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ABSTRACT

Research and development of robust multi-fingered robot hand (MFRH) have
been going on for more than three decades. Yet few can be found in an industrial
application. The difficulties stem from many factors, one of which is that the lack of
general and effective control techniques for the manipulation of robot hand.

In this research, a MFRH with five fingers has been proposed with intelligent
control algorithms. Initially, mathematical modeling for the proposed MFRH has been
derived to find the Forward Kinematic, Inverse Kinematic, Jacobian, Dynamics and
the plant model. Thereafter, simulation of the MFRH using PID controller, Fuzzy
Logic Controller, Fuzzy-PID controller and PID-PSO controller has been carried out
to gauge the system performance based parameters such rise time, settling time and

percent overshoot.

Proportional-Integral-Derivative (PID) controllers are the predominant types of
feedback control. PID controller is widely used in industry due to their simplicity and
easy to tuning. For controller tuning, the PID parameters can be tuned by any
conventional method in order to assure a good reference signal to the closed loop

system.

Also, it was found that Fuzzy Logic Controller (FLC) provides better tuning of the
system response compared with the conventional PID controller. Fuzzy controllers are
successful applied to non-linear system because of their knowledge based nonlinear
structural characteristics. Where the combination of the fuzzy and PID are much

better than stand-alone PID and Fuzzy controllers.

In addition, the research findings from the Particle Swarm Optimization (PSO)
technique facilitate the researcher to obtain better outcomes. Particle swarm
optimization or PSO is a group of individuals known as particles or intelligent agents
that search for space flight. The applicability of various methods in this study has
produced to find the better system response in term of step response, settling time and

steady state error.
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ABSTRAK

Penyelidikan dan pembangunan Pelbagai Tangan Robot atau MFRH telah
berlangsung selama lebih dari tiga dekad. Namun tidak boleh ditemui dalam aplikasi
industri. Kesukarannya yang berpunca daripada banyak factor, salah satunya adalah

kurangnya kawalan algoritma umum dan efisien untuk manipulasi tangan robot.

Dalam kajian ini, MFRH dicadangkan mempunyai lima jari dengan menggunakan
algoritma kawalan pintar. Pada awalnya, pemodelan matematik bertujuan MFRH
untuk mendapatkan Forward Kinematic, Inverse Kinematic, Jacobian, Dynamic dan
Plant Model. Selepas itu, simulasi MFRH menggunakan Kawalan PID, Fuzzy Logic
Controller (FLC), Fuzzy-PID dan PID-PSO untuk mengukur prestasi sistem
beradasarkan parameter yang terdiri daripada masa naik, masa selesai, dan lebihan

peratus.

Kawalan PID merupakan sejenis dominan kawalan maklum balas. PID digunakan
secara meluas dalam industri kerana kesederhanaan dan mudah untuk penalaan
(tuning), Untuk penalaan kawalan, parameter PID yang dicari daripada kaedah
konvensional adalah untuk memastikan isyarat rujukan yang baik dengan sistem loop
tertutup yang diperolehi dengan menapis isyarat tepat langkah set-point.

Begitu juga, Pengawal Logik Kabur (FLC) menghasilkan sistem respons penalaan
(tuning) yang baik berbanding dengan kawalan PID konvensional. Pengawal kabur
berjaya digunakan untuk sistem non-linear kerana pengetahuan mereka berdasarkan
ciri-ciri struktur linear. Pengawal hybrid adalah gabungan PID dan Fuzzy di mana ia
telah memperoleh hasil yang lebih baik berbanding dengan kawalan sendiri daripada
PID dan Fuzzy.

Di samping itu, penemuan kajian daripada teknik Particle Swarm Optimization
(PSO) memudahkan penyelidik untuk mendapatkan keputusan yang lebih baik. Zarah
sekumpulan pengoptimuman atau PSO adalah sekumpulan individu yang dikenali
sebagai zarah atau agen pintar yang mencari penerbangan angkasa. Pelbagai kaedah

boleh digunakan dalam kajian ini untuk menghasikan system respon yang baik.
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CHAPTER 1

INTRODUCTION

The term ‘Robot Hand’ is described as device that can mimic the movements of a
human hand in operation. This thesis focuses on modeling and control of Multi-
Fingered Robot Hand (MFRH).

This chapter begins some facts about general industrial robot. Then, it will be
discussed about MFRH specifically. This is followed by a discussion on limitations of
the current control methods of MFRH and the motivations behind the research
described in this thesis. Later the objectives of this research are presented and end the
chapter by giving the outline of the rest of the thesis.

1.1 Introduction

The word ‘robot” was introduced in 1921 by the Czech playwright Karel Capek in his
satirical play R. U. R. (Rossum’s Universal Robots), where he depicted robots as
machines which resembled people but worked tirelessly [1]. However, the work
leading up to today’s robots began only after World War where remotely controlled
mechanical manipulators were developed. Since then, it has seen tremendous surge of
activity in robotics, both in terms of research and technological maturation, from the
simple pick and place and painting and welding robots, to more sophisticated
assembly robots for inserting integrated circuit chips onto printed circuit boards, to
mobile carts for parts handling and delivery. Increasingly, attempts have been made to
devise multi-fingered hands for research use which are somewhere between
teleoperation, prosthesis, and dexterous end-effectors. These hands truly represent our
dual point of view in terms of jumping back and forth from an anthropomorphic point
of view (mimicking our own hands) to the point of view of intelligent end-effectors

(for endowing our robots with greater dexterity) [2].



A robot hand is described as device that can mimic the movements of a human
hand in operation. The function of the robot hand is to grasp, move, and rotate an
object. It is to help humans carry out a variety of tasks such as industrial operation for
nuclear power plant, underwater and space station and in hospital, the robot hand

assisted surgery in organ removal for transplant situations.

The robot hand can be divided into three categories; mechanical gripper, special
purpose hand and universal hand [3]. A multi—fingered robot hand (MFRH) falls
under the category of special purpose hand. The universal hand can be divided into
two types; built in actuator and external actuator [3], [4]. The built-in actuator type of
robot hand generates the motion of fingers by using motors installed inside the finger
on the palm. For example, the dexterous hand for WENDY [4] and DLR 1l Hand [5].
This type of robot hand has advantage that the hand can be used with various types of
robot arms because the robot hand has independent structure. On other hand, there are
disadvantages. The most serious one is the limitation on size. Most of this type of
robot hand has equal to or less than four fingers. Even, those with five fingers are not
equal with human hand because they have less number of joints or DOF [6].

On the other hand, the external actuator type makes the structures of their fingers
simple and light by using wire or belt driven mechanism. For example, Utah/ M.1.T
Hand [7], Robonaut Hand [8], and the Shadow Hand [9] are classified as this type.
The advantages of this type; first, when setting the high power actuator like air
pressure actuator, the output force became very large and second, the structural
limitation of the finger part becomes smaller, so the design of mechanism with large
number of DOF become possible. For example, the shadow hand has 21 DOF with
equal to human hand but the hand must be connected to external actuator
mechanically, so it becomes difficult to be used with various robot arms. At the end,
the movable area of hand is limited and the result in poor flexibility [6]. Generally,
the technologies which are important to improve and develop dexterity of MFRH are
the followings [3]:

e Mechanical designs of hands
Hands are designed for tasks and are composed of fingers, the number of which are

larger than or equal to two. Each finger has several degrees of freedom. Each finger is

2



actuated by electrical motors, pneumatic or air muscles associated with the degrees of
freedom.

e Sensor technology

Sensors are attached to hands in order to gather information about hand links and
interacted environments.

e Control techniques

Control techniques are to determine the position and velocity of the joints of fingers

for desired tasks.

1.2 Problem Statement

The literature review conducted during the course of this research has shown that
there has been a significant amount of work in the field on MFRH. MFRH are driven
by variety of mechanisms such as motor, pneumatic, air muscle with different finger
configurations. The literature review shows that for MFRH, overall, both the
conventional controller such as PID and modern controllers such as Fuzzy, Neural
Network, Genetic Algorithm, etc. have several limitations such high overshoot, longer
settling time, not consistent based on system response. The present research is
therefore directed at finding a solution to improve the system performance for the
control techniques based on analysis of system performance in terms of settling time
and overshoot of MFRH.

1.3 Research Objectives

The main objective of this research is to develop a suitable control technique for
MFRH. In this respect, the control technique of MFRH should be able to provide
improved results with the least complexity and development time. Accordingly, the

research has been scoped to meet specific objectives as the following:

e to develop a control techniques such as PID, Fuzzy, Fuzzy-PID and PSO-PID
for position control,;
e to improve system performance in terms of settling time and overshoot;

e to compare the system performance of the control techniques
3



A multi-faceted approach was implemented in the form of thorough literature review,

extensive modeling and simulation work to achieve the above objectives.

1.4 Research Scope

The control technique is limited to PID, Fuzzy, Fuzzy-PID and PSO-PID for position
control where the system performance is measured in terms of settling time and

overshoot based on the system response.

1.5 Outline of Thesis
This thesis is comprised of five chapters:

An overview of various interdisciplinary fields in robotic industries such as
mechanical design, sensing and control techniques is discussed in chapter 2. In
addition, the related works on control techniques that have been implemented by
previous researchers are provided. Thereafter, a critical analysis of the related work is

presented.

Chapter 3 discusses the modeling of MFRH, motor level control, proposed control
techniques such as PID, Fuzzy, Fuzzy-PID and PSO-PID for position control of
MFRH.

The results obtained for all the simulation work is provided in Chapter 4. In this
chapter, the results in graphical and table form are presented with detail discussions

on the outcome.

Finally, the summary of the undertaken research and contributions of the research

is presented in Chapter 5. Possible future work is also outlined.



CHAPTER 2

LITERATURE REVIEW

Over the last few decades, there has been considerable research in robotics. Various
robotics systems such as manipulator arms, humanoid, Multi-Fingered Robot Hand
(MFRH) and etc. have been developed. As outlined in chapter 1, the MFRH can be
further improved in terms of its control techniques. However, in order to provide a
complete picture of MFRH, in this chapter, the mechanical design, sensing and
control techniques are reviewed. Since the subject area is vast, only those works are
reviewed which are of greatest significance and interest to our research. First, the
available MFRH designs in terms of mechanical design are discussed. Then, current
technologies and techniques are reviewed in terms of sensing and control technique.
Next, the related work is provided. Then, the critical analysis of the related work is

provided.

2.1 Overview of Multi-Fingered Robot Hand

Currently, the robotic hand is one of the major research topics in the category of
object manipulation. The researchers have been designing various robotic hands that
have a high degree of freedom (DOF) to improve the manipulability [10]-[13]. Many
large companies are actively investing in the development of this type of robots
because it gives many advantages and benefits to mankind [14]-[19]. Many studies
have been conducted to enhance building of robots, in terms of quality performance
on human environment as artificial intelligence, mobility, object manipulation and
interaction [20], [21]. There is no denial that the robot hand is useful to humans.
Robot Hand is not only designed for human services, but it is also designed for
industrial use of dangerous activities [22]. In this research, multi-fingered robot hand

can be discussed in term of mechanical design, sensing and control techniques.



2.1.1 Mechanical Design

Most of developed robot today is anthropomorphic or non-anthropomorphic design.
An anthropomorphic robot is called as humanoid robot which design is based on
human body and allows it to work with the tool or human environment. Normally
non-anthropomorphic robots are used for dexterous work and industrial activity. The
mechanical design of a robot hand can be discussed in terms of motor, pneumatic, air

muscle, ultrasonic motor with elastic element design configurations.

2.1.1.1 Motor Configuration

One of robotic hand that uses motor is Robonaut hand [23] as shown in Figure 2.1.
The hand was created by the Robotic Systems Technology Branch at NASA Johnson
Space Center (JSC) in Houston, Texas. It is highly anthropomorphic robot hand
because the design is fully regarding similarly like human hand. Robonaut hand is
designed based on motor configuration that are fourteen brushless motor and
electronic drive, two-DOF wrist, and five fingers, twelve DOF hand. The hands into
dexterous work set for the manipulation and grasping a set that is used to maintain a
stable grasp. The hand also has a total of fourteen DOFs, and consists of a forearm, a
two DOF wrist, and a twelve DOF hand complete with position, velocity, and force
sensors. The latest version of Robonaut hand is R2. The hand [24] has been designed
to use the EVA space in the most convenient size and is able to fit the astronaut's hand
Hands of Robonaut can handle tools such as EVA Tether hook and it can enter into all
parts required. Design of a combination of wrist pitch and yaw, it meets a suitable

glove for the human hand.



Figure 2.1: Robonaut Hand [24]

2.1.1.2 Pneumatic Configuration

Utah/MIT [25] hand was designed by the Center for Engineering Design at the
University of Utah in conjunction with the Artificial Intelligence Laboratory at MIT.
Utah/MIT Hand is based on pneumatic design like shown in Figure 2.2. It has four
fingers and employs a pulley based on tendon drive. It has three modular four fingers
mounted parallel to the palm plane with a non-anthropomorphic thumb orientation.
The drive system involves 32 individual pneumatic actuators with apposing tendons

for each joint.

Figure 2.2: Utah/MIT [25]



2.1.1.3 Air muscle Configuration

Shadow Hand [26] was designed by Shadow Robot Company based on air muscle
configuration like shown in Figure 2.3. The robot hand is designed with the size and
shape like human hand which able to grip the small to medium sized objects and
performs correctness tasks. The Shadow Dexterous Hand is highly anthropomorphic
design and an advanced humanoid robot hand system that provides 24 movements to
reproduce as closely as possible the degrees-of freedom of the human hand. It has
been designed to provide comparable force output and movement sensitivity to the

human hand.

Figure 2.3: Shadow Hand [26]

The shadow robot hand system integrates all necessary control systems (software
provided under GNU GPL) and documentation for research and teaching purposes.
The Shadow system can be used for research in grasping, manipulation, neural
control, and hazardous handling. See Appendix A to get more information about the
Shadow Robot Hand.

2.1.1.4 Ultrasonic Motor & Elastic Elements Configuration

Another the anthropomorphic robot hand is five-fingered robot hand using ultrasonic
motors and elastic elements [27] which is designed by Ikuo and Takashi as shown in
Figure 2.4. The robot hand is designed based on ultrasonic motors and elastic
elements configuration. The robot hand are use this method that can makes for

restoring force as driving power in grasping objects, which enables the hand to
8



perform stable and compliant grasping motion without power supply. The ultrasonic
motor has features such as high driving torque at low rotational speed, compact size
and lightweight so it is suitable for the actuator of robot hand that has structural
restrictions. The hand has five fingers with the number of joints is equal the number
degree of freedom, which is 20 joints and 20 DOFs. It is almost equal in size to the

hand of an average grown-up man.

Figure 2.4: Ikuo Robot Hand [28]

2.1.2 Sensing for MFRH

The robot hands use the sensing as a tool to detect the object. The interaction of
MFRH with any external objects involves several sensing technique. For detecting
any object, MFRH uses the tactile sensor (see Appendix A). The sensor can measure
the parameters of a contact between the sensor and an object. This interaction
obtained is confined to a small defined region. This contrasts with a force and torque
sensor that measures the total forces being applied to an object. Under sensing
technique, there are three types of sensing have produced; touch sensing, tactile

sensing and slip.



2.1.2.1 Touch Sensing

This is the detection and measurement of a contact force at a defined point. A touch
sensor can also be restricted to binary information, namely touch, and no touch [29].
MFRH get the differences the shape of the object shown in figure 2.5.

—JTTP

Figure 2.5: Grip the Ball

2.1.2.2  Tactile Sensing

This is the detection and measurement of the spatial distribution of forces
perpendicular to a predetermined sensory area, and the subsequent interpretation of
the spatial information. A tactile-sensing array can be considered to be a coordinated
group of touch sensors [29]. MFRH can range the size of the object hold shown in

figure 2.6.

Figure 2.6: Hold the Book
10



2.1.2.3 Slip

This is the measurement and detection of the movement of an object relative to the
sensor. This can be achieved either by a specially designed slip sensor or by the
interpretation of the data from a touch sensor or a tactile array [29]. MFRH can hold

and grasp the small object without dropped in figure 2.7.

/

Figure 2.7: Grasp the Rod

2.1.3 Control Technique for MFRH

Controller is central to the proper functioning of MFRH. The controllers are divided

into two categories; conventional and modern controller.

2.1.3.1 Conventional Controller

The conventional controller is known as Proportional-Integral-Derivative (PID)
controller. PID is a generic control loop feedback mechanism (controller) widely
used in industrial control systems. One of PID tuning methods is essentially called
Ziegler Nichols methods. The Ziegler—Nichols method is a heuristic method of tuning
a PID controller. It was developed by John G. Ziegler and Nathaniel B. Nichols. It is
performed by setting the ‘I’ and ‘D’ gains to zero [30]. It means the ‘I’ and ‘D’ is
referred to the value of Ki and Kd. PID controller can be improved by the tuning
performance for processes with changing dynamic properties. The proposed strategies
include automatic tuning PID, adaptive PID, and intelligent controllers. In process

11



dynamic, the controllers have recalibration to cope with little a priori knowledge and

significant changes [31].

