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Abstract

The movement and mobility of the hand fingers are affected by various degrees of freedom.
As both the ring and little finger cannot move independently, this research focuses on the
movement, orientation, and control of these fingers. Neural synchronization connects the
central nervous system with finger movements. We used the fuzzy logic controller (FLC)
technique and sliding mode controller (SMC) to construct a theoretical framework for
the bio-mechanical model of a partially damaged human hand, including the dynamics of
inertial effect, muscle, damping, and stiffness. This investigation begins with determining
how the ring and little fingers move and coordinate. Each of the five fingers has three
degrees of freedom. In order to design, develop, implement, and analyze the effective
performance of the controlled motion for each prosthetic joint of the little and ring finger
to move independently and behave robustly despite the availability of adjacent finger
movements, there is a need and requirement to design and implement an effective and
optimized controller to actuate the motion of the ring and little finger joints. As the hand
finger has multiple degrees of freedom and coordinate axis motions like roll, pitch, yaw,
angular coordinates motion, and translational axis motions as well, the main focus and
concern design objectives related to control the single coordinate axis motion control of
three joints of finger as Proximal InterPhalangeal (PIP), Distal InterPhalangeal (DIP),
and MetaCarpoPhalangeal (MCP) joints for little and ring finger dynamics. Control of
the angular motion for the above-mentioned joints of the little and ring finger will be
the design requirements of this research. In order to design, develop, and implement a
robust and effective control architecture for any biomedical dynamics and mechanics of
system control, it is required to define the system and its components completely and
comprehensively. Fuzzy logic and the SMC-FLC control architecture will be designed and
developed to control the nonlinear dynamic behaviour of joint angular motion or angular
position control for all the joints, angle of ring, and little finger movements.
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Chapter 1

Introduction

1.1 Introduction

In today’s time, As we build prototypes and their interactions with the environment, control
development for robotic hands continues to be a topic of interest in our efforts to replicate
human-hand contact with our surroundings. The research has main focus on the movement
and orientation coordination and control of ring and little finger as these fingers cannot
be independently moved. There exist the neural coordination’s between central nervous
system and finger movements. In this research project initially the movement and coordi-
nation as well as relation between the ring and little finger is determined [1]. Due to the
intricate mechatronic systems that allow us to hold, move, and use a variety of objects and
equipment, the robotic hands that are being controlled make this challenging to do. As a
possible and obtainable solution, we have focused on improving controls task in order to
generate robust grasp to hold any object [2]. The fingers on the hand depend on a large
number of degrees of freedom for their movement and mobility. The research focuses on
coordination and control of movement and orientation because the ring and little fingers
are incapable of moving independently. Neural coordination exists between the central
nervous system and finger motions. Initially, the movement and synchronization of the
ring and little finger are determined in this study effort. There are five fingers and each
has three degrees of freedom (DOF). The hand’s remarkable capacity to morph and adjust
to various things is facilitated by its 23 degrees of freedom (DOF) [3]. In service robots
and other difficult fields, the robot hand is crucial. Several laboratories and businesses,
including NASA, have created some nice robot hands [4].

In order to make sure the precise, accurate, exact, uniform, and mutually coordinated move-
ments, and motion of the little and ring finger so that there are no disruptions, fluctuations
in angular motion of the fingers, it is required to design and develop the intelligent based
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feedback dynamic linear control system [5].

The Central Nervous System (CNS) provides orders to the muscles that control the con-
traction and relaxation of the fingers. There are multiple joints of fingers names as DIP,
PIP, MCP. These joint angles must be controlled in order to govern finger movements [6].
Figurel.1 is the basic structure of human hand.

Distal phalanges
Intermediate phalanges

[ Proximal phalanges

@ 1 DOF (pitch)
@ 2 DOFs (yaw, pitch)
@ 3 DOFs (yaw, pitch, roll)

Figure 1.1: Kinematic Joints for hand Model

The DIP and PIP has single degree of freedom movement, so single actuator is required to
acquire the movement, this movement is known as Pitch movement. The MCP has two
degree of freedom motion, the motion is pitch and yaw motion [7] . In order to control
the movement of MCP, there required two actuators. So, in order to design the feedback
control system, it is required to define the dynamic model of joint actuators or identify the
linear model of joint actuators so that the controlled signal must be applied to control the
movement, and angular motion of actuators. The feedback commands and set reference
commands will be obtained from EMG electromyography sensors [8].

The techniques employed to measure the range of motion of fingers have a major impact on
the reporting of hand disabilities. Although the accuracy of the sensors used in data gloves
from the literature has been determined thus far, more research is still necessary. In order to
gather a variety of motion data for the distal interphalangeal, proximal interphalangeal, and
metacarpophalangeal finger joints of an index finger, this research introduces an inertial
measurement unit sensor-based data glove. The distal, proximal, and metacarpophalangeal
finger joint sites on the glove were equipped with three inertial measurement sensors—the
MPU-6050 and two flexible bend sensors—that can measure angle displacement in this
research [9]. To achieve the intended, consistent, steady, efficient, and optimised output
response of the concerned fingers, it is required to design and develop the robust and
optimal controller that ensures the ability of disturbance rejections arise due to the dynamic
movement effect of one finger over the other [10]. The generated dynamic biomedical
system’s nonlinear behaviour and characteristics must be linearized by the controller. To
design, develop and implement the robust and optimal non-linear controller, initially the
system mathematical model defining complete dynamics. As there exist three joints in
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one finger so three degrees of freedom for little finger and three degrees of freedom for
ring finger. The dynamic motion of these two fingers not independent, as there exist the
dependency of moving one finger to the other.

1.2 Motivation and Problem Description

In the realm of rehabilitative robots, human hand motion control is a significant difficulty
because of its many phalangeal joints, which offer excellent flexibility for completing a
variety of tasks [11]. The basis of this research is a partial physical impairment. When
a portion of the body is damaged and unable to function to its maximum potential at
work, it is referred to as a partial handicap. As the movements of the little and middle
fingers are not independent and cannot be moved independently rather than there exists the
coordination between their movement and angular motion profile. For instance, a person
unable to use two of their fingers cannot complete mundane tasks. A nonlinear controller
governs the prosthetic hand’s two-finger model in this investigation. The principle of
superposition does not apply to nonlinear control. Since all systems in the real world are
nonlinear, nonlinear controllers are applicable to real world systems. Using a controller that
functions as an artificial brain to control these two fingers is difficult [12]. It is one of the
challenges to design and develop the optimized controlled system that will be ensured the
required mutually coordinated movements of the little and ring finger in precise, accurate
and required angular motion profile should be achieved.

1.3 Research Objectives

The objectives include the following:

* To make sure the comprehensive dynamic mathematical modelling of fingers (ring
and little finger) by using fundamental equations of motions (EOMs).

* Define and express the prosthetic hand fingers model in form of state space expres-

sions or SS domain.

* Define and expressed the nonlinearity of finger motion dynamics in form of distur-
bance involved.

* Design, develop and implement the Fuzzy Logic controller with MATLAB to lin-
earize the system and obtained the robust, effective, desired performance.

* Design and develop the fuzzy based Sliding mode control by proper defining of
sliding surface with MATLAB-SIMULINK.
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* Implement Sliding mode controller SMC integrated with Fuzzy logic controller FLC
with developed prosthetic hand fingers to control the motion and obtained the desired

and optimum results.

* Ensure the simulation based comprehensive analysis and make sure the comparison
between the performances of developed controllers.

1.4 Limitations

The limitations always occur with some extension:

 Patients with mental disabilities should not utilize this procedure; severe partial
impairment patients need to learn how to use a prosthesis [13].

* Individuals who have pacemakers, irrespective of the type of device they use, are not
notified about it. In that scenario, they cannot use a two-finger prosthetic [14].

* It is improper to take it without FDA approval, yet as a pregnant lady, there are no
adverse responses [15].

* It is not advisable to treat patients with brain, stroke, or transischemia using this
technique as it can be lethal in these situations [16].

1.5 Thesis Organization

The thesis comprises of five chapters, Chapter 2 includes the literature work and com-
parative analysis of scholarly work done by researchers in terms of different controllers
including linear and non-linear. Chapter 3 includes design and technical details of our
proposed methodology and Chapter 4 comprises of experimental setup, the detailed dis-
cussion of different controller schemes and their results. The last chapter concludes our

research work.



Chapter 2

Literature Review

The research is based on the development of transfer function models for touchless gesture-
controlled movement of hands fingers. The concerned fingers are pointing finger, middle
finger as well as thumb. The gesture pattern analyzed on the figures depending upon the
pixels. The application of design is regarding to touchless system use like mouse pad
etc [1]. The author published the article related to transferring the communis tendon of
the index finger to the longus tendon and observe as well as analyze the movement of
the finger with different orientation. The research ensures the successful approach of the
index finger movements [2]. The article describes three-dimensional model identification,
dynamic model consideration utilizing model prediction or model predictive controller
implementation, and system identification for prosthetic hand long finger kinematics. Slid-
ing mode control and model predictive control architectures were designed and developed
to govern the dynamic movement of a system. The robust PID controllers are designed
and implemented for each joint angle motion control of actuators with the desired motion
control. Initially, the transfer function model for the actuators of the fingers of the gripper
is determined, and then the controller and multiple input output robust PID controller are
designed and implemented for the five-finger gripper design. The force muscle sensors are
integrated for feedback measurements [3].

The research-based work is based on to design the bio mimetic prosthetic hand for human.
The article investigates and analyzes comprehensively the study of the joint motion of
the prosthetic hand. The IP, MP and CM joints movements are analyzed. The model of
the hand and its components, like actuators, are developed. The angular orientations and
movements of developed system results are plotted and analyzed [4]. Figure 2.1 is the
basic structure of human hand finger exoskeleton.
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Figure 2.1: Basic design principle of hand finger exoskeleton

The research study describes and demonstrates an intelligent controller based on a Fuzzy
logic infrastructure or control approach that is employed and applied to regulate the robust
motion of PIP , MCP joints for the prosthetic hand finger under controlled conditions. The
project is based on real time hand tracking for purpose of rehabilitation as well as character
animations are ensured. The research is beneficiary for medically unfit or impartial people.
The glove design is proposed to develop for motion and character animations for gaming
etc. the IMU sensors are used to acquire the data of inertial measurements of coordinate
axis movements. The real time movement of flexion as well as extension is ensured [5].
The research article related to develop the robotic system that has capability of hybrid
impedance contact force tracking via adaptive hybrid control of Robot under uncertain
external environment. The novelty of this project is to design the robust and adaptive
control system based on impedance control for robot under dynamic forces of contact
operations like painting etc. the older technique deals with control design for contact
force without dynamic effects. The transient parameters are brought into considered like
percentage overshoot, peak time, rise time etc [6].

The project is related to make sure the verification of joint of finger stiffness estimation via
soft robotic actuator. Results are compared with SECA actuator response to obtained and
estimate the stiffness model with designed mechatronic device and comparative analysis
ensured [7].

The research-based article is related to develop the mathematical modelling and ensure
the simulation-based analysis of finger movement via EMG sensor. The feedback sensory
signals are obtained by electromyography sensor or EMG sensors to the controller. The
Arduino micro-controller used as main control unit to acquire the data of EMG sensors and
monitoring is ensured on display [8]. The article describes sophisticated control methods;
however, the disruption impact owing to the availability of dependent nearby fingers move-
ment is not considered [10]. This work introduces a novel hand exoskeleton rehabilitation
equipment to facilitate tendon therapy exercises. The purpose of the exoskeleton is to
support the fingers’ natural flexion and extension movements. A direct-driven, optimally
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tuned, and under-actuated serial linking mechanism with the capacity to apply extraordi-
narily high force levels perpendicularly to the finger phalanges makes up the suggested
multi-degree-of-freedom (DOF) system. The suggested gadget has kinematic and dynamic
models that have been developed. The multi-objective optimisation algorithm’s output and
a set of tests done to examine the capabilities of the human hand served as the foundation
for the device’s design [11].

