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Autonomous Ground Vehicle & a Novel EOAT for Infected Plant Detection & Removal

Dissertation Abstract — Idaho State University (2021)

In this work, various parts of an autonomous ground vehicle (AGV) for agricultural
purposes are designed. This AGV is part of a larger project that, in a cooperation with an unmanned

aerial vehicle (UAV), can detect and remove infected potatoes plants by virus Y (PVY).

In the first part of this work, the design of a prototype chassis for the AGV was analyzed.
This prototype is a four-wheel powered vehicle. An optimization routine was used for finding the
ideal size and material for the chassis. In the second and third parts, the design, implementation,
and performance of autonomous navigation and obstacle avoidance systems for this AGV are
discussed. To reach the maximum accuracy for navigation, an RTK GPS has been used. Also, for
obstacle avoidance in this AGV, a simple 2D LIDAR sensor was installed and tested. The fourth
part is related to detect the exact location of the infected plant by an advanced robot vision system
and proper image processing algorithm. This system includes two RGB cameras and utilizes the
HSL format of images for image processing. The fifth part of this work is related to design of an
efficient end of arm tooling (EOAT). The most appropriate mechanism for complete removing
infected plant was designed and a prototype model of it was built and tested after passing the
motion analysis in a CAD model. In the last part of this work, a novel singularity analysis for
robotic mechanisms has been presented, and the idea is developed by an example of a spatial

mechanism (RRSS).

The outcome of this work includes design and implementation of various parts of an
agricultural ground vehicle. The motion study and stress analysis for the mechanical sections of
this vehicle are analyzed in SolidWorks, and a prototype model of each part is tested in the field.
All electronic sections (including various GPS, sensors, cameras, motors, etc.) have been checked
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one by one in different situations based on function. Also, codes and algorithm for image

processing and navigation were tested in various conditions.

Key Words: Optimization, Stress Analysis, Chassis Design, Autonomous Vehicle, Four
Wheel Drive Vehicle, CAD Stress Analysis, Mobile Manipulator, Roguing Mechanism,
Agricultural Robot, End of Arm Tooling, Autonomous Virus Removal, Navigation, RTK GPS,
Obstacle Avoidance, Agricultural Robot, Autonomous Ground Vehicle, Pixhawk, Robot Vision

System, HSL format, Image Processing Algorithm, 2D object detection, Image Segmentation.
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CHAPTER 1. INTRODUCTION

1.1 Robots in Agriculture

The population of the world is increasing very fast in recent years. To meet nutritional needs
for the expansion of the human population by 2050, a projected 100-110% growth in crop
production has been estimated. This change is needed a fundamental change in our traditional
agriculture system and is dependent on improvements in the efficiency of the current agro-
ecosystem to minimize the continuation of our damages on the global ecosystem [1]. The
productivity of the agroecosystem has improved progressively in large owing to mechanization and
automation of production systems [1]; however, as mentioned before, global food demand is
expected to double from 2005 levels by 2050. The results of this increased demand will push the
agricultural industry and policymakers to once again assess their decision-making and focus. Right
now the possible options are continuing the current practices and increasing land in agriculture, or
moderate intensification coupled with new technologies. With each transition to combine new
agricultural practices and technology, some in the agricultural sector choose to implement while
others do not. Social and behavioral circumstances, along with a favorable policy environment,
impact adoption rates of new technology and practices [2], [3]. Thus, to implement a co-robot
system framework, it is imperative to understand the existing social, behavioral, and policy
conditions and the possibility of making agricultural practice changes in the future. The concept of
Integrated Pest Management (IPM) [4] was developed to reduce the negative impacts of reliance
on intensive chemical use. Continuous monitoring of agricultural farms is a critical component of
IPM practice. However, monitoring efficiency in large-scale farming is limited, as acknowledged

by many producers. Precision agriculture [5] is a key component of the IPM strategy.
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Achievements in computational, information and robotic technologies can play a key role
in reducing some of the costly agricultural inputs and in increasing yielding and sustainability. Steps
for improved productivity and sustainability in the agroecosystem have been taken with IPM. A
greater impact can be accomplished when used in conjunction with precision agriculture. However,
its affordable and efficient implementation requires autonomous or collaborative robotics
technology. This is the area in which this paper proposes to contribute. The research presented in
this paper is a vital part of a larger, more complex problem. The broader scope of the project
undertaken aims to answer the fundamental question of whether a multi-agent team comprised of
humans, aerial and ground robots, and using multi-sensor fusion and learning techniques, could be
the best solution for IPM and under what conditions. Right now, lots of research groups are working
on the multi-agent robotic systems for various agricultural applications, for instance [98, 99]. A
part of this larger problem is the scalable co-robot which will be the autonomous ground vehicle

(AGV) discussed in this paper.

Potato Virus Y (PVY) is one of the common problems between various types of potatoes.
The PVY can destroy products of the farmers up to 80%, depending on the potato’s type [11, 12,
19]. Recent economic data indicates PVY reduces total potato production in Idaho by about 2.3
million hundredweight (cwt) annually. The direct cost of PV to the Idaho economy is about $19.5
million and economic modeling indicates the total impact exceeds $33 million annually [13]. A
wide variety of potatoes are affected by the (potato virus Y) PVY virus and are also referred to as
PVY carriers. Most of these varieties show mild or no symptoms when contaminated by the virus
[6]. Visual identification of the virus is especially difficult in the early stages [7]. There are many
research programs and techniques which are currently used to make crops naturally resistant to
PVY, but unfortunately, the virus has quickly changed in the last 10 years and keeps damaging

farmers’ products [20]. When microbiologists try to use new methods for producing crops with



better PV resistance, mechanical elimination of infected plants is still remaining a full-proof, but
because of the size of the fields and the possibility of the existence of viruses anywhere in the field
would be an inefficient method to prevent the spread of PVY once it is already present in a field.
Therefore, utilizing multi-robot exploration and task planning algorithms based on unknowingly
distributed tasks can be useful in this case [8, 9]. Virus detection methods including serological
methods (ELISA) or molecular methods (PCR) are destructive, time-consuming, labor-intensive,
and therefore very expensive. A non-destructive and fast method to detect viruses is the use of mid-

wave infrared remote sensing [10].

In [14] has shown that remote sensing techniques, coupled with machine learning
algorithms, can differentiate virus-infected plants from non-infected neighbors based on
electromagnetic energy absorbance and reflectance. On detecting the infected plants, the standard
procedure is to send a crew into the field to manually uproot the infected plants. Common
disadvantages of this method are: a) Late Detection, as workers identify the infected plants visually,
which is essentially further into their growing cycle, b) Time consuming: since this process is done
manually; in an average field of a few acres to a few hundred acres it takes weeks or longer to
complete the removal process. This allows additional time for the aphids to spread the virus, c)
Additional cost on production, d) Significant loss of crops. These factors were the major motivating
forces in the design and development of an autonomous ground vehicle (AGV) testbed to identify
the infected plants early in the crop life cycle. The AGV would be equipped with various sensors
and an automatic roguing mechanism to dispose of the affected potatoes by PVY. The roguing
mechanism will be selected between various mechanical designs preferably with a minimum
number of actuators and smallest size [15, 16, 17] because the size and weight of the roguing
mechanism will affect the final size and weight of AGV too. Also, soft robotic actuators [18] can

be considered as one of the possible options in this mechanism.



In the prevalent mechanical removal method, first, some professionals identifying the
infected plants and then manually removing them. This method consists of two major sections. The
first and most important one is correctly detecting the affected plants by PVY, which is very
difficult with eyes. An experienced inspector may be accurate but because of the size of the potato
fields, checking the whole field by the human is still very slow and because of the limitation of time
between the moment we can find out the PVY in plants (they must be mature) and when they are
starting to spread out the disease to other, detection PVY by people is useless [21]. Therefore,
remote sensing techniques are usually preferred [22]. Remote sensing uses cameras that can sense
ranges of the electromagnetic spectrum that human eyes cannot. In hyperspectral remote sensing,
the electromagnetic spectrum is dividing into hundreds of narrow “bands” of light, making
hyperspectral imaging able to discover infected plants even before symptoms happen [23, 24].
Hyperspectral cameras can be attached to autonomous vehicles or quadcopters to make remote
sensing a powerful technique. Remote sensing combined can be combined with both of these
systems, a modern-day Unmanned Air Vehicles (UAV) and an Autonomous Ground Vehicles
(AGV) to scan, detect, and eliminate the potatoes infected by PVY from the field with minimum
human interaction. The communication between these systems and schematic of the whole process

from detection to elimination of the infected potatoes is showed in Fig. [1].
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Figure 1: Whole process of communication between UAV and AGV from detection sick plant by UAV to roguing by
AGV

In this system, UAV and AGV working with each other. First, a UAV that is equipped with
a hyperspectral camera and high accuracy GPS goes over the potato fields and taking images to
find the location of the sick plants. Then the GPS coordinates will be sent to AGV, which will be
lead autonomously to the target location for roguing and removing the infected crops. However, the
plant still has to be removed. For removing the infected crops, the AGV would be equipped with a
robotic arm and an automatic roguing mechanism. The roguing mechanism will be selected between

various possible mechanical designs preferably with minimum actuation and weight [15-17].

The focus of this work is over the designing of AGV and all required attachments for

detection and removal of sick plant which will be discussed about each of them in detail.

1.2 Chassis Design

In this project, for designing an AGV, we need a proper chassis for this vehicle as one of

the main parts of any vehicle. However, there are some differences between designing a chassis for
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a regular vehicle and an agricultural vehicle. These differences mostly related to the maximum
weight an agricultural vehicle supposed to carry, shape of the field which this vehicle need to go
through, and task that have to be done by it. In this part, some of the advances in chassis design for

AGVs and modern agricultural ground vehicles will be explained.

In [101], the process of design of an unmanned ground vehicle for agricultural purposes
with an ability of landing a drone on it was explained. In this project, a novel design was used to

keep the vehicle chassis horizontal, even on rough terrains or steep slopes.

In [102], for adaptation the vehicle with different based on the farm shapes and crop heights,
the chassis is mechanically adjustable. This adjustment is done manually by loosening bolts and
adjusting the chassis to the new size. In another research in [103], an advanced agricultural vehicle
with focus on maintain a level position of vehicle on uneven terrain was designed and analyzed. In
this design, a rapid active method was suggested for levelling the vehicle platform as soon as the
slope begins to prevent or reducing vehicle body inclination. This system includes a platform

mechanism, a four-wheel vehicle chassis and a control system.

Additional to the novel chassis designs with ability of level adjustment, in the point of view
of safety, analyzing various type of stresses that are applying on chassis is very important for
designers. In [104], by using finite element method, the stress analysis of a truck chassis structure
design with various thicknesses was analyzed. The minimizing the thickness of chassis, will help
designers to reduce the price of the final product. Also, for reducing the stress at critical point of
the chassis frame in [104], the thickness of side member and cross member and position of cross

member from rear end of chassis compare to original design has been changed.

One of the main challenges for designing chassis of agricultural vehicle is the presence of

bumps and ruts in the farms which causes more stress over the chassis. In [105], bending and torsion



stress within two cases for a standard dump truck has been studied and analyzed. Stresses analyzed
based one the finite element method for the vehicle chassis when only one side of the chassis

passing the bumps, and then when both wheels are gets over the bumps.

With all of these advances in designing novel chassis for agricultural vehicles and research
on stress analysis of chasses, still a comprehensive study on various possible stresses over the
agricultural vehicle chassis it seems necessary. Based on this necessity, in this work, a complete

stress analysis provided for the chassis of an autonomous ground vehicle for agricultural purposes.

1.3 Navigation, Obstacle Avoidance, and Communications

Lots of research groups are working on novel robotic systems for agricultural purposes,
whether it be for fertilization, pesticide application, or inspection [28]. Robots can be better than
traditional large machinery as they can be more selective where they spray, conserving resources.

Additionally, in some cases, it is more cost-efficient to send a robot than a human operator [29].

Recently, GPS as new technology has been a favorite solution for autonomous robot
navigation [30]. One of the difficulties in using an autonomous agricultural robot in the fields is
related to obstruction of the GPS signals by buildings and trees. Also, cloudy weather can have the

same effect on GPS signals.

The GPS network is just one of many in the Global Navigation Satellite System (GNSS).
GNSS receivers work by measuring the time needed for a signal to reach the receiver from a
satellite. Transferred signals traversing through the atmosphere may be slowed down or interfered

with, and causing an error, especially in cloudy weather.

One proper solution for improving the accuracy of navigation systems is using Real-Time
Kinematic (RTK) system with an error of less than 0.1 m (3.93 inches). These systems became very

popular in recent years for navigation of agricultural vehicles [106-109]. An RTK system contains
7



two main units; a base station unit and a rover unit. The base station unit is stationary and the rover
unit is mounted on the AGV. The base station transmits position information in real-time to the

rover, which helps the rover make corrections to its location, thereby achieving higher accuracy.

While the distance between two potato plants, in the field, is around 0.3 m (12 inches), the
average error of commercial GPS is 2-4 m. This will make a problem for accurate navigation of
AGYV and reaching the target location. Although the bulk of the growing season for potatoes is
during the summer months when the weather is generally calm and usually potato fields are far
from the buildings and trees, still the accuracy of AGV navigation would be significantly increased
by using RTK GPS. Therefore, to improve the accuracy of the navigation system of AGV in this

project, a RTK GPS has been utilized.

Additional to a high precision GPS system, an autonomous vehicle need an obstacle
avoidance system to not hitting possible objects in the path. Using the LIDAR sensors in
autonomous vehicles is a common way for detection objects and avoid hitting them. Autonomous
vehicles for agricultural purposes facing various unknown objects that moving with different speeds

in the fields which make it more difficult to avoid hitting them.

In [110], advantages of MEMS based 3D LIDAR sensors had been compared to the
vision/stereo vision in the domain of agricultural robotics and typical 3D sensors used on mobile
robots. Also, an application for such sensors which can be used for the detection and segmentation
of plants and ground had been presented. In [111], single multi-beam LIDAR scans had been used

for object detection and terrain classification.

In this work, a simple 2D LIDAR sensor is utilized for having some general tests and finding
a proper algorithm but for the final version in future, the AGV will be equipped by a 3D LIDAR

sensor.



1.4 Image Processing

Diseases always affect on quality and quantity of farmers’ products. As it was explained,
the main point for protection of the field from spread out the diseases is identifying and destroying
the infected plants. For having a more accurate decision about infected plants, we need to acquire
information about various signs of each disease [31-34]. When detection of the sick plants seems
too hard with just searching the field by sight (especially for large field) computer vision technology
helping us by finding the segments of disease spots from leaf images find the infected plants. [31,

32, 35].

On the other hand, with recent improvements in the science of robotics and autonomous
systems, image processing playing a more critical role for correct decision making, path planning,
obstacle avoidance, and generally act as the vision system for robots. The image processing would
be hard in an area like an agricultural field. When dust is one of the problems, dealing with lots of

changeable conditions from a point to another point makes it even harder [36].

Most of the image processing technics are focus on the size and color of objects. In most of
them, change the color picture of the object to gray or black and white formats and analyzed it.
While loses of contrasts, sharpness, shadow, and structure of the color image are some of the
characteristics of converting the colored images to gray images, the scientists working on improving
on this method [37]. However, in the agricultural fields, based on the weather condition, we are
facing a wide range of the amount of sunlight which causes a different level of shadow and changes
the lightness of the picture. Also, there is a possibility of lots of unexpected objects on the farm.

Plus, the size of the target objects which can be different types of fruits or vegetables is not equal!

Except for working with black and white or gray pictures, another option can work with

original color pictures (Red-Green-Blue, RGB) which has its own problem. The problem is we have



to work with three variables which makes it too complicated. Two other alternatives options rather
than RGB are converting the picture to HSL (hue, saturation, lightness) and HSV (hue, saturation,

value) [38].

In this project because we are working on agricultural fields and as it was discussed the
range of the light would be vary based on place and time. Therefore, if we convert the images to
HSL format we can consider the whole range of lightness and eliminate one of three components.
Also, because we are looking for the location of potato plants, we can just focus on green color and
find an exact range of hue and saturation for green color which will be matched by leaves of

potatoes.

1.5 Roguing Mechanism

The agriculture products as the major humans’ living resources such as food, medicine,
energy, fiber always been in the center attention of human. After, the industrial revolution, the
agriculture industry took lots of benefit from developing and using mechanical systems in
agriculture and related technologies [96]. In the last years of the last century, with advances in the
field of robotics [97], farmers started to replace the old form of mechanical system by fully or partial
automatic systems in various farming tasks; such as pesticide/herbicide spraying, irrigation and
harvesting products. However, the shape, size, growing environment, general health of crops are
completely different area which has yet to see significant automation. The complexities associated
with different types of crops make it a big challenge for engineers to find an appropriate solution

for each individual product.

The field of robotic in agriculture as was discussed is very vast. Because in this research we
are focus on roguing the sick potatoes from the field, let's narrow down our search on the research

programs just related to the harvesting, grasping, and roguing mechanisms. These research topics
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are mostly focused on two major parts: Control and kinematic design. Here, a summary of some of

these research outcomes in both areas will be presented.

In [39] an air actuated gripper with a parallel jaw is designed and built for the seedling. In
this design, in most cases, there is not any damage happened to the plants. Also, the jaws could only
be fully open or fully closed. A reduction in the jaw motion between the open and closed was tested
for this design and the amount of required applied force to the soil plug was found to be able to grip

the soil plug without damaging the seedling.

A proper end-effector plays an important role in a good performance of a seedling
transplanting robot. In [40], two types of grippers, "Swinging Needles™" and "Sliding Needles" were
designed and compared in three different areas of the robotic transplanting process: seedling
picking, holding, and planting. The results show Sliding Needles gripper was much better than the
Swinging Needles for seedling transplanting. Then, a seedling sensing was added to the Sliding
Needles gripper to make it adaptable to a wide range of seedling sizes and shapes and the final
design was "Sliding Needles with Sensor". In process of picking, the gripper becomes close to a
seedling from one side. Then, it enters the root system at a slanted angle and swinging the needles

to grasp the plug and lift it from the tray.

Some of the advantages of this design:

1. The simple gripper with low-cost actuators.

2. Holding a wide range of seedlings in various sizes of plug trays and growing flats by the

gripper.

3. The gripper working on the root of the seedling rather than the stem.
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4. The fingers in the gripper can penetrate, grasp, hold, and release with minimum damage to the

roots.

5. Using sensors for identifying the presence of a seedling on the gripper [40].

About the amount of applied force for a proper grasp, the Force/Torque (F/T) sensor does
not show any reaction in a perfect grasp (Fruit stay in its equilibrium position), thus the grasping
forces will be only "internal™ forces. In reality, after the grasp, the fruit will be moved from the
equilibrium position. Additionally, forces should be distributed and controlled through the grasping

process to prevent damages to the fruits [41].

