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Chair: Thomas F. Burks 
Major Department: Agricultural and Biological Engineering 

A citrus production task that has tremendous potential for automation is fruit 

harvesting. Though mass harvesting technologies such as trunk and canopy shakers are 

available, they cannot be used for fresh fruit harvesting due to fruit damage and selective 

harvesting as required for Valencia oranges. Robotic harvesting is ideally suited for this 

task. One particular area of research in the development of a robotic fruit harvester is the 

synthesis of the robot manipulator that performs the function of a human arm by carrying 

an end effector that is used for picking the fruits individually. In the majority of previous 

research efforts, the design of the robot manipulator was simplified and thus 

underperformed. The systematic design of a robot manipulator for citrus harvesting is 

detailed in this dissertation.  

The robot synthesis is divided into the kinematic design and the structural design. 

A framework for the selection of an optimal manipulator configuration is developed 

through manipulator dexterity performance indices. The robot manipulator’s dexterity is 



xvi 

highly important for the citrus harvesting application due to the variability of fruit 

distribution and the unstructured nature of the harvesting workspace. The selection and 

proper application of dexterity measures are discussed. The robot manipulator Jacobian 

analysis yielded the translational and rotational dexterity measures which are used for the 

selection of a seven degree of freedom configuration through evaluation and comparison 

of four alternative configurations. 

The performance requirements estimated for the citrus harvesting application are 

then used to develop a prototype mechanism consisting of the four distal joint-link pairs 

in the selected configuration. The feasibility of the joint actuation scheme utilizing 

hydraulic rotary actuators is evaluated along with the mechanical design. A basic joint 

level position control scheme is developed using valve controlled motor motion with 

feedback from joint position sensors. The manipulator performance in its workspace is 

verified through laboratory experiments. The prototype can be used for the development 

and testing of advanced control schemes and fruit detection algorithms.  
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CHAPTER 1 
INTRODUCTION 

Overview 

Automated harvesting of citrus is being increasingly contemplated due to two main 

reasons. The first reason is that manual harvesting is hazardous. Harvesters climb ladders 

to heights of 5.50 m to pick individual mature fruits, while carrying shoulder collection 

bags weighing ninety pounds (Roka and Longworth, 2001). The second reason is the 

growing labor shortage and rising labor costs in the Florida citrus industry. Though mass 

harvesting technology (trunk and canopy shaker) exists for harvesting fruits intended for 

processing (Whitney, 1999), they cannot be applied efficiently to harvest fresh fruits due 

to a decrease in the fruit quality caused during the harvesting process. Also, defoliation 

and damage to tree(s) during mass harvesting are concerns and though studies show leaf 

removal up to 50% does not cause yield decrease for the subsequent year, long term 

effects are still being researched (Buker et al., 2004). Additionally, selective harvesting, 

which is required when this year’s and next year’s crop is present in the tree as in 

Valencia oranges, is not feasible by mass harvesting. An efficient, economical, and 

effective robotic harvester with multiple arms can be used to harvest fresh fruits and 

processed fruits along with added benefits such as in-field sorting and grading, and yield 

monitoring. 

Citrus Industry Economics 

The United States is among the world leaders in citrus production. Though “citrus” 

includes a wide variety of orange, tangerine, grapefruit, lime and lemon, oranges have the 
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largest share of produce in the United States. Florida’s average share for the 1999 to 2001 

seasons is about 80% of the total oranges produced in the United States. And it is about 

15% of the total world production. Apart from Florida, the other major citrus growing 

states are California, Texas and Arizona. Internationally, Brazil, Italy, Mexico and Israel 

are the major competitors (Florida Department of Citrus [FDOC], 2004). 

The United States is challenged by its competitors, with the global market poised to 

increase the demand for oranges (fresh and processed) in the future. This challenge is 

posed by the scarce availability of seasonal labor and the increased labor costs. 

According to Brown (2002), labor productivity should greatly increase along with about a 

50% reduction of contract harvest cost for the Florida citrus products to be competitive in 

free-trade markets. 

The above-cited reasons coupled with the increased research on agricultural 

mechanization make the Florida citrus industry an ideal candidate for potential 

application of intelligent harvesting systems. Of the total production of oranges, about 

5% is for the fresh fruit market. Fresh fruit harvesting is wholly done manually and there 

is increasingly a shortage of skilled laborers. For the growers to realize profit there is a 

need for an intelligent harvester that can emulate a human and perform the task of fruit 

picking. 

Nevertheless, it must be mentioned that the orchards might need additional 

preparations including ground leveling, hedging, topping and in-row spacing for the 

mechanical harvester to perform optimally as discussed in the article on horticultural 

aspects of robotic fruit harvesting by Burks et al. (2005). 
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Robotic Harvesting Economics 

The economic analyses that have been presented for the case of robotic harvesting 

have largely been speculations due to multiple unquantifiable factors involved in such a 

study. The consensuses from these economic analyses are the following: 

• There should be more than one arm picking fruits from the same mobile platform at 
a time. 

• The harvesting time per fruit should be fewer than or equal to two seconds. 

• The robotic harvesting system should be able to work at least twelve hours a day 
during the harvest season. 

• Harvest efficiency (the percentage of fruits picked from the tree) should be greater 
than 80%. 

The facts and assumptions of the economic analyses can be found in Pejsa and 

Orrock (1983), Harrell (1987), Sarig (1993), and Rabatel et al. (1995). 

Tree fruit harvesting is an intricate process that requires proper detection of the 

fruits, gripping, detaching fruits with minimal damage to either fruit or tree and safe 

deposition of fruits into a collection bin. Each operation must be carried out in the most 

efficient manner to obtain a viable harvesting solution. The primary areas of research for 

the development of a robotic harvester as identified by Hannan and Burks (2004) are fruit 

detection and fruit removal. Fruit detection involves selection of suitable sensors 

(including machine vision) and appropriate algorithm development which exploit various 

fruit properties such as color and shape. Fruit removal involves the development of a 

suitable robotic manipulator(s) and an end-effector (tool connected to the end of robot 

arm/wrist to grasp the fruit). Finally, the robot manipulator must be integrated with the 

fruit detection system to obtain a fully operational system. This work primarily focuses 

on the selection of a suitable robot manipulator configuration for citrus harvesting, the 
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mechanical design and fabrication of joint-link pairs for an initial prototype using 

hydraulic actuation and the implementation of a joint level motion control system.  

Dissertation Organization 

Chapter 1 provided an overview of the dissertation and a brief background on the 

citrus industry economics. Chapter 2 states the problem at hand and defines the scope and 

limiting assumptions. In chapter 3, a review of relevant literature is presented which 

outlines the research efforts in the development of harvesting manipulators for 

bioproduction. An overview of robot kinematics is presented along with the performance 

criteria used in previous efforts for agricultural robot kinematic synthesis. Chapter 4 

provides the experimental methods and procedures used for achieving the various 

objectives. Chapter 5 demonstrates the usage of robot synthesis and analysis tools 

through the design of a robot manipulator configuration derived from an agricultural 

harvesting arm. In chapter 6, kinematic performance indices are analyzed and their 

applicability for the selection of a suitable configuration for the citrus harvesting task is 

tested. Chapter 7 defines the citrus harvesting task space derived from plant topology and 

fruit distribution data, and the robotic harvesting task requirements. The design 

methodology for the selection of an optimal configuration for the citrus harvesting robot 

manipulator is presented. The kinematic performance indices are used to evaluate 

multiple configurations primarily for their dexterity using singular values of the 

manipulator Jacobian. The outcome of chapter 7 is the kinematic description for the 

initial citrus harvesting manipulator prototype. Chapter 8 presents the prototype 

development details for a four DOF hydraulic powered manipulator that will comprise 

the distal joint-links of the citrus harvesting robot manipulator. Topics include the 

mechanical design, development, and fabrication of the prototype as well as the hydraulic 
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system circuit developed for the valve controlled motor motion (VCMM). The specific 

details provided are torque requirements derived from dynamic simulations of the 

selected configuration, actuator placement, the joint layout, component selection and 

assembly of the arm prototype, parallel hydraulic circuit for VCMM, and hydraulic 

system components selection and integration. In Chapter 9, details on the joint mode 

control of the robot manipulator through the implementation of an electro-hydraulic 

control system are presented. Additionally, the experiments designed to study the 

manipulator performance, the end effector force capability and the kinematic model 

verification in particular, are presented and the results obtained from these experiments 

are discussed. Chapter 10 provides the conclusions and a few suggestions for future work 

on the robot manipulator prototype for citrus harvesting. 

Appendix A provides a numerical example for the computation of dexterity 

performance indices studied in chapters (6 and 7). Appendix B shows the coordinate 

frame attachments and the modified D-H parameters for the manipulator configurations 

that were evaluated for citrus harvesting. Appendix C contains the bills of materials for 

the manipulator prototype. Appendix D provides the manufacturer specifications for the 

major components used in the electro-hydraulic control system. Appendix E lists the 

control software code. 

All figures and tables associated with the chapters are included at the end of the 

respective chapters and the International System of Units (SI) is used through out the text 

except as noted in Table 1-1. 
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Table 1-1.Measurement units used to represent physical quantities. 
Name Symbol Quantity 
SI base units 

Length 
Mass 
Time 
Electric current 
 

meter 
kilogram 
second 
ampere 
 

m 
kg 
s 
A 
 

SI derived units  
Area 
Volume 
Speed, Velocity 
Mass density 
Plane angle 
Frequency 
Force 
Stress 
Angular velocity 
Pressure 
Electric potential difference 
Electric resistance 
Celsius temperature 
Moment of force, torque 
 

square meter 
cubic meter 
meter per second 
kilogram per cubic meter 
radian 
hertz 
Newton 
Newton per square meter 
radian per second 
pascal 
volt 
ohm 
degree Celsius 
newton meter 

m2 
m3 
m/s 
kg/ m3 
rad 
Hz 
N 
N/m2 

rad/s 
Pa 
V 
Ω 
ºC 
N m 

SI prefixes  
103 
10-2 

kilo 
centi 
 

k 
c 

Non-SI units  
Time 
Angle 
Volume 
Flow rate 

minute 
degree 
Liter 
Liter per minute 

min 
º or deg 
L 
L/min 
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CHAPTER 2 
OBJECTIVES 

Problem Statement 

There exists a need for a well designed robot manipulator for citrus fruit harvesting 

capable of harvesting both surface and inner canopy fruits. 

Scope 

This research addresses the systematic development of a robot manipulator for a 

fruit harvesting application. Serial robot configurations are ideally suited for tree fruit 

harvesting applications due to their small mechanism foot print (Sivaraman et al., 2006). 

The manipulator design begins with a study of application specific criteria such as 

harvesting task space, maximum reach, and fruit picking trajectories. Once the basic task 

parameters are gathered, a kinematic framework describing the linkages is established 

using the Denavit-Hartenberg (D-H) parameters (the modified D-H convention of Craig 

(1989) will be used). The geometric goals that will be considered for evaluation of 

alternative configurations are workspace and dexterity. 

Although the research area of kinematic design of serial manipulators is relatively 

mature, accurate prediction of the performance of a selected kinematic configuration for a 

given application is still a research problem. This is especially true for the citrus fruit 

harvesting application due to the presence of inherent variability in the task space and 

requires proper selection and usage of kinematic performance indices for performance 

prediction and comparison of alternative configurations. A review of the past manipulator 

developments for agricultural applications presented in the next chapter reveals that the 
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selection and application of kinematic synthesis tools has been minimal and their 

discussion even more so. 

The first objective of this work is to select and apply appropriate kinematic 

performance indices to determine the optimal manipulator configuration for citrus 

harvesting. Both numerical and graphical synthesis tools are used for simulation and 

analysis. The second objective is the mechanical design and development of a 

hydraulically actuated robot manipulator with a reduced set of degrees of freedom (DOF) 

from the selected configuration. Rotary actuators are used for all the joints and the 

selection is based on torque requirements from dynamic simulations utilizing information 

on payload, maximum applied end-effector force, and generated fruit picking trajectories. 

The third objective is to specify an electro-hydraulic test circuit for valve control of the 

actuators. The fourth objective is to implement and test a joint level closed loop position 

control system with the use of feedback transducers, data acquisition boards and solenoid 

valve drivers. The test prototype is intended for use in integration of fruit detection 

algorithms and advanced control systems for fruit harvesting in the future. 

Limiting Assumptions 

For the presented work, only kinematic optimality is considered with the 

determination of number of DOF, link lengths, and joint limits satisfying the geometric 

requirements mentioned previously. Simultaneous optimization of the dynamics of the 

robot manipulator will require a combined performance metric and is left as future work. 

The dynamic simulations performed are primarily for the determination of the actuator 

torque values for the specified payload and speed. Also, the trajectories generated for the 

simulations are chosen to be a representation of the variability in fruit distribution in the 
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workspace. More thorough harvesting motion studies are needed for the inner canopy 

fruits with obstacle avoidance routines. 

Other relevant assumptions are the availability of a suitable end effector to handle 

fruits, the utilization of a separate canopy opening mechanism or another manipulator to 

allow for the fruit harvesting manipulator to enter the citrus tree canopy, the presence of a 

two or three DOF base to position the manipulator alongside the tree canopy and a 

vehicular platform to carry the manipulator around the orchard. It is also noted that the 

use of off-the-shelf components (actuators, sensors, bearings, etc.) for economical 

reasons necessitated a few adjustments in the selected kinematic parameters as well as 

influenced the structural design of the manipulator joint-link pairs. 
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CHAPTER 3 
LITERATURE REVIEW 

In the first section of this chapter, a number of past efforts for agricultural 

harvesting manipulator development are reviewed along with an introduction to the 

various kinematic performance indices that have been formulated for the design of robot 

manipulators. The second section of this chapter serves as an introduction to some of the 

mathematics that forms the basis for open chain serial robot manipulator modeling and 

analysis used in this research work. The specific topics included are the manipulator 

mechanism parameters definition, standard procedure for coordinate system attachment 

and the transformations between these coordinate systems, forward kinematics, inverse 

kinematics, manipulator Jacobian, and manipulator workspace. A more thorough 

treatment of these subjects can be found in Craig (1989), Crane and Duffy (1998), and 

Tsai (1999). The kinematic performance criteria used in past agricultural manipulator 

design efforts are discussed in the final section. 

Robotic Harvesting Manipulators – Related Work 

The past research efforts on apple, citrus, and tomato harvesting manipulators are 

presented here due to their similar plant structure. Other fruits and vegetables that have 

been targeted for automated harvesting are cucumber (Van Henten, 2002), grape (Kondo, 

1995, and Monta et al., 1995), melon (Edan and Miles, 1993, and Edan et al., 2000), and 

watermelon (Sakai et al., 2002). 

The various spatial manipulator configurations that are available to be adapted for 

agricultural harvesting from their industrial counterparts are Cartesian, cylindrical, 
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spherical, articulated, and redundant. The first three have three DOF, the articulated 

configuration can have anywhere between three to six DOF, and the redundant 

configuration has more than six DOF. The individual DOF include linear (prismatic: p) 

and rotational (revolute: r) joints. The joint combinations for the industrial robot 

configurations are presented in Table 3-1. 

In a 1968 review of mechanical citrus-harvesting systems by Schertz and Brown 

(1968), the basic principles for utilizing robots to pick fruits were laid out. The earliest 

prototype was an apple harvester as described by Parrish and Goksel (1977) that used a 

simple three-joint arm with a camera on a pan and tilt mechanism and a touch sensor in 

place of an end effector to make contact with the modeled fruit in the laboratory. Due to 

the rudimentary nature of the mechanical system, this prototype was not used for field 

tests. In a 1985 patent for a citrus harvesting robot, Tutle (1985) proposed a three DOF 

spherical manipulator with a telescoping joint module. No prototype development was 

reported for this arm. Another laboratory prototype was developed in France for 

harvesting apples (Grand D’Esnon, 1985). The mechanical system of this robot consisted 

of a telescopic arm actuated by a rack and pinion arrangement that can move up and 

down in a vertical framework. The arm was mounted on a barrel that could rotate 

horizontally thus making it a cylindrical configuration. A sphincter type end effector was 

used to grasp the fruit. Following this research effort, an enhanced prototype, known as 

MAGALI, for field tests was developed and presented in the research article by Grand 

D’Esnon et al. (1987). The MAGALI arm was a spherical manipulator servoed by a 

camera set at the center of the base rotation axes and a vacuum grasper for fruit picking. 

Figure 3-1 shows the spherical manipulator that executed a pantographic prismatic 
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movement along with two rotations. The mechanical system for the MAGALI arm was 

actuated through hydraulic cylinders and the closed loop joint control was achieved 

through feedback from potentiometers. 

The French Spanish EUREKA project named CITRUS for a robotic harvester for 

citrus was initiated in 1987 and two arm prototypes were developed and tested in 1991 

(Pellenc et al. (1990), Juste and Sevila (1991), Juste et al. (1992), and Rabatel et al. 

(1995)). Both the arms were of the spherical configuration, but differed in the mechanical 

structure. One was similar to the MAGALI arm with a pantographic structure and the 

other had a telescopic joint in place of the pantographic structure. Field test results from 

this effort show that the performance of the telescopic joint was inferior to the 

pantographic structure. The hydraulic actuators used in the initial prototypes were 

replaced with electric motors in the later progressions. The end effectors, sensing, and 

control techniques used in this project were similar to the MAGALI arm. Figure 3-2 

shows the CITRUS arm structures. 

The main concept that arose from these developments was that a straight line 

trajectory from the fixed camera set in the pathway to the fruit is free of any obstacles 

when the fruit is visible, and thus can be used as the commanded trajectory for the 

grasping tool. As the depth information was not calculated, once the arm moved along the 

trajectory, the approach to the fruit was solely dependent on either proximity sensors 

located on the tool or by the plugging of fruit into the vacuum grasper. This led to false 

detections due to the presence of leaves and/or branches that might be on the line of sight. 

To overcome the problems associated with dead reckoning guidance of the picking 

arm, an alternative approach for robotic harvesting of citrus through real time fruit 
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detection was developed at the University of Florida by Harrell et al. (1988). During this 

research, a three (DOF) manipulator actuated with servo-hydraulic drives was designed, 

constructed and tested. This geometry is characteristic of a spherical coordinate 

manipulator and is shown in Figure 3-3. 

The end effector used for the citrus picking robot was a rotating lip mechanism that 

severed the stem between a stationary and rotating cup. The joint position and velocity 

control was achieved through potentiometer and tachometer feedback signals. The depth 

information was obtained through ultrasonic range sensors and a color charge coupled 

device (CCD) camera that allowed for continuous fruit position sensing. 

A mandarin orange harvesting robot for the orchard named “Kubota” designed in 

Japan in 1989 by Hayashi, Ueda, and Suzuki was reported by Sarig (1993) and Kondo et 

al. (1998). The Kubota robot had an articulated arm with four DOF, but acted as a 

spherical coordinate robot due to the joint actuation schemes. Figure 3-4 shows the 

articulated arm of this robot which utilized an end effector with rotating stem-cutters that 

contained a color TV camera and a light source. 

A fruit harvesting manipulator development for greenhouse tomatoes was reported 

by Balerin et al., (1991) as shown in Figure 3-5. The two manipulator configurations used 

were a six DOF industrial arm and a three DOF spherical arm with two rotational joints 

and a telescopic joint. The joints were driven by electric motors and mounted over a 

mobile platform along with the camera equipment used for visual sensing. A rotating 

suction cup served the purpose of an end effector. 

Another manipulator mechanism for a tomato harvesting robot that was adapted to 

the physical properties of the tomatoes was presented by Kondo et al. (1996a) and is 
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shown in Figure 3-6. The manipulator prototype had seven DOF with two prismatic joints 

and five rotational joints making it a redundant configuration. But the prismatic DOF 

were used only to position the articulated five jointed arm to cover all the fruit positions. 

The joints were powered by electric motors. A two finger end effector equipped with a 

suction pad to pull the fruit into the end effector was used for normal sized tomatoes and 

a modified end effector with a nipper to cut the peduncle at the fruit-peduncle joint was 

used for cherry tomato harvesting (Kondo et al., 1996b). A photoelectric sensor as well as 

a color camera was used for visual sensing in the trials. 

Ceres et al. (1998) presented a manipulator design for an aided fruit harvesting 

robot (Agribot) that works under human guidance. The articulated manipulator structure 

was designed based on a kinematic, dynamic and geometric study which took into 

account the fruit distribution on the tree. Figure 3-7 shows the parallelogram structure of 

the Agribot’s picking arm with four DOF (all rotational), including the gripper. All of the 

joints were driven by electric motors. Fruit detection was done by a human operator using 

a laser telemeter and a joystick and fruit detachment was done through an end effector 

with a suction cup that pulled the fruit into a V-shaped cutter. 

Another development for a citrus harvesting manipulator in Italy was reported by 

Cavalieri and Plebe (1996), Fortuna et al. (1996), and Muscato et al. (2005). The first 

research prototype had two spherically configured picking arms mounted at the tool point 

of a four DOF positioning platform. The picking arms were driven by electric motors 

while the platform was driven by hydraulic actuators. Figure 3-8 shows the arm structure. 

Muscato et al. (2005) also presented a second prototype with two arms mounted on a 45° 

inclined platform carried on a caterpillar as shown in Figure 3-9. Both the arms were of 
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the Cartesian type and were driven by electric motors, but the upper arm had a telescopic 

link in place of a prismatic link as in the lower arm due to space constraints. The research 

also presented a variety of end effector developments, a three finger pneumatic device 

that used a cutter to remove fruit from stem, a grasping device with a helix movement 

that brought the stalk into the cutter, and another pneumatic end effector with jaws to 

capture the fruit, a sliding tray to hold the fruit and clippers to cut the stalk. Control was 

achieved through feedback from camera and proximity sensor located on the end effector. 

Table 3-2 presents the reported performances for agricultural harvesting 

manipulators. As can be seen, agricultural robotic arm developments in the past were 

simplified in terms of the arm mobility as well as their construction. This could be 

attributed to an intended reduction in development time and cost as observed by 

Sivaraman et al. (2006). To address the issues reported from past arm developments as 

well as to realize an economically viable solution, significant task specific synthesis and 

performance evaluation is needed for the harvesting manipulator. 

Manipulator Kinematics 

The serial robot manipulator mechanism is defined as a serial chain of links and 

joints with one end fixed and the other end carrying an end effector or tool. The links are 

assumed to be rigid bodies that connect the consecutive joint axes and maintain a fixed 

relationship between these axes. The four parameters that can describe each link in a 

kinematic chain are: link length a, link twist or twist angle α, link offset d, and joint angle 

θ. The method of using these four parameters to describe a mechanism is called the 

Denavit-Hartenberg (D-H) notation. There are many conventions that follow this method 

to describe the robot manipulator links. The convention used in this article follows the 

modified D-H parameters as presented by Craig (1989). The following descriptions are in 
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reference to Figure 3-10. The first step in identifying the four mechanism parameters is to 

select the direction for the joint axes vectors axis i-1 and axis i. Following this, the 

direction vector along the mutually perpendicular line between the joint axes is selected. 

The mutual perpendicular always exists and is unique except when both axes are parallel. 

In such a case, the location of the vector is chosen arbitrarily. The link length ai-1 is 

measured along this mutual perpendicular and is the distance between the joint axes. Now 

consider a plane whose normal is the vector ai-1 and project both axis i-1 and axis i onto 

this plane, then the angle from axis i-1 to axis i is the twist angle αi-1. Following this, the 

link offset di is defined as the signed distance along axis i from ai-1 to ai and the joint 

angle θi is defined as the rotational angle between ai-1 and ai about the common axis axis 

i. The twist angles and the joint angles are measured following the right hand rule. Either 

di or θi will be the joint variable depending on the type of joint, prismatic or revolute, 

respectively. It should be noted that for the first and last links in the chain, the parameters 

a and α are not defined. As for the joint variables, if the joints are revolute, the zero 

position for θ can be assigned arbitrarily while the joint offset d is assigned a zero value 

and the converse is true for prismatic joints. 

Once the mechanism parameters are determined, the problem of locating each link 

with respect to its neighboring links is handled by attaching a coordinate frame to each 

link and performing transformations between these frames. The coordinate frames are 

attached according to the following convention: 

• Considering two neighboring joint axes, axis i-1 and axis i, the origin of the 
coordinate system for link i-1 is located at the point of intersection of axis i-1 and 
the mutual perpendicular between axis i-1 and axis i. 

• The Z-axis of the coordinate system will be parallel to axis i-1. 

• The X-axis of the coordinate system will be parallel to the mutual perpendicular. 
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• The Y-axis is assigned to complete the right hand coordinate system. 

The coordinate system attached to link i will be designated {i} while the base 

reference frame {0} is aligned with frame {1} when the first joint variable value is 0. For 

the last frame, the origin location and the X-axis direction can be chosen arbitrarily. 

In order to develop the transformation matrices between consecutive frames, 

homogeneous coordinates are used. The homogeneous coordinates are used to represent a 

vector in a four dimensional space where the fourth coordinate is a nonzero scaling factor 

and is selected to be unity in robot kinematics applications for convenience. This allows 

representation of a three dimensional vector as the first three homogeneous coordinates. 

The following procedure describes the construction of the transformation matrix Ti
i
1−  to 

relate frame {i} to frame {i-1} as shown in Figure 3-10: 

• Start with frames {i} and {i-1} aligned. 
• Translate frame {i} about Xi-1 by ai-1. 
• Then, rotate frame {i} about Xi-1 by αi-1. 
• Translate frame {i} about Zi by di. 
• Next, rotate frame {i} about Zi by θi to complete the transformation. 
 

It should be noted that translations and rotations about the same axis commute. The 

translations and rotations are represented as 4x4 transformations with the upper left 3x3 

sub-matrix representing the orientation and the upper right 3x1 sub-matrix representing 

the position. The orientations are defined using the basic rotation matrices derived from 

the Euler angle representation as presented in Tsai (1999) unless otherwise specified. The 

individual translation and rotation matrices are then concatenated to obtain the 

transformation matrix as follows: 
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The above general transformation matrix between subsequent coordinate frames 

can be used to determine the unique location of the end effector for a specified set of joint 

variables. This is termed as the forward kinematics (FK) for a serial robot manipulator. 

The end effector position in the base frame can be found by determining the 

transformation matrix TO
n  that relates the end effector frame {n} to the base frame {0}. 

The transformation and the mapping of tool position vector from the end effector frame 

to the base frame are performed as follows where tool
nP  and tool

OP  represent the tool 

position in frames {n} and {0}, respectively. 