In literature, Azenha [32] has designed the PID controllers for robot manipulators
that subjected to nonlinear friction at the joints. The results of the simulation are
looking good for an accurate position control without the need for trial-and-error PID
parameters tuning, as initially planned. PID controller also has been developed by
Youngjin Choi and Wan Kyun Chung [33] in the simulation of the robot manipulator.
Jose and Cervantes [34] have performed to the PID controller to stabilize robot
manipulators with elastic joints. By using PID, the desired position can be achieved,
even if the gravitational and elastic forces are unknown. Ming-Tzu Ho and Yi-Wei Tu
[35] have improved the PID Controller Design for a Flexible-Link Manipulator. This
controller uses synthesis method to guarantee robust performance in spite of
uncertainty. This method does not provide single solution only, but the entire set of

admissible PID gain values.

2.1.3.2 Modern Controller

There are several modern controllers such as fuzzy logic, artificial neural network,
and others new controller are used in the robotic field. Amongst them, fuzzy logic
controller (FLC) is now commonly used by researchers. FLC provides a good tuning
of the system response of MFRH compared with conventional PID controller. Various
methods of the fuzzy logic controller have been used by authors in [36]-[40].
Previously, Mehmet [36] has used a fuzzy controller modeling and simulation of an
anthropomorphic robot arm with Dymola. In the trajectory control of robot
manipulators, fuzzy logic control is used to match the impact of the dynamic model of
the robot manipulators. Erbatur et al. [37] have carried out the simulation using fuzzy
based inverse dynamic control for three degree of freedom manipulator robot Carlos
Pérez [41] has produced the fuzzy controller to track an industrial robot hand during
its movement. The robot hand is based on vision system to move a pan-tilt camera and
keep the robot hand centered in the image every time using an adaptive fuzzy logic
controlled. The purpose is to track a robot hand by a vision system while the robot is
making different tasks. Steven [42] has implemented the fuzzy block method for

12



multi-fingered robot hand. This method is quite successful at controlling both fine and
gross finger translations as well as tracking control. In 2007, S.G. Anavatti [43] has
improved fuzzy logic controller with PID controller to control robot manipulator. Shi
[44] also improved Fuzzy-PID to control speed of DC motor.

An artificial neural network (ANN), commonly called neural network (NN), is a
mathematical model that is enthused by the structure and/or functional aspects of
biological neural networks. Neural networks involve interconnection with the group
of the artificial neurons and it produces the information using a connectionist
approach to computation. [45]. H. Daniel Patino [46] have proposed an approach and
a systematic design methodology to adaptive motion control based on neural networks
(NNs) for high-performance robot manipulators, for which stability conditions and
performance evaluation. In 2004, Danica developed [47] neural network for planning
and intelligent control of an autonomous robot that can move safely in partially
structured environment. This environment could involve any number of obstacles of
arbitrary shape and size and some of them are allowed to move. Magnus Johnsson
[48] designed the neural network models of haptic shape perception for robot hand. In
2008, E.A. Al-Gallaf [49] have proposed the algorithm for a four fingered robot hand
using neural network where inverse hand Jacobian plays an important role in robot
hand.

Genetic algorithm (GA) is a search heuristic that mimics the process of natural
evolution. This heuristic is routinely used to generate useful solutions to optimization
and search problems. Genetic algorithms belong to the larger class of evolutionary
algorithms (EA), which generate solutions to optimization problems using techniques
inspired by natural evolution, such as inheritance, mutation, selection, and crossover
[50]. M. N. H. Siddique and M. O. Tokhi [51] presented genetic algorithm to flexible
robot manipulator based on neural fuzzy. A genetic algorithm is used to learn the
weights, biases and shape of the sigmoidal function of the neural network. In 2008,
Bahaa [52] used genetic algorithm (GA) to optimize the point-to-point trajectory
planning for a 3-link (redundant) robot arm. The objective function for the proposed
GA is to minimizing traveling time and space, while not exceeding a maximum pre-

defined torque, without collision with any obstacle in the robot workspace. In 2009,
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Nahapetian [53] applied the PID gain tuning genetic algorithm and fuzzy logic for

robot manipulator control.

Boubertakh [54] improved Fuzzy-PID with Ant Colony Optimization (ACO) for
tuning PID controller. In order use the PID tuning method that uses a Genetic
Algorithm (GA) as a main gain estimator and a fuzzy logic as a ranking basement for
GA. The proposed approach is then used to tune the PID gains for different response
specifications. The result of experimental work shows that better performance can be
achieved with this fuzzy based GA-PID tuning relative to Ziegler-Nichols tuning and
trial and error tuning. Leandro [55] has improved ACO for optimization of PID
controller based on a modified continuous approach of ant colony optimization
combined with a differential evolution method (MACQ) for synchronization of two
identical discrete chaotic systems subject the different initial condition. Regarding to
[56] Ant colony optimization (ACO) is one of the swarm intelligence (SI) technigues.
It is a bio-inspired optimization method that has proven its success through various
combinatorial optimization problems. Using the tuning parameters of ACO is easier
than conventional PID.

Particle swarm optimization (PSO) is a new variation of the algorithm used by
researchers to find the optimum solution or approach optimal in a large search space.
PSO algorithm is suitable for parameter optimization in continuous, multi-
dimensional search space. PSO method produce high quality solutions in term step
response with given the shorter computation time and tend to converge very rapidly
compared with other stochastic methods compared with PID and fuzzy. In addition, it
has been implemented with ease in most programming languages as the core of the
program can be written in one line of code. PSO is used in the design on several
modern controllers through combination of the controller like fuzzy or PID controller.
Regarding to Zafer [57], fuzzy logic controller tuned by particle swarm optimization
is better and more robust than the PID tuned by particle swarm optimization for robot
trajectory control. However, the approach PID controller with PSO algorithm is also
given concentration by authors [58]-[60]. Mahbubeh [61] and Mahmud [62] have
used PID to optimize the DC motor. The PSO Algorithm uses fitness functions so that
the minimum error and overshoot design is easy to be implemented. Regarding to
[63], the PID combine with PSO has produced better results through optimization.
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2.2 Critical Analysis of Review on MFRH

Based on discussion in section 2.1.3.2, the most relevant related work is summarised

in Table 2.1.
Table 2.1: Types of Control Techniques
Author | Year Control | Application | Advantages Disadvantages
Technique
Youngjin | 2003 | PID Robot Easier to less
[34] Manipulator find the accurate
output results
response
Carlos 2004 | Fuzzy Industrial Improved The result
Perez Robot hand than PID not really
[41] consistent
E.A. Al-| 2008 | NN MFRH To produce Only find
Gallaf the good the
[49] mapping trajectory
mechanism
Bahaa 2008 | GA Robot arm to optimize Just focus
[52] the point-to- on motion
point planning
trajectory
planning
Bouberta | 2009 | ACO No the best Problem -
kh [54] application result with where the
provided the lowest premise
cost function parameters
are fixed a
priori.
Shi [44] 2011 | Fuzzy-PID | DC motor To make a -
simple
analysis &
the result is
better than
PID.
Mahmud | 2011 | PSO DC motor the output Highly
[62] response is overshoot.
better.
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The control techniques are divided into two types; the conventional and modern
controllers. Although the conventional controllers are most popular since they have
been in existence for some time, however, the modern controllers such as Fuzzy,
Artificial Neural Network (ANN), and Genetic Algorithm (GA) and so on are
increasingly being used since they offer many solutions and they are easier to use.
Table 2.1 shows the types of control techniques that have been developed by other
researchers. Based on these controllers, PID is a conventional controller and other
controllers are modern controllers. Modern controllers are also able to provide good
solution either independently or used in conjunction with conventional controller like
Fuzzy with PID, Fuzzy-PID with ACO and PID with PSO.

Carlos Perez [41] used fuzzy controller to track an industrial robot hand during its
movements where the system performance in terms of settling time and overshoot.
E.A. Al-Gallaf [49] used neural networks to control the MFRH motion with respect to
six Cartesian based coordinates where there was better trajectory mapping. Bahaa [52]
used genetic algorithm to optimize point to point trajectory planning. Boubertakh [54]
improved Fuzzy-PID with Ant Colony Optimization (ACO) for tuning PID controller
where the best result with the lowest cost function was obtained. Shi [44] has used
Fuzzy with PID to control the speed of DC motor for the automatic doors. The system
was found to be more stable, smaller overshoot and faster response with 38.1% of
settling time and 94.3% of overshoot. Mahmud [62] also have improved PID
controller using PSO for DC motor where the output response with 38.1% of settling
time and 94.3% of overshoot. The plant response produces high overshoot, but a

better performance obtained with the implementation of PSO-based PID.

Overall, it can deduced that both the conventional and modern controllers have
several limitations as a suitable controller for robots such as less accurate results, not
consistent, high overshoot, longer settling time, etc. Therefore, this shows that more

research is needed to address these shortcomings.
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2.3 Summary

In this chapter, an overview of MFRH, and discussed some important aspects of
MFRH such as mechanical design, sensing and control techniques are presented. By
adopting and adapting the various techniques outlined above, it is possible to obtain a
MFRH with improved performance in terms of settling time and overshoot based on

system response.
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CHAPTER 3

METHDOLOGY

In this chapter, multi-fingered robot hand will be discussed in terms of modeling of

MFRH, motor level control, proposed model and position control of MFRH.

3.1 Modeling of a MFRH

The modeling of a MFRH involves the development of a CAD model and followed by

dynamic analysis.

3.1.1 CAD MODEL OF MFRH

In this research, the mathematical modeling of a MFRH was based on CAD model
which turn is based on human hand structure. Human hand is a very articulated
structure. The high functionality of the human hand is based on the higher degrees of
freedom. Human hand has 23 DOF that is provided by 17 joints [64]. If three
dimensional movements are taken into consideration, degrees of freedom increase to
29 because of orientation and position variation of the hand. The joint of a multi-
fingered robot hand is shown in Figure 3.1. The phalanges are the small bones that
constitute the skeleton of the fingers and thumb. The nearest phalange to the hand
body is called “proximal” phalange and the one at the end of the each finger is called
“distal” phalange. The joints of the finger, finger, DOF owing to rotational movement
and metacarpophalangeal (MCP) joint has 2 DOF owing to adduction-abduction and
rotational motions. Except the thumb, the other four fingers (index, middle, ring and
little fingers) have similar structure in terms of kinematics and DOF owing to
rotational movement and metacarpophalangeal (MCP) joint has 2 DOF owing to

adduction-abduction and rotational motions. Except the thumb, the other four fingers



(index, middle, ring and little fingers) have similar structure in terms of kinematics
and dynamics features. Thumb is the most complex physical structure amongst the
hand fingers and different from the fingers in that contains only two phalanges and
has 5 DOF [64].

Carpometacarpaljoint
ofthumb (3 DOF)

YA — MCP joint of
”\  thumb(1 DOF)

IP joint (thumb)
Proximal Phala (1DOF)
Middle Phalanx b7 b -:' | MCP joints (2 DOF)
Distal Phalanx PIP joints (1 DOF)

Figure 3.1: Structure of Human Hand [64]

The CAD model of the MFRH was done using the Solid Works 2010. The CAD
models are shown in Figure 3.2 respectively where they consist of thumb, index,

middle, ring and little fingers.

Figure 3.2: CAD Model
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Each finger has 3 joints and 3 degrees of freedom (DOF). The links are named as
Link 1 (11), Link 2 (12) and Link (13) respectively. Each link is referred to the length
size of MFRH that given in Table 3.1.

Table 3.1: Multi-Fingered Robot Hand Model Parameter

Finger Length size Unit
11 12 13

Thumb 40.0 52 32.5 mm

Index 50.5 42.0 22.0 mm

Middle 60.5 42.0 24.5 mm

Ring 65.5 45.0 27.5 mm

Little 60.5 37 24 mm

The dimensions for the MFRH are based on the average size of a Malaysian male in
mid-twenties. The Isometric View of CAD Model is shown in Figure 3.3 and the
CAD Model with Dimensions in Figure 3.4 respectively.

Amely | Urrout | Shatch ] vatased |
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Figure 3.3: View of MFRH Design
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Figure 3.4: Length Size of MFRH Design

Further details of the CAD Model are given in Appendix B.

3.1.2 KINEMATIC AND DYNAMIC MODEL

The MFRH uses the serial robotic manipulator concept where each links are
connected together at the joints and each joint is controlled by the motor that allows
motion based on command from the controller. The MFRH model is shown in Figure
3.5.

Q Q Q Q

FIF:r FIFP4r PIF3r FIPZr
IPlp
MCPS MCF4r MCP3r MCFIr

PP P
LTy L.

Figure 3.5: MFRH Kinematic Model
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The torque of MRFH based on the given model in Figure 3.5 is derived based on

kinematics and dynamic equations (see Appendix C for detail derivation). Based on

Newton-Euler formula, the dynamic expression of dynamic equation is [65]:
t=M()6+V(0,0)+G() (3.1)

where M(0) the (n x n) mass matrix of the fingers isV(6,8) is (n x 1) vector of
centrifugal and Coriolis term and G(8) is (n x 1) vector gravity. Each element of
M(6@)and G(0) is a complex function which depends on 6, the position of all the

joints of the fingers. Each element of V (8, §) is a complex function of both #and 6.

Based on the dynamic equation, Eq. (3.1), the values of torques are determined using
a Matlab program that was developed. The Matlab code is shown in Appendix D.
These torque values are important for selecting the suitable motor for simulation of

MFRH. In this research these values are given in Table 3.2.

3.2 Motor Level Control of MFRH

A common actuator in control systems is the DC motor. It directly provides rotary
motion and, coupled with wheels or drums and cables, can provide translational
motion. The electric equivalent circuit of the armature and the free-body diagram of
the rotor are shown in Figure 3.6.

Fixed
field
R

M

(_|_> Armature
y ) )
- circuit

Rotor

Figure 3.6: Electrical Circuit of DC motor [66]



The electrical circuit of the permanent magnet DC motor provides the following
equation [67]:

—R+Ldi+kd9m
VERT R T g (3.2)

Where R is the armature resistance, L is the armature inductance, k; is the back emf
constant, v(t) is the armature voltage, i is the armature current and 8, is the rotor

position, respectively.
In order to cancel the current terms, a control law is proposed as

di

Where f is a new control input. Substituting (3.2) into (3.3) results in a linear time

invariant system formed as

_dby,

f= e (3.4)

In the system obtained by (3.3), f is the input and the rotor position 6,,, is the output.
The system is known as an integrator that represents an uncoupled linear equation.
Therefore, for tracking a desired trajectory, a linear control law is chosen as in
Eq(3.5)

f= émd + kp(emd — 0m) (3.5)
Where 6,,,, is the desired rotor position, 6,,4 is the desired rotor velocity, and k, is
the proportional gain. Substituting (3.4) into (3.3), yields

émd - ém + kp(gmd - Qm) =0 (36)

e = 0,4 — 6, as the tracking error to obtain

é+ kpe =0 (3.7)

The closed loop control system is a linear system and it is stable only if k,, > 0. Then
e(t) = 0 as t - oo, or the rotor position 8,, converges to the desired rotor position

Orma.
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Feedbacks from the motor current and its derivative are required to implement the
control law given by (3.2). In addition, the control law given by (3.3) requires the
feedback of the motor position. The motor current contains all dynamical effect of
manipulator transferred to the motor. This fact is concluded from the dynamic

equation of a manipulator driven by DC motors [67], formulated as

M(0)0 +C(0,0)0 + G(0) = kpi (3.8)

Where | is the armature current vector, 6 is the joint variable vector, M is the
completed inertia matrix, C(8,6)8 is the centrifugal and Coriolis torque vector, G(6)
is the gravitational torque vector and k,, is the diagonal matrix of motor torque
constant. The dissipative torque such as frictional and the provided load torque can be
added to the left handoff (3.7) to complete the equation.

The proposed control law given by (3.2) would be advantageous in comparison with

inverse dynamic control. The inverse dynamic law is defined as

= M(®)a+C(0,0)0 +G(6)
T= kmi (39)

Where 7 is the torque vector inserted to the manipulator joints and a is the input

vector of the obtained system after feedback linearization as

a=0 (3.10)

In the proposed approach, each joint of the manipulator is driven by a permanent
magnet DC motor in the control system. The inserted torque on the joint to drive the
manipulator is the load torque of motor, which is considered in a dynamic equation

formed as

Ty = ]mém + Bmém +1rT (3.11)

Where T is the load torque, T,, is the motor torque, r is the gear reduction coefficient,
Jm is the sum of actuator and gear inertia, and B,, is the damping coefficient. The
reduction gear relates the motor position to the joint position as
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q=1r0n (3.12)

Where g is the joint position which is the joint angle for a revolute joint or the joint

distance for a prismatic joint. The motor torque is proportional to the armature current

Tm=1=knl (3.13)

Where k,, is the torque coefficient. The torque coefficient is equal to the back emf

constant for the permanent magnet DC motor.

k. =k, (3.14)

This control law can transform the nonlinear system given by (3.8) to a new system
shown in (3.10) which is linear and decoupled. Control law given by (3.2) is
preferred as compared with the control law (3.8). Because, all feedbacks are
belonging to the motor as the control strategy is the independent joint strategy. Also,
the manipulator model is not required to form the control law. As a result, the control
law is simple, fast, and more accurate in comparison with (3.8). The control law
requires only a feedback of motor current and electrical coefficients of the motor.
Moreover, the electrical signals can be measured more convenient and more precise
than mechanical signals. This control law can be used for tracking control of a high-
speed robot since this approach is free of manipulator model. In facts, the dynamical

effects are compensated by currents of motors in high-speed applications.