In [42], by using a robotic arm connected to a pneumatic parallel jaw gripper with some
special fingers a vegetative propagation was processed for geranium cuttings in a robotic work cell.
Fingers are made of aluminum, spring steel, and rubber. For handling the geranium cuttings, a 4-
Arc spring steel parallel gripper and aluminum fingers were used. The gripper without damages the
main stem handled the cuttings tightly and remove them from the field-of-view of the camera. Two
main steps to reach this goal are finding the point for cutting the main stem and finding the position

and orientation of the grasp point along the main stem.

A fruit-harvesting robot was designed for harvesting melons in a greenhouse autonomously
[43]. In this robot, a gripper grasps the melon and removes it from the vine when its controller
adjusts the wrist and grasp motions. A flexible joint connects this gripper to the robot arm to absorb

side loads from horizontal motions during the process of picking the fruits.

A multipurpose agricultural robot with four different end-effectors for harvesting, berry
thinning, spraying, and bagging was designed to work in the vineyard. This robot contains a
manipulator, a visual sensor, a traveling device, and end-effectors which can do several things based

on various end-effectors [44].
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The harvesting end-effector is grasped and cut rachis and thus able to harvest bunches
without any damage. The berry thinning end-effector includes three parts and designed to collect
berries in a unified bunch shape. The spraying end-effector with keeping the speed of motion and
distance between the nozzle and target constantly sprayed the target evenly. Finally, the bagging

end-effector was able to put one by one and nonstop bags on growing bunches [44].

The specific fruit harvester robot was built and tested in a laboratory with an artificial tree
to check localization accuracy for the laser rangefinder and dependency of that on external
conditions, velocity of the arm, positioning accuracy, and repeatability; and performance of the
gripper-cutter. This research contained a deep study for geometric, kinematic, and dynamic to find
the most appropriate manipulator structure, and the final outcome of the tests was showing excellent
results for accuracy of range-finder and harvesting arm action with some weakness in the

performance of gripper-cutter [45].

For grasping general horticulture products and specifically focus on tomato harvesting, an
appropriate gripper with two fingers was designed and connected to a robotic arm. This project
using pneumatic actuation to control the amount of force required for a suitable grasp and using
sketches and drawings to find feasible solutions for on-field problems. There are various possible
mechanical designs that depend on the object and required force can be used for two finger gripper
such as two rigid fingers with two contacts grasp or articulated fingers with four (or more) contacts
grasp with or without an extra contact in the palm. Also, there are two possible mechanical designs
with scissors to cut the stalk: scissors connect to the last knuckle of a finger, or scissors connect to

the palm [46].

A cluster harvesting end-effector was designed in [47] which is connected to a manipulator,
is designed to grasp a stem, cut, and hold it. The upper and lower fingers of this gripper move by

electrical actuators. A limit switch was attached to the end-effectors for sensing the main stem,
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while two limit switches that acting as pressure sensors were on the lower fingers to recognize a

stem.

For improvement in the efficiency of the robot for harvesting tomato, an end-effector was
developed in [48] for a tomato cluster that can harvest a whole fruit cluster. The end-effector of
fruit cluster harvesting requires multi-directional access to grasp and cut the stem from any
direction. Selective compliance assembly robot arm (SCARA) was used for manufacture and test

of end-effector which can harvest the entire tomato cluster with 4-6 fruits in a greenhouse.

The theories of contact grasp stability and spatial for an entire system were expanded and
analyzed in [49]. Then, from the vision processing approach, the related data for plate and curved
finger synthesis to grasp unknown tomato fruits based on tomato images was presented. Plus,
stability tests were implemented for grasping tomatoes with two parallel fingers based on using
both types of fingers (plate and curved fingers). Finally, based on vision feedback can reach a

programmed control for grasp stability of two-fingered tomato by prediction of stable grasp regions.

An end-effector with three various parts, a mechanism for grasping fruit, a size-judging
mechanism, and another mechanism for cutting the peduncle was developed when it has required

force for grasping the fruit and cutting the tough stem [50].

In [51] an agricultural robot was developed a parallel type handling manipulator for
harvesting heavy vegetables such as watermelons, pumpkins, cabbage, lettuce, etc. The manipulator
contains three joints: first two joints run by hydraulic actuators when the third joint connects the
gripper to a rail and is driven by a DC servo motor. The hand is designed for grasping watermelons

has a small DC motor and four one DOF fingers.

For grasping watermelons design a hand with four | DOF fingers and a small DC motor. For

grasping watermelon, the manipulator will move the gripper right above the targeted watermelon
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and the hand goes down and grasp just watermelon when avoiding leaves and vines. This hand has

a passive joint in the wrist with a passive force closure under gravity and friction [52].

In [53], the guidelines for designing power assist robots to lift heavy stuff in industries were
analyzed. An assist robot system was developed with just 1-DOF when dynamics and control of it
were in the perception of the human weight. The robot system was designed to carry objects with
various sizes and three different lifting orders in normal working conditions — unimanual, bimanual,
and cooperative lift. To improve the system performances, an innovative control was applied to

decrease extreme load forces in both usual and worst-cases (unusual working conditions).

A robotic design for grasping the orange, with controlling the pressure over orange grasp it
and the arm move away. By using located force sensor on the wrist of the robot, the control system

can find the location of the stalk and cut it with a circular micro-saw [54].

In the new robotic system, three actuators were used rather than two actuators, for
controlling the jaw and clippers, and one for a sliding tray placed at the bottom of the pincers and
slides out before the stalk is cut. The expansion of the lower jaw and the existence of this tray, lets
the orange remain trapped inside. When the orange reaches the unloading area, the tray will come
back in and the orange drops automatically, and the grasping device returns the jaw to the resting

position to be ready for picking another one [54].

A mechanism was designed in [55] for harvesting the radicchio. Because the radicchio needs
accurate stem cutting, a double four-bar linkage manipulator and a special two-finger gripper were
suggested for harvesting and cut a plant approximately 10 mm underground. While the gripper
works with flexible pneumatic muscles and both manipulator and end-effector are pneumatically

actuated.
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In [56], a robotic arm was designed for grasping the asparagus and cut its stem. This robot
arm has two fingers and a cutting knife which are attached to the tip on this arm. In the robotic arm,
a cylindrical cam mechanism with two cylindrical bodies, an inner cylinder (with three straight
grooves) and an outer cylinder (three spiral grooves), and one arm shaft was used to increase the
speed of expanding function of the robotic arm in a compact body. A DC motor will rotate the outer
cylinder when the inner cylinder is fixed to the main body. Therefore, three bearing shafts going
forward or backward with the rotation of the outer cylinder when the arm shaft is fixed. And there
are 5 steps for this robotic arm: 1) Rotate the arm 2) translate the arm to target 3) grasp the target

asparagus 4) cut the stem 5) carry the asparagus to the box.

The gardening robots are movable manipulators with the camera placed in the end-effector
which gives them the ability to locate plants in the garden, water plants, and locate and grasp fruit.
To perform an appropriate grasp, a closed-loop control algorithm [57], will be used to line up the
gripper and fruit when the force sensor will help to detect failed grasping attempts may not very

useful in the case of the gripper grasps any other part of the plant!

In [58] a vision-guided grasping system was developed and tested for Phalaenopsis tissue
culture plantlets (PTCPs). Because the leaf of Phalaenopsis is very fragile and is easily damaged
by the gripper the plantlet is usually grasped at the root or the stem. The appropriate grasping point
on the roots was found using an image-processing algorithm. Also, for finding the 3D coordinates

of the grasping location, a binocular stereovision algorithm was applied.

The Robot Gesture Library (RoGUE) is a motion-planning method to create gestures and
four robots are connected to RoGuE: 1) Barrett hands with three-finger and 7-degrees of freedom,
2) ADA (Assistive Dexterous Arm) is a 6-degree of freedom hand with an actuated gripper and two

fingers. 3) Curi is an omnidirectional humanoid mobile robot hand with two 7-degree of freedom
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arms 4) PR2 is a bi-manual mobile robot with two 7degree of freedom arms and each gripper has

only two fingers [59].

In [60], there is a 7 DOF robotic system in which a serial link manipulator with 6 DOF is
mounted on a prismatic base, and the whole of that is connected to an end-effector for grasping
apple. The selected end-effector for picking apple contains three identical tendon-driven fingers

plus two links for each of them and three actuators.

Soft robots have become more and more popular in robotic systems nowadays. One of the
areas for using these robots is for agriculture purposes. Soft end-effectors and grippers are playing
important role in grasping and handling soft fruit and vegetables, for instance for lettuce harvesting
or suction mechanisms for picking apples. The amount of applied force for each task is important
too. Basically, more focus to control base on the force rather than position. In other words, for
grasping and manipulation applications in Agri-Food, both high accuracy and unexpected strength
are required. For making something more like a human, some elastic structures with variable

stiffness actuators can be used [61].

In this project, the main task for AGV is removing all parts of the sick plant completely out
of the field. Although there are lots of advances in designing robotic mechanisms for agricultural
purposes still there is not many mechanisms that specifically designed for grasping and pull out or
digging out all parts of the sick plants out of the soil. Therefore, in this work, all possible options
for extraction of sick potato plants are analyzed and finally a novel mechanism will be designed for
complete extraction of the sick potato plants while it can be used for other plants with similar shape

and size too.
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1.6 Singularity Analysis

In general singularity in robots is define as a condition caused by the collinear alignment of
two or more robot axes resulting in unpredictable robot motion and velocities [100]. Singularity
configuration of a robot is one of the serious challenges for designers and is one of the problem in
designing various mechanisms and ones for agriculture are not an exception. Therefore, in the last
part of this research, we trying to define a general solution for singularities in mechanisms and that

would be supported by singularity analysis in a multi finger hand as an example.

A wristed, multi-fingered hand includes a single serial chain spanning several serial chains,
with a kinematic tree topology. Kinematic analysis of tree topologies for applications in modular

robots and robotic hands can be found in [62-64].

The design of multi-fingered hands has been studied from the point of view of selecting the
right number of fingers and the mobility and connectivity of each finger for grasping and
manipulation in [65-68]. In [69], algorithms were created to combine properties of mobility and

force closure for the type synthesis of general hands.

The creation of the robotic hand once the hand topology has been selected follows two more
steps. First, the joints need to be placed so that the hand can reach the desired task, which is a
dimensional synthesis problem. Kinematic dimensional synthesis of tree topologies presents
particular challenges that have been explored in [70-72]. Dealing with a coordinated action of all
the fingertips leads to a simultaneous task for all end-effectors, in which case relative motion among

them has to be considered too.

Obtaining the type and number of joints and the location of the joint axes has to be followed
by a process in which the designer needs to decide where to physically implement the joints along

the axes. This process does not change the kinematic task but has a great influence on hand
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dynamics, force transmission, self-intersection, and overall hand size and inertia. Some of these
parameters can be designed with an optimization process such as the one in [73] and automatically

implemented [74].

A final step of detailed design is needed to design transmissions, actuator placement, and
coupling systems if the hand is going to be underactuated. At this level, the design is usually done
for the single finger, such as the designs of individual, underactuated fingers in [75, 76] or finger
configurations [77]. For the design in detail, most of the current efforts deal with what we can
denote as planar fingers, that is, fingers for which all the joint axes are parallel, and also in some
cases with perpendicular axes. To have functional hands with arbitrarily oriented axes, different

types of transmissions and coupling methods need to be explored.

The characterization of singularities for closed loop or parallel mechanisms has been widely
studied. Single-loop linkages were the first ones to be studied and are the focus of this work. Among
many works, we highlight [78], where the mobility problem for four-bar linkages was studied by
finding the global extrema of a quadratic function on a cylinder and solving it as the geometric
problem of the intersections between a circle and a hyperbola. Later, [79] described three possible
types of singularities based on Jacobian matrices for the loop equations. More recently, [80] shows
that the singularities of the configuration space and degeneracy of the kinematics of a chain are not
always related to each other. Focusing on the RSSR linkage, [81] analyzed the first type of
singularity. Works involving design include [82], where the general reason for losing rank and find
ill-condition in synthesis was analyzed and solved with an optimization procedure. In [83], Grashof
conditions were discussed for closed-loop RSSR mechanisms, and the use of a geometrical
approximation to find conditions that make crank-rocker mechanisms. Most of the works found
focus on avoiding singularities or creating singularity-free trajectories such as [84], with an

algorithm based on a Probabilistic Road Map that can generate trajectories avoiding singularities.

19



In this work, a single chain of RRSS mechanism explained as the supporting example for
the methodology. Unlike the approaches in [15], which the intention was to use SS chains to couple
RR fingers for the design of wristed, multi-fingered robotic hands, in this work, the focus is on
designing the mechanism for specific singular configurations at desired positions. This approach
can be useful to make sure the designed mechanism will stop at specific locations, or have motion
between two specific points, corresponding to the two singular points. At the end, the derived

equations are explained, and examples are included to test the method.

1.7 Research Goals

This dissertation aims to address the design and implementation of an AGV and EOAT for

in-situ virus detection and removal. This project includes the following objectives:

1. Design and implementation of an optimized prototype chassis for AGV

Potato fields are fraught with rough terrain and deep irrigation ruts. Navigation of such
terrain is very challenging and demanding on the robot chassis. For reaching the ideal size and
material for this chassis, an optimization method is required. Also, based on the shape of potato
fields, different stress analyses have to be conducted to help narrow down the chassis design and

material for the prototype.

2. Design and implementation of an autonomous navigation system using an RTK GPS

In this project a high-precision GPS is required for navigating the AGV to the infected
potatoes with PVY and remove them from the field completely. This autonomous robot is in-line
with emerging technologies in the field of precision agriculture. The navigation system in this
project is based on a Pixhawk microcontroller for ease of use and affordability. Also, to reach the

maximum accuracy an RTK GPS module from Swift Navigation with a maximum 10 cm error has
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been used. After installation of all components to the AGV, both electrical and mechanical, they

are protected with a cover from water, hit, and sunlight.

3. Design and implementation of an obstacle avoidance system using a LIDAR sensor

To avoid hitting any object or person in the field, this AGV has to be equipped by an obstacle
avoidance system. For finding the most appropriate obstacle avoidance system and algorithm, some
information about general condition of a potato field, possible obstacles, and speed of each of them
required. Finally, after selecting the proper system, it has to be tested to make sure about its

performance in a real condition.

4. Design and implementation of an image processing software

The next part is related to the implementation of a vision system and image processing for
this autonomous vehicle. When the AGV reaches to target location, the infected plant has to dig out
and spoiled by an automatic roguing mechanism that is attached to vehicle. As it was mentioned
the RTK GPS has around 10cm error and we know the average distance between potatoes plants
would be around 30cm but in reality, this distance varies in the field case by case. Therefore, for
finding the exact location which has to be clean out, this roguing mechanism has to be equipped
with a special robot vision and image processing system to detect the center of the sick plant. This
system includes two 8 Mega Pixel Pi cameras to find the center of the target plant in vertical and
horizontal directions. Also, because this system is working in the potato field with various ranges
of sunlight during the day and on different weather conditions, for having better image processing

in various brightness, the HSL format of images has been utilized for better color detection.

5. Design and implementation of EOAT for roguing the sick plant from the fields
The ultimate goal in this project is the elimination of sick plants from the field but this aim
is not reachable unless having a proper design for roguing mechanism. For having an efficient end

of arm tooling (EOAT), a wide range of research is required about potato field condition, soil
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property, strength in connectivity between various parts of the plant such as roots, stem, and tubers.
Also, all possible mechanisms have to be checked and some alternative options selected for the

final design.

6. Singularity analysis of mechanisms and manipulators

Singularity of mechanisms is one the major factors of design and very challenging topic for
designer specifically when we are working with autonomous systems. In this project, the roguing
mechanism would be attached to AGV by an appropriate mechanism (robotic arm). Therefore, as a
part of this project, a novel singularity analysis for robotic mechanisms (general case) has been
presented and the idea is developed by an example of a spatial mechanism (RRSS). One of the
advantages of this method is ability of using it for either to avoid singularity for a specific range of

robot motion or defined specified singular positions for robot based on designer requirements.
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CHAPTER 2. CHASSIS DESIGN FOR AN AUTONOMOUS GROUND VEHICLE
(AGV)

The chassis is the base frame for any vehicle that other major parts of vehicle like the wheels
and motor(s) will be attached to it. So, one of the first step in designing a vehicle would be design
a proper chassis based on total weight of vehicle and the duty which vehicle is designed for it (a
chassis for a sport car would be different from a truck). Base of designing an autonomous vehicle
is not big different from regular vehicle. Therefore, in the first part of this project (designing AGV),

we will start with presenting the process and results for designing the chassis for this vehicle.

2.1 Potato Field Specifications and Motion Study for AGV

2.1.1 Potato Field

The first step before designing the chassis and performing stress analysis is collecting all
possible information about the environment in which this vehicle will be operated. This would give
a better idea of the types of stresses the vehicle will be subjected to, and the type of analysis that
needs to be done. In this research, lots of information about a potato field condition was collected
from consulting with experts, local potato growers, visiting a potato field, and making accurate
measurements. The most important information which is required for design a proper chassis is

related to shape of the field, irrigation routine and soil condition.

The potato field are full of rough terrain and deep irrigation ruts which during potato
growing season are most of the time muddy and wet. Most popular methods of irrigation for

potatoes are sprinklers, center pivot, wheel line, and solid set systems. Potatoes prefer a well-
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drained, light, deep, loose soil and finding rocks in a potato field are very rare. Fig. 2 shows a potato

field before and after harvesting.

Figure 2: Potato field before and after harvesting 2]

2.1.2 Potato Field Simulation Information

Based on the information about the shape of a potato field and size ruts and bumps which
was measured in the field visit, we created a simulated environment, which is shown in Fig. 3. This
information was used to design the AGV chassis. As shown in Fig. 3, the height of each bump was

30 cm and the distance between the two bumps was 60 cm.

R15Cm

Figure 3: Simulated shape and size of the terrain

24



2.1.3 Possible Stresses for a Four-Wheel Vehicle

In this stage of research, we need simple initial platform for AGV to carry and test the
sensors and navigation system. The final AGV probably partially or completely will have different
design based on the size and attached equipment. To make this design simple as much as possible,
we didn't use any gear box, suspension system, and steering system. For having more power,
avoiding vehicle to stuck on the muddy land, and removing the steering system, an all-wheel drive
vehicle with four electrical motors was designed for this prototype. In this system with change the
speed of the wheels vehicle will be able to spin around itself. This vehicle is using two 12V & 8 Ah
batteries and is able to work between 2-3 hours with each time charging the batteries. Other
information about required power calculation and finding most appropriate motors for this AGV
has been done in [25] by Moeller et al. From the calculations in [25], the maximum possible incline
which this AGV can move on would be 43.5° and because potato farms must be navigated by

irrigation equipment and tractors, this high of a slope is rare.

