robot prototype has a weight of 2379.691 grammes.

Figure 3.34: The latex cup robot collector's overall prototype design

3.3 Firmware configuration

To make sure the robot can operate properly, firmware consideration is a crucial
responsibility. The components to be considered in the robot prototype are servo
motors that are used to control the manipulation and DC motors that are used to
control the mobility of the robot. The firmware options with their specifications and
functionality for this robot are listed in Table 3.2 below.
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Table 3.2: Firmware configuration and specification

Firmware options

Functionality

Specification

1. A58SW-555 12V DC motor

Mobility: Move the
entire robot via using
differential gear to
transfer rotational

motion to linear motion.

* Operating Voltage: 12 V

* Operating Speed: 260 RPM
* Rated Current: 2 A

* Rated Torque: 9 kg.cm
(SGrobot, n.d.)

1. Manipulation: Control
the the

gripper to grasp latex

rotation of

cups.
2. Mobility: Use to rotate
the gear and rack to
control the steering the

front wheels

* Operating Voltage: 6 V

* Operating Speed: 85 RPM
* Rated Current: 0.04 A

* Rated Torque: 2 kg.cm

3. MG995 Servo Motor

1. Manipulation: Control
the main arm movement
of the robotic arm.

2. Manipulation: Control
the  horizontal arm
movement of the robotic
arm.

3. Manipulation: Control
the base movement of

the robotic arm

* Operating Voltage: 4.8 -7.2
Vv

* Operating Speed: 60 RPM

* Rotation Angle: 0 - 180°
for main arm and horizontal
arm movement, 0 - 360° for
base movement

* Rated Current: 0.35 A

* Rated Torque: 9 kg.cm

4. MG90S Servo Motor

1. Manipulation: Control
the rotation of the entire
gripper to  perform

pouring process.

* Operating Voltage: 4.2 —
6V

* Rotation Angle: 0 —180 °
* Rated Torque: 1.5 kg.cm

* Operating Speed: 0.3 sec /
60 °
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3.3.1 Parameter calculation

The applicability of these motors for the robot is determined by performing

parametric calculations after obtaining the motor's specifications.

3.3.1.1 Motor for robot transmission

When a robot climbs up a slope from resting to full speed, the motor is going to
require its maximal power to function, and the motor's size will be determined by the
maximum energy (Neal, 2010). To illustrate the forces on the robot when it

accelerates up an incline, a free-body diagram was created (refer to Figure 3.35).

Fwheel
Fg:‘avity / a
/ /

Radius (1)

Fiiction

Y Fu= 0
0 mgv/ n = mg cos

Fgavity = mg sinf

Figure 3.35: A free-body diagram of robot on an inclined terrain with slope 0

Some settings are specified before beginning:
e Robot’s initial speed, v, = 0 m/s
e Robot’s maximum speed, v,,,, = 0.1 m/s
e Maximum incline slope to travel, 855, = 30 °
e Time for the robot from rest to reach maximum speed, t, = 2 sec
To make the calculations easier, frictional force was assumed to be omitted. The

following equation was used to determine acceleration:
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q= -meto (3.2)
ta

Where

a = Robot’s acceleration, m/s?
Vmax = Robot’s maximum speed, m/s
v, = Robot’s initial speed (rest), m/s

ty = Time for the robot from rest to reach maximum speed, s
The acceleration calculated was 0.05 m/s®.

The following equation was used to determine the lowest output torque necessary for

turning the wheels by using calculated acceleration, a:

+— XF =Myopor - @ (3.3)

(fwheet — fgravity) = Myopot " A (3.4)
fwheet = (Myopot * Q) + fgravity (3.5)

fwheet = (Myopor * @) + (Myopor * g * SiNBgope) (3.6)
fwheer = T/r (3.7)

T= fwheet X7 (3.8)

Where

Myopor = Mass of robot, kg

fwneet = Force exerted on the wheel, N

fgravity= Gravitational force acting on the robot on an incline, N
a = Acceleration of robot, m/s?

Bs10pe = Maximum incline slope to travel, °

T =Torque, N-m

r = Radius of the rear wheel, m

The torque obtained was 0.501 N-m. However, there is a gear ratio in the
motor which is 2.5. The minimum input torque was calculated using the formula

below:
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_ Toutput
Tinput = / Gear ratio (3.9)

Where
Tinpue = INPUt Motor torque to power the differential gear, N-m

Toutput = OUtput motor torque for the rear wheels to drive the robot, N-m
The input torque obtained was 0.200 N-m, which is equivalent to 2.04 kg.cm.
Then, the maximum speed of the robot, v,,q, which was previously

determined, was used to calculate how fast the motor needed to spin. The following
equation was used to determine the motor's speed:

V.
RPMoyepur = % (3.10)
RPMppye = gear ratio X RPMyepye (3.11)
Where
Vmax = Robot’s maximum speed, m/min
r = Radius of rear wheel, m

RPM;yp,,: = Motor’s input rotational speed to power the differential gear, rev/min
RPM gy e = Motor’s output rotational speed for the rear wheels to drive the robot,

rev/min

The input rotational speed of the motor obtained was 56.17 RPM.

