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Rehabilitation Applications

Student : Chai Yea Yen Advisor : Kai-Tai Song

Institute of Electrical Control Engineering
National Chiao Tung University

Abstract

With the increase of stroke patients, the quality of stroke rehabilitation has drawn much
attention /in-recent years. Researchers have been. developed various kinds of exoskeleton
devices for specific rehabilitation functions. In this thesis, we have developed a 3 Degrees of
Freedom (3DOF) wearable robotic fingers for task-oriented training of rehabilitation grasping
tasks. We propose a control strategy for the task training considering user comfort based-on
his/her‘intention and the safety in-task training procedure. The control strategy is divided into
two parts: user compliance control and grasping compliance: control. In user compliance
control, we employed a mass-spring-damper model for grasping operation.when the user
exerted an intention force, this strategy can allow the user to feel comfortable guidance of the
movement. In grasping compliance control, a similar-physical model is used when the finger
exoskeleton comes into contact with the object, that the system will percept the situation
immediately and assists an appropriate grasping force for stable grasping. Experimental
verification shows that the developed wearable rehabilitation robotic fingers can provide a
comfortable fit for the users and is capable to assist the users to achieve the grasping task

training.
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I. Introduction

1.1 Motivation

Stroke is the second leading cause of death and one of the leading causes of adult
disability worldwide. In Taiwan, the average incidence of stroke is about 3 per 1,000
people and affects approximately 30,000 people per year, most aged 35 and above [1].
Stroke incidence and mortality significantly increase with aging. According to the
America National Stroke Association [2], the current statistics for stroke survival rates
are shown in the Fig. 1.1. In Fig. 1.1, we see that most of the stroke survivors are
unable to perform activities-of-daily life (ADL) and causes increasing demand for the
practical application of assistance and rehabilitation technologies. Approximately
38% of stroke survivors reported that impaired hand function is the most disabling
motor impairment they face [3]. Further, the post-stroke rehabilitation plays an
important role in stroke recovery because highly repetitive exercises can help to

restore the motor function [4].

Statistics for stroke survival rates

® recover almost

completely
m 10%

* recover with minor
impairments

= experience moderate to
severe impairments

® require care in a nursing
home

= die shortly

Fig. 1.1: U.S. Statistics for stroke survival rates in [2].



However, conventional therapy remains suboptimal due to human resources and
the quantitative evaluation of the patient’s performance is difficult with conventional
therapy. In order to improve the quality of life, we want to develop a wearable
rehabilitation robotic hand to assist the stroke survivors to achieve the task-oriented
training specifically for grasping object. This study focuses on the mechanical design
for hand exoskeleton and proposes a control strategy to assist the stroke patients to

accomplish task-oriented training in grasping different weights of objects.

1.2 Background

1.2.1 Anatomy of hand

The hand is primary an effector organ for our most complex motor behavior, the
elements of the hand skeleton can be divided into three parts: the eight carpals, the
five metacarpals, and the fourteen of hand phalanges with a total of 27 bones [5].
There are eight short” bones of the carpus . organized into a proximal row
(scaphoid, lunate, triguetrum and pisiform), which articulates with the skeleton of the
forearm, and a distal row (trapezium, trapezoid, capitate and hook of hamate), which
articulates with the bases of the metacarpal bones. Together with the fourteen phalanx
bones of the fingers these, metacarpal bones form a poly-articulated chain. In addition,
the hand has five metacarpals, often referred to collectively as the “metacarpus”. Each
of the digits contains a set of phalanges. In Fig. 1.2, from right side to left side are the
thumb, index, middle, ring, and small fingers respectively. The articulations between

the proximal end of the metacarpals and the distal row of carpals bones form the
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Fig. 1.2: Human hand skeleton in [7].

carpometacarpal (CMC) joints. The articulations between the metacarpals. and the
proximal phalanges form the metacarpophalangeal (MCP) joints. Each finger has two
interphalangeal joints: a proximal interphalangeal (PIP) and a distal interphalangeal
(DIP). The thumb has only two phalanges and an interphalangeal (IP) joint [6].

The human hand skeleton consists of .27 degrees of freedom (DOF) [8], each of
the four fingers has 4 DOF. Every distal interphalangeal (DIP) joint and proximal
interphalangeal (PIP) joint have 1 DOF. The metacarpophalangeal (MCP) joint has 2
DOF for flexion and abduction functioning. The thumb has a different structure from
the other four fingers and has 5 DOF, one for the interphalangeal (IP) joint, two for
MCP joint and trapeziometacarpal (TM) joint both for flexion and abduction. Finally,
each of the palm translational and rotational motion consist of 3 DOF. The range

motion of the hand is the amount of movement when moving a joint from a starting



position to the end position within the natural range. It varies depending on the

particular joint and the health of the articulation. The average range of hand motion is

shown in Table 1.1 [9]. Besides, the PIP and DIP joints are not independent and the

relations can be described as 6p;p = EHP,P [10].

The mechanism functioning and a hand exoskeleton are closely related when it is

worn. The basic knowledge of hand anatomy and biomechanics are important

development for assistive-hand exoskeleton. In an attempt to ensure a safe and

effective training procedure, consideration of the degree of freedom (DOF) and range

of motion (ROM) of each joints are necessary for the mechanical design. These

knowledge are very helpful-to achieve proper functions for rehabilitation and

assistance:

Table 1.1: Joints, associated motions, planes of motion in

and average range of motion in [9].

anatomical position,

Joint Motion Plane of Motion | Avg. ROM (degrees)
Flexion Frontal 15 (CMC & MCP)
Thumb (MP) Extension Frontal 20 (CMC & MCP)
Abduction Sagittal 70 (CMC & MCP)
Thumb (IP) Flexion Frontal 80
Flexion Sagittal 90
Finger (MCP)
Extension Sagittal 30
Finger (PIP) Flexion Sagittal 100
Finger (DIP) Flexion Frontal 85-90




1.2.2 Task Oriented Training

The persons who are affected by stroke illness would encounter some problems
like muscle and movement problems (hemiparesis/hemiplegia), communication
problems (aphasia), sensory disturbances, memory thinking and emotional
disturbances problems [11]. Most stroke patients are unable to perform normally for
their daily tasks. Therefore, stroke rehabilitation played an important role for helping
them to regain their skills and to live more independently.

In neuro-rehabilitation, task-oriented training has emerged as the dominant
approach to motor restoration for stroke-induced motor impairments. Task-oriented
training ‘has been proven to-have a better functional outcome compared with
traditional therapies [12] and.effective for the improvement of skilled arm—hand
performance after stroke [13]. However, the task-oriented training is still lack of
conclusively defined in the literature. Task-oriented training is based on more recent
integrated models of motor control, motor learning and behavioral neuroscience,
where active participation and skill acquisition are critical components of recovery
[14]. This training involves practicing real-life tasks such as drinking water and
grasping an object. In functional training task, the therapist will set the goals in
consultation with the individual and based on evaluation of the patient's capabilities.
In addition, the patients are required to think of problem solving strategies and
produce their best efforts to achieve the task. Task-oriented training differs from
repetitive training because the repetitive training is focused on a bottom-up approach
and losing the intrinsic motivation to achieve a goal/task of acquiring a skill. On the
other hand, task-oriented training will enhance intrinsic motivation of the patient for
motor learning [15].