TTTTT n
n

O
n

12
3

1
2

0
1

−= K            (3-3) 
 

tool
nO

ntool
O PTP =          (3-4) 

 
The problem of inverse kinematics (IK) where the objective is to find a set of joint 

values to satisfy a desired location of a tool is not as straight forward to solve. There are 

various methods of solution for the IK problem that can be broadly classified into 

analytical or closed form and iterative solution techniques. The analytical solution 

techniques are feasible and less complex for manipulators with few DOF (typically < 6 

DOF) whereas the numerical solution techniques can be applied for general manipulators 

with multiple chains. As the transformation Tn
0  in Equation (3-3) is a nonlinear function 
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of the joint variables, the solution set in general is not unique. Also, if the specified 

location of the tool falls out of reach or in singular regions within the workspace of the 

robot manipulator, the existence of a solution is not guaranteed. It should be noted that 

the general pose of the end effector is described with six independent parameters, three 

for position and three for orientation. So, for the manipulator to arbitrarily position and 

orient the end effector, at least a six DOF mechanism is needed. If the manipulator has 

less than six DOF, it can only satisfy so many constraints as equal to its DOF and if the 

manipulator has more than six DOF, the additional DOF will provide for additional 

solution sets for a given pose of the manipulator. The synthesis tools described in the next 

section employ iterative IK solution techniques to aid in the design process. 

To achieve coordinated motion of the joints of a manipulator, the manipulator’s end 

effector velocity is to be mapped to the individual joint velocities. The Jacobian matrix, 

or Jacobian for simplicity, performs this linear transformation between the joint velocities 

and the end effector velocities and thus plays an important role in generating trajectories 

that are motion descriptions with spatial and temporal constraints. Mathematically, the 

Jacobian matrix is a multidimensional form of the derivative as expressed in Equation (3-

6). For a robot manipulator with m DOF and n actuated joint variables, the positions and 

orientations of the end effector (x) are a set of m equations that are functions of n joint 

variables (q). This can be expressed as: 

miqqqqfx nii KK ,3,2,1),,,,,( 321 ==    (3-5) 
 

Then the velocities of the end effector can be written as a function of the time 

derivatives of q as follows in matrix form: 
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Or 

 
qJx && =       (3-7) 

 
Or 

 
xJq && 1−=        (3-8) 

 
Equation (3-7) represents the forward velocity problem where the end effector 

velocity state is found from the given joint rates while Equation (3-8) solves the inverse 

velocity problem when the joint rates for the given end effector velocity state are needed. 

In Equations (3-7 and 3-8), x&  is the m dimensional end effector velocity vector (m≤6), q&  

is the n dimensional joint velocity vector, and J denotes the mxn matrix of partial 

derivatives and is the Jacobian matrix. It is evident from the expression that the Jacobian 

is dependent on the manipulator’s pose as its elements are functions of the joint variables. 

Although there are various formulations for the Jacobian (Craig, 1989 and Tsai, 1999), 

the Jacobian formulation used in this work is expressed with reference to the end effector 

reference frame {n}. It should be noted that for manipulators with less than six DOF, the 

velocity state may contain only linear velocities or angular velocities or a combination of 

both components with the number of components not exceeding the length of the end 

effector velocity vector m. 

The Jacobian matrix is used in the fruit harvesting manipulator synthesis as an 

analysis tool to detect singularities in the workspace of the manipulator. When the 
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Jacobian matrix at a particular manipulator pose loses its full rank, that is, when there is a 

reduction in the number of linearly independent rows or columns, the manipulator is said 

to be in a singular configuration. The singular configurations of a manipulator can be 

found by setting the determinant of the Jacobian matrix to zero and solving the resulting 

algebraic equation. The two main types of singularities that could be found are the 

boundary singularities and the interior singularities. As their names imply, the boundary 

singularities occur at the boundaries of the manipulator workspace and the interior 

singularities occur inside the manipulator workspace. The Jacobian matrix is used to 

construct similar dexterity performance indices for the fruit harvesting robot manipulator 

synthesis in chapter 6. 

For purposes of discussion in future chapters, the robot manipulator workspace is 

defined as the volume of space the end effector can reach. More specifically, the 

reachable workspace and the dexterous workspace are defined as the volume of space 

within which every point can be reached by the end effector in at least one orientation 

and the volume of space within which every point can be reached by the end effector in 

all orientations, respectively. 

Kinematic Performance Indices 

The robot manipulator synthesis for citrus fruit harvesting involves the selection of 

the basic kinematic structure, the number of joint-link pairs, and the determination of 

optimal dimensions for the joint-link pairs. These three phases of kinematic synthesis are 

termed as, type synthesis, number synthesis, and dimensional synthesis by Erdman and 

Sandor (1984). In order to select a suitable configuration within the given constraints, 

appropriate kinematic performance evaluation is needed. The two main kinematic criteria 

that have been formulated and used for analysis in robotics research are workspace 
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(Shaik and Datseris (1986), and Abdel-Malek et al. (1997)), and dexterity (Park and 

Brockett, 1994). Based on the dexterity criterion, singularity (Pai and Leu, 1992), 

isotropy (Angeles and Lopez-Cajun, 1992), and condition number (Gosselin, 1990) 

indices have been proposed. An overview of the various kinematic performance indices 

can be found in research articles by Klein and Blaho (1987), Kim and Khosla (1991), and 

Lee et al. (1993). In this section, the kinematic criteria used for agricultural manipulator 

developments in the past are reviewed. The manipulator design parameters such as task 

space, payload, and motion characteristics for the manipulator are discussed in chapter 8. 

Workspace 

The volume of space that the end effector can reach is defined as the workspace or 

the operational space of a manipulator and the workspace boundaries are typically 

characterized by the robot configurations (Cartesian, cylindrical etc.), link lengths and 

joint limits. The dexterous workspace is the volume of space within which every point 

can be reached by the end effector in all possible orientations and the reachable 

workspace is the volume of space within which every point can be reached by the end 

effector in at least one orientation (Tsai, 1999). The workspace evaluation for an 

agricultural manipulator can be used primarily to verify its reach within the fruit bearing 

zones. 

To evaluate and compare the operational space of the manipulators, a normalized 

area index has been used by Kondo, Monta, Shibano and Mohri as one of the indices for 

the selection of a mechanism for tomato harvesting and was presented by Kondo (1998). 

The normalized area index is given as the ratio of the actual operation space of the 

manipulator on a plane to its ideal operational space generated by using all the link 

lengths for the workspace determination. Sakai et al. (2002) used a normalized volume 
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index, Vn to select a suitable configuration for a watermelon harvesting robot. Vn is the 

ratio of the actual operational space of a manipulator to the volume of a sphere (or the 

ideal operational space). The maximum value for this index is 1 and the closer the value 

to 1, the larger the operational space for the manipulator. The expression for the volume 

index with V as the actual work volume of the robot manipulator and L as the sum of the 

link lengths is: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

3
4 3L

VVn
π

       (3-9) 

Two other kinematic indices based on the workspace of the manipulator were 

proposed by Kondo, Monta, Shibano, and Mohri in 1993 and Okamato, Shirai, Fujiura, 

and Kondo in 1992 termed as the redundant space and the space for obstacle avoidance, 

respectively. Kondo (1998) presented these indices in detail. The redundant space was 

defined as the space formed by the middle points after the manipulator’s base and the end 

point are fixed and illustrated in Figure 3-11. The space for obstacle avoidance was 

defined as the area formed by the links and the joints of a manipulator. For both the 

indices, the defined space increases as the DOF of the manipulator is increased. 

Dexterity Indices 

The ease of positioning and orienting movement of the end effector in the 

workspace is termed as kinematic dexterity. A well known equation in robotics is, 

•

= qqJv )(      (3-10) 

where J(q) (or J for simplicity) is the Jacobian matrix that maps a linear relationship from 

the joint space velocities (
•

q ) to the task space (or Cartesian space) velocities ( v ). For an 
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n jointed manipulator with m task space degrees of freedom (DOF), the Jacobian will be 

an m x n matrix. The elements of the Jacobian matrix are a function of the joint variables. 

The performance indices based on dexterity developed for robot synthesis and control 

were largely based on the Jacobian matrix. In this section, a discussion of the 

performance indices used in the past by agricultural robotics researchers is presented. 

Apart from studying the operational space of the manipulator, the kinematic indices 

that were used in the design of manipulators for agricultural applications are robot 

manipulability (Ceres et al. (1998), and Kondo (1998)), manipulability ellipsoid (Sakai et 

al., 2002), and posture diversity (Kondo, 1998). 

Robot manipulability 

The concept of manipulability introduced by Yoshikawa (1985) is a quantitative 

measure of the manipulating ability of the robotic mechanisms, which is the ability of the 

mechanism to position and orient the end-effector arbitrarily. The manipulability measure 

was defined as: 

)det( TJJw =         (3-11) 
 

The quadratic form of the Jacobian in Equation (3-11) helps to overcome the 

problem of non-square Jacobian matrices. For a non-redundant manipulator, that is, m = 

n, the above measure reduces to, 

)det(Jw =      (3-12) 

This manipulability measure is a local measure of the mechanism’s capability to 

preserve its workspace volume at different postures. As the Jacobian varies over the 

entire workspace, so does the manipulability measure. The above measure of 
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manipulability was also expressed as the square root of the product of eigenvalues of the 

symmetric matrix JJT or the product of singular values of the Jacobian. 

mmw σσσλλλ ...... 2121 ==                                             (3-13) 

where 0...21 ≥≥≥ mλλλ  are the eigenvalues. The singular values 0...21 ≥≥≥ mσσσ  are 

obtained by performing the singular value decomposition (SVD) (Klema and Laub, 1980) 

of Jacobian (Equation 3-14). The larger the value of w, the better is the manipulation 

ability of the robot. 

SVD of Jacobian: TVU  J Σ=                                          (3-14) 

where Umxm and Vnxn are orthogonal matrices satisfying UUT = UTU = Im and VVT = VTV 

= In (Im, In are Identity matrices). The columns of U are the orthonormal eigenvectors of 

JJT and the columns of V are the orthonormal eigenvectors of JTJ. Σmxn is a diagonal 

matrix with the singular values arranged in descending order in the principal diagonal. 

Although the manipulability index can be used as a measure of distance from 

singularity, the components of JJT have different units leading to a problem in physical 

meaning. This problem and the ways to address it will be discussed in chapter 6. 

The measure of manipulability is used in the design of a tomato harvesting robot as 

reported by Kondo (1998). After an analysis of the plant training system for tomatoes in 

Japan, the manipulator workspace as well as the angle of approach to the fruits was 

determined. For this manipulator design, a posture with more than 80 % of the maximum 

manipulability was defined as the posture of high manipulability. This index was used as 

a selection criterion in the design of the robot configuration. With the combined 

evaluation of operational space, manipulability, obstacle avoidance, and posture diversity 
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on a simplified two-dimensional plane, a seven DOF manipulator was chosen for the 

tomato picking task. 

Manipulability ellipsoid 

Yoshikawa (1985) related the manipulability index to the singular values of the 

Jacobian as presented in Equation (3-13). He also showed that the subset of the realizable 

velocities in the m-DOF task space, using joint velocities within an unit sphere of n-

dimensional space, is an ellipsoid with principal axes mmuuu σσσ ,..., 2211 , where ui’s are 

the ith column vector of U in Equation (3-14). This was termed as the manipulability 

ellipsoid (also, velocity ellipsoid). Figure 3-12 shows a representation of the 

manipulability ellipsoid. The directions of the ellipsoid axes provide an indication of the 

ease of manipulation and the ellipsoid size represents the speed of manipulation. Thus an 

almost spherical ellipsoid with a large volume will result in large manipulability values. 

An agricultural robot for harvesting watermelons was designed based on analysis 

using the manipulability ellipsoid index as presented by Sakai et al. (2002). Comparison 

of cylindrical, polar, articulated and parallel manipulator configurations using workspace 

analysis and manipulability ellipsoids led to the selection of the appropriate configuration 

for watermelon harvesting. It was reported that the non-variability of robot manipulability 

in the harvest space for the parallel configuration led to its selection. 

Posture diversity 

Kondo (1998) presented another measure specific to the design synthesis of an 

agricultural robot known as posture diversity and applied for the development of a tomato 

harvesting robot. This performance index was not based on the Jacobian matrix but rather 

on the redundancy nature of the manipulator. A manipulator is redundant if it has more 

joint space DOF than the task space requirement. Posture diversity is defined as the angle 
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range of the approaching direction of the manipulator end point while maintaining the 

position and orientation of the end-effector. Figure 3-11 shows the posture diversity 

description for a planar manipulator. It is easy to see that large posture diversity (a large 

angle range) will increase the rate of success for a given task, though it is not straight 

forward to apply this index for spatial manipulators. 
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Figure 3-1. MAGALI apple picking arm: η, θ, and T represent the three DOF (Grand 

D’Esnon et al., 1987). 

 

             (a)      (b) 
 
Figure 3-2. CITRUS picking arm structures: (a) Pantographic showing motion pattern, 

(b) Telescopic (Rabatel et al., 1995). 
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Figure 3-3. Citrus picking robot: Axes Z0 and Z1 represent the revolute joints and axis 

Z2 represents the prismatic joint(Harrell et al., 1988). 

 
 
Figure 3-4. Kubota arm: θ1, θ2, θ3, and θ4 represent the four DOF (Sarig, 1993). 

 
    (a)                (b) 
Figure 3-5. Greenhouse tomato harvesting robot. (a) Six DOF (b) Three DOF (Barelin et 

al., 1991). 
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Figure 3-6. Tomato harvester manipulator mechanism: s1 and s2 are the prismatic joints, 

and θ3 through θ7 represent the revolute joints (Kondo et al., 1996a). 

 
 
Figure 3-7. Picking arm structure for Agribot: θ1, θ2, θ3, and θ4 represent the four DOF 

(Ceres et al., 1998). 
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Figure 3-8. Picking arm structure of first prototype (Cavalieri and Plebe, 1996). 

 
 
Figure 3-9. Dual arm layout for the second prototype (Muscato et al., 2005). 
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Figure 3-10. Coordinate frame assignment and D-H parameters (Craig, 1989). 

 
 
Figure 3-11. Posture diversity (Kondo, 1998). 

 

 
 
Figure 3-12. Manipulability ellipsoid. 
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Table 3-1. Joint combinations for various robot configurations 
S. No. Robot Configuration Number of DOF Base three DOF 
1 
2 
3 
4 
5 

Cartesian 
Cylindrical 
Spherical 
Articulated 
Redundant 

3 
3 
3 
3-6 
>6 

p-p-p 
r-p-p 
r-r-p 
r-r-r 
Any of the above 
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Table 3-2. Reported harvesting performances of agricultural manipulators 
Research Work Robot 

Configuration 
Testing (Open field 
or Greenhouse) 

Cycle Time1 
sec/fruit 

% of harvested 
fruits2 

System limitations 

Grand D’Esnon et al. (1987): 
apple 
 
 
Harrell et al. (1988): citrus 
 
 
 
 
Juste and Sevila (1991): citrus 
 
 
Kondo et al. (1996): cherry 
tomato 
 
Muscato et al. (2005): citrus 

Spherical 
 
 
 
Spherical 
 
 
 
 
Spherical 
 
 
Articulated (5 
DOF) 
 
Cartesian with an 
oblique axis 

Open Field 
 
 
 
Open Field 
 
 
 
 
Open Field 
 
 
Greenhouse 
 
 
Open Field 

4  
 
 
 
3-7 
 
 
 
 
7-8 
 
 
3-5 
 
 
7.5 – 9.9 

50 % on the hedge 
 
 
 
75% of attempted 
cycles 
 
 
 
38.7 % on the hedge 
 
 
70 % of attempted 
cycles 
 
NA 

Machine vision, 
cycle time, grasping 
motion 
 
Fruit occlusion, arm 
collision with limbs, 
arm reach, arm 
structure 
 
Arm reach, machine 
vision, cycle time 
 
Fruit position, end 
effector 
 
Arm size, angular 
layout, cycle time 

1 Total time consumed to pick a fruit, 2 Irrespective of damaged or undamaged. 
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CHAPTER 4 
METHODS AND PROCEDURES 

An overview of the methods and procedures used to accomplish the objectives of 

this research work are presented in this chapter. The primary objectives as stated in 

chapter 2 are:  

• Select a suitable manipulator configuration for the citrus harvesting task using 
robot synthesis tools and performance metrics. 

• Derive the robot manipulator requirements for the citrus harvesting task and design 
a four DOF manipulator that represents the distal joint-link pairs of the selected 
configuration powered by hydraulic means. 

• Provide an electro-hydraulic test circuit for the arm prototype for VCMM 

• Implement a joint level closed loop control system and study the manipulator 
performance through laboratory experiments. 

Robot Manipulator Configuration Selection for Citrus Harvesting Task 

The kinematic synthesis objective that includes the type, number and dimensional 

selection of the robot joint-link pairs was achieved through the modeling and analysis of 

alternative configurations. The first step in this objective was to choose cost effective as 

well as adequately featured robot synthesis tools. The evaluation of Robotics Toolbox for 

Matlab (Corke, 1996) and RobotectPro (Nayar, 2002) for the specified kinematic 

synthesis capabilities led to their selection and usage in this research work (Sivaraman et 

al., 2006). The next step was to choose appropriate performance criteria to compare and 

contrast the alternative configurations. A study of the previous agricultural robot 

development efforts (Ceres et al., 1998, Kondo, 1998, and Sakai et al., 2002) and 

additional literature on the proper application of the performance indices led to the 
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selection of two potential dexterity indices based on the manipulator Jacobian matrix. 

The application of these indices for the citrus harvesting manipulator design was 

examined through a comparison study of two standard manipulator configurations 

(Sivaraman and Burks, 2006). 

The final step for completion of this objective is the actual application of the 

selected modeling tools and the performance indices to evaluate alternatives with specific 

attention to manipulator workspace and manipulator dexterity in the task space. In an 

effort to reduce the search space of available alternatives, four primary configurations 

were selected for comparison with knowledge from previous research efforts as well as 

the task space. The concept of using a harvesting arm positioner to reduce the workspace 

for the fruit picking manipulator as presented in a few research prototypes (Sarig, 1993) 

is adapted here. The actual and the reduced workspace were modeled in Matlab. The 

performance analyses of these alternatives led to the selection of a potential seven DOF 

manipulator with a dual roll-pitch pair forming the distal joints as shown in Figure 4-1. 

Mechanical Design of the Four DOF Manipulator Comprising the Distal Joints of 
the Selected Configuration 

The second objective of this research is the mechanical design and fabrication of a 

four DOF manipulator that comprise the last four joint-link pairs of the selected 

configuration. As one of the indirect objectives for the proposed arm is to be able to 

harvest fruits from inside the canopy, the distal joint-link pairs play a crucial role as they 

have to be able to access multiple fruit positions with minimal movement from the lower 

joint-link pairs, in case, they are restricted due to obstacles in the workspace. Also, the 

distal joint-links contribute to the orientation of the end effector which is crucial for fruit 

harvesting as the access to the fruit positions might not always be straightforward. 
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Additionally, although the dexterity analysis of the various configurations suggested the 

potential for a seven DOF manipulator with a prismatic member, more thorough analysis 

is needed for conclusive evidence. These factors and economic considerations led to the 

decision of developing only the distal joint-link pairs.  

The necessary joint torque values were determined from trajectory simulations and 

the manipulator performance specifications for citrus fruit harvesting. Hydraulic 

actuation was chosen for all the rotary joints due to their high power to weight ratio and 

the elimination of additional gear reductions, which are crucial for direct drive 

manipulators, as well as consideration of economic factors. The roll-pitch pairs were 

designed for high ease of assembly in SolidWorks (2003) with a top-down design 

approach. Due consideration was given for actuator and sensor placement to preserve 

symmetry and mass balance in the joints. The hollow square link cross-sections provided 

high stiffness and adequate space for actuator placement. The selection of other 

mechanical components such as the bearings, shafts, gears, etc. was done using standard 

mechanical design procedures. The completed design was machined and assembled at the 

Agricultural and Biological Engineering machine shop facility. Figure 4-2 shows the arm 

assembly. 

Hydraulic Test Circuit and Joint Level Control System 

The final objective of this research work is the design and implementation of a 

hydraulic test circuit for electro-hydraulic valve control of the rotary joint actuators. The 

hydraulic components were selected from the design specifications for the robot 

manipulator. A fixed displacement pump with 7.570 L/min and 6895 kPa flow and 

pressure capacity, respectively, was used to power all four joint actuators. The actuators 

selected were of the rotary vane type with limited joint range. Proportional dual solenoid 
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valves and solenoid drivers were used for the valve control of the actuators. The 

maximum pressure setting for the circuit was used using a pump side pressure relief 

valve. The mechanical deadband of the valves were reduced through the current setting 

on the controllers. Rotary potentiometers were used for position feedback from the 

individual joints. A microcomputer based data acquisition (DAQ) and control system was 

implemented with C++ programming using Microsoft Foundation Classes (MFC). 

Manipulator Performance Tests 

After the prototype was built and installed on a pedestal in the laboratory, the 

electro-hydraulic circuit was completed as explained in the previous sections. Following 

the manipulator joint mode control system implementation, two main experiments were 

designed to validate the manipulator performance. The first set of experiments was 

designed to verify the end effector fruit detachment force (FDF) capability through the 

use of a force gauge and a mechanical vice to hold the gauge in place. The manipulator 

end point was attached to the measurement point on the force gauge and a near linear pull 

was executed. The exerted force before stalling of the joints was recorded for three 

repetitions. The obtained values satisfied the requirements for citrus harvesting as studied 

from actual field experiments. The pressure and temperature settings for the experiments 

were kept constant through out. The second set of experiments was designed to verify the 

kinematic model for the four DOF manipulator. In order to accomplish this task, the end 

point positions corresponding to a set of joint movements were recorded through the use 

of a metric scale grid and a plumb bob for height measurement. The recorded 

measurements were then verified against the calculated values from the forward 

kinematic analysis of the robot manipulator. 
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     A                             B 
Figure 4-1. Robot manipulator configuration for citrus harvesting A) Symbolic 

representation and B) RobotectPro model 

 

 
  (A)           (B) 
Figure 4-2. Arm assembly (A) SolidWorks model, (B) Actual prototype. 
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CHAPTER 5 
ROBOT MANIPULATOR SYNTHESIS: MODELING TOOLS 

Introduction 

Long-standing interest in the application of robotic automation to the labor 

intensive agricultural task of fruit harvesting has led to the development of robot 

manipulators as documented by Grand D’Esnon et al. (1987), Harrell et al. (1988), 

Balerin et al. (1991), Sarig (1993), Rabatel et al. (1995), Kondo et al. (1996a), Cavalieri 

and Plebe (1996), Ceres et al. (1998), and Muscato et al. (2005) among others. The 

apparent lag in commercializing the prototypes that resulted from past developments is 

primarily due to the high cost to benefit ratio. The technical shortfalls from two of the 

previous research efforts are cited here: 80% detection of citrus fruits is reported by Juste 

and Sevila (1991), of which, 61% was reported to have foliage and branches in the 

trajectory of the arm leading to picking failures. Kassay and Slaughter (1993) reported a 

detection rate of about 70% and a picking rate of about 42% for apples. Again the 

presence of leaf and branch occlusions in the fruit picking path reduced the detection 

rates and thus the picking efficiency. Selecting the right sensing technology and 

manipulator configuration will enhance the detection capability and the manipulator 

dexterity, which should improve the picking efficiency. In the past, robot arms for 

agriculture are simplified in terms of the arm mobility as well as their construction. This 

is evident as many of the past research efforts adapted the basic three DOF spherical 

configuration. This could be attributed to an intended reduction in development time and 

cost as well as the unavailability of suitable modeling and analysis tools.  
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This chapter demonstrates the usage of numerical and graphical modeling tools for 

the development of robot manipulators with an application example as presented by 

Sivaraman et al (2006). The tools used are Matlab Robotics Toolbox (Corke, 1996) and 

RobotectPro (Nayar, 2002). As kinematic synthesis is the primary focus, only a cursory 

coverage of the dynamic analyses capabilities of the tools is provided. 

Manipulator Synthesis 

The general product design specifications for robot manipulator design are: 

• Type and layout of the joints. 
• Geometry of the links. 
• Materials, weight and dimensions of the links. 
• Joint transmissions, sensors and actuators. 
• Verified dexterity, workspace, accuracy, and static and dynamic performance. 
 

In addition to these general specifications, the designer for a tree fruit harvesting 

manipulator must deal with the uncertainty of the workspace, such as, variability in fruit 

distribution, fruit occlusion caused by leaves and branches, and varying crop conditions 

between successive harvesting motions as observed by Edan and Miles (1994). 

Traditionally when the designer is faced with numerous choices for the type and layout of 

the joints in the initial design phase, selection is based on the knowledge of the task, the 

workspace and his/her own experience. Any error in the physical system resulting from 

this process would incur additional cost and time to the project, at the least. An 

alternative to this approach is to employ software tools that aid the designer in the design 

process. The use of modern synthesis and analysis software tools can give the designer 

the flexibility and agility in exploring alternatives by building computer generated 

models. Additionally, efficient cycle times can be calculated by generation of trajectory 

simulations to meet the economic threshold for the fruit harvesting application. 
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Robot manipulator modeling consists of a geometrical definition along with a 

kinematical description of the linkages. The geometrical definition can be accomplished 

by creating representative three-dimensional (3D) computer aided graphic models 

whereas the kinematic entities describing the relations between links, velocities, 

accelerations and other characteristics of the manipulator can be obtained from robot 

kinematic theory based upon D-H parameters as presented in chapter 3. The structural 

design of the components of a robot manipulator uses the optimized geometric entities 

resulting from the previous stages. Though there are numerous software packages 

available for 3D modeling and motion simulation, there is not one all inclusive package 

that could output the exact physical and functional description of the robot. The 

simulation itself consists of the kinematic and dynamic parts depending upon whether or 

not the actuator forces and torques are considered when generating the trajectories. Once 

the functional description of the manipulator is finalized, any of the widely available 

solid modeling tools could be used for the accurate description of the robot’s 3D 

geometry and an extensive structural analysis could be performed. 

Kinematic Synthesis Tool Requirements 

From the general design specifications and additional requirements for an 

agricultural setting with workspace uncertainties, a kinematic design tool is expected to 

possess the following: 

• Define multiple joint-link pairs and describe transformations between the joint-link 
pairs. 

• Perform forward and inverse kinematic analyses. 

• Generate time-varying trajectories and evaluate manipulator kinematics for those 
trajectories. 

• Create three-dimensional geometry from given input for graphical simulations. 
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• Have built-in basic performance measures or allow construction of performance 
measures to evaluate and verify design alternatives. 

• Have numerical and plot output capabilities. 

Apart from these, additional qualities such as, ease of creating alternative 

configurations, ability to accept dynamic parameters, perform forward and inverse 

dynamics (to obtain joint accelerations and torques, respectively), ability to extend 

performance studies throughout the workspace, etc., will be extremely useful. For 

example, due to the variability in the fruit picking environment, a good performance 

measure for the manipulator design can be to evaluate the dexterity of the manipulator 

along the workspace. 