As a result, the A58SW-555 12V DC motor in Table 3.2 above was chosen
since both the torque required and the speed required fall within the motor’s
specification. The robot requires a minimum torque of 2.04 kg.cm and a speed of
56.17 RPM.
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3.3.1.2 Motor for robotic arm

To ascertain the operating torque needed to control the movement of the robotic arm,
the main arm was examined. The torque applied to the main arm must not surpass the
motor’s stall torque; if the torque exceeds the stall motor torque, the motor will lose
its ability to support the arm and it will drop. The torque is generated by forces
exerted on the main arm, as displayed in Figure 3.36 below. The mass of the main
arm is represented by F, ,while the remaining components attached after the main

arm are represented by Fg.

dn =145mm T

da =57.75mm

Figure 3.36: Forces exerted perpendicular to point O of the main arm
The following formula was used to calculate the torque acting on point O, t,:
+cewt, = 2XF, X d, (3.12)
Where
E, = Force acting perpendicular to point O, where n = A and B, N

d,, = Distance between force F,, and point O, where n = A and B, mm

The torque calculated was 0.345 N-m, or 3.618 kg.cm.
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As a result, the MG995 servo motor is appropriate to control the motion of the
main arm, as the obtained t, was 3.618 kg-cm where the stall torque of the MG995
servo motor is 9 kg-cm which is greater than the required torque. It is proven that the
MG995 will be able to hold main arm in position. The horizontal arm will also be
controlled by the MG995 servo motor. Therefore, no calculations were conducted, as it
will be able to function as the main arm will experience more torque than the horizontal

arm.

3.3.1.3 Motor for gripper rotation (Pouring)

The mass moment of inertia was taken into account while calculating the torque
required rotating the gripper because the pouring process requires angular movement.
Parts A, B, and C make up the three independent parts of the gripper set (Figure
3.37). The mass moment of inertia was calculated using the Solidworks software.
The angular velocity, o for the pouring process in Solidworks software was set 8
rev/min for 2 seconds. To simplify the calculation, the following formula was used to

convert angular velocity to rad/sec:
w(rad /s) = w (rpm) X Z—Z (3.13)

Where

o = angular velocity, rad/s

Figure 3.37: 3 separated parts of gripper set
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Part A and part B are mounted together and will rotate together. The total
inertia required to spin these two sections is determined by combining the mass
moments of inertia for each component. Using the equation, the torque required to

spin parts A and B was computed:

Tpart1&2 = Ipartl&z a = Ipartl&z(w/t) (3.14)

Where

T part 1&2 = TOrque required rotating part 1 and 2, N-m
Lyart 182 = Mass moment of inertia of part 1 and 2, kg-m?
t =Time, s

a = Angular acceleration, rad/s’

Upon finding the torque required to rotate parts A and B, the torque was used
to compute the torque needed to rotate part C. The following formula is used to

determine the gear ratio:

Gearreethdriven (3 15)

Gear ratio,GR =
Gearreethdriving

The following formula is used to determine the torque needed for part C:

GR) (Tpar )
Tpart3 = Ipares (w(t ) + & tGlRandz (3.16)

The motor torque needed for the gripper to perform pouring process is 5.94 x
10-6 N-m, or 6.06 x 10-5 kg-cm. The motor chosen is an MG90s with a 1.5 kg-cm
rated torque. It proves that the motor is suitable to control the gripper, as the rated

torque is sufficient to control the gripper.
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3.4 Static Analysis

The robot prototype designed underwent to make sure that it could be built and
joined together without breaking down. A computer programme named Finite
Element Analysis (FEA) was utilised to compute the impacts of constant forces
acting on the prototype’s mechanical structure. The components that needed the
perform FEA analysis using Solidworks software are the robot platform and robotic
arm, as they will be experiencing the largest load in the prototype and may have the
likelihood to break. The weight of the components was determined before
undergoing the FEA analysis. The parts that will be fabricated using a 3D printer
were set to PLA materials to ensure the accuracy of the analysis. Other parts such as
motors were determined by weight balance. After getting the weight of the
components, the following formula was used to convert the unit of the components

from kg to Newton:
W, =m,Xg (3.17)

Where
W, = Weight of component, N
m, = Mass of component, kg

g = Gravity, m/s?

3.4.1 Robot Platform

The first part to undergo FEA analysis is the robot platform. The component of the
prototype that will be subject to the greatest loads is the robot platform. Electronic
parts, a robotic arm, and a storage tank will all be positioned on top of the robot
platform. The components that will be placed at the bottom of the platform are the
base storage compartment for the DC motor and batteries. The positions of the
components were shown in Figure 3.38. Table 3.3 below lists the weights and forces

each component exerts on the robot platform.



Encoder sensor

holder

Robotic arm

components holdet

Electronic

components holder

compartment
storage

o1

Figure 3.38: Position of components on the robot platform (top & bottom)

Table 3.3: Forces exerted on the robot platform

Components Weight (g) Force (N)
Storage tank filled with | 118.00 (storage tank) + 102.10 | 210.00 | 2.06
water (water)
Electronic storage (Left) 152.30 (storage) + 150 (chip) 302.30 | 2.97
Electronic storage (Right) | 124.40 (storage) + 120.713 (chip) 245.113 | 2.40
Base storage compartment | 69.50 (storage) + 10 (5V DC motor) | 633.50 | 6.21