The focus of this section is designing chassis for this vehicle as one of the main parts of this
AGV. Although final chassis design may have some differences from this one but most of the stress

analysis process because of similarity in the field condition and design constraint would be same.

In general, there are four main types of deformation for an automotive chassis [85].

1. Longitudinal Torsion:
If the force is applied in two opposite directions (up-down) on two opposite corners of the

vehicle, a torsion load will affect the chassis. This load would cause a twist on the frame of the

chassis (Fig. 4).
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Figure 4: Longitudinal Torsion

2. Vertical Bending:

This force is made by the weight of all the various components of the vehicle like chassis,
battery, motors, etc. plus all external loads like any moving parts on the vehicle for example a

robotic arm. The reaction force would be acting on the axles in the upward direction (Fig. 5).

Figure 5: Vertical Bending
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3. Lateral Bending:

In this case, a lateral load causes a bending on the chassis because of sideways load along
the length of the body of the vehicle. For instance, the force from the wind, road camber, or

centrifugal forces (Fig. 6).

Figure 6: Lateral Bending
4. Horizontal Lozenging:
This type of deformation happens when loads on two opposite sides of the vehicle are
applied in opposite directions (forward-backward forces). These forces are made by the difference
in the height of the roadway or the reaction force from the road over the vehicle going forward (Fig.

7).
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Figure 7: Horizontal Lozenging
However, according to the shape of the potato field and different possible paths which this
vehicle is supposed to drive Fig. 8, the maximum force affecting the chassis is the vertical load
made by its weight. So, among all the deformations mentioned above, the focus of this research is

on the vertical bending and torsion stresses caused by the weight of the vehicle.

Figure 8: Simulated Terrains Encountered in Field
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2.2 Parts of the AGV and Specification

2.2.1 Parts of AGV

As shown in Table. 1 and Fig. 9, this vehicle contains 10 components. Each wheel is
independently actuated with individual electric motors to maximize power and for better control of
the vehicle. The chassis of this vehicle is made of three main pieces, bottom plate, top plate, and
two motor mount tubes. Motor mount tubes are welded to the bottom plate, and the top of the tubes
are bolted to the top plate. Based on the tasks and ruggedness of the field, four 25Cm (10-inch)
pneumatic wheels with aggressive treads were selected for this vehicle. The quantity and weight of

each of the components are provided in Table. 1.

Table 1: Name, Quantity, and Weight of Each Part

# Part QTY Wt kg-(Ib)
1 Wheel 4 14.97-(33)
2 Shaft 4 0.454-(1)
3 Top Plate 1 1.36-(3)
4 Bottom Plate 1 1.36-(3)
5 Battery 2 2.27-(5)
6 Motor 4 0.91-(2)
Motor Mount Tube 2 1.36-(3)
8 Motor Mount Plate 4 0.454-(1)
9 Clamp Collars 8 0.23-(0.5)
1o Steel Ball Bearing Flanged 4 0.23-(0.5)
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Figure 9: AGV components
2.2.2 Material Selection & Size of the Chassis

Except for the chassis which was designed, analyzed, and built for this project, the other
components were selected and ordered from different vendors to satisfy the overall design
requirements. To find the appropriate material for the chassis, between Aluminum Alloy 6061, Steel
ASTM A36, and Steel AISI 4130, Aluminum alloy 6061 was selected because of higher stiffness
and lower weight. Relevant material properties are presented in Table. 2. The size of the bottom
and top plates are 53.3cm x 43.2cm x 0.3175cm (21in x 17in x 0.125in) and the Motor Mount tube

has a thickness of 0.3175cm (0.125in).

Table 2: Specification of Aluminum Alloy 6061

Properties Value
Yield Strength 55.15 MPa
Tensile Strength 124 MPa
Elastic Modulus 69000 MPa
Poisson’s Ratio 0.33
Mass Density 2700 kg/m3
Shear Modulus 26000 MPa
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2.3 Chassis Optimization and Stress Analysis

We selected a rectangular modular shape for the AGV chassis to accommodate all the
components and to allow for future modifications. On mounting all the components, the maximum
possible load was applied to the chassis. In this section, material selection for the chassis and the
best overall size and weight are discussed. These were calculated based on an optimization
algorithm. Thereafter, force analysis of the chassis will be discussed. Finally, seven stress analysis

tests are provided to ascertain that this vehicle will not fail in its intended operating environment.

2.3.1 Optimization

The Genetic Algorithm was utilized to optimize the overall shape, minimize the weight
without compromising the structural integrity of the AGV. The overall weight of the vehicle, and
the terrain to be navigated, and the onboard instrumentation are the critical factors that dictate the
required power from actuators and the capacity of batteries that could be used. We do not have
control over the weight of the onboard instrumentation or the battery pack. Therefore, we targeted
the weight of the chassis. This was the objective function considered for optimization. Additionally,
there were several equality and non-equality constraints on this optimization. For instance, the
minimum thickness for available metal plates at the local hardware store is 0.003m, or the maximum
stress over the chassis (multiplied by a factor of safety) must be less than the yield strength of the
specified material, which was considered in constraints. The maximum stress over the chassis will

be calculated from Equation 1.

MxXxc
Opend-max — 7 (1)

M = the internal bending moment
¢ = the perpendicular distance from the neutral axis to the farthest point on the section

I = the moment of inertia of the section area about the neutral axis
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This optimization was repeated for three different materials and the minimum total weight
of chassis for each of them was found. Symbols for different parts of the chassis were shown in Fig.
10. The size of each of the components after optimization is provided in Table. 3. Based on
constraints which were used in this optimization (for instance minimum thickness equal 3mm), the
optimum size is similar and equal to minimum possible size for all three materials (as was
expected). Aluminum Alloy 6061 has minimum weight as compared to others. So, it was selected
for the chassis. Because of the availability and size of the other parts of the vehicle, some of the
dimensions for the chassis in the final design were a little different from this table (but very close

to the calculated value).

Figure 10: Chassis

Table 3: Optimization Results for Three Different Materials for Chassis

Material | Aluminum Steel ASTM Steel AISI

Alloy 6061 A36 4130
tl (m) 0.003 0.003 0.003
t2 (m) 0.003 0.003 0.003
t3 (m) 0.003 0.003 0.003
b (m) 0.05 0.05 0.05
h (m) 0.05 0.05 0.05
g (m) 0.4 0.4 0.4
r (m) 0.5 0.5 0.5
W (kg) 4.7628 13.8474 13.8474
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2.3.2 Force

As it mentioned before, potato fields are made of loose soil and finding rocks in a potato
field are uncommon so hitting a hard object in a potato field would be very rare, also if that is
happened, with having damping of the wheels and based on the speed of vehicle, which is low, the
forces created by small impacts while traveling can negligible. Based on that the main force over
this AGV comes from its own weight. The total weight of the vehicle including all components is
23.5868 kg (52 Ibs). This weight makes a total force of 231.386 N which causes a vertical load of
57.847 N over each wheel of this vehicle. However, for all stress analysis tests in this research, a
factor of safety (F.S.) of 4 was chosen. Therefore, after importing the F.S. on the calculation, the

final force over each wheel will be 231.386 N.

2.3.3 Stress Analysis

Seven different stress analyses have been described in this section. For all stress analysis, a

solid mesh with a size of 0.0051m (0.2in) and a maximum aspect ratio of 13.933 was used.

Test 1: Bending Stress #1

This bending stress analysis is for a scenario when three wheels of the vehicle are at a lower
level than the fourth one (Fig. 11). In this case, three connection links for the wheels will be assumed
fixed (triangles in Fig. 11) and a vertical load will be concentrated on the fourth wheel (upward

arrow).
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Figure 11: Reaction forces in test 1

Test 2: Bending Stress #2

In this case, the two wheels on the left are at a lower level than the wheels on the right.
Therefore, the weight of the vehicle causes bending stress on the chassis In Fig. 12, two connection
links for left wheels are assumed fixed (triangles in Fig. 12) and load distributed between
connections links of right wheels are in the same direction (both reaction forces are in the upward

direction denoted by the arrows pointing up).

Figure 12: Reaction forces in test 2
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Test 3: Bending Stress #3

In this case, two wheels in front of the vehicle are at a lower level than the wheels on the
rear of the AGV. So, it would be similar to the second test and the weight of the vehicle causes
bending stress on the chassis but this time two connection links for the front wheels are fixed and
loaded in the same direction (both reactions forces upward direction) distributed between

connection links of rear wheels (Fig. 13)

Figure 13: Reaction forces in test 3

Test 4: Bending Stress #4

This analysis loads the chassis when two diagonally opposite wheels are at a higher
elevation than the other two wheels. Fig. 14 shows this situation when two connection links of two
diagonally opposite wheels are fixed and two others are affected by the upward load which makes

a bending on the chassis.

35



Figure 14: Reaction forces in test 4

Test 5: Torsion Stress #1

This test is similar to the second test with the only change in the way the load is affecting
the connection links for the right wheels. As it is shown in Fig. 15, one of the loads is going up

when the other one is going down which causes torsional stress rather than bending over the chassis.

Figure 15: Reaction forces in test 5
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Test 6: Torsion Stress #2

This test is similar to the third test, but the load is acting opposite to each other. One of the
loads on the back is going up when the other one is pointing down which causes a twist on the

chassis and makes torsional stress rather than bending over the chassis (Fig. 16).

Figure 16: Reaction forces in test 6

Test 7: Torsion Stress #3

The last test is torsional too. Fixed links and the position of the load are the same as the
fourth test with only a difference in the direction of load. From Fig. 17, one of the loads is going up

when the other one is going down which causes torsional stress.

Figure 17: Reaction forces in test 7

37



The final results for all seven stress analyses are presented in Table. 4. The maximum stress
and displacement occurred in test 2 when two wheels in the left and two wheels in the right are not
at the same level, and this caused bending stress over the chassis. However, maximum strain
occurred in the third test when the front and back wheels were not at the same level. This also made
bending stress on the chassis. Difference between max displacement and max strain is related to the
shape of this chassis. In this chassis, there is one tube along in each side of the chassis. In test #2,
the force applies to the right side of chassis, so, tubes are not affected by this force and there will
be around 2 times more displacement compare to test #3 (Table 4). On the other hand, in test #3 the
force applies to the front of chassis. Because part of this force applies on tubes, in this case, chassis
can show more strength against the force. Also, from Table 3, the length (0.5m) and width (0.4m)
of this chassis are different which cases more strain when force apply to the front of it (test #3).
Thus, in test #3, there will be more strain and deformation in material with a less displacement

compare to test #2.

Table 4: Final Results for Stress, Displacement, and Strain of All 7 Tests

Test Stress (N/m”2) Strain Displacement (m)
1 2.826e+7 2.469e-4 2.170e-4
2 5.065e+7 4.136e-4 6.013 e-3
3 4.514e+7 4.783e-4 3.707e-4
4 2.181e+7 1.972e-4 1.619e-4
5 2.185e+7 1.596e-4 3.369¢e-4
6 2.185e+7 2.263e-4 1.579%e-4
7 3.703e+7 3.933e-4 3.653e-4

Displacement and stress for test 2, respectively are showed in Fig. 18 & Fig. 19. Also, strain

for test 3 is presented in Fig. 20.
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Figure 18: Displacement in test 2
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Figure 19: Stress in test 2
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Figure 20: Strain in test 3
2.4  Chassis Final Design

The stresses on the chassis in comparison to the maximum stress (5.065e+7 N/m”2) and
yield strength of aluminum alloy 6061 (5.515 e+7 N/m”2), show that the designed chassis wouldn’t
fail for any simulated condition in the field. This chassis has been built and has been tested in the
field and has performed as per expectations. There is sufficient space on top of the chassis for all
electronic equipment like a GPS, micro-controller and in the future a robotic arm platform. Fig. 21

shows the actual built-to-specification prototype.
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Figure 21: Autonomous ground vehicle (AGV)

* Further Information: Deemyad, et al. “Chassis Design and Analysis of an Autonomous
Ground Vehicle (AGV) using Genetic Algorithm”. In 2020 Intermountain Engineering,
Technology and Computing (IETC) (pp. 1-6), IEEE.
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CHAPTER 3. NAVIGATION & OBSTACLE AVOIDANCE

This part of the work which is related to navigation and obstacle avoidance system has been
a team effort. So, in this section, I am going to present a general idea of these systems and then |
will cover the parts that were my responsibility. for more details about electrical parts, more

information can be found in Moeller's thesis [114].

3.1 Navigation

The GPS network is just one of many in the Global Navigation Satellite System (GNSS).
GNSS receivers work by measuring the time needed for a signal to reach the receiver from a
satellite. Transferred signals traversing through the atmosphere may be slowed down or interfered
with, causing an error. The average error of commercially implemented GPS is 2-4 m (Fig. 22).
The distance between two potato plants, in the field, is around 0.3 m (12 inches). This limited
resolution would fall well short of the resolution required in the field. Therefore, to improve the
accuracy of the navigation system for this AGV, a Real-Time Kinematic (RTK) system with an
error of less than 0.1 m (3.93 inches) was utilized. An RTK system contains two main units: a base
station unit and a rover unit. The base station unit is stationary, and the rover unit is mounted on
the AGV. The base station transmits position information in real-time to the rover, which helps the

rover make corrections to its location, thereby achieving higher accuracy (Fig. 23).
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Figure 22: commercial implemented GPS 1112

- '\@- G v\
7/ S

Figure 23: RTK system [113]

In this robot, an RTK GPS was combined with magnetometers to provide the robot with its

position and heading. A Pixhawk was used for the microprocessor, which calculates the error
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between the current position/heading and the desired position/heading and then adjusts wheel speed
to correct itself. The Piksi Multi Evaluation Kit from Swift Navigation was chosen for the RTK
GPS. The Piksi Multi has a powerful Xilinx Zynq 7020 with dual-core ARM Cortex processors and
a 666 MHz clock speed. This allows it to perform RTK calculations quickly, obtaining an RTK fix
in seconds. It is also relatively inexpensive as compared to other RTK GPS solutions. The base

station and rover units each contain four major parts as shown in Table 5 & Fig. 24.

Table 5: Piksi Multi Evaluation Kit Main Parts

Item # Name Quantity
1 Evaluation board 2
2 Lithium-ion battery 2
3 Free Wave radio modem 2
4 Survey grade GNSS antenna 2

- ,

[ Computer

Figure 24: Piksi Multi Evaluation Kit Main Parts — Both the base station and rover contain these four parts
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Table 6 has a comparison of similar systems and their most recent prices.

Table 6: Comparison of RTK GPS Systems

Name Cost
Piksi Multi Evalutation Kit $2,295.00
Trimble R8s $ 10,200.00
Spectra Precision SP80 $12,495.00
Geomax Zenith35 Pro $9,995.00

3.1.1 Evaluation of Components

Before using the actual AGV, the components were tested using the radios that Swift
Navigation provided. To set up the Piksi Multi in RTK mode, the base station and rover radios have
to program to communicate with each other. Then, all components in Table 5 are wired to each
other as shown in Fig. 24. The survey-grade GNSS antenna and Free Wave radio modem are
connected to the evaluation board. The radio modem and evaluation board are powered by a
lithium-ion battery. Finally, the evaluation board is connected with a USB cable to a computer.
Swift Navigation provides free software called Swift Console to configure and interface with the

Piksi Multi. 900 MHz or 2.4 GHz radios can be used during the evaluation of the GNSS receivers.

3.1.2 Integration with Pixhawk

In this project, the Swift Navigation radios were only used for evaluation and we utilized
Pixhawk telemetry radios on AGV. Therefore, RTK corrections could be sent over the same radio
link that the mission planner shared with the Pixhawk, and the mission planner had to retrieve the

corrections from the Swift Console.
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As shown in Fig. 25, the AGV starts its tasks from the Home location (H). The waypoints
are chosen by the user in Mission Planner and sent to the Pixhawk via telemetry radios. When auto
mode is turned on, the Pixhawk begins navigating from its current position to the next waypoint in
a straight line. Between every two waypoints, we can define some other tasks for AGV for instance
taking a picture by camera or using a gripper. Finally, the AGV will be navigated to the Home

location by Mission Planner.

| Command

WAYPOINT
DO_GRIPPER
WAYPOINT W
WAYPOINT v

Figure 25: Screenshots of the mission planner’s navigation planning feature
Because this AGV is supposed to work in an open area (potato field), to protect all electrical
components from sun, rain, and mud, we need to cover whole sensitive parts with a waterproof
frame. This frame was painted to become resistant to direct sun rays. The prototype of AGV which

includes all attachments and electrical components is shown in Fig. 26.
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Figure 26: Assembled and painted enclosure, placed on top of robot chassis
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3.2 Obstacle Avoidance

One of the important things in design an autonomous system is avoiding hitting unexpected
objects (obstacles) in the path from the start point to the destination. These obstacles can be
stationary or moving at different speeds. Based on the work environment and speed of the
autonomous system, we will need a different type of sensors to avoid any accident. In a potato field,
we are facing with few types of obstacles and most of them are stationary or moving very slowly
such as rocks, the center pivot irrigation equipment, tractors, humans, and animals (which very rare
but possible). For these types of obstacles, a simple range-finding LIDAR will suffice but for more
security, the AGV would be drive slow in the field and making a loud sound for giving awareness

to humans and animals.

The firmware onboard the Pixhawk can work with a LIiDAR sensor to avoid hitting any
obstacle in the way. Fig. 27 shows the parameters that configure the obstacle avoidance protocol
known as “dodge” avoidance. In this method when the LIDAR detects an object that is too close
which is defined by RNGFND_TRIGGER_CM, it stops, turns for a specific degree, and drives

straight for a certain time, and then drive back to a direct path to the next waypoint.
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Figure 27: A graphic explaining the parameters involved in setting up “dodge” obstacle avoidance on the Pixhawk

using a range-finding LIDAR
3.3 Results for Navigation & Obstacle Avoidance Tests

3.3.1 Piksi Multi Accuracy

Based on the test results the claimed accuracy for RTK GPS (less than or equal to 10
centimeters) was correct. Using National Geodetic Marker sites, we were able to verify that the

Piksi Multi is accurate to 5.6 centimeters.

Finding a location with a pre-specified GPS coordinate that is accurate enough to verify the
coordinates found by the Piksi was very challenging. A couple of methods were considered. The
easiest but most expensive is to survey a spot on the ground. This requires special equipment and
training but can be done practically anywhere outside. The more difficult method is to find a

geodetic marker, a previously surveyed position marked with a permanent landmark. The online
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National Geodetic Survey Data Explorer gives access to all such publicly recorded markers.

However, many are located on privately held land and are difficult to access.