Carolee et al. [14] proposed a crucial and an effective task-oriented training

5



program, which is described as follows:

(a) Challenging enough to acquire new learning and engagement with intention to

solve the motor problem.

(b) Progressive and optimally adapted such as over practice, the task-demand is

optimally adapted to the patient’s capability and the environmental context.

(c) Interesting-enough to invoke active participation to engage a “particular type of

repetition” that Bernstein.referred to as “problem solving”.

1.2.3 Compliance Control

Today, robots are widely used in factories to perform tasks that require high
precision, such as assembly, packing, manufacturing and welding. However, most
robots cannot perform contact tasks satisfactorily such as-window cleaning, driving a
screw, and assembling toys under position control. Therefore, force control must be
considered instead of position control in order to avoid. the dangerous situations
between the robot and environment:

The compliance describes movement characteristics of contact reaction force or
torque when the robots collide with the environment. The so-called compliance
control, that is, when the robots contact with the environmental surfaces, the robots
generate appropriate ability to adapt the environmental situation according to the
contact force and the movement, both position and force control are essential. The
compliance motion control can be divided into two categories: passive compliance

and active compliance.



1.2.3.1 Passive Compliance

Passive compliance mainly utilizes the robot’s hardware structure that deforms in
response to forces caused by slight misalignment. Passive compliance differs from
active compliance because it does not apply the force information as a feedback to
modulate the control algorithm.

The safe joint mechanism (SJM) [16-18] in Fig. 1.3, is a passive mechanism
element which enable to guarantee the positioning accuracy and collision safety. The
SIJM consist of an inclined link, a slider with rollers and linear springs. The SIM
provides a respond to external forces immediately and absorb the collision force by
using the springs. The advantage of passive mechanism is rapid response, low cost
and simple structure. On.the contrary, there is lack of versatility, which can only be

used in specific robot only.

Eslme phte? o ¢ Inclined link ~ Robot link
| gC R,
< &) *-lll

External force “2 €1,

External torque

@) (b)
Fig. 1.3: Prototype model of SIM-III (a) 3-D CAD model (b) Operation of SIM-111 in

[18].



1.2.3.2 Active Compliance

Active compliance utilizes the software as a mediate to modulate the control
algorithm and the hardware possessing compliance function. This method is more
robust compared to passive compliance. Active compliance provides good
performance from force feedback of measurements but deficient in position and speed
control directly. In fact, this would cause the position and speed responses
underperform. In recent years, many researchers have been using experimental studies
for compliance control in order to control both position and force. The major control
approaches .can be divided into two parts: impedance control and hybrid

position/force control.

® Impedance control:

Impedance control had been proposed by Hogan [19], he generalizes the
approach-of damping control and stiffness control. This approach mainly allows the
robot’s “end-effector to act as-a mass-damper-spring mechanism with the desired
preset parameters, such as mass coefficient, damper coefficient and spring coefficient.
Therefore, the compliance motion can be achieved when the robot’s end-effector
interacts with the environment by modulate the impedance parameters.

Kazerooni [20] et al. discussed the impedance control in frequency domain and
designed a robust controller which is insensitive to the uncertainty in robot dynamics.
Anderson and Spong [21] proposed a hybrid impedance control for the purpose to
control contact forces of a robot. Liu and Goldenberg [22] utilized the computed
torque technique and P1 control law to reduce the influence of model uncertainties. In
[23], a new position-based impedance control law that combined force feedback and

position control, the trajectory tracking based on force feedback that gave the system



the desired mechanical behavior. Work in [24], the integral sliding mode control was

employed to solve the problem of nonlinearities and uncertainties in the robot fingers.

® Hybrid position/force control:

Hybrid position/force control is an approach that combines conventional position
control and force control. These position controls are executed in the directions where
there are no constraints, otherwise the system switch to force control when the robot
is in the direction where there is constraint. In 1976, Paul and Shimano [25] control
the motion of .roebot by separating the position control loop and force control loop.
Craig [26] and Mason [27].give-good summaries for the hybrid control design. In [28],
the authors design a force/position controller by using PID.control and the work space
of robot end-effector are decided through the matrices.

The computation of this method is complicated because it needs to calculate the
dynamics model of the robot and the control system should change consequently for

each new task.

1.3 Previous Related Works

The work to be introduced in this thesis mainly focuses on the current
rehabilitation/assistance technology. In recent years, many upper limb rehabilitation
devices have been developed to provide rehabilitation therapy for stroke patients.
Although there are several researches proposed the rehabilitation of upper limb that
included shoulder, elbow and wrist [29]-[30], robotics for hand rehabilitation is much
less developed and it cannot satisfied the demand of stroke patients pursuing their
quality of life. The following paragraphs will present previous analysis that reviews
the development of the hand rehabilitation.

In [31], the authors designed an exoskeleton assistive hand and controlled the
9



movement by bioelectric potential measured from the lumbricals. The exoskeleton
assistive hand in Fig. 1.4 has eleven active joints: three active joints for an index
finger, two active joints for a thumb, three active joints for wrist and three active
joints for combination of a middle finger, a ring finger and a little finger. The authors
claimed that the exoskeleton could synchronize wearer’s hand activities without force
sensor by the control algorithm “bioelectric potential-based switching control”. The
bioelectric potential-based switching ‘control as shown in Fig. 1.5 is divided into two
parts: finger-following and grasping force control. WWhen the measurement of grasping
force is below threshold, the system controls the motors for keeping the wires slightly
relaxed to allow the user-to-move the fingers freely. Otherwise, the system switchs to
grasping force control to provide the force assistant. The integral value of bioelectric

potential “IBEP” is calculated by

IBEP(t) = [ bep(i)di (1.1)

where tis time, T is the accumulation period and bep(i) is the electric potential

measured at time 1.

Fig. 1.4: Five fingered in assistive hand on forearm in [31].
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Yes

Grasping Control | |Following Control

Fig. 1.5: Bioelectric potential-based switching control in [31].

In [32], the authors proposed a novel wearable device actuated by pneumatic
artificial muscles to assist the stroke patients for task-oriented physical therapy
performance. The mechanism of wearable rehabilitation robotic hand, as shown in Fig.
1.6, which provides a two degrees of freedom (DOFs) and consists of two pneumatic
artificial muscles (PAM) attached on the top of the forearm. One of the PMAs was
directly connected to the lever of the thumb and another PMA was connected with a
cable passing through the travel transform pulley connected to the front lever. The
Rehabilitation robotic hand control system as shown in Fig. 1.7.

The advantages of pneumatic actuator are low cost; ease at reversion movements,
lightweight, safety and easy to control. However, in Fig. 1.6, we can see that the
actuator is too big to attach on the robot hand, the space of robot hand is not enough

to attach too many actuators.

11



Fig. 1.6: PAM wearable rehabilitation robotic hand in [32].
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Fig. 1.7: The control system of the rehabilitation robotic hand in [32].

Yamaura et al. [33] proposed a hand rehabilitation system which provides a
long-term passive rehabilitation for patients suffering from paralysis or contracture.
The authors developed the wire-driven link mechanism based on the arm structure and
they substitute the motor joint with a free joint. Three pulleys were attached to the

free joints and the pulleys are connected by means of two wires, as shown in Fig. 1.8;

12



(b) Flexion. (c) Extension.