+ 126 (battery) + 428 (12v DC

motor)
Encoder sensor holder 1.90 (holder) + 2.456 (encoder) 4.356 0.04

The robotic arm has a weight of 0.433 kg. Since the robotic arm will extend

and retract while carrying out the latex cup collecting operation, it is necessary to

determine the force that the robotic arm will apply to the robot platform

independently. The robot platform will experience compression and tension as the

robotic arm extends since its centre of mass is outside the base's designated area,

which is indicated by the red line in Figure 3.39. Figure 3.39 shows a simplified free

body diagram of the robotic arm under extended conditions (critical conditions). The

distances shown are the distances between Point A and the centres of mass of the

components. Then, the weight of parts of the robotic arm is shown in Table 3.4

below.
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Figure 3.39: Simplified free body diagram of extended robotic arm

Table 3.4: Weight of each components of robotic arm
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Components Weight (g) Force (N)

Base 27.10 (fixed base) + 46.20 | 258.50 | 2.54
(rotation base) + 20.2 ( outer
support) + 55.0 *3 (MG995
servo motor)

Main arm 13.50 (printed parts) + 14.80 | 28.30 | 0.28
(printed parts)

Connector 4.00 (printed part) 4.00 0.04

Horizontal arm 13.10 (printed parts) + 14.00 | 27.10 | 0.27
(printed parts)

Support 35.40 (printed part) + 13.40 | 48.80 |0.48
(MG90S servo motor)

Gripper (With | 25.00 (printed parts) + 16.00 | 66.50 | 0.65

latex cup)

(gripper parts) + 35.50 (latex cup

filled with water)
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The equilibrium equation was used to determine the forces the robotic arm
applied to the platform after all the necessary data and parameters had been

accumulated:

+1 2F, =0 (3.18)
— Ay — Whase + By — Wyain arm — Weonnector — Whorizontat arm — Wsuppore —

Weripper = 0 (3.19)
tew EM, =0 (3.20)

Whase(31.2) = By(62.5) + Wiyain arm(62.3) + Weonnector (111.9) +
Whorizontal arm (134.6) + Wsuppore (235.5) + Weripper(290.2) = 0 (3.21)
A, =—C, (3.22)
B, = -D, (3.23)

Where

F,, = Forces acting at the Y direction, N
V,, = Forces acting on point V in the Y direction, where V= A, B, C, and D, N

M, = Moment at point A, N-mm

The computed forces for C, (tension) and D, (compression) are 2.77 N and

7.03 N respectively.

In order to prevent deformation of other areas of the robot platform, fixtures
were applied within the spline line area. A fixture hinge was applied to the
connection between the rear wheels and the robot platform, as it will be screwed with

shock dampers (refer to Figure 3.40).
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Figure 3.40: Fixture set on the robot platform

3.4.2 Robotic Arm

The robotic arm performed static analysis in extended state to identify the maximum
stress, displacement and strain of the robotic arm. The external load acting on the
robotic arm is the latex cup with water on the gripper. The load of a latex cup with
water is 0.348 N. In order to undertake static analysis, fixtures were made to the
robotic arm's base and pins were connected at each joint to keep the robotic arms
linked. Figure 3.41 shows the static analysis of the robotic arm in Solidworks
software.

External load

Fixture

Figure 3.41: Static analysis of robotic arm Solidworks
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3.5 Centre of mass: Toppling analysis

Toppling analysis was used to test the robot prototype’s stability. The maximum
slope angle the robot can function without tipping over can be determined via topple

analysis.

3.5.1 Centre of mass identification

A topple will occur when the centre of mass of the robot falls outside of the robot’s
footprint. Centre of mass of the robot for X, Y and Z direction was determined by

using the formulas below:

YImpgxn
Xy = ——— 3.24
g Ximng ( )
YImpgyn
== 3.25
ng Z‘;-l mng ( )
Yimpgzy
Zpy = —/—— 3.26
€9 2111 mnpg ( )

Where

n=1,2,3...,n

x4 = Centre of gravity in X direction relative to a point, mm

Yeg = Centre of gravity in Y direction relative to a point, mm

z.4 = Centre of gravity in Z direction relative to a point, mm

n = Number of parts

m,, = Mass of parts, g

x,,= Centre of gravity of that component n in X direction relative to a point, mm
vn = Centre of gravity of that component n in Y direction relative to a point, mm

z,, = Centre of gravity of that component n in Z direction relative to a point, mm
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Solidworks software can be used to generate the centre of mass. Various
positions of the robotic arm will have an impact on the position of the robot's centre
of mass. When the robots extend, retract, and rotate, there are eight situations to
choose from in order to pinpoint its centre of mass. Table 3.5.1.1 shows the eight

situations for the robots.

Table 3.5: Eight centre of mass identification situations

Situation Arm Tank Picture

1 Retracted Empty

2 Retracted Full
3 Extended Empty
4 Extended Full

2
[
.
F
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5 Retracted Empty
6 Retracted Full
7 Extended Empty
8 Extended Full

3.5.2 Topple Angle

The centre of mass values was used to calculate the toppling angle. The front, rear,

left, and right sides of the robot must be considered when calculating the toppling
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angle for each situation. The toppling analysis can show whether the robot is capable
of carrying out duties on uneven surfaces. The free body diagram of the robot with a
left topple and a back topple is displayed in Figure 3.42. The toppling angle is

determined using the following formulas:

Btopple = 90° — a (3.27)
a = tan”'(3) (3.28)
Where
Btoppie = TOpple angle, °
Y = Vertical distance of centre of mass from the floor, mm