The parameters of DC servomotor are as shown in Table 3.2. Details of specification
of DC servomotor can be referred in Appendix E. In the research, the torques use dc
micrometer (7; : DC Micrometer 0.48 mNm series 1016...012G (column 1), 7, : DC
Micrometer 0.48 mNm series 1016...012G (column 3), 73 : DC Micrometer 1.28
mNm series 1016...017S).
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Table 3.2: Parameters of DC Servomotor

Value
Parameter Symbol | Torque 1 Torque 2 Torque 3
=0.8307 =0.6955 =0.1589
Moment of inertia J 0.12.cm2 0.05 g.cm2 0.04 g.cm2
Friction coefficient B 0.03 mN.ms 0.03 mN.ms 0.03 mN.ms
Back EMF constant Ke Ke=0.806 0.705 mV/rpm 0.202
mV/rpm mV/rpm
Torque constant Kt 7.70 mNm/A 6.73mNm/A | 1.93mNm/A
Electric resistance R 31.6 ohm 95 ohm 8.7 ohm
Electric inductance L 344 uH 310 uH 28 uH

Based on parameter in Table 3.2, the final transfer function of the plant model is as

the following:

6(s) _

Ke

v(s) (*L)s2+(J*R+L*B)s+Kt2

Selection of DC servomotor for torque 1;

o(s) 0.806

v(s) 41.28s2 + 14.11s + 0.649

Selection of DC servomotor for torque 2;

6(s) 0.705

v(s) 15.5s2 + 14.05s + 0.497

Selection of DC servomotor for torque 3;

o(s) 0.202

v(s) 1.12s2+ 1.19s + 0.389
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3.3 Position Control of MFRH

In this research, Multi-fingered robot hand is carried out using three controllers. The

controllers are PID, Fuzzy and Hybrid and PSO-PID controller.

3.3.1 PID Controller

PID is stand for proportional—integral-derivative controller. PID is a generic control
loop feedback mechanism (controller) widely used in industrial control systems like
shown in Figure 3.7. One of PID methods is essentially called Ziegler Nichols
methods. The Ziegler—Nichols tuning method is a heuristic method of tuning a PID
controller. It was developed by John G. Ziegler and Nathaniel B. Nichols. It is

performed by setting the ‘I’ and ‘D’ gains to zero [68].
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Figure 3.7: PID Controller

The equations of PID controller are represented as in equation (3.20) and (3.21):

_ d@E) , 1

y(t) = Kp{e(t)+Td 0 +ﬁ-([e(t)d(t)} (3.20)
_ CIO

y(t) = {er(t) K= o Ki ! e(t)d (t)} (3.21)

Where, Kp is the proportional gain, Kiis the integration coefficient and Kd is the
derivative coefficient. Ti is integral action time and Td is referred to as derivative

action time [69]. Symbols in equations 4.1 and 4.2 can be found in Table 3.3.
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Table 3.3: Description of Equation Symbol

Symbol Description
y(t) Controller’s Output
e(t) Error Signal
Td Derivative time constant
Ti Integral time constant
Kp Proportional gain
Kd Kp x Td = Derivative gain
Ki Kp / Ti = Integral gain

The simulation of PID is carried out using PID block diagram as shown Figure 3.8.

_r PID | ]

Step

PID Controller Crutput

Plant

Figure 3.8: PID Controller Block Diagram

3.3.1.1 Ziegler Nichlos Method

The system response of Ziegler Nichols method is characterized by two parameters, L
the delay time and T the time constant like shown in Figure 3.9. These are found by
sketch a tangent to the step response at its point of inflection and noting its crossings
with the time axis and the steady state value and the equation isa =KkL/T where, the

values of k is maximum gain.

Figure 3.9: Time response of Ziegler Nichols method
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By using L and a, the parameter of Ziegler Nichols Method can be used like shown
in Table 3.4.

Table 3.4: Parameter of Ziegler Nichols Method

Control Type Kp Ti Td
P 1

a - -
. 0

a 3L -

PID L2 L

a 2L 2

3.3.2 Fuzzy Logic Controller

The second controller is fuzzy logic controller. Fuzzy logic controller is not
dependent on the mathematical model and it is widely used in robotic applications to
solve various problems of uncertain and ambiguous [70]. Fuzzy controllers are
successful applied to non-linear system because of their knowledge based nonlinear
structural characteristics. Fuzzy logic controller is referring to the theory of fuzzy
logic. It is determined as a set of mathematical principle knowledge representation of
degree of membership rather than on crisp membership of classical binary logic [71].
In this research, Fuzzy logic controller has two inputs and one output: the position
error, change of the error and the torque for motor. The input and output is determined
by membership function of fuzzy logic. The membership functions are used consisted
of two, three, five and seven membership function. The simulation has been carried

out using Simulink fuzzy block diagram as shown in figure 3.10.

€| Dervative

Furry Logic Plant Output

Controller

Figure 3.10: Fuzzy Logic Controller Block Diagram
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3.3.2.1 Two Memberships Function

For two memberships function, the inputs are position error and change of thee error.
These inputs are partitioned into two fuzzy sets: Negative (N) and Positive (P) as
shown in Figure 3.11. The torque outputs of DC servomotor are portioned into three

fuzzy sets: Negative (N), Zero (Z) and Positive (P) as shown in Figure 3.12.

Figure 3.11: Input of Two Memberships Function

TF

Figure 3.12: Output of Two Memberships Function

The main part of fuzzy logic controller is rule table. The total number of these rules is

four. The fuzzy logic rules of two memberships function is shown in Table 3.5.

Table 3.5: Fuzzy Rules of Two Memberships Function

Change of the Error ( de/dt)
Output (U)
N P
Position N N Z
Error (e) p 7 5)

There are 4 rules of two membership functions have been applied:

2 X 2=4rules;
1.1f (e is N) and (de/dt is N) then (U is N)
2.1f (e is N) and (de/dt is P) then (U is Z)
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3.1f (e is P) and (de/dt is N) then (U is Z)
4.1f (e is P) and (de/dt is P) then (U is P)

3.3.2.2 Three Memberships Function

These inputs and outputs of three memberships function are partitioned into three
fuzzy sets: Negative (N), Zero (Z) and Positive (P) shown in Figure 3.13. The total
number of these rules is nine. The fuzzy logic rule of three memberships function is

shown in Table 3.6.

L=

Figure 3.13: Input and Output of Three Memberships Function

Table 3.6: Fuzzy Rules of Three Memberships Function

Change of the Error ( de/dt)

Output (U)
N Z P
Position N N N z
Error Z N Z P
(€) P z P P

There are nine rules of five membership functions have been applied:

3x3=9rules;
1.1f (e is N) and (de/dt is N) then (U is N)
2.1f (e is N) and (de/dt is Z) then (U is N)
3.1f (e is N) and (de/dt is P) then (U is Z)

4.1f (e is Z) and (de/dt is N) then (U is N)
5.1f (e is Z) and (de/dt is Z) then (U is Z)
6.1f (e is Z) and (de/dt is P) then (U is P)
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7.1f (e is P) and (de/dt is N) then (U is Z)
8.1f (e is P) and (de/dt is Z) then (U is P)
9.1f (e is P) and (de/dt is P) then (U is P)

3.3.2.3 Five Membership Function

These inputs and outputs of five memberships function are partitioned into three fuzzy
sets: Negative Big (NB), Negative Small (NS) Zero (Z), Positive Small (PS) and
Positive Big (PB) like shown in Figure 3.14. The total number of these rules is twenty

five. The fuzzy logic rule of five memberships function is shown in Table 3.7.

B SH z SP BP
1

Figure 3.14: Input of Five Memberships Function

Table 3.7: Fuzzy Rules of Five Memberships Function

Change of the Error ( de/dt)

Output (V)
NB NS Z PS PB
NB NB NB NB NS Z
Position NS NB NS NS Z PS
Error Z NB NS Z PS PB
(€) PS NS z PS PS PB
PB z PS PB PB PB

There are twenty five rules of five membership functions have been applied:

5x5=25rules;
1. If (e is NB) and (de/dt is NB) then (U is NB)
2. If (e is NB) and (de/dt is NS) then (U is NB)
3. If (e is NB) and (de/dt is Z) then (U is NB)

4. If (e is NB) and (de/dt is PS) then (U is NS)
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6
7
8.
9

11.
12.
13.
14.
15.

16.
17.
18.
19.
20.

21.
22.
23.
24,
25.

3.3.24

If (e is NB) and (de/dt is PB) then (U is Z)

. If (e is NS) and (de/dt is NB) then (U is NB)
. If (e is NS) and (de/dt is NS) then (U is NS)

If (e is NS) and (de/dt is Z) then (U is NS)

. If (e is NS) and (de/dt is PS) then (U is Z)
10.

If (e is NS) and (de/dt is PB) then (U is PS)

If (e is Z) and (de/dt is NB) then (U is NB)
If (e is Z) and (de/dt is NS) then (U is NS)
If (e is Z) and (de/dt is Z) then (U is Z)

If (e is Z) and (de/dt is PS) then (U is PS)
If (e is Z) and (de/dt is PB) then (U is PB)

If (e is PS) and (de/dt is NB) then (U is NS)
If (e is PS) and (de/dt is NS) then (U is 2)
If (e is PS) and (de/dt is Z) then (U is PS)
If (e is PS) and (de/dt is PS) then (U is PS)
If (e is PS) and (de/dt is PB) then (U is PB)

If (e is PB) and (de/dt is NB) then (U is Z)
If (e is PB) and (de/dt is NS) then (U is PS)
If (e is PB) and (de/dt is Z) then (U is PB)
If (e is PB) and (de/dt is PS) then (U is PB)
If (e is PB) and (de/dt is PB)then (U is PB)

Seven Membership Function

Figure 3.15 shows the seven memberships function of fuzzy logic. It produces two

inputs and outputs. The inputs and outputs are divided into seven fuzzy sets: Negative
(NB), Negative Small (NS), Negative (N), Zero (Z), Positive Small (PS), Positive (P)
and Positive Big (PB). The fuzzy rules as exposed in Table 3.8.
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Figure 3.15: Input and Output of Seven Memberships Function

Table 3.8: Fuzzy Rules of Seven Memberships Function

Output (U) Derivative Error ( de/dt)
NB N NS Z PS P PB
NB NB NB N NS NS Z
N NB NS NS Z PS
NS N NS NS Z PS PS
Ezer)or Z N NS | NS | z | PS | PS
PS NS NS Z PS PS P
P NS Z PS PS P P
PB Z PS PS P P PB

There are 49 rules of seven membership functions have been applied:

7 X7 =149 rules;

If (e is NB) and (de/dt is NB) then (U is NB)
If (e is NB) and (de/dt is N) then (U is NB)
If (e is NB) and (de/dt is NS) then (U is N)
If (e is NB) and (de/dt is Z) then (U is N)

If (e is NB) and (de/dt is PS) then (U is NS)
If (e is NB) and (de/dt is P) then (U is NS)
If (e is NB) and (de/dt is PB) then (U is 2)

N o a b~ wDd e

8. If (e is N) and (de/dt is NB) then (U is NB)
9. If (e is N) and (de/dt is N) then (U is N)
10. If (e is N) and (de/dt is NS) then (U is N)
11. If (e is N) and (de/dt is Z) then (U is NS)
12. If (e is N) and (de/dt is PS) then (U is NS)
13. If (e is N) and (de/dt is P) then (U is Z2)
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14.

15.
16.
17.
18.
19.
20.
21.

22.
23.
24,
25.
26.
27.
28.

29.
30.
31.
32.
33.
34.
35.

36.
37.
38.
39.
40.
41.
42.

43.

If (e is N) and (de/dt is PB) then (U is PS)

If (e is NS) and (de/dt is NB) then (U is N)
If (e is NS) and (de/dt is N) then (U is N)

If (e is NS) and (de/dt is NS) then (U is NS)
If (e is NS) and (de/dt is Z) then (U is NS)
If (e is NS) and (de/dt is PS) then (U is Z)
If (e is NS) and (de/dt is P) then (U is PS)
If (e is NS) and (de/dt is PB) then (U is PS)

If (e is Z) and (de/dt is NB) then (U is N)
If (e is Z) and (de/dt is N) then (U is NS)
If (e is Z) and (de/dt is NS) then (U is NS)
If (e is Z) and (de/dt is Z) then (U is Z)

If (e is Z) and (de/dt is PS) then (U is PS)
If (e is Z) and (de/dt is P) then (U is PS)
If (e is Z) and (de/dt is PB) then (U is P)

If (e is PS) and (de/dt is NB) then (U is NS)
If (e is PS) and (de/dt is N) then (U is NS)
If (e is PS) and (de/dt is NS) then (U is 2)
If (e is PS) and (de/dt is Z) then (U is PS)
If (e is PS) and (de/dt is PS) then (U is PS)
If (e is PS) and (de/dt is P) then (U is P)

If (e is PS) and (de/dt is PB) then (U is P)

If (e is P) and (de/dt is NB) then (U is NS)
If (e is P) and (de/dt is N) then (U is Z)

If (e is P) and (de/dt is NS) then (U is PS)
If (e is P) and (de/dt is Z) then (U is PS)
If (e is P) and (de/dt is PS) then (U is P)
If (e is P) and (de/dt is P) then (U is P)

If (e is P) and (de/dt is PB) then (U is PB)

If (e is PB) and (de/dt is NB) then (U is Z)
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44,
45,
46.
47.
48.
49,

3.3.3

Fuzzy-PID controller is combination of fuzzy logic controller and PID controller.
The controller has created to improve the system response of a multi-fingered robot
hand. Where the combination of the fuzzy and PID are much better than stand-alone
PID and Fuzzy controllers. It uses additional gain to improve rise time, settling time
and steady state error as discussed in chapter 5. The Simulation of Fuzzy-PID

controller was carried out using Fuzzy-PID block diagram as shown in figure 3.16.

3.34

PSO-PID controller is the PID controller tuned with Particle Swarm Optimization. By
combination of PSO algorithm and PID controller are make a lot of results
simultaneously in simulation running and the best result are selected. The system
response produced in term of rise time, settling time and steady state error. Based on

PSO-PID controller block diagram as shown in Figure 3.17, the simulation was

If (e is PB) and (de/dt is N) then (U is PS)
If (e is PB) and (de/dt is NS) then (U is PS)
If (e is PB) and (de/dt is Z) then (U is P)

If (e is PB) and (de/dt is PS) then (U is P)
If (e is PB) and (de/dt is P) then (U is PB)
If (e is PB) and (de/dt is PB) then (U is PB)

Fuzzy-PID Controller

b il

Controller

Plant

Figure 3.16: Fuzzy-PID Controller Block Diagram

PSO-PID Controller

carried out.
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Figure 3.17: PSO-PID Controller Block Diagram

3.3.4.1 PSO Algorithm

Particle swarm optimization or PSO [72] is a group of individuals known as particles
or intelligent agents that search for space flight. The problem of optimization can be
solved by the particle, which is the position of a particle is influenced by the best
position visited by itself (i.e., its own experience) and the position of the best particle
in the whole population. The best particle is called the global the best particle.
Capability can be achieved by each of these particles, it able be as near to the global
optimum will be measured using the intelligence vary depending on the optimization

problem.

Each particle traverses the XY coordinate within a two-dimensional search space. Its
velocity is expressed by wvx and vy (the velocity along the X-axis and Y-axis,
respectively). Modification of the particles position is realized by the position
and velocity information [Kennedy et al., 2001]. Each agent knows its best value
obtained so far in the search (pbest) and its XY position. This information is an
analogy of the personal experiences of each agent. Individual particles also have
knowledge about the best value achieved by the group (gbest) among pbest. Each
agent uses information relating to: its current position (x,y), its current velocities
(vx,vy), distance between its current position and its pbest and the distance

between its current position and the groups gbest to modify its position.
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The velocity and position of each agent is modified according equation (3.23) and
(3.24) respectively [73]:

vir = v 4 ¢, *rand; * (pbest, —sK) + ¢, *rand, * (gbest —sK) (3.23)

k+1

sk — gk it (3.24)

With regards to equation (4.3):

vk = current velocity of agent | at iteration k

vl =new velocity of agent i at iteration k

Cy = adjustable cognitive acceleration constants (self-confidence)
C, = adjustable social acceleration constant (swarm confidence)

rand; , = random number between 0 and 1

sk = current position of agent i at iteration k

pbest; = personal best of agent i

9best  — global best of the population

For equation (4.4):

k+1

' =denotes the position of agent i at the next iteration k + 1
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There are four steps of PSO and Figure 3.18 illustrates the flowchart for the PSO

N
>
\

algorithm as the following [74]:

/

Generation of initial condition STEP 1

\

Evaluation STEP 2

Modification

STEP 3

Termination
criteria met?

Yes

Figure 3.18: Flowchart of PSO [74]

Step 1: Generation of initial conditions of each agent.