Some of the packages available to model and simulate general mechanisms and 

robots are: Robotics Toolbox, a collection of functions written in Matlab for serial link 

robot design, RobotectPro, a modeling and analysis tool for serial link robot design, 

RobotAssist, a robot modeling and control package, and Cimstation Robotics, a 3D 

simulation software for manufacturing automation. All the software packages are 

available for the Windows operating system and have basic capabilities such as, D-H 

parameter based robot creation, forward kinematic (FK) analysis, inverse kinematic (IK) 

analysis, and trajectory generation. They differ in the availability of performance 

measures, control diagnostics, user interface, etc. For this research work on selection and 

synthesis of a robot manipulator for fruit harvesting, the Robotics Toolbox and 

RobotectPro were used and the following section is a cursory introduction and evaluation 

of the modeling and analysis capabilities of these tools. 
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Matlab Robotics Toolbox and RobotectPro 

Application example 

To demonstrate the usage and features of the Robotics Toolbox and RobotectPro, 

an all-revolute serial manipulator loosely derived from the spherically configured robot 

arm with pantographic prismatic movement presented in the previous research efforts 

(Grand D’Esnon (1985), and Pellenc et. al. (1990)) is modeled and analyzed as an 

articulated five DOF (AFD) arm. The reason for this choice was due to its well-known 

base configuration. The five DOF arm was originally restricted to operate with three DOF 

as it performed a pantographic-prismatic movement along the line of sight of the camera 

mounted at the base of the robot. The third, fourth and fifth joints worked simultaneously 

to achieve this motion. For this study, the arm movement constraints were removed for 

simplicity. The first step in constructing the model for this robot was to attach coordinate 

frames to the joint-link pairs as shown in Figure 5-1. 

The link object sizes and offsets were obtained from a scaled drawing of the robot 

as given in the US patent for Pellenc et al. (1990) assuming a scale of 1:12. The modified 

D-H parameters for this robot are presented in Table 5-1. Once the D-H parameters were 

obtained, the information was used to construct the robot in the Robotics Toolbox and the 

RobotectPro software package. Even though the kinematic synthesis qualities of the two 

tools are the prime focus, their dynamic capabilities are discussed as well for the sake of 

completeness. Several simplifying assumptions were made regarding the AFD arm as 

follows: 

• The links are of uniformly distributed mass, 
• The link material is aluminum (mass density, ρ = 2700 kg/m3), 
• The robot objects are perfectly rigid, 
• The links are of hollow rectangular or circular cross-sections. 
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Robot definition 

In Matlab Robotics Toolbox, the parameters for serial-link manipulators are 

encapsulated in Matlab objects. This allows the creation of robot objects for any serial-

link manipulator. The Toolbox is capable of numerical simulations accompanied by a 

graphical output and is based on the D-H and modified D-H parameter notations. Once 

the link construct has the kinematic parameters, the robot object can be created by 

concatenating the link objects. For a thorough investigation of the dynamic characteristics 

of the robot arm, additional parameters can be defined by adding arguments 

corresponding to the link mass, the link center of gravity (COG) with respect to the link 

coordinate frame as a three- dimensional vector, the link inertia tensor elements about the 

link COG, the motor armature inertia, the gear reduction ratio, and the friction (viscous 

and coulomb) parameters. For this study, the motor inertia is taken to be negligible and 

the friction components are neglected. As the inertia tensor is calculated about the link 

COG, the problem is simplified to finding only the principal mass moments of inertia. 

Also, the default orientation of the base coordinate frame is defined with the Z-axis 

pointing upwards. As the first revolute joint axis of AFD arm is parallel to the horizontal, 

the Z-axis has to be reoriented to coincide with the joint axis. This is accomplished by a 

base homogeneous transformation matrix. An example link object and robot construction 

in Matlab command window with few sub-assignments for the AFD arm is shown below 

with length in m, angle in rad, and mass in kg. 

l{4} = link([0 .5486 0 0 0],”modified”); %link kinematic definition      

l{4}.m = rho * 0.0016;                   %link mass = density x volume 

l{4}.r = [0.2743 0 0];        %link COG  

l{4}.I = [.1199 .1222 .5427 0 0 0];      %inertia vector about link COG 

l{4}.qlim = [0 2.87979];       %joint limits 

AFD_mdh = robot(l, “AFD_mdh”);      %AFD robot object definition 
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Once the robot object is constructed, the robot links can be plotted as point-to-point 

connections of the origins of the subsequent coordinate frame assignments as shown in 

Figure 5-2. Although rudimentary, the plots satisfy the need for quick evaluation of 

alternatives. The trailing “mdh” in the robot name denotes that modified D-H parameters 

are being used. 

In RobotectPro, the robot elements are modeled as joint-link objects in one of three 

formats available for modeling, D-H parameter, joint plus homogeneous transformation, 

and joint and beam model. Of the three modeling formats, the D-H parameter uses the 

modified D-H parameters, the joint plus homogeneous transform specifies a joint 

translation or rotation (for prismatic or revolute) followed by a transformation matrix that 

transforms the elements to the final coordinate system and the joint and beam format 

models the joint-link pairs as a series of mechanical objects consisting of four parts, a 

joint, an input transformation, a beam, and an output transformation. The joint and beam 

modeling format should be used to include additional mechanical properties such as joint 

mass, stiffness, beam geometry (solid or hollow cross sections), material density, and 

Young’s and shear moduli of the beam material in the robot model. The default values 

can be used where appropriate. The actuator, transmission, and sensor parameters are 

common to all formats. It should be noted that once the model format is chosen for the 

first element creation in the menu and dialog box driven user interface, the following 

elements default to the same format. In addition to the serial link robot elements, tool, 

base, environment and gravity objects can be defined. As the interaction between a robot 

and its environment occur through its tools, the definition of tool objects play a vital role 

in the robot analysis. RobotectPro allows multiple tool objects to be attached to pre-
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defined joint-link objects along the serial chain. Figure 5-3 shows the AFD arm joint and 

beam model created using a sequence of data entry dialogs to specify the joint type 

(revolute or prismatic), actuated / passive / constrained, joint range limits, joint mass, 

inertia and stiffness, beam geometry, beam material properties, actuator/gear-train, 

sensor, accuracy and face color for individual joint and beam pairs. 

Forward and inverse kinematics 

In the Robotics Toolbox, robot poses can be defined by creating joint coordinate 

vectors that provide the joint values to be used for the FK and IK solutions. The FK and 

IK algorithms are implemented as Matlab routines and can be called from the Matlab 

command line for usage. A typical transformation matrix output by solving the FK using 

a set of joint vectors is presented in Equation (5-1). The first three columns comprise the 

rotation matrix and the last column denotes the translation in homogeneous coordinates. 

The translation is in the same units as the input arguments to the link object, in units of 

meters in this case. 

T = 

    1.0000    0.0000    0.0000    0.3048 

    0.0000    0.0000   -1.0000    0.0000                         (5-1) 
    0.0000    1.0000    0.0000    1.2496 

         0         0         0    1.0000 

 
Analytical solution methods for IK become tedious as the number of DOF of the 

manipulator increase, the Toolbox provides an iterative solution technique for the IK 

problem using pseudo inverse of manipulator Jacobian and thus cannot provide all the 

solutions. Also, the solution accuracy depends on the initial guess. For manipulators with 

fewer than six DOF, a mask matrix specifying the Cartesian DOF to be ignored in finding 

a solution should be provided as an argument to the IK routine. The mask matrix contains 



48 

 

six elements denoting the translation and rotation with each element taking a binary (0 or 

1) value where 0’s denote the ignored DOF’s. 

In RobotectPro, the robot arm can be configured using the pose control dialog 

which has slider controls with their limits denoting the joint limits. The calculations for 

the centers of masses, inertia values, etc. are performed internally by the software from 

the given kinematic, mechanical and material properties. The FK and IK solvers are built 

into the package and are used in the kinematic analyses. The default IK algorithm uses a 

numerical optimization technique using pseudo inverse of manipulator Jacobian to arrive 

at the solution. However, there is a possibility to test other algorithms written in Matlab 

or Excel using the input and output format specified in RobotectPro. 

Trajectory generation 

To evaluate the manipulator’s motion performance, joint space and Cartesian space 

trajectories can be created in Robotics Toolbox using fifth order polynomial 

interpolation. Once the trajectories are generated, the velocity and acceleration motion 

profiles can be retrieved for further studies. Many of the Toolbox routines can operate on 

the generated trajectories for each time step. Also, the trajectories can be animated by 

plotting the robot through the sequence of joint values. The joint position, velocity and 

acceleration profiles for a movement from the default pose along the Cartesian X-

direction for the AFD model is shown in Figure 5-4. 

The joint space and Cartesian space trajectories in RobotectPro can be generated 

using either the linear interpolation method or the quintic (fifth order) polynomial 

method. The quintic polynomial method guarantees continuity of position, velocity, and 

acceleration between successive points and is more useful for practical applications and 

realistic simulations, although, the linear interpolation method is computationally easier 
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and faster. The Cartesian trajectory generation can be used to check for available IK 

solutions using the default or user-provided algorithm. The default algorithm can be 

tuned for solution accuracy using the corresponding dialog box entries. The velocity and 

acceleration values are not readily available as output from the software. The joint 

coordinate values obtained from a simple Cartesian motion in the X direction of the 

world coordinate system for the AFD arm is plotted in Figure 5-5. 

Performance measures 

The Jacobian matrix forms the basis for all performance measures in both Robotics 

Toolbox and RobotectPro. In Robotics Toolbox, the Jacobian can be calculated in both 

the base frame and the tool frame. The matrix methods in Robotics Toolbox can be 

effectively used for advanced analysis of the Jacobian for dexterity performance of the 

manipulator at various poses. As Robotics Toolbox shares all features of the Matlab 

programming environment, user written performance measures and trajectory generation 

schemes can be applied along side the default Toolbox routines. This feature is 

effectively used in developing a routine for performing manipulability analysis and 

plotting the manipulability ellipsoids and is presented in chapter 6. 

The dexterity analysis tool in RobotectPro utilizes two different Jacobians for 

translation and rotation thereby avoiding erroneous results due to the unit dependence 

nature of the Jacobian computation. This methodology is discussed in more detail in 

chapter 6. The singular values of the Jacobian that give the distance to singular points 

along each axis of the reference frame are listed for the current manipulator configuration 

for both the position and orientation. Also, manipulability ellipsoids are superimposed on 

the referred tool frame with the volume of the ellipsoid being a numerical guidance 
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(larger volume, better dexterity) as to whether or not the arm is in a singular 

configuration. The axes lengths of the ellipsoids are proportional to the singular values. 

The dexterity of the manipulator also gives information on its workspace. For 

example, in harvesting, such an analysis will shed light on whether a particular fruit in 

3D space is reachable by the arm and on the ease of movement from current 

configuration to the fruit picking configuration. The manipulability ellipsoids can be 

plotted along a trajectory providing a better understanding of the arm’s mobility through 

visual means. Figure 5-6 shows the translation ellipsoid for the AFD arm at an arbitrary 

pose. 

Additional features 

To study the equations of motion with consideration to the applied forces/torques, 

the manipulator forward and inverse dynamics is solved. The algorithms to solve the arm 

dynamics are built-in as routines in the Robotics Toolbox. The Toolbox uses a recursive 

Newton-Euler formulation for computing the inverse dynamics. The Toolbox also has 

functions to compute the load due to gravity, the inertia as seen by any of the joints, and 

the Coriolis and centripetal torque terms. In addition to these, the Robotics Toolbox has a 

routine that can be used to drive a graphical robot with slider controls for the range of 

motion of the joints. 

In RobotectPro, the static force/torque analysis dialog is used to determine the joint 

or actuator torques (for an all-revolute case as here) due to the gravitational loads along 

with any external forces and moments. The joint transmission values entered during 

model creation are used to transform the joint torque values into the actuator torque 

values. The numerical values are displayed on the dialog box with additional options of 

displaying the vectors and the joint or actuator torques along a trajectory. The dynamic 
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force/torque dialog is used to compute the inverse dynamics solution for the robot arm. 

At present, the forward dynamics problem cannot be solved using RobotectPro. This 

might be a shortcoming in the later stages of the design when the designer intends to 

verify his actuator selections through motion simulations. For the reverse computation, a 

Newton-Euler formulation is used with the effects of inertia and Coriolis forces included. 

The results aid the designer in selecting the actuator sizes needed for the desired 

performance of the manipulator. If the torque values are computed for pure gravitational 

loads, the dynamic torque analysis will produce the same result as the static torque 

analysis. 

The position and orientation accuracy and repeatability errors (three each) can be 

obtained from the respective analyses menus. These data can be used to verify the arm’s 

performance in terms of its positioning capability. The tolerances in backlash, 

transmission ratios, precision of sensors and controllers to use on the joints are 

determined from the accuracy and repeatability errors. The errors can be displayed as 

vectors at the tool frame with the lengths of the vectors relating to the magnitude of the 

errors.  

The deflection/backlash analysis dialog box in RobotectPro can be used to design 

the stiffness of the links by testing the deflection at the tool tip due to gravitational loads 

and other external forces or torques. The effect of loading at different parts of the 

manipulator and the resulting deflection at other parts of the manipulator can be studied. 

The ability to attach tools at any point along the serial chain helps in this task. The beam 

deflection model is used for the beams and a torsional stiffness model is used for the 
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revolute joints. The values for the forces and torques entered in this analysis are carried 

over to the static and dynamic force/torque analysis discussed earlier. 

It should be noted that accuracy of the results obtained from the arm models created 

in Robotics Toolbox and RobotectPro largely depend on the exactness of the model 

parameters input by the user. Additional information on all of these analysis tools can be 

found in Robotics Toolbox for Matlab (version 7) manual and RobotectPro manual. 

Robot synthesis tools comparison 

Using the AFD arm configuration as an example, a study on the modeling and 

analysis features of Robotics Toolbox and RobotectPro was completed. The inferences 

made from this study are presented in Table 5-2. 

Summary and Conclusions 

Development of a high-performance robotic fruit harvesting arm will require the 

efficient use of available computer assisted synthesis and analysis techniques/tools. This 

chapter provided an overview of two of the appropriate modeling and simulation tools 

specific to the development of multi DOF robot manipulators. Of the two modeling tools 

considered, both are valuable research and learning tools. The Toolbox allows the user to 

manipulate the matrices and try new algorithms, but, the current graphical capability and 

robot element definitions limit its potential without additional developmental effort by 

the user. The Toolbox can serve as a fast-paced evaluation tool in the early stages of the 

design, and as a comparison tool for the results from other software. On the other hand, 

RobotectPro is a full-featured modeling tool which is flexible enough for the ardent user 

to try his/her own kinematic analysis algorithms. One main feature as mentioned earlier is 

the various robot definition choices available to the user. Also, RobotectPro’s torque 

analysis serves the purpose of providing the designer with a start-point in 
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designing/selecting the drive components for the system. Careful analysis of robot 

parameters with these tools greatly reduces the development time and cost, and increases 

the accuracy of component selections. 

The objective of selecting a suitable manipulator configuration as well as the 

selection of appropriate actuator components for a citrus harvesting manipulator, detailed 

in later chapters, are realized utilizing these software tools. 
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Figure 5-1. Link frame assignment for the AFD arm. 

 

 
 
Figure 5-2. AFD arm representation in Robotics Toolbox. 

 
 
Figure 5-3. AFD arm model created in RobotectPro. 



55 

 

 
 
Figure 5-4. Joint position, velocity, and acceleration profiles from trajectory generation in 

the Robotics Toolbox. 

 
 
Figure 5-5. Joint coordinate values for a sample AFD arm trajectory generated in 

RobotectPro. 
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Figure 5-6. Dexterity analysis in RobotectPro. 

Table 5-1. Kinematic parameters for the AFD arm. 

Link, i Link length, ai-1 
m 

Twist angle, αi-1 
deg 

Link offset, di 
m 

Joint angle, θi 
deg 

1 
2 
3 
4 
5 

0 
0 
-0.3048 
0.5486 
0.5486 

0 
-90 
-90 
0 
0 

0 
0.1524 
0 
0 
0 

θ1 
θ2 
θ3 
θ4 
θ5 

 
Table 5-2. Robotics Toolbox and RobotectPro comparison. 

Robotics Toolbox RobotectPro 
Assigns a single matrix with all the kinematic 
and dynamic details for a robot 
 

Is an interactive modeling tool with kinematic 
and dynamic details derived from user input 

Model creation is based only on D-H 
parameter convention 
 

Multiple modeling formats are available 
providing more flexibility for the designer 

Has FK, IK, forward dynamics, and inverse 
dynamics computation algorithms 
 

FK, IK, and inverse dynamics solvers are 
available 

Robot is represented as a stick figure 
 

Robot is represented as a solid model 

Ready access to parameters such as the 
Jacobian, velocity and acceleration for further 
analysis 
 

The values of the parameters are not readily  
available to the user. 

Has limited analysis capabilities without 
additional programming 

Has a wide array of built in analysis tools 
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CHAPTER 6 
KINEMATIC DEXTERITY INDICES FOR CITRUS HARVESTING ROBOT 

CONFIGURATION SELECTION 

Introduction 

Agricultural harvesting manipulators face the daunting task of working in an 

unstructured environment. As such, their design requires an understanding of the plant 

architecture as well as the pattern of distribution of fruits or vegetables within the plant. 

The majority of past design efforts selected the arm configuration without much 

consideration for dexterity and nimbleness. This could be attributed to the fact that the 

primary attention of these efforts was on testing and implementing the visual sensing 

techniques and grasping technologies. The results of these prototypes and the need for 

manipulator design improvement have been cited by Sarig (1993), Kassay and Slaughter 

(1993), Vittor et al. (2003), and Hannan and Burks (2004). 

In order to evaluate the suitability of a robot configuration for a desired application, 

performance indices are needed. In this chapter, a framework for the selection of the most 

appropriate task-specific performance measures for the design and analysis of agricultural 

robots will be presented. This topic will be discussed with reference to the development 

of a citrus harvesting manipulator, but it could be generalized to other agricultural 

applications. It is assumed that an operating vision system that includes calibrated 

camera(s) and an image processing algorithm is in place to detect the fruits, and a suitable 

end effector is available to handle delicate fruits.  
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Robot Kinematic Performance Indices  

A review of evaluation indices used by previous researchers for agricultural robot 

design and analysis was presented in chapter 3. Of these, the workspace and 

manipulability indices were identified to be appropriate for the design and analysis of the 

citrus harvesting manipulator. For proper application of these indices, care should be 

taken to address the presence of mixed units in the Jacobian matrix formulation, the 

dimensional scaling issues while comparing alternatives, and the dependence of dexterity 

measures on the number of DOF of the manipulator (also known as the order of the 

manipulator). The physical inconsistency of the manipulability measure based on the 

manipulator Jacobian and its transpose was pointed out by Doty et al. (1995) and 

Schwartz et al. (2002). Further, it was shown that the eigenvalue formulation of the 

Jacobian that yields the manipulability ellipsoids is physically inconsistent as the results 

depend on the units used to derive the matrix. In addition, due to the scale and order 

dependent nature of the manipulability measure, comparison between various 

manipulator configurations is less than perfect. In this chapter, the alternative 

formulations that have been proposed in the literature to circumvent the above mentioned 

issues in using the robot manipulability and manipulability ellipsoids as performance 

indices are discussed and applied for the evaluation and comparison of two six DOF 

configurations as related to citrus fruit harvesting. 

Proposed Indices for Agricultural Robot Design and Analysis  

Translational and rotational manipulability 

In order to address the physical inconsistency of the manipulability measure 

stemming from the presence of both translational and rotational parameters in the 

Jacobian matrix, a simple solution is to form two Jacobians corresponding to the 
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translation and rotation of the end effector (Yoshikawa (1991), Lee (1997), Lee and Won 

(1999), and Bowling and Khatib (2005)). The underlying assumption for this formulation 

is that the manipulator consists of a na DOF arm portion and an nw DOF wrist portion. 

The Jacobians thus created can be used to describe a translational manipulability and a 

rotational manipulability measure, as presented by Yoshikawa (1991): 

)det( T
TTT JJw =           (6-1) 

 
)det( T

RRR JJw =           (6-2) 
 
where, subscripts T and R denote translation and rotation, respectively, and superscript T 

denotes the transpose of the matrix. The translation and rotation Jacobian matrices could 

be represented as in Equations (6-3 and 6-4) derived from Equation (3-6) where the 

vectors T
zyx ttt ][  and T

zyx rrr ][  represent the tool tip translations and rotations, 

respectively. From the translational and rotational Jacobian expressions, the 

corresponding manipulability ellipsoids can be plotted and used for design and analysis. 
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Two other problems with the application of the manipulability measure for 

manipulator design are the order and scale dependency. These two problems are an issue 
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when comparing manipulators of different types and sizes. For instance, referring to 

Equation (3-13), the translational manipulability measure has the dimension of 2/mλ  

where the order m, denoting the task space DOF for translation, has a value of two for 

planar manipulators and three for spatial manipulators and the eigenvalue λ has the 

dimension of [length]2. Thus, the manipulability measure is order dependent with a 

dimension of [length]m and carry different physical meanings for planar and spatial 

manipulators. Also, the dimensional scale of the manipulator influences the 

manipulability measure and do not allow an equal comparison between shorter and longer 

manipulators. Kim and Khosla (1991) proposed a solution to address the order and scale 

dependency of the manipulability measure in the form of a relative measure of 

manipulability. This relative manipulability is given as: 

N
MM r =               (6-5) 

 
m TJJM )det(=         (6-6) 

 
where, M is the geometric mean and represents an average measure of manipulability 

independent of the order m, and N is the dimensional factor used to normalize the index 

thereby providing equal comparison for manipulators with different link lengths. For 

example, if the manipulability measure has units of [length]2, then N can be defined as a 

function of the total length of the manipulator l. The definitions for N and l are as 

follows. 

2][lN =                                                        (6-7) 

∑
=

=
n

i
ill

1

                                                       (6-8) 
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22
iii dal +=                                                    (6-9) 

where, il  is the ith link length with ai and di representing the D-H parameters for link 

lengths and joint offsets. 

Directional invariance of dexterity 

The condition number of a matrix is defined as the ratio of its largest singular value 

to its smallest singular value and can be represented as in Equation (6-10) with reference 

to Equation (3-13). 

m
Jcond

σ
σ 1=                                                  (6-10) 

From Equation (6-10), it is apparent that the condition number does not suffer from 

scale dependency, but lacks in an analytical representation as a function of joint angles. 

The condition number of the manipulator Jacobian has been used as a measure of the 

manipulator poses’s proximity to singularity with a minimum value of 1 and no 

maximum. The points where the condition number is 1, i.e., with identical singular 

values, are termed isotropic points. At the isotropic points, the manipulability ellipsoid 

becomes a circle, representing the uniformity of manipulability ease in all directions, and 

can be termed as the directional invariance of dexterity (DID). The reciprocal of the 

condition number is better suited for this purpose as it is bound between 0 and 1 as 

identified by Singh and Rastegar (1995). Values denote singular points at 0 and isotropic 

points at 1. This index appears as the kinematic conditioning index (KCI) in Angeles 

(1997) and as the global isotropy index (GII) in Stocco et al. (1998). In the context of an 

agricultural task, the design of a manipulator with high DID will be beneficial as it 

improves the flexibility of task approach and operation. 
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In the next section, two six DOF general manipulator configurations are designed 

and used for analyzing the above-mentioned kinematic performance indices for their 

application potential with regards to the development of the citrus harvesting 

manipulator. Additionally, the general concept for the robotic system is laid out and the 

citrus harvesting task requirements are specified. 

Application Example 

Citrus tree layout and fruit distribution 

For proper kinematic and geometric design of agricultural manipulators, task space 

knowledge is essential. In this study, harvesting of citrus tree fruits is the task at hand. 

Citrus trees have an elliptical structure when grown naturally (with minimal or no 

pruning and hedging), and the majority of Florida citrus groves follow this plant training 

method for the first few years. The hedging and pruning done beyond this is primarily to 

keep the alleyway clear and do not alter the tree structure much. Studies in the past 

(Schertz and Brown (1968), and Juste et al. (1988)) have shown that about 90% of the 

fruits grow within 1 m of the outer canopy surface. Economic analyses (Harrell, 1987) 

have shown that successful robotic harvesting of 90% of the fruits will yield profitable 

results. These studies have also shown that there is inherent variability in the fruit 

positions. Figure 6-1 shows a typical Florida citrus grove layout. 

Basic robotic system layout 

As can be seen from the dimensional layout of the citrus trees, coverage of the 

entire workspace would require a manipulator with long links and a large operational 

space. This could be overcome by using a harvesting arm positioner (HAP), such as a 

boom with a platform attached to its end to carry a picking arm. The HAP places the fruit 

picking manipulator, which does the actual picking of fruits, at predefined zones along 
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the tree canopy. This method has been implemented in a few design prototypes, as 

presented by Sarig (1993). The original tree space volume and a sample reduced 

workspace volume for the design of the robotic picking arm through the use of HAP are 

shown in Figure 6-2. In addition, it is noted that the serially configured open-chain 

manipulators are effective for tree fruit harvesting applications due to their smaller 

footprint and extensive workspace as compared with the parallel configurations. 

Analysis of citrus harvesting robot configurations 

Fruit picking in natural environments in the presence of spatial variability requires 

full spatial motion that can be achieved with three DOF for positioning and three DOF 

for orienting the end effector. Previous robot pickers for citrus were of a three DOF 

spherical or articulated configuration, thus satisfying only the positioning criteria. Most 

developments also included a wrist roll, which aided in the fruit picking motion. The lack 

of additional DOF for orientation has been cited as a primary reason for the less-than-

optimal performance of these prototypes. To realize the full benefits of a robotic 

harvesting arm, both in terms of production efficiency and economics, an appropriate 

manipulator configuration should be chosen. The study presented here will discuss the 

addition of a three DOF wrist to the basic articulated manipulator. The articulated 

configuration is selected due to its large workspace-to-size ratio, all-revolute 

construction, and compactness. 

Two popular configurations for three DOF robot manipulator wrists are the pitch-

yaw-roll (PYR) and the roll-pitch-roll (RPR). These two wrists, combined with the 

articulated manipulator, will provide the necessary six DOF for picking fruits distributed 

in the tree canopy volume. Figure 6-3 and Figure 6-4 show the arm configurations and 

their coordinate frame assignments. The Denavit-Hartenberg (D-H) parameters for the 
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arms are listed in Table 6-1 and Table 6-2. The modified D-H convention presented in 

Craig (1989) was used. 

The arm models were built using the robotics toolbox in Matlab (Corke, 1996). For 

simplicity, a cuboidal volume that encompasses the reduced workspace shown earlier was 

treated as the fruit picking zone. In order to effectively analyze the manipulator's ability 

to pick fruits, fruit positions in the cuboid were chosen, as given in Figure 6-5 and Table 

6-3. These fruit positions were verified to be within reach of the picking arm. The picking 

arm base was positioned 0.50 m from the tree canopy in the front and centered 

horizontally and vertically. A basic posture for the arms was established as the ready-for-

picking posture, and trajectories were generated from this pose to the fruit picking pose. 

The Jacobians were calculated for each step along the trajectory and used for the 

analyses. 