Fig. 1.8: The mechanism design in [33].

one end-of each wire is attached to Basel, and the other end is attached to.a motor.
The red line represents a flexion wire and the blue line represents an extension wire.
The hand rehabilitation system in Fig. 1.9 consists of two components: a hand
rehabilitation machine, which moves human finger joints-using a motor, and a data
glove, which enables to control the-movement of the finger joints attached to the
rehabilitation machine, they use a data glove to measure the joint angles of the DIP
and PIP on the index finger from the healthy hand and thus controls the motion of the
paralyzed finger with a machine. This system has a motion playback function so the
user can record finger movements for a maximum 10 seconds and playback the finger
movements cyclically. This hand rehabilitation system can only be used by
hemiplegic patients and not available for paraplegic patients who cannot achieve the

self-motion control.
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Fig. 1.9: The control system of rehabilitation hand in [33].

In [34], the authors-developed a novel hand rehabilitation robot named
HIT-glove driven by DC motors via Bowden cable transmission to provide
patient-cooperative therapy for post-stroke patients with hand impairment. The
actuated hand exoskeleton shown in Fig. 1.10, which provides 2 degrees of freedom
(DOFs)-for each finger, can be applied to hands in different sizes and capable to
bilaterally actuate every joint of the fingers. The system architecture of the HIT-glove

as shown in Fig. 1.11, it consists of an actuated hand exoskeleton, an interactive

Bowden cable
driven actuator

Adaptive dorsal
metacarpal
base

Adaptive
dorsal finger
exoskeleton

Fig. 1.10: The actuation design of hand exoskeleton in [34].
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Fig. 1.11: The system architecture of the HIT-glove in [34].

interface, an electric controller and the sensing system. In the therapy training, the
patients should try their best to make an active effort level. The current position will
be measured by force sensors and position sensors respectively. At the same.time, the
interactive interfaces will give out a reference value to assist the patient according to
the virtual situation in the effort level and current position training programs
respectively.

In [35], the authors developed an exoskeleton hand robotic training device for
stroke patients and training for impaired hand by using an exoskeleton robotic hand
which is actively driven by electromyography (EMG) signals from the hemiplegic
side and assists in hand opening or hand closing functional tasks. The exoskeleton
hand robotic training device in Fig. 1.12, which consists of five fingers and each
finger assembly provides 2 degrees of freedom (DOFs). For each finger at the MCP
and PIP together by the mechanical linkage system which actuated by a single linear

actuator.
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Fig. 1.12: Exoskeleton robotic hand training device in [35].

In addition, they proposed the EMG control strategy, which is using the EMG
triggered training mode to control the function of hand opening and hand closing. The
EMG triggered training mode shown in Fig. 1.13, which is consisting of hand closing

triggering mode and hand opening triggering mode. Therefore, baseline and
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Fig. 1.13: EMG signals with EMG-triggered status in [35].
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maximum voluntary contraction (MVC) of the EMG signals were measured at the
beginning of each training session. The robotic system was running in a hand closing
triggering mode if the EMG signals from the abductor pollicis brevis (APB) muscle
exceeded the 20% of its MVC value. When it was running during a hand opening
triggering mode, it would wait until the EMG signals from the extensor digitorum
(ED) muscle exceeded the 20% of its MVC value before starting the hand opening
action. This work used the muscle activation to control the robot hand, there was no
feedback signal from the robot hand to evaluate the interaction between the robot
hand and environmental.

In [36], the authors-purposed.-a wearable hand robot (DULEX-I11) that provides
hand functioning for rehabilitation stroke survivors. In Fig. 1.14, DULEX-II consists
of three degrees of freedom: one for wrist, one for index finger and one for
combination of middle finger, a ring finger and a little finger. DULEX-II was actuated
by three linear actuators: two electric linear motors for the finger and a double-acting
pneumatic cylinder for the wrist. They used a data glove to control the movement of
the robot hand, this is so-called self-motion control. The experiment results of finger
position shows a 0.Imm error occurred when the length of the linear motor was
changed from 2.5mm to 12.5mm from the target position, this would cause a finger

angle error of about 0.45 degrees.

Fig. 1.14: The rehabilitation robotic hand, DULEX-II in [36].

17



From the literature reviews as previously mentioned, we summarize the features
of rehabilitation hand exoskeleton is shown in Table 1.2. The various design criteria
of hand exoskeleton such as actuator type, degrees of freedom (DOFs), power
transmission and method of intention sense. The design criterion of hand exoskeleton
is depends on the specific functions that needed, for example the use of sensor is
essential for assistive hand exoskeleton to collect the user’s motion intention and

provide the motion assist for user.

Table 1.2: An overview of rehabilitation hand exoskeleton.

References Function Actuator | Degrees of Power Method of
type freedom [‘transmission | _intention
(DOF) sense
Hasegawa Assistive Electric 11 Cable EMG
et al.[31]
Xing-et Assistive/ Pneumatic 2 Cable, N/A
al.[32] rehabilitation linkage
Yamaura et | Rehabilitation | Electric 2 Cable, Joint angles
al.[33] linkage
Fu et Rehabilitation | Electric 2 Cable FSR
al.[34]
Ho et Assistive/ Electric 5 Linkage EMG
al.[35] rehabilitation
Bae et Assistive/ Electric & 3 Linkage Joint angles
al.[36] rehabilitation | pneumatic
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1.4 Problem Definition

The demands of assistance and rehabilitation technologies are strong because of
the population of stroke survivors is increasing yearly. The rehabilitation/assistance
technologies play an important role for improving the quality of life for patients. Most
of the researches focused on the interaction between the patients and robot hand
technologies nevertheless the safety interaction of robot hand and environmental for
patients is necessary for this inventions. In task-oriented training for grasping objects,
we not only need to consider the human-robot interaction but also robot-environment
interaction.

The purpose of this-work-is to develop a wearable hand exoskeleton to assist the
stroke patients to complete the task training especially for grasping objects. In order to
provide an excellent rehabilitation care, we need to make sure training procedures that

are safe and comfortable. The details of statement are given as following:

1. Comfort in training:
Comfortable and convenient to wear robotic hand is very important. We must
consider the weight of the robotic hand and intention control to ensure patients feel

comfortable.

2. Concept of safety:
The rehabilitation robotic hand is designed for the stroke survivors and safety
problems must be taken into consideration. We must consider how to generate an

appropriate grasping force in order to assist the patients during training.
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1. Mechanism Design of the Hand Exoskeleton

The objectives of this thesis is to design a wearable robotic hand for assisting the
stroke patients to achieve the task oriented training. We suggest a control strategy to
ensure the patients’ comfort and safety in the training procedure. The developed
mechanism of hand exoskeleton is shown in Fig. 2.1, which provides three degrees of
freedom: one for thumb and two for index finger. The hand exoskeleton is actuated by
three linear motors which.attached on the back of the palm. The implementation of
control system hardware architecture is shown in Fig. 2.2. It consists of linear motors,

motor control boards, Arduino controller, force sensors circuit and buzzer.

Linear motor 3 Linear motor 2

Force

sensor

circuit

Fig. 2.2: The control system hardware.
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In this chapter, the details of mechanism design of hand exoskeleton and

hardware system will be described.