Set the (s i0) as the initial and the (v i0) as the speed of each agent is randomly
obtained. Each agent will set the current search point to pbest. Gbest also will
determine the best value of pbest, and the best value for the number of agents is

stored.

Step 2: Evaluation of searching point of each agent

The purpose of this step is to get the best value of each agent, if the the agent is better
than (p best) at this time, it will be replaced with the current value. And if the the
value (pbest) is better than (g best), it will be replaced with the value (g best) at this
time and the value (g best) this will be replaced with the best value. Then the best

agent is stored.
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Step 3: Modification of each searching point

By using the equation (4.3), (4.4), the value of agent will be declared to find the point.

Step 4: Checking to exit condition
In this step, several tests were carried out before the end of this process, if the it had
not been reached then the process will be repeated again from step 1 and if the

otherwise the process stopped.

3.3.4.2 PSO Parameter

The parameters of PSO are divided into 5 parameters. The different of parameters is
regarding the values of the Size of the swarm “no of birds” (n) and Maximum number
of “birds steps” (bird_step) each parameter. The simulation is to find the best of each

parameter and the values. The parameters of PSO are given in the Table 3.9 to 3.13.

Table 3.9: Parameter 1 of PSO

Variable Value Description
n 10 Size of the swarm “ no of birds”
bird_step 10 Maximum number of “birds steps”
d 2 Dimension of the problem
cl 1.2 Velocity constant
c2 0.12 Velocity constant
w 0.9 momentum or inertia

Table 3.10: Parameter 2 of PSO

Variable Value Description
n 20 Size of the swarm “ no of birds”
bird_step 20 Maximum number of “birds steps”
d 2 Dimension of the problem
cl 1.2 Velocity constant
c2 0.12 Velocity constant
w 0.9 momentum or inertia
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Table 3.11: Parameter 3 of PSO

Variable Value Description
n 30 Size of the swarm ““ no of birds”
bird_step 30 Maximum number of “birds steps”
d 2 Dimension of the problem
cl 1.2 Velocity constant
c2 0.12 Velocity constant
w 0.9 momentum or inertia
Table 3.12: Parameter 4 of PSO
Variable Value Description
n 40 Size of the swarm ““ no of birds”
bird_step 40 Maximum number of “birds steps”
d 2 Dimension of the problem
cl 1.2 Velocity constant
c2 0.12 Velocity constant
w 0.9 momentum or inertia
Table 3.13: Parameter 5 of PSO
Variable Value Description
n 50 Size of the swarm “ no of birds”
bird_step 50 Maximum number of “birds steps”
d 2 Dimension of the problem
cl 1.2 Velocity constant
c2 0.12 Velocity constant
w 0.9 momentum or inertia
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3.4 Summary

In this chapter, a CAD design of the MFRH was developed as an input for simulation.
Thereafter, the kinematic and dynamic equations were derived. Then, these equations
were used for DC servomotor selection. Various control techniques such as PID,
Fuzzy, Fuzzy-PID and PSO-PID were carried out. The results and discussions would

be provided in the next chapter.
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CHAPTER 4

RESULTS & DISCUSSION

This chapter provides the results and discussion on PID, Fuzzy, Fuzzy-PID and PSO-

PID based on the parameters given in chapter 3 for three different joints, i.e.

4.1 Results of Joint 1

The results of joint 1 are presented in Figures 4.1 to 4.4 for PID, Fuzzy, Fuzzy-PID
and PSO-PID respectively. Figure 4.5 shows the comparative results of PID, Fuzzy,
Fuzzy-PID, PSO-PID in a single diagram. The results are based on system
performance metrices such as rise time (T,), settling time (Ts), Percent overshoot

(%0S). Detail discussion on the system performance metric is given in Appendix F.
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Figure 4.1: Step Response of Joint 1 using PID
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Figure 4.4: Step Response of Joint 1 using PSO-PID
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Figure 4.5: Step Response of Joint 1 using PSO-PID, Fuzzy-PID, Fuzzy and PID

The results of joint 1 as shown in Figure 4.5 for PSO-PID, Fuzzy-PID, Fuzzy and PID are
given in Table 4.1.

Table 4.1: Results of Joint 1 using PSO-PID, Fuzzy-PID, Fuzzy and PID

Controller | Rise Time | Settling | Cmax | Overshoot | Error | % (Ts) | % Overshoot
(T Time (Ty) (%0S) Improved Improved
PSO-PID 4.7 9.6 1.07 7 0.07 60% 84.4%
Fuzzy-PID 4.8 125 1.08 8 0.08 43% 82.2%
Fuzzy 4.8 135 1.10 10 0.10 42.5% 77.7%
PID (Ref) 4.2 238 1.50 45 0.50 - -

By comparing the four controllers, PSO-PID provides the best result in terms of settling
time (Ts) and overshoot (%0S) are 9.6 and 7. Also the error is smallest, 0.07. This is
followed by Fuzzy-PID with the settling time (T) and overshoot (%0S) of 12.5 and 8.
Next is Fuzzy with the settling time (Ts) and overshoot (%0S) of 13.5 and 10. The

percentage improvement of PSO-PID compared with PID (as a ref) is 60% for settling

time (Ts) and 84.4% for percent overshoot. Fuzzy-PID improved by 43% for the settling

time and 82.2% for overshoot. Then, Fuzzy improved the settling time and overshoot by
42.5% and 77.7%.
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4.2 Results of Joint 2

The results of joint 2 are presented in Figures 4.6 to 4.9 for PID, Fuzzy, Fuzzy-PID, and

PSO-PID respectively. Figure 4.10 shows the comparative results of PID, Fuzzy, Fuzzy-
PID and PSO-PID in a single diagram.
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Figure 4.6: Step Response of Joint 2 using PID
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Figure 4.7: Step Response of Joint 2 using Fuzzy
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The results of joint 2 as shown in Figure 4.10 for PSO-PID, Fuzzy-PID, Fuzzy and PID

are given in Table 4.2.

Table 4.2: Results of Joint 2 using PSO-PID, Fuzzy-PID, Fuzzy and PID

Controller | Rise Time | Settling | Cmax | Overshoot | Error | % (Ts) | % Overshoot
(T Time (Ty) (%) Improved Improved
PSO-PID 2.60 7.0 1.02 2 0.02 51.7 93.3
Fuzzy-PID 3.64 7.2 1.05 5 0.05 50.3 83.3
Fuzzy 3.65 7.5 1.06 6 0.06 48.3 80.0
PID (Ref) 3.72 14.5 1.3 30 0.3 - -

By comparing the four controllers, PSO-PID provides the best result in terms of settling
time (Ts) and overshoot (%OS) are 7.0 and 2. Also the error is smallest, 0.02. This is
followed by Fuzzy-PID with the settling time (Ts) and overshoot (%OS) of 7.2 and 5.
Next is Fuzzy with the settling time (Ts) and overshoot (%0OS) of 7.5 and 6. The
percentage improvement of PSO-PID compared with PID (as a ref) is 51.7% for settling
time (Ts) and 93.3% for percent overshoot. Fuzzy-PID improved by 50.3% for the
settling time and 83.3% for overshoot. Then, Fuzzy improved the settling time and
overshoot by 48.3% and 80%.

4.3 Results of Joint 3

The results of joint 3 are presented in Figures 4.11 to 4.14 for PID, Fuzzy, Fuzzy-PID,
and PSO-PID respectively. Figure 4.15 shows the comparative results of PID, Fuzzy,
Fuzzy-PID and PSO-PID in a single diagram.
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Figure 4.15: Step Response of Joint 3 using PSO-PID, Fuzzy-PID, Fuzzy and PID

The results of joint 3 as shown in Figure 4.15 for PSO-PID, Fuzzy-PID, Fuzzy and PID
are given in Table 4.3.

Table 4.3: Results of Joint 3 using PSO-PID, Fuzzy-PID, Fuzzy and PID

Controller

Rise Time

Settling
Time (Ty)

Overshoot | Error

(%)

Cmax % (Ts)

Improved

(T

% Overshoot
Improved

PSO-PID

3.29 5.1 1.01 1 0.01 64.1

96.4

Fuzzy-PID

3.30 5.2 1.02 2 0.02 63.4

92.8

Fuzzy

3.34 6.1 1.04 4 0.04 57

85.7

PID (Ref)

3.20 14.2 1.28 28 0.28 -
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By comparing the four controllers, PSO-PID provides the best result in terms of settling
time (Ts) and overshoot (%0OS) are 5.1 and 1. Also the error is smallest, 0.01. This is
followed by Fuzzy-PID with the settling time (Ts) and overshoot (%OS) of 5.2 and 2.
Next is Fuzzy with the settling time (Ts) and overshoot (%0S) of 6.1 and 4. The
percentage improvement of PSO-PID compared with PID (as a ref) is 64.1% for settling
time (Ts) and 96.4% for percent overshoot. Fuzzy-PID improved by 63.4% for the
settling time and 92.8% for overshoot. Then, Fuzzy improved the settling time and
overshoot by 57% and 85.7%.

4.4 Discussion

Overall, it can be seen that for joints 1, 2 and 3, the PSO-PID provided the best results,
followed by Fuzzy-PID, then Fuzzy with reference to PID in terms of settling time (Ts)
and overshoot (%0S). The percentage improvement of PSO-PID compared with PID (as
a ref) is and 60% for settling time (Ts) and 84.4% for percent overshoot for joint 1,
percentage improvement of joint 2 is 63.4% % for settling time (Ts) and 93.3% for
percent overshoot and percentage improvement of joint 3 is 64.1% for settling time (T;)
and 96.4% for percent overshoot.

Table 4.4 shows the proposed work have been compared with the past researchers.

Table 4.4: Comparative Analysis with Past Researcher

Controller Error % (TS) %
Improved Overshoot
Improved
PSO-PID 0.01 64.1 96.4
Proposed work Fuzzy-PID 0.02 63.4 92.8
Fuzzy 0.04 57.0 85.7
Mahmud [62] PSO-PID 0.10 38.1 94.3
Shi [44] Fuzzy-PID 0.01 54.8 87.5

The proposed work yielded improvement in terms of percent overshoot by 96.4 and
settling time with 64.1% using PSO-PID compared to PID. Fuzzy-PID improved by
63.4% of the settling time and 92.8% of overshoot (Ts). Then, Fuzzy improved the
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settling time and overshoot with 57% and 85.7%. The results by Shi[44] shows
improvement of settling time and overshoot with 54.8% and 87.5 using Fuzzy-PID.
Mahmud [62 also improved with 38.1% of settling time and 94.3% of overshoot. The
results from the posposed work show that it is consistent with findings of Mahmud [62].

These results for joints 1, 2 and 3 shows that they could be used to control MFRH. The

joint control system for 1 finger of MFRH is shown in figure 4.16.

Joint 1 Manipulator Joint 1 9.6,
Controller Model I
T :
L e e e e e e e, e, e e e = 1
i i i i 9292
Joint Control Joint 2 Manipulator Joint 2
I—
System Controller Model I
7 |
e e e e e e e e e e e e e - 1
. . . 6165
Joint 3 Manipulator Joint 3
Y Controller Model I
1
1

Figure 4.16: Joint Control System of 1 Finger [65]

Generally, from figure 4.16, it can be seen that the robot controller is a multi-input, multi-
output (MIMO) system involving joint and end-effector locations, velocities,
accelerations and force vectors. The typical robot control architecture for an n-DOF robot
consists of a ‘Joint Control System’ as a master to control and synchronize n (1,2, 3)
joints. This master control is responsible for sending ‘set-point’ commands to each of the
joint controllers. The n joint controllers use the set point information command to each of
the joint controllers. The joint controller employs a feedback of current joint position. It

periodically gives feedback to the master controller.

The overall Control System for MFRH is shown in figure 4.17. This is also a MIMO
system for the whole MFRH.
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Finger 1
Finger 2
Control
System for Finger 3
MFRH
Finger 4
Finger 5

Figure 4.17: Control System for MFRH

Similar to figure 4.16, the controller in Figure 4.17 also acts as Master Controller to
control and synchronize fingers 1 to 5 as a whole MFRH. It can be deduced that each
finger is considered to be independent and separately controlled through the individual
joints. The single-joint model is assumed to have a single input (set point) and a single
output (location, velocity, etc). Hence, the n-DOF manipulator is modeled as n-
independent single-input, single-output (SISO) control systems. The linear control
technique for robot control is essentially an approximate method and for this a robot joint
should be modeled as a linear scond-order system. Servo control strategy was applied in

this research where second-order linear system of the MFRH was analysed.

45 Summary

In this chapter, the results of control technique using PID, Fuzzy and PSO and table form
are presented with detail discussions on the outcome. In chapter 5, the research
summarized and the contribution made were discussed and evaluated. The outline is

possible for future work.
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CHAPTER 5

CONCLUSION

In this final chapter, all the material presented thus far on the modeling and control of
Multi Fingered Robot Hand is brought together. First, the main achievements of the
research reported in this thesis are evaluated. Initially, the research objectives are stated,
then it presents the achievements on a chapter-by-chapter basis, followed by discussion of
the research results, and finally, contributions with respect to the stated objectives are
given. Next, some suggestions for future work are provided, and then conclude the thesis
with the thoughts on the further development of Multi Fingered Robot Hand with infusion

of advanced technologies.

5.1 Critical Evaluation of Achievements

In this section, it examines critically and assesses the achievements with respect to the
research objectives of this thesis. First, for reader convenience, the research objectives are
stated, and then it followed with the chapter-by-chapter discussion on how it met the
objectives. In addition, by way of summary and to present a coherent picture, all the

research is discussed in term of achievements and contributions in a single section.

5.1.1 Research Objectives

Recall from chapter 1 the current MFRH has limitations in terms of control techniques
not able to meet required system performance. Specifically, derivation of equations of
motion, most appropriate control techniques for position control motion were considered
to be issues that need remedy. A new application of available control technique which
encompasses the above aspects was identified as the potential solution to address the

above issues.



Hence, the research has been focused to achieve the following crucial objectives:

e to develop a control techniques such as PID, Fuzzy, Fuzzy-PID and PSO-PID
for position control;
e to improve system performance in terms of settling time and overshoot;

e to compare the system performance of the control techniques

5.1.2 Meeting the Objectives

In chapter 2, literature review of the technologies and techniques are provided for
MFRH. This involved three important areas; mechanical design, sensing and control
techniques. The literature review revealed published work to date shows the
limitations of current control technique for MFRH. Hence, there was a need for

research if one intended to improve the system performance.

In chapter 3, the modeling of MFRH, motor level control of MFRH, proposed
model, position control for MFRH. The selection of DC servomotor is important in
the development of position control technique of the MFRH. PID, Fuzzy Logic, and
PSO are used to carry out the simulation for position control.

The results obtained for all the simulation work was provided in Chapter 4. In this
chapter, the results in graphical and table form were presented with detail discussions
on the outcome. The performance of the MFRH was measured based on parameters
such as rise time, settling time and percent overshoot. (See Appendix F for details). In
terms of Fuzzy Logic Controller, comparing two, three, five and seven membership
functions, it was found that five membership functions produced a good response. The
Fuzzy-PID Controller which a combination of PID and fuzzy logic controller showed
improved performance compared to PID and Fuzzy Logic stand-alone controllers.
However, the best results were obtained for PID tuned with PSO. The percentage
improvement of PSO-PID compared with PID (as a ref) is and 60% for settling time
(Ts) and 84.4% for percent overshoot for joint 1, percentage improvement of joint 2 is
63.4% % for settling time (Ts) and 93.3% for percent overshoot and percentage
improvement of joint 3 is 64.1% for settling time (Ts) and 96.4% for percent

overshoot.
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5.2 Discussion

Recall that in chapter 1, the background and argued the case for introducing a new
control technique to improve the performance of MFRH are placed. As the reader
may remember, there are three important aspects of MFRH, i.e., mechanical design,
sensing and control technique. Of these three, the control technique is the ready
candidate for research since system performance need to be improved. Thus, in this
thesis, the focus is on the improvement of control technique of MFRH.

To find out how others may have developed similar systems, an extensive
literature review was undertaken. From the literature review, it was found that to-date,
although many new technologies and techniques have emerged in the area of control
techniques of MFRH, there are still limitations in some of the areas. Hence, research

was necessary.

The focus of our research is the development of a Control Technique for MFRH.

Thus, the research in the following areas was identified:

e to develop a control techniques such as PID, Fuzzy, Fuzzy-PID and PSO-PID
for position control;
e to improve system performance in terms of settling time and overshoot;

e to compare the system performance of the control techniques

In this research, the position control technique using PID, Fuzzy Logic Controller and
PSO was obtained. In addition, the research has produced promising results that could

improve the performance of MRFH further.

5.3 Suggestions for Further Work

In this section, a few suggestions are presented for further research for MFRH which

are involved:

e Different Parameters
Further work could explore the use of different set of parameters to improve further

the system response of the MFRH.
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e Prototype Development
Ultimately, a prototype needs to be developed to test the viability of the system. This
will involve the development and integration of various sub-systems such as the

mechanical design, sensing and control techniques.