Article describe the three-dimensional model identification and dynamic model consid-
eration by using model prediction or model predictive controller implementation as well
as system identification for the prosthetic hand long finger kinematics. Sliding mode
control as well as Model predictive control architecture design and developed to control the
dynamic movement for the dynamic system. Article describe the advanced control methods
but the disturbance effect due to availability of dependency adjacent fingers movement does
not consider [17]. Research article illustrate to design, develop as well as implemented the
controlled scheme based on sliding Fuzzy logic controller algorithm to stabilize, regulate,
controlled the transient as well as steady state performance of uncontrolled and non-stable
prosthetic biomedical finger joint movement under controlled constraints. The research
is novel but the disturbance effect due to the dependent movement of one finger over
the other is not brought into considered [18]. Research work describe and demonstrate
the intelligent controller based on Fuzzy logic infrastructure or control method used and
practically applied to control the robust motion of PIP, MCP joints for the prosthetic hand
finger under controlled constraints. The plant and kinematic manipulator dynamic and
mechanic model exhibit the non-linear dynamics [19]. A wave variable-based control
system was suggested by the author. In contrast to alternative approaches, the suggested
strategy could reduce the performance deterioration brought on by time delay fluctuations.
However, using this approach could lead to the system producing unlimited energy in
certain unique circumstances and make it impossible to strictly ensure the system’s stability.
The technology is modified in this study by adding a monitoring mechanism for the energy
input/output balance, which sets a limit on the amount of energy the system can produce.
We worked with a single DOF system in several simulation studies. The findings of the
simulation validate the suggested plan [20].

In order to stabilize, regulate, and control the transient as well as steady state performance
for the uncontrolled and non-stable prosthetic biomedical finger joint movement under
controlled constraints, research articles demonstrate how to design, develop, and imple-
ment a controlled scheme based on sliding fuzzy logic controller algorithm. Although the
research is new, It ignores the interference that results from one finger moving dependently
over the other [21, 22]. The human hand has been utilised to establish communication
channels for a wide range of human-machine systems because of its numerous degrees
of freedom and close ties to the brain. The purpose of this study is to offer quantitative
evidence of the hand’s efficiency as a communication medium. The authors have ensured
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communication between the information capacity of thumb as well as the index finger. As
there are a large number of degrees of freedom for hand motion, there are wide variety
of communication with the brain. The research has ensured effective communication and
cooperation between the movements of thumb and index finger [23].

The research work is related human finger independency, limitation to passive mechanical
coupling versus active neuro muscular control. The research analyzes the thumb, index,
middle, ring as well as little finger movement in form of angular position. the movements
of DIP, PIP, MCP joints angle of finger is analyzed and observed [24]. In this article there
is research about design and development of five finger robotic gripper. The plant and
kinematic manipulator dynamic and mechanic models display nonlinear dynamics. The
phase portraiture as well as controller effort energy reduction are not assured and taken
into consideration, demonstrating the limits of the suggested study [25].

Working with lower-order models as opposed to high-order models can significantly sim-
plify system analysis and control design. This research examines a biomechanical model
with the minimum realisation of finger’s reactive action when the pinky or little finger is
bent. This model simulates the movements of two fingers and is of the sixth-order minimal
state space realisation. To get the system to respond steadily, we created a H; robust
controller. The answers of the minimal state space realisation model and the full-order
state space model were compared. To improve the controller, exogenous inputs known
as parametric uncertainty were included, and the values were adjusted [26]. This work
presents an analysis of the impact of structured uncertainty on a model based on the
involuntary flexion of the human ring finger when the little finger is bent. The performance
of the controller is adjusted to reduce the impact of structural uncertainties and to limit
their impacts. Additionally, there is less of an impact from input and measurement noise.
The final model is demonstrated to be fully programmable, and the simulation’s outcomes
are entirely stable [27].

The project focuses on developing and implementing a time-varying sliding surface control
algorithm for a SMC architecture designed to govern non-linear prosthetic hand and finger
joint movement [28]. The established model and kinematic structure for system and plant
dynamics represent nonlinear dynamic behavior, with feedback linearization providing
system stability [29]. This study uses the 33-story Riverside Sumida Central Tower in
Tokyo, Japan, which was designed and built by Obayashi Corporation, to test the resilient
H., state feedback control theory presented in Part 1. This structure’s two active mass
dampers (AMDs), which are situated on the roof, can regulate vibrations brought on by
light disturbances. For these AMDs, study creates robust Heo controllers that take actuator
saturation and structural uncertainty into consideration. The trade-offs between expected
peak actuator effort and robust, worst-case closed-loop system performance are presented,
and several H. controllers are constructed. When small-magnitude loadings are applied to
the structure/control model utilised in this study, robust H., controllers perform better at
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reducing transient vibrations of the structure than conventionally constructed LQR con-
trollers. The parameters obtained, both transient and steady state, are robust and effective.
The phase profiles, actuator force, and torque values are not investigated in this study,
and control efforts are not lowered; these are the research article’s shortcomings [30, 31].
Research-based work is related to designing and implementing the time-varying sliding
surface control algorithm of sliding mode controller architecture developed for non-linear
prosthetic hand-finger joint movement control. The obtained model and kinematic structure
for the system and plant dynamics represent the non-linear dynamic behavior, and feedback
linearization is ensured to stabilize the non-linear system. transient as well as steady state
parameters obtained are robust and effective [32]. The phase portraits, actuator force, and
torque values are not considered in this research, and control efforts are not minimized;
these are the deficiencies of the research article [33].

YA mt

Figure 2.2: 2-DOF Single finger Model.png

Technical based research article demonstrated the Bjgrngaard. The Hunt Study examined
changes in health during a five-year period prior to and following disability payment. The
way the joints move physically over time is tracked, examined, and the effectiveness of the
created model is examined and researched [34].

The research-based article describes the technical and effective algorithm regarding to
pattern recognition and movement profile analysis for the prosthetic hand [35]. The
movement of the hand according to recognized and machine-oriented pattern generated
is tracked as reference. The saturation’s and limits applied to restrict the movement are
not failures and confined pattern for the prosthetic hand analyzed as well as investigated
[36, 37].

According to the research-based paper, an artificial leg model is subjected to a hybrid
learning process known as adaptive neuro fuzzy inference system in order to determine the
proper locations of the servomotors that actuate the leg joints. Efficiently calculating the
correct joint angles for a space trajectory is a critical control problem for mechanical arms
and legs. The usefulness of ANFIS for these kinds of mechanical systems is confirmed,
despite the fact that Only the most basic model is represented by this software with two
degrees of freedom. ANFIS is used to translate the experimental planar motion of the
ankle joint into joint angles, which are then roughly represented by polynomial functions
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in the gait model of the proposed mechanism. The chosen servomotors are run by a hybrid
control system that consists of a PD controller and an FLC controller. On Sim-Mechanics,
the control system’s precision is further confirmed [38]. The article describes that one
option for assisting an amputee in regaining their capacity to walk is a prosthetic leg.
As a result, the majority of the knee components that are now in use are still unable
to generate active body propulsion. Thus, in order for the amputee to move, a larger
metabolic energy expenditure is needed. Therefore, the concept of creating an ANFIS
knowledge-based control system and mechanical structure for the active actuated knee
joint of a transfemoral (TF) prosthetic limb was put forth in this study. While the actuated
knee joint was constructed using Inventor CAD software, ANFIS was adopted utilising
Matlab software to analyse human gait phase recognition required for cadence and torque
management required by the knee joint mechanism. In terms of the knee mechanism, the
physical simulation of the controller offered a realistic simulation of the actuated knee
joint [39]. Robotic hands that are dexterous must have a strong neural-machine interface
that can recognise and interpret various finger actions. Previous research focuses mainly
on single-finger movement or largely depends on multi-finger data for training the decoder,
which necessitates large processing demands and large datasets. In order to train a neural
decoder that can predict the forces of unknown multi-finger combinations, we examined
in this study the viability of employing limited single-finger surface electromyogram
(SEMG) data. Methods: To forecast the extension and flexion forces of the index, middle,
and ring-little fingers simultaneously, we used a deep forest-based neural decoder. With
constrained conditions (i.e., single-finger data), we used different quantities of high-density
EMG data to train the model. Conclusions: Our findings demonstrated that the deep
forest decoder could consistently outperform the convolutional neural network approach
and conventional EMG amplitude method, with 7.0% of force prediction errors and an
R? value of 0.874 [40]. The 2-dimensional matrix stiffness method, which the author
utilised, makes it simple to perform numerical estimations using software. They can now
identify the force applied in a certain direction on a finger and perform various stiffness
tasks, such as finger flexion and extension, using 2-D analysis. The end product of this
modelling provides manipulators with a deeper comprehension of mechanical impedance
[41]. Underactuated mechanical systems present unique challenges in terms of meeting
the control requirement. An underactuated truss-like robotic finger (UTRF) is a specific
and intricate underactuated mechanical device that is explored by defining its dynamic
model. High nonlinearity, model inaccuracy, and uncertainty are among the control issues.
Given that type-2 fuzzy logic control is capable of handling uncertainties and does not
require an accurate description of the controlled object, it is thought to be an appropriate
solution to these challenges. For UTRF to achieve stabilisation at its equilibrium point, an
interval type-2 fuzzy logic controller is constructed based on a brief overview of type-2
fuzzy logic systems [42] .
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The objective of this research is to provide an adaptive fuzzy hierarchical sliding mode
control approach to address the uncertain under-actuated switching nonlinear systems
with actuator defect control problems. First, for the actuator problems, both the bias fault
and the loss of efficacy are taken into account. Next, using fuzzy logic systems’ (FLSs)
approximation capability, the unknown, uncertain functions of the under-actuated switching
nonlinear system are approximated. The upper bound of the actuator faults’ bias signal
and the error terms resulting from FLSs are combined into a function, the upper bound
of which is estimated online. Moreover, the introduction of the projection algorithm can
effectively handle the unique problem of denominators. By using the Lyapunov stability
theory, we can confirm the boundedness of all the signals in the closed-loop system based
on our suggested control approach [43].

In this paper, the author coupled fuzzy logic systems with nonlinear techniques in order
to create adaptive control systems. The author suggested using an FLC in conjunction with
a sliding-mode method to regulate systems that are underactuated. To demonstrate the
effectiveness of the closed-loop system, the authors included a thorough stability study as
well as a numerical example of a non-specified system. The fuzzy system isn’t optimised,
though. Optimisation techniques have proven beneficial in tackling the intricate task of
determining suitable parameter values and structure for fuzzy systems [44].

In this paper author presents the ideal position control of a robotic finger that is
underactuated. To mimic the flexion and extension movements of the finger, two trajectories
are proposed: one for the proximal and another for the medial phalanx. Because the
system does not have a clear dynamical model, Mandani fuzzy control is suggested. An
optimisation technique based on the membership functions is used to acquire the control
parameters. In various applications, genetic algorithms (GA) are frequently employed
as an optimisation technique. Nevertheless, in this instance, an autoadaptive differential
evolution method is suggested to achieve improved convergence behaviour [45].



Chapter 3

Methodology

On the basis of kinematics and biomechanics numerical information on finger movements,
It is possible to identify the finger dynamic motion model with the use of a system
identification tool. Depending upon the profile motion, the transfer function or state space
expression of the ring and little finger dynamic model is determined and identified.

3.1 Algorithm / Design procedure

Initially, the movement or angular motion profile as analyzed in [46, 47] for the ring and
little finger is analyzed completely and comprehensively.

1. Motion profile of ring and little finger angular movement is observed with the muscle
sensors Inertial measurement unit IMU [9] and extract the finger joint data and
develop the respective angular movement profile of little and ring finger.

2. Design the intelligent based Fuzzy logic controller for the system. Figure 3.1 is the
block diagram for the proposed model.

Actual i
Finger Movement
3 A\ S 9 \':‘]“\
Actuator Linearized ylt) ‘
O . —> Transfer Function Finger Model —> [

Controller

Reference
Trajectory of
Joint angular position
Profile

Figure 3.1: Fuzzy Logic Architecture.
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3. Develop the mathematical linear model for finger joints actuators in from of transfer
function expressions or state space model expressions.

4. Make sure to develop the feedback control linearized system via intelligent based
fuzzy logic controller for dynamic movement of fingers and obtain the required
motion profile or angular movement of little and ring finger.

5. Ensure the simulation-based analysis of system and obtain the dynamic behavior
results of rehabilitee hand finger movement outcomes and also ensure the comparative
analysis of designed and developed system model.

3.2 Mathematical Modelling

The mathematical expression for the dynamic model of finger is developed with all joint
dynamic movements and motion in form of transfer function or state space model ex-
pression. The ring and little finger have multiple joints to move and acquire the required
motion of hand. Each joint has respective actuator. The two degree of freedom movements

required two actuators.

3.2.1 Ring finger dynamics

The Freebody diagram of Ring finger along inertia, damping and stiffness components can
be developed in form of figure below. Figure 3.2 is the block diagram for the proposed
model.

The damper offered the resistive effect, spring offered the stiffness as well as inertia

T2

Figure 3.2: Freebody Diagram of ring finger.

offered the rotational angular movement for joints named as PIP, DIP and MCP of finger
dynamics.
Rotational torque offered by first MCP joint.