2.1 Degree of Freedom of Hand Exoskeleton

The robot can achieve different tasks with sufficient degrees of freedom (DOFs).
The number of degrees of freedom is an important factor for a hand exoskeleton. If
the number of degrees of freedom is inadequate, the movement of robot hand will be
inflexible and constrained. Conversely, excessive number of degrees of freedom, the
robot is difficult to control because of complex computation and the mechanism
design will become harder.

In’ this thesis, we designed a 'hand exoskeleton .which provides flexible
movement and IS capable to complete the task oriented training specifically for
grasping objects. The hand exoskeleton consist of 3 DOF, 1 DOF, for thumb (IP) and
2 DOF, for index finger (MCP, PIP-& DIP). The degree of freedom. of hand

exoskeleton is shown in Fig. 2.3.

Joint 3
Index finger /‘.\ /\
(L (D

Thumb n

Fig. 2.3: The degree of freedom of hand exoskeleton.
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2.2 The Range of Motion of the Exoskeleton Joint

Consider the wearable safety problem, the range of motion of finger exoskeleton
joints should not exceed the excursion limit, for instance if the range of motion of
exoskeleton joint exceeds the normal range of motion finger, it might cause injuries to
the user. Therefore, we need to design the desired range of motion to ensure the user
safety during the training process. The geometric mechanism structure is shown in Fig.
2.4. In this figure, there is.a part of finger which contains two phalanges. Firstly, we
define the base frame’s origin point at O which is moved to the end point of the
actuator when it fully retracts. When the actuator fully extends, the end is at Z. Z axis
represents the length of actuator’s stroke. The actuator is attached on the first
phalange that provides a driving force to the slot slider (Y axis). Y axis represents the
length of slot slider, which is symmetric attached beside the other phalange and

important for constraint the motion of the phalange.

Linear actuator

|

Fig. 2.4: Geometry definition of the mechanism structure.
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We assume the desired range of finger joint motion is 8 when the actuator
retracts. Since we have the desired range of finger joint motion, we can design the

distance between pivot point and actuator by equation (2.1).

X =7-tan@ (2.1)

Hence, the length of slot slider can be written as

Y = VZ2 + X2 (2.2)

Where X denotes the distance between pivot point and actuator,

Z is the length of actuator’s stroke.

2.3 Mechanical Structure of Finger Exoskeleton

Inthis study, we design the wearable robotic fingers to assist stroke survivors to
achieve the task oriented training for grasping object. We choose the aluminum alloy
as the structural material. Aluminum alloy have been widely used as an engineering
structures in many-industries. The aluminum alloys are very light metal and high
strength-to-weight ratio.

The wearable robotic fingers have two active joints for the index finger and one
active joint for the thumb. We use linear motors to directly drive the motions of finger
exoskeleton without any transmissions thus minimize the position error and provide a
steady force. In addition, all of the linear actuators are attached on the back of the
palm. From Fig. 2.5 to Fig. 2.7 shows the drawing of the hand exoskeleton. The index

finger exoskeleton is actuated by two linear actuators shown in Fig. 2.5 and the thumb
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exoskeleton is actuated by a single linear actuator shown in Fig. 2.6. Fig. 2.7 shows
the assembly drawing of the hand exoskeleton. We also designed a slot slider which is
symmetric attached on each phalange, the benefit of the slot slider is it able to

constraint the motion of the phalange to ensure for the users safety.

PIP joint

MCP jomnt

Linear motor 2 Linear motor 3

DIP joint

Distal phalanx

Proximal phalanx Middle phalanx

Fig. 2.5: The drawing of the index finger exoskeleton.

IP joint

Linear motor 1

i

s AN

Proximal phalanx Distal phalanx

Fig. 2.6: The drawing of the thumb exoskeleton.
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Slot sliders |

Linear motor 2 Linear motor 3

Index
W finger

Slot sliders

Linear motor 1

Thumb

Fig. 2.7: The assembly drawing of the hand exoskeleton.

2.4 Hardware System Architecture

The control system hardware is shown in Fig. 2.8. It is composed of several
blocks: linear motor, motor control board, Arduino controller, force sensors, buzzer
and personal computer (PC). Considering safety and comfortable problem, we use
two force sensors mounted on both inside and outside of each finger of the
exoskeleton as shown in Fig. 2.9. The inside force sensor is used to detect the user’s
finger pressing force. The pressing force is measured to infer the user’s intention of
grasping motion. A compliance motion controller is then employed to generate the
assist motion of the finger exoskeleton. Another one at outside is used to detect the
contact force from the object to make sure the assistive grasping operation is achieved.
A compliance motion controller is used to control the desirable grasping force to
grasp the object successfully. Besides, the hand exoskeleton is actuated by three linear
motors. We also design a graphical user interface (GUI) using LabView is shown in
Fig. 2.10 that allows the physical therapist to choose the task program in PC. The
controller’s input signal are force feedback signal and position feedback signal from
the force sensors and potentiometers respectively. Besides, the controller’s output

signals are pulse-width modulation (PWM) command signals to control the position
25
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Motor 2 Board 2

USB

Force Sensor detect object

Arduino
Controller

Linear
Motor 1

Motor Control
Board 3
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Fig. 2.8: The hardware system-architecture.

Buzzer

Force sensor to detect fingertip

j Force sensor to detect object

Fig. 2.9: Force sensors to detect separately the fingertip and object.
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grasping

er because

of its sma suitable for

such robotic applic Arduino Mega 2560 in Fig 11s an open-source
O ()

electronics prototyp ATmega2560. The pin

configurations of ATmega2560 is S . It has 54 digital input/output
pins (of which 14 can be used as PWM outputs), 16 analog inputs, 4 UARTSs
(hardware serial ports), a 16 MHz crystal oscillator, a USB connection, a power jack,
an ICSP header, and a reset button. The characteristics of Arduino Mega 2560 are
shown in Table 2.1. The Arduino software consists of a development environment

(IDE) and the core libraries that can be runs on Windows, Mac OS X and Linux. The

core libraries are written in C and C++ and compiled using avr-gcc and AVR Libc.
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Fig. 2.12: The pin configurations of ATmega2560 in [37].
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Table 2.1: The characteristics of Arduino Mega 2560 in [37]:

Microcontroller ATmega2560

Operating Voltage 5V

Input Voltage(recommended) | 7-12V

Input VVoltage(limits) 6-20 V

Digital I/O Pins 54 of which 14 provide PWM output
Analog Input Pins 16

DC Current per 1/0 Pin 40 mA

DC Current for 3.3V Pin 50 mA

Flash-Memory 256 KB of which 8KB used by boot loader
SRAM 8 KB

EEPROM 4 KB

Clock Speed 16 MHZ

2.4.2 Actuator

We choose the L12-P linear actuator produced by Firgelli Technologies Inc. to

drive the robotic fingers in this thesis. L12-P linear actuator as shown in Fig. 2.13
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consists of a Permanent Magnet DC (PMDC) motor, an internal potentiometer and a
gear reduction. It has an internal potentiometer that can be used to provide position
feedback and we can choose the gear ratio depend on force or speed needed. The load
curve of the gear reduction and the specifications of L12-P as shown in Fig. 2.14 and
Table 2.2, respectively. In addition, the benefits of this actuator are low voltage,
compact miniature size and equal push/pull force. It also very light weight and easy to

mount on the human hand.

T d
@ .