5.4 Concluding Remarks

The work reported in this thesis has made a worthwhile contribution to ‘knowledge
base’ in the field of robotics industry, particularly, MFRH through the results

obtained, as summarized above.
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APPENDIX A

ADDITIONAL INFO OF MFRH

A-1 MFRH using Motor Design

The Barrett hand [25] is also non-anthropomorphic manipulator with considerable
grasp capabilities. Barrett hand is also in motor design. The advantages of Barrett
hand is to factory usage, highly programmable, three fingered, eight-axis and
reconfigurable “grasper”. The Barrett hand has three articulated fingers as shown in
Figure A-1 and a palm which act in concert to trap the target object firmly and
securely within a grasp consisting of seven coordinated contact vectors — one from
the palm plate and one from each link of each finger. Each finger of Barrett hand is
controlled one of three servomotors. Each of the three finger motors must drive two

joint axes.

:@nrntt Hand (UMass Configuration)
|Fingertip F/T sensors: ATI Nano-

Figure A-1: Barrett Hand [28]

Another robotic hand design using motor is Salisbury hand [25] as shown in
Figure A-2. It was developed by Kenneth Salisbury as part of his doctoral desertion.
Unlike Robonaut hand, Salisbury does not use an anthropomorphic design. The hand
in its place consists of three configured with one in opposition, providing a stable
spherical grasp. The hand also has three DOF and is actuated by Teflon-coated cable
driven by remotely located servomotor. Salisbury hand is consisted with tendon

sensors, motor position, encoder and six fingertip force torque sensors for tactile
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sensor operations. The purpose of designing this robot is making more grasp types
possible. Thus, the distal joint of each finger has a wider range of motion than

the human joint to help compensate for the fewer total degrees of freedom.

Figure A-2: Salisbury Hand [25]

The DLR (Deutsches Zentrum fur Luft-undRaumfahrt) Il Hand t is an
anthropomorphic dexterous grasping and manipulation system and design use motor
as shown in Figure A-3. The hand was designed by Grebenstein et al. [61] at Institute
of Robotics and Mechatronics. It is divided into four identical fingers with each finger
having four joints and three degree of freedom. One of the fingers has an additional
degree of freedom connected with the palm to adjust stability of the grasp. This robot
has a complete integration of actuation systems consisting of sensors and electronics
in the hands that can lead to maximum flexibility and enables easy interfacing with

other robots.

The aim of this robot was designed is to produces fine manipulation to give
improvement of the grasping performance in case of precision and power-grasp.
Hence, the design of the Hand Il was and fine-manipulation requires a large area
junction range of motion and opposition of thumb and ring finger. Therefore, the
design of Hand 11 also has an additional minor degree of freedom which enables to
use the hand in two different alignments. This system uses a slow motion type of
degree of freedom to decrease weight and complexity. It only use one brushed dc

motor using a spindle to control the motion of the first and fourth finger.
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Figure A-3: DLR Il Hand [28]

Although the designs and actions, such as human hands, but the robot hand must
first identify the objects that are not known for its reaction to either hold or grasp. As
an example of actions the robot hand is opened and closed the door and drawer, the
device operation and use of tools. Thus, the human hand is a source of reference in
designing of the DLR anthropomorphic robot as a universal dexterous grasping and

manipulation tool for service robotics.

Figure A-4 shows an anthropomorphic robot based on motor design is Elu2-Hand
[75]. This robot was developed by Elumotion Ltd. The robot is human-scale
anthropomorphic robot hand can reach a real hand movement at speeds similar to
humans. This makes it ideal Elu2-hand to interact with people and also many kinds of
tools and objects in our environment is designed around the ergonomics of human
hands. The Elu2-hand has nine degrees of freedom servo-driven in the volume of the
hand. Hands reached actuations of life as much through movement-related, such as
cover your hands and flexible combination of books. Although originally designed to
meet the design Elu2-Hand compact means may be installed on many different robot

arms.
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Figure A-4: Elu2-Hand [75]

The Elu2-Hand [75] has been planned for power, precision and reliability of the
use of plastic-metal hybrid construction for light weight combined with strength and
endurance. Elu2 hands have large areas that support pad line soft hands to manipulate
objects, and in his interaction with people; pads also provide a potential for tactile
sensing. Efficient delivery of back-Drivable finger allows the use of motor-current to
indicate the joint torque. Besides, every degree of freedom has the potential for ultra-
reliable non-contact sensing the absolute limit switches provide redundancy and
additional positions for important security applications. The powerful and compact
Elu2-Hand has been using a lot of possibilities start from research to medical
applications.

Among the anthropomorphic robot hand is SKKU Hand Il [76] is shown in
Figure A-5. The driving circuits of SKKU Hand Il are embedded, and it can interact
with others using CAN protocol. It has a miniaturized tactile sensor related to the
robot hand. The robot is designed with the motor base. It is driven by a DC motor
built-in fingertip tactile sensor which can detect contact normal force. The slip of
tactile sensor is consisting of two organic materials polyvinylidene fluoride (PVDF) is
known as the piezoelectric polymer, and the pressure variable resistor ink. The robot
uses a motor control board of the PIC 16f458 to check the condition of the motor in

real time.
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Figure A-5: SKKU Hand 11 [28]

MAI-hand [77] is an anthropomorphic robot that designed using motor as shown
in Figure A-6. It was designed and built at the Institute of Industrial and Control
Engineering (1I0C) at the Polytechnic University of Catalonia (UPC). The hand has
four fingers with 16 degree of freedom that forms part of an integrated system for the
experimentation and testing of object grasping and manipulation strategies. The
control system of MA-I consists 16 position control loops, independently controlling
each of the 16 DC motors. The advantage of this hand is easy coupling decoupling
with any robot arm. For future work related with MA-I are teleoperation using a
sensorized globe with haptic capabilities, teleoperation using a graphic simulator of
the hand-arm ensamble and inclusion of vision feedback in the teleoperation.

Figure A-6: Robotic Hand MA-I [77]

One of the advanced anthropomorphic robotic hands is development of a multi-
fingered robot hand can be attached to life size humanoid hand. This robot is

designed based on the motor design as shown Figure A-7. The hand design is
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controlled by with 1/0, motor drivers, and amplifiers for 6-axes force sensors are also
newly developed. The advantage of development of a multi-finger robot hand is to
operate a grasped object with 3-axes translational motion and 3-axes rotational motion
redundantly; at least 3 finger modules with 3 DOF are required [78]. The hand is
developed by Kenji et al that have four fingers, which consists of 13 active joints and
4 linked joints. Each finger has four joint including 3 active joints and 1 linked joint.
The joints are consisted of DIP, PIP and MCP joints. DIP joint works together with
PIP joint. The pitch axis of MP joint of finger module enables adduction and
abduction. Although the hand with five fingers is human-like, it may become bigger.

Finally, the aim of this robot hand is to realize the hand with from 3 to 5 fingers.

B AT
s

Figure A-7: Kenji Robot Hand [78]

Figure A-8 shows the non-anthropomorphic robotic hands is SSL hand [25] that
has been designed four fingers for EVA application at Space System Lab. Three
fingers assembled in a resisting configuration are optimized for cylindrical grasp and

fought grasping finger provides additional stability.

Figure A-8: SSL Hand [25]
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The hand design has four joints and three DOFs with distal and middle that joint
together by indicate a four-bar linkage. The SSL Hand operates a tendon drive system
in combination with passive spring return. Actuators are not incorporated into full

design at the current development state.

Table A-1: Categories of Design of Robot Hand

Categories of Design | NF | ND | Type of Robot Robot Hand
Motor design 5 12 | Anthropomorphic Robonaut Hand
Motor design 4 16 | Non-anthropomorphic | Barrett Hand
Motor design 3 9 | Non-anthropomorphic | Salisbury Hand
Motor design 4 12 | Anthropomorphic DLR Il Hand
Motor design 5 9 | Anthropomorphic Elu-2 Hand
Motor design 4 10 | Anthropomorphic SKKU Hand Il
Motor design 4 16 | Non-anthropomorphic | MAI-Hand
Motor design 4 12 | Anthropomorphic Kenji Robot Hand
Air-muscle 5 21 | Anthropomorphic Shadow Hand
Prosthetic design 5 15 | Anthropomorphic Cyber Hand
Four bar linkage 5 16 | Anthropomorphic Gifu Hand 111
Four bar linkage 4 12 | Non-anthropomorphic | SSL Hand
Ultrasonic motor with | 5 20 | Anthropomorphic Ikuo Robot Hand
elastic element

Pneumatic 4 16 | Anthropomorphic Utah/MIT Hand

A-3 Example of MFRH: Shadow Robot Hand

The Shadow Dextrous Hand is an advanced humanoid robot hand system that
provides 24 movements to reproduce as closely as possible the degrees-of- freedom of
the human hand. It has been designed to provide comparable force output and
movement sensitivity to the human hand. The model C6M Hand uses Shadow's
electric “Smart Motor” actuation system, rather than the pneumatic Air Muscle
actuation system of other Dextrous Hand systems. The “Smart Motor” integrates force
and position control electronics, motor drive electronics, motor, gearbox, force

sensing and communications into a compact unit. The Shadow Dextrous Hand is a
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self-contained system — all actuation and sensing required is built into the Hand.
The Shadow Dextrous Hand system incorporates all necessary control systems

(software provided under GNU GPL) and documentation for research and teaching

purposes. Shadow Hand systems have been used for research in grasping,

manipulation, neural control, and hazardous handling.

Dimension

The Hand has been designed to be as similar as possible to the average male hand.

The fingers are all the same length, although the knuckles are staggered to give

comparable fingertip locations to the human hand.

Weight
The Hand system, (Hand, sensors, and all motors) has a total weight of 4 kg.

Speed
Movement speed is dependent on safety settings in the force control system. Typically

you can expect a full-range joint movement to operate at a frequency of up to 2 Hz.

Material

The entire system is built with a combination of metals and plastics.
e Forearm: Aluminium, resin shell.

e Palm: Acetyl, aluminium, polycarbonate.

e Fingers: Acetyl, aluminium, polycarbonate fingernails and polyurethane flesh.

Control and Actuation

e Power Consumption

e The C6M Dextrous Hand is designed to use motor technology.

e Electronics: 0.7 A @ 8 V. Motors: 2 Amax @ 24 V.

e Separate power supplies are provided with the Hand.

Actuation

The Hand is driven by 20 Smart Motor units mounted below the wrist which provide
compliant movements. Following the biologically-inspired design principle, a pair of
tendons couple each Smart Motor to the corresponding joint of the Hand.
Integrated electronics in the Smart Motor unit drives a high- efficiency rare-

earth motor, and also manages corresponding tendon force sensors. The Smart
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Motor unit is designed to ensure that the system is safe at all times. It monitors tendon
forces and keeps them within defined limits, preventing the Hand from over-gripping

objects. Motor temperature management prevents overheating of individual motors.

Communications

Busses

The standard interface to the Hand is a Controller Area Network (CAN) bus. The
CAN interface has been tested with standard controller cards as well as the interface
card supplied with the host computer. All sensor data, components, configuration and
controller set points can be accessed over this bus. A simple protocol developed by
Shadow is used for the communication. Code for protocol interface is supplied as part
of the GNU GPL- licensed codebase only; alternate licensing is also available as an
option. An embedded Ethernet interface option permits direct access to robot data and

configuration by TCP/IP communication.

Robot Configuration

e The protocol used allows a variety of system-specific configuration to take place.
This includes:

e enable and disable a component of the robot, such as a group of sensors, or a
single microcontroller module

e set sensor transmission rates,

e enable and disable joint position PID controllers individually, modify limits and
set points for inner joint force PID controllers, modify set points for outer joint
position PID controllers,

e change PID controller sensor and target values, change force and position
controller P,I,D gain values,

e change operational limits such as force and temperature cutouts, reset
components,

e Track error and status indicators from the components.

e The off-board PC provides access to all of these functions via shell script, device,
and file system and program code. Full documentation of the software interface
and protocol is supplied.
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Sensing

Position

A Hall effect sensor senses the rotation of each joint locally with typical
resolution 0.2 degrees. This data is sampled by 12-bit ADCs and transmitted on the
CAN bus. Data is transmitted in both calibrated and uncalibrated form. The sampling
rate is configurable up to 180Hz.

Force

A separate force sensor measures the force in each of the pair of tendons driven by the
Smart Motor unit. This data is captured by 12-bit ADCs and transmitted on the CAN

bus, as well as being available to the Smart Motor unit for control.

Kinematics
The Dextrous Hand kinematics are as close as possible to the kinematics of the human

hand as shown in Figure A-9 .

9500
S0

C29.00

Figure A-9: Kinematic Layout of MFRH
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System View

Electronics

1. Bus: Controller Area Network (CAN) bus interface to on-board electronics.
Optional Ethernet on-board.

2. Palm Sensor: 7 ADCs distributed across the palm provide 26 active 12-bit
sensing channels.

3. Motors: Smart  Motor units integrated into the forearm incorporating per-

tendon force sensing and providing timed and PID control

e On Board View

The Smart Motor boards implement PID control of force and position of the
joints. This control can be flexibly configured to take set point and target data from a
variety of sources. These controllers can be configured via the standard robot
interface, and appropriate programs, scripts and graphical examples of this are

provided.

e Off-board control

A standard x86-compatible PC running Debian GNU/Linux with the RTAI real-time
system and Shadow’s GPL robot code is supplied. This can be used for initial set up,
evaluation and operation, as well as serving as a template for your own control

system. The PC is fitted with an external CAN bus interface.

Software in the host PC provides sensor calibration and scaling, mappings from
sensor names to hardware and permits easy access to all robot facilities from C code,
shell scripts, or GUI.

e Micro-controllers

Microchip PIC18Fxx80 micros are used for embedded control throughout the robot
system. The firmware is provided as source on the host PC. All microcontrollers are
connected to the robot CAN bus.

e Smart Motor nodes
Each of the twenty Smart Motor nodes drives a motor using PWM with 1 kHz update
frequency. The Smart Motor node implements two nested PID controllers. The
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inner one controls tendon force, with tunable hard limits on maximum forces to
provide compliance. The outer controller sets the required tendon force, and typically
does this from joint position error, so it controls joint position. The PID controllers
are set up in the configuration or boot phase of the system, and can be configured to
operate from sensor data and from user-supplied values, permitting control of
joint position, joint force, or user-supplied parameters. There is a mechanism to

switch quickly between controller settings.

e Hand sensor node

The Hand Sensor Node, which is made up of a number of PCBs throughout the

A-4 Sensor for MFRH

Tactile sensing has been a component of robotics for roughly as long as vision.
However, in comparison to vision, for which great strides have been made in terms
of hardware and software and which is now widely used in industrial and mobile
robot applications, tactile sensing always seems to be “a few years away” from
widespread utility. In Nature, tactile sensing is evidently an essential survival tool.
Even the simplest creatures are endowed with large numbers of mechanoreceptors
for exploring and responding to various stimuli. In humans, tactile sensing is
indispensable for manipulation, exploration and response as shown in Table A-2. A
couple of quick thought exercises illustrate the point: When our fingers are numbed
by cold we become clumsy, so that simple manipulation tasks, like unbuckling a
boot, are an exercise in frustration. Our muscles, snug in our coat sleeves, are only
slightly affected but our cutaneous mechanoreceptors are anesthetized. For
exploration, we rapidly assimilate tactile information about material and surface
properties (e.g., hardness, thermal conductivity, friction, roughness) to help us
identify objects. We may have difficulty distinguishing leather from pleather™ by
sight, but not by touch! The importance of tactile response, whether to a gentle touch
or an impact, is seen in the damage that patients with peripheral neuropathy (e.g., as

a complication of diabetes) accidentally do to themselves.
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Table A-2: Uses of tactile sensing in robotics

Type of sensing Description

Manipulation: Grasp force control; contact locations and

_2) kinematics; stability assessment.

Exploration: Surface texture, friction and hardness; thermal

properties; local features.

ﬂ Response: Detection and reaction to contacts from external
e agents.

A second set of difficulties arises from the inherently multi-modal nature of
tactile sensing. In humans, there are four main types of mechanoreceptors which can
be classified according to whether they are slow- or fast-adapting and whether they
have large or small receptive fields. For example, when you hold your fingertips
against the edge of the table you can feel the corner as a continuing effect; the
receptors that are primarily responsible for the sensation are slow-adapting Meissner
and Merkel corpuscles, which detect local pressure and skin-stretch. In contrast, the
detection of surface scratches in the tabletop requires motion of the fingertips across
the surface, which excites the fast-adapting Pacinian corpuscles. For robots to make
full use tactile information a similarly multi-modal approach, often employing
different transducers, is required.

Despite the challenges associated with tactile sensing, interactive and multi-
modal as it is, considerable progress in sensor design and deployment has been made
over the last couple of decades. Looking ahead, new fabrication techniques offer the
possibility of artificial skin materials with integrated sensors and local processing for

interpreting sensor signals and communicating over a common buss to reduce wiring.

Tactile sensor types

Single sensors — are most commonly force/torque sensors, dynamic sensors and

thermal sensors.
83



1) Force/torque sensors

Force sensor is often used in combination with tactile arrays to provide information
for force control. A single force/torque sensor can sense loads anywhere on the distal
link of a manipulator and, not being subject to the same packaging constraints as a
“skin” sensor, can generally provide more precise force measurements at higher
bandwidth. If the geometry of the manipulator link is defined, and if single-point
contact can be assumed (as in the case of a robot finger with a hemispherical tip
contacting locally convex surfaces), then a force/torque sensor can provide
information about the contact location by ratios of forces and moments in a technique

called “intrinsic tactile sensing” [Salisbury, Bicchi].