The marker used was at the Pocatello Regional Airport (Fig. 28). Using the evaluation
boards from Swift Navigation, the base station Piksi was placed on one geodetic marker and the
rover Piksi on another several hundred meters away. 50 GPS fixes were collected and converted
into the UTM 12N projected coordinate system (for ease of calculation). Pythagorean's theorem
was used to find the difference between the rover’s estimated GPS location and the coordinates
listed on the geodetic marker’s datasheet. The average error was 5.6 centimeters. Because of
difficulties related to the testing location, only this test was done. Airport security was required,
and the airport could only accommodate us for a short time. The results for this test are shown in

Table 7.

Figure 28: A geodetic marker in the Pocatello Airport

Table 7: Results from Piksi Multi Accuracy Testing

Test#  Accuracy Base Station Test Location Geodetic Permanent Identifier
(cm) (PID)
1 5.6 42° 54’ 112° 35’ AB8163

47.03909” N 23.36463” W
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3.3.2 Autonomous Navigation via Waypoints and Obstacle Avoidance

The performance of the autonomous navigation was satisfactory. In the tests, the AGV had
problems finding its heading and would spin around until finding it again. However, this would not
be a big deal, and probably will be solved by using higher quality magnetometers or more careful
calibration. We didn't check the accuracy of navigation again during autonomous navigation since

accuracy had already been confirmed.

The WASP LIDAR was also tested. In this test, the SiK telemetry radios were bypassed
with a USB cable. In this setup, the distance between the LIDAR and an obstacle placed in front of
the AGV was within a few centimeters of the reported value in Mission Planner. However, obstacle

avoidance was not tested with the telemetry connection.

* Further Information: R. Moeller, T. Deemyad and A. Sebastian, "*Autonomous Navigation
of an Agricultural Robot Using RTK GPS and Pixhawk.™ In 2020 Intermountain Engineering,
Technology and Computing (IETC) (pp. 1-6), IEEE.
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CHAPTER 4. IMAGE PROCESSING

In this chapter, the robot vision system and method used for image processing in this project
are described. Based on the previous sections in this project, the GPS coordinate for the sick plants
were sent to the AGV and it is autonomously navigated to the area around the target location for
roguing the sick plant from the farm. However, the problem in this stage is about finding the center
point of the sick plant. That is very important for us to extract the sick plant completely from the
ground, without contacting nearby plants and transferring the infection to them. But even the most
accurate GPS (like RTK GPS which we are used in this project with just 10cm error) still has some
error. Therefore, for solving this problem, after AGV reaches the intended location for finding the
exact location of the target plant, we will use two cameras and an image processing algorithm to

find the center of the sick plant.

4.1 Project Overview and Conditions of the Target Environment

Before working on a specific image processing algorithm, we needed to collect more details
of the environment (potato field) and specifications related to the target object (potato plant). To
get preliminary environment information we visited a local potato field and based on our
observations, collected three major sets of data. First of all, this system is supposed to work in an
open area where weather conditions are unpredictable. One of the most important and commonly
occurring ones is changes in the amount of sunlight during a day. These could be due to any number
of reasons; for example — clouds in the sky shadows in the field, etc. This would have a direct
impact on the type of image processing algorithm that could be used. The second point that needed
consideration, related to the color variations of the target object due to the lighting changes and

other possible dynamic elements in the surroundings. In this project, this system must detect a sick
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potato plant with high accuracy for removal. A potato plant, based on age, soil conditions, and
weather can have a large range of shades of the color green. On the other hand, some of the other
common colors in the potato fields which have to be filtered are soil color, other reflected
light/shadows from irrigation equipment, rocks, water on the field, etc. One other factor to bear in
mind is the shape of the potato field, distance between plants, and size of the plants at the time of
roguing. Based on our observations and measurements from the field visits, a simulated model of a
potato field was made in SolidWorks which was used in future calculations and image processing
algorithm development. This simulated model is shown in Fig. 29. As shown, a potato field is
fraught with rough terrain and deep irrigation ruts. The distance between the top points of the two
bumps is around 60cm. The plants are grown on the top/crests of the bumps and the average distance
between two plants is around 30cm. The cross sign in Fig. 29, shows the target sick plant between

eight healthy adjacent plants in the potato field.

Figure 29: Simulated potato field and an average distance between plants in the field
Usually, PVY can be detected in potato plants, in the very first stages when they are young.
This is the best time to detect and get the infected plants out of the field before they transfer the
diseases to other plants from the connection between their leaves. However, this time usually very

short each year. For having more tests and checking our codes, we planted some potatoes indoor to
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accelerate and increase the number of tests. We used the same pattern and shape of the field for

planting a single row of potatoes. (Fig. 30).

Figure 30: Planted potatoes indoors with a similar pattern in the field
4.2 Equipment and Appropriate Color Space
4.2.1 HSL Color Space

In this project, segmentation by color is preferred to other methods of segmentation such as
edge detection or depth map. Edge detection would not be a good option because concern of this
project is finding the center of the target plant, not separation the objects in the images. Also,
working with depth map would be hard because it is required 3D imaging and if we want to use 2D
images and depth map, user must define different layers for the image while this system supposed
to work autonomously in the potato field. For segmentation by color, we are facing a large range of
colors (all green domain). Therefore, using a gray or black & white scale would not be a good
option for all of this range. On the other hand, working with color spaces is usually very complex.
Plus, this system has to utilize in outdoor with a wide range of brightness. Between all color space
models, the HSL can be the best option. In this model, H, S, L are Hue, Saturation, and Lightness
respectively. A wide range of Lightness (almost whole range) can be selected and play with two

remaining components to find the most appropriate map for the target color range.
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The images are taken by cameras are in RGB (Red-Green-Blue) format which has to be
converted to HSL format. For this conversion, we will use the following sets of equations from

[93]:

R' = R/255
G' = G/255
B' = B/255
Crnax = max (R',G',B")
Cpin = max (R',G',B")
A= Crnax = Conin

)

Hue:

R Gl !
60 X ( A mod6> , Chax =R’
_ ®3)

60°><( n +2> , Coax =G’

. (R -G ,
60 x (—5—+4) . Cnax=8

Lightness:
L= (Cmax + Cmin)/z (4)

Saturation:

0 , A=0
5={ A )

L=y @ A0
Where H, S, and L can get any values between 0-1. We will set up an appropriate range for
each of them based on the color range we need to be detected which will be explained in the result

section.

4.2.2 Equipment

For testing the codes for image processing before final installation and using in the AGV,
we preferred to have some tests in the lab to make sure about the accuracy of our codes and

algorithm. Therefore, we attached our cameras to a 1/3 scale prototype model of roguing
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mechanism while the roguing mechanism, itself was attached to an IRB 120 robotic arm with the
ability to control manually or automatically. In the final model we will use two cameras but, in this
stage, using just one camera would be enough. The duty of the second camera is to check the results

from the first camera from a different view to make sure the first camera detects the center of the

target plant correctly.

In this work, we wrote the codes in Matlab while for the final design we can keep them in
Matlab format or convert them to Python or any other programming languages. Some of the

components were used in this experiment are shown in Table 8 and Fig. 30.

Multi Camera
Board

(d) (e) (f)

Figure 31: Required components for image processing and detect the infected plant
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Table 8: List of components

Description
b | MicroController Raspberry Pi 4 B 1
c Multi-Camera | Arducam Multi-Camera Adapter Module V2.1 1
Adapter
d Monitor Raspberry Pi Touchscreen Monitor, 7" Touch 1
Screen
e Cameras Raspberry Pi Camera Module v2 with Sony 2
IMX219 8-megapixel sensor
f Ribbon Flex 1 meter 2
Extension Cable

Fig. 32 shows how the cameras are connected to roguing mechanism. The first camera gives
us a top view of the plant while the second camera gives us the front view of the plant. As it was

discussed before, in this work we just work with Camera #1 and images from the top view.

Figure 32: The location of two cameras in the prototype of roguing mechanism. Camera #1 give us the top view of

the plant and Camera #2 give us the front view of the plant
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4.3 Problem Statement and Methods

Let before starting to discuss the proper algorithm for the target plant detection, talking
about all problems which this vision system can face in a potato field and find a solution for each
of them in our codes. The first problem is related to the range of the color for the target object. The
color of the leaves for plants varies case by case and this makes it hard to detect. The second
problem is related to the amount of light during a day and various weather conditions. Both of these
problems can be solved by defining a proper range for H, S, and L values. The third problem is
related to other small weeds with green color which are growing close to the main target plant and
we want to ignore them. For solving this problem, we can define a threshold for the minimum size
we want to detect as an object and ignore anything less than this size (assume as the noise) in our
image detection. The fourth problem and most complicated one is related to detect the target plant
between other adjacent plants and find the center of this plant which will be used for roguing

mechanism.

For solving the last problem, let’s take a look at the location of the sick plant and adjacent
plants from the top. Fig. 33 shows an area of 60cmx60cm of the field around the sick plant. In this
figure, the yellow cross in the middle of the picture is the target plant (number 5). As mentioned
before, the AGV will navigate to this location using an RTK GPS with a possible 10cm error. This
error boundary is shown by a red circle in figure. However, because we are working with pixels,
using a square shape would be easier. Therefore, we will define a square boundary which is shown
by the blue crosses (eight other numbers) in the figure. These are other possible locations that the
AGV may reach by mistake and assume them as the center of a target plant. Two adjacent plants in

which are on the left and right side of the sick plant with a distance of 30cm from it.

Let’s divide this 60cm*x60cm square into nine 40cmx40cm squares as shown in Fig. 33

with yellow, red, and black colors. In this way, any of the cross points 1 to 9 would be the center of
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one of these squares. Therefore, regardless of that the GPS guides the rover to the correct location
for the target plant (number 5) or by the mistake guides it to a wrong location (any number 1-9
except 5), the camera has to search the area of 40cmx40cm around that point, find the target plant

and detect the center of it.

60cm

Adjacent
juadelpy

Figure 33: The 60cmx60cm area around the target plant in the field and nine 40cmx40cm sub-areas inside of this

region
For making it clear, let’s look at one of the possible situations as an example. Imagine point
number 1 from GPS is sent to the AGV as the center of the target plant. We assumed the distance
between camera and land is fixed and after the AGV reaches this location, the camera takes a picture
from the top with the center of point 1 and a frame of 40cmx40cm. This area is shown in Fig.34.
Now from this image, we have to find the location of the target plant and the center of that which

is number 5.
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In this case, we can use two different algorithms for finding the center of the target plant. In

this section, we will explain both algorithms and in the next section, we can compare the result for

each of them and select the best one.
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Figure 34: The 40cmx40cm area with the center point number 1 (example)

A) In the first algorithm, the whole 40cmx40cm camera frame is divided into nine 20cmx20cm
subframes, as it’s shown in Fig. 34 with the center of A to I. Then, the green area (the area that
belongs to plants) for each of these nine squares will be calculated and the square with the
maximum green area will be found. Finally, the center of that square will be selected as the

center of the target plant. For instance, in the above example that would be I.

B) In the second algorithm, the whole 40cmx40cm camera frame will be searched for green areas.

Each of the connected green areas (one piece) will be selected as one blob. The area for each
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blob will be calculated and the largest blob will be selected as the target plant. Finally, the center
of that blob would be chosen as the center of the target plant (the result should be close (or

exactly) similar to the first algorithm which that means point I).

4.4 Results and Discussion

As it was explained before, in this project we have a focus on four main topics for accurate
plant detection. These are color, light, size of objects, and location for the center of the target plant.

The methods and results for each of them will be explained and discussed in this section.

4.4.1 The Target Color Domain Detection

To detect the plant from the background and other objects in a potato field, we need to find
an appropriate range of H, S, and L for the detection of potato plants with various colors. After lots
of tests for various possible green colors for the leaves of potato plants, a proper range for H, S, and

L values in HSL format was found which is shown in Table 9.

Table 9: Acceptable Range of Parameters in the HSL Format

HSL Format

Minimum 0.157 0.1373 0.1176

Maximum 0.49 1 0.85

For testing these ranges and check if we can detect most of the green color domain while

ignoring all other colors (especially colors related to possible objects in a potato field such as sky,
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rocks, soil, etc.), a wide range of green color was selected and presented in Test A, Table 10. Any
of these points which can be detected by the codes will be replaced with red color. As you can see
all of the points in the selected green color domain had been detected. On the other hand, in Test B,
a variety of other colors (except green) was selected, and the test had been repeated. As it's shown,

none of them was detected by this code.

Table 10: Color Detection Test for a Wide Range of Colors

Test Color Range Results After Image
processing
Green Color Range Detected points are red
0000000000O0COC0® 0e00000O0OCOO0OOCS®
"X o 000000000000
e 00000 000000000000
A ev e o0 o 000000000000
000000000 000000000000
XXX 0000000000O0CO
e00nve000 000000000000
| IO 0000000OCGOOOOO
X X o0 000000000000
Other Possible Colors Detected points are red
(X ) o0 o0 00
o0 o0 o0 00 (X ) o0
° X X o) ° XY °
® o0 © (X
000000000 000000000
B (X)) 'YX K o0 0000
0e0000000O0CO0 0000000000
o0 00000000 00 00000000
(XXXXXXK o060 0000000 000

For making sure about the results of the codes in a real case, we repeated the tests on the
leaves of several different plants with various shapes, colors, and sizes. Three samples of them are
shown in Fig. 35. None of these leaves belongs to the potato plant but they were chosen because on
the potato field based on the time of the roguing and other field conditions the size, shape, and color

of potato leaves can be different, and we have to be ready for any situation.

As you can see, for all three cases the camera can detect the leaves of the samples perfectly

with minimum error!
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Figure 35: Three leaves samples with different color, shape, and size to test the detection codes and check the

selected range for HSL parameters
4.4.2 The Light Range

The second thing that needs to be check is related to the amount of light in the potato fields.
The light can be various because of the time of the day operating the AGV or the weather condition
(cloudy or sunny). Fig. 36 is presented four levels of brightness, from very bright to very dark
conditions. The results in three conditions; very bright, normal, and dark, show the system can
detect the plant with high accuracy in these three conditions but in a very dark scenario, it can detect

around 50% of the target plant. So, this system is not recommended for the very dark condition.
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Figure 36: Checking the accuracy of the code in various level of brightness A) very bright b) normal c) dark d) very
dark

4.43 The Minimum Range

In the potato field, may some small weeds be grown close to the main plants. This may
cause an error in finding the exact center for the target plant. Therefore, we defined a minimum
range for detecting an object, and any value less than that would be ignored by the system. In our
code, any object with less than 300 pixels will be removed from the image. In the example that is
presented in Fig. 37, we used the leaves of the Noble tree. As it is shown some part of it that was

close to each other was detect as a one-piece but the rest of it is not detected.
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Figure 37: The blobs with less than 300 pixels will be removed from the image
4.4.4 Finding the Center of the Target Plant

Two algorithms were presented in the previous section for finding the center of the target
plant. We tested and evaluated both methods with lots of samples. Let’s explain one of these
samples here as an example and discuss the results. Fig. 38 shows an aerial photo from a potato
field. The plant in the middle of this photo is the target plant. The blue points show the boundary
for possible coordinates that can be received from GPS and the red point (Num. 5) is the exact
center of the target plant. To test both algorithms in the worst scenario, let's imagine GPS send a
wrong coordinate to AGV and somewhere close to the discussed boundary with maximum distance

from the correct center point, for example very close (but not exactly) to point Num. 9.

Figure 38: Aerial photo from a potato field
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This situation is presented in Fig. 39. As you can seg, this is shown an area of 40cmx40cm

with the center close to point Num. 9.

un O

40 cm

Figure 39: The received coordinate from GPS as the center of the target plant (close to Num. 9) and surrounding

. Method A
In method A, as it was explained before, the camera frame will be divided into nine equal

20cmx20cm regions. This division is shown in Fig. 40 with center point A to | for each of these

regions.

Figure 40: Nine search regions in Method A
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In this method, the green area for each of these regions would be calculated and the region
with a maximum green area would be selected as the target region. Then, the center of that region
will be selected as the center of the target plant. Table 11 shows the green parts in each region and
the total value for the green area in each of them. As it’s shown the region A, with 6764 pixels has

the maximum green area.

Table 11: Green Area for each Region in Method A

Region A Region B Region C

6764 Pixels 5867 Pixels 6672 Pixels
Region D Region E Region F

4349 Pixels 4749 Pixels
Region G Region H Region |

4040 Pixels 3461 Pixels 3605 Pixels

ii. Results for method B

In method B, the whole camera frame will be searched to find the largest blob and chose the

center of it as the center of the target plant.
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The final result for both methods is shown in Fig. 41-B and can be compared to the true
center point in Fig. 41-A. As you can see both results are close to each other while method B is
more accurate. In reality whenever one of those 9 points in Fig. 38, selected as the center of the
picture, method A will find the center of the target plant with 100% accuracies. However, if the
selected point is in the range of 10cm but not exactly one of those points (somewhere between two
of these points with less than 10cm error), method A can have some error between 0 to 5cm. On
the other hand, method B is constant about the results and most of the time find the center of the

target plant with high accuracy.

The accuracy for each of these two methods is compared in Fig. 41 and Table 12. The error
for method A in this example is because point 9 is not selected to be exactly in the center of the

picture.

Figure 41: A-Center of target plant; B- The center point detected from method A (Yellow star) & method B (Blue

star)

Table 12: The X & Y Coordinates for Method A, Method B, and True Center Point

Center Point X _Center (Pixel) Y_Center (Pixel)
Method A 475 47.5

Method B 63 59

True Point 63 61
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As you can see, the value of X and Y in method B is very close to this value for the real
center point of the target plant (only 0.4mm error in the Y direction). But method A has a bigger
error (around 3cm error in both directions). However, for having a better comparison between the
two methods and select the best one, we repeated the test of both methods many times on various
samples. The results for ten of them are shown in Fig. 42. In the graph green and blue lines shows
the error for method A and method B from the actual center of the plant respectively. The values of
these errors are presented in the table below the graph. While method A has a large fluctuation from
1 cm to 5 cm error, method B has a constant pattern with 1 cm to 2cm error which is acceptable.
For these ten tests which are shown in Fig. 42, the mean and median of error values for method A
are 2.9 cm and 2.8 cm respectively while these values for method B are 1.8 cm and 1.9 cm. So, we

can say Method B in general is more accurate and reliable.
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Figure 42: Comparison between the error of method A & method B for ten different situations

* Results for this image processing software have been submitted to “International
Conference on Computer Vision (ICCV), 2021”.
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CHAPTER 5. ROGUING MECHANISM

The final goal of this project is extraction of sick plant from the field, and this would not be
possible without having a proper extraction mechanism with ability of complete removal the sick
plant. In this section, the design process and requirements for this extraction mechanism will be
analyzed and finally the most appropriate one based on these requirements has been designed and

a prototype of it will be presented.