X = Horizontal distance of centre of mass from the robot side, mm

Left Topple Back Topple

Centre of mass wheel of prototype

Centre of mass

.
9

opple angle

Topple angle

wheel of prototipe
P

Back View Side View

Figure 3.42: Left and back topple free body diagram

3.6 Motion Study

The dynamic behaviour of the robot's manoeuvrability when navigating across
uneven ground was investigated via motion studies. To depict the scenario of uneven
ground in the actual world, a basic, bumpy track with barriers was constructed. The
barriers were made to be 10 mm tall with a 45 ° incline and 15 mm tall with a 50 °

gradient.
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Figure 3.43: Uneven terrain created for Motion Study in Solidworks

The robot experiences a 9806.65 mm/s® gravitational force on its Z-axis,

which is pointing in the direction of the track.

3.6.1 Motor Feature

The parameters for the motor feature in Solidworks are displayed in Figure 3.44
below. The motor feature is applied to the rear wheel system and the speed of the
wheels is set to be 51.67 RPM.

°
SIE[RTeTS[HIT
& Motor
v X
@ Rotary Motor
Linear Motor (Actuator)

47 Path Mate Motor

Component/Direction A~

@ ‘ Face<1>@rear wheel system-‘l/Rearwh(‘

Face<1>@rear wheel system-1/Rear wh¢

Motion ~

[ constant speed ]

% l51‘s7 RPM A

Figure 3.44: Motor feature setting in Solidworks
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3.6.2 Spring Feature

The spring constant of the suspension system was applied using the spring feature in
Solidworks. The spring constant of the front wheel system is 0.6258 N/mm while the
spring constant of the rear wheel system is 0.1264 N/mm. The values for the spring
constant were entered in the spring feature in the Solidworks motion study to conduct
motion study analysis. Figure 3.46 and 3.46 illustrate the settings of the spring

feature for the front wheel system and the rear wheel system, respectively.

g Spring
vV X ™
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—»| Linear Spring
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B [
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> <l
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vV X
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Edge<2>@prototype latest.

P — ==

bx meear) V‘
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5] | 17.64922880mm 4

[] Update to model changes

O Damper

Figure 3.46: Spring feature of rear wheel system in Solidworks

3.6.3 Contact Feature

A friction coefficient will be added to the contact between robot wheels and track

surfaces to obtain a better simulation result. According to Townsend (2002), the
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kinematic friction and static friction on concrete surfaces have values of 0.8 and 1,
respectively. Both of the values are included in the contact feature setting in

Solidworks to perform motion study.

3.7 Fabrication of Prototype and Experiment Setup

3.7.1 Fabrication of Prototype

The Raise3D N2 3D printer, located in the UTAR Industrial Engineering Lab, was
used to build the designed component. The material used to fabricate the designed
parts is PLA plastic. The 3D drawings will then be converted into stereolithography
(STL) files to be opened in the slicing software named ideaMaker to edit the settings
for 3D printing. The settings to be edited are infill pattern, infill density, thickness of
layer, support and raft enablers. The STL files will then be converted to G-code files
so that the 3D printer may build the designed components when the settings have
been modified. The infill pattern used to fabricate the designed parts is grid pattern
with an infill density of 10 % to 40 %, depending on the strength required for the
designed parts to withstand the forces exerted on them.

3.7.2 Experiment Setup

This section will illustrate the experiment setup for topple angle test and prototype

test run.
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3.7.2.1 Setup for Topple Angle Test

To calculate the experimental topple angle and confirm the theoretical topple angle
estimate for the robot prototype in Chapter 3.5.2, a topple test was conducted. An
adjustable laptop stand was employed as the slope for the robot prototype to stand on,
as shown in Figure 3.47. The laptop stand has seven different angles, which include
150 21° 26° 32° 37 ° 41 ° and 45 °. The prototype will be placed on the laptop
stand at the first angle. The angle of inclination increase gradually until the robot
prototype toppled. Eight situations were planned for the toppling test, but only four
of them were actually executed. The topple test was only carried out for four
scenarios with empty an latex tank and latex cup to avoid an overflow of water that

might damage the electronic components.

Figure 3.47: Laptop stand with adjustable height for topple angle testing

3.7.2.2 Setup for Prototype Test Run

1.5-litre water bottles served as the “rubber trees” with 300 mm between each bottle
(Figure 3.48). The spacing between rubber trees is between 2.5 m and 3 m within a
row (Sahuri, 2021). On a scale of 10, the water bottles were separated by 300 mm.
The robotic arm's flexibility was then tested using latex cups that were placed at
varied heights of 90 mm, 150 mm, and 190 mm (Figure 3.49). In order to contrast the
motion study done in Chapter 3.6, barriers of 10 mm height with a 45 ° incline and

15 mm height with a 50 ° gradient were employed to assess the robot prototype's
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capacity to traverse uneven terrain. Figure 3.50 shows the barriers arrangement for
the robot prototype to travel across.

Figure 3.50: Barriers arrangement for mobility test



3.8 Project Planning and Milestone
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Figure 3.51: The project’s overall flowchart
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Figure 3.51 above depicts the project's workflow. To accomplish the entire study, it
IS separated into two stages, designated FYP 1 and FYP 2. This project will take a

year to complete.