2) Dynamic tactile sensors

The most common dynamic tactile sensors are small accelerometers at the fingertips
or in the skin of a robotic finger. They function roughly like pacinian corpuscles in
humans and have a correspondingly large receptive field so that one or two skin
accelerometers suffice for an entire finger. These sensors are particularly effective
for detecting the making and breaking of contact, the onset of slip and the vibrations

associated with sliding over textured surfaces.

A second type of dynamic tactile sensor is the stress rate sensor. If a fingertip is
sliding at a speed of a few centimeters/second over small asperities (bumps or pits) in
a surface, the transient changes in stresses in the skin will be significant. A
piezoelectric polymer such as PVDF that produces a charge in response to strain can

be used to produce currents proportional to the rage of change of stress:

3) Thermal sensors

Thermal sensors are an important component of the human ability to identify the
materials of which objects are made (think of how metal feels cool to the touch
compared to wood) but little used in robotics. Human thermal sensing involves
detecting thermal gradients in the skin, which correspond to both the temperature and
the thermal conductivity of an object. Robotic thermal sensors have involved peltier
junctions in combination with thermocouples or thermistors. Difficulties have been
encountered in obtaining sufficient resolution and time response when using them to

distinguish among different materials.
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4) Sensor arrays
- There are various possible ways of organizing tactile sensor arrays. From a

functional standpoint, the primary concerns include:

e What is being measured (e.g., surface pressure or shear tractions, deformations,
local geometry)

e What is the transduction method (e.g., piezo resistive, capacitive, optical)
e What are the mounting provisions (e.g., rigid or compliant, flat or curved)
e What are the expected levels of sensor resolution, accuracy and dynamic range

(e.g. point to point spacing, minimum detectable stimulus, hysteresis, frequency
response).
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Figure B-1: Length of MFRH Design

Table B-1:Length for MFRH

Length (mm /cm)

Finger

Thumb Finger 124.5/12.45
Index Finger 121.0/12.1
Middle Finger 138.0/13.80
Ring Finger 127.0/12.7
Little Finger 114.5/11.45
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B-1 MFRH Design View

Figure B-2: CAD Model of MFRH
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Figure B-3: CAD Model of MFRH View
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The research focuses on one finger for simulation because others finger can come out
the same method like one finger. In this research, index finger is an input to carry out

the output response.

Xs
(La< )
=4 v,
L X

Link 3 (ls) I

A\

Y:

Link 2 (1] Z

v,

Y I§K\ A
bot

Link 1(1y) z

W Yo

Figure B-4: Frame of an Index Finger

Table B-2: Index Finger Parameter

Variable Value Unit Description
11 0.0605 m Link 1
12 0.0375 m Link 2
13 0.0245 m Link 3
m1l 0.0100728 kg Mass 1
m2 0.00397876 kg Mass 2
m3 0.00208544 kg Mass 3
g 0.981 Nm® Gravity

The convention that was used to locate the frame on the links is known as the D-H

convention [79] which is given below:

e The z - axis of frame{i}, called z,, is coincident with the jointi .
e The origin of frame {i} is located where the ai perpendicular intersects the joint
I axis.

e X, points along a, in the direction from joint i to joint i+1

89



Assuming that the frames have been attached to the links according to the D-H
convention, the following definitions of the link parameters are valid:

¢ Rotate the frame X, , Y, ,Z;, ;about the z, , axisthrough an angle a, Translate the
current frame XY, ,Z; ;along the current z,_, axisby d; units.
e Translate the current frame x, ,y, ,Z, , along the current x;axisby ai units.

¢ Rotate the current frame X;_,y; ,Z; ; about the X;axisthrough an anglea, .

Figure B-4 show that the finger has five frames with four joints. The first frame is

also known as the base frame is X,Y,Z,and the subsequent frames are assigned as per

the figure starting with X;Y;Z,and ending with X;y,z,. The forward kinematic

solution of a finger will be assigned using homogenous matrix.
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APPENDIX C
MATHEMATICAL MODELING

C1. Forward Kinematic

Forward Kinematic is used to determine the position and orientation of MFRH to
determine the position and orientation of the robot hand relative to the robot base

coordinate system. The derivation of forward kinematic equation based on Table 3.3.

Table C1: Parameter for One Finger

i 0, d, 3, aiy
1 0, 0 0 0
2 0, 0 I, (MCP) 0
3 0, 0 , (PIP) 0
4 0 0 l, (DIP) 0

The derivation of forward kinematic equation based on Table 3.3 is as follows:

cOi —5s0; 0 a_q (C.1)
Hi = sOica;_q cOica;_4 sa;_1 Sa;_qdi
1 sOsai_,  cOisai_q ca;_q ca;_,di
0 0 0 1
[C1 =5 0 0] (C.2)
S C 0 0
Hl — 1 1
7 lo o0 1 0
[ 0 0 0 11
C; -5 0 L] (C.3)
le — SZ CZ O 0
0 0 1 0
L0 0 0 11
(3 =53 0 L] (C.4)
H23 — S3 C3 O 0
0 0 1 0
L0 0 0 11
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1 0 0 l5 (C.5)
4_10 1 0 0
And Hi = 0 0 1 0
0 0 0 1
Hence, the forward kinematic for the fingers of robot hand are given by:
Hg = Hy HY H3 H3 (C.6)
Assuming
Cos 91 = ClJ Cos 92 = Cz, Cos 93 = C3
Sln 91 251, Sln 92 :SZF Sln 93 :S3
First, find HZ = HlH?
Cl _Sl O 0 CZ _SZ O l1
b2 = S C 0 0f1]S, C, 0 0
0 0 0 1 o0]]o 0 1 0
0 0 0 1110 0 0 1
CiCy —81S; —C1S;—5:C, 0 ¢
_ 51+ CS; =85, + GG, 0 LS,
0 0 1 0
0 0 0 1 (C.7)
Where,
C0591C0592 - Sln9151n92 = 605(91 + 02) = C12 (C8)
Sinf,Cos6, + CosH,Sinb, = Sin(6, + 0,) = S;» (C.9
Hence,
ClZ _512 0 l1C1
H2 — 512 ClZ O llsl
0 0 1 0
0 0 0 1 (C.10)
Then, find H3 = HIH? H3
ClZ _512 0 llcl C3 _53 O lz
g3 =512 Cr2 0 LSi|Ss G 0 0
0 0 0 1 0o 0 1 0
0 0 0 1 1lo 0 0 1 (C.11)
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C1203 = 51253 — (12853 = 51203 0 1,Cpp + 1€y
_ |912C3 + C1255 = S1253 +C1203 0 L,S, + 1S,
0 0 1 0
0 0 0 1 (C.12)
Assuming,
C05912C0593 - Slnelzsln63 == COS(912 + 93) = 6123 (Cl3)
Sin612C0593 + COSlesin03 = Sln(@lz + 93) = 5123 (C14)

Where the eq. (C.15) and (C.16) is provided by the eq. (C.8) and (C.9) will be
replaced into eq. (C.13) and (C.14),

CosB,,Cos05 — Sinb,,Sinf; = Cos(6;, + 03) = Cy53
= (CosB,CosB,)CosB; — (Sinb,Sinh,)Sinb;

= C0s50,C0s0,Co0s05 — Sinfh,Sinb,Sinb;

= (CosB,CosB,)CosB; — (Sinb,Sinh,)Sinb;

= (050,,C0s05 — Sinf,,5inb;

= Cos(6,2 + 03) = (123 (C.15)
SinB,,Co0s03 + Cos6,,Sinb; = Sin(0,, + 03) = S;,3
= (§in6,Sinb,)Cos6; + (Cos6,CosH,)Sinb;

= Sinf,Sinb,Cos03 + CosH,Cos0,Sinb;

= (§in6,Sinb,)Cos6; + (Cos6,CosH,)Sinb;

= Sinf,,C0s05 + Cos0,,5inb;

= Sin(01; + 03) = S123 (3.16)
Hence,
Ci23  —S123 0 [1C; +15Cy,
HE = S123 Ci23 0 [1S:1+15:;
0 0 1 0
0 0 0 1 (3.17)
Finally, find
H$ = Hg Hf H3 H3
Ci23  —Si23 0 LG +1LC20[1 0 0 I3
H4 = S123 Ci23 0 LSi+LS, [0 1 0 0
0 0 0 1 0 0 0 1 0
0 0 0 1 0 0 0 1
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6123 _5123 0 llcl +l2C12+12C123

_ |S123 Ci23 0 [S1+10;512 + +13C 03
0 0 1 0
0 0 0 1 (C.18)

C2. Inverse Kinematic

To find the angle joint of MFRH, the equations is derived using the derivation of

Inverse Kinematics [79]. Figure 3.7 is the flexion of angles of one finger where | to

|, are finger parts and 6, to &, are the joints in-between and represents the angles.

Figure C1: Flexion of Angles of One Finger

Regarding the previous forward kinematic, one finger robot has three links and

provides the eq. (C.17) such as below:

Ci2s3  —S123 0 [1C1 +15C15+15C1 53

gt = [S123 Cizs 0 [Si+651 + 13C5;
0 0 0 1 0
0 0 0 1

It means three links is referred to the three joints and for one finger and the last joint
is referred to the end effector. Figure 3.3 show the flexion of angle one finger robot
which are x and y provides the equation for thee links where;

x = 1,C; +1,Cyp+15C103 (C.19)
y = 1S1+1,512413C1 03 (C.20)

Due 05 cannot found directly. So, the eq. (C.19) and (C.20) will be replaced by the
equation of x and y with 2 links to find the 6, , then follwed by 6, and finally6.
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X = llcl +l2612 (C.Zl)
y =LS+0L5; (C.22)

It means the equation will be started with H3 . Then, assume the orientation in the eq.
3.23.

_C123 =S5 0 LG +1,Cp
H3 = Si23 Cipz 0 LS +1,5,
°~1 o 0 1 0
| 0 0 0 1
'C, -S, 0 x (C.23)
Ho = S, C, 0y
0 0O 1 0
| 0 0O 01

Based the result in homogenous forward kinematic of Hg , the symbol "@" is used to

replace the value of “123” like exposed in the eq. (C.24) and (C.25).
Cy =Cis (C.24)

S¢ = 8123 (C25)

First, square the eq. (C.21) and (C.22) both of side of equation x and y
x* =(I,C, +1,C.,)’ (C.26)
y2 = (|181 + |2512)2 (C.27)

And add both of equation (C.26) and (C.27),

2 2 2 2
x2 4+ y2 = 1L2C, + LPLS, +1,5C, + 1,285, + 21,1,(C1Cyy + S5545

2 2
= 1,%C, + 1128, 4+ 1,C0% + 1,51,% + 21, 1,[C1(CLC, — 548,
+lll2 (51(C152 + 5162)]

2 2 2 2 2
= 1L2C, + 1,28, + 1L2C, + 1,281, + 2L,1L,[C, €, — C18,S, +
(51C1S; + 5,%C,]

= L2 + 85D + LA(Chy + S12)? + 2L LG (G2 + D]

¥+ y2 =12+ 1, + 241G, (C.28)
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To simplify the equation C.28, use the formula of trigonometric function below:
cos 0;> + sinf;* =1
i=1,273.. (C.29)

Where, cos 8; = C;, sinf, = S,

So, C/ +S7 =1 (C.30)
Hence,
x2+y?=17+1,> +211,C, (C.31)

Now, @, will be found with simplified by using eq. (3.31) for find C,andS, .

xz + yZ = l12 + l22 + 2l1[2€2

l12 + l22 + 2l1l2C2 = x2 + y2

2l1l2€2 = xz + yZ_ 112 - l22

_ xz + yZ_ l12 - l22

€= 21 1, (C.32)

To find S, , use the eq. (3.29)
cos 0,° + sin6,* =1

Where, cos 8, = C,, sinf, =S,
C,A+5,%=1

S,%=1-0C,°

S, =+ /1-C2 (C.33)

Let 8; = arctan2(A, B)
i=1,23.. (C.34)

By using the formula from the eq. (C.34), where A = sin 8; and B = cos 6;, Hence,
6, =arctan2(S,,C,)

For the next step, the expression for x and y may now be solved 6,. In order to do so,
write the eg. (C.21) and eq. (C.22).

x = 1C; +1,Cqy

vy =15+1,5:;

By using eg. (C.8) and eq. (C.9), the value of x and y can be expanded as
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x = 10 +1(C1C; — $152)
= llcl +12C162 - 125152

(C.35)
= (I3 + 1,C3)C — (1352)S;
Yy =181+1;51;
= 1S +,5,C, + I,C,S
191 Tiz01Cy T+ L0415; (C.36)
= (I3 +1,65)S; + (1:52)C
The, the eq. (C.35) and (C.36) will be simplified with change the value of:
11 + lZCZ = kl! and 1282 = kz. ThUS,
x=k.C; — k,S
e e (C.37)
y = k151 + k2C1
(C.38)

Now, square the eq. (C.37) and (C.38) both of side of equation x and y above,

x2 =k 2C % + k28, ”

x2 = ky28,% + k,2Cy 2 (C.39)
X%+ y? =k 2C% + k2817 + kPSP + kP CL°

x% +y? =k 2C% + kPSP + kP C% + kS, P

X2 +y2 =k 2 (67 + 5% + k.2 (62 + 5,%) (C.40)

By using eg. (C.29) and (C.30), x2 + y?2 will be simplified;
X2 +y?=k’(1) + k*(D)

(C.41)
xz +y2 = k12 + k22
Now changing the value of x? + y? = r2, Hence,
7'2 = k12 + kzz

(C.42)

r = /klz +k22

By using eq. (C.34) the arctan2 for k, and k,will be found where, the 6, replaced
with y. Therefore,

y = arctan2 (ky, k;) (C.43)
Let ky =rcosy

(C.44)
Let k, =rsiny

97



Substitute equation (C.37) and (C.38) by using the eq. (C.42)
x =k;C; — k54

x=rcosy(C,—rsiny$;

x =1 (cosycosf; —sinysinb,)

X/ = cosy cos B, — sinysin 6,

(C.45)
y = klsl + k2C1
y=rcosyS;+rsiny(C;
y=r(cosy S; +siny C;)
y/r = cosySinf,; + siny CosH, (C.46)

Then simplified the eq. (C.45) and eq. (C.46) by using eg. (C.8) and eq. (C.9), then
applying the equation as;
X/ = cosycosB, — sinysin (C.47)
X/r = cos(y + 6)
Y/ = cosySin6, + siny Cosb, (C.48)
Y/ = sin(y + 6;)

VX
Assume that y + 6, = arctan2 (;,;) = arctan2(y, x)
0, = arctan2(y,x) — y (C.49)

Assume that y + 6;= arctan2 (

y X
=, -
r

r) = arctan2(y, x)

0,=arctan2(y,x) — ¥

As a result,

0,=arctan2(y,x) — artan2(ky, k;) (C.50)

Finally, Based on the eq. (C.24) and (C.25), 6, can be solved by using the equations

for Sy and Cy: For this symbol is used @ is to combine three symbol of 64, 6, and 65

like exposed in eg. no (C.25).

0; = arctan2(arctan2(Sy, Cp) (C.51)
Let,
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Hence,

93 = Q) - 91 - 02
0; = arctan2(Sy, Cp) — 0, — 0, (C.53)
C3. Jacobian

The next step is jacobian matrix. Jacobian is a relationship between joint space
velocities with task space velocity.

Based on forward and inverse kinematic previous, the jacobian can be found by using
the eg. (C.19), (C.20) and (C.52). First, find the velocity of the frame:

x =1C; + 1,C5 + 13C;53

y =181 + 15512 + 135123

®=6,+6,+06;

Differentiating the equation (C.19), (C.20) and (C.52)

X == 18161 — 1, S12(61 + 6;) — 13S153(6; + 6, + 63)

. . . (C.54)
x = =181 + 13812 + 135123)01 — (13512 + 135123) 6, — (135123)65
Y =LC0,+ 1,C15(01 + 05) + 15C153(0; + 0, + 03) (C.55)
y = (140, + 1,Cp + 13C123)0; + (1,C12415C123) 0, + (13C123)05
d=0,+6,+0
1+ 0; 3 (C.56)
Finally, the velocity (V') is provided by the Jacobian (J(6)) matrix:
vV =J(6).6
’:‘ =138 = 13812 = 138123 —13812 — 1381235 —135123 9}
Y =1 L+ 6 + 130123 12C12413C123 13C123 |62
? 1 1 1 g,
Hence, J(68)
=138 = 13812 = 138123 —13812 — 1381235 —135123
J(6) =] 1,C; + 1,Cy5 + 13C1 23 [,C12413C;23 [3C123
1 1 1
=138 — 1,812 = 138123 —13812 — 1381235 —13S123
DET [J(0)] = | 1,Cy + 1,Cy5 + 13C123 [,C12413C 23 I3C123 | =0 (C.57)
1 1 1

The expression for the determinant of the jacobian, can be simpilified using

trigonometric identities to: |J| = [,1, sin 6,. This means that Jacobian only when 8,is
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either 0 or 180 degree. Pysically, this corresponds to middle phalanx being completely

extended or complex fixed.