T=J,— 3.1)
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Nonlinear Inertial Effect [48]:
d*e

T=ml? smeﬁ (3.2)
Damping effect on MCP joint movement [49]:
T=D¢’ (3.3)
Stiffness of MCP joint due to torque [50]:
T=k(6 +67) (3.4)

Inertial effect, damping as well as stiffness offered by PIP and DIP joints will be
considered as same.

Equation of motion:
We extend our formulation of an equation of motion for finger movement with the help
of the principle of equivalency. None of the challenges associated with the covariant
extension of the Lorentz-Dirac equation [51, 52] are present in the suggested equation of

motion.
. d%e do do de
mlllzsm(Ql)dzl+D1d—l+k1(91+91)+k2(91+91) k2(92+92)+D2d_t1_D2d_t2:O
(3.5)
. d*e 46 de de
mzl%sm(ez) ar 22 +D2d—2+k2(92+92)+k3(92+92) k3(63+93)+D3d_1‘2_D3_3_0
(3.6)
. d%e do de
m3 12 sin(63) 0 —3 +ng—3+k3(e3+e3) k3(62+92)+D3d—t2:0 (3.7)
de,
o _ 3.8
o @ (3.8)
de,
2= 3.9
@ (3.9
do;
a4 _ 3.10
& 3 (3.10)
2
a6, = (3.11)

dr?
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d’6,
d*6;

Using expression (3.5)

my13sin(60)) o + D1 0] + ki (01 + 67) +ky(0) + 02) —ka (62 + 603) +Dy6] —D,65 =0

(3.14)
mll%sin(el)al+D1a)1+k1(61+912)+k2(91+612)—k2(02+922)+D2a)1—Dza)zzo
(3.15)
. D, ki 2 k D>
sin(6))ogj =———w;——— (0, +6 6,+6 6,+06 )+
in(6;)oy i mll%( 1+67)— mll%( 1+67)+ 112( h+65) — 112 I mllzwz
(3.16)

Using expression (3.6)

mzl%sin(ez)(xz +D29£+k2(92—|— 922) +k3(6, + 922) —k3(03+ 932) —|—D39£ —D393/ =0
(3.17)

myl3sin(62) 0ty + Day + ko (62 + 07) + k3 (62 + 07) — k3 (63 + 63) + D3y — D33 = 0

(3.18)
. k> 5 D k3 k3 > Ds D
h)oy=—"5(0+65)— 6,+06 6;+06
Sln( 2) 2 mzl%( 2+ 2) mzl%ab o 12( 2+ 2) mzl;‘( 3+ 3) zlzab—i-m lza)3
(3.19)
, k» k3 k3 Ds D, Ds
b =(—— 6,+06 6;+06 —— —
Sln( 2) 2 ( mzl% l’nzlz)( b+ 2) ( 212)( 3+ 3) ( mzl% mzl%)ah—i—mzl%%
(3.20)
Using expression (3.7)
m3l3sin(603) 0z + k3 (63 + 03) + D30} —k3(6, + 63) — D36, =0 (3.21)

m3l3sin(03) 0 + k3 (63 4 03) + D33 — k3 (62 + 63) — D3, = 0 (3.22)
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k3

sin(63)0 = ——— (63 4+ 07) — —— 3 + 6+ 07) +
( 3) 3 m3l§( 3 3) m3l§ m3l§( 2 2) m3l§ “2
Rearranging above equation, we get
k3 k3 Ds D;
sin(63) a3 = ——= (6,4 67) — ——(63+65) + ——w, — —— 3

State Space Representation of Ring Finger

X' =Ax+Bu
Y =Cx+Du

where;

A = is system model matrix that defines the dynamics of system
B = is the matrix of inputs

C = matrix of output

D = is the decoupling matrix

State vector for the Ring finger defined as

State variables for the Ring finger are defined and expressed as

_x1 - _ 6 -
X7 0,
x3| |63
X4 N (0]
X5 Q)

[Yo|  [@3]

16

(3.23)

(3.24)

(3.25)

(3.26)

(3.28)
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Nonlinear state space model [53, 54, 55] for ring finger can be expressed as:
_ o .
)
oF
X' = —k1—ky 2 K> 2 —D1—Dy Dy
miZsin(6)) (61 +67) + mZsin(6)) (61 +67) + miZsin(6;) | mZsin(6))
—ky—k3 2 K3 2 —Dy—Ds D5
mgl%Is{in(Oz) (92 + 92 ) + mzl% S;;l(@z) (92 + 92 ) + mgl%gin(ez) mzl% 531(92)
3 2 —K3 2 3 —D3
L m313 sin(63) (62 T 02) + m313 sin(3) (93 - 63 ) T m3[3sin(63) ' m3l3sin(63)
y = g(x,u) [56] (3.30)
Jacobian Matrices:
Jacobian linearization matric [57, 58] can be expressed as:
[9fi dfi dfi dfi dfi AT
dx; dx; dxz dxg Jdxs OIxg
dfr 9 dfr 9fr dfr 9N
dx; Odxy Jdx3 OJdxq4 Jdxs OIxg
s 9fs 9fs 9fs 9fs Ifs
Bxl 8x2 aX3 aX4 8x5 8x6
Jr(x,y) =
s s Ofi Ah s Ui
dx; dx; dxz OJdxg Jdxs OIxg
dfs 9fs 9fs 9fs Ifs Ifs
dx; Odxy Jdx3 OJxq4 Jdxs OIxg
s 9fs 9fs 9fs 9fs Ifs
_Bxl 8x2 aX3 aX4 8x5 8x6 _
By small angle approximation:
sin(60 =0) ~ 0 (3.32)
sin(6 =90) ~ 6 (3.33)
Or
sin(t+0)~0 (3.34)
sin(t+6)~ 0 (3.35)
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System Model Matrix is defined and expressed for ring finger dynamics expressed as:

0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1
—ki—ky K> 0 —D1—Dy D, 0
A] = mlllz mlllz mll% mlllz
0 —ky—ks3 K3 0 —D,—Ds D3
mzl% mzl% mﬂ% mzl%
K K Ds_ _ D3
L 0 m313 m312 0 m313 m313

System Input Matrix is defined and expressed for ring finger dynamics expressed as:

‘—‘OOO

By =

3
—_—
~
— 9

S

ol

3

1
m3l§ |

System output Matrix is defined and expressed for ring finger dynamics expressed as:

1 000O00O
Ci=(01 0000
001000

Decoupling matrix D will be:

0
Dy = [0](3.39)
0

18
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The state space model for ring finger will be expressed as:

A 0 0 0 1 0 0 (0. 0
Y 0 0 0 0 1 0 0 0
) 2
o 0 0 0 0 0 P 0
3/ — | —ky—ky K> 0 —D,—D, D, 0 |1 |u
w; ’"1112 m1112 mlll2 mll% (0]} mll%
—ky—kj K3 —Dy—D; Ds 1
0 mzl% mzl% 0 mzlg mgl% 0} mzl%
K K D D5 1
'CO3' L O m3l§ m3l§ m3l§ m3l§_ _0)3_ _M3l?_

State Output expression for the ring finger:

0,
6,
100000 0
y=10100 0 0 w3+0u
001000 0
o
| @3 ]

3.2.2 Non linearity in system dynamics

As two fingers little and ring fingers are mutually coordinated so angular motion also
effected due to interlinked dynamic behavior. The nonlinear disturbance effect on the ring
finger considered as system input disturbances added to the applied rotational torque. The
applied disturbance effect on the little finger offered by input applied torque added with
sine function.

Nonlinear applied input disturbance is offered as:

D=1+ Asinwt| (3.42)

where;

D = applied disturbance to system

T = applied torque input applied by actuator
A = amplitude of added input disturbance
o = frequency of applied disturbance signal
sinf =- non-linear function
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3.2.3 Little finger dynamics

The Freebody diagram [59] of Little finger along inertia, damping and stiffness compo-
nents [60] can be developed in form of following figure. Figure3.3 is the block diagram
for the proposed model.

K4
0000

FEEF T EE

D4

Figure 3.3: Freebody Diagram of little finger.
The damper offered the resistive effect, spring offered the stiffness as well as inertia
offered the rotational angular movement for the joints named as PIP, DIP and MCP of

finger dynamics.

Rotational torque offered by first MCP joint.

a6
T=J4—= 3.43
432 (3.43)
Nonlinear Inertial Effect:
T=myl3 sin 9‘12—9 (3.44)
T '
Damping effect on MCP joint movement:
T=DO' (3.45)
Stiffness of MCP joint due to torque:
T=k(6 +6?) (3.46)

Inertial effect, damping as well as stiffness offered by PID and DIP joints will be consid-
ered as same.
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Equation of motion:

. d%e de de de
m4l£81n(94)724—I—D4d—t4—|—k4(94—|-94%)—l—k5(94—|—942)—k5(95—|—952)—|—D5d—t4—D5d—5 =0
(3.47)
d%e de de do,
2. b b 2 2 2 5 6
mss Sm(es)—dtz +Ds— = +k2(95+65>+k6(65+95)_k6(06+96)+D6E_D6E—0
(3.48)
. d?e, de de
mel2sin(66) > + Dg— > + ko(86 + 62) — ko (65 + 62) +Dg—>=0 (3.49)
dt dt dt
deo,
= 3.50
& 4 (3.50)
d6s
— = 3.51
O W5 (3.51)
d6s
— = 3.52
G We (3.52)
d%e,
d?6s
d?6,
— 2 =q 3.55
dt2 6 ( )

Using expression (3.47)

myl3sin(0;) oy + D1 0] + k(01 4 02) + ko (0) + 07) —ka (624 63) +Dr0] — D265 =0
(3.56)

my13sin(0;) oy + D@y + ki (01 + 02) 4+ ko (61 + 62) — ko (62 + 63) 4+ Drwy — Dy, =0

(3.57)
: Dy ky ks ks Ds Ds
Sin ()0 — —@“’4‘m(e“”‘%)_m4z§(94+9‘%)+m413(95+952)_m4zg“’4+m4z§

(3.58)

s
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_ —D4—Ds —kg4 — k5
N m4lé% sin(94) + m4l§ sin(94)

ks
my lé% sin(94)

Ds

— 0
m4lé% sin(94) >
(3.59)

Oy

(64+ 67) + (65 +62) +

Using expression (3.48)

msl3 sin(05) s + D505 + ks(05 + 65) + ke (65 + 63) — ko (05 + 6¢) + D664 — Db = 0

(3.60)
msl3 sin(05) 05 + Ds@s + ks (65 + 65) + ke (65 + 65) — ke (66 + 63 ) + Do s — D6 = 0
(3.61)
05)as = ———(05+65)— W5 — Os+05)+——=(0s+65)— s+
Sln( 5) > m5l§( > 5) m5152 > m5152( > 5) m5l§( 6 6) m5l§ > m5152
(3.62)
. ks ke 2 ke 2 D¢ Ds D¢
05)0ts = (——2 — —2 ) (05+02) + (—2) (B + 02) + (— —>= — 2 Vw5 + —> @y
Sln( 5) 5 ( m5152 mslsz)( S 5) <m5152)( 6 6) ( m5152 m5152) 5 m5152 6
(3.63)
Rearranging Equation
—ks — ke 2 6 2, —Ds—Deg Dg
o5 = 05+ 05)+ 05+ 65) + o,
> (mslgsin(es))( 5+65) <m515231n(95))( 6+65) msl2sin(05)  msl2sin(65)
(3.64)
Using expression (3.49)
mel? sin(6g) ot + k(06 + 67) + DBt — k(05 + 62) — DgBL =0 (3.65)

m6lg sin(6g) 06 + ke (O + 962) + De s — k(05 + 952) —Dgws; =0 (3.66)

) k D k D
$in(06) 0t = —— 5 (66 + 02) — —5 0 + —5 (65 + 62) + — s (3.67)

Rearranging above equation, we get

) k k D D
sin(86) otg = — 5 (85 + 03) — — (86 + 62) + — 5 05 — — (3.68)
k6 2 k6 2 D6 D6
Og=—7——"""(05+05) —————(66+65) + W5 — o,
0 m6lésin(96)( 5+ 65) mélésin(%)( 6+ 66) mel? sin(6g) : mel? sin(65) 0

(3.69)
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State Space Representation of Little Finger

X' =Ax+Bu
Y =Cx+Du

where;

A = is system model matrix that define the dynamics of system
B = is the input matrix

C = output matrix

D = is the decoupling feed forward matrix

State vector for the little finger defined as

-94-

X/

(3.72)

State variables for the Ring finger are defined and expressed as

_ - - _ 6 -
X8 05
X9 | |6
X10 Wy
X11 s

[ X12 | | W |
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(3.70)

(3.71)