5.1 Potato Field Visit and Simulated Model of Potato Field in the Lab

Before starting to design the mechanism, we need to know more information and details
about the potato field where this mechanism is supposed to work. For reaching this information, we
had an image analysis and potato field visit. Based on these data and our observation, we made a

simulated model of it in SolidWorks which will be used in future calculations for our design.

5.1.1 Finding the Height of Potatoes with Picture Analysis

Potatoes are planted in April and take 3-4 weeks to see leaves. After 6-8 weeks, the leaves
are completely green (early June). The following results are from pictures taken from a drone last
year over a potato field. This data analyzed with ENVI software in the department of geoscience.
In this software, the elevation of each point in the field can be calculated (the color of each pixel

has a different elevation (dark-light)). These results for June 21 shows in the following slides.
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Potato plant elevation on June 21

From the information in these slides, we can calculate the height of the plants (June 21).

Elevation (Height of plant): 1535.988403 — 1535.903320 = 0.085083m = 8.5083cm )
However, this is just a sample (an average) but in general, the height of the plant in a
different part of the field is different and is variable between 3cm to 10cm. (depend on soil condition

& and fertilization). This test was repeated for July 16 with the same method and information are

mentioned in following slides.
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Potato plant elevation on July 16

From these slides, we will have:

Elevation (Height of plant): 1536.244141 — 1535.911255 = 0.332886m = 33.2886cm
This calculation is just for a random point in the field with an average size of the plants and

the same as the previous one is just a sample. In general, the height of the plant would vary on the

field between 20cm to 35cm when they are fully grown.

5.1.2 Potato Field Visit

The season of growing potatoes in the field is too short and we just had a few weeks for our
tests and analysis during the year. We had a chance to visit a potato field just once at the end of the
season. From that visit, we find out the connection between fully growth plant and potatoes tubers
below the soil is very weak, and with just a little force over stem they are broken, and tubers remain

below the soil! However, for making sure about the results we needed to test more samples and

check them when they are still young.
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Fig. 45 shows a potato field, and the area should clean up (hatch area) from the sick plant

in a simulated model of the potato field.

Figure 43: Potato field (left) and simulated shape and size of the potato field (right)

5.1.3 Process for Planting Potatoes Indoor

As it was mentioned before, to have more tests over the potato plants we need to have more
samples. Therefore, we plant some potatoes indoors with a similar condition to the field. The

following steps are the steps for planting the potatoes indoors:

1) Making some small holes on the bottom of the container (around 30 holes with an estimated
radius of 2mm-3mm)
2) Cover the bottom of the container with two layers of gravel to help draining water slower

(Fig. 46)
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Figure 44: Container filled by gravel for planting potato
3) Cover gravels with a sheet of filter fabric to make sure water will not wash the soil out of
the container during watering potatoes (Fig. 47). However, this filter doesn’t let any water
pass through, so make several holes on it to give some space for draining the extra water

out of the container.

Figure 45: Cover gravels with a sheet of filter fabric
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4) Fig. 48 showed the measuring 15 cm from the gravel surface which is marked on the
sidewalls of the container. It was marked because potatoes have to be planted on top of this

amount of soil.

Figure 46: Marking the container for the place of planting potatoes
5) Fill out the container with moisture control potting mix up to 6 inches from gravels surface.
Potato needs loose soil because they need room for their roots to grow faster and better so

shovel the soil very well before adding it to the container (Fig. 49).

Figure 47: Adding soil up to the middle of the container
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6) Look at potato seeds to find an eye on them and put them on the soil when the eye is face-
up (Fig. 50). Each potato seed at least should have 15cm free space in any direction (to have

enough space for growing roots).

Figure 48: Planting potatoes with 30cm from each other

7) Add more soil on top of the potato seeds for 6 inches (Fig. 51).

Figure 49: Adding soil for 30cm on top of the potatoes

8) Potatoes need at least 6-8 hours of sun. However, because we are growing the potatoes

indoors, we used two (120W, 120V) Indoor Reflector Plant Light Bulb for this case and use
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the smart plugs to control the amount of light and prevent over-lightening which causes

damage to the plants (Fig. 52).

Figure 50: Using Indoor Reflector Plant Light Bulbs for having enough light for potatoes
9) The last step is watering the plants. They need water as much as see some water drain out
of the bottom holes of the container. Repeat this process each 10-14 days (when the soil
become completely dry)
10)  After 6-8 weeks, we will have a fully grown potato plant and ready for various tests (Fig.

53).

Figure 51: Fully grown potatoes after 8 weeks
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5.2  Analysis of the Possible Options for Roguing Mechanism

5.2.1 General Grasping Principles

Totally, there are five possible grasping principles that can be considered for designing a

gripper:

a) Pinching: In this gripper, force is applied by two or more fingers to hold and move an
object when this force is a local normal force. The friction between fingers and the object
helps the gripper to hold it during movement. In this type of gripper, a large amount of
force is applied to the object. (Hard grip)

Discussion:

This type of gripper probably cannot be a good one in the case of the roguing potato because of

the following reasons:
- The stem and leaves of potato plants are slippery and robot fingers cannot grasp them perfectly

- Even if the gripper can grasp properly the stem of the potato plant, that may cause some broken

infected potato leaves which make the virus spread out to other potatoes

- This type of virus affects all parts of a plant, so it has to take the whole infected plant out of the
field. On the other hand, the connection between stem, roots, and potato seeds is very weak and
there is a high possibility some part of the infected potato (root or some of the seeds) stay in the

field and cause the disease to spread out.

b) Enclosing: The object will fully or partially be surrounded by fingers with large surfaces.
The total necessary force will be found from the summation of all normal force vectors of
the surfaces in touch with the object. In general, undergoes high accelerations, each of

these forces can be larger than the force exerted by the object, but if the object doesn’t
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have an acceleration, none of them are larger than force from gravity (soft grip). Also,

the object can be released by opening the fingers large enough.

Discussion:

There are two different ways we can design enclosing gripper for roguing potato:

1) Some grippers which just grasps completely the top part of potato plant (stem, leaves, etc.).
When this design has some advantages in the first two problems mentioned before for pinching
gripper, it still has the last issue and when it takes the whole stem and leaves out of the field, the

roots and tubers can still stay in the field.

2) The other design can be a kind of closed shovel/bow rake that takes the whole infected potato
plant include everything below the soil plus some of the soil surrounded just for safety. This one

can be a possible option in our case.

C) Pinning, penetration: In this gripper, several sharp-pointed pins are pressed into the

object and don’t let the object move anymore.

Discussion:

There are two types of them:

1) Short pins penetrate the surface of flat objects. It can be used for grasping the stem/leaves

which will have the same issues as the first two grippers.

2) Long pins for going deeper inside of disorderly objects. Some long pins (like a fork) can go
inside of the soil in the middle of potato tubers and take them out. The problems facing this design

are:

- Each main seed divided into many tubers which finding and put a pin inside of each of them is

hard

79



- Number of tubers for each plant is vary, therefore a specific design cannot work for various

plants

d) Underpressure, suction, vacuum: This gripper is not just dependent on a vacuum, but
it uses a certain amount of underpressure in the gripping area. For release, the object just

needs to remove the underpressure.

Discussion:
Additional to the issues mentioned for the pinching gripper, because of the size of the stem which
is very small, and the thickness of leaves which are very thin and fragile, a vacuum will not work

for this case.

e) Surface effects, surface phase transitions: In this case, the surface of the gripper will
be cool down very fast to a temperature much lower than the freezing point of water. If
this surface is in contact with a wet object, it makes an ice layer which causes a sufficient

holding force. For release just need to warm up the contact area.

Discussion:
This case also has similar issues as the vacuum gripper. Thus, this one is also not working for

roguing potatoes.

5.2.2 Initial Tests for Grasping Mechanism

Early on testing for designing the prototype, involved analyzing the force that could be

applied to the connections between the stem and the tubers and shortlist any grippers which may

satisfy this requirement.

There are different motions that can be applied by a gripper mechanism (for example: a

human hand) for pulling plants out of the soil. We analyzed motions of different mechanism to see

if the entire plant and tubers could be pulled out of the soil without breaking the plant. For this we

80



conducted experiments to identify the maximum gripping force which might snap the stem thereby
leaving the tubers in the soil. One of the challenges faced here, was that the forces varied
significantly between plants. If we were to proceed with a design based on the gripping force itself,

we would have to find actuators with a wide range to manipulate the force on the stem.

a) Grasping the plant from the stem and moving it several times up and down (kind of vertical
shaking). With this motion, we tried to loosen the soil around the tubers and the base of the
plant before pulling the plant completely out (Fig. 54-a). As shown in Fig. 54-b, the
connection between stem, potato tubers, and roots broke due to this motion. The potato tubers
and roots remained in the soil, which would not help with the complete removal of the plant

as desired.

Figure 52: a) Vertical motion b) Connection between roots, tubers, and stem of the plant were broken in a vertical

motion
b) Grasping the plant by the stem and moving it several times front and back (kind of horizontal
shaking). This motion was used to facilitate the loosening of the connection between the soil
and tubers (Fig. 55-a) before pulling the plant out of the soil. This test was repeated 3 times.
As it is shown in Fig. 55-b, for the first time, the whole plant includes stem, potato tubers,
and roots came out of the soil and the test was successful but in the next two attempts the test

was failed and the connection between stem and tubers broke.
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Figure 53: a) Horizontal motion b) Connections between roots, tubers, and stem of the plant were not broken in the

first time but in the next two repeats it was failed
c) Grasping the plant from the stem and twisting it around the stem axis, and at the same time
pulling the plant out of the soil (Fig. 56-a). As shown in Fig. 56-b, we observed the same
results as the other two methods, the connection between stem, potato tubers, and roots was
broken. Therefore, the potato tubers and roots remained in the soil again failing to facilitate

the desired outcome.

Figure 54: a) Twist & vertical motion b) Connections between roots, tubers, and stem of the plant were broke
5.2.3 The Best Options

To satisfying the project requirements, a list of these requirements which must be considered

for designing a roguing mechanism are list here.
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1) Infected plant must be removed completely from the field (this includes whole parts of the sick

plant: tubers, roots, stem, leaves, etc.)

2) Make sure, the selected design will not cut the plant which causes remaining some parts of the

plant in the field

3) The mechanism has an easy actuation (minimum number of dofs)

4) Applying minimum force over each parts and links during extraction process

According to the results in the last two sections and listed design requirements, between all
possible options, we shortlisted three mechanisms as the best choices for roguing the potatoes. The

morphology chart for these three mechanisms is presented in Table 13.

The first design is made of a cage and blade for cutting soil. The cage goes down while
surrounding the target plant. Then the cutting blades cut the soil (which includes potato tubers and
roots of the plant) from one side and the whole mechanism goes up and dumps all of the material

in a disposal container. (Table 13 — design A)

The second design is made of two rake-shaped arms. When these arms reach the top of the
plant, it goes down and closes from both sides to cut the soil and grab the infected potato tubers,
roots, and body of the plant. Then, it will pull up and dump all of the collected material in a disposal

container. (Table 13 — design B)

The third design is a combination of a pinching gripper and a cutting blade. In this design,
first, the whole mechanism goes down into the soil and the gripper closes to engulf the top part of
the plant, while the blade cuts the soil grabbing the potato tubers and plant roots. Finally, the
mechanism lifts and discards all the collected material into a disposal container. (Table 13 — design

C)
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Table 13: Morphology Chart

A |
@”y} 1
! l

B?jl
gl

However, each of the above designs has some problems. In design “C”, because of the

A

variety in the shape of the bushes, it would be hard to grasp only the top portion of the plant which
includes all branches, leaves, and stem by the gripper completely. Also, cutting that much soil with
just a single blade will require applying significant force on the blade. In design “A”, we would
have a better performance for collecting the entire plant, but still have the same issue, significant
forces on one blade. While in design “B” the soil would be cut easier due to splitting of forces on
two arms. But because of the shape of the rakes and the sides of the arms being open, there is a

significantly higher risk of losing a part of the infected plant in the field.

Therefore, the best design would be a combination of the mechanisms A and B which
includes the advantages of both of them while eliminating their weaknesses. Several mechanisms

based on this information were developed which two of them are shown in Fig. 57 & Fig. 58.
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Figure 55: Designed mechanism with multiple blades in circular form

Fig. 57 is shown a mechanism that includes multiple small blades that can hide inside of the
body of the mechanism. First, the body of the mechanism is pushed down to cut the soil around the
plant and goes enough deep (below the roots of the plant) then with pushing the yellow handle up
or down these blades can open or close in the form of a circular pattern (like the diaphragm of a
camera). Therefore, the soil below the roots of the plant would be cut and kept the whole plant
inside of this mechanism. The main problem with this design was the thickness of the body which
was required for blades to hide. Also, there is possibility of cutting part of plant (tubers) which

causes transferring infection to other healthy plants.
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Figure 56: Cage form mechanism with two moving blades and a single actuator

Fig. 58 is shown another mechanism. This mechanism includes a big cage as the main body
which is supported by cross beam and T-shape angle bars. Rather than solid walls for the body of
this mechanism, we used Gridwall Panel to decrease the weight of the mechanism and to let the
unnecessary soil goes out of the cage. First, the mechanism stand on top of the plant goes down and
the mechanism with the sharp part of its body will cut the soil while the plant is inside of the cage.
Then two moving blades cut the soil from the sides and the whole plant include stem, leaves, roots,
tubers, etc. remain in the cage. Two moving blades are connected to the single actuator with two
frames. One of these frames has two wheels as an attachment which will move inside of two fixed
rails. This would cause the motion of the actuator which is up & down, to be changed to the sliding
motion for cutting blades with angle. The CAD model of this mechanism was tested and passed the

motion test. We built a prototype of this mechanism, but we found out there is a large pressure over
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the wheels especially when the blades want to cut the soil! So, this design was not accepted too but

we used lots of the main ideas from this mechanism in the final design.

5.3  Final Design

5.3.1 Parts of the Mechanism

As discussed in the previous section, the final design was generated based on combining the
strengths of the three designs previously described. As it is shown in Fig. 59, the mechanism will
contain a cage to making sure any part of the infected plant (including tubers, stem, leaves, roots,
etc.) will remain in the field after roguing by this mechanism. Also, we will utilize two cutting
blades to apply less force over each blade to reduce overall wear and chances of failure. In addition,
two attached hydraulic actuators will be used to provide the necessary force to pierce the soil to a

specified depth.

Figure 57: Different views of final design
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Fig. 60 shows all the components for this mechanism. The description and quantity for

each of these components is provided in Table 14.

17

20 14

Figure 58: Final design Components
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Table 14: List of Components for Final Design

Number

Parts

1 Main Body Bottom Frame 1
2 Main Body Top Frame 1
3 Rail 2
4 Fix Blade 2
5 Bucket Tooth 13
6 T-Shape Angle Bar 2
7 Slider 2
8 Moving Blade-Left 1
9 Inside Frame Blade 2
10 Hydraulic Actuator Piston Rod 2
11 Hydraulic Actuator Barrel 2
12 Hydraulic Actuator Connector Frame- 2
Side
13 Hydraulic Actuator Connector Frame-Top 1
14 Moving Blade-Right 1
15 Hex Cap Screw M6x65mm 8
16 Hex Cap Screw M6x30mm 74
17 Top Hinge 2
18 Bottom Hinge 2
19 Machine Screw M5x30mm 12
20 Bucket Tooth Pin 13
21 Gridwall Panel-Bottom 2
22 Gridwall Panel-Top 2
23 Tractor Hitch Adapter-Back 1
24 Tractor Hitch Adapter-Top 2
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1)

2)

3)

4)

5)

These components, in general, can be considered to fall into one of the following five categories:

Frame: This is the main structure of the mechanism which will is used to hold the sick (roots,
stems, leaves, etc.). In Table 14, this would include the Main Body Frames (top & bottom),
Hydraulic Actuator Connector Frame, and Gridwall Panels. The size of the main body (top &

bottom) is 60cmx30cmx=90cm and this mechanism can dig up to a maximum depth of 30cm.

Movable components: This includes all components required for actuation and to bring about
the desired motion of the blades. For example, the Rail, Slider, Hydraulic Actuator Piston Rod,

and Hydraulic Actuator Barrel.

Cutting Sections: This includes all parts performing the actual digging action in the field and
facilitates cutting the soil with ease. These include Fixed Blades, Moving Blades, and Bucket

Tooth.

Mechanism strength: To improve the overall rigidity of the system we included a T-Shape
Angle Bar on the sides of the main body and Inside Frame Blades which connect two sides of
the main body (back-front). The connection between components was brought about using off-

the-shelf pins and screws to make it easy to replace, clean, and assemble.

Attachments: This mechanism is designed to easily attach to various types of tractors or other
farm equipment. Three possible adapters were designed to attach it to tractors: from the back by
Tractor Hitch Adapter-Side, from the Top by Tractor Hitch Adapter-Top, and from the sides
where they can be screwed to the holes which are placed on the sides of the Main Body Top

Frame.

5.3.2 Parts Specification

In this stage of design of plant extraction mechanism, focus of our group was on finding the

most appropriate design for this mechanism, having motion study for it, and building a smaller
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model of it for some initial tests. The mechanical design, material selection for various parts and
material properties, required power for digging, specification of hydraulic system, and some other

details, in future research will be studied and analyzed for the final design.

5.3.3 Motion Study

This roguing machine complete assembly is presented in Fig. 61. Fig. 61-a shows the
mechanism when the moving blades are open, yellow arrows show the direction of movement of
hydraulic actuators that are connected to the arms. These hydraulic arms will actuate the opening
and closing of the jaws while also providing sufficient force to pierce the soil. For closing the
blades, the hydraulic system moves down and pushes the blades along the curved rails. Fig. 61-b

shows the machine with the blades in the closed position.

Figure 59: Actuation of blades by a hydraulic system in the final design
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5.3.4 Designed Attachment for Tractor

One of the advantages of this roguing mechanism, in addition to use as an attachment for
this project, is the ability to attach and use on various vehicles in the farms (tractors, excavators,
etc.). Because three-point hitches are a very popular way for attaching various attachments to
tractors, we decided to design a connection part for the roguing mechanism for attaching it to the
three-point hitch in this stage although based on customer needs, other connectors for tractors can
be designed later. Fig. 62 & Fig. 63 are shown different views of this connector and after connecting
to roguing mechanism respectively. The three-point hitches in tractors usually just have an active
hydraulic system for lifting the attachments and a passive one for going down (by the own weight

of the attachment). The three-point hitches maximum can lift a 615 kg load.

In most tractors, we can control how fast the mechanism going down. So, in this case, we
can set it up to mechanism fall very fast, and because of the weight of it, the soil will be cut by the

fixed cutting blades, and then moving blades will cut the rest of the soil.