As shown in Figure 6-6, the angle of approach of the tool axis, measured about the 

YL and ZL axes (on the XLZL and XLYL planes, respectively) of the local coordinate 

system attached to each fruit center, allowed an effective fruit picking range of ±45°. The 

end effector approach angle for simulations was kept within ±10° for all fruits except 

fruit 2. Fruit 2 was at the outer boundary of the arm, and the achievable orientation of the 

end effector was around ±30°, which was still within the specified approach angle space. 

Results and discussion 

The results obtained from the analyses using the proposed measures are presented 

here. Figure 6-7 and 6-8 show the variation of the normalized translational and rotational 

manipulability measures along the trajectories. The decoupled Jacobian matrix values are 

dependent on the pose of the robot, which contributes to the slight variation in the 
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translational manipulability values even though the three base DOF are the same for both 

configurations. The peak values for translation occur when the second and third links 

form an angle of 90° (elbow best posture). The rotational manipulability plots for all four 

trajectories show that the arm with the RPR wrist maintained the manipulation ability 

through the trajectory. The PYR-wrist arm's manipulability declined as it reached the 

fruit. The singular values for the PYR wrist lie at the outer boundaries of its workspace, 

while the RPR wrist's singular values lie at the inner boundaries of its workspace. The 

results from rotational manipulability suggest that the RPR wrist will perform well for 

fruit picking motions. 

Figure 6-9 and Figure 6-10 show the translational and rotational directional 

invariance of dexterity measure for the fruit picking trajectories. The translational DID 

measure shown is in accordance with the expected values. As the arm stretched out to 

reach the fruits, it neared the singular regions. At or near singularity, the condition 

number of the Jacobian matrix becomes large, or the inverse of the condition number 

(DID) will be closer to zero. The initial pose configurations contributed to the variation in 

the translational values in the early part of the trajectory. The rotational DID values show 

that the rotational ability of the RPR-wrist arm was uniform through the trajectory, as 

opposed to the PYR-wrist arm, which lost uniformity in dexterity as it moved toward the 

fruits. This invariance in dexterity is an important feature for fruit picking, as it provides 

flexibility in approaching the fruit from different directions in the presence of obstacles. 

The translational and rotational ellipsoids act as visual aids to study the robot 

dexterity along a trajectory. The ellipsoid plots for one of the fruit trajectories are 

presented in Figure 6-11 and Figure 6-12. The ellipsoid volumes are plotted at the start, 
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middle, and final points of the trajectory and are scaled for better visualization. As seen 

in the figures, the translational ellipsoids are similar for both arms, whereas the rotational 

ellipsoids reveal the reduction in the ellipsoidal volume as well as the variance in 

dexterity for the PYR-wrist arm. The rotational ellipsoid for the RPR-wrist arm does not 

vary much from the start position to the fruit position, corroborating the results from the 

DID analysis, and shows the end effector's uniform orientation capability about all three 

axes. Thus, the desired fruit picking orientation can be achieved with ease. 

It should be noted that the six DOF arm configurations presented here are not the 

only available solutions (and thus may not be the most optimal) for the fruit harvesting 

manipulator, but they are the basic feasible solutions. Although a six DOF configuration 

can spatially position and orient the end effector, approaching and picking fruits hidden 

behind dense foliage and branches, especially inside the canopy, will require additional 

joint-link pairs, thereby increasing the complexity of the arm. The proposed numerical 

and graphical techniques can be used to arrive at optimal solutions due to their versatility 

in comparing various configurations irrespective of the number of joint-link pairs they 

possess or their order. Nevertheless, it should be noted that the physical meaning of the 

manipulability index is not readily apparent and is an inherent issue in applying this index 

for the analysis of manipulator configurations for satisfying a particular task. A more in-

depth study to address the issues involved in the application of these indices is beyond 

the scope of this research work. 

Conclusions 

One of the primary areas of research in the development of agricultural robots is the 

task-specific design synthesis of a manipulator. The manipulator design evolves from an 

appropriate kinematic synthesis of the joints and linkages. Optimal selection of an arm 
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configuration requires evaluation of the alternatives with minimal time and cost. This 

leads to high reliance on software simulations. Confidence in the design can be greatly 

improved with well laid out performance indices that can be used in the evaluation 

process. As presented in this article, two kinematic performance indices were identified 

as potentially good measures for the evaluation of robot configurations against the 

requirements of the citrus harvesting application. The normalized manipulability and the 

directional invariance of dexterity measures provide a good platform for the comparison 

of various arm configurations irrespective of their size or number of degrees of freedom. 

The use of these performance indices was verified through analysis of two six DOF 

manipulators as applied to citrus fruit harvesting. As mentioned before, additional DOF 

may be necessary to harvest inner canopy fruits. Also, it should be noted that even though 

the inconsistency of physical units of the Jacobian matrix was circumvented through 

delineation of tool tip translation and rotation components, this approach does not solve 

cases where both prismatic and rotational joints are present in the manipulator 

configuration. A scaling value to relate the non-homogeneous joint configurations has 

been suggested in the literature, but the effectiveness of this approach need to be tested. 

In the next chapter, the kinematic indices studied here are used for the evaluation 

and selection of a suitable manipulator configuration for citrus harvesting. In particular, 

four manipulator configurations that satisfy the workspace needs of the task and have a 

minimum of seven DOF are chosen for evaluation. The four configurations are then 

modeled in RobotectPro due to its versatile program environment. The models are then 

analyzed for their dexterity capability through the available dexterity analysis toolbox in 

RobotectPro. The dexterity analysis follows a similar procedure as presented in the 



 

 

68

section on manipulability, but, relies on the SVD of the Jacobian matrix rather than 

finding the manipulability index. The unit dependency is handled through the separation 

of the Jacobian into translation and rotation matrices. The singular values as well as the 

volumes of the ellipsoids along with the graphical output in the form of superimposed 

ellipsoids provided a better physical meaning than the manipulability index for the 

evaluation of the various configurations. Citrus fruit picking trajectories are generated 

and the dexterity analysis is carried out along the trajectories. Thus, the objective of 

selecting an optimal configuration for citrus harvesting is realized through the use of the 

dexterity performance index. 
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Figure 6-1. Florida citrus grove layout. 

    
                                   A                                                                  B 
Figure 6-2. Workspace volume A) Tree space (m3) and B) Harvesting space (m3). 

 
Figure 6-3. Articulated arm with PYR wrist. 
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Figure 6-4. Articulated arm with RPR wrist. 
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Figure 6-5. Fruit picking volume with trial fruit positions. 
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Figure 6-6. End effector approach angle space. 
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Figure 6-7. Translational manipulability: A) fruit 1, B) fruit 2, C) fruit 3, and D) fruit 4. 

 
Figure 6-8. Rotational manipulability: A) fruit 1, B) fruit 2, C) fruit 3, and D) fruit 4. 
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Figure 6-9. Translational DID: A) fruit 1, B) fruit 2, C) fruit 3, and D) fruit 4. 

 
Figure 6-10. Rotational DID: A) fruit 1, B) fruit 2, C) fruit 3, and D) fruit 4. 
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                           A                                                                       B 
Figure 6-11. Translational ellipsoids along trajectory for fruit 3: A) Articulated arm with 

PYR wrist and B) Articulated arm with RPR wrist. 

 

           
                         A                                                                       B 
Figure 6-12. Rotational ellipsoids along trajectory for fruit 3: A) Articulated arm with 

PYR wrist and B) Articulated arm with RPR wrist. 



 

 

74

Table 6-1. D-H parameters for arm with PYR wrist. 

Link 
I 

Link Length 
ai-1 (m) 

Twist Angle 
αi-1 (deg) 

Link Offset 
di (m) 

Joint Angle 
θi (deg) 

1 0 0 0.2000 θ1 
2 0 -90 0 θ2 
3 0.7500 0 0 θ3 
4 0.7500 0 0 θ4 
5 0.2032 90 0 θ5 
6 0 -90 0.2032 θ6 
 
Table 6-2. D-H parameters for arm with RPR wrist. 

Link 
I 

Link Length 
ai-1 (m) 

Twist Angle 
αi-1 (deg) 

Link Offset 
di (m) 

Joint Angle 
θi (deg) 

1 0 0 0.2000 θ1 
2 0 -90 0 θ2 
3 0.7500 0 0 θ3 
4 0 -90 0.9532 θ4 
5 0 90 0 θ5 
6 0 -90 0.2032 θ6 
 
Table 6-3. Fruit positions from robot base. 
Fruit X (m) Y (m) Z (m) 
1 -0.915 1.000 0 
2 -0.915 1.250 0.915 
3 0.915 0.500 0.915 
4 0.915 1.250 -0.915 
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CHAPTER 7 
MANIPULATOR CONFIGURATION SELECTION FOR CITRUS HARVESTING 

Introduction 

Past developmental efforts on robot manipulators for citrus harvesting and the 

experimental results from the prototypes that resulted from these efforts have indicated 

the need for an optimally configured robot manipulator for the citrus harvesting 

application. Specific studies by Harrell et al. (1988), Juste and Sevila (1991), Hannan and 

Burks (2005), and Muscato et al. (2005) are cited here. Also in the past, few agricultural 

robot developments have utilized appropriate performance measures in configuring 

robotic manipulators for specific tasks (Ceres et al. (1998), Kondo (1998), and Sakai et 

al. (2002)). Of these, the work by Ceres et al. (1998) is for a citrus harvesting manipulator 

named Agribot where an extension of Yoshikawa’s (1985) local manipulability index and 

a statistical distribution of fruits on citrus trees were utilized to design an articulated 

manipulator with four DOF. The manipulator was designed to operate with human 

guidance for fruit detection and an end effector with a suction cup and a V-shaped cutter 

for picking the fruits. The dimensional structure of the arm was designed to cover one 

half of the tree surface without an additional harvesting arm positioner (HAP). Although 

an arm prototype for Agribot was built, no published performance results are available. 

This chapter discusses the selection of an optimally configured robotic manipulator 

following the design methodology presented in Figure 7-1. The modeling and simulation 

tools presented in chapter 5 and the dexterity performance index using Jacobian singular 

values discussed in chapter 6 were used for this purpose. 
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Robotic Citrus Harvesting Task Description 

The concept for a robotic harvesting system devised in this research work utilizes a 

HAP to position the citrus harvesting manipulator along the tree canopy. As discussed in 

chapter 6, this allows for division of the whole tree surface into multiple harvesting zones 

on each side of the tree. The vehicle carrying the HAP and the robotic citrus harvester is 

assumed to move along the centerline of the rows. Once the vehicle is moved in place for 

harvesting fruits from a particular tree, the HAP will position the platform carrying the 

robotic manipulator at the center of any of the zones. This position will be held with 

minimal adjustments until all of the fruits in that zone are picked and the HAP moves the 

platform to the next zone. This operation will be repeated until all of the zones are 

covered for a particular tree and the vehicle is moved to the next tree. The fruit 

distribution data reported by Schertz and Brown (1966), and Juste et al. (1988) were 

utilized in this research work to obtain a reduced workspace for the robotic citrus 

harvester. A sample of the fruit distribution for a full grown citrus tree is presented in 

Figure 7-2. 

As can be seen from Figure 7-2, the bottom (3 to 4) m and the section 1 m from the 

periphery of the tree account for about 90 % of the fruits present in a tree. The reduced 

workspace for the robotic citrus harvester that actually picks the fruits zone-by-zone can 

be modeled as a cuboidal volume of size, 1.83 m (width) x 1.83 m (height) x 1 m (depth) 

as presented in chapter 6. 

Robot Configuration Selection 

Complete definition of the location of a fruit in 3D space requires three DOF for 

position and three DOF for orientation. As shown in chapter 6, the basic six DOF 

configuration with a roll-pitch-roll wrist will suffice the needs in an obstacle free 
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environment. But the presence of obstacles in the workspace, fruit clustering, and 

potential loss of DOF while working inside the canopy suggests the introduction of 

redundancy in the manipulator configuration. The question arising from this is, “How 

many additional DOF will be optimal?” Obviously, as the number of DOF increases, so 

do the complexity and the cost of the manipulator. The approach taken to answer this 

question is to consider configurations with at least one additional DOF (i.e., seven DOF 

systems) and evaluate their performances for the given fruit picking task. Also, a seven 

DOF configuration will closely emulate the human arm structure. 

Kinematic Structures for Evaluation 

The kinematic structures of the seven DOF configurations that were considered for 

evaluation are shown in Figure 7-3. The revolute-revolute-prismatic (rrp) spherical as 

well as the all-revolute (rrr) articulated configurations were considered for the basic 

structure used primarily for positioning. The two candidates considered for the four distal 

joints following the basic structure were roll-pitch-pitch-pitch (RPPP) and dual roll-pitch 

(RPRP). The RPPP was selected based on its planar redundant space availability and the 

RPRP was devised by adding an additional DOF to the previously tested RPR wrist 

configuration. The combination of each basic structure with the two distal joints 

structures resulted in the four configurations chosen for evaluation. 

Workspace Evaluation 

The loci of the origin of the end-effector coordinate system are plotted in the plan 

and elevation views as shown in Figure 7-4 and Figure 7-5, respectively, and represent 

the manipulator reachable workspaces or outer boundaries. It should be noted that all of 

these manipulator types will have interior voids in their work volume due to the presence 

of singular configurations. All the manipulator types have the same reach, but Type 3 and 
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Type 4 manipulators have a broader workspace area as visible in the side elevation plots 

due to their all-revolute construction. Also, normalization of the dexterity indices to 

address scaling issues is not needed since the total reach of all the manipulators is the 

same. 

RobotectPro Modeling 

The models for all four kinematic structures presented in the previous section were 

constructed in RobotectPro using the joint-beam modeling format as described in chapter 

5. The transformation matrices used for the definition of joint-link pairs in the joint-beam 

modeling format were based on the mechanism parameters for the four manipulator 

configurations. The coordinate frame attachments and the mechanism parameters for the 

four manipulator configurations in modified D-H notation are provided in appendix B. As 

the interaction of a robotic manipulator with the environment is primarily through an end 

effector, a tool object was created and attached to all of the models. Figure 7-6 shows the 

four models created in RobotectPro for evaluation. 

Virtual Environment for Trajectory Simulations 

For initial analysis, a virtual environmental model is built with a citrus tree 

representation as shown in Figure 7-7. The manipulator base is positioned at the center of 

the YZ plane and 0.50 meters away from the canopy surface along the X axis. A grid 

pattern is laid over the canopy surface (will be termed the harvesting surface) on the 

harvesting side of the tree to mark the fruit locations. The presence of a fruit in every hole 

of the grid is assumed for simulations. Also, for simplicity, the tree is considered to be 

symmetrical both horizontally and vertically thus reducing the harvesting surface for 

simulations to one quarter of the total surface. 
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Trajectory Generation 

With the grid pattern as reference, harvesting trajectories along the row and column 

of the harvesting surface were generated by specifying via-points. A user-specified 

location was used for fruit deposition after harvesting. Each trajectory has three 

movement segments, 1) from ready pose to fruit location, 2) from harvesting pose to fruit 

deposition location (FDL), and 3) from FDL to ready pose. Figure 7-8 shows the fruit 

locations along the row and column and the FDL used for simulations. Sample Cartesian 

tool positions along the trajectory via fruit location 1 for the four robot configurations are 

presented in Figure 7-9. As the motive for this study was kinematic analysis, either the 

linear interpolation or the quintic polynomial method could be used for trajectory 

generation. The quintic polynomial method was used as it gave more realistic motion 

simulation. Also, joint space trajectories were used to avoid any errors in using the 

default IK solver and to expedite the trajectory generation process. 

Dexterity Performance Evaluation and Comparison 

The manipulator dexterity measures attempt to qualify the mobility of the robot end 

effector in both the linear and the angular directions. The dexterity performance indices 

discussed in chapter 6 are, translational manipulability, rotational manipulability, and 

directional invariance of dexterity. It was shown that the manipulability ellipsoids 

representing the singular values along their major axes act as good visual aids to study 

the manipulator performance at specific robot configurations and at end points of interest. 

Also, the translational and rotational singular values along a trajectory as well as the 

ellipsoid volumes can serve as primary quantitative measures for manipulator dexterity. 

The expressions for manipulability index and directional invariance of dexterity 

require the computation and collection of manipulator Jacobian at multiple points of 
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interest. In chapter 6, this was accomplished through construction of the robot 

configurations utilizing Matlab Robotics Toolbox and developing Matlab routines for the 

calculation and collection of Jacobian matrices. The Jacobian matrices were used to 

calculate the robot manipulability, to determine singular values, to plot the manipulability 

ellipsoids, and to compute the condition numbers. From this effort, it was apparent that 

the model construction, collection and processing of Jacobians, plotting of manipulability 

ellipsoids during trajectory simulations as well as effectively comparing multiple 

configurations are computationally expensive and tedious. 

RobotectPro, discussed in chapter 5, is an alternative manipulator synthesis tool 

having the kinematic design and analysis capabilities needed to accomplish the task. In 

particular, the dexterity analysis in RobotectPro uses translational and rotational 

Jacobians as a method to circumvent the problem of mixed units. Also, the singular 

values determination for all manipulator poses along generated trajectories is performed 

during trajectory generation allowing smooth display of the manipulability ellipsoids 

during simulations. The computed singular values and ellipsoid volumes along 

trajectories can be saved for further analysis although the Jacobian matrix is presented 

only for the current pose of the manipulator. Therefore, the calculation of manipulability 

indices and condition numbers for multiple poses is still a problem. Nevertheless, 

characterization of the manipulator dexterity through the singular values, dexterity 

ellipsoids, and ellipsoid volumes should suffice the needs of the harvesting manipulator 

configuration selection task. 

Results and Discussion 

The performance of the manipulator configurations along the trajectories were 

studied using the Jacobian/Dexterity analysis tool in RobotectPro. The translational and 
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rotational dexterity ellipsoids along the fruit 1 harvesting trajectory for the four 

configurations are shown in Figure 7-10 and Figure 7-11, respectively. The ellipsoids are 

uniformly scaled for better visualization. 

The translational dexterity ellipsoids in Figure 7-10 reveal that the ellipsoid volume 

improved as the manipulators extended their end effectors away from them. Also, the 

configurations with a prismatic member, namely Type 1 and Type 2, fared better than 

their all-revolute counterparts, Type 3 and Type 4. Type 1 and Type 2 manipulators saw 

an increase in the translational ellipsoid volume as well as preserved their mobility in all 

three linear directions. The rotational ellipsoid plots presented in Figure 7-11 show that 

the manipulators with dual roll pitch as their distal joint configuration performed well 

along the fruit picking trajectory. Thus, Type 2 and Type 4 manipulator configurations 

preserved their mobility in all three angular directions. Similar observations were made 

for trajectories via other fruit locations. 

Further, the ellipsoid volumes and singular values for all fruit pose trajectories were 

evaluated and the results were analyzed to conclusively determine the configuration with 

best dexterity performance among the selections. The translational and rotational 

ellipsoid volumes along the harvesting trajectories for all horizontal and vertical fruit 

locations are plotted in Figure 7-12 and Figure 7-13. Sample translational and rotational 

singular values along linear and angular directions for harvesting trajectories via fruit 

location 1 are plotted in Figure 7-14 and Figure 7-15. The dexterity ellipsoid volumes and 

the singular values provide a quantitative and qualitative measure for comparison of the 

configurations. Large volumes and stable curves represent optimal configurations. The 

translational ellipsoid volumes in Figure 7-12 indicated that all of the configurations had 
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better performance away from the manipulator bodies with Type 1 and Type 2 

configurations out performing Type 3 and Type 4 configurations. Between Type 1 and 

Type 2 configurations, Type 1 had better peak volumes and stability of curves for 

trajectories via all fruit locations. This could be attributed to the arrangement of the distal 

joints with three pivoting links in Type 1 as opposed to the dual roll pitch configuration 

present in Type 2. The translational singular values in Figure 7-14 show that the ease of 

movement along X and Y directions for all manipulator configurations was about the 

same while along the Z direction, the movement for Type 3 and Type 4 were constrained 

contributing to their poor dexterity performance. 

The rotational ellipsoid volumes in Figure 7-13 revealed that Type 2 and Type 4 

had better performance than Type 1 and Type 3 configurations. Between Type 2 and 

Type 4 configurations, Type 4 had better peak volumes for trajectories via all fruit 

locations due to the presence of all rotating joints in its configuration. Type 1, Type 2, 

and Type 4 configurations exhibited uniformity in dexterity values along the trajectory. 

The rotational singular values in Figure 7-15 show that Type 3 configuration displayed 

good performance for rotation about the X axis, but performance about the other axes 

were largely unstable. Type 2 and Type 4 performed equally well about the Y and Z axes 

while Type 1 gave good rotational dexterity about the X and Z axes. 

Conclusions 

This chapter presented the manipulator configuration selection for citrus 

harvesting. The design methodology adapted for this work utilized the functional and 

workspace requirements of the harvesting task for the selection of potential manipulator 

configurations. The knowledge developed on the use of dexterity performance indices in 

the previous chapter was used to evaluate and compare the configurations’ performance 
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along pre-defined harvesting motions. The modeling tool RobotectPro was used for the 

model construction, evaluation, and comparison. The results were gathered and analyzed 

to arrive at the optimal configuration. From evaluation and comparison of dexterity 

performance for the selected configurations, the manipulator configuration with balanced 

dexterity in translation and rotation is found to be Type 2 and is recommended as a 

potential configuration for the fruit harvesting task. The other observations made in this 

study are, for high translational dexterity, the best performer is Type 1 while for high 

rotational dexterity the best performer is Type 4. Additionally, the performance of the last 

four DOF or the distal joints of the configurations were analyzed and it was concluded 

that the dual roll-pitch configuration was best suited for providing the necessary 

orientational capability at the end point of the manipulator. 
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Figure 7-1. Design methodology for robotic manipulator synthesis. 
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Figure 7-2. Citrus fruit distribution: A) Front and B) Top cross section. 

 

          
    A        B       C     D 
 
Figure 7-3. Manipulator configurations A) Type 1: rrp-RPPP, B) Type 2: rrp-RPRP,     

C) Type 3: rrr-RPPP, and D) Type 4: rrr-RPRP. 
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Figure 7-4. Workspace plan view. A) Type 1, B) Type 2, C) Type 3, and D) Type 4. 

 
Figure 7-5. Workspace side elevation. A) Type 1, B) Type 2, C) Type 3, and D) Type 4. 
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Figure 7-6. RobotectPro models A) Type 1, B) Type2, C) Type 3, and D) Type 4. 

 

 
Figure 7-7. RobotectPro virtual environmental model. 
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Figure 7-8. Row and column fruit locations and the FDL used for trajectory simulations. 

 
 
Figure 7-9. End effector Cartesian coordinates along trajectory via fruit location 1.        

A) Type 1, B) Type 2, C) Type 3, and D) Type 4. 
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                                    A                                        B                                         C             
Figure 7-10. Translational dexterity ellipsoids along trajectory via fruit location 1. A) 

Start point, B) Fruit location 1, and C) FDL. 
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                                     A                                        B                                         C 
Figure 7-11. Rotational dexterity ellipsoids along trajectory via fruit location 1. A) Start 

position, B) Fruit location 1, and C) FDL. 
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Figure 7-12. Translational dexterity ellipsoid volumes along trajectories via fruit 

locations. Horizontal fruit locations: A) 1, B) 2, C) 3, D) 4. Vertical fruit 
locations: E) 2, F) 3, G) 4. 
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Figure 7-13. Rotational dexterity ellipsoid volumes along trajectories via fruit locations. 

Horizontal fruit locations: A) 1, B) 2, C) 3, D) 4. Vertical fruit locations: E) 2, 
F) 3, G) 4. 
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Figure 7-14. Translational singular values along fruit location 1. A) X, B) Y, C) Z. 

 
Figure 7-15. Rotational singular values along fruit location 1. A) RX, B) RY, C) RZ. 
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CHAPTER 8 
HYDRAULIC MANIPULATOR PROTOTYPE DEVELOPMENT 

Introduction 

As the domain of robotic automation is ever widened, tasks that require human 

sensory perception, intelligence and dexterity are increasingly being considered for 

robots. As fruit harvesting requires the use of arm(s) and hand(s) for manipulation, the 

design of a robotic manipulator for this task plays a crucial role in realizing the objective. 

The design includes the functional and structural description of the joints and links of the 

arm. The optimized kinematical structure derived from the functional description is used 

for the structural design of the robot manipulator. The modeling and analysis tool used 

for this purpose is SolidWorks (Concord, MA). 

In chapter 7, a robot manipulator configuration for citrus fruit harvesting was 

selected through evaluation of workspace and kinematic dexterity. This chapter presents 

the detailed mechanical design and development of a four DOF manipulator prototype 

comprising the distal joint-link pairs (J0-J1-J2-J3) of the selected configuration as shown 

in Figure 8-1. The reason for the reduced DOF manipulator development is to reduce 

time and cost for prototype development. Also, the base three DOF structure is used for 

positioning and can be included in the future with relative ease. 

This chapter is organized as follows: 

• Basic requirements for the manipulator and the derived joint specifications. 
• Selection of hydraulic rotary actuators, and joint-link layout. 
• Mechanical design and assembly of the manipulator prototype. 
• Hydraulic actuation system design. 
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Manipulator Requirements and Joint Specifications 

Manipulator Requirements 

The basic specifications for the citrus harvesting robot manipulator are payload, 

workspace, end effector translational speed, accuracy, size and weight, and cost for 

prototype development. Of these, the workspace criterion was determined from the task 

requirements as presented in chapter 7. The manipulator reach was specified to be 1.74 m 

including the end effector to cover one quarter of the workspace. The other parameter 

specifications are explained as follows. 

Payload 

The payload for citrus harvesting application comprises of end effector, camera, 

force/torque (F/T) sensor, adapter plate(s), and fruit. An end effector prototype developed 

for fruit harvesting experiments by the Agricultural Robotics and Mechatronics group 

(ARMg) at the University of Florida is pictured in Figure 8-2. 

This end effector and associated components weighed ~2.50 kg. The fruit masses 

obtained as part of a study on physical properties of citrus in 2004 reported by Flood et 

al. (2006a) indicated that the largest fruit weighed 0.241 kg with the average through the 

harvesting season being 0.195 kg (citrus variety: Valencia orange). The combined 

payload using the largest fruit weight was 2.741 kg. To accommodate increases in the end 

effector mass due to future improvements, the maximum rated payload (i.e., maximum 

mass handled in any configuration) was specified as 4.536 kg. 

In addition to this, the force required for fruit removal from the stem should be 

included in the payload specification. Fruit removal studies conducted at a commercial 

grove site in Florida, with Valencia oranges, in 2005 were used as a reference for 

expected end effector forces. Similar tests were conducted in 2006 at the same grove site 
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and the results on fruit detachment forces (FDF) were reported by Flood et al. (2006b). In 

these tests, the fruits from different locations on the trees were removed by pulling 

linearly along the axis of the stem the fruit was attached to as this would generate the 

maximum force. The tests were conducted at various fruit ripening stages (March through 

June). The equipment used for recording forces in the linear pull test is a Dillon Quantrol 

(Fairmont, MN) 200 N force gauge with a strap attached to the end to hold the fruit while 

pulling. The maximum FDF recorded in all months was 125 N with the averages ranging 

from 64 N to 82 N throughout the season (The values are rounded to the next higher 

integer for convenience). Also, additional fruit removal tests reported by Flood et al. 