(3.73)
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Nonlinear state space model for ring finger can be expressed as:

i /
0y
/
s
/
203
—ka—ks 2 Ks 2 —Dy—Ds Ds
X' = | mylZsin(6y) (61+67) + mal2sin(63) (64+67) + mal2sin(6y) | mal2sin(6y)
—ks—ke 2 Ke 2 —Ds—Dg Dg
mslZ sin(6s) (65 - 05 ) - mslZ sin(6s) (95 - 65 ) T msi2sin(0s) ' mslZsin(6s)
K 2 —K, 2 D D
| 12 si6n(96) (66 +05) + mel2 si116(96) (66 +05) + mel2 siil(eé) mel2 Si?l(96)
y = g(x,u)
Jacobian Matrices:
Jacobian linearization matric can be expressed as:
[df1 dfi dfi 9fi 9fr 9f1]
0x7 oxg dxg dxi9 Oxq1 9x12
afs  dfs  Idfs Idfs dfs  Ifs
0x7 oxg dxg dxj9 0x11  9xp2
dfo  dfe dfs dfe dfo  Ifo
0x7 dxg dxg dxi9 dx;1  9x1p
Jr(x,y) =
dfio 9dfic 9dfio 9dfic 9dfio Ifio
()X7 an &xg 8x10 8x1 1 (9)(]2
dfu  dfun dfu dfi dfu dfun
X7 dxg Xo xio  dx11 dxp2
dfiz dfiz dfiz dfiz dfiz dfiz
L 0Xx7 8x8 a)C9 8x10 Bx“ axlz_

By small angle approximation:

sin(6 =0) ~ 0
sin(6 =90) ~ 6
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(3.75)

(3.77)
(3.78)
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Or
sin(r+0)~0 (3.79)

sin(m+6) ~ 6 (3.80)

System Model Matrix is defined and expressed for ring finger dynamics expressed as:

0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1
—k4—ks K5 0 —Dy—Ds Ds 0
A2 == }’l’l4l£ I’Iul% m4l% m4l£
—ks—ke Ko —Ds—Ds De
0 2 2 0 2 2
msls m515 m515 m515
0 K _ Ks 0 Ds _ Dy
mGIg mélé mélé mélé

System Input Matrix is defined and expressed for ring finger dynamics expressed as:

‘—*OOO

(3.82)

3 3
A

— ~

[ £

6l2

3

System output Matrix is defined and expressed for ring finger dynamics expressed as:

1 00000
G=|(01 0000
001000
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Decoupling matrix D will be:

S O O

The state space model for ring finger will be expressed as:

6;
0!
6;
Wy
s
e

State Output expression for the ring finger:

0
0
0

—ka—ks
ny li

0
0

0
0

0
Ks
m4lf
—ks—ke
Wlslg
K¢
mGIg

3.3 Simulink model

S O =

S = O

- O O

o O O

o O O

o O O

0
1

0

Ds

my lé%

—Ds—Deg

ms l%
De
m6l(2)

0 0, 0
0 05 0
1 66 (])
0 + u
Wy myl3
Ds_ _1_
m5D152 s m5l§
_ Ds_ ) 1
melg 1 - 6 [ mel? |
0
Ol u
0
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A SIMULINK/MATLAB toolbox called Sim-Mechanics offers a simulation environment
for multi-body bio-mechanical models, robotics, vehicle components, and even landing

gears. Since the user must implement the model without creating equations of motion,

the simulation environment facilitates the realisation of the model. Building pieces that

represent bodies, joints, constraints, force elements, and sensors or actuators can be

used to create a multi-body system. Using these elements, Sim-Mechanics automatically

creates and resolves equations of motion. In addition, the environment aids in the testing

and development of control at the system level. The toolbox’s seamless integration
with Simulink and MATLAB allows for the parameterization of models using MATLAB
variables and the use of all Simulink features to create the final controlled system.



3.3 Simulink model

3.3.1 Simulink Block model of Ring finger
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Figure 3.4: Simulink Block model of Ring finger

3.3.2 Simulink Components

* Gain block: Mathematics, multiplication in forward path ensured with the help of gain

block.

* Sum/ Add block: all the sum of expressions as well as differences or subtraction ensured

with the help of sum /add block.

* Goto: To transport the signal value from one place to another place of Simulink window

will be ensured by go-to block

27
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* From: the from block acquired the signal value from Goto block.

28

* Mux: the decoding of multiple signals to one single line is ensured by MUX block.

* Scope: To visualize the output response, curves, graph and results displayed by scope

block.

* Display: To monitor the measured value of the system in numerical form is ensured by

display block.

* Saturation Block: to limit the signal value with saturation of upper limit as well as lower

limit is ensured by saturation block.

3.3.3 Simulink Block model of Little finger

MCP Joint
P (theta1+theta1®2) |
=~ . |
@ theta'1
— [retocey2]>
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Figure 3.5: Simulink Block model of Little finger
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3.3 Simulink model

3.3.4 Summarized and comprehensive Simulink model

29

We must linearize the model in order to create a model-based linear controller, which can

then be used in conjunction with the human bio-mechanical model that Sim Mechanics

has created with the help of non-linear statespace matrices and actuators for finger joints,

as seen in Figure 3.6.
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Figure 3.6: Comprehensive Simulink model

Simulink Components of a developed system:

* Step Block: The reference input supplied to the system is applied by the step input block.

* De-Mux: To encode the multiple information scattered to multiple lines obtained from a

single line.

* Transfer function block: to define the system in Laplace transformation domain or in

form of numeration and denominator expression of s-domain for system dynamics.
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* Subsystem block: This block includes the non linear system dynamic model developed
in previous section.

In MATLAB Simulink, we can add an icon image to a subsystem by making sure the
image file location is accurately entered in the Image block attributes, and then we can
adjust the details to suit our needs. Adding an icon image to the Simulink subsystem can
be seen in the Figure 3.7.
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Figure 3.7: Comprehensive Simulink model
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3.4 Controller Design

3.4.1 FLC based controller design and implementation

3.4.1.1 Fuzzy Inference System (FIS)

Fuzzy logic is the foundation of fuzzy inference systems. These systems perform best
in situations where significance should take precedence over accuracy. An easy method
for mapping an input space to an output space is to use fuzzy logic. It is one of several
solutions that resemble "black boxes," such as lookup tables, differential equations, and
linear systems. However, fuzzy logic can be used to model and control nonlinear systems
and is more straightforward and adaptable. Membership functions (MF) are a series of
curves that map input and output data. MFs are typically built in the shapes of bells,
triangles, trapeziums, etc. To map the entire input space(s) to the output space for a
collection of n input variables, n sets of such MFs are used. Defining FLC’s precise inputs
and outputs is the basic and necessary part for any controller. Fuzzy system has 3 variables
error is the first crisp input; Change in Error is the second crisp input; and Control output
is the output for FLC.

.

File Edit View

e FLC
/ (mamdani)
& control
C_E
FIS Name: FLC FIS Type: mamdani
And method min v Current Variable
Or method max - Name errar
T i it
Implication min v L= DL
Range [-180 130]
Aggregation max -
Defuzzification centroid ~ ‘ Help Close | ‘
System "FLC": 2 inputs, 1 output, and 25 rules ‘

Figure 3.8: Fuzzy logic editor

MAMDANI type inference model is developed and applied in which there is ensured
the AND and OR operations are performed or in other words initially the maximum
operation is performed and then minimum of the resultant function is obtained. Output
is defined in form of triangular or trapezoidal form membership function not in form of
singleton or constant function. Defuzzification method is centroid method that is also
known as center of gravity method. Five membership functions are defined for error inputs
with triangular and sigmoidal type membership functions used with maximum overlapping
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so that the uniform and smooth output surface plot and response should be obtained. In
order to provide a consistent and smooth output surface plot and response, five membership
functions of the triangular and sigmoidal types are defined for error inputs and employed
with maximum overlap.

Similarly for the controller output, there are five membership function assigned with
maximum overlapping to get uniform and smooth output surface plot.
The name of membership function defined as:
BN = Big Negative
N = Negative
7 = Zero
P = Positive
BP = Big Positive

The Number of rules assigned for the system depends on number of membership
functions for each input.

Numberofrules = nl xnlp (3.87)

nit4= number of membership function for first input
ni4= number of membership function for second input
Number of rules=5*5

Number of rules=25

3.4.2 Rules Table
Assign the rules to define the relation between the inputs and output membership functions.

Table 3.1: Rule Table

ez-le | BN | N | Z P | BP
BN BN |Z BN |Z|Z
N Z NIN |Z2]|Z
Z BN | N | Z P | BP
P Z Z | P P|Z
BP Z Z | BP | Z | BP

Big Negative, Negative, Zero, Positive, and Big Positive are the output membership

functions together with the error and integration of error.
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Figure 3.9: Simulink block Model of linearized system with developed linearized fuzzy logic model

3.4.3 Linearized System with Fuzzy logic Model

3.4.3.1 Simulink block Model of linearized system with developed linearized fuzzy logic

model

System developed above represented the controlled architecture developed by using Fuzzy

logic controller along three actuators dynamic transfer function expression and the non

linear summarized little as well as ring finger dynamics.

3.4.3.2 Simulink Model for Ring Finger with Fuzzy logic controller
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Figure 3.10: Simulink Model for individual Ring Finger with Fuzzy logic controller
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Above Simulink block model has the dynamics including the FLC with crisp inputs
and controller output obtained from FLC delivered to the actuators of joints of ring finger
dynamic

3.4.3.3 Simulink Model for Little Finger with Fuzzy logic control architecture

Little Finger Non Linear Model Control with FLC
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Error

Actuator for MCP joint

o = E
r: J - @ Joints Positions
K
" o [} ou >
rE:fZI,r,ES J}lm oot Lotk } Joints Velocity
Fuzzy Logc Actuator for PIP joint 0 5
_/\ g Conoler K - - = JOianOque 1 f q >,\:| Phase portralt
Memory
L-s+R Lmle Fmger Phase Portrats
Non Linear Model @
/\/ Actuator for DIP joint \
oo \ Force /\
NON linear Input disturbance D }w Py
of Ring Finger Motion e Force D

Control Forces

Tracking Eror

Figure 3.11: Simulink Model for Little Finger with Fuzzy logic controller

Simulink model developed for little finger joint movement-controlled system along
fuzzy logic control architecture is shown in above figure. The MCP, PIP and DIP joints
actuators received the controlled input signal obtained from FLC and actuate the Little
finger joints as menntioned above.

3.4.4 Sliding Mode control with Fuzzy logic architecture design and implementation

Generic block schematic of FLC-SMC control structure is shown below

N d
qr e i
> ., [T 7 Yt e q
— d/dt € - Control + Dynamics
A
(04
> Fuzzy
system

Figure 3.12: Generic block diagram of FLC-SMC control structure

Sliding surface expression:

S=¢é +cje (3.88)
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S=¢e +Ke (3.89)
S=¢é"+cié (3.90)
so = k1ol sen(so )k [ sen(so)dt + 1(0) (3.91)

Alternatively, the sliding surface P can be expressed by position and velocity expression
expressed as:

d g
p= {E + 11 X (3.92)
p =[x+ A% (3.93)

Implement Sliding mode control architecture in Simulink:

—| = J
=

—»|dE

Sliding Surface of
Sliding Mode Control
SMC

Figure 3.13: SMC architecture in Simulink

Defining the block model for sliding surface
Sliding surface for Sliding mode controller along discrete time differentiation block shown
as below.

@ Wb
Signs
K(z-1)
@ g T:z

Discrete Derivative

Figure 3.14: Block model for sliding surface
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SMC control structure with Fuzzy logic controller
The complete Sliding mode control architecture along Fuzzy logic controller dynamics

Simulink block model is shown below.
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Figure 3.15: SMC control structure with Fuzzy logic controller

3.4.5 Simulink block model with SMC FLC control architecture for Ring Finger
motion control
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Figure 3.16: Simulink block model with SMC FLC control architecture for Ring Finger motion

control

Simulink Model block diagram represented the SMC along Fuzzy logic control archi-
tecture to control the joint angle movements of ring finger is shown in above figure.
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3.4.6 Simulink block mode with SMC FLC control architecture for Little Finger
motion control
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Figure 3.17: Simulink block model with SMC FLC control architecture for Little Finger motion
control

Simulink Model block diagram representing the SMC along with FLC architecture to
control the joint angle movements of little finger is shown in above figure.

Architecture has non linear dynamic model of little finger along Fuzzy SMC controller.
Three actuators installed to control the non-linear movements of joints of the little finger.
Simulink Components of developed system:

Step Block:The reference input supplied to system is applied by step input block.

De-Mux:To encode the multiple information scattered to multiple line obtained from
single line.