Figure 60: Different views of the designed connection part between roguing mechanism and tractors three-point hitch
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Figure 61: Roguing mechanism with connection part for tractors three-point hitch

5.3.5 Some of the Mechanism Specifications and Information about Extracted Soil

As it was discussed before, the size of the main body (top & bottom) is 60cmx30cmx90cm
while this size can be changed on different scales based on customer desires. This size roguing
mechanism with all attachments (including a three-point hitch connection) has a weight of around
227 kg and able to dig up to a maximum depth of 30cm. Fig. 64 shows the amount of soil that can

be extracted from the field. Based on the range of density for soil from [94] which is between

1297/

cm3 1.5 gr/cm3 the maximum weight of extracted soil would be 12.5 kg. Therefore,

the summation of the weight of the extracted soil and the weight of the mechanism together will be

less than the maximum allowable load that can be lifted by the three-point hitches.
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Mgotimax = p XV =159/ 3 x 18845 cm® = 12500 gr = 12.5kg

Mtotal = Mroguing_mechanism + Mgoit max = 227kg + 12.5kg = 240kg < 615kg

V = 18845 cm? Extracted Soil

Mpax = 12.5 kg

Figure 62: Amount soil can be extracted from the field
5.4  Prototype Model and Actual Test

Fig. 65 shows a prototype of the final design of the roguing machine which was built to 1/3
scale of the actual model. The prototype was used for testing the motion and functionality of the

system.

There will be some differences between the final design and this prototype to accommodate
in filed operation. First, the final design will be about three times larger than this prototype. In the
final design, all major components are divided into sub-systems for ease of replacement and
cleaning. Other small changes are related to improving the functionality of system and attachments

needed to integrate the prototype to commonly used farm equipment.

Fig. 65-a shows the prototype connected to an ABB robotic platform, Fig. 65-b shows the

tracks along which the jaws will move, Fig. 65-c shows the jaws in a completely closed position,
94



Fig. 65-d shows the teeth at the end of the jaws to help pierce the soil, Fig. 65-e shows a bottom
vies of the rouging mechanism with the jaws in a completely closed position with the teeth
interlocking, Fig. 65-f shows the bucket in which the sample to be removed will be collected and
disposed off the field. The catch bucket grills can be modified based on the type of sample being

collected.

N

Figure 63: Prototype of the mechanism (1/3 of the real size)
Fig. 66 shows the roguing process of a sample plant by the prototype mechanism. In Fig.
66-a, the robotic arm pushes the mechanism down and the soil is cut by the fixed blades. In Fig.
66-b & Fig. 66-c, the moving blades will be closed and collecting the soil from the sides and keeping
the plant inside of the cage. In Fig. 66-d, the robotic arm moves the mechanism up with the plant

and soil inside.
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Figure 64: Process of roguing the sample plant by prototype mechanism

* This roguing mechanism filed as a provisional patent (Application Serial No.: 63/104,937
Filing date: 10/23/2020) and results of this design has been submitted to “5th IFToMM
Symposium on Mechanism Design for Robotics — MEDER, 2021 (In press).
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CHAPTER 6. SINGULARITY ANALYSIS

6.1 Kinematic Synthesis of the Five-Fingered Multi-fingered Hand

The singularity of robotic mechanisms and manipulators is one of the important factors in
designing a robotic system. Most of the works found focus on avoiding singularities or creating
singularity-free trajectories with an algorithm based on a Probabilistic Road Map. In robotic hands,
for applications such as agriculture, we want complex motion of the fingers, but we don’t want to
have many actuators in the hand, because that makes it more expensive, more fragile and harder to
control. So, we want to use some kind of coupling mechanism for the dofs. One possibility which
gives a robust mechanism is to use other linkages for coupling, such as the SS chain. But the
problem is that, in doing so, you introduce non-obvious singularities, unless you design it with care.
However, in this section, we want to use SS chains to couple RR fingers for the design of wristed,
multi-fingered robotic hands. Unlike previous approaches, in this work, the focus is on designing
the mechanism for specific singular configurations at desired positions. This approach can be useful
to make sure the designed mechanism will stop at specific locations, or have motion between two
specific points, corresponding to the two singular points. In the following sections, the derived

equations are explained, and examples are included to test the method.

The object of this work is to study the singularity for a wristed, five-fingered hand which is
a member of the single-jointed tree topology family studied in [86]. It has a single joint at the wrist
and a single joint for each of the five fingers attached to the wrist with a single palm, see Fig. 67. It
is solvable for m_p= 2 positions, and that means if all the dofs are actuated simultaneously for a
given set of angles, the mechanism can be designed for a pick-and-release, or a single action task,

when in general, and considering each finger acting separately, we can target more tasks. Each
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finger has the same connectivity, and single mobility, plus the common mobility at the wrist.

Definition for all concepts that are mentioned here (wrist, mobility, task, etc.) can be found in [17].

Figure 65: The tree graph of the 1-(1, 1, 1, 1, 1) hand, left; the kinematic sketch, right
The dimensional synthesis of this hand was studied in [87]. The complete description of the
methodology for the synthesis can be found in [88], and it consists of solving the system of
equations F (S, A@), composed of the forward kinematics equations of each branch, equated to the
relative displacement of the corresponding fingertip. For b =5 branches and a simultaneous task of

m, = 2 finite positions per finger, we have the set of equations:

26,

. 26,
F(S,00) =PS, —e 2

Sog2 Sc | c=1,...,5 8

Where P, is the relative displacement from position 1 to position 2 for each finger “c”. The
six joints have Plucker coordinates S; = s; + €s;, fori = 0, ...,5, and the rotation angle about each
joint is 6;. The relative forward kinematics is computed as the product of exponentials for each

branch. An algebraic derivation for this problem can be found in [87] and it yields two solutions.

The two positions shown in Table 15 for the first finger and in Fig. 68 are selected. The
solution from the synthesis problem yields the hand shown in Fig. 68. In this sketch, the wrist is

connected to the fingers through several rigid links forming the palm. The connection between the
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joints is drawn at the common perpendicular line between axes. The twist angles between the wrist

joint and each finger joint are shown in Table 16.

Table 15: The two positions used for the synthesis of finger 1, expressed as dual quaternions

Finger Position 1 Position 2
Finger 1 0.18 — 0.25i — 0.11j + 0.94k 0.0 —0.10i — 0.01j + 0.99k
+£(2.46 — 3.3i — 1.4j — 1.5k) +¢£(0.0 — 1.86i + 0.20j — 0.20k)
ffe
y
!
{

Figure 66: First and second positions for each fingertip, left and a schematic sketch of hand in both

Table 16: Twist angles a;; between axis S; and axis S;

Twist Angle o1 (241Y) g3 A4 (2}
Value 60.7 11.8 6.0 7.4 -57.1
(degrees)

It is clear from the example that, even though the hand is theoretically capable of performing

the task, its implementation is not straightforward.

6.2 Hand Optimization

The link-based optimization developed in [89] is used to select the best placement for the
joints, that is, the dimensions and angles of the links. The method is based on optimizing the links’

locations along each axis to satisfy a set of performance requirements.
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Here, the objective function is formulated to minimize the overall length of the hand by
considering the lengths between the wrist joint and each of the five finger joints, as well as the
length to the five end-effectors. The sliding scalar values along each of the six axes to define the
anchoring points are the parameters. Minimum and maximum link sizes were considered and
formulated as non-linear constraints. Another important criterion is avoiding the self-intersection
of hand parts. For this, links and end-effectors are considered cylinders that must maintain a user-
defined distance with respect to each other. These conditions create another set of nonlinear
constraints. The formulation was made in Mathematica and run in MATLAB using ga and fmincon.
The optimization took an average of 15 generations and less than a minute. The resulting sliding
parameters for each joint are shown in Table 17. These sliding values are measured from the
intersection points at the common normal so that their initial value is zero. Fig. 69, shows the sketch
of the hand before and after optimization at position 1. It can be seen how all the link and finger

lengths are more balanced after the optimization.

Table 17: Resulting values for the sliding parameters of the joints

ts L) ty ) t3 ty ts
values —0.656 1.843 —0.242 1.549 0.300 —10.468

An automatic modeling method developed in [90] was used on the optimization results to

generate an initial model of the hand.

®

Figure 67: a) Schematic sketches of the hand in position 1 before optimization b) after optimization
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6.3 Underactuated Coupling Mechanisms

To reduce the complexity in the control and to allow for adaptive motion, different types of
coupling mechanisms are used so that the hand can perform the desired motion with a smaller
number of actuators. For this design, a single actuator should perform the desired motion for all
five fingers. Most of the mechanisms currently used are restricted to particular arrangements of the
joint axes that are being coupled. The most common situation is that of joints with parallel axes.
The table below intends to be a non-exhaustive enumeration of the most popular coupling

mechanisms and their applicability to different arrangements of the joint axes.

Table 18: Mechanisms to implement coupling between joint axes

Mechanism Applicability
Spur Gears Parallel joint axes
Helical Gears Generally-oriented joint axes
Bevel Gears Intersecting axes
Belts and Cables Mostly parallel axes
Closed-loop linkages Generally-oriented axes

The use of some types of gears could be a good solution but must be complemented with
another transmission such as a cable because the distance between the axes is limited by the gear

ratio and the size of the elements. This can be solved by using a combined gear + cable system.

Belts and cables present a similar problem; the force at the belt is perpendicular to the
rotation axis for parallel axes, and those mainly tangential forces are optimal to create the desired
torque and angular velocity. When the axes are skew, axial force components appear. The problem
increases when the anchor points are not located at the common perpendicular line between axes.
Those axial components increase the friction and require specific solutions to avoid the cable to slip

from the pulley.

The use of additional links to create closed-loop linkages is a very common solution for
parallel axes because it yields a low-friction, low-maintenance and high rigidity (if desired)
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coupling mechanism. The simplest way to connect two revolute joints with a linkage to yield a 1-

dof system is the use of two more joints, to create a spatial four-bar linkage [91].

The simplest of the four-bar linkages consists of four revolute joints, and for skew joints,
the only movable four-bar linkage is the Bennett linkage. However, its use as a coupling mechanism

for an existing R-R chain is limited.

The synthesis of the five-fingered hand yields two solutions. Connecting both solutions
yields a Bennett linkage for each finger. Fig. 70 shows the Bennett linkages for this example, and
it illustrates the limitations in the use of this method. Because there is only one option for coupling
the hand, the designer has no control over the placement and dimensions of the coupling

mechanism, which is not an acceptable solution in general.

Wrist joint
axis S

Coupling
Sannait
ineace

Figure 68: The R-R chain for wrist joint and first finger, coupled using the complementary R-R chain

Other spatial-four-bar linkages contain cylindric joints. Cylindric joints in general present
problems of friction and linear motion range, yielding them also impractical as a coupling
mechanism. Finally, the use of spherical joints in the design has several advantages. They are small
and compact, and they yield non-overconstrained mechanisms, which increase the search space to
optimize their placement and dimensions. One of the few drawbacks of this linkage is that the range

of the spherical joints is limited.
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6.4 The RRSS Mechanism

In designs for which the robot size is important and the mechanism has to work in a small
space, the required number of actuators plays an important role in minimizing the final size of the
robot. Therefore, the smaller the number of actuators, the more control the designer has over the
size of the robot to target smaller dimensions. The R-R-S-S mechanism is a non-overconstrained
spatial four-bar linkage with mobility equal to one. This mechanism is regularly used for instance

for function generation.

In the present work, for designing an RRSS mechanism, the first step is to synthesize an RR
chain based on the design objective, mainly the positions that the system must reach which was

explained before.

A spherical joint S can be expressed using dual quaternions as:
a, Cy a,
S(a) = ap + {az} + E{Cy} X {az} )
as c, as
Where the position of the center point of the joint is C = [Cx, Cy, CZ] and a contains the
rotation components. When the SS chain is attached to the RR chain to form the RRSS linkage, the
SS will have the same relative displacement as the RR chain. Consider the relative motion in dual
quaternion form P, = Py + Pyi + P,j + P;k+€ (P,i + Psj + Pgk + P,). The relation between S
joints and relative motion shows in Equation 10. In this equation () and (B) are rotation components

that belong to first and second S joint respectively.

SAz (B) = SAf(“)pu (10)
Finally, we impose that the SS chain goes to the desired positions in Equation 11. In this

equation, the determinant of the 8x8 matrix M has to be zero (not a full rank). Thus, Equation 12
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would be a condition for the S joints in the RRSS mechanism to reach the same relative position as

the RR chain.
I Do P3 —p2 -p1 1 0 0 0] (o)
—P3 Po pi -2 0 1 0 0Of |
P2 —P1 Po -p3 0 O 1 0] o
—p1 —p2 —p3 —po O 0 0 1 ) oy L _
Clyp2+C1:p3+ P71 —C1zP0—CixP2+P6 ClyP0o—ClxP3 —P5 —P4 0 —e, Cy 0 Bi
C1zP0 —ClyP1 —P6  ClxPl+C1:p3+ P71 —CixPo—ClyP3+Pas —p5 C2; —c2: 0| | B2
—ClyP0 —C1zP1+P5 ClxP0—C1zP2— P4 CLP1+Cciyp2+p1 —pP6 —¢2 ¢ 0 0] | B3
| —c1zp2+C1yp3—p4 cizp1—CixPp3—ps —cypi+cp2—ps —p1 0 0 0 0f (Bs)

—~
RN
N

~

det[M] =0

In the RRSS mechanism, by coupling the RR chain with two S joints, the degree of freedom
of the system would be equal two which one of them being the idle rotation about the link
connecting the two spherical joints. So, the RRSS mechanism will has just one degree of freedom.
This helps to minimize the number of required actuators for the mechanism. Fig. 71 shows the final
design for this mechanism with 5 RRSS closed linkages, which is designed for grasping a mobile

phone.

Figure 69: Mechanism with 5 RRSS chains designed for grasping a mobile phone
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6.5 Singularity Design for RRSS Mechanism

Any closed-loop chain can be characterized as having input and output joint angles, which
are represented with n-dimensional vectors 6;,, and i-dimensional vectors 6,,,; respectively. These
input and output vectors are related to each other according to the overall number of degrees of

freedom of the system.

One of the methods to characterize singularities [92] is using loop closure equations. This

Is shown in Equation 13.

U1[6in] = U 160uc] (13)
In general, there are three types of singularities, which can occur separately or

simultaneously [1].
For the first type of singularity,
[6;] =0 & [Bou] #0 (14)
Therefore:

det[]"] =0 (15)

The second type of singularity happens when,

[00ue] =0 & [6in] 0 (16)
Therefore:

det[J]] =0 17
Finally, the third type of singularity is a combination of first and second types of singularity.

In other words, det[/] = det[J*] = 0 or both matrices J and J* become singular at the same time
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[92]. The present work focuses on an RRSS linkage, a single-loop mechanism. Fig. 72, shows a

single RRSS closed chain.

(Intersection point of R; with common
CRr1 normal line between R1 & R2)

Figure 70: Single RRSS chain

As it was stated before, the RR chain is designed for a given task and later will be coupled
by the SS. That means that RR parameters (Plucker coordinates (R,, R,), twist angle a, the distance
between R joints d) are known. However, locations of S joints and input/output angles (6,, 6,) are
unknown. To calculate the closure equation for this mechanism, we create a distance constraint by
taking the two paths originating from joint R,. Equation 18 shows the transformation needed to
reach Cy; (the center point of first S joint) from R; in the global coordinate. In the following
equation, R and T represent rotation and translation along common normal lines in a homogeneous
format respectively.

Cor = [G1[Roy1[T,1[T,] (18)

= =)
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In which [G] is a transformation from the first revolute joint (R;) coordinate, where we
considered our local frame origin, to the global coordinate. The same procedure applies to the right
leg starting from R, and leading to the location of the point Cs, (the center point of second S joint):

Cs2 = [GIITal[Ra1[Re21TH][T,] (19)

oo O

Having the coordinates of the two spherical joints in terms of the structural parameters and
joint variables of the mechanism, the final loop closure can be formulated as Equation 20, where ¢?
is the square of the length of the link between the two spherical joints, which can be computed by
the difference between the location of the center point of S joints from the left and right legs,

Equations 18 and 19.

F = (Cop = Cs2)- (Ct = Cez) — €2 = 0 (20)
Therefore, loop closure in Equation 21 is computed as a function of (a, b, ¢, p, g) which are
link lengths and the input and output angles (6, and 6,). Singularity equations for type 1 and type
2 can be found from Equations 22 and 23 where the output and input velocity is not zero
respectively. Any solution to (Equation 21) and one of Equations 22 or 23 forces the mechanism to

be singular at a particular point.

F(8y,6,,a,b,p,9,¢) =0 (21)
oF _ . .
36, (22)
oF N
06, (23)

For each particular value for 8,, we create a singular pose for which two equations need to

be satisfied. We can keep adding these singular points up to the maximum number of singularities
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for the linkage. In the present work, the equations are solved for two singular poses for which we

can write the following set of equations:

B =% { F(621,a,b,p,q,c) =0 (24)

({))eFl (021,a,b,p,q,¢c) =0

: 25
%(922.([.[).]).(1.0) =i} ( )

Pig =25 { F(632,a,b,p,q,c) =0

Adding Equations 12 to 25 provides a system of equations whose solution is an RRSS
mechanism with two specified singular poses and a workspace which includes the poses that the
RR chain was synthesized for. We transform the design into an optimization problem whose
objective function, G, is the sum of the squares of the lengths of all links (except “d” as it was
calculated in the RR synthesis step) to have some control over the total size of the mechanism.
Equation 26 shows this objective function. This objective function was chosen to design a

mechanism with the most appropriate size.

G=a*+b?>+p?+q*+c? (26)

6.6 Solution Procedure and a Numerical Example

For designing a single RRSS chain and to show that the proposed method can be applied to
any arbitrary RRSS, we start with selecting two random task positions and find the appropriate RR
chain for these points from synthesis. Two task positions and two points on the axis of R joints are
included in Table 19. Also, the Plucker coordinates for each of the R joints are shown in Table 20.
Then we can couple this RR chain with an SS linkage under the conditions mentioned in Equation

12 for S joints.
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Table 19: Two task positions and two points on each R joint axis

Parameters X(cm) Y(cm) Z(cm)
Task Position 5.2 -7 -3
Task Position 0 -3.75 A4

Axis of R Joint 1- -7.02 20.73 -1.63
Point 1

Axis of R Joint 1- -7.65 20.49 -2.24
Point 2

Axis of R Joint 2- -8.07 -0.10 -0.36
Point 1

Axis of R Joint 2- -10.46 4.38 6.85
Point 2

Table 20: Plucker coordinates for the R joints

Joints S §0
1st R Joint -0.70, -0.26, -0.67 -14.32, -3.57, 16.23
2nd R Joint -0.27,0.51, 0.82 0.095, 6.69, -4.13

For this design with two specific singular positions, we have five equations (four of them
from Equations 24 & 25 plus one main condition for S joints from Equation 12), and seven unknown
design parameters (a, b, ¢, p, g, 6,1, 852). All five equations are nonlinear and they will be added as
equality constraints to an optimization problem. The two arbitrary input angles (6,4, 6,,) where we
want the mechanism to be singular, are selected and presented in Table 21. For solving the
optimization problem, we use a genetic algorithm (ga) with an upper limit of 400 generations,
Constraint Tolerance (TolCon) of 1e - 6. The objective function was defined as minimizing the sum

of squares of the length of each link.