In FYP1, background research was conducted on the title of final year project
to better understand the concept and determine the scope of study of the project. Next,
a literature review of previous researchers was conducted to learn how to adapt and
improve the design of the project. To select the most suitable design for the final
conceptual design, various component design concept alternatives were created and
considered. The design process was initiated using Solidworks software after
selecting the final designs for each component. At the same time, appropriate
materials and components that needed to be purchased were researched and selected
so that the design was suitable to fit the dimensions of the components. Lastly,

simulation is carried out after the completion of the prototype design.

In FYP2, simulations were conducted to check the feasibility of the design.
Amendments could be made when the design is not feasible before fabricating the
robot prototype. After the prototype is fabricated, the parts will be assembled. A test
run was carried out to ensure the robot prototype is able to operate and perform tasks.
If the prototype was not able to fulfil the scope of this project, calibration and
modification of designs are required. Data collection for the experiments will be
conducted after the final version of the robot prototype is developed. The data to be
collected is the cycle time of the robot prototype to collect latex cups and topple
angles. Lastly, the collected data will be analysed and report writing will continue to

complete this project.

Below Gantt chart, Table 3.6 and 3.7 is used to determine the project

planning schedule and keep track of the project’s progress of FYP1 and FYP2.



Table 3.6: Gantt chart of FYP1
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No.

Project Activities

Background research on
FYP title

w1

w2

W3 | w4

W5

W6

w7

w8

W9

W10

Wil

W12

W13 | Wi4

1
Identification of scope of -
stud
) y
Conduct literature review
and generate alternatives
3 | for conceptual design
Conceptual design and
A material selection
Report writing
5
Project presentation
6
Simulation
5

i

Planned
Actual



Table 3.7: Gantt chart of FYP2
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W13

W14

No. Project Activities Wil | W2 | W3 | W4 | W5 | W6 | W7 | W8 | W9 | W10 | W11 | W12
Simulation, prototype
1 fabrication and assemble
Trial run, calibration and
5 modification
oot an anyee it
3
Report Writing
4
Project presentation
5

- Planned

Actual
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Latex Cup Collector Robot Prototype

3D-printed parts, electronic components and wire connection of the control system
were assembled to build the latex cup collector robot prototype. The dimensions of
the robot prototype are about 303 mm in length, 290 mm in width and 324 mm in
height. The prototype weighed 2593 grammes and has 213.309 grammes difference
from the weight obtained from Solidworks. The weight difference is due to the wires
and fasteners used in the robot prototype, the weight difference may cause the
experimental results to have a slight difference from the simulation results. Below

are figures showing different views of the prototype for better illustration.

Figure 4.1: Latex Cup Collector Robot Prototype (Isometric View)



69

Figure 4.2: Latex Cup Collector Robot Prototype (front, rear, right and left view)

4.2 Finite Element Analysis (Static test)

Three different types of plots—the stress plot, displacement plot, and strain plot—
were obtained by Finite Element Analysis (FEA) simulation. The forces that are
applied to the body and have a tendency to distort it are displayed using a stress plot.
Moreover, a displacement plot is used to determine how much of the original
position will distort. Lastly, the length of the deformed body changes is shown in a

strain plot.



70

4.2.1 Robot Platform

In this part, the FEA results obtained for the simulation of the robot platform with an
extended robotic arm will be discussed. The robot platform will experience

maximum force applied to it when the robotic arm is extended.

Figure 4.3 shows the stress plot for the robot platform. The minimum stress
experienced by the robot platform is 1.166 x 10* N/m?, while the maximum stress is
4.240 x 10° N/m% The connection between the robot platform and robotic arm,
which supports the entire weight of the extended robotic arm, is where the robot
platform experiences the most stress. Another are of maximum stress exerted on the
robot platform is the connection between the robot platform and the front wheel
system. This is due to the weight of the extended arm increasing the force
experienced by the front wheel system. The result obtained from the simulation is
feasible as it does not exceed the yield strength of the PLA plastics of 7.00 x 10’
N/m?.

Model name: Robotplatform v2 for simulation
Study name: Static 1{-Default-) 24,2400 +06
Plot type: Static nodal stress Stress1 i

von Mises (Nfm”2) %
|
|

 3.816e+06
- 3.392e+06
- 2.968:+06
- 2.544e+06
-~ 2.120e +06
. 1.696e+06

- 1.272e+06

8.481e+05
4.240e+05
1.166e +01

— Yield strength: 7.000e +07

Figure 4.3: Stress plot for robot platform

The displacement plot for the robot platform is displayed in Figure 4.4. The
maximum displacement determined from the simulation for the robot platform is
1.275 x 10" mm. The red zone in Figure 4.2.1.2 shows the largest deformation
experienced by the robot platform, which is on both sides of the robot platform. Both

sides of the robot platform will experience the largest deformation as the electronic
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components and compartments to store the electronic components contribute to the
large force acting on the robot platform.

Maodel name: Rabotplatform v2 for simulation URES (mm)
Study name: Static 1(-Default-) et
l Plot type: Static displacement Displacement £fae!
Deformation scale: 145,144 l -
- 1.020e-01
_ 8.923e-02
_ 7.648e-02

6.373e-02

. 5.009e-02

_ 3.824e-02

2.549e-02

1.275e-02

1.000e-30

Figure 4.4: Displacement plot of robot platform

The robot platform's maximum strain is depicted in Figure 4.5. The positions
where the robot platform connects to the robotic arm and the front wheel system are
where the robot platform is subjected to the greatest strain. The maximum change in
length to initial length ratio is 7.068 x 10 mm/mm. However, it does not cause any

breakdown of the robot platform.