Transfer function block:To define the system in Laplace transformation domain or in
form of numeration and denominator expression of s-domain for system dynamics.

Subsystem block: This block includes the nonlinear system dynamic model developed in
previous section.

3.4.6.1 System Identification:

If the kinematics, biomechanics mathematical data for the finger motion not provided
then there will be determination of finger dynamic motion model with the use of system

=

Control Forces

;
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identification tool.
Depending upon the profile motion we will definitely determine and identify the transfer
function or state space expression of ring and little finger dynamic model.

3.4.6.2 Novelty:

There are following innovative and novel prospective of this research-based work:

1. To develop the system that will be capable to obtain uniform, great flexible motion of
ring and little finger that are unable to move independently.

2. The intelligent based fuzzy logic control ensures the optimized, required, effective
motion control of little and ring finger with desired and uniform manner.

3. The fuzzy logic-based control ensures the linearization, if biomechanics model of finger
is nonlinear in nature.

4. Desired transient response parameters as well as steady state parameters like settling
time and steady state value will be achieved for dynamic angular motions of finger with
more robust and effective control.



Chapter 4

Experiments and Results

4.1 Simulations Results for Ring Finger Nonlinear System

4.1.1 Nonlinear joint Position of ring finger

Obtained simulation results shows the non-linear joint position output response under

uncontrolled behavior or without any controller design and implementation for ring finger

joint motion control of MCP, PIP and DIP joints, the steady state value is not stable and
transient response is also very slow. The obtained simulation results for joint positions of

ring finger for Nonlinear System is shown in Figure 4.1.

MCP Joint
PIP Joint
DIP Joint

o
=
I

o
=3}
I

Joint Positions (rad)
g
T

0.2

0 2 4 6 8 10 12 14 16 18
Time(s)

Figure 4.1: Nonlinear joint Position of ring finger
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4.1.2 Nonlinear joint Velocity of ring finger

Obtained simulation results shows the uncontrolled nonlinear behavior for the ring finger
joint velocities curves. The non stable and non-stationary steady state observed for the
joint velocities of ring finger movement without any implementation of control scheme.
The simulation results for joint velocity of ring finger is shown in Figure 4.2.
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Figure 4.2: Nonlinear joint Velocity of ring finger

4.1.3 Nonlinear joint torque of ring finger

The output response or joint torque graph are displayed in the figure below. The steady
state results demonstrate the actuator movement’s uncontrollably oscillatory behaviour for
the output torque of ring finger joint. The obtained simulation results for joints torque of
ring finger for Nonlinear System is shown in Figure 4.3.
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Figure 4.3: Nonlinear joint torque of ring finger
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4.2 Simulations Results for Little Finger Nonlinear System

4.2.1 Nonlinear joint Position of little finger

Obtained simulation results show the non-linear joint position output response under
uncontrolled behavior or without any controller design and implementation for little finger
joint motion control of MCP, PIP and DIP joint. The steady state value is not stable and
transient response is also very slow. The obtained simulation results for joints position of
little finger for nonlinear system is shown in Figure 4.4.

MCP Joint
PIP Joint
DIP Joint

B
Q
Q

|

(8] oW %]

Q 5] Q o

Q Q Q Q
|

Joint Positions (rad/s)
]
Q
I

a

Q

Q
I

o
Q
|

Q

&
)

0 2 4 6 8 10 12 14 16 18 20
Time (s)

Figure 4.4: Nonlinear joint Position of little finger

4.2.2 Nonlinear joint Velocity of little finger

The obtained simulation response demonstrates the uncontrolled nonlinear nature of the
little finger joint velocities curves in the absence of any implementation of control scheme.
The simulation results for joint velocity of little finger is shown in Figure 4.5.

60—

MCP Joint
DIF Joint
PIP Joint

o
=}
I

B
=]
T

Joint Velocities(rad/ s)
B 8
I |

o
=]
|

=]

0 2 4 [ 8 10 12 14 16 18 20
Time (s)

Figure 4.5: Nonlinear joint Velocity of little finger
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4.2.3 Nonlinear joint torque of little finger

Initial values for the joint torque response not so much of high magnitude and steady state
value for the torque values for each of the actuators attached for PIP, MCP and DIP joints
is not zero rather than greater than zero shows the energy loss by actuator for little finger
dynamic motion control. The obtained simulation results for joints torque of little finger
for nonlinear System is shown in Figure 4.6.
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Figure 4.6: Nonlinear joint torque of little finger

4.3 Simulations Results for Ring Finger with Fuzzy Logic Controller

4.3.1 Ring Finger Joint Positions

The controlled position response obtained for the system developed with FLC shown below
is stable, robust and effective. Controlled transient as well as steady state parameters
achieved for the system developed to control the joint position control of ring finger. When
discussing the step response, refers to the %overshoot that the system reaction exceeds the
final steady-state value prior to reaching a stable level. The results display a rising time of
0.35 seconds with peak time that is 0.4 second with an approximate overshoot of 18% and
stabilize approximately from 2 to 2.5 seconds for MCP joint. Rise time of 0.2 second and
peak time of 0.3 seconds with the % overshoot of 21% and also settling time of 1.5 second
approximately for PIP joint and the 0.3 second of rise time and peak time of 0.6 seconds
with an approximate overshoot of 15% and settling time of 4 seconds for DIP joint. While
rest of results are shown in performance parameters of ring finger joints control motion.
Simulation results for joints position of ring finger is shown in Figure 4.7.
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Ring Finger Joints Positions Response with FLC
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Figure 4.7: Joint Position for Ring finger motion Response

4.3.2 Ring Finger Joint Velocity

The controlled velocity response shows the controlled angular velocity response for ring
finger joint movement control of MCP, PIP and DIP joints with fuzzy logic control
architecture. The output results display a rise time 0% to 100% of its final value that is
0.04 seconds with an approximate settling time of 0.6 second for MCP. The rise time of
0.1 seconds can be seen in Figure 4.8 with the approximately settling time of 0.9 second
for PIP joint and 0.05-second rise time with an approximate settling time of 0.7 second for
DIP joint. The plant’s output stabilises after about one second of simulation time for all
joints. Simulation results for joints velocity of ring finger is shown in Figure 4.8.
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Figure 4.8: Joint Velocity for Ring finger motion Response
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4.3.3 Ring Finger Joint Torque

The uniform smooth and optimized response obtained represented the controlled torque
behavior for the joint actuator motion control with Fuzzy logic control architecture. The
Controlled system with FLC control architecture exhibit the stable, optimized output
response with minimum steady state value of joint actuator torque obtained by FLC. The
output results display a rise time that is 0.01 second with an approximate settling time
of 0.2 second for MCP. The rise time of 0.02 second can be seen in Figure 4.9 with the
approximately settling time of 0.2 second for PIP joint and 0.04 second rise time with an
approximate settling time of 0.3 second for DIP joint. Simulation results for joints torque
of ring finger is shown in Figure 4.9.
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Figure 4.9: Joint Torque for Ring finger motion Response

4.4 Control / Contact forces for Finger Joints

4.4.1 Control forces for ring finger joints

The response of each joint linear actuator to actuator control is achieved through the design
and application of a flc controller, as depicted in figure below. At a steady state, the
control effort forces for every joint response are stable, minimised, and reach a stable value.
Control forces for ring finger joints is shown in Figure 4.10.



4.5 Tracking Error History for Finger Joints

Control Forces (Nm)

7

0.5

4.5

4.5.1

35

Control Force for MCP Joint

Control Force for PIP Joint
Control Force for DIP Joint

25

15

0.5

0 50 100 150 200 250 300 350 400 450
Time (ms)

Figure 4.10: Control forces for ring finger joints with FLC

Tracking Error History for Finger Joints

Tracking error history for ring finger joint position control
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Mentioned figure shows that there is tracking error present at the start but after approxi-

mately 3 seconds tracking error approaches to zero which shows that the controller track

the perfect trajectory. Tracking error(rad) is eliminated at steady state response for the

joint motion control of little finger MCP, PIP and DIP joints actuator and dynamic process

control. Tracking error history for little finger joints is shown in Figure 4.19.
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Figure 4.11: Tracking error history for ring finger joint position control with FLC
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4.6 Phase portrait for Finger Joints

4.6.1 Phase portrait for ring finger MCP joint
Position along y-axis with respect to x-axis change observed or phase portraits for the ring
finger movement in geometrical view observed in below figure is constrained and confined

for MCP joint of ring finger. Phase portraits for ring finger MCP joint is shown in Figure

4.12.
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Figure 4.12: Phase portrait for ring finger MCP joint with FL.C

4.6.2 Phase portrait for ring finger PIP joint
For the ring finger movement in the geometrical view shown in the below figure, posi-
tion along the y-axis with regard to the observed x-axis change, or phase portraits, are
constrained and circumscribed, restricted and uniform for the PIP joint of the ring finger.

Phase portrait for ring finger PIP joint is shown in Figure 4.13
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Figure 4.13: Phase portrait for ring finger PIP joint with FLC
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4.6.3 Phase portrait for ring finger DIP joint

For the ring finger’s DIP joint, position along the y-axis with respect to the observed shift
in the x-axis, or phase portraits for the ring finger’s movement in the geometrical view
displayed in the figure below, are uniformly restricted and circumscribed. Phase portrait

for ring finger DIP joint is shown in Figure 4.14.
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Figure 4.14: Phase portrait for ring finger DIP joint with FLC

4.7 Performance parameters of Ring Finger joints control motion

The output of the plant shows how applicable FLC control system for the 12-th order
minimal state space realisation model. When discussing the step response, refers to the
%overshoot that the system reaction exceeds the final steady-state value prior to reaching a
stable level. The chart displays a rising time of 0.5 seconds with an approximate overshoot
of 18%. The plant output stabilises after the simulation lasts for about three seconds.
The plant’s reaction is depicted in the Figure 4.7 when the ring finger’s PIP deflects;
the response stabilises after around 3.5 seconds of simulation time. The rise time of 0.9
seconds can be seen in above mention figure with the % overshoot of 21% approximately.
After approximately 3 seconds of simulation time, the plant’s output becomes stable. The
Figure 4.7 shows the 0.6 second rise time with an approximate overshoot of 15%. The
plant’s output stabilises after about three and a half seconds of simulation time.
Transient as well as steady state performance parameters observed above for the MCP,

PIP and DIP joint motion performance parameters are optimized, robust, effective and

desired.
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4.8 Simulations Results for Little Finger with Fuzzy Logic Controller

4.8.1 Little Finger Joint Positions

The obtained response for little finger joint position under Fuzzy logic controller design and
implementation observed in above figure. The response is smooth, uniform and steady state
stable behavior also controlled transient as well as steady state performance parameters
achieved. For the MCP joint, the result shows a settling time of 1.6 seconds with an
approximate overshoot of 0.6% and rise time of 0.2 second with approximately peak
time of 0.4 second. The PIP joint has a settling time of 2.8 seconds with an approximate
overshoot of 0.5% as well as rise time of 0.3 second, and the DIP joint had a settling time of
1 second with an approximate overshoot of 0.6% along with rise time of 0.1 second which
is more shorter tie as compared to other joints. The remaining outcomes, however,rest of
results are displayed in the ring finger joints’ control motion performance characteristics.
Simulation results for joints position of little finger is shown in Figure 4.15.
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Figure 4.15: Little finger Joint position Response with FLC

4.8.2 Little Finger Joint Velocity

Fuzzy logic-controlled output response for joint velocities of joints for little finger dynamic
motion controlled for joints observed. The output results display a rise time that is 0.08
seconds with an approximate settling time of 0.3 second for MCP. The rise time of 0.1
second can be seen in Figure 4.16 with the approximately settling time of 0.5 second for
PIP joint and 0.04 second rise time with an approximate settling time of 0.8 second for
DIP joint. Simulation results for joints velocity of little finger is shown in Figure 4.16.
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Figure 4.16: Little finger joint velocity response with FLC

4.8.3 Little Finger Joint Torque

0.9

49

Little finger joint actuators torque response-controlled behavior obtained by FLC control

architecture observed. The transient minimized value obtained for the system torque

response as well as steady state zero value achieved with design and implementation

of FLC architecture. The output results display a rise time that is 0.1 seconds with an

approximate settling time of 0.3 second for MCP. The rise time of 0.7 second can be seen
in Figure 4.17 with the approximately settling time of 0.3 second for PIP joint and 0.03

second rise time with an approximate settling time of 0.2 second for DIP joint. Simulation

results for joints velocity of little finger is shown in Figure 4.17.
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4.9 Control / Contact forces for Finger Joints