(2006b) shows that the FDF reduces as the angle between the fruit axis and the stem axis 

increases. The maximum reduction occurs when the fruit and stem axes are almost 

perpendicular yielding an average FDF of 35 N and a maximum FDF of 85 N. The values 

are the resultant of forces recorded in the X, Y, and Z directions using an ATI Industrial 

Automation (Apex, NC) Mini45 series six axis force/torque sensor mounted on a 

Robotics Research (Cincinnati, Ohio) model 1207 seven DOF manipulator. Another 

observation was that for any angular pull, the maximum FDF was about 100 N. 

Speed 

The picking cycle time (time taken to pick one fruit and deposit in the collection 

bin) will vary for each fruit due to the variability of fruit positions in the tree canopy. For 

harvesting speeds comparable to manual picking, an average cycle time of 2 seconds per 

fruit or less is needed. In robotic harvesting, the cycle time includes fruit detection time, 

time for manipulator movement to and from fruit position, and end effector actuation 

time for picking and releasing fruit at the collection bin. With multiple arms harvesting at 

the same time, this cycle time requirement can be satisfied. For the prototype 
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development, the Cartesian speeds in all directions were specified to be approximately 

0.87 m/s (half length of manipulator reach from base).  

Accuracy 

As the robot manipulator is anticipated to be positioned and oriented through 

continuous feedback from vision, proximity, and other sensors mounted in or near the 

end effector, the specification of absolute end effector accuracy can be relaxed for the 

fruit harvesting application as opposed to the industrial applications. Recommended static 

and dynamic accuracy values for such an application are 0.10 cm and 1.00 cm, 

respectively (Tillet, 1993). As there is no easy way to correctly determine the accuracy 

needs for the citrus harvesting task without including the sensor parameters and other 

disturbances such as fruit movement due to wind, the above mentioned accuracy values 

can be accepted initially and the necessary modifications shall be made once the entire 

robotic harvester system is built. 

Size and weight 

The other main criterion for the development of a manipulator for an application 

with obstacles such as tree limbs and twigs is slenderness. To enter the tree canopy, joint-

link structures with an outer diameter of 7.62 cm to 10.16 cm is considered optimal. As 

will be seen in the section on mechanical design and assembly, the availability of 

components and the need to design for ease of assembly led to a compromise in the sizing 

of the joint-link structures for this prototype arm. Additionally, the weight of the 

manipulator is an important parameter as this would influence the individual joint design 

as well as the power requirement of the prototype. This is especially true for direct drive 

joint actuation schemes as the in-board joints typically support the out-board joint-link 

pairs. The design criteria for the joint-link pairs in terms of their weight could be 
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subjectively stated as: As light as possible without compromising on the payload and the 

end effector force exertion requirements. Objectively, the maximum weight for the four 

DOF manipulator was targeted to be less than 14 kg. 

Cost 

As the robot manipulator is to be used in the agricultural industry having low profit 

margins, the commercialization of a prototype is feasible only with an attractive price tag. 

With this in mind, the targeted expense for the four DOF manipulator, excluding 

personnel labor, was set at $5000. 

Joint Specifications 

Once the basic manipulator requirements were obtained, the next step in the design 

process was to translate these requirements into individual joint specifications. The joint-

beam model created in RobotectPro for the Type 2 robot manipulator and presented in 

chapter 7 was used for this purpose. The input parameters representing the dynamics of 

the manipulator used in the RobotectPro model are provided in Table 8-1. Conservative 

estimates for the joint masses were used in the joint-beam model. 

The force/torque analysis dialog in RobotectPro was used to perform the inverse 

dynamics. Inverse dynamics computations led to the determination of joint torques that 

were needed to generate the motion specified by the joint accelerations, velocities, and 

positions along with the expected end effector forces. The trajectory generation dialog in 

RobotectPro was used for this purpose and simulated fruit picking trajectories using the 

quintic polynomial method were generated. The FDF’s on the end effector were applied 

intermittently along the trajectory. The vectors representing the forces along all three 

axes are shown in Figure 8-3. A pure pull force of 80 N along the Z direction was applied 

intermittently at the end effector during simulations and a constant payload of 4.536 kg at 
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the end point was used to simulate the presence of an end effector with a fruit. It was 

found that the application of the 80 N pull force at the end point generated high reaction 

torque values at the distal joints when the lower joints were locked in position and were 

not aiding in the fruit picking movement. Due to this, the joint torque values determined 

for trajectories without end point force application as presented in Table 8-2 were used 

for the selection of actuators. Static torque values calculated using maximum possible 

end effector loading conditions verified that the calculations in RobotectPro had a design 

factor of safety (FOS) of ~2. The end point velocities varied depending on the fruit 

positions, thereby varying the joint speeds for the different trajectories. The maximum 

values of the averages resulting from the various trajectory simulations are provided in 

Table 8-2 as well. 

Actuators Selection and Joint-Link Layout 

In this section, the selection of actuators for the four distal joints of the Type 2 

manipulator for citrus harvesting is presented. Following this, the joint-link layout for the 

dual roll-pitch joints is explained and the placement of actuators in the joints is discussed. 

Actuators Selection 

The selection of actuators for a robot manipulator is a highly complex task often 

involving contradictory requirements. An overview of the selection process can be found 

in (Andeen, 1988). Some of the basic characteristics that influence the actuator selection 

decision are speed/torque curve, inertia, efficiency, braking, shape, size, weight, cost, etc. 

Nevertheless, the first and foremost decision is the actuator type, i.e., electric, hydraulic, 

or pneumatic. Of course, a combination of these could be used within a system, but, in 

general, all of the joint actuator types are kept the same for obvious reasons. Of the three 

actuator types, pneumatic actuators are more suited for linear motions. Also, they 
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typically have low torque-to-weight and horsepower-to-weight ratios as compared to the 

electric and hydraulic actuators. The compressibility of air contributes to joint 

compliance and slow response making them unsuitable for servo control applications as 

in citrus harvesting. The choice was thus narrowed to electric or hydraulic actuators. 

The two types of actuation systems considered after an assessment of the 

requirements were: 

• Light weight, direct current (dc) brushless and servo electric motors with compact 
harmonic drive speed reducers. 

• Low Speed High Torque (LSHT) rotary hydraulic actuators. 

The advantages of the dc motor with harmonic drive solution are less complicated 

joint design and sensor integration capability, low overhead cost for supporting 

components, no fluid leaks, possibility of good position and torque control, less noise, 

and low maintenance. The advantages of the hydraulic actuation system are higher 

actuator output power-to-weight and torque-to-weight ratios, robustness, and elimination 

of gear reducers.  

The electrical actuation systems considered included dc brushless motors with and 

without integrated electronics offered by Animatics (Santa Clara, CA), Dynetic Systems 

(Elk River, MN), Maxon Motors (Fall River, MA), Moog Components Group 

(Blacksburg, VA), and PennEngineering Motion Technology (Harleysville, PA). Suitable 

harmonic drive gear reducers available from HD Systems (Peabody, MA) were also 

included in the evaluation. Analysis of the electrical actuation systems created from the 

commercially available components that satisfied the requirements did not meet the 

constraints of size or cost, or both. 
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Also, it is found that LSHT hydraulic rotary actuators satisfying the spatial, weight, 

and cost constraints are not commonly available. The different types of rotary hydraulic 

actuators are gear, vane, and piston and their working principles can be found in Cundiff 

(2002). Of these, the vane type actuators are the most suitable from space, weight, and 

motion range perspective. The schematics of various vane type actuators are shown in 

Figure 8-4. 

Single vane actuators are capable of 280º of rotation while double vane actuators 

can have a rotation range between 100º and 160º. Both types are capable of bi-directional 

movement. Since continuous rotation is not specified for any of the joints, the limited 

rotational angle of the single vane actuators will suffice the citrus harvesting manipulator 

joint ranges. The moveable spring loaded vane rotates as any of the chambers are filled 

with fluid and the direction of rotation is determined by fluid flow into either of the 

chambers. 

Choosing the hydraulic vane actuators would eliminate the need for a harmonic 

reducer which adds significant cost to the system. Also, it was observed that the roll and 

pitch joints in each roll-pitch module have similar torque demands. Thus, the selection of 

a hydraulic rotary actuator for a roll joint can be applied to the corresponding pitch joint.  

The required torque and speed values from the joint specifications were used to 

match the actuator performance. The torque capacity of a hydraulic vane actuator is 

determined by the vane area and the applied fluid pressure while the rotational speed is 

specified by the actuator displacement and the flow rate of the hydraulic system. After 

extensive search, the actuators offered by Micromatic (Berne, IN) were chosen due to 
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their performance and small form factor. The basic details of these actuators are provided 

in Table 8-3. 

As can be seen from the torque ratings, it is apparent that the MPJ-22 actuator 

model is oversized for joints J0 and J1 requirement. The choice was made to avoid 

additional gear reduction with the use of the smaller MPJ-11 model for these joints. 

Moreover, the price difference between MPJ-11 and MPJ-22 models was minimal as 

compared to the addition of any gear reduction units. 

Joint-Link Layout 

The next step in the design process was to design the layout of the joints and links 

of the manipulator. Since all of the joints were designed to be direct drives, the actuators 

driving the current link could be housed in the previous link to save space and maintain 

the small form factor. This eliminates clear delineation between joints and links as in 

some of the traditional designs. The various options considered for the joint-link layout 

are shown in Figure 8-5. The advantages of similar layouts for seven DOF manipulator 

geometries were discussed by Rusconi et al. (2004). 

For the citrus harvesting application, the robot manipulator has to move with ease 

inside the tree canopy to access the fruits. So, it is desirable to have limited or nil joint 

offsets. Therefore, the type E geometry in Figure 8-5 was chosen. Due to this choice, the 

joint ranges for the pitch joints (J1 and J3) were altered to be 180º from 270º. Also, the 

rotation range of the actuators dictated the range for the roll joints to be 270º as opposed 

to 360º. Though these reductions in joint ranges might have a negative effect on the 

dexterity of the manipulator configuration in general, minimal effect on dexterity at 

harvesting poses was expected. 
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Mechanical Design and Assembly of Manipulator 

The mechanical design of the manipulator involved material selection for the 

manipulator structure, determination of cross-sections for the geometry of the links, 

optimal location of actuators, preservation of the joint-link lengths obtained from the 

kinematic design, and selection and integration of additional mechanical components 

such as bearings, shafts, etc. The subject of mechanical design of robot manipulators is 

treated in-depth by Rivin (1987). The primary objective for the mechanical design of the 

citrus harvesting manipulator was to achieve high stiffness in a small and light structure. 

This would be highly beneficial for the system inertia, damping, and natural frequencies. 

The fundamental methods to achieve this objective are a careful selection of the material 

and the cross-sectional shape.  

The material choices for a light weight harvesting manipulator are rather limited. 

The materials considered were aluminum and carbon composites. Due to its ready 

availability and reduced cost, aluminum was the material of choice and possessed the 

desirable property of high strength-to-weight ratio. A common multipurpose aluminum 

alloy is Al 6061 with good machinability and corrosion resistance qualities and was used 

for the manipulator prototype construction. 

Hollow cross-sections for the links were selected to house the actuators. The basic 

choices were either round or square cross-sections. Comparison of the two cross-sections 

for stiffness, weight, and internal cross-sectional area led to the selection of the hollow 

square cross-section. The cross-section dimensions for each roll-pitch pair is the same as 

the actuators used to drive the respective joints are the same. The details on the two joint-

link cross-sections are provided in Figure 8-6. As ease of assembly was sought for the 
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construction of the joint-link pairs, thin walled aluminum plates were held together by 

fasteners to form the tubular structure instead of extruded aluminum tubes. 

As the two roll-pitch joint pairs share the same features except for the size of their 

geometry, the construction details for a single roll and a single pitch joint is discussed 

here. The various design approaches for the roll and pitch type joints can be found in  

works by Crowder (1988), Goldenberg et al. (1996), Eismann et al. (1996), and 

Goldenberg et al. (2000). There are two basic constructional approaches for a roll type 

joint used in robot manipulators. Both the approaches locate the actuators inline with the 

joint-link axis. The first approach is to hold the joint actuator in place by attaching to a 

stationary skeleton that is attached to the base or the previous link. The actuator then 

transmits the rotational motion through an outer rotating sleeve that is supported by two 

anti-friction bearings at its ends. The second approach is to locate the actuator inside a 

stationary joint-link structure and transmit the rotational movement through the actuator 

shaft to the next joint-link structure. The first approach, though ideal for handling 

overhanging loads, is a complex construction requiring careful alignment of bearings. 

The major challenge in the second approach is the handling of overhanging loads. Since 

the rotary hydraulic actuators used for the prototype had journal bearings that cannot 

accommodate any thrust or moment loads, it was necessary to find suitable bearing(s) for 

this purpose. The basic method to address this was to use two ball bearings separated by a 

distance with their axes collinear. Due to the short actuator output shaft length and the 

need to preserve the short link lengths, a single double row angular contact ball bearing 

of a generic model offered by Bearings and Drives (Gainesville, FL) was chosen instead 

by matching the expected loads to the manufacturer specifications. The subsequent joint-
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link structure was attached to a roll collar that is directly coupled to the actuator shaft 

through a keyway cut on the inner diameter of the collar. The inner race of the angular 

contact bearing was slip fit onto the outer surface of the roll collar and the outer race of 

the bearing was held stationary within the bearing housing by a flange plate. The actuator 

was attached on the opposite side of the bearing housing. The broken down view of the 

roll joint assembly without the cover plates is show in Figure 8-7. 

There are two basic approaches for the pitch joint design as well. Since the pitch 

joint axis is perpendicular to the roll joint axis, either the hydraulic actuator can be 

mounted with its axis perpendicular to the roll joint axis and suspended on a set of 

bearings or the actuator can be located with its axis inline with the roll joint and the pitch 

joint motion transmitted through a right angle gear arrangement. Again the simpler and 

less expensive joint design was chosen that included a pair of miter gears (bevel pair with 

a ratio of 1:1) from Boston Gear (Quincy, MA). Also, this arrangement aids easier hose 

attachment to the actuator. The driving gear was mounted directly on the output shaft of 

the hydraulic actuator while the driven pinion was assembled on a shaft whose axis is 

perpendicular to the driving gear and was suspended on a pair of single row deep groove 

ball bearings that were attached on a fork type machined part. The fork part also serves as 

the motor attachment and carries another deep groove ball bearing that the actuator shaft 

was passed through. The hub-ends of the miter pair rest on the inner race of the 

corresponding bearings that take the thrust loads generated due to the pushing force of the 

gear teeth. Steel shims and delrin spacers were used as needed to provide a tight fit. 

Figure 8-8 shows an assembly of the pitch joint without the cover plates for the links. 
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It should be noted that all of the bearing housings and fork ends were designed for 

manufacturability that in some instances required them to be broken down into smaller 

pieces. Also the weight carrying elements such as the shafts and roll collars were 

designed or selected using appropriate mechanical design methods and their strength 

verified by static analysis using the FEA toolbox in SolidWorks. The manipulator 

assembly with joint actuator arrangements is shown in Figure 8-9. The actual manipulator 

prototype assembly is shown in Figure 8-10. 

Hydraulic Actuation System Design 

This section is divided into two main sub-sections. In the first section, a hydraulic 

circuit for valve controlled motor motion (VCMM) is proposed and in the second section, 

the selection of the hydraulic components for the implementation of the circuit is 

presented. 

Rotary Actuator Control Circuit 

The two basic control elements for a rotary hydraulic actuator are a variable 

displacement pump supplying fluid to individual actuators and a servo or proportional 

solenoid valve controlling the flow from a hydraulic power supply to the actuators. Using 

a variable pump will provide good load matching but is usually difficult to implement 

due to large contained volumes that results from close coupling the pump to the actuator. 

The valve controlled system is easy to implement as the valves can be located closer to 

the power supply and the fluid can be delivered via pipes or hoses to the actuators. The 

hydraulic power supply in a valve controlled system can be of two types, a constant 

delivery pump with a relief valve to regulate pressure or a variable delivery pump with a 

stroke control to regulate pressure. The latter is more efficient as the flow is matched to 

the requirement and energy wasted due to fluid dumping through relief valves is avoided. 
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More details on the pros and cons of the various configurations for actuator control can 

be found in (Merritt, 1967). 

Due to fast response of the valve controlled system to valve and load inputs, small 

contained volumes, and the ability to feed several valve controlled systems from a single 

hydraulic power supply, the valve controlled system was chosen for the citrus harvesting 

manipulator. As a constant delivery pump matching the flow and pressure requirements 

of the hydraulic system was readily available, this type of valve controlled system was 

chosen. Also, the performances of the spool valves controlled by proportional solenoids 

have been improved greatly over the years negating the use of costly servo valves. 

Therefore, appropriate proportional directional control valves were chosen for the 

VCMM system. An initial hydraulic test circuit for the VCMM system was developed as 

shown in Figure 8-11. A flow divider with fixed equal flow division was included in the 

circuit to reduce the flow to the proportional directional control valves from the fixed 

displacement pump. It was anticipated that the flow dividers would aid in making 

available flow to the actuators at all times irrespective of the load variations between the 

various joints. Also, it was anticipated that the reduction of flow to the individual 

proportional directional control valves would help in the effective use of their operating 

range at low flow rates. This test circuit failed to deliver the expected results due to the 

following reasons: The flow dividers were not stable when there is significant difference 

in load on the two sides and there was no metering at the proportional valves as there was 

no bypass path for the flow to go through after the flow divider. Although the 

performance of the circuit would have improved with the inclusion of a bypass flow 

control valve between the flow divider and the proportional directional control valve, it 
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was not attempted primarily due to the elaborate effort, time, and cost associated with 

making the changes to the circuit. Instead, a simpler solution was sought with the 

removal of the flow divider from the circuit. The modified hydraulic circuit without the 

flow dividers is shown in Figure 8-12. Although this was a less than ideal circuit, it 

sufficed the need for a basic hydraulic circuit for the experimental setup of the robot 

manipulator prototype. The details on the hydraulic power supply, valves, and additional 

components are provided in the next section. 

Hydraulic Components for VCMM 

As can be seen from the circuit, all the actuators were powered by a single power 

supply. The power supply was retrofitted with a relief valve on the pump side to regulate 

system pressure that can be monitored by a pressure gauge. All the fluid connections in 

the circuit were achieved through hoses and end fittings to match the individual ports of 

the hydraulic elements. The fluid flow from the pump is transferred via a distribution 

manifold to the VCMM circuit that has four parallel circuits for the four actuators. Each 

actuator was controlled by an individual dual solenoid controlled proportional directional 

valve. The valves are closed-centered three position four way cartridge type valves 

mounted on aluminum ported bodies. The return path for the fluids from the actuators is 

combined at the return manifold and then routed back to the reservoir through a 10 

micron filter to clear away any impurities and trapped air. The reservoir has an in-built 

heat exchanger that cools the oil temperature that can be monitored by a temperature 

gauge attached on the power supply unit. Any oil leakage from the system can be 

collected in a trough placed underneath the whole system to be disposed later. The 

primary selection criteria for the valves were the flow rate and pressure requirement of 

the VCMM circuit. As the expected actuator operation typically required low flow rates 
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(< 3 L/min), the range of valves available for selection was considerably small. All of the 

proportional valves and the relief valve were obtained from Hydraforce (Lincolnshire, 

IL). The manifolds were obtained from McMaster-Carr (Atlanta, GA) and the hoses and 

fittings were resourced from Bearings and Drives (Gainesville, FL).  

Although a thorough analysis of the entire system would have helped to better 

select the components and design the circuit, this was avoided primarily due to time 

constraints. Moreover, a simple circuit was sought since the primary objective was to 

conduct experiments on the kinematic characteristics of the manipulator configuration. 

Nevertheless, preliminary calculations were performed on the pressure drops in the 

VCMM circuit to verify that the system pressure was sufficient to run all four actuators. 

As the hose lengths were short, the pressure drops through the hoses were insignificant as 

compared to the pressure drops at the various fittings. All of the ports in the hydraulic 

components except for the power supply were specified to be SAE with O-rings to 

provide good sealing. Although the power supply had quick disconnect fittings at the 

supply and return connections, minimal leakage was detected during operation. 

Summary and Conclusions 

The mechanical and hydraulic system design details for the reduced DOF 

manipulator prototype were presented in this chapter. The manipulator requirements were 

derived from an analysis of the task requirements and dynamic simulations in 

RobotectPro. From these requirements, the selection of the hydraulic rotary actuators was 

discussed and the performance details of the selected vane actuators were provided. An 

appropriate joint layout for the citrus harvesting manipulator was selected from the 

various schemes and the cross-section for adequate structural stiffness was determined. 

The different approaches for the design of the roll joint and pitch joint were discussed 
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and the detailed design for these joints was presented. The successful completion of the 

manipulator fabrication and assembly was presented at the end of this section. Following 

this, a hydraulic circuit for the valve control of actuators was developed and presented 

with the details on the various hydraulic elements that were chosen to implement the 

VCMM circuit.  

In conclusion, the prototype developed was mechanically stiff and had optimal 

strength-to-weight ratio. The joint-link arrangements and the roll and pitch joint designs 

worked well in the limited tests that were conducted in the laboratory. A primary design 

enhancement to the current system could be the routing of hoses and electrical signal 

cables through the joint-links so that the entire system is contained and protected from 

adverse environmental effects. The hydraulic circuit developed and implemented for 

VCMM was basic and needs further enhancements for better control of the joint motions. 

In particular, since all the actuators were powered from a single hydraulic pump, the fluid 

flow was inherently controlled by the load pressure on the individual joints when all the 

joints were simultaneously actuated. Additionally, it was observed that even minor circuit 

changes needed considerable effort due to the inflexibility of the hydraulic system. Also, 

inclusion of flow and pressure sensing devices in the circuit will greatly aid in monitoring 

and controlling the system in general. 

In chapter 9, the experiments and results from implementation of a joint level 

position control system for VCMM shall be presented along with the manipulator 

performance results. 
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Figure 8-1. Type 2 manipulator configuration showing the last four DOF for prototype 

construction. 

 

 
 
Figure 8-2. End effector prototype for fruit harvesting. 

 

 
Figure 8-3. End effector FDF vectors. Simulated force, Fz = 80 N pure pull. 

 

          
                     A                                                                       B 
Figure 8-4. Hydraulic vane actuator A) Single vane and B) Double vane. 

Distal Joint-
Link Pairs 

 J0     J1     J2    J3
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Figure 8-5. Joint-Link layout options for four DOF manipulator. 

 

 
Figure 8-6. Joint-Link cross-section detail. 

Joint-Link A (cm) B (cm) 
J0/J1 
J2/J3 

8.89 
11.43 

7.62 
10.16 
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Figure 8-7. Roll joint exploded assembly. 

 
 
Figure 8-8. Pitch joint assembly. 



114 

 

 
 
Figure 8-9. Manipulator joint-link layout.  

 

 
 
Figure 8-10. Assembled manipulator prototype. 
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Figure 8-11. Hydraulic test circuit with flow divider. 

 
Figure 8-12. Hydraulic circuit schematic for valve controlled motor motion. 
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Table 8-1. Manipulator dynamic parameters for RobotectPro model 
Joint-Link Actuator 

Transmission 
mass (kg) 

Joint-Link cross-
section (cm) 

Joint-Link material 
properties Al 6061 

J0 
 

2 

J1 
 

2 

J2 
 

1 

J3 1 

 
 
Circular 
Outside diameter 8.89 
Inside diameter 7.62 

 
Density 2700 kg/m3. 
Elastic modulus 
6.89400e+010 N/m2. 
Shear Modulus 
2.55100e+010 N/m2. 
 

 
Table 8-2. Joint parameters from simulation. 
Joints Peak Torque 

(N-m) 
Average 
Torque (N-m) 

Average Joint 
Velocities 
(rad/sec) 

J0 
J1 
J2 
J3 

37.07 
26.78 
14.22 
15.16 

12.44 
12.87 
  7.04 
  7.42 

1.5383 
2.6127 
1.4332 
0.7989 

 
Table 8-3. Rotary hydraulic actuators performance data. 

 Torque (N-m) Volumetric 
Displacement (cm3) 

 

Model 690 kPa 3450 kPa 6900 kPa per 280º per rad Approx. 
Weight (kg) 

MPJ-11 
MPJ-22 

0.90 
6.33 

6.33 
37.63 

13.22 
76.73 

13.69 
62.61 

2.92 
13.36 

0.34 
1.36 
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CHAPTER 9 
CONTROL SYSTEM IMPLEMENTATION AND PROTOTYPE PERFORMANCE 

RESULTS 

Introduction 

The development of a fresh market robotic citrus harvesting system will require 

considerable research effort in the areas of fruit detection, robot manipulator, end 

effector, and control system. The kinematic and structural characteristics of the 

manipulator influence its reach, workspace, and dexterity capability that directly affect 

the performance of the entire robotic system. The kinematic and structural design, and 

prototype development of a suitably configured robot manipulator were discussed in the 

preceding chapters. Also, a basic parallel hydraulic circuit was developed for the 

manipulator joint control and presented in chapter 8. In the present chapter, the 

implementation details for the joint level proportional closed loop control system for 

VCMM are provided. Following this, the experiments designed to study the manipulator 

performance are presented along with the results from these experiments. The 

manipulator end point position control was designed typically as an open loop system 

while the individual joints were controlled as a closed loop system. 

Electro-Hydraulic Control System Implementation 

The primary objective of the parallel hydraulic circuit developed for VCMM for all 

the robot joints was to implement an angular position control for the individual joints 

through the use of feedback elements. As observed in chapter 8, the commercially 

available servo valves for continuous control of fluid flow through electrical signals are 



118 

 

delicate and expensive, and therefore unsuitable for the citrus harvesting application 

where low cost and robustness are a necessity for acceptance in the agricultural industry. 

This necessitated the use of proportional bi-directional spool type valves with their flow 

orifice varied in proportion to the force induced by electrical signals applied to the dual 

solenoids. The details on the electro-hydraulic position control scheme for the robot 

manipulator joints are presented in this section. The manufacturer specifications for the 

electro-hydraulic control system components that include the dual solenoid operated 

valves, dual solenoid amplifiers, potentiometers for angular position feedback, and the 

data acquisition cards can be found in appendix D. 

Joint Angular Position Control 

For joint mode control, a purely proportional closed loop control system was 

implemented through the electro-hydraulic valves driven by dual solenoid drivers. The 

valve controllers received a voltage signal from the DAQ system and sent a Pulse Width 

Modulated (PWM) current signal proportional to the flow rate to the valve solenoids. The 

angular position was sensed continuously and the generated error signal was used to 

proportionally control the actuator motion. The block diagram of the closed loop angular 

position control scheme for a single actuator using a switched directional control valve is 

shown in Figure 9-1. 