C4.Dynamics

In dynamic part, the equations have been derived to find out the torque of MFRH. The
position, velocity and acceleration of the joints ( 8,6, ) will be assumed to be known.
With this knowledge, and with knowledge of the kinematics and mass distribution
information of the robot, the joint torque required to cause this motion can be

calculated [64]. Based on Newton-Euler formula, the dynamic equation can be found:

Outward iterationsi: 0 —» 3

i = TR fwp + 0y + 24 (C.58)
H i = IR Ty + IR @y X 0141 2y + 0140 iy (C.59)
Floer = IR\ X Py + loy X (fo X Pyq) + ') (C.60)
i+11-7Ci+1 _ i+1iRi+1d)i X iPCi+1+i+1wi+1 X (g, xR, O+ 1o, ) (C.61)
i+1Fi+1 = 77li+1i+11'7cl-Jr1 (C.62)
i+1Ni+1 = Ci+1li+1 i+1wi+1 + i+1wi+1 X Ci+11i+1i+1wi+1 (C.63)

Inward iterationsi: 3 - 1

'fi=FR+ M+ F, (C.64)
ini — iNi + i+1iRi+1nl'+1+ i i+1X i+1iRi+1f-i+1 (C65)
;= ‘nf ‘2, (C.66)

Firstly, assume the point masses at distal end of links:

lpcl = llk\l (C67)
ZPCZ = lzk\z (C68)
3PC3 == 12552 (C69)

Then, the inertia tensor (I) written at the center of mass for each link is the zero:

‘L =0 (C.70)
“L,=0 (C.71)
“IL=0 (C.72)
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Due no force (f) acting on the end-effector, so
fa=0

ng, =0

Also the base (w) of the finger is not rotating, hence
(I.)O = 0

(l:)():O

And the last, assume gravity forces;
01'70 =g %o

The rotation between successive link frames is given by

, [Civ1 —Siv1 O]
i+1R = {Sie1 Cyr O
L 0 0 1.

i _ [ Cit1 Siv1 O]
iR =1=Si+1 €41 O
0 0 1l

Now, apply the eq. (3.58) through eq. (3.67) in chapter 3,
The outward iterations for link 1 are as

0
follows: ', = 6, 'Z; = [0

6,
Cl Sl O 0_ _gsl
11')1= _Sl Cl O g = gcll
0 0 1110l L 0
O__ -_llélz- -gsl
YWe, = LG, |+ o |+ gcll
0 0 -0
-—l1912 + gs1
= 1,6, + gc,
| 0
_m111912 +mi9s,
Fy m,1,6;, + mygc,
0
0
1N1 = 0
0
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(C.78)

(C.79)
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The outward iterations for link 2 are as follows:

0
2w2:+91+121: . 0
0, + 0,
0
szzél 121— . O B
0, + 0,

c; Sp 0] —11912 + gs1 -119152—1191202 + 912
2. R . .
172 = C2 0 1191 + gCl = 1191C2+1101252 + gC12
l 0
—12(91 + 92)2—
0
0

0
Ve, = [lz(él +6,) |+
0 ]

L01s,—1,0%c, + 9512_
T L 01c,+1,0%s, + gy,
0
5. 115152_11912C2 + 9512_12(91 + 92)2
Uc

» = 110105 + 1,025, + gcip + 1,(6; + 6,)
0

mzl1é152_mzl191zcz + m29512_m212(é1 + 9'2)2
mzllélcz + mzllélzsz +m,gcqp + mzlz(él + 92)

0
0
0
0
The outward iterations for link 3 are as follows:

0
0
0

The inward iterations for link 1 are as follows:

2F2 —

2N2

3N3:

0
0

(C.85)

(C.86)

(C.87)

(C.88)

(C.89)

(C.90)

(C.91)

Mslyl30,co3 + Msly 1302553 + M3lsgeras + Malyls(0; + 0,) + m3l2(6, + 6, + 65).
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zfz =

[c; —s3 O
s3 ¢z 0
L0 0 1

- M3ly0;523—m3li 07 o3 + M3gsio3—msly (0; + 0,)2—msls(6; + 0, + 63)?

m3l191023 + m3l193523 +m3zgcCiaz + mslz(é1 + 92) + m3ls(él + éz + 93)
0

Maly0;5,—myl 07 ¢y + mygs;,—myly (01 + 6,)3
| m,1,6,c, + myl,02s, + mygcey, + myl, (6, + 6,)
0

(C.93)
2f2 =
M3l 0, (523¢3 — €2353) — M3l16F (Ca3¢3 + 52353)
+mM3g(S123C3 — C12353)—M3la (01 + 92)2
~mly(61 + 65 + 65) cstmals (6y + G + B33, 11615,

—myl102 ¢, + Mygs;,—myly (01 + 6,)?

m311§1(523s3 + cp3¢3) — m3l1912(02353 - 52303)
+M3g(S12353 + C123¢3)—mzly (61 + 92)253 +mgly(6; + 6;)cs
—msls (61 + 6, + 65) +myls (6, + 6, + 63)camyli by,
+m,l,02%s, + mygcy, + myly(6; + 6,

0
(C.94)

an —

0
[ 0
m3lyl361Co5 + m3ly1507 555 + malsgeras + malyl3 (61 + 6;) + m3l3(6; + 6, + 65).

0
+ .o . O .o .o +
myly1,0,c0 + Myl 1,025, + mylygeg, + myl2(6; + 6,)
0
0

m3l1l;91(523s3 + Cp3¢3) — m3l112912((32353 - 52353)
. . N2
+ms3l,g(S12353 + C123C3)+mslll%(91 + 92) S3
[ +m3l2(0, + 0,)c5 — mslyl3(0, + 0, + 193)Zs3+m31213(é1 + 6, + 63)c5]

(C.95)
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nz =
0
. . O . .
mglyl30;cy3 + m3l1l393523 + m3l3gci23 + mslyl3(0; + 63)
+m3l3(6; + 0, + 05) + myl 10,0, + myly 1,078, + mylygcys,
+m,15(0; + 0,) + m3l1126’1(52353 + Cy303) — M3l 1,07 (Ca383 — 523C3)
. .82 . .
+ms3l,9(S12353 + C123¢3) + m3l1l%(91 + 92) S3 + m3l§(91 + 6;)c3
_m3lzl3(91 + 6.2 + 93)253+m3lzl3(él + éz + é3)C3

(C.96)
CZ _52 O
1f1 = [52 C2 O]
0 0 1
[ m3l1é1(523C3 — Cp383) — m311912 (C23C3 + S32353) + M3g(S123C3 — C123S3) |
. .2 . . . . .82
_m3lz(91 + 92) C3 - m3lz(91 + 92)53 - m3l3(01 + 92 + 03) C3
+msls(0; + 0, + 05)s3myl1015,—myly 07 ¢y + mygs;,—myly (0, + 6,)3
m311é1(52353 + C23C3) — M3l 07 (Cp383 — 52303) + m3g(S12353 + €123C3)
. .2 . . . . .82
_m3lz(91 + 92) 53 + m3lz(91 + 92)C3 - m3l3(01 + 92 + 03) 53
+m3l3(§1 + 92 + 93)c3 + mzllélcz + mzllélzsz +m,gcqp + mzlz(él + éz
0
_mll1912 +migs;
| myl, 0, + myge,
0
(C.97)

1f1 =

) . .2
M3l 02 4+M3g(S123Co3 — C123523)—M3l, (91 + 92) (c23 + 523)

) . . .2 . 2
mgls (91 + 6, + 93) (€23 + S23)tMy g (81262 — €1282)—Myl, (91 + 92) (c2 —52)

M3l10;+m39(S123523 — €123C23)

0 _
(C.98)

ny =
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0
.. O .
mglyl30;¢p3 + m3l1l3912523 + m3l39c1,350
+myli 1,025, + mylygci, + myl2(0; + 6,) + myly 6,
(2533¢355 — C23(S§ - C%)) - m3l1912523 + m39(25123¢353 — C123(532 - 032))
. . 2 . . . 2
—msly (01 + 0,) —m3ls (6, + 0, + 63) s35(s% — ¢2)
+myly0;(5553+¢263) + Mag— myly (61 + 05)%s3 + myly (0, + 6,)c3

0
+ 0
my130; + myligey
0
0

m3lfl3§1(2523c3s3 - 023(53? - C32)) - m3lfl3912$23 + m3l1l39(25123¢353
N N 2 . . N 2
—C123(55 — ¢3)) — m3l1lzl3(91 + 92) - m3l1l§(91 + 0, + ‘93) S23(s5 — ¢3)
[+my 21,0, (S253+C2C3) + Mylyg— mylilyl3(6; + 05)%s5 + myly 15 (6, + 65)c3)
(C.99)

Finally, the equation of torques will be provided like shown below:
7y = mglyl30; co5+mslyl5 (0 + 6)+mgl2(6, + 6, + 83) + myl1,0;c,
+myl3(0; + 05)+msly 0, (25530353 — c23(s2 — ¢2))
+my 10, (5,83+C¢3) + myly (0 + 85)cs + my 126,
+mglil30,(2523C353 — C23(55 — €3)) +mylf1,0,(s83+¢5c3)
+mylil,15(0; + 6)cs
(C.100)
T, = mglyl30, 003 + M3l 13075,5 + M3lygcias + mslyls(6; + 6,) + mal2(6,
+65) +mylil,0,c, + myly 1,028, + mylygey, + myl3(6; + 6,)
+m3lllz"91(sz353 + C3303) — M3ly 1,07 (c2353 — S23C3)
+m3lyg(S123S3 + Cr123¢3) + maly13(0; + 92)253 +m3l2(6; + 6,)c3 — mslyl;
+6,(6y + 6, + 65) s3+mslyls (6, + 6, + G5)cs
(C.101)
T3 = M3lyl301Cp3 + M3li13075,5 + M3l gcias + mslyls(6; + 65)

+m3l2(6, + 6, + 6, (C.102)
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The expression of dynamic equation is:

t=M(©6)6+V(8,06)+G(O) (3.103)

Where M(8) the (n x n) mass matrix of the fingers is V(8,8) is (n x 1) vector of
centrifugal and Coriolis term and G(8) is (n x 1) vector gravity. Each element of
M(6)and G(0) is a complex function which depends on 6, the position of all the
joints of the fingers. Each element of V (8,8) is a complex function of both 8 and 8.

Dynamic equation of MFRH is derived in detail in Appendix C.

Finally, the equation of torques will be provided like shown below:
Ty = Mgl 130,005 +ms L1581 + 6,)+m3l2(0, + 6, + 85) + myl 1,0, c,
+m,l%(6, + é2)+m3l1§1((2523c3s3 — Cp3(s5 — C%))
+myly 0, (5253+,¢3) + myly (6 + 65)c5 + my 126,
+m3l2136,(2553C353 — C23(52 — €2)) + myl121,6,(5,53+C,C3)
+myly L5 (6; + 6;)cs
(3.104)
Ty = Mglyl30;co3 + M3ly 13607555 + m3lygeips + mslyls(0; + 6;) + mal3(6;
+05) + mylyl,0,c, + myly1,67s, + mylygey; + myl3(0; + 6,)
+m3l112“91(52353 + C23C3) — M3y 1,02 (Ccp353 — 52303)
+ms3l;9(S12353 + C123¢3) + m3l1l%(é1 + éz)zss +m3l3(0; + 6;)cs — mslyl3
+0, (61 + 6, + 6;) s34+maly 13 (61 + 8, + 63)cs
(3.105)
T3 = mglyl30, 003 + M3l 13075,3 + Malzgcias + mslyls(6; + 6,)
+m3l3(0, + 6, + 05
(3.106)
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APPENDIX D
MATLAB CODES

D1. Matlab Code

clear all
clc

% set each length and gravity of Index Fingers
11=0.0605; 12=0.0375; 13=0.0245;

g=9.81;

% set the mass of Index fingers
ml=0.0100728; m2=0.00397876; m3=0.00208544;

o)

% set the trajectory gf, g0, Tf and TO
gf=2; g0=0; Tf=10; T0=0; t=10; pi=180;

% Convertion theta in radian
gd=((gf-g0) /2) * (1-(cosd ((pi/10)*10)));
gd_dot=(pi/2) * ((gf-g0)/ (T£-TO)) ;

gd _ddot=(((pi”2)/2)* ((gf-q0)/ ((T£-T0)"2)));

%set theta for finger

gldot=gd dot;g2dot=gldot;g3dot=g2dot;
glddot=qgd ddot;g2ddot=gldot;g3ddot=g2dot;
$setting the value of cos=c and sin=s

cl=cosd(115); c2=cosd(cl); c3=cosd(c2);

cl2=cl+c2;
c23=c2+c3;
cl23=cl+c2+c3;
c233=c2+c3+c3;
c2l=cl2;

sl=sind(115); s2=sind(sl); s3=sind(s2);

sl2=sl+s2;
s23=s2+s83;
s123=sl1+s2+s3;
s$233=s2+s3+s3;
s21=s12;

gql=cl; g2=qgql; g3=g2;

$Formula the mass

M11=((1172)* ((ml+ (m2* (s272))+(c2"2)* (m372)+ ((s82372)*m3)))+(12"2)+(11*
m3*c23* (1+(s2*s3)) )+ (12*c2*m3)+ (13*m3) + (11*12) * (c2-

c23+ (c2*m3) + (s2*s2*m3* (1+c3) )+ (m2*c2)) )+ (12*13*c3)+ (11*13*m3*s23) ;
M12=((13*m3)+ (12*c3*m3)+ (2* (1272) )+ (12*13*c3)+ (11*12*s2*s3*m3* (1+c3))
+(11*13*m3*s2*s3));

M13=(13*m3)+ (12*13*c3)+(11*13*m3*s2*s3) ;
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M21=(2*(1272) )+ (13*m3)+ (11*c23*m3)+ (12*c3*m3)+ (12*13*c3)+ ((11*12)* (-
c23+c2));

M22=(13*m3) + (12*c3*m3)+ (2* (1272) )+ (12*13*c3);

M23=(13*m3)+ (12*13*c3) ;

M31=(13*m3)+ (11*c23*m3)+ (12*c3*m3) ;
M32=(13*m3)+ (12*c3*m3) ;
M33=0;

Mx=[M11 M12 M13; M21 M22 M23; M31 M32 M33];

M1=Mll*glddot+M1l2*g2ddot+M13*g3ddot;
M2=M21*glddot+M22*g2ddot+M23*g3ddot;
M3=M31*glddot+M32*g2ddot+M33*g3ddot;

M=[M1;M2;M3];

$Formula the velocity

V1=((1l2*s3*m3)-((1l272) *s3*c3) -

(11712*s2*m3) +((1272) *s3*c3) * (gldot*g2dot) )+ ((L1*m3*s23* (1-

(s2*83) )+ (11*12* (s2-s5233) )+ ((11"2) * ( (-

$23*c23*m3) +(s23*c2*c3*m3) + (s2*c2*m2) ) ) - (1l1*c2*m2*s2)) * (gldot™2)) -
((12*s2*m2) * ( (gldot*g2dot) *2))-((12*13*s3) * (gldot+g2dot+g3dot) ) -
((11*13*s23*m3) * ( (gldot+g2dot+g3dot) *2)) ;
V2=((12*s3*m3) * (gldot+g2dot) )+ ((11*m3*s23)+ (11*12* (c2-
(c23*c3)+(s23*c3))) *(gldot”2))-(12*13*c23* (gldot+g2dot+g3dot) ) ;
V3=((12*s3*m3) * (gldot+g2dot) ) +((11*m3*s23) * (gldot"2));

V=[V1;V2;V3];

$Formula the gravity

Gl=(g*cl23*m3* (1-

(s2*s3)) )+ (12*cl2*g)+ (12*13*g*s123)+(12*g*cl23*c3)+(11l*ml*g*cl)+(1ll*g
*c3*c2*m3* (s123+¢123) )+ (11*m2*s12*g*g2) + (11*g*s3*c2*s123*m3)+(11*m2*c
12*c2*qg) ;

G2=(g*cl23*m3)+ (12*cl2*g)+(12*13*g*sl23)+(1l2*g*cl23*c3);
G3=(g*cl23*m3) ;

G=[Gl;G2;G3];

G=G1+G2+G3;

Tl1=(M1+V1+G1l)
T2=(M2+V2+G2)
T3=(M3+V3+G3)
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D2. Print Screen

File Edit Debug Desktop Window Help
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APPENDIX E

TECHNICAL SPECIFICATION OF DC SERVOMOTOR

DC-Micromotors

¥2> FAULHABER

Technical Information

General information

The lifetime, depending on the application type, may
exceed the 10 000 hours. Higher speeds cause accelerated
mechanical wear, resulting in reduced lifetime.

Also excessively high current and temperature shortens
the lifetime. On the average, lifetime of up to 1 000 hours
for metal brushes, and mere than 3 000 hours for graphite
brushes can be expected when the motors are operated
within recommended values indicated on the data sheet.
These values do not influence each other. It is advisable
that the current under load in continuous operation
should not be higher than one third of the stall current.