4.9.1 Control forces for little finger joints

Actuator control forces response for each joint linear actuator obtained by design and
implementation of Fuzzy logic controller shown in below figure. The control effort forces
for each joint response are stable and minimized and stable value achieved at steady state.
Control forces for little finger joints is shown in Figure 4.18.
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Figure 4.18: Control forces for little finger joints

4.10 Tracking Error History for Finger Joints

4.10.1 Tracking error history for little finger joint position control

Tracking error(rad) is eliminated at steady state response for the joint motion control of
little finger MCP, PIP and DIP joints actuator and dynamic process control. Tracking error
history for little finger joints is shown in Figure 4.19.
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Figure 4.19: Tracking error history for little finger joint position control with FLC
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4.11 Phase portrait for Finger Joints

4.11 Phase portrait for Finger Joints

4.11.1 Phase portrait for little finger MCP joint
Position along y-axis with respect to x-axis change observed or phase portraits for the ring
finger movement in geometrical view observed in below figure is constrained and confined
for MCP joint of ring finger. Phase portrait for little finger MCP joint is shown in Figure

4.20.
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Figure 4.20: Phase portrait for little finger MCP joint with FLC

4.11.2 Phase portrait for little finger PIP joint
Position along y-axis with respect to x-axis change observed or phase portraits for the little
finger movement in geometrical view observed in above figure is constrained and confined,
restricted and uniform for PIP joint of little finger. Phase potrait for little finger PIP joint is

shown in Figure 4.21.
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Figure 4.21: Phase portrait for little finger PIP joint with FLC
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4.11.3 Phase portrait for little finger DIP joint
Position along y-axis with respect to x-axis change observed or phase portraits for the little
finger movement in geometrical view observed in below figure is constrained and confined,
restricted and uniform for DIP joint of little finger. Phase portrait for little finger DIP joint

is shown in Figure 4.22.
with FLC
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Figure 4.22: Phase portrait for little finger DIP joint with FLC

4.12 Performance parameters of Little Finger joints control motion

The little finger’s positions of DIP, MCP,PIP are depicted in Figure 4.15, where the little
finger’s DIP initially deflects by 0.3 - 05 radian. In the simulation time, the response
stabilises after about three second. The response following the introduction of a FL.C
controller shows that the outcomes are more consistent. In above mentioned figure the
little finger’s PIP initially deflects by 0.1 - 0.3 radian. In the simulation time, the response
stabilises after about one and half second. The findings demonstrate the creation of a
reliable controller for the two-finger bio-mechanical model, which includes the human
hand’s little and ring fingers. The mentioned figure shows the little finger’s DIP initially
deflects by 0.1 radian overall and stabilises after about one second.
Transient as well as steady state performance parameters observed above for the MCP,
PIP and DIP joint motion performance parameters are optimized, robust, effective and

desired.
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4.13 Ring Finger Simulations with SMC-FLC

4.13.1 Joints Position Response for Ring finger with SMC-FLC control

The obtained response for ring finger joint position under sliding mode with fuzzy logic
controller design and implementation is observed in the Figure 4.23. The response is
smooth, uniform, and steady state stable behavior, as well as controlled transient and
steady state performance parameters achieved as compared to just FLC control structure.
The graph shows that the MCP joint has rise time of 0.04 seconds along peak time of
0.05 second and an approximate overshoot of 18% and a settling time of roughly 0.5
second. The PIP joint has an estimated overshoot of 21% during the 0.3-second settling
time with peak time of 0.03 second, and the DIP joint has rise time of 0.02 second with an
approximate overshoot of 15% during the 0.15 second of settling time . Additionally, the
remaining results are displayed in the performance parameters of ring Finger joints control
motion with SMC-FLC. Joints position response for ring finger with SMC-FLC control is
shown in Figure 4.23.
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Figure 4.23: Joints Position Response for Ring finger with SMC-FLC control

4.13.2 Joint velocity Response for Ring finger with SMC-FLC control

SMC- Fuzzy logic-controlled output response for joint velocities of MCP, PIP and DIP
joints for ring finger dynamic motion controlled for joints observed. The output results
display a rise time that is 0.03 second with an approximate settling time of 0.1 second
for MCP. The rise time of 0.02 second approximately can be seen in Figure 4.24 with the
approximately settling time of 0.15 second for PIP joint and 0.01 second rise time with an
approximate settling time of 0.09 second for DIP joint. Joints velocity response for ring
finger with SMC-FLC control is shown in Figure 4.24.
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Figure 4.24: Joint velocity Response for Ring finger with SMC-FLC control

4.13.3 Joint Torque Response for Ring finger with SMC-FLC control

Less torque offered by actuators controlled by SMC -FLC control architecture developed
and implemented for ring finger joint motion control as compared to simple FLC controller.
The output results display a rise time that is 0.002 second with an approximate settling
time of 0.04 second for MCP. The rise time of 0.0012 second approximately can be seen
with the approximately settling time of 0.015 second for PIP joint and 0.0015 second rise
time with an approximate settling time of 0.025 second for the DIP joint. Joints torque
response for ring finger with SMC-FLC control is shown in Figure 4.25.
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Figure 4.25: Joint Torque Response for Ring finger with SMC-FLC control
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4.14 Control / contact forces for finger joints with SMC-FLC

4.14.1 Control forces of joint position for Ring finger with SMC-FLC

Control efforts required by controller based on SMC-FLC architecture is less and controlled
transient as well as steady state response observed as compared to just Simple FLC
architecture developed for joint motion control of ring finger. Control / contact forces for
finger joints with SMC-FLC control is shown in Figure 4.26.
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Figure 4.26: Control / contact forces for finger joints with SMC-FLC

4.15 Tracking Error History for Finger Joints with SMC-FLC

4.15.1 Tracking error history for ring finger position control with FLC-SMC con-
troller

ZERO steady state error achieved quickly with fast transient response observed for devel-
oped system with SMC-FLC based control architecture. Tracking error history for ring
finger position control with FLC-SMC controller is shown in Figure 4.27.
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Figure 4.27: Tracking error history for ring finger position control with FLC-SMC controller
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4.16 Phase portraits for Ring finger with SMC-FLC

4.16.1 Phase portrait for MCP joint of Ring finger with SMC-FLC

Position along y axis with respect to x axis change observed or phase portraits for the ring

finger movement in geometrical view observed in above figure is constrained and confined,
restricted and uniform for MCP joint of ring finger. The robustness is seen in Figures 4.28
, 4.29 and 4.30. By lowering the boundary layer, it is also possible to track under higher
load. Nevertheless, A must be more than 4 or equal to 4. Otherwise, the convergence will

accelerate unintentionally. Recall that asymptotical convergence is best achieved with A
values between 4-6. As a result, A affects the controller significantly and has the greatest

potential for change.
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Figure 4.28: Phase portrait for MCP joint of Ring finger with SMC-FLC

4.16.2 Phase portrait for PIP joint of Ring finger with SMC-FLC

Position along y axis with respect to x axis change observed or phase portraits for the ring
finger movement in geometrical view observed in above figure is constrained and confined,
restricted and uniform for this joint of ring finger. Phase portraits for PIP joint of ring

finger with FLC-SMC controller is shown in Figure 4.29.
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Figure 4.29: Phase portrait for PIP joint of Ring finger with SMC-FLC
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4.17 Performance parameters of Ring Finger joints control motion with SMC-FLC

4.16.3 Phase portrait for DIP joint of Ring finger with SMC-FLC

Position along y axis with respect to x axis change observed or phase portraits for the ring
finger movement in geometrical view observed in above figure is constrained and confined,
restricted and uniform for DIP joint of ring finger. Phase portraits for DIP joint of ring

finger with FLC-SMC controller is shown in Figure 4.30.
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Figure 4.30: Phase portrait for DIP joint of Ring finger with SMC-FLC

4.17 Performance parameters of Ring Finger joints control motion

with SMC-FLC

The %overshoot, which occurs when the system reaction surpasses the final steady-state

value before reaching a stable level, is referred to when discussing the step response. The
Figure 4.23 shows a 0.150 second rise time with an approximate 18% overshoot. After
roughly one second of simulation, the plant output stabilizes. When the ring finger’s
DIP deflects, the plant response stabilises after about 0.2 seconds of simulation time.
Above mentioned figure shows the rise time of 0.05 seconds or half of 0.1 second with an

approximate overshoot of 21.3%.

The plant output stabilises after the simulation lasts for about one second. When the ring
finger’s DIP deflects, the plant’s response is seen in the mentioned figure; the response
stabilises after about 0.7 seconds of simulation time. When discussing the step response,
overshoot refers to the percentage that the system reaction exceeds the final steady-state

value prior to reaching a stable level.
Improved performance parameters for all of three joints movement-controlled output

response observed for the system with control architecture of SMC-FLC controller.
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4.18 Little Finger simulation with SMC-FLC control architecture

4.18.1 Joints Position Response for Little finger with SMC-FLC control

Obtained response for little finger joint position under Sliding Mode-Fuzzy logic controller
design and implementation observed in mentioned figure. The response is smooth, uniform
and steady state stable behavior as well as controlled transient as well as steady state
performance parameters achieved as compared to just FLC control structure. The output
results display a rise time that is 0.1 second with an approximate settling time of 2 seconds
for MCP.

The rise time of 0.2 second approximately can be seen in Figure 4.31 with the approximately
settling time of 2.3 second for PIP joint and 0.35 second rise time with an approximate
settling time of 2.5 second for DIP joint. Joints Position Response for Little finger with
SMC-FLC controller is shown in Figure 4.31.
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Figure 4.31: Joints Position Response for Little finger with SMC-FLC control

4.18.2 Joints Velocity Response for Little finger with SMC-FLC control

SMC- FLC controlled output response for joint velocities of MCP, PIP and DIP joints for
little finger dynamic motion controlled for MCP, PIP and DIP joints observed.

Joints Velocity Response for Little finger with SMC-FLC controller is shown in Figure
4.32.
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Figure 4.32: Joints Velocity Response for Little finger with SMC-FLC control

4.18.3 Joints Torque Response for Little finger with SMC-FLC control

Low torque offered by actuators controlled by SMC -FLC control architecture developed
and implemented for little finger joint motion control as compared to simple FLC controller.
Joints torque Response for Little finger with SMC-FLC controller is shown in Figure 4.33.
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Figure 4.33: Joints Torque Response for Little finger with SMC-FLC control

4.19 Control / contact forces for finger joints with SMC-FLC

4.19.1 Control forces of joint position for Little finger with SMC-FLC

Compared to merely the Simple FLC design established for little finger joint motion
control, less control effort is needed by the controller based on SMC-FLC architecture,
and both regulated transient and steady state response are seen. Control / contact forces of
joint position for little finger with SMC-FLC is shown in Figure 4.34.
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Figure 4.34: Control / contact forces of joint position for little finger with SMC-FLC

4.20 Tracking Error History for Finger Joints with SMC-FLC

4.20.1 Tracking error history for little finger position control with FLC-SMC con-
troller

For the system that was created using an SMC-FLC based control architecture, ZERO
steady state error was promptly attained with a fast transient response noted. Tracking
error history for little finger position control with FLC-SMC controller is shown in Figure
4.35. If we set a time of three seconds, we can plainly observe the asymptotic convergence
of the body joint through it. It will encompass its starting and ending positions.
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Figure 4.35: Tracking error history for little finger position control with FLC-SMC controller
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4.21 Phase portraits for Little finger with SMC-FLC

4.21 Phase portraits for Little finger with SMC-FLC

4.21.1 Phase portrait for MCP joint of little finger with SMC-FLC

Position along y axis with respect to x axis change observed or phase portraits for the ring
finger movement in geometrical view observed in above figure is constrained and confined,
restricted and uniform for MCP joint of little finger. Phase portrait for MCP joint of little

finger with SMC-FLC controller is shown in Figure 4.36.
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Figure 4.36: Phase portrait for MCP joint of little finger with SMC-FLC

4.21.2 Phase portrait for PIP joint of little finger with SMC-FLC

Position along y axis with respect to x axis change observed or phase portraits for the ring
finger movement in geometrical view observed in above figure is constrained and confined,
restricted and uniform for PIP joint of little finger. Phase portrait for PIP joint of little

finger with SMC-FLC controller is shown in Figure 4.37.
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Figure 4.37: Phase portrait for PIP joint of little finger with SMC-FLC
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4.21.3 Phase portrait for DIP joint of little finger with SMC-FLC

Position along y axis with respect to x axis change observed or phase portraits for the ring
finger movement in geometrical view observed in above figure is constrained and confined,
restricted and uniform for PIP joint of little finger. Phase portrait for DIP joint of little

finger with SMC-FLC controller is shown in Figure 4.38.
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Figure 4.38: Phase portrait for DIP joint of little finger with SMC-FLC
4.22 Performance parameters of Little Finger joints control motion

with SMC-FLC
The response of the plant stabilises after around 2.5 seconds of simulation time, as seen in
the Figure 4.31 when the ring finger’s MCP deflects. Overshoot, as it relates to the step
response. Above mentioned figure displays the rise time of 0.1 second with an approximate
% overshoot of 5.9%. The plant’s output stabilises after about two and half seconds of
simulation time. The plant’s response to the ring finger’s PIP deflection is seen in the
Figure 4.31. The 0.2-second rising time and roughly 10.5% overshoot. The plant output
stabilises at around 2.3 seconds into the experiment. The plant’s reaction is depicted in the
Figure 4.31 when the ring finger’s DIP deflects; the response stabilizes after around 2.5
seconds of simulation time. The rise time of 0.35 seconds which is approximated with the
% overshoot of 3.646% approximately. After approximately 3 seconds the plant output

becomes stable.
Improved, robust, effective transient as well as steady state parameters values achieved

and also minimized for MCP, PIP and DIP controlled motion of little finger controlled by

SMC-FLC control architecture.
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4.23 Mass Of Sample Human Finger Phalanges

Understanding the operation and limitations of the human body is made easier with the use
of computational and mathematical models of bio-mechanical systems. The mass of the
phalanx and the natural stiffness (K) and damping (B) values for this visco-elastic model
are provided in Table 4.1 and Table 4.2, respectively, [61].