Fig. 2.13: The linear actuator L12-P.
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Fig. 2.14: The load curve of the gear reduction in [38].
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Table 2.2: The specifications of L12-P in [38].

Gear ratio 100

Peak power point 23N - 6 mm/s
Peak efficient point 12N - 8 mm/s
Max speed (no load) 12 mm/s
Backdrive Force 80N

Stroke 50 mm
Weight 409
Positional accuracy 0.2 mm

Max side force (fully extended) | 30N
Operating voltage 12V

Duty cycle 20 %

Operating temperature

-10 °C to 50 °C

Feedback potentiometer

2.75 kQ/mm + 30 %, 1 % linearity

Stall current

200 mA

Audible noise

55 dB at 45 cm

In the part-of motor control, we utilize the linear actuator control (LAC) board
produced by Firgelli Technologies Inc.. The LAC Board is a stand-alone closed-loop
control board specifically designed for Firgelli "P* series actuators. It supported input
signals include USB, Voltage, Current, RC Servo, and PWM. It is also available for
on board adjustment of speed, sensitivity, and stroke limits. Each LAC Board controls
one linear actuator which required an external power supply rated for the actuator.
We can derive the position feedback signal from potentiometer through the LAC

board and estimate the error. The LAC board is shown in Fig. 2.15 and the

specifications of LAC board as shown in Table 2.3.
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.....

Power mu-

4 Amps peak current at 10 % duty cycle

Operating environment | -10 °C to 50 °C at 10-80 % relative humidity

2.4.3 Measurement of joint motion

In this section, we measure the angles of each finger exoskeleton joints for
32



kinematic analysis. In the experiments, we give a command to push the linear motor

to a specific position and measure angles of finger exoskeleton by a protractor. The

relationship between displacement of linear motor and angle of finger joint is shown

as Fig 2.16. In Fig. 2.17, we use the curve fitting to obtain equations of approximating

curve to the raw data by MATLAB, which are expressed in (2.3)~(2.5)

Omep = —1.954x* + 11,521x3 + —19.762x% + 35.731x — 0.142

Opip = =0.576x* + 4.546x3 — 10.891x2 + 31.478x — 0.177

0,, = —2.979x*+16.222x3 — 26.831x* + 41.867x — 0.455

iy I

(2.3)

(2.4)

(2.5)

where 0,,., is MCP joint of index finger exoskeleton, 8,;, is PIP joint of index

finger exoskeleton, 6;, is IP joint of thumb exoskeleton and x is the displacement

of linear motor.

120

-
o
=]

Angles of finger exoskeleton joints(degrees)

o

a0

60 |-

40

20

MCP
PIP
P

1 L

=]

1 1
0.5 1 1.5 2 2.5 3 3.5

Displacements of linear motor(cm)

Fig 2.16: The relationship between displacements of linear motor and angles of finger

exoskeleton (experiment result).
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Fig 2.17: The relationship between displacements of linear motor and angles of finger
exoskeleton (calibration result).

2.4.4 Force Sensor

In_this thesis, we utilize the FlexiForce force sensitive resistance (FSR) sensor
developed by Tekscan to detect the force. The FlexiForce sensor can be easily
integrated with its paper-thin construction, flexibility and force measurement ability.
This sensor Is ideal for our research because it can measure both static and dynamic
forces between almost any two surfaces without disturbance. The FlexiForce sensor

and the specifications of the sensor are shown in Fig. 2.18 and Table 2.4 respectively.

— T JS. Potent No. 6,27 ! ] 2 & Y Y ’.
= 272,936 i F]gggfg&ce ‘:!;, ;5%; Fy ( ]

Fig. 2.18: The FlexiForce sensor model A201.
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Table 2.4: The specifications of FlexiForce sensor in [40].

Model A201
Thickness 0.208 mm
Length 102 mm
Width 14 mm

Sensing area

9.53 mm diameter

Forcerange 11lb
Linearity (error) <+ 3%
Response time < + 5 psec

Repeatability

< + 2.5 % of full scale

Hysteresis

< 4.5 9% of full scale

Drift

< 5 % per logarithmic time scale

Operating temperature

-9 °C to60 °C

2.4.5 Force Calibration

In order to improve the accuracy of force sensing, a calibration test is needed
before using it in grasping tasks. In this experiment, we test eleven different stainless
steel weights (19, 29, 59, 10g, 20g, 50g, 100g, 200g, 300g, 400g, 4509) individually.
Firstly, we place the Flexiforce sensor (1 Ibs) on the table. Later, we put down the
weight on the Flexiforce sensor to read the data from the Arduino controller. Fig. 2.19

is the principle drawing of the force calibration and Fig. 2.20 is the experiment results
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of the force calibration. We use the curve fitting to obtain an equation of
approximating curve to the raw data by MATLAB. The equation of force calibration

can be expressed in (2.6)
Y = 0.00000000018x* — 0.00000016x3 + 0.000058x% — 0.0017x + 0.0267 (2.6)

where Y is force in N and x is the gray code data.

Force sensor
AD Conversion

Graycode
Volt
| oftage (10 bits)
— Arduino

5V i
- PC
290 Controller

Fig. 2.19: The principle drawing of the force calibration.
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Fig. 2.20: The experiment results of force calibration.
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I11.  Kinematic Analysis of Two-Finger Exoskeleton

Kinematic is the science of motion that refers to geometric variation depending
on time, including the position, velocity, the acceleration, etc. Robot kinematics is
mainly classified into two types: forward kinematics and inverse kinematics. In this

chapter, the forward kinematics and inverse kinematics are derived in the paragraphs.

3.1 Forward Kinematic Analysis

Forward kinematics is also known as direct kinematics. The forward kinematics
IS to determine the position and orientation of the end-effector by given the values for
the joint variables of the robot. The. Denavit-Hartenberg, or D-H convention is
common used for selecting.frames of reference-in robotic applications. In this method,
coordinate frame is attached to each link, and create the table of link parameters
referred.to the relationship of the rotation and translation between these coordinates.
Also, the homogeneous transformations matrices are used to describe the relative
position-or orientation of these frames. The D-H parameters representation for a
rotational joint is shown in'Fig. 3.1, which is defined as follows [41]:
® Assignthe Z; axis pointing along the ith joint axis:
® Assign the X; axis pointing along the common perpendicular, or, if the axes
intersect, assign X; to be normal to the plane containing the two axes.
® Assign the Y; axis to complete a right-hand coordinate system.
® g, denotes the distance from Z; to Z;,, measured along X;.
® o, denotes the angle from Z; to Z;,, measured about X;.
® d; denotes the distance from X;_; to X; measured along Z;.

® 0, denotes the angle from X;_; to X; measured about Z;.
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Fig. 3.1: D-H parameters representation for a rotational joint.

In_D-H convention, the general homogeneous transformation . ‘~1T is
represented in equation (3.1), which contains of link length, link twist, link offset and
joint angle associated with link 1 and joint 1, these four parameters are a;, a;; d; and

0;, respectively.

cosb; —sinb; 0 a1
i-1p = sinf;cosa;_; cosB;cosa;_y —sina;_; —Sinaj.,d; 3.1)
‘ sin@;sina;., cosf;sina;_; cosa;_4 - coS@;_1d;
0 0 0 1

3.1.1 Forward Kinematics for Index Finger

The hand exoskeleton of index finger is designed by two active joints which
contain MCP, the PIP and DIP joints that are coupled together. The joint of each link
of our hand exoskeleton is a frame to determine the kinematic derivation, as shown in
Fig. 3.2. Firstly, we define the base frame’s origin point at O and subsequent frames
are defined by D-H convention. After that we can find out each coordinate parameter

in Table. 3.1.
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Fig. 3.2: Link-frame assignments of index finger.