The absolute angular positions of the actuators were sensed using rotary 

potentiometers that produce voltage signals proportional to the measured angles. The 

sensed signals were then fed back and compared with the command signals of the desired 

angular positions. The error signal created from this operation was then scaled to generate 

the proportional voltage signal to the dual solenoid amplifier that amplified the signal to 

energize the valve solenoids through a pulse width modulated current signal. The valve 
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remained in the spring-centered position until one of the solenoids was energized. 

Energizing the solenoids caused the spool to move to a particular position and stay until 

the solenoids were de-energized. The valves were continuously adjusted to correct for 

errors in the detected angular positions thereby executing the closed loop control of 

VCMM. An in depth treatment of electro-hydraulic control systems and their components 

can be found in Merritt (1967), Esposito (1988), and Watton (1989). 

Valve Configuration 

The spool valves are typically classified by the number of ways the fluid can enter 

and leave the valve, the number of lands, and the valves centering configuration when in 

neutral position. A schematic of the four way valves used for VCMM is shown in Figure 

9-2. In the figure, the ports 1 and 2 were pressurized to the levels indicated by P1 and P2 

and used for directing fluid flow to and away from the load. When the spool was moved 

in the positive X direction, flow was allowed into port 1 with a volumetric flow rate Q1 

while port 2 was opened to the return line with a volumetric flow rate Q2. The flow 

direction was reversed when the spool was moved in the opposite direction. The supply 

and the return pressures and the corresponding flow rates are designated Ps and Pr, and Qs 

and Qr, respectively. As the valves were closed-centered, the land widths were greater 

than the port widths leading to an overlapped region. The flow gain for the valves is 

shown in Figure 9-3. The flow gain indicates the presence of a deadband Db due to the 

overlap region that required the valves to be moved a certain distance before the flow 

metered in. Thus, in the deadband region, an input signal did not cause a corresponding 

output signal thereby causing a nil response signal band and typically resulted in a 

steady-state error. The mechanical deadband characteristic was compensated for using 

the electronic deadband jump setting available on the dual solenoid amplifier. 
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The linearity that exists between the valve displacement and the input current 

makes the output proportional to the input thus making these valves proportional 

directional control valves. Identical valves were used for all the joints and the valve input 

to output performance curve is shown in Figure 9-4. For 24 volts direct current (VDC) 

operational mode, the flow metered in at 0.20 A and full flow was realized at (0.50 to 

0.55) A. 

Dual Solenoid Amplifier for Valve Control 

Figure 9-5 shows a schematic of the VCMM with the dual solenoid amplifier 

hooked to the solenoid operated proportional directional control valve. The dual solenoid 

amplifier used for valve control was obtained from Hydraforce (Lincolnshire, IL). The 

multiple input and output electrical signal formats for the controller/amplifier allowed for 

flexibility in designing the control system. The user specified selections can be made on 

the controller through the Dual Inline Package (DIP) switch settings. The voltage input 

signal mode was chosen for all the joints with a range of ±10 VDC. The supply voltage to 

the controller was matched to the solenoid valve coil rating of 24 VDC. The output mode 

used was analog proportional direct current signal with a range of (0 to 2) A. The valve 

controller was equipped with a high frequency (20 kHz to 30 kHz) PWM converter and a 

low pass filter to generate the output current signal with the pulse amplitude and duty 

cycle directly proportional to the input voltage. 

The controller also has an electronic deadband jump setting to provide corrective 

signal for the mechanical deadband present in the spool valve. Although the overlap 

reduces leakage in the null position and provides greater safety during power failure or 

emergency stop situations, it was undesirable for continuous position control of the 

actuators. The deadband jump was accomplished through the selection of the 
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corresponding DIP switch and by setting the minimum current signal needed for the 

solenoid coils to allow fluid flow through spool movement. This will cause the valve 

spool to jump to this setting when power is applied. Also, the maximum current signal 

was used to limit the gain of the amplifier for the experiments ensuring that the 

manipulator joints were operated at a safe speed level by restricting the maximum valve 

opening for full input signal. The minimum and the maximum current settings for the 

four joints and the maximum joint speeds that were observed empirically are shown in 

Table 9-1. 

The spool valve movements were also affected by stiction and hysteresis. Stiction 

causes the valve spool to not move for small changes in the signal input and hysteresis is 

the quality of the spool to shift differently depending on the direction of the control signal 

even for identical input values. These nonlinearities of the spool valve were reduced 

through the dither setting on the electronic controller. Dither is a small, rapid movement 

of the spool around the desired position. The constant movement helps in avoiding 

stiction and averages out hysteresis. The low frequency dither signal was generated 

separately and superimposed on the high frequency PWM output signal. The dither 

amplitude was about 1 % of maximum current and the frequency was about 140 Hz for 

the solenoid valves used in the electro-hydraulic control circuit. The other settings for the 

controllers were ramps for the valve coils that aid in the smooth transition of the abrupt 

input signal changes. The default value for the ramp setting was 0.01 seconds for 

acceleration and deceleration and was used for all joints to maintain the fast valve 

response times. The proportionality of the output current signal to the input voltage signal 

is presented in Figure 9-6. 
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Feedback Transducer 

As mentioned earlier, the angular positions of the manipulator joints were sensed 

with rotary potentiometers that converted the mechanical rotations of the actuators to 

proportional electrical voltage signals through the movement of a wiper attached to the 

potentiometer shafts. The potentiometer shafts were coupled to the back ends of the 

actuator shafts, while the bodies of the potentiometers were held stationary through the 

use of L-shaped brackets. A 12 VDC signal was input to the potentiometer terminals at 

opposite ends and the actuator shaft positions were determined by reading the output 

voltage from the middle terminal through the DAQ board and were used for the closed 

loop electro-hydraulic control of the actuator positions. The potentiometers used were 

obtained from ETI systems (Carlsbad, CA) and were single turn with an electrical angle 

of 340º and had 10 kΩ resistance with infinite resolution. The potentiometer sensitivity 

was calculated to be 0.03061 V/deg and has a rotational life of 10 million turns. 

Data Acquisition Boards 

As the electro-hydraulic control system was implemented on a microcomputer, the 

data generation and handling between the various components was accomplished through 

the use of data acquisition cards. Four analog inputs to read the joint angles through the 

potentiometer feedback and four analog output signals to send the commanded voltage to 

the valve controllers/amplifiers were needed for the electro-hydraulic control system. 

Two DAQ cards from National Instruments (Austin, TX) were used for this purpose. As 

one of the DAQ cards had limited analog output range of (0 to 5) V, a level shifter was 

constructed to shift the signal range to ±10 V. The analog input values from the 

potentiometers were sampled at 1 kHz and 10 samples at a time. The analog output was 

written one value at a time. 
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Electro-Hydraulic Control Circuit and Software 

Once the components needed for the control system were specified and procured, 

the control system algorithm development was performed on an x86-based PC with ~909 

MHz processor and 768 megabytes of memory. The signal flow diagram for the electro-

hydraulic control circuit is shown in Figure 9-7 and the completed system circuit is 

shown in Figure 9-8. Figure 9-9 shows the control cabinet with the electro-hydraulic 

control system components mounted on the side of the citrus harvesting robot 

manipulator pedestal. A user interface was created for the joint space control of the 

manipulator in Visual C++ using Microsoft Foundation Classes (MFC) on a Windows 

platform. The software implementation is represented in the form of a pseudo code in 

Figure 9-10 and the actual code is provided in appendix D. 

Manipulator Performance Experiments and Results 

Two primary performance attributes were experimentally tested for the citrus 

harvesting manipulator. A set of experiments were designed to verify the end point fruit 

detachment force (FDF) capability and the robot manipulator kinematic model 

verification through joint space trajectory generation. The experimental setup and the 

results obtained from the experiments are presented in this section. 

Fruit Detachment Force Capability 

In chapter 8, the FDF values from the field experiments were used to perform 

dynamic simulation of the robot manipulator model to derive the joint actuator torque 

requirements. The maximum resultant force for fruit picking was found to be 100 N to 

120 N. In order to characterize the force generation capability of the manipulator at the 

end point, a test was setup that included a force gauge with a maximum capacity of 200 N 

and a test bench with a mechanical vice to grip one end of the force gauge. The 
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measurement end of the force gauge was connected to the last pivot link of the robot 

manipulator using a tie cable. The test setup is shown in Figure 9-11. 

Once the setup was in place, two pulling movements were executed utilizing the 

pitch joints in the robot manipulator configuration at very low speeds. Three iterations 

were performed to verify consistency. The hydraulic system pressure was set at 5171 kPa 

and the oil temperature was 26.67 ºC. The first movement was a pure pitch rotation of the 

last joint and the force read at the end point was between 110 N to 120 N before the joint 

stalled. The second movement was a combination of the two pitch joints maintaining the 

end effector attachment surface at the last link perpendicular to the measurement plane. 

The forces recorded were between 70 N to 80 N. The primary contributor to the pull 

force in this movement was joint J1 that carried a moment arm comprised of the joint-

link pairs J2 and J3 with a mass of 4.536 kg and a length of 27.94 cm. Thus the force 

capability at the end point was reduced for this movement. Additional torque from the 

actuators could be realized by increasing the operating pressure as well as replacing the 

unhardened gears used at the pitch joints. The gears have good torque transmission 

capability at low speeds, but performance is limited at higher speeds. Nevertheless, the 

tests verified the capability of the distal joints to impart enough force at the end point to 

harvest most citrus fruits without the torque input from base joints. This will be useful for 

harvesting inner canopy fruits where the movement of the base joints might be restricted. 

Robot Manipulator Kinematic Model Verification 

In order to experimentally verify the kinematic model and the workspace of the 

robot manipulator designed for citrus harvesting, a test setup to record the end point 

positions for commanded joint movements was designed and implemented as follows. 

The kinematic model of the distal joint link pairs is shown in Figure 9-12. The right 
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handed coordinate frames were attached following the modified D-H parameter 

convention and the mechanism parameters are given in Table 9-3. The transformation 

matrix from the tool frame to the base frame was derived using the forward kinematics 

(FK) analysis. The end point positions were determined for given joint positions using the 

FK algorithm. These end point positions were verified using an experimental test setup as 

shown in Figure 9-13 and Figure 9-14. 

The general transformation matrix derived in chapter 5 (Equation 5-2) is presented 

in Equation 9-1 for reference. The transformation matrix from the last joint frame to the 

base frame is then found by applying the general transformation matrix for the 

subsequent joint coordinate frames. Equation 9-6 gives the transformation matrix TO
4  

from coordinate frame {4} to coordinate frame {0} for the four DOF manipulator. As the 

tool frame is attached to the end link, a pure offset as given in Equation 9-7 from the last 

joint frame to the tool frame completes the transformation. The tool position in the base 

frame {0} can be found from the tool coordinates in frame {4} and the transformation 

matrix T0
4 as shown in Equation 9-8. 
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A total of eight joint vectors were used resulting in eight unique end effector 

positions in the manipulator workspace. The joint vectors as referred to the coordinate 

frame attachment shown in the kinematic model in Figure 9-12 are presented in Table 9-
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3. Included in the joint vectors are the manipulator reachable end point position 

boundaries. The tool point positions obtained from the empirical measurements is 

provided in Table 9-4 along with the calculated values from the FK algorithm. The 

closeness of the theoretical and actual position values verifies the kinematic model used 

for the robot manipulator. In addition to this, the position error can be studied by plotting 

the calculated and the measured values of the X, Y, and Z coordinates as presented in 

Figure 9-15. Studying the manipulator poses at the given joint positions and the 

corresponding errors between the anticipated and the actual position values, it was 

apparent that gravitational effects contributed to the errors on all three directions as the 

manipulator was not capable of maintaining a position even while the valves are in the 

null position as cross-port leakage starts to occur on the actuators. In order to counteract 

this, the joint positions were continuously monitored and the fluid flow to the actuators 

was maintained in case of joint movement without user input. Although this helped to 

maintain the joint positions, there were minor oscillations at the end point as the system 

was never allowed to settle down. An accumulator in the hydraulic circuit might help to 

overcome this problem by maintaining flow to the actuators while the valves are in the 

null position. 

Conclusions 

An electro-hydraulic actuator position control system was implemented for joint 

mode control of the robot manipulator. The performance of the purely proportional 

controller was satisfactory for the purposes of testing and validation of the manipulator 

design. The two sets of experiments that were conducted for manipulator performance 

provided design validation and shed light on the areas of improvement needed for the 

manipulator. The FDF requirements for citrus harvesting had a maximum range of about 
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100 N to 120 N. The pull force experiments using a force gauge and a mechanical vice to 

mimic fruit picking characterized the force generation capability of the manipulator. 

From the torque ratings of the actuators, the pressure of 5171 kPa was found to be 

adequate to handle the loads at the manipulator joints and was used through out the 

experiments. Nevertheless, the actual pressure at the actuator ports might be lesser due to 

the leakages in the system. The low mass of the prototype (~16 kg) and the potential for 

low cost were positive attributes of the hydraulic manipulator developed for citrus 

harvesting. The second set of experiments conducted yielded the end point position 

accuracy as well as verified the kinematic model created for the manipulator. The general 

performance of the manipulator in its workspace was acceptable for this initial design 

prototype. The kinematic structure having dual roll-pitch modules is expected to be 

suitable for the citrus harvesting application due to their high dexterity in tight spaces. 
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Figure 9-1. Block diagram for closed loop angular position control of hydraulic actuator. 

 

 
 
Figure 9-2. Overlapped four way spool valve schematic. 

 
 
Figure 9-3. Flow gain for a closed-center valve. 
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Figure 9-4. Proportional solenoid valve current input to flow output performance (see 

manufacturer specification in appendix D).  

 
 
Figure 9-5. VCMM schematic with dual solenoid driver input. 

 
 
Figure 9-6. Input to output signal proportionality of the dual solenoid amplifier (see 

manufacturer specification in appendix D). 

Acceptable Range
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Figure 9-7. Signal flow diagram for electro-hydraulic control circuit. 
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Figure 9-8. Electro-hydraulic system circuit. 
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Figure 9-9. Electro-hydraulic control system components A) Dual solenoid amplifier, B) 

USB DAQ board, C) Level shifter. 

A 

B 
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Objective: 
The objective of the program is to execute the desired joint positions that are obtained as a user 
input and set a default home position for the joints. 
 
Program Pseudo code: 
-Initialize DAQ to read and write data. 
-Set valve controller to maintain valve center position. 
IF START  

-From the user input field get the desired positions for four joints, J0, J1, J2 and J3. 
Validate user inputs  
 -IF any desired joint position is NULL (user did not enter any value) 
  -Set desired joint position = current joint position. 
IF user inputs are validated 

-Convert the desired joint positions in degrees to corresponding potentiometer voltages 
using joint ranges and the input voltage to potentiometer 
-Configure DAQ to read potentiometer voltages. 
-Read potentiometer voltages corresponding to current positions for all four joints. 

 -Determine error using equation: 
  V0err = V0des – V0cur 

V1err = V1des – V1cur 
V2err = V2des – V2cur 
V3err = V3des – V3cur 

  where, V0err is the error voltage for joint J0 
V0des is the desired potentiometer voltage for joint J0 

   V0cur is the current potentiometer voltage for joint J0, 
likewise for the other joints. 

-Call four threads to execute movement of four joints to desired positions using the 
following steps 

  -SWITCH (Is thread active?) 
   Case YES: 
            While (YES) 

-Read potentiometer voltage for joint from DAQ 
-IF (abs(Joint error) > 1 deg) 

-Determine the proportional command voltage to the 
valve controller (scaled error voltage determined using 
calibration) 
-Write the determined value to DAQ which is connected 
to the valve controller 

-ELSE  IF(abs(Joint error) < 1 deg) 
-Hold position 

Case NO: 
-Kill thread 

ELSE IF HOME  
 -Set joints to default home positions using steps described in START. 
ELSE IF CANCEL 
 -Set valve controller to maintain valve center position. 
ELSE IF OK 
 -Close the application. 
Figure 9-10. Pseudo code for angular position control of the manipulator joints. 
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Figure 9-11. FDF verification test setup. 

 

 
 
Figure 9-12. Kinematic model for the four DOF robot manipulator. 

 

 
 
Figure 9-13. Experimental setup for robot manipulator kinematic model verification. 
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Figure 9-14. Height measurement using plumb bob attached at manipulator end point. 
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Figure 9-15. Error between calculated and actual manipulator end point coordinate 

values. 
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Table 9-1. Deadband jump and maximum amplifier gain settings. 
Joints Pressure and Temperature for 

Experiments 
Amperage 
setting for 
Solenoid A, 
A 

Amperage 
setting for 
Solenoid B, 
A 

Approximate 
maximum speed 
rad/s 

J0 
 
 
J1 
 
 
J2 
 
 
J3 

 
 
 
Pressure = 5171 kPa 
Temperature = (26.67 to 37.7) ºC 

Imin = 0.258 
Imax = 0.306 
 
Imin = 0.272 
Imax = 0.324 
 
Imin = 0.216 
Imax = 0.234 
 
Imin = 0.233 
Imax = 0.240 

Imin = 0.233 
Imax = 0.306 
 
Imin = 0.229 
Imax = 0.266 
 
Imin = 0.241 
Imax = 0.251 
 
Imin = 0.271 
Imax = 0.279 

π/2 
 
 
π/2 
 
 
0.6945π 
 
 
0.6945π 

 
Table 9-2. Mechanism parameters for four DOF manipulator. 
i ai-1 (cm) αi-1 (rad) di (cm) θi (rad) 
1 
2 
3 
4 

0 
0 
0 
0 

0 
π/2 
-π/2 
π/2 

25.400 
0 
45.720 
0 

θ1 (0 - 3π/2) 
θ2 (0 - π) 
θ3 (0 - 3π/2) 
θ4 (0 - π) 

 
Table 9-3. Joint vectors used for manipulator performance experiment. 
Units: 
radians 

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 

J0 
J1 
J2 
J3 

0 
π/2 
0 
-π/2 

π/2 
π/2 
0 
0 

-π/2 
π/2 
0 
0 

0 
0 
0 
0 

π/2 
π/4 
-π/4 
-π/2 

7π/36 
4π/9 
π/4 
π/4 

-π/2 
 π/4 
-π/4 
-π/2 

π/4 
4π/9 
π/4 
π/4 

 
Table 9-4. Kinematic model verification. 
Units: 
cm 

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 

Xfk 
Xe 
Xerr 

-45.720 
-44.767 
-0.953 

0 
1.905 
-1.905 

0 
2.540 
-2.540 

0 
2.540 
-2.540 

5.837 
6.35 
-0.513 

-39.811 
-37.465 
-2.346 

-5.837 
-10.795 
4.958 

-42.528 
-44.450 
1.922 

Yfk 
Ye 
Yerr 

0 
0.635 
-0.635 

-53.975 
-53.340 
0.635 

53.975 
53.657 
0.318 

0 
2.540 
-2.540 

-28.201 
-26.352 
-1.849 

-32.914 
-34.925 
2.011 

28.201 
28.575 
-0.374 

29.319 
26.670 
2.649 

Zfk 
Ze 
Zerr 

33.655 
33.020 
0.635 

25.400 
24.130 
1.270 

25.400 
24.130 
1.270 

79.375 
80.010 
-0.175 

61.856 
61.912 
-0.056 

30.288 
27.305 
2.983 

61.856 
60.325 
1.531 

30.288 
25.717 
4.571 

fk Values from FK analysis, e Values from experiment, err  Error = Valuefk - Valuee 
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CHAPTER 10 
SUMMARY AND CONCLUSIONS 

Summary 

Development of a robotic automation system for the citrus harvesting task was the 

subject of this study. The results from previous developments underscored the need for a 

task-specific robot manipulator configuration for the citrus harvesting application. State-

of-the-art software tools for the synthesis of robot manipulators were evaluated and their 

usage for the development of a citrus harvesting manipulator was demonstrated. A formal 

methodology for the geometric performance analysis of robot configurations that utilized 

dexterity measures derived from the manipulator Jacobian was presented and the 

procedural application of the performance indices was demonstrated through an example. 

In the application example, two common six DOF robot configurations were modeled in 

The Robotics Toolbox and the dexterity performance measures were constructed and 

used for the evaluation of these configurations as applied to the citrus harvesting task. 

Among the dexterity indices derived from the manipulator Jacobian, the translational and 

rotational singular values were found to have a physical meaning if used with specific 

constraints and could be used for the evaluation of manipulation ability of citrus 

harvesting manipulator configurations. The ellipsoid representation of the singular values 

also provided a visual clue as to the nearness to singularities from the manipulator’s 

current pose. 

The dexterity analysis technique was then applied in a modeling environment to 

evaluate and compare four alternative manipulator configurations considered to be 
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suitable for the citrus fruit harvesting application. The tree size and the fruit distribution 

on the tree were used to derive the task space design specifications. A modular approach 

for fruit picking using a HAP led to the reduced work volume for the fruit harvesting 

manipulator (1/16 of the tree volume). A total arm reach of 1.74 m was determined to 

cover the reduced work volume. Four configurations were designed with the joint-link 

lengths and motion ranges satisfying the task space requirements. Models were generated 

in RobotectPro and a virtual simulation environment was constructed. Fruit harvesting 

motion trajectories were generated and the dexterity of the manipulator postures along the 

trajectories was compared. Of the four configurations, Type 2 (rrp-RPRP) seven DOF 

manipulator configuration with mixed prismatic and rotary joints displayed a balanced 

translational and rotational dexterity performance and was recommended as a potential 

overall configuration for the citrus harvesting application. The performance of the distal 

joints or the last four DOF contributing to the rotational capability of the manipulator was 

found to be adequate for the citrus harvesting task requirements. 

The design and development of the four DOF robot manipulator comprising the 

distal joint-link pairs (RPRP) of the selected configuration was accomplished. The basic 

requirements for the manipulator such as payload, required end point forces for 

successful fruit harvesting, size, weight, and cost were derived from the citrus harvesting 

task specifications. Application of inverse dynamics using the payload and intermittent 

FDF values yielded the manipulator joint torque requirements. Performance and cost 

comparison of available electric and hydraulic actuation systems resulted in the selection 

of LSHT hydraulic actuators for the citrus harvesting manipulator prototype primarily 

due to their high power and torque density. The detailed mechanical design of the joint-
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link pairs ensued after the actuator selection process. The selected hollow square cross-

sections for the joint-link pairs satisfied the high stiffness requirement and housed the 

actuators and feedback transducers. The hollow construction also allowed partial routing 

of hydraulic hoses and signal cables. Evaluation of the various choices for the joint-link 

layouts led to the selection of a nil offset layout, but required reduction of joint rotation 

range from ±135º to ±90º for the pitch joints J1 and J3. It was expected that this reduction 

in the angular range will not affect the dexterity capability of the robot manipulator in the 

harvesting poses. Solid modeling of the joint-link arrangements and finite element 

analysis of the various weight carrying components verified the structural integrity of the 

design. The design also achieved the objective of assembly ease and low weight through 

the construction of joint-link structures from thin aluminum plates. The design targets on 

size, weight, and cost were closely met by the actual prototype. 

The next stage in the prototype development was to design an electro-hydraulic 

control system for the actuator motion. A VCMM hydraulic circuit was developed and 

implemented with the choice of off-the-shelf hydraulic components. An electro-hydraulic 

control circuit was developed and applied as well for the closed loop position control of 

the robot manipulator joints. The deadband characteristic of the solenoid valves used for 

VCMM was reduced through electronic deadband jump and the valves were calibrated 

individually for optimal performance. The solenoid valves were highly economical as 

compared to the servo valves available for similar purpose although their flow precision 

and calibration were not ideal. 

The closed loop position control of the individual joints was performed through the 

continuous sampling of the potentiometer feedback from the joint actuators. The 
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microcomputer based control system was implemented through the DAQ and the 

solenoid amplifiers. The performance of the purely proportional controller was 

satisfactory for the limited experiments undertaken in this study. 

Experimental determination of the manipulator performance was the final 

objective. Two sets of experiments were designed primarily to verify the end point force 

generation capability and to verify the kinematic model of the four DOF robot 

manipulator. The FDF experiments verified that the designed distal joint-link pairs could 

be used for harvesting most fruits without the need for additional actuation of the base 

joints. In the second set of experiments, the end point positions for the given joint vectors 

were measured empirically and compared with the values from the FK analysis. End 

point position error was present along all three directions. It was reasoned that the large 

errors at the end point were primarily accumulated errors in the joints as the end point 

position was not monitored and the manipulator was in open loop operation. Also, the 

absolute position readings from the potentiometers were less than optimal. 

Overall Conclusions and Future Work 

In conclusion, this work on the design and development of a robot manipulator for 

citrus fruit harvesting contributed both to the general research area of agricultural robot 

manipulators and to the specific research efforts on robotic automation for citrus fruit 

harvesting in Florida. 

It was realized that the proper application of software tools for robot synthesis 

greatly aid in the authentication of design decisions through simulations and allow 

exploration of alternatives without the need for physical prototypes. The importance of 

the selection and application of performance metrics for the evaluation of alternative 

solutions was brought forth. It was concluded that the existing formulations for studying 
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the dexterity performance of manipulators as applied to the fruit harvesting task require 

stiff constraints such as the choice of a metric, scaling factor for mixed units, and clear 

physical meanings as associated with the task. The handling of the translation and 

rotation components separately will aid in the analysis if the design structure is 

constrained to homogeneous joint types. Also the simulation studies using the dexterity 

indices should be extended to include additional trajectories covering the entire 

workspace in the analysis for more accurate determination of the manipulator 

performance. Also performance indices customized to the task requirements should be 

developed that could include additional considerations such as ease of construction and 

cost with proper weightings for each requirement. 

The design and development of the initial prototype shed light on a number of basic 

design choices for the citrus harvesting manipulator. Although the decision to use 

hydraulic actuation for the joints of the manipulator was primarily due to their high 

power and torque densities and cost, the inflexibility of the hydraulic circuits for any 

modifications during the development process is bothersome. This would dictate 

considerable time, money, and effort to ensure the design of a reliable system. The 

selected actuators provided adequate torque in compact sizes, but, the presence of cross 

port leakage is a problem for proper electro-hydraulic control of the manipulator joints 

and was possible only through continuous signaling of the solenoid amplifiers around the 

desired position. This could be addressed with the application of brakes at the joints or 

providing flow compensation in the VCMM circuit for holding of joint positions. Braking 

of the joints is also necessary during power off conditions due to the internal leakages in 

the actuators. Although there is no sudden movement of the joints during power failure 
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due to the natural damping of the hydraulic oil, it still is a necessity for safety 

considerations. It is also noted that noise and oil contamination are issues that need to be 

addressed. The future developments should also consider electrically actuated joints with 

harmonic drive reducers that provide high torque output in a small envelope. 

The mechanical design, fabrication, and assembly of the manipulator prototype 

satisfied the design specifications in certain areas and require improvements in others. 