ESTRN
Model name: Robotplatform v2 for simulation

Study name: Static 1(-Default-) 7.068e-04
Plot type: Static strain Strain1
6.361e-04

- 5.654e-04

- 4.947e-04

-~ 4.241e-04

ol

_ 2120e-04

3.534e-04

2.827e-04

1.414e-04

7.068e-05

3.985e-09

Figure 4.5: Strain plot of robot platform
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4.2.2 Robotic Arm

The FEA simulation results for the robotic arm when it is extended will be explained
in the following section. The robotic arm was extended for the simulation, as this is

when it will be subjected to the most force.

In Figure 4.6, the maximum stress acting on the robotic arm is 7.553 x 10°
N/m?, whereas the minimum stress is 0.00 N/m2. The connection between the motor
used to execute the pouring function and the gear attached to it puts the robotic arm
under the greatest stress. Figure 4.7 displays the section view of the maximum stress
exerted on the robotic arm. The result obtained from the simulation is feasible as it
does not exceed the yield strength of the PLA plastics of 7.00 x 10’ N/m?.

won Mises (N/m*2)

7.553e+06

l 6.798e +06

- 6.043e+06

- 5.287e+06
- 4.532e+06
. 3.777e+06
_ 3.021e+06

. 2.266e+06
1.511e+06

I 7.553e+05
0.000e +00

Figure 4.6: Stress plot of extended robotic arm
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.. 6,798 +06
- 6.043e+06
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Figure 4.7: Stress plot of the gripper part (Section view)

Figure 4.8 shows the displacement plot of the extended robotic arm. The
gripper end of the robotic arm has the largest displacement, with a value of 7.391 x
10"" mm. This is due to the large weight of the gripper support, causing the gripper to
displace from its original position. This also shows the result of maximum stress
acting on the connection between the motor and the gear, which causes it to deform

easily compared to other parts.

Model name: Arm assembly simulation

Study name: Static 1(-Default-)

Plot type: Static displacement Displacement URES {mm)
Deformation scale: 51,6935

7.391e-01
L 6.652e-01
- 5.913e-01
- 5.174e-01
- 4.435e-01
~ 3.696e-01
. 2.956e-01

- 2.217e-01

1.478e-01
7.391e-02
1.000e-30

Figure 4.8: Displacement plot of extended robotic arm

Figure 4.9 displays the strain plot of the robotic arm. The contact between the
motor used to power the pouring process and the gear connected to it has the greatest
deviation from the initial length, which has a value of 1.505 x 10 mm/mm. This is

due to the motor connection required to support the weight of the gripper support.
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L 1.354e-03
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Figure 4.9: Strain plot of extended robotic arm

4.3 Centre of mass: Toppling Analysis

In this section, the results obtained from Chapter 3.5 will be shown. The
identification of the centre of mass, the calculation of the theoretical topple angle and
the identification of the experimental topple angle under four different scenarios will
then be discussed.

4.3.1 Centre of mass

Solidworks was used to identify the centre of mass for eight different situations.
Figure 4.10 displays the centre of mass measurement in the x, y, and z directions, and
Table 4.1 shows the centre of mass obtained from Solidworks.
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Figure 4.10: Measurement of centre of mass in X, y and z direction

Table 4.1: Centre of mass of robot prototype for eight situations

Scenarios Arm Tank X(mm) | Y (mm) | Z(mm)
1 Empty 136.03 110.46 122.13
Retracted
2 Full 136.55 110.97 122.61
3 Empty 142.25 105.39 122.02
Extended
4 Full 142.71 105.86 122.43
5 Empty 124.05 110.03 109.92
Retracted
6 Full 124.56 110.47 110.34
7 Empty 124.24 104.12 99.82
Extended
8 Full 124.72 104.63 100.21

The robot prototype's centre of mass, as determined from Table 4.1, is within
its four wheels in all eight situations, demonstrating that the robot prototype won't

topple over while travelling and operating.



76

4.3.2 Topple Angle

Formulas in Chapter 3.5.2 were used to compute the topple angles for eight situations,

and the results are shown in Table 4.2.

Table 4.2: Theoretical topple angle for eight scenarios

Topple Angle (°
Scenarios Arm Tank PP gle ©)
Front Rear Left Right
1 Empty 43.22 47.87 50.92 47.02
Retracted
2 Full 43.22 47.85 50.90 46.99
3 Empty 42 .87 49.18 53.47 46.08
Extended
4 Full 42 .87 49.15 53.43 46.06
5 Empty 46.20 44.97 48.43 44.23
Retracted
6 Full 46.23 44 .97 48.43 44.25
7 Empty 45.04 43.79 50.04 45.63
Extended
8 Full 45.03 43.76 50.01 45.60

| theoretical angle—experimental angle|

Percentage error (%) = x 100% (4.1)

experimental angle

Table 4.3: Theoretical and Experimental topple angle and percentage errors

o Topple Angle (°)
Situation
Front Rear Left Right
Theoretical 43.22° 47.87° 50.92° 47.02°
1. Retracted i
Experimental 41° 41° 46° 41°
and Empty
% error 5.41% 16.76% 10.70% 14.68%
Theoretical 42.87° 49.18° 53.47° 46.08°
2. Extended i
Experimental 37° 41° 46° 41°
and Empty
% error 15.86% 19.95% 16.24% 12.39%
Theoretical 46.20° 44.97° 48.43° 44.23°
3. Retracted i
Experimental 41° 41° 46° 41°
and Empty
% error 12.68% 9.68% 5.28% 7.88%
4. Extended | Theoretical 45.04° 43.79° 50.04° 45.63°
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and Empty | Experimental 41° 41° 46° 41°