Table. 3.1: D-H parameters of index finger.

i a1 a1 d; 0;
1 0 0 0 04
2 a, (MCP) 0 0 0,
3 a, (PIP&DIP) 0 0 0

Substituting the D-H parameters into equation (3.1), the homogeneous transformation

matrices (3.2) ~ (3.4) can be obtained.

cosf; —sinb,

OT:
L 0 0

0 0

0
sinf; cos6; O
1
0
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cosf, —sinf, 0 a
1p - |Sin@, cos6, 0 0O
2! 0 0 1 0 (3:3)
0 0 0 1
1 0 0 a,
2n 10 1 0 O
5T 00 1 0 (3.4)
0 0 0 1

Hence, the forward kinematics for.the hand exoskeleton of index finger is given by:

7 = 9T x 1t x 21

Ciz2 " =S120.0 ‘ay¢ +aycq;

_[S127 €2 0 ays; +azsy;
0 0 1 0 (3.5)
0 0 0 1

Where
C12 = cos 6, cos B, —sinf;sinf, and

S12 = sin64 cos B, + cos 64 sin 6,

3.1.2 Forward Kinematies for Thumb

The hand exoskeleton of thumb is contains MCP and IP joint. In this thesis, we
only control the IP joint. The joint of each link of our hand exoskeleton is a frame to
determine the kinematic derivation, as shown in Fig. 3.3. Firstly, we define the base
frame’s origin point at O and subsequent frames are defined by D-H convention. After

that, we can find out each coordinate parameter in Table. 3.2.
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Fig. 3.3: Link-frame assignments of thumb.

Table. 3.2: D-H parameters of thumb.

[ ai—1 a1 d; 0;
1 0 0 0
2 a, (MCPR) 0 0
3 a, (IP) 0 0,

Substituting the D-H parameters into equation (3.1), the homogeneous transformation

matrices (3.6) ~ (3.8) can be obtained.

co o R

oo R

S O mr O

[eNeN -
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cosf; -—sinf; 0 a,

20 — |Sin6;  cos6; 0 O
3T 0 0 1 0 (3:8)

0 0 0 1

Hence, the forward kinematic for the hand exoskeleton of index finger is given by:

7 = 9T x 1t x ir

cosf, —sinB; 0 a,a,cos6,
—|sind; cosB; 0 a,sinb,
0 0 1 0 (39)
0 0 0 1

3.2 Inverse Kinematics Analysis

3.2.1 Inverse Kinematics for Index Finger

In.inverse kinematics, the length of each link and end-effector location is given

and we have to calculate the angle of each joint. They are detailed below:

1. By usingthe previous forward kinematics homogenous matrices (3.5), we assume

that,

€12 —S12 00 ai6 +azcy; Ny Ox Qx DPx

0 a;s;+as n, 0, Ay, P
Br— Or= |S12 (12 151 25121 = [y Yy %y Py 3.10
weo 3 o 0 1 0 n, 0, a (3.10)

0 0 0 1 0O 0 0 1

Then

Ny = Cqip (3.11)
n, = s, (3.12)

42



Px = Q11 + ACq3 (3.13)

py = a5 + a;S12 (314)

2. Square both (3.13) and (3.14) and add them, we obtain

pxz + pyZ = alz + azz + 2a1a2C2 (315)

Hence

-1 Dx” +py2 -a;°-a;”

6, = cos (3.16)
3. Tof ) .13) divided by
(3.17)
Solving
(3.18)

3.2.2 Inverse Kinematics for Thumb

By using the previous forward kinematics homogenous matrices (3.9), we assume

that,
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cosf, —sinf; 0 aja,cosb, Ny Oy Ay Dy
Bp— op— |SinB; cosf; 0  aysin6, | _ [y Oy Qy Py
wl= 3T 0 0 1 0 n, 0, a; P (3.19)
0 0 0 1 0o 0 0 1
Then
0, = —sinb,; (3.20)
0y = c0s8; (3.21)
We obtain
6, = tan! (— °—x) (3.22)
Oy

3.3 Discussion of Kinematic Analysis

In this thesis, we use Denavit-Hartenberg. to determine the forward kinematics
and inverse kinematics. This method reduces the parameters with only four parameter
(a;, a;, d; and 6;) in transformation to describe the joints and position of links
unambiguously. In inverse kinematics, we determine the joint coordinates to reach the
desired position of end-effector. We obtain joint coordinates with given the desired
Cartesian coordinates through inverse kinematic and able to let the robot fingers to
move to the desired goal. In forward kinematic, we determine the position and
orientation of robot fingers from the feedback angles of each exoskeleton joints to

check if the desired position was reached.
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I\VV. Compliance Control for Robotic Fingers

Most industrial robots are controlled in traditional way that allows to follow
desired trajectories but the robots still cannot perform the contact tasks satisfactorily.
It will become a barrier and directly threaten hand safety without force control. In this
work, we propose the wearable rehabilitation robotic fingers to assist the stroke
patients to achieve task oriented training specifically for grasping object. The robotic
fingers provide a force sensing at the end-effector of robot hand in order to enhance
patients safety in.training procedure by using compliance control. In our control
strategy, the end-effector of robot fingers with force sensor is-modeled as a
compliance control model.-The system will execute the task by using the compliance
model in two cases. Firstly, the robotic fingers perform compliance motion when
human exert a force. Another case is the robot fingers detect a contact force from
object and achieve the compliance motion. Compared with computed torque control,
the compliance control simplified the dynamic system which can varies the stiffness
of robot hand by tuning the physical parameters of compliance model. In this chapter,
the compliance control system architecture will be proposed. After that, the

compliance madel and the simulation of compliance model will be presented.

4.1 Compliance Control System Architecture

The proposed compliance control system architecture for robot fingers composed
of two blocks: user compliance control and grasping compliance control. The purpose
of user compliance control is to allow the user control the movement easily with their
intention and make him/herself feel comfortable. Fig. 4.1 is shown the system
architecture of user compliance control. Consider to comfortable issue, a force sensor

is mounted inside of fingers exoskeleton to collect the user’s active force and check if
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Fig. 4.1 System.architecture of user compliance control.

the user’s active force is exerted. If we use the position control without force sensing,
the user might not be comfortable because they could not control the movement of
hand ‘exoskeleton by their intention. In user compliance control, the compliance
model will calculate the displacement of x{™¢ according to the finger pressing force
F!' measured by force sensor. The inverse kinematic determines the joint angles
according to the x§™4 and give a command to control the robot fingers joints and the
potentiometers derived the actual joint angles and calculated the end-effector actual
position via forward kinematic feedback to the compliance model at the same time.