The manipulator weight of 16 kg closely matched the design specification of 14 kg. 

Additional weight reduction might require the use of alternative materials such as carbon 

composites and/or re-selection of the joint components and reducing the cross-section of 

the joint-link pairs. Also, additional modifications at the intersection of the roll-pitch 

joints for routing hoses through a stationary and a rotating member is needed. The 

existing rotary unions for fluid transfer are expensive and bulky. As the links are 

fabricated for ease of assembly, the hoses could be accommodated inside the existing 

manipulator structure with proper modifications. 

The electro-hydraulic position control system for the VCMM circuit was 

accomplished through the use of solenoid valves. The cost-to-benefit in using the 

proportional solenoid controlled valves instead of the servo valves is considerable and 

should be pursued in future developments of hydraulic manipulators. Areas of further 

research include a robust control system for the position, velocity, and torque control of 

the manipulator. The outer open loop for end point position tracking can be closed 

through the inclusion of a vision feedback and additional sensors. Also, the manipulation 

ability of the manipulator should be verified with actual fruit harvesting experiments in 

the field and necessary changes be made to the system. 
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APPENDIX A 
NUMERICAL EXAMPLE FOR COMPUTATION OF DEXTERITY PERFORMANCE 

INDICES 

Problem specifications 
 
Robot manipulator:  
Articulated arm with RPR wrist as presented in Figure 6-4 and Table 6-2 
 
Manipulator start pose (joint vector in radians): 
[1.5708, -1.7741, 4.4506, 3.1416, -1.5184, 0]  
 
Manipulator end pose: 
[0.7400, -2.4077, -3.1154, 2.2000, -1.0473, 0] 
 
Trajectory completion time: 
2.5 s 
 
Time step: 
0.05 s 
 
Translational and rotational manipulability 
 
Step1: Compute joint space trajectory from manipulator start pose to end pose. The 
number of points is equal to the length of the time vector (51, in this case). The function 
in The Robotics Toolbox uses a 7th order polynomial with zero boundary conditions for 
velocity and acceleration. The generated trajectory is an rxc matrix with each row 
representing a joint vector with c joint parameters for each time step. Sample 
computation of the joint space trajectory between the start and end pose yields the 
following matrix. 

Joint trajectory =     

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

0        1.0473-    2.2000    3.1154-    2.4077-    0.7400
0        1.0473-    2.2001     3.1155-    2.4077-    0.7401
0        1.0476-    2.2006     3.1162-    2.4073-    0.7405

..........................................................................................

..........................................................................................

..........................................................................................
0         1.5182-    3.1410     4.4498-    1.7745-    1.5703
0          1.5184-    3.1415     4.4505-    1.7741-    1.5707
0          1.5184-    3.1416     4.4506-    1.7741-    1.5708

 

      51 x 6 
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Step 2: Compute the translational and the rotational Jacobian matrices for each time step 
along the trajectory with respect to the tool frame. For each time step, both the 
translational and rotational Jacobians will be 3 x 6 matrices thereby yielding a 153 x 6 
matrix for all time steps. The Jacobians for the start step is presented below. 
 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

0               0              0         0.9519     0.2183     0.0000  
0               0          0.2029     0.0000     0.0000     0.4104-
0          0.2032-    0.0000-    0.2531     0.4090     0.0000  

JTstart  

    3 x 6 
 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

1.0000     0.0000      0.0523      0.0000-    0.0000-    0.0061
0         1.0000-    0.0000-    1.0000      1.0000      0.0000
0             0           0.9986-    0.0000-    0.0000-    1.0000

J Rstart  

    3 x 6 
 
Step 3: Calculate translational manipulability and rotational manipulability from the 
respective Jacobians. 

Translational manipulability, 
N

JJ
w

T
TstartTstart

T

3 )det(
=  (Scaling factor N = 3.6343) 

For start pose, wT  = 0.0870 

Rotational manipulability, 
N

JJ
w

T
RstartRstart

R

3 )det(
=  (N = 1) 

For start pose, wR  = 1.8173 
 
Directional invariance of dexterity 
 
Perform Steps (1 & 2) as in the previous example. Then proceed to Step 3. 
 
Step 3: There are multiple ways to calculate DID. One of the ways is to find the  
eigenvalues of the quadratic form of the Jacobian matrices for the translational and  
rotational cases and then compute the minimum and maximum singular values. 
  

))(max(
))(min(

T
TstartTstart

T
TstartTstart

T JJeigenvalue
JJeigenvalue

DID =  = 0.3573 (at start pose) 

 

))(max(
))(min(

T
RstartRstart

T
RstartRstart

R JJeigenvalue
JJeigenvalue

DID =  = 0.5775 (at start pose) 

 
 
 
 
 



146 

 

Translational and rotational singular values 
 
Perform Steps (1 & 2) to calculate the translational and rotational Jacobians. Then 
proceed to Step 3. 
 
Step 3: Compute the singular values of the Jacobians by SVD.  

T
TTTTstart VUJSVD Σ=)(  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

0.3755-   0.0000     0.9268-
0.0000-   1.0000-   0.0000-
0.9268     0.0000-   0.3755-

UT ; 
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=∑

0         0         0      0.3726        0             0     
0         0         0           0        0.4578        0     
0         0         0           0            0         1.0429

T

 
 

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

1                    0             0             0             0          0         
0         0.8538     0.1055     0.1133-   0.4943     0.0522    
0         0.1012-   0.8902     0.0134     0.0586-   0.4402    
0         0.5054-   0.0000-   0.3298-   0.7973     0.0000    
0         0.0000     0.4433-   0.0000     0.0000-   0.8964    
0          0.0732     0.0000-   0.9371-   0.3413-   0.0000    

V T
T  

The translational singular values are [ ] [ ]TT
TzTyTxT 3726.0,4578.0,0429.1,, == σσσσ  

T
RRRRstart VUJSVD Σ=)(  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

0.9989-   0.0462    0.0000  
0.0000-   0.0000    1.0000-
0.0462-   0.9989-   0.0000  

UT ; 
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=∑

0         0         0      1.0003        0            0     
0         0         0          0        1.4140        0     
0         0         0          0           0         1.7321 

T

 
 

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

0.0017     0.2111     0.0292-   0.7880     0.5769-   0.0292-   
0.0000     0.7887     0.0000-   0.2113     0.5774     0.0000     
0.0413-   0.0087     0.7064     0.0326     0.0239-   0.7054     
0.9986-   0.0000     0.0061-   0.0000-   0.0000-   0.0523-   
0.0327     0.0000-   0.7072     0.0000     0.0000     0.7062-   
0.0000     0.5774     0.0000     0.5774-   0.5774-   0.0000-   

V T
T  

The rotational singular values are [ ] [ ]TT
RzRyRxR 0003.1,4140.1,7321.1,, == σσσσ  

 
The manipulability/dexterity ellipsoid volumes can be calculated from the singular values 
and the ellipsoids can be generated with the axes lengths proportional to corresponding 
singular values. The ellipsoid volumes are calculated as follows: 

Translational ellipsoid volume = 7451.0
3
4

=TzTyTx σσπσ  

Translational ellipsoid volume = 2622.10
3
4

=RzRyRx σσπσ  
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The manipulability computation for the entire trajectory is shown in the plots below. 
The cursor marks the calculated values at start pose. 
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APPENDIX B 
COORDINATE FRAME ATTACHMENTS AND MECHANISM PARAMETERS FOR 

ROBOT MANIPULATOR CONFIGURATIONS 

 
Frame attachments using right handed coordinate system 
 
 

   
Type 1                                                            Type 2 
 
 

    
 Type 3     Type 4 
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Mechanism parameters 

Manipulator Link 
i 

Link length 
ai-1 
m 

Twist angle 
αi-1 
deg 

Link offset 
di 
m 

Joint angle 
θi 
deg 

Joint angle 
range 
θi range  
deg or m 

Type 1 

1 
2 
3 
4 
5 
6 
7 
 

0 
0 
0 
0 
0 
0.21590 
0.21590 
 

0 
90 
-90 
0 
90 
0 
0 
 

0.22860 
0 
d3 
0.17145 
-0.08890 
0.17780 
-0.08890 
 

θ1 
θ2 
0 
θ4 
θ5 
θ6 
θ7 
 

-135,+135 
-100,0 
0.5461,0.9271 
-180,+180 
-45,+225 
-135,+135 
-135,+135 

Type 2 

1 
2 
3 
4 
5 
6 
7 
 

0 
0 
0 
0 
0 
0 
0 
 

0 
90 
-90 
0 
90 
-90 
90 
 

0.22860 
0 
d3 
0.17145 
-0.10000 
0.36830 
0.10000 
 

θ1 
θ2 
0 
θ4 
θ5 
θ6 
θ7 
 

-135,+135 
-100,0 
0.5461,0.9271 
-180,+180 
-45,+225 
-180,+180 
-45,+225 

Type 3 

1 
2 
3 
4 
5 
6 
7 
 

0 
0 
0.48895 
0 
0 
0.21590 
0.21590 
 

0 
90 
0 
-90 
90 
0 
0 
 

0.22860 
0 
0.03810 
0.45085 
-0.08890 
0.17780 
-0.08890 
 

θ1 
θ2 
θ3 
θ4 
θ5 
θ6 
θ7 
 

-135,+135 
-10,+90 
-90,+90 
-180,+180 
-45,+225 
-135,+135 
-135,+135 

Type 4 

1 
2 
3 
4 
5 
6 
7 
 

0 
0 
0.48895 
0 
0 
0 
0 
 

0 
90 
0 
-90 
90 
-90 
90 
 

0.22860 
0 
0.03810 
0.45085 
-0.10000 
0.36830 
0.10000 
 

θ1 
θ2 
θ3 
θ4 
θ5 
θ6 
θ7 
 

-135,+135 
-10,+90 
-90,+90 
-180,+180 
-45,+225 
-180,+180 
-45,+225 
 

Tool frame offset from last joint coordinate frame for: Type 1 and Type 3 = 0.29210 m  
           Type 2 and Type 4 = 0.29845 m 
 

 



 

150 

APPENDIX C 
BILLS OF MATERIALS FOR ROBOT MANIPULATOR PROTOTYPE 

Mechanical Components 
Item 
No. 

Qty. Mfr. Part No. Description 

1 1 5205-2RS Double row angular contact 
ball bearing 

2 1 

RIT Bearings 

5209-2RS Double row angular contact 
ball bearing 

3 2 FR8-ZZ 1/2" bore radial ball bearing 
4 3 R12-ZZ 3/4" bore radial ball bearing 
5 1 

Boca Bearings 

R6-5ZZ 1/2" bore radial ball bearing 
6 2 L127Y Miter gear 
7 2 

Boston Gear 
L115Y Miter gear 

8 1 98535A130 key stock 1/8" x 1/8", 12" L 
9 1 98535A140 key stock 3/16" x 3/16", 12" L 
10 1 1346K17 1/2" OD, 12" L precision shaft 
11 1 1346K31 3/4" OD, 12" L precision shaft 
12 1 3088A722 1/2" ID, 3/4" OD steel shim 
13 1 3088A724 3/4" ID, 1-1/8" OD steel shim 
14 1 1073K51 open gear lubricant 
15  

McMaster-Carr 

 Screws, Nuts, and Washers 
16  Ag. Machinery 

Lab 
 Aluminum Al 6061 bars/plates 

 
 
Control System Components 
Item 
No. 

Qty. Mfr. Part No. Description 

1 4 Hydraforce 4000149 Dual Solenoid Driver  
2 4 ETI Systems SP22G10K  Potentiometer 
3 1 USB-6008 
4 1 

National 
Instruments PCI-6014 

Data Acquisition Cards 
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Hydraulic Components 
Item 
No. 

Qty. Mfr. Part No. Description 

1 2 26-50-0388-E Rotary hydraulic 
actuator (MPJ-11) 

2 2 

Micromatic 

26-50-0400-E Rotary hydraulic 
actuator (MPJ-22) 

3 1 RV08-20B-6T-N-33 Relief Valve 
4 4 

Hydraforce 
  SP08-47CL-6T-N-24DS Prop. Dir. Control 

Valve 
5 1 Vickers TK8VP-10-M-N-GF30-F1-B1-082 Vickers Hydraulic 

Power Unit 
6 1 5092K57 Aluminum supply 

manifold 
7 2 

McMaster-
Carr 

5092K13 Aluminum return 
manifold 

8  Multiple 
Vendors 

  Hydraulic Oil, 
Filter, Hose 
assemblies, Fitting 
adapters, Port 
plugs 
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APPENDIX D 
MANUFACTURER SPECIFICATIONS FOR THE ELECTRO-HYDRAULIC 

CONTROL SYSTEM COMPONENTS 

1. Dual Solenoid Amplifier Datasheet (Hydraforce, IL) 
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2. Electro-hydraulic proportional directional control valve (Hydraforce, IL) 
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3. PCI Data Acquisition Card (National Instruments, TX) 
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4. USB Data Acquisition Card (National Instruments, TX) 
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5. Single Turn Rotary Potentiometer (ETI Systems, TX) 

 
 



 

166 

APPENDIX E 
CONTROL PROGRAM 

  

// CitRoboDlg.cpp : implementation file 
 
/********************************************************************** 
Author: Babu Sivaraman 
Date Started: May 13, 2006 
**********************************************************************/ 
 
//Include standard library files 
#include "stdafx.h" 
#include "windows.h" 
#include <stdio.h> 
#include <math.h> 
#include <afxmt.h> 
#include <stdlib.h> 
#include <vector> 
#include <sstream>  
#include <fstream>  
#include <iomanip>  
#include <sys/timeb.h> 
#include <time.h> 
 
//Include header files 
#include "CitRobo.h" 
#include "CitRoboDlg.h" 
#include "./include/NIDAQmx.h" 
#include "./include/nidaqex.h" 
 
#ifdef _DEBUG 
#define new DEBUG_NEW 
#undef THIS_FILE 
static char THIS_FILE[] = __FILE__; 
#endif 
 
//Define variables 
int J0shutdown, J1shutdown, J2shutdown, J3shutdown;                        // flag for thread control 
int J0count = 0, J1count = 0, J2count = 0, J3count = 0;  
TaskHandle aiTaskHandle=0; // DAQ task handlers 
TaskHandle aoTaskHandleUsb=0; 
TaskHandle aoTaskHandlePci=0; 
float64 aiData[40], aoDataUsb[2], aoDataPci[2]; 
int32 read;  
vector<float64> ai0Volts, ai1Volts, ai2Volts, ai3Volts;                        // store data in C++ standard library container 
vector<int> J0timeMS, J1timeMS, J2timeMS, J3timeMS; 
vector<float64> J0saveaoData, J1saveaoData, J2saveaoData, J3saveaoData; 
int J0timeS = 0; int J1timeS = 0; int J2timeS = 0; int J3timeS = 0; 
char ai0str[10], ai1str[10], ai2str[10], ai3str[10];                                   // for on-screen display 
double J0des, J1des, J2des, J3des;                                                         // desired joint value in degrees 
double V0des, V1des, V2des, V3des;                                                    // desired voltage  
double V0cur, V1cur, V2cur, V3cur;                                                    // Voltage input from potentiometer  
double V0err, V1err, V2err, V3err;                                                       // error voltage 
double V0cmd, V1cmd; 
double V0daq, V1daq, V2daq, V3daq; 
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/***************************************************/ 
/* "this" pointer to allow access to dialog controls on CCitRoboDlg class */ 
CCitRoboDlg* mine; 
 
/* Main thread functions called in OnStartCapture() */ 
UINT J0WorkerThreadFunction(LPVOID pParam) 
{  
switch(J0shutdown) 
{ 
case 0: 
{ 

while (J0shutdown == 0) 
 { 

   Sleep(6); 
   // DAQmx Start Code 
   DAQmxStartTask(aiTaskHandle); 
   // DAQmx Read Code 
   DAQmxReadAnalogF64(aiTaskHandle,10,10.0,DAQmx_Val_GroupByChannel,aiData,40,&read,NULL); 
   /* This is where the input is updated on the dialog and stored for saving to file */ 
   struct _timeb timebuffer;    
   _ftime( &timebuffer ); 
   J0timeS = timebuffer.millitm;           // absolute millisecond value, need post-processing 
   J0timeMS.push_back(J0timeS);           // record millisecond timestamp during potentiometer data capture 
   ai0Volts.push_back(aiData[9]);          // record ai0 voltage feedback from potentiometer 
   mine->m_ai0 = aiData[9];          // on-screen data display 
   sprintf(ai0str,"%f", (mine->m_ai0)*28.8492);      // convert pot voltage to degrees 
   mine->m_aci0.SetWindowText(ai0str);  
   // DAQmx Stop Code 
   DAQmxStopTask(aiTaskHandle); 

    
   /* Logic to convert Pot value to controller value*/ 
   if (fabs(V0err)>0.03466) 
   { 

    if (V0err>0) 
    { 
     V0cmd = -0.4990*V0err - 6.9940;       // scaling from pot value to level shifted command voltage to controller 
     V0daq = -0.23326*V0cmd + 2.2685;  // scaling from level shifter to DAQ command voltage o/p 
     if (V0daq > 5) 
     { 
      aoDataUsb[0] = 5; 
     } 
     else 
     { 
      aoDataUsb[0] = V0daq; 
     } 
     J0saveaoData.push_back(aoDataUsb[0]); 
     DAQmxStartTask(aoTaskHandleUsb); 
                  DAQmxWriteAnalogF64(aoTaskHandleUsb,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataUsb,NULL,NULL); 
     DAQmxStopTask(aoTaskHandleUsb); 

   } 
    else if (V0err<0) 
    { 
     V0cmd = -0.6080*V0err + 4.5290; 
     V0daq = -0.22606*V0cmd + 2.3239; 
     if (V0daq < 0) 
     { 
      aoDataUsb[0] = 0; 
     } 
     else 
     { 
      aoDataUsb[0] = V0daq; 
     } 
     J0saveaoData.push_back(aoDataUsb[0]); 
     DAQmxStartTask(aoTaskHandleUsb); 
                  DAQmxWriteAnalogF64(aoTaskHandleUsb,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataUsb,NULL,NULL); 
     DAQmxStopTask(aoTaskHandleUsb); 
    } 

   } 
   else 
   { 
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    aoDataUsb[0] = 2.3270;  // Command voltage for valve null position 
    J0saveaoData.push_back(aoDataUsb[0]); 
    DAQmxStartTask(aoTaskHandleUsb);       
                 DAQmxWriteAnalogF64(aoTaskHandleUsb,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataUsb,NULL,NULL); 
    DAQmxStopTask(aoTaskHandleUsb); 
    DAQmxStartTask(aiTaskHandle); 
    DAQmxReadAnalogF64(aiTaskHandle,10,10.0,DAQmx_Val_GroupByChannel,aiData,40,&read,NULL); 
    mine->m_ai0 = aiData[9];   
    sprintf(ai0str,"%f", (mine->m_ai0)*28.8492); 
    mine->m_aci0.SetWindowText(ai0str); 
    DAQmxStopTask(aiTaskHandle); 
   } 
   J0count++; 
   V0cur = mine->m_ai0; 
   V0err = (V0des-V0cur); 
   }        // end while 

   } 
case 1: 
{ 
AfxEndThread(0,TRUE); // kill J0 thread 
} 
} 
return 0; 
} 
 
UINT J1WorkerThreadFunction(LPVOID pParam) 
{  

 switch(J1shutdown) 
 { 
 case 0: 
 { 
  while (J1shutdown == 0) 
  { 

   Sleep(6); 
   // DAQmx Start Code 
   DAQmxStartTask(aiTaskHandle); 
   // DAQmx Read Code 
   DAQmxReadAnalogF64(aiTaskHandle,10,10.0,DAQmx_Val_GroupByChannel,aiData,40,&read,NULL); 
   /* This is where the input is updated on the dialog and stored for saving to file */ 
   struct _timeb timebuffer;    
   _ftime( &timebuffer ); 
   J1timeS = timebuffer.millitm;     // absolute millisecond value, need post-processing 
   J1timeMS.push_back(J1timeS);     // record millisecond timestamp during potentiometer data capture 
   ai1Volts.push_back(aiData[19]);       // record ai0 voltage feedback from potentiometer 
   mine->m_ai1 = aiData[19];     // on-screen data display 
   sprintf(ai1str,"%f", (mine->m_ai1)*28.3166 - 20); // convert pot voltage to degrees and offset for joint limits 
   mine->m_aci1.SetWindowText(ai1str);  
   // DAQmx Stop Code 
   DAQmxStopTask(aiTaskHandle); 

  
   /* Logic to convert Pot value to controller value*/  
   if (fabs(V1err)>0.03531) 
   { 

    if (V1err>0) 
    { 
     V1cmd = -0.78071*V1err - 6.3921; 
     V1daq = -0.22436*V1cmd + 2.3660; 
     if (V1daq < 0) 
     { 
      aoDataUsb[1] = 0; 
     } 
     else 
     { 
      aoDataUsb[1] = V1daq; 
     } 
     J1saveaoData.push_back(aoDataUsb[1]); 
     DAQmxStartTask(aoTaskHandleUsb); 
                  DAQmxWriteAnalogF64(aoTaskHandleUsb,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataUsb,NULL,NULL); 
     DAQmxStopTask(aoTaskHandleUsb); 
    } 
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    else if (V1err<0) 
    { 
     V1cmd = -0.99285*V1err + 3.7990; 
     V1daq = -0.22453*V1cmd + 2.3801; 
     if (V1daq > 5) 
     { 
      aoDataUsb[1] = 5; 
     } 
     else 
     { 
      aoDataUsb[1] = V1daq; 
     } 
     J1saveaoData.push_back(aoDataUsb[1]); 
     DAQmxStartTask(aoTaskHandleUsb); 
                  DAQmxWriteAnalogF64(aoTaskHandleUsb,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataUsb,NULL,NULL); 
     DAQmxStopTask(aoTaskHandleUsb); 
    } 

 } 
 else 
 { 
  aoDataUsb[1] = 2.375;  // Command voltage for valve null position 
  J1saveaoData.push_back(aoDataUsb[1]); 
  DAQmxStartTask(aoTaskHandleUsb); 
               DAQmxWriteAnalogF64(aoTaskHandleUsb,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataUsb,NULL,NULL); 
  DAQmxStopTask(aoTaskHandleUsb); 
  DAQmxStartTask(aiTaskHandle); 
  DAQmxReadAnalogF64(aiTaskHandle,10,10.0,DAQmx_Val_GroupByChannel,aiData,40,&read,NULL); 
  mine->m_ai1 = aiData[19];   

    sprintf(ai1str,"%f", (mine->m_ai1)*28.3166 - 20); 
    mine->m_aci1.SetWindowText(ai1str); 
    DAQmxStopTask(aiTaskHandle); 

    } 
    

   J1count++; 
   V1cur = mine->m_ai1; 
   V1err = (V1des-V1cur); 
   }              // end while 

} 
 case 1: 
 { 
 AfxEndThread(0,TRUE);      // kill  J1 thread 
 } 
 } 
 return 0; 

} 
 
UINT J2WorkerThreadFunction(LPVOID pParam) 
{  

 switch(J2shutdown) 
 { 
 case 0: 

  { 
  while (J2shutdown == 0) 
  { 

   Sleep(6); 
 
   // DAQmx Start Code 
   DAQmxStartTask(aiTaskHandle); 
   // DAQmx Read Code 
   DAQmxReadAnalogF64(aiTaskHandle,10,10.0,DAQmx_Val_GroupByChannel,aiData,40,&read,NULL); 
   /* This is where the input is updated on the dialog and stored for saving to file */ 
   struct _timeb timebuffer;    
   _ftime( &timebuffer ); 
   J2timeS = timebuffer.millitm;       // absolute millisecond value, need post-processing 
   J2timeMS.push_back(J2timeS);       // record millisecond timestamp during potentiometer data capture 
   ai2Volts.push_back(aiData[29]);     // record ai0 voltage feedback from potentiometer 
   mine->m_ai2 = aiData[29];      // on-screen data display 
   sprintf(ai2str,"%f", (mine->m_ai2)*28.6715);  // convert pot voltage to degrees 
   mine->m_aci2.SetWindowText(ai2str);  
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   // DAQmx Stop Code 
   DAQmxStopTask(aiTaskHandle); 
  
   /* Logic to convert Pot value to controller value */  
   if (fabs(V2err)>0.03487) 

    { 
    if (V2err>0) 
    { 

     V2daq = -0.90262*V2err-1.5; // direct calibration from pot o/p to DAQ command voltage o/p 
     if (V2daq < -10) 
     { 
      aoDataPci[0] = -10; 
     } 
     else 
     { 
      aoDataPci[0] = V2daq; 
     } 
     J2saveaoData.push_back(aoDataPci[0]); 
     DAQmxStartTask(aoTaskHandlePci); 
                                   DAQmxWriteAnalogF64(aoTaskHandlePci,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataPci,NULL,NULL); 
     DAQmxStopTask(aoTaskHandlePci); 
    } 

    else if (V2err<0) 
    { 
     V2daq = -0.90262*V2err+1.5; 

     if (V2daq > 10) 
     { 
      aoDataPci[0] = 10; 
     } 
     else 
     { 
      aoDataPci[0] = V2daq; 
     } 
     J2saveaoData.push_back(aoDataPci[0]); 
     DAQmxStartTask(aoTaskHandlePci); 
                 DAQmxWriteAnalogF64(aoTaskHandlePci,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataPci,NULL,NULL); 
     DAQmxStopTask(aoTaskHandlePci); 
    } 
    } 
    else 
    { 

    aoDataPci[0] = 0; 
    J2saveaoData.push_back(aoDataPci[0]); 
    DAQmxStartTask(aoTaskHandlePci); 
                DAQmxWriteAnalogF64(aoTaskHandlePci,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataPci,NULL,NULL); 
    DAQmxStopTask(aoTaskHandlePci); 
    DAQmxStartTask(aiTaskHandle); 
    DAQmxReadAnalogF64(aiTaskHandle,10,10.0,DAQmx_Val_GroupByChannel,aiData,40,&read,NULL); 
    mine->m_ai2 = aiData[29];   
    sprintf(ai2str,"%f", (mine->m_ai2)*28.6715); 
    mine->m_aci2.SetWindowText(ai2str); 
    DAQmxStopTask(aiTaskHandle); 