Table 21: Information about the relation between R joints and input values for 8, to define two singular

positions
Parameters Value (cm) or (rad)
Length of link d 18.71
Angle a 1.06
Angle 6844 0.39
Angle 84, 1.05
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The optimization test was run 20 times and the best result based on the minimum objective
function, time of the test, and the number of generations was selected. In the best result, the
optimization finished after 200 generations and a total time of 170.92 s. The final value for the
objective function was 454.208 cm. After finding unknown parameters, the center point for each of
S joints can be found. Table 22 expresses the results for all unknown parameters and the center

point of S joints.

Table 22: Result for unknown parameters and the center point of S joints for RRSS with two specified

singular positions

Parameters Value (cm) or (rad)
Length of link a 14.92
Length of link b -7.70
Length of link p 1.81
Length of link g -10.05
Length of link ¢ 6.06

0,1 5.55

0,, 5.67
1st S Joint -4.45, 6.58, 2.47
2nd S Joint -2.01, 4.28, -2.57

The final design of the model is shown in Fig. 73. In this case, the finger (RR chain) is
designed to move from point 1 to point 2. These two points are objective design values, which are
defined for RR chain synthesis. Also, two selected singularity points for this robot are in 8,; = /8
and 6,, = /3, which would occur at points 1 and 3. Fig. 74 shows the angles for these two

singularity points.
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Figure 71: Motion of RRSS chain between points 1 and 2 (the points the RR chain was synthesized for) plus singular

positions at point 1 and 3

Figure 72: Angle for 6,, at the first singularity position (left), Angle for 6, at the second singularity position (right)
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The velocity of the output angle can be found from ;TF X a_tz' In the points where the sign
2
of the velocity changes (and velocity becomes zero), the mechanism becomes singular. Therefore,

if we sketch the graph for ;TF respect to 6, for any specific 6, , we can find singular points for this
2

mechanism.

Fig. 75 shows the results for the example above. From this figure, there are two possible
singular points for each selected 8,. Also, the relation between 6; and 6, for loop closure is
presented in Fig. 76, which shows just one of these singular points from Fig. 75 for each 6,

belonging to the workspace of the robot. This coincides with the point selected to be singular. These

values are mentioned in Table 23.
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Figure 73: Possible singular points for each selected 6,
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Figure 74: The relation between 8, & 6, for the loop closure

Table 23: Possible singularity points and valid one respect to work-space of robot

04 0, Description Validity
0.39 2.41 Extra possible singular point Out of Robot Workspace
0.39 5.56 Singular point defined by Inside of Robot
designer Workspace
1.05 2.52 Extra possible singular point Out of Robot Workspace
1.05 5.67 Singular point defined by Inside of Robot
designer Workspace

* The results for designing the optimized multi-finger hand were presented and published
in IFToMM Symposium on Mechanism Design for Robotics (MEDER) 2018, pages 344-352.
Springer.

* The results for singularity design were presented and published in USCToMM
Symposium on Mechanical Systems and Robotics (MSR) 2020, pages287-297. Springer.
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CHAPTER 7. CONCLUSIONS

The population of the world has gone from 3 billion in the 1960s to 7.7 billion in 2019.
This dramatic rise in the World population has caused a food shortage around the world and right
now, about 9% of the World's population (around 700 million people) are hungry [95]. This has
put significant stress on agricultural capabilities. More and more farm equipment and farming
methods are turning to automation and smart technologies. PVY as one of the main problems for
farmers significantly affects the quantity and quality of their products and each year damage

millions of dollars of products.

In this research, various parts of an autonomous system for agricultural purposes were
designed and implemented. That included the design of a chassis for a prototype model, navigation
system, obstacle avoidance, vision system, and roguing mechanism for this AGV. Except for these
parts for designing the autonomous system, in theoretical research, a method for hand design and
singularity avoidance was analyzed and formulated. Although finally the theoretical solution for
hand design was not used and the roguing mechanism was preferred, to interact with the very

complex systems in the agro world is needed.

In the first section, the process of chassis design for an autonomous ground robot for
agriculture was discussed. First, using the Genetic Algorithm, we calculated the optimum size of
the chassis and selected the best material for the application while minimizing weight. Next, we
performed the force analysis of the chassis. Finally, based on possible stress on the chassis, we did
seven stress analysis tests in SolidWorks, 4 bending tests, and 3 torsion tests. The maximum stress
and displacement occur when two wheels in the left are assumed fixed and force was applied to
the two right wheels. However, final results show this chassis is very capable and can withstand
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all the possible simulated stresses. The autonomous vehicle with the above-described chassis was

fully assembled and successfully was tested in a field.

The AGV designed and built in this project has an extremely accurate RTK GPS and
combined with the Pixhawk navigational firmware is a suitable testing platform for an autonomous
agricultural robot. The robot and components were relatively inexpensive but robust enough to
handle typical terrains the robot will be operational in. Since it uses the Pixhawk it is extremely
customizable as well. These features, along with obstacle avoidance in the future, make it

extremely useful not just for this project but for many agricultural robot applications.

Because of error in GPS finding the center of a sick plant with just using GPS is impossible.
Thus, for finding the exact location of the sick plant, we will combine the results from GPS
coordinate with results from an image processing algorithm to find the exact center of the target
plant. However, because this image processing algorithm supposed to use in the potato field and
for a wide range of green colors, the HSL format was the most proper format for detecting the
target object. We found a proper range for H, L, and S for detecting the target object. Also, we
defined two different algorithms for finding the center of a sick plant, and the best one was

selected.

A novel mechanism for a roguing system was designed. Multiple designs, grasping types
were considered, all relevant mechanisms were analyzed, and three mechanisms based on primary
analysis were considered for the study. On comparing the advantages and disadvantages of each
of these three options, the final mechanism was designed utilizing the best combination of each
design's strengths and capabilities. Although this mechanism is designed to work in a potato field
due to its versatility and ease of coupling to various tractors or farm equipment, it could potentially

be used for roguing other crops and work in different environments.
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Next, a prototype was built to 1/3rd scale of the actual model and successfully tested for
motion and it performed exceptionally well to achieve the desired results. In the near future, we
are going to build a real-sized model to test it in the potato field. Also, a connection part for

attaching roguing mechanism to the tractors’ three-point hitch was designed.

As a theoretical part of this research, the last section of the present work is an attempt to
further investigate the implementation of nonstandard robotic hands designed for specific tasks. In
most cases, they present skew axes that increase the complexity when designing detailed parts and
transmissions. In particular, a linkage-based transmission for underactuated hands with skew axes
is studied. This consists of coupling the R-R joint corresponding to the wrist joint and finger joint
with an S-S mechanism, creating a 1-dof system that can be actuated at the joint. The RRSS linkage
allows enough flexibility to be able to state the design problem as an optimization problem to

obtain optimum values for length, placement, and obstacle avoidance.

Then a general method for defining the singularity points in RRSS closed linkage was
found and an RRSS with known singular poses was designed by coupling an SS chain to an
already-synthesized RR chain. A constraint equation and the singularity condition of type one have
been utilized to specify singular poses. These equations are populated by new values for the input
angle to create a system of design equations whose solution is a mechanism with desired singular
poses. The method has been validated by a numerical example and simulation. Future work will

explore generalizing the concept for other closed linkages.

Most of the parts in this stage are designed in prototype form and smaller scale than the
final model. In the next step, they need to be built in the real size, assemble and attach, and test the

final complete autonomous system in a potato field.
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Generally, before this project, farmers used the traditional method of detection and removal
PVY by sending specialists to the potato fields which according to the expanse of a potato field,
that was not an efficient method. The final goal of this project was to increase the accuracy of
detection and speed of removal the sick plants from the field. Based on these requirements and
considering the potato field conditions, different parts of a AGV was designed and implemented.
That was includes an optimized chassis, a navigation and obstacle avoidance system, an innovative
image processing algorithm and robot vision system for sick plant detection and a novel roguing
mechanism for sick plant extraction plus finding a new method for singularity design for
mechanisms. Outcome of this research had been including one provisional patent and four
published conference papers, one conference paper under reviewed, and three journal papers in

preparation.
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APPENDIX

A. STRESS ANALYSIS FOR CHASSIS

Test 1: One wheel bending analysis

Model Information

Units

Model name: Chassis

Solid Bodies

Treated As Volumetric Properties
Mass:6.22936 kg
Volume:0.00230717 m~3
Solid Body Density:2700 kg/m~3

Weight:61.0478 N

Unit system: SI (MKS)
Length/Displacement mm
Temperature Kelvin
Angular velocity Rad/sec
Pressure/Stress N/mn2
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Study Properties

Study name Testl
Analysis type Static
Mesh type Solid Mesh
Thermal Effect: On
Thermal option Include temperature loads
Zero strain temperature 298 Kelvin
Include fluid pressure effects from SOLIDWORKS | Off
Flow Simulation
Solver type FFEPlus
Inplane Effect: Off
Soft Spring: Off
Inertial Relief: Off
Incompatible bonding options Automatic
Large displacement Off
Compute free body forces On
Friction Off
Use Adaptive Method: Off
Material Properties
Model Reference Properties Components
Name: 6061 Alloy Chassis
Model type: Linear Elastic Isotropic
Yield strength: 5.51485e+007 N/m~2
s Tensile strength: 1.24084e+008 N/m~"2
*'ii ‘ ’ : 0 :‘\' Elastic modulus: 6.9¢+010 N/m~2
g - ‘ . :',. v‘ Poisson's ratio: 0.33
w
X Mass density: 2700 kg/m~3

Shear modulus:

Thermal coefficient:

2.6e+010 N/m~2

2.4e-005 /Kelvin
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Loads and Fixtures

Fixture name Fixture Image Fixture Details
Entities: 9 face(s)
Fixed-1 Type: Fixed Geometry
Resultant Forces
Components X z Resultant
Reaction force(N) -0.00386631 -192.31 0.0102177 192.31
Reaction Moment(N.m) 0 0 0
Load name Load Image Load Details
S Entities: 1 edge(s)
Reference: Edge<1>
Force-1 o /,:*' R Type: Apply force
Values: --,--—,192.3N
A i :

Mesh information

Mesh type Solid Mesh
Mesher Used: Standard mesh
Automatic Transition: off

Include Mesh Auto Loops: Off

Jacobian points 4 Points
Element Size 0.831685 in
Tolerance 0.0415842 in
Mesh Quality Plot High




Resultant Forces

Reaction forces

Selection set Units Sum X SumY Sum Z

Entire Model N -0.00386631 -192.31 0.0102177

Mesh information — Details

Resultant

192.31

Total Nodes 79959
Total Elements 41264
Maximum Aspect Ratio 13.933
% of elements with Aspect Ratio < 3 66.4

% of elements with Aspect Ratio > 10 0.172

% of distorted elements(Jacobian) 0

Time to complete mesh(hh;mm;ss): 00:00:11

Model name Motor Mount Tubel
Study nanetestTEDefault)
Mesh type: Solid Mesh
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Mesh Control Information

Mesh Control Name Mesh Control Image

Mesh Control Details

Entities: 177 edge(s)

Units:  in
Control-1 Size: 0.2
Ratio: 1.5
A
Study Results
Name Type Min Max
Bending 1 VON: von Mises Stress | 0.000e+000N/m~2 2.826e+007N/m"2

Node: 8370

Node: 2290

Chassis-test1-Stress-Bending 1

von Mises N
2826,
2550

L 2355
. ans
. 1882
. nem
M_ 1413
L 1170
L 9419
. T0sh

4208
2355
0.000

# Mieid streng!
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Name Type Min Max

Displacement1 URES: Resultant Displacement | 0.000e+000mm 2.170e-001mm

Node: 75 Node: 2425

acement Displacenentt

ype.
Deformation scale: 246,344

URES [

2110

N

Chassis-test1-Displacement-Displacement1

Name Type Min Max

Strainl ESTRN: Equivalent Strain 0.000e+000 2.469e-004

Element: 32020 Element: 34476

ant

Tt
Defarmation scale: 246384

ESTRN

2463

2087
. 1851

. 15%

| SR

L 1o
L 8.229

6172

4114
2087
0000/

Chassis-test1-Strain-Strain1
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Test 2: Right- left bending analysis

Model Information

Ay

Model name: Chassis

Solid Bodies

Loads and Fixtures

Fixture name Fixture Image Fixture Details
,1:‘ - Entities: 6 face(s)
p o
o
Mo > Type: Fixed Geometry
> R,
Fixed-1 NN
— s, ol
s |
: L
Resultant Forces
Comp t: X Y 4 Resultant
Reaction force(N) 0.0973787 -384.564 -0.193329 384.564
Reaction Moment(N.m) 0 0 0 0
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Resultant Forces

Reaction forces

Selection set Units Sum X SumY Sum Z Resultant
Entire Model N 0.0973787 -384.564 -0.193329 384.564
Study Results
Name Type Min Max
Bending 2 VON: von Mises Stress 0.000e+000N/m"2 5.065e+007N/mA"2
Node: 9006 Node: 19180

1ok ype. ody
Detormason icale: 697176

von Mies (b

Chassis-test2-Stress-Bending 2
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Name Type Min Max

Displacement1 URES: Resultant 0.000e+000mm 6.013e+000mm

Displacement
Node: 69 Node: 9550

Deformarion icale: 65712

LEES mey)

l 5512
W son

Chassis-test2-Displacement-Displacement2

Name Type Min Max
Strain2 ESTRN: Equivalent Strain 0.000e+000 4.136e-004
Element: 33254 Element: 36006

ok tran Stran
Deformaton jcale: 007126

Chassis-test2-Strain-Strain2
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Test 3: Front- back bending analysis

Model Information

.4

Model name: Chassis

Solid Bodies

Loads and Fixtures

Fixture name Fixture Image Fixture Details
Entities: 6 face(s)
_ % Type: Fixed Geometry
Fixed-1 S "~
- .
[
e
e . * >
-
- v
Resultant Forces
Components X Y z Resultant
Reaction force(N) -0.0243378 -384.679 0.0522804 384.679
Reaction Moment(N.m) 0 0 0 0
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Resultant Forces

Reaction forces

Kelection set Units Sum X SumY Sum Z Resultant

Entire Model N -0.0243378 -384.679 0.0522804 384.679

Study Results

Name Type Min Max
Bending 3 VON: von Mises Stress 0.000e+000N/m~2 4.514e+007N/mA2
Node: 9489 Node: 333

Chassis-test3-Stress-Bending 3
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Name Type Min Max

Displacement1 URES: Resultant Displacement | 0.000e+000mm 3.707e-001mm

Node: 333 Node: 2320

UFES (om)
301

R

1000
Chassis-test3-Displacement-Displacement3
Name Type Min Max
Strain3 ESTRN: Equivalent Strain 0.000e+000 4.783e-004
Element: 31941 Element: 36316
Mode! name:Nctor Mount Tube?
4783
4354
3986
3531
3988
L %0
un
e 199
- 1594
L 1196

190
3988
Qoo

Chassis-test3-Strain-Strain3
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Test 4: Cross wheels bending analysis

Model Information

i

Model name: Chassis

Solid Bodies

Loads and Fixtures

Fixture name

Fixture Image

Fixture Details

Fixed-1

Entities: 6 face(s)

Type: Fixed Geometry

Resultant Forces

Components X Y F4 Resultant
Reaction force(N) -0.00495148 384.576 -0.00206041 384.576
Reaction Moment(N.m) 0 0 0 0
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Resultant Forces

Reaction forces

Selection set Units Sum X SumyY Sum Z Resultant
Entire Model N -0.00455148 384576 -0.00206041 384576
Study Results
Name Type Min Max
Bending 4 VON: von Mises Stress 0.000e+000N/m"2 2.181e+007N/mn2

Node: 8570

Node: 9082

Chassis-test4-Stress-Bending 4
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Name Type Min Max

Displacement1 URES: Resultant Displacement | 0.000e+000mm 1.619e-001imm

Node: 75 Node: 40022

< diplacenent Oliplicanent]
Deformanon icale: IXA06H

UFES (e}
1615

'1;&
3 &

Chassis-test4-Displacement-Displacement4

Name Type Min Max
Straing ESTRN: Equivalent Strain 0.000e+000 1.972e-004
Element: 33437 Element: 34123

Mode! name:Mator Mount Tube?
Study nametested Detaut)

#or ¢ stran Straind
Deformanon icale: 10064

Chassis-test4-Strain-Straind
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Test 5: Right- left torsion analysis

Model Information

Model name: Chassis

Loads and Fixtures

Fixture name

Fixture Image

Fixture Details

Entities: 6 face(s)

Type: Fixed Geometry

B
Fixed-1 = " N
e P
W
Resultant Forces
Components X Y 4 Resultant
Reaction force(N) 0.0036397 0.00279236 0.00056076 0.00462159
Reaction Moment(N.m) 0 0 0 0
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Resultant Forces

Reaction forces

Selection set Units Sum X SumY Sum Z Resultant
Entire Model N 0.0036397 0.00279236 0.00056076 0.00462159
Study Results
Name Type Min Max
Torsion1l VON: von Mises Stress 0.000e+000N/m"2 2.185e+007N/mn2

Node: 8570

Node: 9614

Chassis-test5-Stress-Torsion1
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Name Type Min Max
Displacement1 URES: Resultant Displacement | 0.000e+000mm 3.369e-001mm
Necde: 75 Node: 5954

Mosel nawe Mator Mount Tube?
o v te itl Defaist)
5 sptacensent Displacement!