In addition, the purpose of grasping compliance control is to provide an assistive
grasping force when the hand exoskeleton contact with the object and help the patient
to grasp the different weights of objects without damage in grasping task. The system
architecture of grasping compliance control is shown in Fig. 4.2. Considering the
safety grasping procedure for stroke patient to prevent injuries is necessary because of
his/her hand is very vulnerable after a stroke. Therefore, we use a force sensor

mounted outside of fingers exoskeleton to detect the contact force from object and
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Fig. 4.2: System architecture of grasping compliance control.
make sure the assistive forceis-enough for each grasping task. In grasping compliance
control, Fy is the reference grasping force we give, the compliance model will
calculate the displacement x$™¢. Then, the inverse kinematic determines the joint
angles according to the x$™@ and give a command to control the robot fingers joints.
The potentiometers derived the actual joint angles and calculated the end-effector
actual paesition via forward kinematic feedback to the compliance model. At the same

time, the force sensors will measure the actual grasping force and compare with the

references grasping force.

4.2 Compliance Model

In this thesis, we wish our robot fingers can mimic human hand when the robot
fingers contact with the object or detect a human force. Therefore, we employ the
compliance model as shown in Fig. 4.3. The compliance model is a
mass-damper-spring system which consists of mass (M), damper (D) and spring (K).
We can change the compliance level (stiffness) of the robot hand by tuning the

physical parameters.
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Fig. 4.3: Mass-damper-spring model.

The mathematical formula of the compliance model can be derived from

Newton’s second laws, as-shown.in-below:

YF = Mi (4.1)

where M, D and K are the desired mass coefficient; desired damper coefficient,

desired spring coefficient, respectively. Then k represents each sampling time point

and F represents the actual sampling time point of contact force on the robot

end-effector. Then we have,

. Xg—Xk-1

X = S (4.3)
. Xje—XJe— Xp—2Xp—1+2Xp—
xk — k k-1 — k k-1 k-2 (44)

At At2

where x, x, ¥ and At are the robot end-effector position, velocity, acceleration and
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sampling interval respectively.

Substituting the equation (4.3) and (4.4) into (4.2), we obtain

o = yemd — F-At?+(2M+At-D) X1 —M-Xj_> 45)
k k AtZ-K+M— At-D '

4.3 Simulation of Compliance Model

As previous mentioned, the compliance model consists of three paramters: mass
coefficient (M), damper coefficient (D) and spring coefficient (K), these parameters
would affect the compliance level of robot hand. In this section, we will discuss the
influence of compliance level by tuning these parameters. We changed the parameter
of M, D and K respectively and simulated the compliance model by MATLAB. In Fig.

4.4, we set parameters of F, D and K are 5N, 5 Ns/m and 100 N/m respectively.

Step Response
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002 .
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Fig. 4.4: Step respond of various M correspond to position.
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The parameters of M are 0.05 Kg, 0.5 Kg, 1 Kg, 1.5 Kg and 2 Kg. Applied the same
input of force, when the parameter of M became smaller, it means that the load is
small, the responding time of system is fast and overshoot decreased. Conversely, the
time respond of system is slow and overshoot increase and when the parameter of M
IS getting bigger. In Fig. 4.5, we set parameters of F, M, and K are 5N, 0.5 Kg and 100
N/m respectively. The parameters of D are 1 Ns/m, 5 Ns/m, 10 Ns/m, 15 Ns/m and 20
Ns/m. Applied the same input of force, when the parameter of D becomes smaller, it
means the viscous force is small, the settling time of system is long and overshoot
increased. Conversely, the settling time of system is short and.overshoot decrease

when the parameter of D.is.getting bigger.

Step Response

01 T T T T T
D=1 Msi/m
0.09 D2=5Nsim [
D3=10 Ns/m
0.08 D4=15 Naim [
D5=20 MNs/m
0.07

0.06

0.05

Position{m)

A I f\vf\v%ﬁm '

0.04

0.03

0.0z

0o

] 1 3 4

P2
n
.

Time(seconds)

Fig. 4.5: Step respond of various D correspond to position.
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In Fig. 4.6, we set parameters of F, M and D are 5N, 0.5 Kg and 5 Ns/m respectively.
The parameters of K are 10 N/m, 20 N/m, 50 N/m, 100 N/m and 200 N/m. Applied
the same input of force, when the parameter of K becomes smaller, it means the
stiffness is low, the robot hand can easily move by the external force. Thus, there is no
oscillation occurs error and the steady state error of system increase. Conversely,
when the parameter of K is getting bigger the oscillation occurs in trasient response

and the steady state error of system decrease.
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Fig. 4.6: Step respond of various K correspond to position.
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V. Experimental Results

In this chapter, we will validate the mechanism design for finger-movement
control. After that, we will present the experimental results of safety task-orientation
training for grasping, which is divided into user compliance control and grasping
compliance control. The experiment of user compliance control aims to check if the
design can allow the patient to control the movement of robotic fingers freely. In
addition, the experiment of grasping compliance control demonstrates that a user
grasping different weights of balls can be assisted by the hand exoskeleton effectively.
At last, we will investigate the response survey from the users after using this robotic

device.

5.1 Validation of Mechanism Design for Movement Control

In this experiment, we will test the movement of hand exoskeleton with pure
position control to validate the function of hand exoskeleton. The test of fingers
motion is shown in Fig. 5.1, the hand exoskeleton was placed on the table without
user wearing and set up to a stretched posture (joint position equal to zero) in the
beginning. The robotic index finger movement is shown in Fig. 5.1 (a) ~ (b). The
robotic thumb movement is shown-in_Fig. 5.1 (c) ~ (d). In Fig. 5.2, the recorded
positions of linear motors show that the robotic fingers are driven by the linear motors

successfully with pure position control experiment.
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Fig. 5.1: Test of fingers motion (a) Initial posture of robotic index finger (b) End
posture of robotic index finger (c) Initial posture of robotic thumb (d) End posture

of robotic thumb.
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Fig. 5.2: Experiment results of pure position control.
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5.2 Experiment of Safety Task-oriented Training

This experiment simulated that the patients are required to try their best effort to
achieve the grasping task. Fig. 5.3 shows the picture of task-oriented training in
grasping. The scenario of grasping the task-orientation training in this experiment is

explained as follows:

1. The patient sits in front.of the table and tries'to grasp.a ball at the initial point.

2. Lift the ball'and move to the end point, the distance between the initial point and

the end point is 15 centimeter (cm).

3. Release the ball on the table when reaching the end point. After completion, repeat
the procedure by lifting the ball from the end point and place it back to the initial

point-again.

Initial point °
End point

Fig. 5.3: lllustration of task-oriented training for a grasping task.
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The experiment of safety task-oriented training is composed of two compliant control

modes: user compliance control and grasping compliance control. Fig. 5.4 shows the

finite state machine of task-oriented training in grasping task. The behavior of state

machine will be described as follow:

1.

The robotic fingers standby with pure position control (with initial joint angle

equal to zero) if finger pressing force < threshold value.

The system will execute the user compliance control mode if the finger pressing
force exceeds a threshold-value. The motion of robotic fingers will follow the

direction of the user’s force to move to reach the object.

The system will switch to grasping compliance control mode if the object contact
force exceeds a threshold value. The robotic fingers assist the user to grasp the
object. Otherwise, the system will continue to execute the user compliance
control-until the object force exceeds the threshold value, if the finger pressing
force exceeds a threshold value. In this state, the user is supposed to lift and

move the object to the target point.

The robotic fingers release the object at the target point if the finger pressing

force decreases (with no intention to hold the object any more).