} 
   J2count++; 
   V2cur = mine->m_ai2; 
   V2err = (V2des-V2cur); 
   }           // end while 
  } 

case 1: 
{ 
AfxEndThread(0,TRUE);     // kill J2 thread 
} 
} 
return 0; 
} 
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UINT J3WorkerThreadFunction(LPVOID pParam) 
{  
switch(J3shutdown) 
{ 
case 0: 
{ 

while (J3shutdown == 0) 
   { 
   Sleep(6); 
   // DAQmx Start Code 
   DAQmxStartTask(aiTaskHandle); 
   // DAQmx Read Code 
   DAQmxReadAnalogF64(aiTaskHandle,10,10.0,DAQmx_Val_GroupByChannel,aiData,40,&read,NULL); 
   /* This is where the input is updated on the dialog and stored for saving to file */ 
   struct _timeb timebuffer;    
   _ftime( &timebuffer ); 
   J3timeS = timebuffer.millitm;       // absolute millisecond value, need post-processing 
   J3timeMS.push_back(J3timeS);       // record millisecond timestamp during potentiometer data capture 
   ai3Volts.push_back(aiData[39]);     // record ai0 voltage feedback from potentiometer 
   mine->m_ai3 = aiData[39];      // on-screen data display 
   sprintf(ai3str,"%f", (mine->m_ai3)*28.5714);   // convert pot voltage to degrees 
   mine->m_aci3.SetWindowText(ai3str);  
   // DAQmx Stop Code 
   DAQmxStopTask(aiTaskHandle); 
   /* Logic to convert Pot value to controller value */  
   if (fabs(V3err)>0.035) 
   { 

 if (V3err>0) 
 { 

     V3daq = -1.3492*V3err-1.5;           // direct calibration from pot o/p to DAQ command voltage o/p 
     if (V3daq < -10) 
     { 
      aoDataPci[1] = -10; 
     } 
     else 
     { 
      aoDataPci[1] = V3daq; 
     } 
     J3saveaoData.push_back(aoDataPci[1]); 
     DAQmxStartTask(aoTaskHandlePci);       
                                                                      DAQmxWriteAnalogF64(aoTaskHandlePci,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataPci,NULL,NULL); 
     DAQmxStopTask(aoTaskHandlePci); 
    } 

 else if (V3err<0) 
 { 

     V3daq = -1.3492*V3err+1.5; 
     if (V3daq > 10) 
     { 
      aoDataPci[1] = 10; 
     } 
     else 
     { 
      aoDataPci[1] = V3daq; 
     } 
     J3saveaoData.push_back(aoDataPci[1]); 
     DAQmxStartTask(aoTaskHandlePci); 
                  DAQmxWriteAnalogF64(aoTaskHandlePci,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataPci,NULL,NULL); 
     DAQmxStopTask(aoTaskHandlePci); 
    } 

 } 
 else 
 { 

    aoDataPci[1] = 0; 
    J3saveaoData.push_back(aoDataPci[1]); 
    DAQmxStartTask(aoTaskHandlePci); 
                 DAQmxWriteAnalogF64(aoTaskHandlePci,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataPci,NULL,NULL); 
    DAQmxStopTask(aoTaskHandlePci); 
    DAQmxStartTask(aiTaskHandle); 

  DAQmxReadAnalogF64(aiTaskHandle,10,10.0,DAQmx_Val_GroupByChannel,aiData,40,&read,NULL); 
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  mine->m_ai3 = aiData[39];   
  sprintf(ai3str,"%f", (mine->m_ai3)*28.5714); 
  mine->m_aci3.SetWindowText(ai3str); 
  DAQmxStopTask(aiTaskHandle); 
 } 

 J3count++; 
 V3cur = mine->m_ai3; 
 V3err = (V3des-V3cur); 
 }         // end while 

 } 
 case 1: 
 { 
 AfxEndThread(0,TRUE);   // kill J3 thread 
 } 
 } 
 return 0; 
} 
 
/**************************************************************************************************/ 
 
// CAboutDlg dialog used for App About 
 
class CAboutDlg : public CDialog 
{ 
public: 
 CAboutDlg(); 
   
 // Dialog Data 
 //{{AFX_DATA(CAboutDlg) 
 enum { IDD = IDD_ABOUTBOX }; 
 //}}AFX_DATA 
 
 // ClassWizard generated virtual function overrides 
 //{{AFX_VIRTUAL(CAboutDlg) 
 protected: 
 virtual void DoDataExchange(CDataExchange* pDX);    // DDX/DDV support 
 //}}AFX_VIRTUAL 
 
// Implementation 
protected: 
 //{{AFX_MSG(CAboutDlg) 
 //}}AFX_MSG 
 DECLARE_MESSAGE_MAP() 
}; 
 
CAboutDlg::CAboutDlg() : CDialog(CAboutDlg::IDD) 
{ 
 //{{AFX_DATA_INIT(CAboutDlg) 
 //}}AFX_DATA_INIT 
} 
 
void CAboutDlg::DoDataExchange(CDataExchange* pDX) 
{ 
 CDialog::DoDataExchange(pDX); 
 //{{AFX_DATA_MAP(CAboutDlg) 
 //}}AFX_DATA_MAP 
} 
 
BEGIN_MESSAGE_MAP(CAboutDlg, CDialog) 
 //{{AFX_MSG_MAP(CAboutDlg) 
  // No message handlers 
 //}}AFX_MSG_MAP 
END_MESSAGE_MAP() 
 
// CCitRoboDlg dialog 
 
CCitRoboDlg::CCitRoboDlg(CWnd* pParent /*=NULL*/) 
 : CDialog(CCitRoboDlg::IDD, pParent) 
{ 
 //{{AFX_DATA_INIT(CCitRoboDlg) 
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 m_ai0 = 0.0; 
 m_ai1 = 0.0; 
 m_ai2 = 0.0; 
 m_ai3 = 0.0; 
 m_J3Value = _T(""); 
 m_J2Value = _T(""); 
 m_J1Value = _T(""); 
 m_J0Value = _T(""); 
 //}}AFX_DATA_INIT 
 // Note that LoadIcon does not require a subsequent DestroyIcon in Win32 
 m_hIcon = AfxGetApp()->LoadIcon(IDR_MAINFRAME); 
} 
 
void CCitRoboDlg::DoDataExchange(CDataExchange* pDX) 
{ 
 CDialog::DoDataExchange(pDX); 
 //{{AFX_DATA_MAP(CCitRoboDlg) 
 DDX_Control(pDX, IDC_J0, m_J0Control); 
 DDX_Control(pDX, IDC_J1, m_J1Control); 
 DDX_Control(pDX, IDC_J2, m_J2Control); 
 DDX_Control(pDX, IDC_J3, m_J3Control); 
 DDX_Control(pDX, IDC_Ai3, m_aci3); 
 DDX_Control(pDX, IDC_Ai2, m_aci2); 
 DDX_Control(pDX, IDC_Ai1, m_aci1); 
 DDX_Control(pDX, IDC_Ai0, m_aci0); 
 DDX_Text(pDX, IDC_Ai0, m_ai0); 
 DDX_Text(pDX, IDC_Ai1, m_ai1); 
 DDX_Text(pDX, IDC_Ai2, m_ai2); 
 DDX_Text(pDX, IDC_Ai3, m_ai3); 
 DDX_CBString(pDX, IDC_J3, m_J3Value); 
 DDX_CBString(pDX, IDC_J2, m_J2Value); 
 DDX_CBString(pDX, IDC_J1, m_J1Value); 
 DDX_CBString(pDX, IDC_J0, m_J0Value); 
 //}}AFX_DATA_MAP 
} 
 
BEGIN_MESSAGE_MAP(CCitRoboDlg, CDialog) 
 //{{AFX_MSG_MAP(CCitRoboDlg) 
 ON_WM_SYSCOMMAND() 
 ON_WM_PAINT() 
 ON_WM_QUERYDRAGICON() 
 ON_BN_CLICKED(IDC_StartCapture, OnStartCapture) 
 ON_BN_CLICKED(IDC_StopCapture, OnStopCapture) 
 ON_BN_CLICKED(IDC_Home, OnHome) 
 //}}AFX_MSG_MAP 
END_MESSAGE_MAP() 
 
// CCitRoboDlg message handlers 
 
BOOL CCitRoboDlg::OnInitDialog() 
{ 
  
 CDialog::OnInitDialog(); 
 
 // Add "About..." menu item to system menu. 
 
 // IDM_ABOUTBOX must be in the system command range. 
 ASSERT((IDM_ABOUTBOX & 0xFFF0) == IDM_ABOUTBOX); 
 ASSERT(IDM_ABOUTBOX < 0xF000); 
 
 CMenu* pSysMenu = GetSystemMenu(FALSE); 
 if (pSysMenu != NULL) 
 { 
  CString strAboutMenu; 
  strAboutMenu.LoadString(IDS_ABOUTBOX); 
  if (!strAboutMenu.IsEmpty()) 
  { 
   pSysMenu->AppendMenu(MF_SEPARATOR); 
   pSysMenu->AppendMenu(MF_STRING, IDM_ABOUTBOX, strAboutMenu); 
  } 
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 } 
 
 // Set the icon for this dialog.  The framework does this automatically 
 //  when the application's main window is not a dialog 
 SetIcon(m_hIcon, TRUE);   // Set big icon 
 SetIcon(m_hIcon, FALSE);   // Set small icon 
 mine = this;     // pointer to CCitRoboDlg class 
 
 // DAQmx Configure Code 
 DAQmxCreateTask("",&aiTaskHandle);  
DAQmxCreateAIVoltageChan(aiTaskHandle,"Dev2/ai0:3","",DAQmx_Val_Cfg_Default,0.0,10.0,DAQmx_Val_Volts,NULL); 
 // DAQmx Start Code 
 DAQmxStartTask(aiTaskHandle);  
 // DAQmx Read Code 
 DAQmxReadAnalogF64(aiTaskHandle,10,10.0,DAQmx_Val_GroupByChannel,aiData,40,&read,NULL); 
 /* Update input on the dialog */ 
 mine->m_ai0 = aiData[9];   
 sprintf(ai0str,"%f", (mine->m_ai0)*28.8492); 
 mine->m_aci0.SetWindowText(ai0str); 
 
 mine->m_ai1 = aiData[19];   
 sprintf(ai1str,"%f", (mine->m_ai1)*28.3166 - 20); 
 mine->m_aci1.SetWindowText(ai1str); 
 
 mine->m_ai2 = aiData[29];   
 sprintf(ai2str,"%f", (mine->m_ai2)*28.6715); 
 mine->m_aci2.SetWindowText(ai2str); 
 
 mine->m_ai3 = aiData[39];   
 sprintf(ai3str,"%f", (mine->m_ai3)*28.5714); 
 mine->m_aci3.SetWindowText(ai3str); 
   
 // DAQmx Stop Code 
 DAQmxStopTask(aiTaskHandle); 
 // DAQmx Configure Code 
 DAQmxCreateTask("",&aoTaskHandlePci); 
 DAQmxCreateAOVoltageChan(aoTaskHandlePci,"Dev1/ao0:1","",-10.0,10.0,DAQmx_Val_Volts,""); 
 DAQmxCreateTask("",&aoTaskHandleUsb); 
 DAQmxCreateAOVoltageChan(aoTaskHandleUsb,"Dev2/ao0:1","",0.0,5.0,DAQmx_Val_Volts,""); 
 // DAQmx Start Code 
 DAQmxStartTask(aoTaskHandlePci); 
 DAQmxStartTask(aoTaskHandleUsb); 
  
 /* Initialize joint values      */ 
 aoDataPci[0] = 0;  
 DAQmxWriteAnalogF64(aoTaskHandlePci,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataPci,NULL,NULL); 
 aoDataPci[1] = 0; 
 DAQmxWriteAnalogF64(aoTaskHandlePci,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataPci,NULL,NULL); 
 aoDataUsb[0] = 2.327;  
 DAQmxWriteAnalogF64(aoTaskHandleUsb,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataUsb,NULL,NULL); 
 aoDataUsb[1] = 2.375; 
 DAQmxWriteAnalogF64(aoTaskHandleUsb,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataUsb,NULL,NULL); 
 DAQmxStopTask(aoTaskHandlePci); 
 DAQmxStopTask(aoTaskHandleUsb); 
 
 /* Range for Joint Control on Dialog */ 
 CString J0str; 
 for(int J0val=0; J0val<270; J0val++) 
 { 
  J0str.Format("%d",J0val); 
  m_J0Control.InsertString(J0val,J0str); 
 } 
 CString J1str; 
 for(int J1val=0; J1val<180; J1val++) 
 { 
  J1str.Format("%d",J1val); 
  m_J1Control.InsertString(J1val,J1str); 
 } 
 CString J2str; 
 for(int J2val=0; J2val<270; J2val++) 
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 { 
  J2str.Format("%d",J2val); 
  m_J2Control.InsertString(J2val,J2str); 
 } 
 CString J3str; 
 for(int J3val=0; J3val<180; J3val++) 
 { 
  J3str.Format("%d",J3val); 
  m_J3Control.InsertString(J3val,J3str); 
 } 
 return TRUE;  // return TRUE  unless you set the focus to a control 
} 
 
void CCitRoboDlg::OnSysCommand(UINT nID, LPARAM lParam) 
{ 
 if ((nID & 0xFFF0) == IDM_ABOUTBOX) 
 { 
  CAboutDlg dlgAbout; 
  dlgAbout.DoModal(); 
 } 
 else 
 { 
  CDialog::OnSysCommand(nID, lParam); 
 } 
} 
 
// If you add a minimize button to your dialog, you will need the code below 
//  to draw the icon.  For MFC applications using the document/view model, 
//  this is automatically done for you by the framework. 
 
void CCitRoboDlg::OnPaint()  
{ 
 if (IsIconic()) 
 { 
  CPaintDC dc(this); // device context for painting 
 
  SendMessage(WM_ICONERASEBKGND, (WPARAM) dc.GetSafeHdc(), 0); 
 
  // Center icon in client rectangle 
  int cxIcon = GetSystemMetrics(SM_CXICON); 
  int cyIcon = GetSystemMetrics(SM_CYICON); 
  CRect rect; 
  GetClientRect(&rect); 
  int x = (rect.Width() - cxIcon + 1) / 2; 
  int y = (rect.Height() - cyIcon + 1) / 2; 
 
  // Draw the icon 
  dc.DrawIcon(x, y, m_hIcon); 
 } 
 else 
 { 
  CDialog::OnPaint(); 
 } 
} 
 
// The system calls this to obtain the cursor to display while the user drags 
//  the minimized window. 
HCURSOR CCitRoboDlg::OnQueryDragIcon() 
{ 
 return (HCURSOR) m_hIcon; 
} 
 
void CCitRoboDlg::OnStartCapture()  
{ 
 // Main thread function called here 
 
 /* Value Selection for Joint Control on Dialog */  
 UpdateData(TRUE); 
 int J0validate = m_J0Control.FindStringExact(0,m_J0Value); 
 if(J0validate != -1) 
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 { 
  J0des = m_J0Control.SetCurSel(J0validate); 
 } 
 UpdateData(FALSE); 
 
 UpdateData(TRUE); 
 int J1validate = m_J1Control.FindStringExact(0,m_J1Value); 
 if(J1validate != -1) 
 { 
  J1des = m_J1Control.SetCurSel(J1validate)+20; // to compensate for pot offset 
 } 
 UpdateData(FALSE); 
 
 UpdateData(TRUE); 
 int J2validate = m_J2Control.FindStringExact(0,m_J2Value); 
 if(J2validate != -1) 
 { 
  J2des = m_J2Control.SetCurSel(J2validate); 
 } 
 UpdateData(FALSE); 
 
 UpdateData(TRUE); 
 int J3validate = m_J3Control.FindStringExact(0,m_J3Value); 
 if(J3validate != -1) 
 { 
  J3des = m_J3Control.SetCurSel(J3validate); 
 } 
 UpdateData(FALSE); 
  
 /* Conversion from user i/p in degrees to corresponding pot voltage */ 
 V0des = J0des/28.8492;  
 V1des = J1des/28.3166;  
 V2des = J2des/28.6715;  
 V3des = J3des/28.5714;  
   
 // DAQmx Start Code 
 DAQmxStartTask(aiTaskHandle);  
 
 // DAQmx Read Code 
 DAQmxReadAnalogF64(aiTaskHandle,10,10.0,DAQmx_Val_GroupByChannel,aiData,40,&read,NULL); 
 
 /* Display current joint positions on dialog           */ 
 mine->m_ai0 = aiData[9];   
 sprintf(ai0str,"%f", (mine->m_ai0)*28.8492); 
 mine->m_aci0.SetWindowText(ai0str); 
 V0cur = mine->m_ai0; 
 V0err = (V0des - V0cur);   // Calculate initial error 
 
 mine->m_ai1 = aiData[19];   
 sprintf(ai1str,"%f", (mine->m_ai1)*28.3166); 
 mine->m_aci1.SetWindowText(ai1str); 
 V1cur = mine->m_ai1; 
 V1err = (V1des - V1cur); 
 
 mine->m_ai2 = aiData[29];   
 sprintf(ai2str,"%f", (mine->m_ai2)*28.6715); 
 mine->m_aci2.SetWindowText(ai2str); 
 V2cur = mine->m_ai2; 
 V2err = (V2des - V2cur); 
 
 mine->m_ai3 = aiData[39];   
 sprintf(ai3str,"%f", (mine->m_ai3)*28.5714); 
 mine->m_aci3.SetWindowText(ai3str); 
 V3cur = mine->m_ai3; 
 V3err = (V3des - V3cur); 
   
 /* DAQmx Stop Code        */ 
 DAQmxStopTask(aiTaskHandle); 
 
 /* Include code for do nothing (J()shutdown = 1) if no change in input and to hold position set flags!*/ 
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 J0shutdown = 0; 
 J1shutdown = 0; 
 J2shutdown = 0; 
 J3shutdown = 0; 
 
 int q = 1; 
 AfxBeginThread(J0WorkerThreadFunction,(LPVOID)q); // Activate Threads 
 AfxBeginThread(J1WorkerThreadFunction,(LPVOID)q);  
 AfxBeginThread(J2WorkerThreadFunction,(LPVOID)q);  
 AfxBeginThread(J3WorkerThreadFunction,(LPVOID)q);  
} 
 
 
void CCitRoboDlg::OnOk()  
{ 
 J0shutdown = 1; // Stop Threads 
 J1shutdown = 1; 
 J2shutdown = 1;   
 J3shutdown = 1; 
  
 DAQmxStartTask(aoTaskHandlePci); 
 DAQmxStartTask(aoTaskHandleUsb); 
 
 aoDataPci[0] = 0;  
 DAQmxWriteAnalogF64(aoTaskHandlePci,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataPci,NULL,NULL); 
 aoDataPci[1] = 0; 
 DAQmxWriteAnalogF64(aoTaskHandlePci,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataPci,NULL,NULL); 
 aoDataUsb[0] = 2.327;  
 DAQmxWriteAnalogF64(aoTaskHandleUsb,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataUsb,NULL,NULL); 
 aoDataUsb[1] = 2.375; 
 DAQmxWriteAnalogF64(aoTaskHandleUsb,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataUsb,NULL,NULL); 
 DAQmxStopTask(aoTaskHandlePci); 
 DAQmxStopTask(aoTaskHandleUsb); 
} 
 
void CCitRoboDlg::OnCancel()  
{ 
 J0shutdown = 1; // Stop Threads 
 J1shutdown = 1; 
 J2shutdown = 1;     
 J3shutdown = 1; 
 
 DAQmxStartTask(aoTaskHandlePci); 
 DAQmxStartTask(aoTaskHandleUsb); 
 
 aoDataPci[0] = 0;  
 DAQmxWriteAnalogF64(aoTaskHandlePci,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataPci,NULL,NULL); 
 aoDataPci[1] = 0; 
 DAQmxWriteAnalogF64(aoTaskHandlePci,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataPci,NULL,NULL); 
 aoDataUsb[0] = 2.327;  
 DAQmxWriteAnalogF64(aoTaskHandleUsb,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataUsb,NULL,NULL); 
 aoDataUsb[1] = 2.375; 
 DAQmxWriteAnalogF64(aoTaskHandleUsb,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataUsb,NULL,NULL); 
 
 DAQmxStopTask(aoTaskHandlePci); 
 DAQmxStopTask(aoTaskHandleUsb); 
} 
 
void CCitRoboDlg::OnStopCapture()  
{ 
 J0shutdown = 1; // Stop Threads 
 J1shutdown = 1; 
 J2shutdown = 1;  
 J3shutdown = 1; 
  
 DAQmxStartTask(aoTaskHandlePci); 
 DAQmxStartTask(aoTaskHandleUsb); 
 
 aoDataPci[0] = 0;  
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 DAQmxWriteAnalogF64(aoTaskHandlePci,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataPci,NULL,NULL); 
 aoDataPci[1] = 0; 
 DAQmxWriteAnalogF64(aoTaskHandlePci,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataPci,NULL,NULL); 
 aoDataUsb[0] = 2.327;  
 DAQmxWriteAnalogF64(aoTaskHandleUsb,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataUsb,NULL,NULL); 
 aoDataUsb[1] = 2.375; 
 DAQmxWriteAnalogF64(aoTaskHandleUsb,1,1,10.0,DAQmx_Val_GroupByChannel,aoDataUsb,NULL,NULL); 
 
 DAQmxStopTask(aoTaskHandlePci); 
 DAQmxStopTask(aoTaskHandleUsb); 
 
    /* Code to automate filename generation with datetimestamp */ 
/* 
 time_t time_now = time(NULL);  
 const tm* tm_now = localtime(&time_now);  
 
 ostringstream fileai0; 
 fileai0  
  << setfill('0')  
  << setw(2) << "C:/Babu/aioutputs/ai0Volts " << (tm_now->tm_mon+1) << '-'  
  << setw(2) << tm_now->tm_mday << '-'  
  << setw(2) << (tm_now->tm_year%100) << '-'  
  << setw(2) << tm_now->tm_hour << '-'  
  << setw(2) << tm_now->tm_min << '-' << "ao" << J0saveaoData[0] << ".dat";  
   
 ofstream opfile1(fileai0.str().c_str());  
 
 ostringstream J0filetimeMS; 
 J0filetimeMS  
  << setfill('0')  
  << setw(2) << "C:/Babu/aioutputs/J0timeMS " << (tm_now->tm_mon+1) << '-'  
  << setw(2) << tm_now->tm_mday << '-'  
  << setw(2) << (tm_now->tm_year%100) << '-'  
  << setw(2) << tm_now->tm_hour << '-'  
  << setw(2) << tm_now->tm_min << '-' << "ao" << J0saveaoData[0] << ".dat";  
   
 ofstream opfile2(J0filetimeMS.str().c_str());  
  
 for (int i=0;i<J0count;i++) 
 {  
  opfile1 << ai0Volts[i] << endl; // write data to file 
  opfile2 << J0timeMS[i] << endl; 
 } 
 opfile1.close(); 
 opfile2.close(); 
 
 ostringstream fileai1; 
 fileai1  
  << setfill('0')  
  << setw(2) << "C:/Babu/aioutputs/ai1Volts " << (tm_now->tm_mon+1) << '-'  
  << setw(2) << tm_now->tm_mday << '-'  
  << setw(2) << (tm_now->tm_year%100) << '-'  
  << setw(2) << tm_now->tm_hour << '-'  
  << setw(2) << tm_now->tm_min << '-' << "ao" << J1saveaoData[0] << ".dat";  
   
 ofstream opfile3(fileai1.str().c_str());  
 
 ostringstream J1filetimeMS; 
 J1filetimeMS  
  << setfill('0')  
  << setw(2) << "C:/Babu/aioutputs/J1timeMS " << (tm_now->tm_mon+1) << '-'  
  << setw(2) << tm_now->tm_mday << '-'  
  << setw(2) << (tm_now->tm_year%100) << '-'  
  << setw(2) << tm_now->tm_hour << '-'  
  << setw(2) << tm_now->tm_min << '-' << "ao" << J1saveaoData[0] << ".dat";  
   
 ofstream opfile4(J1filetimeMS.str().c_str());  
 
 for (int j=0;i<J1count;i++) 
 {  
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  opfile3 << ai1Volts[i] << endl; // write data to file 
  opfile4 << J1timeMS[i] << endl; 
 } 
 opfile3.close(); 
 opfile4.close(); 
 
 ostringstream fileai2; 
 fileai2  
  << setfill('0')  
  << setw(2) << "C:/Babu/aioutputs/ai2Volts " << (tm_now->tm_mon+1) << '-'  
  << setw(2) << tm_now->tm_mday << '-'  
  << setw(2) << (tm_now->tm_year%100) << '-'  
  << setw(2) << tm_now->tm_hour << '-'  
  << setw(2) << tm_now->tm_min << '-' << "ao" << J2saveaoData[0] << ".dat";  
   
 ofstream opfile5(fileai2.str().c_str());  
 
 ostringstream J2filetimeMS; 
 J2filetimeMS  
  << setfill('0')  
  << setw(2) << "C:/Babu/aioutputs/J2timeMS " << (tm_now->tm_mon+1) << '-'  
  << setw(2) << tm_now->tm_mday << '-'  
  << setw(2) << (tm_now->tm_year%100) << '-'  
  << setw(2) << tm_now->tm_hour << '-'  
  << setw(2) << tm_now->tm_min << '-' << "ao" << J2saveaoData[0] << ".dat";  
   
 ofstream opfile6(J2filetimeMS.str().c_str());  
 
 for (int k=0;i<J2count;i++) 
 {  
  opfile5 << ai2Volts[i] << endl; // write data to file 
  opfile6 << J2timeMS[i] << endl; 
 } 
 opfile5.close(); 
 opfile6.close(); 
 
    ostringstream fileai3; 
 fileai3  
  << setfill('0')  
  << setw(2) << "C:/Babu/aioutputs/ai3Volts " << (tm_now->tm_mon+1) << '-'  
  << setw(2) << tm_now->tm_mday << '-'  
  << setw(2) << (tm_now->tm_year%100) << '-'  
  << setw(2) << tm_now->tm_hour << '-'  
  << setw(2) << tm_now->tm_min << '-' << "ao" << J3saveaoData[0] << ".dat";  
   
 ofstream opfile7(fileai3.str().c_str());  
 
 ostringstream J3filetimeMS; 
 J3filetimeMS  
  << setfill('0')  
  << setw(2) << "C:/Babu/aioutputs/J3timeMS " << (tm_now->tm_mon+1) << '-'  
  << setw(2) << tm_now->tm_mday << '-'  
  << setw(2) << (tm_now->tm_year%100) << '-'  
  << setw(2) << tm_now->tm_hour << '-'  
  << setw(2) << tm_now->tm_min << '-' << "ao" << J3saveaoData[0] << ".dat";  
   
 ofstream opfile8(J3filetimeMS.str().c_str());  
 
  for (int l=0;i<J3count;i++) 
 {  
  opfile7 << ai3Volts[i] << endl; // write data to file 
  opfile8 << J3timeMS[i] << endl; 
 } 
 opfile7.close(); 
 opfile8.close();  
 
*/ 
} 
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void CCitRoboDlg::OnHome()  
{ 
 // TODO: Add your control notification handler code here 
 
 // Move Joints to Home Position 
 m_J0Value = 125; 
 m_J1Value = 0; 
 m_J2Value = 135; 
 m_J3Value = 0; 
 UpdateData(FALSE); 
 CCitRoboDlg::OnStartCapture(); 
} 
 
 
Screenshot of user interface for joint mode control 

 
 
 

User command input 
for joint position 
 
Current joint position 
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