Table 4.1: Mass of Phalanges with units

Phalanx Phalanx Human Mass Units

Proximal 12.4 grams
Middle 3.6 grams
Distal 0.97 grams

4.23.1 Stifness And Damping Values Of Joints

Table 4.2: Joints and Corresponding Parameters

Joint D (N-m-s/rad) K (N-m/rad) 0 (radians)
DIP 0.0081 0.3846% —0.0896 +0.133 OPIP
PIP 0.0105 1.05862 —0.7600 + 0.396 0.079
MCP 0.0142 1.0196% —0.54160 +0.454 0.275

4.24 Performance Comparison

Table 4.3: Controller Performance Comparison

Approach/Technique Percentage Overshoot Rise Time Steady State Error

Without Controller Infinity Infinity Infinity
FLC 18.1% 169 milliseconds 0
SMC-FLC 10.5% 18.1 milliseconds 0

Regarding peak overshoot and stabilising duration, the efficiency of the FLC with
SMC is indicated by comparing the reactions of plants under structured and unstructured
uncertainty. Additionally, input reference tracking for the little and ring finger’s DIP, PIP,
and MCP joints were carried out. As a result, the output is shown to be exactly or partially
matching the input’s reference trajectory. The findings of the simulation, as discussed
above, demonstrate how the model can be used in active prostheses and can be useful in
simulating a hand that is partially disabled.



Experiments and Results 64

Table 4.4: Approach/Technique Stability Evaluation

Approach/Technique Stability Disturbances Stability Evaluation
Without Controller Not stable Infinity Infinity

FLC Stable in 4-5 seconds  No jitters later 5 seconds 4-5 seconds
SMC-FLC Stable in 3.5 seconds Negligible jitters 3.5 seconds

It is evident that the plant response stabilises sooner once the real model’s minimal
realisation of state space is reached. Results for both controller are shown in Table 4.3 and
4.4. In simulation time, with FLC the response stabilizes at approximately 4 seconds while
on the other hand the response stabilises at about 3.5 seconds with SMC-FLC which is
better achievement.

Table 4.5: Compairing various control techniques

Author Control Trajectories Error
Calderon et al. [62] PI Step 17 mm SSE 0

Tasar et al. [63] PID Step (for three phalanxes) 0.255 deg (max)
Ghazali et al. [64] Fuzzy-PID Step 90 deg 0 deg

Ghazali et al. [64] Fuzzy Step 90 deg 0.12 deg
Rakovic” et al. [65] Fuzzy Step 100 deg SSE 0 rad

Jalani et al. [66] PID Sin [0—(1)] rad 0.0159 rad
Jalani et al. [66] Adaptive Sin [0-4] rad 0.0791 rad
Jalani et al. [66] SMC Sin [0—(1)] rad 0.0167 rad

Our proposed model Optimized FLC Step [0-1] rad SSE 3.1352 x 10~* rad
Our proposed model SMC-FLC Step [0-1] rad SSE 3.1352 x 107 rad

It is evident from Table 4.5, which compares the current study with some previously
published data, that nearly all finger models are underactuated. The response time in [62] is
greater than 10 seconds. Less than five seconds are shown for the settling time in [64, 65],
however, control settings must be manually established. Step response was provided as
the desired input in [62, 64, 65], with steady-state error equal to zero. The main way
that our work differs from others’ is that we manually modify the controller parameters.
We also achieve the lowest attainable error in all present trajectories by employing two
non-linear controllers to provide regulated output. Both controllers generated a consistent
and efficient output response by using controlled inputs.



Chapter 5

Conclusions & Future
Recommendations

Conclusion:

Since everything in the world is nonlinear, using a nonlinear controller to control the
nonlinearities of the two-finger model is more feasible. The precision and accuracy of
the trajectory is the primary topic of this thesis. Computational and mathematical models
of biomechanical systems are quite helpful to understand the constraints as well as func-
tionality of human body. Two non-linear controllers are employed in this model: fuzzy
logic controller and sliding mode. To produce controlled output, both controllers employed
controlled input. By comparing their findings from the output graphs, it is evident that
while sliding mode controller has eliminated uncertainty, it can also solve chattering
by introducing boundary layer adaptive technique. In contrast, SMC is not as robust to
uncertainties. The design, development as well as implementation of intelligent based
control architecture based on fuzzy logic controller as well as Sliding mode Fuzzy logic
architecture ensured and delivered the not only stable, controlled and robust performance
for the joint motion of little as well as ring finger also ensured to minimize the energy
loss by reducing the control efforts required to move each joint angular motion offered
by actuators attached for MCP, PIP and DIP joints. The robust effective, uniform and
desired output response and results achieved. The non-linear dynamic systems of the
little finger and ring finger dynamic system control are stabilised by the efficient control
strategy, which is based on a sliding mode fuzzy logic control architecture. The transient
parameters and steady state parameters like settling time as well as steady state values are
minimized with design, develop and implementation of effective and optimized controller
of SMC-FLC structure. The control efforts reduced and minimized offered.

65
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Future Recommendations:

Intelligent based Advanced control architecture, based on adaptive neuro fuzzy inference
control structure ANFIS will be design developed and implementation will be ensured
to deliver the controlled effective, desired and robust performance achieved for system
linearization of dynamic behavior of two dependent moved finger.

The optimal controller based on optimal PID controller design, developed to minimize the
cost function of controller effort of system to acquire the low energy minimization.

The entire thesis is composed of software, though it can also be extended to three, four, or
even the entire hand with all five fingers. It can also be implemented on hardware. Further
research can be conducted using additional non-linear controllers. Enhancing control will
be the next step towards raising performance levels. When the model consists of five
fingers, additional non-linear system techniques such as gain scheduling and back stepping
control can be employed to achieve appropriate control at various operating points.Several
observable variables, sometimes referred to as scheduling variables, are essentially used in
gain scheduling to ascertain the system’s operating status. Techniques for back stepping
are intended to regulate dynamic systems that are not linear. Its recursive nature allows the
designer to run the process at a known stable system and output a new controller that is
used to achieve a stable external state. The procedure keeps going until the desired external
control is attained. The best non-linear controllers for this model to use in order to ensure
system stability are the ones listed above. I will recommend using them as an addition to
this model by future researchers.
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Appendix A

The attributes and their values for simulink model.

1 %% %%% Dynamic Parameters for RING Fingexr

=2 clcsclear all;close all

3 11=45/10007; %%%% length of MP

4 12=25/1000; %% length of DP

5 13=20/1000; %%% Length of D

(=] ml=12.4/1000; %%% mass of Proximal Phalanges
7 m2=3_.&/1000; 5% mass of Middle Phalanges

2 m3=0.97/1000; %%% mass of Distal Phalanges

=] Tl=ml* {(11~2) 7 Moment of MCP joint
10 J2Z=m2Z* (1LZ2~2) ; Moment of PIP joint
11 T3I=m3I* (13~2) ; Moment of DIP joint
iz D1=0.0081~; %%% Damping of MCP and Reference
13 DZ2Z=0.0105~ %%% Damping of MCP—PIP

14 D3=0_.0142; % Damping of PIP-DIP

15 Kl1=0.384 %% Stiffness of MCP and Reference
ie K2=1_.058 %52 Stiffness of MCP-PIFP

17 K3=1.01% %%% Stiffness of PIP-DIP

is8 2222 Dynamic Parameters for Little Finger

i9e 14=40/10007 %%%% length of MP
20 15=20/1000; length of DP
21 16=15/10007; Length of D
22 m4=10.4/1000; mass of Proximal Phalanges
23 m5=2_9/1000; mass of Middle Phalanges

24 —

25 — J4=md* (14"2) ; %%% Moment of MCP joint

26 — J5=m5* (15"2) ; %%% Moment of PIP joint

27 — J6=mé6* (16°2) %%% Moment of DIP joint

28|= .0081 Damping of MCP and Reference

29 — .0101; Damping of MCP-PIP

30 — =0.0139 Damping of PIP-DIP

Jil|= K4=0.344; Stiffness of MCP and Reference

32 - K5=1.051; Stiffness of MCP-PIP

33 - K6=1.011; Stiffness of PIP-DIP

34

35 %%

36 %%% State Space Model LINEARIZED Model of Ring Finger

37

38 %£%% Define the system MATRIX A for Ring finger

39

40 — Al=[0 00 100;000010;00000 1;(-K1-K2)/(ml*(11~2)) K2/ (ml*(11~2)) 0 (-D1-D2)/(ml*(11~2))
41 0 (-K2-K3)/(m2%(12~2)) K3/ (m2*(12~2)) 0 (-D2-D3)/(m2*(12~2)) D3/ (m2*(12~2));:
42 0 K3/ (m3*(1372)) -K3/(m3*(1372)) 0 D3/(m3%(1372)) -D3/(m3*(13°2))]
43 %%% Define the Input Matrix B for Ring finger

44 — Bl=[0

45 0

46 0

Figure A.1: MATLAB Modelling Code

m6=0.91/1000; %%% mass of Distal Phalanges

Figure A.2: MATLAB Modelling

67

D2/ (ml1* (11~2))

0;
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47 1/ (ml*(11%2))
48 1/ (m2*(122))
43 1/ (m3%(13%2))1;
50 %%% Define the output Matriz C for Ring finger
51 - cl=[100000;
52 010000
53 001000];
54 %%% Decoupling matrix D for Ring finger
5= D1 = [0:
56 0
57 01;
58 - sysl=ss(al,B1,C1,D1) %%% Define the uncompensated system in state space model form
59 %%% State Space Model LINERRIZED of Little Finger
60
61 %%% Define the system MATRIX A for Little finger
62- R2=[000100;000010;00000 1;(-K4-KS5)/(m4*(14"2)) K5/ (md*(14"2)) 0 (-D4-D5)/(m4*(14"2)) D3/ (m4*(14°2)) I
63 0 (-K5-K6)/(m5*(15%2)) K&/ (m3*(15%2)) 0 (-D5-D6)/ (m5*(15*2)) D6/ (m5*(15*2));
64 0 K6/ (m6*(16°2)) -K&/(mé*(16~2)) 0 D6/ (mé*(16~2)) -D&/(m6*(16"2))]
65
66 %%% Define the Input Matrix B for Little finger
67 - B2=[0
68 0
69 0
Figure A.3: MATLAB Modelling
70 1/ (md* (14°2))
71 1/ (m3*(15°2))
72 1/ (mé6* (16*2))1;

73 £%% Define the output Matrix C for Little finger
T4-  C2=[100000;

75 010000

76 0010001

71 £%% Decoupling matrix D for Little finger

8- D2 =[0;

19 0

80 0l:

81 -  sys2=5s5(A2,B2,C2,D2) %3%% Define the uncompensated system in state space model form
82

83

Figure A.4: MATLAB Modelling

68
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B2 Editor - C abta\Downloads\Phase Portraits Ring and Little Finger With FLC\MATLAB_script_FLC_phase_Portraits.
| MATLAB_CODE do.m | MATLAB_CODE do.m | MATLAB_script_FLC_phase_Portraits.m [+ |

1 %% phase portrait FLC MCP Jeoint for Ring Finger

2 clc;close all;

3 mm=(max (phase_portrait_m)/1)

4 = @Ct,v) [Y(2); -sin(¥(1))];