Chassis-test5-Displacement-Displacement5

URES frwr)

\“l{h

1123
san
5515
2208

1000

Name

Type

Min

Max

Strain5

ESTRN: Equivalent Strain

0.000e+000

Element: 33437

1.596e-004

Element: 14830

Bt Hae MOLOT MOunt Tobel
SRy Aave et Deryutl

atic Stran
Deformation scale: 153164

Chassis-test5-Strain-Strain5

ESTRN
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Test 6: Front- back torsion analysis

Model Information

A

Model name: Chassis

Solid Bodies

Loads and Fixtures

Fixture name Fixture Image Fixture Details
: N Entities: 6 face(s)
K Sy " A Type: Fixed Geometry
0 o Py
Fixed-1 i S
3 i
-
e
Resultant Forces
Components X Y z Resultant
Reaction force(N) -0.00527191 0.00790405 -0.00816536 0.0125276
Reaction Moment{N.m) 0 0 0 0
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Resultant Forces

Reaction forces

Selection set Units Sum X SumY Sum Z Resultant
Entire Model N -0.00527191 0.00750405 -0.00816536 0.0125276
Study Results
Name Type Min Max
Torsion 2 VON: von Mises Stress 0.000e+000N,/m"2 2.185e+007N/mA"2

Node: 9006

Node: 9614

Chassis-test6-Stress-Torsion 2

137




Name Type Min Max
Displacement1 URES: Resultant Displacement | 0.000e+000mm 1.579e-001mm
Node: 69 Node: 5856

MBS Bt Mator Mount Tube
bk Defauit:

cement Dirplacemantt
o

Chassis-test6-Displacement-Displacement6

URES ey

1575

Name

Type

Min

Max

Strain6

ESTRN: Equivalent Strain

0.000e+000

Element: 33440

2.263e-004

Element: 31015

S MLOr Mount Tubel
y

Chassis-test6-Strain-Strain6

ESTRN
226

1586
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Test 7: Cross wheels bending analysis

Model Information

= 8

Model name: Chassis

Solid Bodies

Loads and Fixtures

Fixture name Fixture Image Fixture Details

Entities: 6 face(s)

Type: Fixed Geometry

Fixed-1 8t e

Resultant Forces
Components X Y z Resultant
Reaction force(N) 0.0282288 0.000183105 -0.00393105 0.0285017
Reaction Moment(N.m) 0 0 0 0
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Resultant Forces

Reaction forces

Selection set Units Sum X Sum Y Sum Z Resultant

Entire Model N 0.0282288 0.000183105 -0.00393105 0.0285017

Study Results

Name Type Min Max
Torsion 3 VON: von Mises Stress 0.000e+000N/mA"2 3.703e+007N/m"2
Necde: 8870 Node: 2554

von Mises N

303

' ™

Chassis-test7-Stress-Torsion 3
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Name

Type

Min

Max

Displacement1

URES:

Resultant Displacement

0.000e+000mm

Node: 75

3.653e-001mm

Node: 2320

3 MotOr Mot Tube?
5t at,

%ot tge: Static di mwent Displacement]
Deformation scale; 196371

Chassis-test7-Displacement-Displacement7

URES jowny

31653
1045
100

2180

Name

Type

Min

Max

Strain7

ESTRN: Equivalent Strain

0.000e+000

Element: 33437

3.933e-004

Element: 34123

0 Mount Tube2
fauit]

Sty )

Chassis-test7-Strain-Strain7
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Engineering drawing for chassis
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B. CHASSIS OPTIMIZATION CODES

Objective Function:
The objective function for the optimization problem. It is
link lengths and offset length of spatial mechanism

= ObjFuncs(x)

function £ =
b=x(4);h=x(3);g=x(6);r=x(7);

tl=x(1l);t2=x(2);t3=x(3)
+ 2700*g*r*tl + 2700*g*r*t3)"2;

f=(5400*b*h*r - 5400*r*(b - 2*tZ)*(h - 2*t2)
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Constraints Function:

functicnlc,cegl=Chassisconss (x}

tl=x(1);t2=x(2);t3=x(3);b=x(4) ;h=x(5) ;g=x(6) ;r=x(T7);

conx{ll=b - h;

conx{2)= t1 - t2;

conx{3)= t1 - t3;

conx(4)= r/q - 5/4;

nonconx(l)= g - 0.5;

nonconx(2)= 0.4 - g;

nonconx (3)= (12*g*(h/2 + t1/2 + t3/2)*(52974*b*h*r - 52974*r*(b - 2*t2)*(h - 2*t2) + &
26487*g*r*tl + 264B7*g*r*t3 + 91/5))/(r*(h + t1 + t3)"3) - 1378B7125;

nonconx (4)= (r*(h/2 + t1/2 + £3/2)*(52974*b*h*r - 52974*r*(b - 2*t2)*(h - 2*t2) +«
264B7*q*r*t1l + 264BT*g*r*t3 + 01/5))/(2*((b*h*3)/12 + (g*t1~3)/24 + (q*t3*3)/24 - ((b ¥
- 2%t2)*(h - 2*t2)*3)/12 + (b*h - (b - 2*t2)*(h - 2*t2))*(abs(h/2 + t3 - ((b*h - (b - ¥
2*t2)*(h - 2*t2))*(h/2 + t3) + (g*t3"2)/4 + (g*tl*{(h + t1/2 + £3))/2)/(b*h + (g*tl)/2 ¢
+ (q*t3)/2 - (b - 2*t2)*(h - 2*t2)))*2)~(1/2) + (g*tl*(abs(h + t1/2 + t3 - ({(b*h - (b ¥
- 2%t2)*(h - 2*t2))*(h/2 + t3) + (g*t3*2)/4 + (g*tl*(h + t1/2 + t3))/2)/(b*h + (g*tl) «
/2 + (g*t3)/2 - (b - 2*t2)*(h - 2*t2)))"~2)~(1/2))/2 + (g*t3*(abs(t3/2 - ((b*h - (b -«
2*t2)*(h - 2*t2))*(h/2 + t3) + (g*t3°2)/4 + (g*tl*(h + £1/2 + £3))/2)/(b*h + (q*tl)/2 ¥
+ (q*t3)/2 - (b - 2*t2)*(h - 2*t2)))~2)~(1/2))/2)) - 13787125;

nonconx (5)=t1-0.004;

nonconx (6)=-t1+0.003;

nonconx (7)=-b+0.05;

nonconx (B)=b-0.0&;

nonconx (%) =-g+0.001;

nonconx (10)=-r+0.001;

c=[nonconx (1) ,nonconx (2) ,nonconx(3) ,nonconx (4) ,nonconx (5) , nonconx (&) ,nonconx (7}, «
nonconx (8) , nonconx (9) ,nonconx (10) ] ;

ceq=[conx (1) ,conx(2),conx (3] ,conx(4)];
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Main Optimization Script File:

close all;
clear;
clc;

x0=rand(1,7);:
options = gaoptimset('Generaticns',200, 'crosscoverkcn',#
@crossoverscattered, 'MutationFcn', @mutationadaptfeasible, 'PlotFcns', {@gaplotbestf, ¥
@gaplotstopping},
'Display’', 'iter', 'HybridFcn',@fmincon) ;

[%,fval,exitflag,output,lambda]=ga (@0bjFuncsS,7,[1,[1,[1,[1,[1,[],@Chassisconss, ¥
options);

save ('dataxsn', 'x")
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C. IMAGE PROCESSING CODES

RGB to HSL Function [115]:

function hsl=rgb2hsl (rgb_in)
%Converts Red-Green-Blue Color value to Hue-Saturation-Luminance Color value

¥Usage
% HSL = rgb2hsl (RGB)

o

% converts RGB, a M [x N] x 3 color matrix with values between 0 and 1
% into HSL, a M [x N] X 3 color matrix with values between 0 and 1

See also hsl2rgb, rgb2hsv, hsv2rgb

% (C) Vladimir Bychkovsky, June 2008

% written using:

% - an implementation by Suresh E Joel, April 26,2003

% - Wikipedia: http://en.wikipedia.org/wiki/HSL_and HSV
rgb=reshape (xrgb_in, [], 3):;

mx=max (rgb, [],2);%max of the 3 colors

mn=min(rgb, [],2);%min of the 3 colors
L=(mx+mn) /2; ¥luminance is half of max value + min value
S=zeros (size (L))

% this set of matrix operations can probably be done as an addition...
zeroidx= (mx==mn);

S (zeroidx)=0;

lowlidx=L <= 0.5;

calc=(mx-mn) ./ (mx+mn) ;

idx=lowlidx & (~ zeroidx):;

S(idx)=calc (idx);

hilidx=L > 0.5;

calc=(mx-mn) ./ (2- (mx+mn)) ;

idx=hilidx & (~ zeroidx);

S (idx)=calc(idx);

hsv=rgb2hsv (rgb) ;

H=hsv(:,1);

hsl=[H, S, L]:

hsl=round(hsl.*100000)./100000;

hsl=reshape (hsl, size(rgb_in));
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IMOVERLAY_OLD Function [116]:

function out = imoverlay old{in, mask, color)

VIMOVERLAY OLD Create a mask-based image overlay.

¥ This function haz been zuperseded by the Image Frocessing Toolbox
function IMOVERLAY, which =hipped with RZ016a.

OUT = IMOVERLAY OLDIIN, MASK, COLOR) takes an input image, IN, and a
binary image, MASK, and produces an output image whose pixelsz in the
MAEX locationz have the specified OOLOR.

1% should be a grayscale or an S5GB image of clazs uint8, vintlf, intlE,
logical, double, or single. If 1IN is double or single, it should be in
the range |0, 1}. If it is not in that range, you might want tec use
mat2gray to scale it into that range=.

MASK shoald be a two-dimensional logical matrix.

OOLOR zhould be 2 l-by-3 vector of values in the range [0, 1]J. [0 0 O}
ia black, and {1 1 1] iz white.

OUT iz a uintB RGOB image.

Examples

Overlay edge detecticn result in green over the original image.

1 = ipread(’cameraman.tif');

bw = edgel(1, "canny');

tgh = moverlay old{z, bw, [0 1 B]);
imzhow(zgb)

Trzeating the cotput of peaks az an image, overlay the valuez greater than
7 in red. The output of peaks iz not in the usual grayscale image range
of [0, 1), 50 use matigray to scale it.

I = peaks;

mask = I > 75

rgb = IMOVERLAY OLD{mat2gray(I), mask, [1 0 Ol}¢
imshow(zgb, "InitialMagnification', *£it')

L I B B B B

\ Eteven L. Eddins
¥ Copyright 2006-2012 The MathMorks, Inc.

% If the user doesn'’t specify the color, use white.
DEFAULT COLOR = [1 I 115
if nargin < 3
color = DEFAULT COLOR;
end

% Force the 2ad input to be logical.

148



mask = (mask == 0);

¥ Make the wintB the working data class. The ocutput is also uintB.
in_ui:n.l:ﬂ = imduintB{in};
colo r_ui.nl'.B = im2uintB (coloc) i

¥ Initialize the red, green, and blue ocutput channels.
if ndim-li.n_luintﬂ:l - 2
b Imput i= grayscale. Initialize all output channels the same.
m.l.l:_rzd - i:rl_uintﬂ;
out_green = in_ui.ntiﬂ;
ocut_blue = in wintd;
else
b Imput i=z RGE truecolor.
out_ red = in uint8(z,1,107
out_green = in_ui.ntiﬂt:, s
o1.|.|:_]:|l|.1= - in_uintﬂt:..:..l];
end

¥ Replace output channel wvalues in the mask locations with the appropriate
¥ color walue.

nut_r\ed!:l.u:}.h - cnll:u:_ui:rll:ﬂ!l];

nut_grun-l:l.ﬂ:kh - cnln:_ui:n.l:ﬂ!i];

out_blue(mask} = color wintB({3]};

¥ Form an RGE truecolor image by concatenating the channel matrices along

% the third dimension.
out = cat{3, |:|l|:||'._|:\v|=|:'|II out_green, nut_blu-:];
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Main Function:

%% Main function for detect the plant in Rea-Time videoc camera

function Plant detector()
clear;close all;clc;imagreset;
%% Setup Image Acquisition

o

rpi = raspi('19%92.168.0.15", 'pi", '"raspberry");

% hCamera=cameraboard(rpi, 'Resolution", '640x480"');
hCamera=webcam;

% Create a handle to an imshow figure for faster updating
hShow = imshow(zeros(720,1280,3, '"uintg8"));title('detector');

%% Quantize images and outputing to the screen
frames=2000;
for i=l:frames

% Acquire an image from the webcam

vid img=snapshot (hCamera) ;

% Call the live segmentation functien
P1ant_detected=Segmentation_Fn{vid_img];

% Update the imshow handle with a new image
set (hShow, "CDhata’',Plant detected);
drawnow;

% Shutdown webcam by deleting handle

end

stop (hCamera) ;
delete (hCamera) ;

end
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Segmentation Function for Method A:

function [detected_ Plant]=Segmentation_Fn({img)
global =xt;

%% Thresholding the image on =ach color plane
Im=imZdouble {img) ;

hsl=rgbZhsl (Im) ;

%% Extract individuals plane from RGE image
imh=sgueeze (hsl(:,:,1));
ims=sgueeze{(hsl(:,:,2));
iml=sgueeze{hsl(:,:,3)):

%% Threshhold Image

imgTl=imh »>0.1765 & imh<0.6078;
imgThreshl=imgTl.*imh;

imgT2=im=s »>0.2333 & ims<l;
imgThresh2=imgT2.*ims;

imgT3=iml »0.01%6 & iml<0.89;
imgThresh3=imgT3.*iml;

imgThresh={imgThreshl&imgThresh2&imgThresh3);

% Fill in Regions
detectedareal = bwareacpen(imgThresh, 100);

% Binarize the image

binaryImage = imfill ({detectedareal, 'holes"});

%% Owverlay Onto Original Image
% Utility from File Exc

% imgbothl=imowverlay old({imgl,detectedareal, [l 0 0]);

1ange

imgboth2=imoverlay old(img,binaryImage, [1 0 0]):
¥figure;
Timml=

imshow (imgboth2) ;
detected_Plant=imgboth2;
%% Label the image.

xt=0;
yt=0;
[lzabeledImage, numberOfBlobs] = bwlabel (binaryImage) ;
numberOfBlobs
if numberOfBlobs ==
blobMeasurements = regionprops (labeledImage, "Centroid®, "Area');
allAreas = [blobMeasurements.Areal;
xCenter = [blobMeasurements(1l).Centroidil)
yCenter = [blobMeasurements (1) .Centroid(2)
hold on;
plot (xCenter, yCenter, 'g*', '"MarkerSize', 10, 'LineWidth', 2):
hold off
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el

£

a

end

end

seif numberOfBlobs > 1

or i = 1 : numberOfBlobs

blobMeasurements = regionprops(labeledImage, 'Centroid', "Area');

allAreas = [blobMeasurements.Areal:;
x=blobMeasurements (i) .Centroidil):
y=blobMeasurements (i) .Centroid(2);

hold ong
plot(x,¥, 'b*', 'MarkerSize', 10, "LineWidth',
xt=x+xt;

yt=y+yt;

nd

xCenter = [xt]/numberOfBlobs

yCenter = [yt]/numberOfBlobs

plot (xCenter, yCenter, 'g*', 'Marker3ize', 10,
hold off

% (when X become in the mid get signal and stop
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Segmentation Function for Method B:

function [detected Plant]=Segmentation_Fn(img)

¥t Thresholding the image on each color plane
Im=im2double (img) ;

hsl=rgb2hsl (Im);

% Extract individuals plane from RGEB image
imh=squeeze (hsl(:,:,1));

ims=squeeze (hsl(:,:,2));

iml=squeeze (hsl(:,:,3));

£% Threshhold Image

imgTl=imh >0.1765 & imh<0.6078;
imgThreshl=imgT1.*imh;

imgT2=ims >0.2353 & ims<1;
imgThresh2=imgT2.*ims;

imgT3=iml >0.01%6 & iml<0.89;
imgThresh3=imgT3.*iml;

imgThresh=(imgThreshl&imgThresh2&imgThresh3);

%% Fill in Regions
detectedareal = bwareaopen(imgThresh, 100);

t¥ Binarize the image
binaryImage = imfill (detectedareal, 'holes');

£% Overlay Onto Original Image
® Utility from File Exchange
* imgbothl=imoverlay old(imgl,detectedareal,[1 0 0]);
imgboth2=imoverlay old(img,binaryImage,[1 0 0]);
ifigure;
timml=imshow (imgbothZ);
detected Plant=imgboth2;
¥t Label the image.
xmax=0;
xmin=1300;
ymax=0;
ymin=1300;
[labeledImage, numberOfBlobs] = bwlabel (binaryImage);
numberOfBlobs
if numberOfBlobs == 1
blobMeasurements = regionprops(labeledImage, 'Centroid', 'Area','Extrema');
allAreas = [blobMeasurements.Area];
extr=blobMeasurements.Extrema;
xmax=extr(3,1);
xmin=extr(8,1);
ymax=extr(6,2);
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ymin=extr(l,2);
elseif numberOfBlocbs > 1

for i = 1 : numberOfBlobs

blobMeasurements = regionprops(labeledImage, 'Centroid', "Area'",'Extrema');
allAreas = [blobMeasurements.Areal:;

extr=blobMeasurements (i) .Extremar

xr=extr({3,1);

xl=extr(8,1);

yb=extr(6,2);

yt=extr(l,2);

if =xrrxmax
XMEX=XI;
end

if xl<xmin
xmin=xl1;
end

if ybrymax
ymax=yb;
end

if yt<ymin
ymin=yt;
end

end
Xmax;
xmin;

Ymax;

ymin;

held on

xCenter= (xmin+xmax) /2

yCenter= (ymin+ymax) /2

plot (xCenter, yCenter, 'g*", "MarkerSize", 10, 'LineWidth", 2);
hold off

% (when X become in the mid get signal and stop moving camera and hand)
end
end
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D. RELATED PUBLICATIONS AND PATENT

Publications:

o T. Deemyad and A. Sebastian, “Mobile Manipulator and EOAT for In-Situ Virus
Detection and Removal”, In 5th [FToMM Symposium on Mechanism Design for Robotics
(MEDER), Springer (In press)

o T. Deemyad, R. Moeller, and A. Sebastian, “Chassis design and analysis of an autonomous
ground vehicle (AGV) using genetic algorithm”, In Intermountain Engineering, Technology, and
Computing Conference (I-ETC, Oct-2020). IEEE

o R. Moeller, T. Deemyad, and A. Sebastian, “Autonomous navigation of an agricultural
robot using RTK GPS and Pixhawk”, In Intermountain Engineering, Technology, and Computing
Conference (I-ETC, Oct-2020). IEEE

o T. Deemyad, O. Heidari, and A. Perez-Gracia, 2020, May. Singularity Design for RRSS
Mechanisms. In USCToMM Symposium on Mechanical Systems and Robotics (pp. 287-297).
Springer, Cham.

o T. Deemyad, N. Hassanzadeh, and A. Perez-Gracia, 2018, August. Coupling mechanisms
for multi-fingered robotic hands with skew axes. In IFToOMM Symposium on Mechanism Design
for Robotics (pp. 344-352). Springer, Cham.

Patent:

o Taher Deemyad, Anish Sebastian, and Alba Perez-Gracia, the provisional patent
application for “Agricultural Roguing Machine” Application Serial No. : 63/104,937, Filing

date: 10/23/2020
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