% error 9.85% 6.80% 8.78% 11.29%

According to the results in Table 4.3, the percentage error has a range of 5.28 %
to 19.95 %. It is also observed that the theoretical topple angle is greater than the
experimental topple angle. The position of the centre of mass of the prototype in
Solidworks will be different with real life situation as the minor parts are not
involved in determining the centre of mass. During the experiment, other
components such as wire connections and fasteners are included, which leads to a
change in the centre of mass. The robot prototype can climb an incline of not less
than 37 ° before it topples, and this incline is indeed sufficient for it to navigate
through a rubber plantation.

4.4 Prototype test run

The functional test findings will be addressed in the following section. Two
functional tests will be performed; the first is to determine the cycle time of the robot
prototype for completing a single cycle of latex cup collection, and the second will
evaluate the capability of the manipulation system to collect latex cups that are

positioned at different elevations.

4.4.1 Functional test

The water bottle that serves as the rubber tree is situated 200 mm to the left of the
prototype. A distance of 200 mm is suitable for the prototype to collect the latex cup,
as there is a length limit for the robotic arm to extend. Figure 4.11 shows the cycle
procedure of the robot prototype for collecting the latex cup in a single cycle. The
steps of the prototype for collecting the latex cup and the cycle time are shown in

Table 4.4. The total cycle time for the prototype to collect the latex cup is
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approximately 60 seconds. The cycle will be repeated when the prototype approaches

the next water bottle.

Figure 4.11: Procedure of the prototype to collect latex cup for single cycle

Table 4.4: Steps and cycle time

Steps Action Time (seconds)
1 Prototype detected the water bottle 1
2 Robotic arm rotate towards the water bottle 2
3 Adjust position of the arm 2
4 Stop 2




79

5 Arm extends 3
6 Stop 1
7 Gripper closes 2
8 Stop 1
9 Arm retracts 3
10 Stop 2
11 Adjust position of the arm 2
12 Stop 2
13 Rotate arm towards the latex tank 3
14 Gripper rotates clockwise 15
15 Stop 4
16 Gripper rotates anticlockwise 1.5
17 Stop )
18 Robotic arm rotate towards the water bottle 2
19 Adjust position of the arm 2
20 Stop 1
21 Arm extends 3
22 Stop 1
23 Gripper opens 2
24 Stop 1
25 Arm retracts 3
26 Stop 1
27 Adjust position of the arm 2
28 Stop 2
29 Rotate arm towards the latex tank 2
Total cycle time 60

4.4.2 Manipulator test

The latex cups are positioned at various heights of 190 mm, 150 mm and 90 mm

respectively, on three different water bottles. The location of the latex cups was pre-
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set in the control software system so that the robotic arm would be able to approach
the latex cups and collect them. The process of robotic arm of the robot prototype
collects latex cups positioned at 190 mm, 150 mm and 90 mm are illustrated in

Figure 4.12, Figure 4.13 and Figure 4.14 respectively.

Figure 4.14: Robot collects latex cup positioned at 90 mm height

4.5 Mobility Test

In this section, a mobility test experiment will be conducted to compare with the
results obtained from the Solidworks motion study analysis. The results obtained are
pitch, yaw and roll of the prototype when travelling across obstacles. Figure 4.15

shows the yaw, pitch, and roll rotation of the robot prototype in Solidworks. Roll



81

revolves around the x-axis of the body in relation to the centre of mass, whereas
pitch and yaw are rotations about the body's y and z axes, respectively.

Roll

Figure 4.15: Yaw, pitch and roll of the robot prototype

4.5.1 Motion Study

Solidworks was used to simulate the motion studies of the robot prototype and to
calculate the angles of yaw, pitch, and roll. Figure 4.16 shows the combined graph of
pitch, yaw and roll angles when travelling across the barriers. On the X, Y, and Z
axes, a positive result denotes rotation along the axis in a clockwise direction,
whereas a negative result denotes rotation along the axis in an anti-clockwise

direction.
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Figure 4.16: Motion study: Yaw, Pitch, and Roll angle (°) vs. time (s) graph

According to the graph obtained from the motion study, it is observed that the yaw
angle increases when passing the barriers. When the robot prototype travelled across
the left barriers, the front wheel tilted to the left, which gave a positive value of
around 2.5 ° as the yaw angle rotated clockwise. When the robot prototype travels
across the right barriers, the front wheel tilts -1.2 ° to the right as the yaw angle
rotates counter-clockwise. The cause of the increase change in direction of yaw angle

may be slippage between the wheels and the barriers.

Next, the pitch angles obtained from the motion study are around -1.9 ° when
the front wheels travel across the barriers and around 2.2 ° when the rear wheels
travel across the barriers. The front wheels have a smaller pitch angle compared to
the rear wheels when moving across the barriers as the spring system at the front
wheel has a higher stiffness, which causes the compression of the spring to be

smaller.