5 vl = linspace(-2,8,20);

[ v2 = linspace(({-1*mm}, (1*mm},2@);

7 [%,v] = meshgrid(yl,v2);

8 size(x)

9 size(y)

19 u = zeros(size(x));

11 v = zeros(size(x));

12 % one loop to each element to compute the deriwvatives at each point

13 t=0; % we want the derivatives at each point at t=©@, i.e. the starting time

14 for i = 1:numel(x)

15 Yprime = £(t,[x(1i); v(i)1);

16 u{i) = Yprime{l);

17 v({i) = Yprime(2);

18 end

19 quiver{x,v,u,v, 'b");

20 figure(gct)

21 xlabel{ 'thetal"')

22 yvlabel('wl")

23 axis tight equal;

24 title('Phase Portrait Ring Finger MCP Joint with FLC")

25

Figure A.5: MATLAB Modelling

26 %% phase portrait FLC PIP Joint for Ring Finger
27 clc;close all;
28 mp=(max(phase_portrait p)/0.7)
29 f = @(t,Y) [Y(2); -sin(¥(1))];
30 vl = linspace(-3,9,28);
31 y2 = linspace{((-1*mp), (1*mp),28);
32 [%,¥v] = meshgrid(yl,v2);
33 size(x)
34 size(y)
35 u = zeros(size(x));
36 v = zeros(size(x));
37 % one loop to each element to compute the derivatives at each point
38 t=0; % we want the derivatiwves at each point at t=0, i.e. the starting time
39 for i = 1:numel(x)
40 Yprime = f(t,[x(1); v(i)]);
41 ufi) = Yprime(1l);
42 vi{i) = Yprime(2);
43 end
a4 quiver{x,v,u,v, 'b"'); figure(gcf)
45 xlabel( ' 'theta2')
46 ylabel( 'w2"')
a7 axis tight equal;
A8 title('Phase Portrait Ring Finger PIP Joint with FLC")

Figure A.6: MATLAB Modelling



Appendix A

i 49 %% phase portrait FLC DIP Joint for Ring Finger
58 clc;close all;
51 md={max (phase_portrait_p)/©.5)
52 f = @(t,Y) [Y(2); -sin(¥Y(1))];
53 vyl = linspace(-4,1,20);
54 y2 = linspace((-1*md), (1*md),20);
55 [*%,v] = meshgrid(yl,v2};
56 size(x)
57 size(y)
58 u = zeros(size(x));
59 v = zeros(size(x));
60 % one loop to each element to compute the derivatives at each point
61 t=0; % we want the derivatives at each point at t=@, i.e. the starting time
62 for i = 1:numel(x)
63 Yprime = f(t,[x(1); v(1)1);
64 u{i) = Yprime(l);
65 v{i) = Yprime(2);
66 end
67 quiver(x,v,u,v, " 'b"'); figure(gcf)
68 xlabel{ 'theta3")
69 ylabel{'w3")
70 axis tight equal;
71 title( ' 'Phase Portrait Ring Finger DIP Joint with FLC')
72

Figure A.7: MATLAB Modelling

73 4

74 %% phase portrait MCP Joint for Little Finger with FLC
75 clc;close all;

76 mml={max(phase_portrait_m)/0.3)

77 f = @(t,Y) [Y(2); -sin(Y(1)})]1;

78 vyl = linspace(-4,4,20);

79 yv2 = linspace{(-1*mml}, (1*mml),28);

20 [%,¥v] = meshgrid(yl,v2);

81 size(x)

82 size(y)

83 u = zeros(size(x));

84 v = zeros(size(x));

a5 % one loop to each element to compute the deriwvatives at each point
86 t=0; % we want the derivatives at each point at t=0@, i.e. the starting time
a7 for i = 1l:numel(x)

88 Yprime = f(t,[x(1); y(1)]);

29 u(i) = Yprime(1l);

29 v(i) = Yprime(2);

91 end

a2 quiver{x,y,u,v, 'b"); figure(gcf)

a3 x1label( "thetal')

a4 ylabel('wl")

a5 axis tight equal;

96 title('Phase Portrait Little Finger MCP Joint with FLC')

Figure A.8: MATLAB Modelling
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99 %% phase portrait FLC PIP Joint for Little Fimger
100 clc;close all;
101 mpl={max({phase_portrait_p)/0.4)
102 £ =@(t,Y) [Y(2); -sin(Y(1))];
103 y1l = linspace(-4,4,28);
104 y2 = linspace{(-1*mpl), (1*mpl),28);
105 [%,y¥] = meshgrid(yl,v2);
106 size(x)
187 size(y)
108 u = zeros(size(x));
189 v = zeros(size(x));
118 % one loop to each element to compute the deriwvatives at each point
111 t=0; % we want the derivatives at each point at t=€@, i.e. the starting time
112 for i = 1:numel(x)
113 Yprime = £(t,[x(i); y(i}1);
114 u(i) = Yprime(l);
115 v(i) = Yprime(2);
116 end
117 quiver{x,y,u,v,'b"); figure(gct)
118 xlabel( 'theta2')
119 ylabel{ 'w2")
120 axis tight equal;
121 title('Phase Portrait Little Finger PIP Joint with FLC")
122

Figure A.9: MATLAB Modelling

123 %% phase portrait FLC DIP Joint for Little Fimger

124 clc;close all;

125 mdl={max(phase portrait d)/e.3)

126 f = @(t,Y) [Y(2); -sin(Y(1))];

127 vyl = linspace(-3,6,20);

128 y2 = linspace((-1*mdl), (1*mdl),2@);

129 [%,v] = meshgrid(yl,y2);

130 size(x)

131 size(y)

132 u = zeros(size(x));

133 v = zeros(size(x));

134 % one loop to each element to compute the derivatives at each point
135 t=0; % we want the derivatives at each point at t=0, i.e. the starting time
136 for i = 1l:numel(x)

137 Yprime = f(t,[x(1); v{(i)1);

138 u(i) = Yprime(l);

139 v(i) = Yprime(2);

140 end

141 quiver{x,y,u,v, 'b"); figure(gcf)

142 xlabel( "theta3")

143 ylabel( 'w3")

144 axis tight equal;

145 title('Phase Portrait Little Finger DIP Joint with FLC")

Figure A.10: MATLAB Modelling
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B Editor - C\Users\sabta\Downloads\Phase Portraits\MATLAB _script.m

| MATLAB_scriptm ¢ | + |
1 pi% phase portrait SMC MCP Joint for Ring Fimger
clc;close all;

El mm={max{phase_portrait_m)/7)

4 f = @(t,Y) [¥Y(2); -sin(¥(1))1;

5 vl = linspace(-2,8,20);

(53 v2 = linspace((-1*mm}, (1*mm}),28);

7 [*,¥] = meshgrid(yl,y2);

8 size(x)

9 size(y)

18 u = zeros{size(x));

11 v = zeros(size(x));

12 % one loop to each element to compute the derivatives at each point

st t=0; % we want the derivatives at each point at t=©@, i.e. the starting time

14 for i = 1:numel(x)

15 Yprime = f(t,[x(i); y{(i)1);

16 u{i) = ¥Yprime(l);

17 v({i) = Yprime(2);

18 end

19 quiver{x,v,u,v, 'b*); figure(gcf)

20 x1label({ 'thetal')

21 yvlabel{'wl")

22 axis tight equal;

23 title('Phase Portrait Ring Finger MCP Joint')

24

Figure A.11: MATLAB Modelling

25 %% phase portrait SMC PIP Joint for Ring Fimger
26 clc;close all;
27 mp={max({phase_portrait_p)/5)
28 f = @CtY) [Y(2); -sin(¥Y(1»)]1;
29 yl = linspace(-3,9,20);
30 y2 = linspace((-1*mp), (1*mp),20);
31 [%x,y] = meshgrid(yl,v2);
32 size(x)
33 size(y)
34 u = zeros(size(x));
35 v = zeros(size(x));
36 % one loop to each element to compute the derivatives at each point
37 t=0; % we want the derivatives at each point at t=@, i.e. the starting time
38 for i = 1:numel(x)
39 Yprime = f£(t,[x(1); y(1)]);
40 u(i) = Yprime(l);
41 v(i) = Yprime(2);
42 end
a3 quiver(x,y,u,v, 'b"'); figure(gcf)
a4 xlabel( 'theta2")
45 ylabel('w2")
46 axis tight equal;
A7 title('Phase Portrait Ring Finger PIP Joint')

Figure A.12: MATLAB Modelling
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e e W e ek ek e n amm ¢ i e e e .
m 48 %% phase portrait SMC PIP Joint for Ring Fimger

49 clc;close all;

58 md={max{phase_portrait_p)/3)

51 f = @t,Y) [Y(2); -sin(Y(1))]1;

52 vl = linspace(-4,18,28);

53 y2 = linspace{{-1*md}, (1*md},2@);

54 [%,v] = meshgrid(yl,v2);

55 size(x)

56 size(y)

57 u = zeros(size(x));

58 v = zeros(size(x));

59 % one loop to each element to compute the derivatives at each point

60 t=0; % we want the derivatives at each point at t=0, i.e. the starting time

61 for i = 1:numel(x)

62 Yprime = f£(t, [x(1); v(i)]1);

63 u(i) = Yprime(l);

64 vi{i) = Yprime(2);

65 end

66 quiver{x,y,u,v, 'b"); figure(gcf)

67 xlabel('theta3")

68 ylabel{ 'w3")

69 axis tight equal;

70 title('Phase Portrait Ring Finger DIP Joint')

71

Figure A.13: MATLAB Modelling

72 %%

73 %% phase portrait SMC MCP Joint for Little Fimger
74 clc;close all;

75 mml={max({phase_portrait_m)/8.3)

76 f = @Ct,Y) [Y(2); -sin(¥(1))];

77 vl = linspace(-4,4,20);

78 yv2 = linspace((-1*mml), (1*mml),28);

79 [x,v] = meshgrid(yl,v2);

80 size(x)

81 size(y)

82 u = zeros(size(x));

83 v = zeros(size(x));

84 % one loop to each element to compute the derivatives at each point
85 t=0; % we want the derivatives at each point at t=8, i.e. the starting time
86 for i = 1:numel(x)

87 Yprime = £(t,[x(i); v(i)1);

88 u{i) = Yprime(1l);

89 v(i) = Yprime(2);

2909 end

91 quiver{x,y,u,v, 'b'); figure(gct)

a2 xlabel( 'thetal')

93 ylabel({ 'wl")

o4 axis tight equal;

a5 title('Phase Portrait Little Finger MCP Joint')

Figure A.14: MATLAB Modelling



Appendix A
B 98 %% phase portrait SMC PIP Joint for Little Fimger
99 clc;close all;
108 mpl={max(phase_portrait_p)/0.4)
101 f = @t,Y) [Y(2); -sin(Y(1))];
102 yl = linspace(-4,4,20);
183 y2 = linspace((-1*mpl}, (1*mpl),20};
104 [%,v] = meshgrid(yl,v2);
1e5 size(x)
106 size(y)
107 u = zeros(size(x));
188 v = zeros(size(x));
189 % one loop to each element to compute the derivatives at each point
110 t=0; % we want the derivatives at each point at t=0, i.e. the starting time
111 for i = 1:numel(x)
112 Yprime = f(t,[x(1); v(1)1);
112 u(i) = Yprime(l);
114 v({i) = Yprime(2);
115 end
116 quiver{x,v,u,v, 'b"); figure(gcf)
117 xlabel({"'theta2")
118 ylabel{'w2")
119 axis tight equal;
120 title('Phase Portrait Little Finger PIP Joint')
121
Figure A.15: MATLAB Modelling
122 %% phase portrait SMC DIP Joint for Little Fimger
123 clc:close all;
124 mdl=(max(phase_portrait_d)/e.3)
125 f = @(t,Y) [Y(2); -sin(¥Y(1))1;
126 yl = linspace(-3,6,28);
127 y2 = linspace((-1*mdl), (1*mdl),2@);
128 [%x,¥v] = meshgrid(yl,v2);
129 size(x)
130 size(y)
131 u = zeros(size(x));
132 v = zeros(size(x));
133 % one loop to each element to compute the derivatives at each point
134 t=0; % we want the derivatives at each point at t=8, i.e. the starting time
135 for i = 1:numel(x)
136 Yprime = £(t, [x(1); y(1)]1);
137 u(i) = Yprime(1l);
138 v(i) = Yprime(2);
139 end
140 quiver{x,y,u,v, 'b"); figure(gcf)
141 xlabel( 'theta3"')
142 ylabel({'w3")
143 axis tight equal;
144 title('Phase Portrait Little Finger DIP Joint')

Figure A.16: MATLAB Modelling
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