In motors with graphite brushes the relationship between
stall current and current under load depends on the
delivered power and frame size. The motors should not
be operated at the stall torque Mn, otherwise after a short
period of time, the commutation or the windings could be
damaged.

The motor develops its maximum power P:max. at exactly
half the stall torque Mu which also corresponds to half the
speed. For reasons of life performance, this working point
should only be selected for intermittent periods.

For exceptional long life performance, brushless DC-Motors
are available.

Unspecified tolerances:

Tolerances in accordance with 1SO 2768 medium.
< 6 =+0,1mm

30 =x0,2 mm

< 120 =+ 0,3 mm

1A

Motors with tighter tolerances and tolerances of values
not specified are given on request.

Bearing options:

- Standard: Unless otherwise stated, vacuum impregnated
sintered bearings are used

- Optional: Shielded ball bearings

Motor shaft:

All dimensions with shaft pushed against motor.

Motor choice:
The listed motor types represent standardised executions.
However, a variety of further coil possibilities are available.

DC-Micromotors /

Precious Metal Commutation

Series 0615 ... S
0615 N

1 Nominal voltage Un
2 Terminal resistance
3 Qutput power

4 Efficiency

Notes on technical data

All values at 22°C,
All values at nominal voltage, moter only, witheut load.

Nominal voltage U [Volt]
The nominal voltage at which all other characteristics
indicated are measured.

Terminal resistance R [Q] +12%

The resistance measured across the motor terminals.
The value is directly affected by the coil temperature
{temperature coefficient: czz = 0,004 K-').

Output power Pamax [W]
The maximum obtainable mechanical power achieved
at the nominal voltage.

Pon =8 (%—I-)z

Efficiency 1max.[%]

The max. ratio between the absorbed electrical power and
the obtained mechanical power of the motor.

It does not always correspond to the optimum working
point of the motor.

M = -\}%f- 100
No-load speed n. [rpm] £12%
Describes the maximum speed under no-load conditions
at steady state and 22 °C ambient temperature. If not
otherwise defined the tolerance for the no-load speed is
assumed 1o be £12%.

No={Ux=lo- R} - ka

No-load current . [A] £50%

Describes the current consumption of the motor without
load at an ambient temperature of 22°C after reaching a
steady state condition. The tolerance is given at +/-50%.
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2> FAULHABER

%

The no-load current is speed and temperature dependent.
Changes in ambient temperature or ¢cooling conditions
will influence the value. In addition, modifications to the
shaft, bearing, lubrication, and commutation system or
combinations with other components such as gearheads or
encoders will all result in a change to the no-load current
of the motor.

stall torque Mu [mNm)

The torque developed by the motor at zero speed
and nominal veltage. This value is greatly influenced
by temperature.

M=k (P--1.)

Friction torque Mz [mNm]
Torque losses caused by the friction of brushes, bearings
and commutators. This value is influenced by temperature.

M=k 1>

Speed constant ki [rpm/V]
The speed variation per Volt applied to the motor
terminals at constant load.

—__n. __1000
k=R~ ke

Back-EMF constant ke [mV/rpm]
The constant corresponding to the relationship between
the induced voltage in the rotor at the speed of rotation.
_ 21 -Ku
ke="%5o

Torque constant km [mMNm/A]
The constant corresponding to the relationship between

the torque developed by the motor and the current drawn.

Current constant k [A/mNm)]
The constant between the current in the m
torque developed.
3
k=

Slope of n-M curve An/AM [rpm/mNm]
The ratio of the speed variation to the torque variation.
The smaller the value, the more powerful the motor.

An_ 30000 R
AM~  x kn?

Rotor inductance L [pH]

The inductance measured on the motor terminals at 1 kHz.

Mechanical time constant tm [ms]
The time required for the motor to reach a speed of 63%
of its final no-load speed, from standstill.

7 2100.R-J
L
Rotor inertia J [gem?]
Rotor's mass dynamic inertia moment.

Angular acceleration amax. [-10° rad/s?)
The acceleration obtained from standstill under no-load-
conditions and at nominal voltage.

M. 10

O . = 3

Thermal resistance Ru/Rwz [K/W]

Rwn corresponds to the value between the rotor and
housing. Rnzcorresponds to the value between the
housing and the ambient air.

Rwz can be reduced by enabling exchange of heat between
the motor and the ambient air (for example using a heat
sink or forced air cooling).

Thermal time constant 1w / 1wz [5]

The thermal time constant specifies the time needed for
the rotor and housing to reach a temperature equal to
63% of final value.

Final MY TN S —
temperature
63,2 % of
Final [ Thermal time constant
temperature f

Tth

Operating temperature range [°C]
Indicates the min. and max. motor operating temperature,
as well as the maximum permitted rotor temperature.

Shaft bearings
used for the DC-Micromotors.

anant wauw indXs [N]

The output shaft load at a specified shaft diameter for the
primary output shaft. For motors with ball bearings the
load and lifetime are in accordance with the values given
by the bearing manufacturers. This value does not apply to
second, or rear shaft ends.

Shaft play [mm]
The shaft play on the bearings, measured at the bearing
exit.

Housing material
The housing material and the surface protection.

Weight [g]
The average weight of the basic motor type.
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DC-Micromotors

¢

' FAULHABER

Technical Information

Direction of rotation

The direction of rotation is viewed from the front face.
Positive voltage to the + terminal gives clockwise rotation
of the motor shaft. All motors are designed for clockwise
{CW) and counterclockwise (CCW) operation; the direction
of rotation is reversible,

Recommended values

The maximum recommended values for continuous
operation to obtain optimum life performance are listed
below. The values are independent of each other.

The values will be reduced with thermal insulation and
elevated temperature but can be increased with forced
cooling.

Speed Numa [rpm]
The maximum recommended operating speed.

Torque Memax [MNm])
The maximum recommended torque rating.

Current lemsx [A]

The maximum allowable current, based on the thermal
limits of the max, permissible standard rotor temperature
at 22 °C ambient,

How to select a DC-Micromotor

This section reviews a step-by-step procedure on how

to select a DC-Micromotor. The procedure allows calcula-
tion of the parameters in order to produce a graph of

the characteristics and per-mitting the definition of the
motor's behaviour. To simplify the calculation, in this
example continucus operation and optimum life perform-
ance are assumed and the influence of temperature and
tolerances has been omitted.

Application data:

The basic data required for any given application are:
Required torque M [mNm]
Required speed n [rpm]
Duty cycle & [%]
Available supply voltage, max. u [v be]
Avallable current source, max. | [A]
Available space, max. diameter/length [mm]
Shaft load radial/axial IN)

The assumed application data for the selected example are:
Output torque M =3 mNm
Speed n =5500 rpm

Duty cycle ) =100 %
Supply voltage U =20 vDC
Current source, max. | =05 A
Space max, diameter = 25 mm

length =50 mm
Shaft load radial =10 N

axial =02 N
Preselection

The first step is to calculate the power the motor is
expected to deliver:

P=M 0 5To (W)

Py=3-5500 = teem =173 W

A motor is then selected from the catalogue which will
give at least 1,5 to 2 times the output power [Pzma.] than
the one obtained by calculation, and where the nominal
voltage is equal to or higher than the cne required in the
application data.

The physical dimensions {(diameter and length) of the
motor selected from the data sheets should not exceed the
available space in the application.

Prmenz P2 UnzU

The motor selected from the catalogue for this particular
application, is series 2233 T 024 § with the following
characteristics:

Nominal voltage Un =24 v DC
Qutput power, max, Pima. =247 W
Frame size: diameter (] = mm
length L =33 mm
Shaft load, max.: radial =12 N
axial =02 N
No-load current lo =0,005 A
No-load speed n, =B8800 rpm
stall torque Mu =10,70 mNm

Caution:

Should the available supply voltage be lower than the
nominal voltage of the selected DC-Micromotaor, it will be
necessary to calculate [P2ma] with the following equation:

P;,...:%-(%‘--L)’ ™
sz(zeV):%-(%-o.ws)' =170 W
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DC servomotor specification for MFRH is using Faulhaber data sheet below and

regarding to the specification of the length of MFRH.

v> FAULHABER

DC-Micromaotors 0,48 miNm
Precious Metal Commutation For combination with
Gearhieads:
1o, 123
Encoders:

0B, HEMZ2-256-W, PAZ-100

Seri
B & 06 & ¥z G
1 Nominal woltage ] [ [F3 W
2 Terminal resistance B.7 201 g5 4]
¥ Output power Par= 024 04z 0,36 W
4 Efficiency, max. T rm (=] &7 (7] %%
5 Mo-load speed no 14 200 18 400 16 500 rpm
& Mo-load current fesith shaft o 008 mm) Iz 0a1% 0,01 0,004 A
T Stall torque (A1) 069 0,87 bE2 mim
& Friction torque Kl 003 0,03 0,02 mim
& Speed constant ke d 908 3173 1da rpmfy
10 Back-EMF constant ki 0202 0,315 0,705 muirpm
11 Torque constant ku 193 am E,72 rmimd
1Z Current constant ki 0518 0,333 0,14 Afmim
12 Slope of n-M curve AnfaM 22 304 21 185 20029 rpmmim
14 Rotor inductance I8 D 3 HH
15 Mechanical time constant Tn ] 13 o ms
16 Rotor inertia ] 0,04 0,06 0,05 g d
17 Angular acceleration o ez 153 145 165 ~10Aradis?
18 Thermal resistance R/ Rz | 26756 BAN
12 Thermnal time= constant Twl/Tws | 215360 5
20 Operating temperature ranges:
- motar -30 ... +85 (optional version  -30 .. 135) °C
- rotor, max. permissible +&5 [optional version 2135) L
21 Shaft bearings sintered bearings ball bearings
27 Shaft load max.: [standard) [optional wersion)
—weith shaft dizmeter 03 1 mm
- radial at 3 000 rpmi { 1,5 mm fram bearing) 05 5 ]
— axizl at 3 000 rpm 0,1 0.5 ¢l
- amiz at standstill i) 5 L]
23 Shaft play
- radizl 3 0,03 ooz mm
- amizl = 02 0z mm
24 Haousing material stesl, nickel plated
25 Weight % g
26 Direction of rotation clockasizs, vieesed from the front face
Recommended values - mathematically indep ent of each other
27 Speed upto N rax 13 000 [EEE] 12000 pm
28 Torque upto Mar= i} 0,48 0,48 mim
o ]
@ll003 eh-Lms el,500 6.7

for Gearhead 1071

[ M5, 5205 |
2 [#]
0.4
1.4 1,0 335
215 21
4.2 157 5,1520.3
1MEN..G T0EM .. G 1MEE .. &

for Gearhead 122
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APPENDIX F

SYSTEM PERFORMANCE METRIC

The output of step response is to obtain value of the rise time (Tr), settling time (Ts)
and percent overshoot (% Os) as shown in Figure E-1. Where, Rise time (Tr) is the
time required for waveform between the ranges 0.1 to 0.9 of the final value. The time
required for transient’s damped oscillations to reach and stay within % +2% of steady
state value is called as settling time. Percent overshoot is totality the waveform
overshoots the steady state and expressed as a percentage of the steady state value.
The value of percent overshoots at peak time (Tp); Tp is the time required to reach the
higher amplitude.

c()
A
Cmax x % Os
1.02 Cfinal !
Cfinai '—————,l———-' ————— e
0.98 Cﬁmz//"
0.9 Cfinal
0.1 Cfinal
/ ¢
Sl s s >

Figure E-1: Step Response of Simulation
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APPENDIX G

ADDITIONAL RESULTS

E1. Comparison Of Pid From -20% To +20% Using Ziegler Nichols

16

Position (Rad)

S L L U S L —4— PID +10%

—+— FID +20%

PID (Ref]
———FID-10%
—S&—PID -20% [

Time (Sec)

50

Figure E1: Pid Controller using Ziegler Nichols (from -20% to +20%)

Table E1: Result of PID (from -20% to +20%)

Controller Rise Time | Settling Time | Cmax Overshoot Error
(PID) (T) (TS (%)
-20 % 4.6 24.3 1.45 45 0.45
-10 % 4.4 24.0 1.45 45 0.45
Z-N (Ref) 4.2 23.8 1.45 45 0.45
+20 % 4.0 23.5 1.45 45 0.45
+10 % 3.8 23.2 1.45 45 0.45

Figure E1 shows the pid controller are compared from -20% to +20% using Ziegler

Nichols as references. The results of +20% is better than others as shown in Table E1.

Due is when the gain of PID are increase, the rise time (Tr), settling time a (Ts) nd

Maximum amplitude (Cmax) are decrease. But the steady state error (Error) is still the

same either the gains are increase or decrease.
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E2. MFRH using Four Types of Memberships Function
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A Figure E2: Two Memberships Function
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Figure E4: Five Memberships Function
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1.4

Position (Rad)

Time (Sec)

Figure E5: Seven Memberships Function

Regarding the Figure E2 —E5, Fuzzy controller using five memberships function are

produce the better system response in term of rise time, settling time and small error.

Table E2: Results of Joint 1 using four types of memberships function

Controller Rise Time Settling Cmax | Overshoot | Error

(Fuzzy) (T Time (Ts) (%)

Two memberships 7.3 17.8 1.36 36 0.36
function

Three memberships 4.82 14.4 1.28 28 0.28
function

Five memberships 4.80 135 1.1 10 0.1
function

Seven memberships 4.92 13.8 1.24 24 0.24
function

Where the result of five memberships function are Tr = 4.80, Ts = 13.5 and Error 0.1

as indicated in Table E2.
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E3. PSO PID with Different Parameter
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Figure E6: Parameter 1of PSO PID
A
1.4 ! !
0 O ST ................................. u
o I A W S
%\ IS ................................. -
T :
g:’ 0= ...................................
c é
g T s ................................. -
Z g
a ] S S ................................. u
o 1} é 1 ID 1 I5 2iD 2I5 BID 3I5 40
Time (Sec)
Figure E7: Parameter 2 of PSO PID
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Figure E8: Parameter 3 of PSO PID
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Figure E6-E10 show the step response of PSO PID using five parameters. The

parameter 5 is the best parameter for particle swarm optimization (PSO) combining

Figure E10: Parameter 5 of PSO PID

with PID because its can run more output response.

Table E3: Results of PSO PID

Controller Rise Time Settling Cmax | Overshoot Error
(PSO PID) (T Time (Ts) (%)

Parameter 1 4.85 14.8 1.36 36 0.36
Parameter 2 4.82 15.2 1.3 30 0.30
Parameter 3 4.80 125 1.24 24 0.24
Parameter 4 4.73 115 1.20 20 0.20
Parameter 5 4.70 9.6 1.07 3 0.30
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. The best selection of parameter 5 like shown in Figure E10 and Table E3. Where the
result of parameter 5 are Tr=4.7, Ts=1.03 and Error 0.3.

Overall, the results that are indicated in Figure E1-E10 for joint 1. Similar results

were obtained joints 2 and 3.
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GLOSSARY

Closed-loop system: A system that monitors it output and corrects for disturbances. It
is characterized by feedback path from signal.

Controller: The subsystem that generates the input to the plant or process.

Error: The difference between the input and output of a system

Forward Kinematics: To determine the position and orientation of MFRH to
determine the position and orientation of the robot hand relative to the robot base
coordinate system.

Fuzzy Logic: A system developed for representing conditions that cannot be easily
described by the binary term ‘true’ and ‘false’. The concept was introduced by Lotfi
Zadeh in 1965. Unlike Boolean logic, Fuzzy logic is multi-valued and handles the
concept of partial truth (truth value between ‘completely true’ and ‘complete false”).
Also referred to as Fuzzy set theory.

Genetic Algorithm: A type of evolutionary computation inspired by Darwin’s theory
evolution. A genetic algorithm generates a population of possible solution encoded as
chromosomes, evaluates their fitness, and creates a new population by applying
genetic operatic — crossover and mutation. By repeating this process over many
generations. In genetic algorithm breeds an optional solution to the problem.
Intelligent: The ability to learn and understand, to solve problems and to make
decisions. A machine is thought intelligent if it can achieve human-level performance
in some cognitive task.

Particle swarm optimization (PSO): A new variation of the algorithm used by
researchers to find the optimum solution or approach optimal in a large search space.
Percentage Overshoot, %0s: The amount that the under damped step response to
reach the first, maximum, peak.

PID Controller: A controller that feeds forward to the plant a proportion of the
actuating signal plus its integral plus it derivative for the purpose of improving the
transient response and steady-state error of closed loop system.

Plant or Process: The subsystem whose output is being controlled by the system.
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Rise time, Tr: The time required for the step response to go from 0.1 of the final
value to 0.9 of the final value.

Robot Hand: Described as that can mimic the movements of a human hand in
operation.

Settling Time, Ts: The amount of time required for the step response to reach and
stay within £2% of the steady state value. Strictly speaking, this is definition of the
2% settling time.

Slip: The measurement and detection of the movement of an object relative to the
sensor.

Stability: That characteristic of system defined by a natural response that decays to
zero as time approaches infinity.

Tactile Sensing: The detection and measurement of the spatial distribution of forces
perpendicular to a predetermined sensory area, and the subsequent interpretation of
the spatial information.

Touch Sensing: The detection and measurement of a contact force at a defined point.
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