Lastly, the roll angle experienced the biggest difference when the robot
prototype crossed the barriers. The front wheels roll at an angle of around 2 ° and the
rear wheels roll at an angle of around 4° when crossing either side of the barriers.
This is also due to the fact that the front wheel has a higher stiffness, which causes

the compression of the spring to be smaller.
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4.5.2 Mobility Test Run

The barriers that were used to carry out a real life mobility test run were 3D printed
to test the availability of the prototype to travel across the barriers. Figure 4.17 and
Figure 4.18 illustrate the side view and front view of the robot prototype travelling
across the barriers on the left and right sides, respectively. Referring to Figure 4.17,
the pitch angle of the prototype can be observed and it was observed that the
prototype will tilt forwards and backwards when passing across the barriers. The yaw
angle and roll angle can be observed in Figure 4.18. The roll angle was obvious when
the prototype travelled across the barriers. The prototype rotates clockwise when
travelling across right barriers and anti-clockwise when travelling across left barriers.
It is also observed that there is a yaw angle when travelling across the barriers. The
robot prototype slid slightly left after travelling across the left barriers. These
findings demonstrate that the mobility test was validated.

Figure 4.17: Side view of robot prototype travel across left and right barriers
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Figure 4.18: Front view of robot prototype travel across left and right barriers

4.6 Comparison with Previous Versions of Robot Prototype

Table 4.5: Comparison of Previous Versions of Robot Prototype with Current

Version
Version 1 Version 2 Version 3. (Current
Version)
Transmission System Direct Drive Differential Drive Differential Drive
2 front wheels, 1 2 front wheels, 2 2 front wheels, 2
Number of Wheels
rear wheel rear wheels rear wheels
Suspension Svstem i Double wishbone + | Double wishbone +
P y spring spring
Steering System - Ackermann Ackermann
Manipulator (Degree 3 4 5
of Freedom)
End-effector Gripper Gripper Gripper
Cycle time - 107 seconds 60 seconds
Percentage error of 42% 24% 20%
topple angle

Table 4.5 shows the comparison of previous versions of latex cup collector robot

prototype with current version. The first version of robot prototype was designed

with 3 DoF motor-driven manipulator, direct drive power transmission and does not

equipped with suspension system and steering system. The 3 DoF robotic arms have

caused the robot prototype not able to collect latex cups located at various heights.
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Besides, the prototype may not be able to navigate on unstructured terrain and
perform turning due to lack of suspension and steering system. The second version of
robot prototype was designed with 4 DoF motor driven manipulator, differential
drive power transmission, double wishbone and spring suspension and Ackermann
steering. The robot prototype developed is able to collect latex cups at different
heights and overcome the obstacles when travelling across uneven surfaces. The
third version of the robot prototype is designed with 5 DoF motor driven manipulator,
differential drive power transmission, double wishbone and spring suspension,
Ackermann steering and equipped with encoder sensor to improve accuracy of angle
of rotation of motor. In this project, a robot prototype with 5 DoF of robotic arm will
be designed and developed by improving on the previous design. By comparing the
third version and previous version, the cycle time to collect latex cups has decreased
from 107 seconds to 60 seconds. This is due to the increase of Degree of Freedom
(DoF) of the robotic arm. The process has eliminated the turning process for the
robot prototype to approach to the “rubber tree” to collect the latex cups. Besides, the
percentage of the topple angle has also reduced to around 20% for the third version

of robot prototype.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

In a nutshell, the project has succeeded in achieving its objectives. The robot
prototype designed contains a mobile platform equipped with a motor-driven Five
Degree of Freedom (DoF) manipulator arm, Ackermann steering, double wishbone
suspension, rear-wheel drive and a latex storage tank to store the latex collected from
the trees. The robot prototype has gone through simulations by utilising Solidworks’s
Finite Element Analysis (FEA) and Motion Study Analysis to validate the results in
real world experiments. Besides, the robot prototype has undergone real life testing
to determine its stability, including a static test and a balance test. Other than that, the
robot prototype has also performed mobility test and test runs to validate its control
system. Mobility and performance tests were carried out to also ensure the suitability
of the motors chosen for the robot prototype to navigate. The robot prototype is able
to collect latex cups that are positioned at various elevations. The results obtained
demonstrated that the prototype design is workable and capable of autonomously
performing fundamental tasks on the varying topography of the rubber plantation.

5.2 Recommendations

During the design process and test run of the robot prototype, several issues arose

that prompted recommendations for improving the existing design for future
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development. The issue that required improvement was the robot's inability to
navigate in a straight line, which was caused by the differential drive transmission.
The wheels were not rotating at the same speed, causing the robot to lean to one side
a lower speed, preventing it from moving straight. Additionally, the motor that drove
the movement of the robot was irregularly shaped, causing uneven weight
distribution, which also led to the robot leaning towards the heavier side, making it
difficult to move straight. To address these issues, it is recommended to convert from
a differential drive transmission to a direct drive transmission, which would allow
each wheel on each side to have one motor to control, resolving the uneven weight
distribution of the motor. Besides, the rear-wheel drive could be changed to all-wheel
drive to increase the speed of the robot prototype so that it can travel faster and
perform tasks in a shorter time. The Ackermann steering could also change to skid
steering to reduce the amount of time it takes to rotate the steering of the wheels to
perform the turning process.
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