After completion, the system will return to the standby mode to check the user’s

intention force again.
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g

Finger pressing force > threshold value User
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Control
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been placed threshold value

Object contact
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reference
grasping force

Release the | Grasping
Compliance

object

Finger pressing force decreases
(The user successfully move the
object to the target point)

Control

Fig. 5.4: Finite state machine of task-oriented training in the grasping task.

5.2.1 Experiment of User Compliance Control

The purpose of this experiment is to demonstrate the compliance control force to
perform the compliance motion of robotic finger by exerting a human force. In the
experiment, the motion of robotic finger would follow the user’s active force and
convert it to the finger’s motion. A force sensor was mounted inside the end-effector
of an index robotic finger that can only be detected by the vertical direction when
contact by human finger. The parameter of compliance model M, D, K is set as 0.04
Kg, 0.6 Ns/m and 0.8 N/m respectively. The demonstration of this experiment is
shown in Fig. 5.5. The user exerts a force to control the movement of the robotic
finger. The robotic fingers start flexion in Fig. 5.5 (a) ~ (c) and the robotic fingers
extended as shown in Fig. 5.5 (d) ~ (e). The movement of flexion and extension will

repeat again in Fig. 5.5 (f) ~ (i).
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(@) (h) (M)

Fig. 5.5: Demonstration of user compliance control.

Fig. 5.6 is shows the experiment results of user compliance control. In Fig. 5.6 (a), the
user exerts a force to exoskeleton at 2 seconds and releases the finger at 5 seconds,
after a few seconds the user exert a force again at 12 seconds and releases the finger at
15 seconds. Fig. 5.6 (b) is shows the position response from the user’s active force,
green solid line is the actual position of the end effector of robotic finger. In Fig. 5.6,

it is shown that the motions of robotic fingers are controlled by the patient’s intention.
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Fig. 5.6: Experiment results of user compliance control
(a) Force response (b) Position response.

5.2.2 Experiment of Grasping Compliance Control

58

The purpose of this experiment is to target and change the compliance control
force to perform compliance motion of robotic hand that can assists the patient to
grasp different weights of balls. Two different balls that weights 20g and 80g were

tested in this experiment. The compliance force will be executed to assist the desired



grasping force depends on the weight of ball when the robotic hand contact with the
ball. Besides, the reference force in both experiments are setting based on the
investigated object. Two sensors were installed at the end-effector of each robotic
finger for measuring the human contact force and robotic contact force. The
compliance controller parameter for a 20g of ball and compliance controller
parameter for an 80g is shown in Table 5.1 and Table 5.2 respectively. The
demonstration of grasping compliance control for a 20g of ball and grasping

compliance control for an 80g is shown in Fig. 5.7 and Fig. 5.8 respectively.

Table 5.1: Parameter of compliance controller for a 20g ball.

Parameter Desired M(Kg) D (Ns/m) K (N/m)
setting Force (N)
Index finger 0.12 0.04 10 40
Thumb 0.12 0.02 10 40

Table 5.2: Parameter of compliance controller for an 80g ball.

Parameter Desired M (Kg) D (Ns/m) K (N/m)
setting Force (N)
Index finger 0.42 0.04 10 42
Thumb 0.42 0.02 10 42
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Fig. 5.7: Demonstration of grasping compliance control for a 20g ball.

W\ s S =

(9) (h) (i)
Fig. 5.8: Demonstration of grasping compliance control for an 80g ball.
60



The robotic fingers start grasping ball and move to the end point in Fig. 5.7 (a) ~ (d)
and Fig. 5.8 (a) ~ (d) respectively. The robotic fingers release the ball in Fig. 5.7 (e)
and Fig. 5.8 (e) respectively. After that, the robotic fingers will grasp the ball again
from end point to initial point in Fig. 5.7 (f) ~ (i) and Fig. 5.8 (f) ~ (i) respectively.
The experiment results of grasping compliance control for a 20g ball is shown in Fig.

5.9. In Fig. 5.9 (a), red dotted line is the reference grasping force we give. The blue
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Fig. 5.9: Experiment results of grasping compliance control for a 20g ball
(@) Force response (b) Position response.
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solid line and green dotted line is the actual contact force from robotic index finger
and robotic thumb respectively. Fig. 5.9 (b) is shown the position response of grasping
compliance control for a 20g ball, blue solid line is the actual position of the end
effector of robotic fingers.

The experiment results of grasping compliance control for an 80g ball is shown
in Fig. 5.10. In Fig. 5.10 (a), red dotted line is the reference grasping force we give.
The blue solid line and green dotted line is the actual contact force from robotic index
finger and robotic thumb respectively. Fig. 5.10 (b) is shown the position response of
grasping compliance control for an 80g ball, blue solid line is the actual position of
the end effector of robotic-fingers. From these result, it is clearly shown that the
robotic fingers capable to grasp different weights of balls through the compliance

controller.
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Fig. 5.10: Experiment results of grasping compliance control for an 80g ball

(a)« Force response (b) Position response.

5.2.3 Discussion about the Experiments

In the section one Of this chapter is the experiment of user compliance control,

the user can easily control the movement of robotic finger with their active force.

When the user exerted an active force, the compliance model will generate a desired

position in Fig. 5.6 (b). From this experiment, we can clearly observe that the motion

of robotic finger is compliance with the user’s active force for achieving comfortable

wearing.

In the section two of this chapter is the experiment of grasping compliance

control for grasping different weights of balls. In Fig. 5.9 and Fig. 5.10, we can

observe that the positions are proportional to the applied force. From these results, the
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force and position output are well agreed with the references values in experiment of
grasping compliance control for grasping different weights of balls. The grasping
compliance motion was truly achieved by compliance control based on the
investigated object. Moreover, the robotic fingers are capable to assist the patient to
grasp the different weights of balls and provide a safety environment for the task

training.

5.3 User Survey for Performance Evaluation

The purpose for this section is to examine the performance result of our design.
We have selected five healthy persons to use our device to complete the task-oriented
training for grasping task. After completion, we asked some questions in order to
investigate the feedback response of our design. Table 5.3 is the profile of participants

and Table 5.4 is our survey questions for the design.

Table 5.3: Profile of participants.

No. Age Gender Height (cm)
1 20 Female 158
2 22 Male 166
3 22 Female 163
4 38 Female 160
5 41 Female 162
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Table 5.4: Survey questions for the design.

Extremely | Very Neutral | Not very
satisfied satisfied satisfied

Do you feel comfortable with our
device?

Do you feel safe using our device?

Are you able to control the hand
exoskeleton easily?

Do you feel satisfied with the
assistive performance of this device?

Do you feel burden with the weight
of hand exoskeleton?

Fig. 5.11 shows the results of this survey, the result of comfortable rate is 83.5%,
safety rate i1s 85.4%, performance of intention control is 86% and performance of
assistive is 87%. On the basic of these findings, it seems that the users who had used
our device are satisfied with our design. However, the comfortable rate is the lowest,

so that we could improve the comfortable of our device.

User Survey for Design
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Comfortable Safety Performance of Performance
rate rate intention control of assistive
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Fig. 5.11: The survey results.
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V1. Conclusion and Future Work

6.1 Conclusion

This wearable rehabilitation robotic fingers design is to assist the stroke patient
to attain the grasping task for helping them to regain motor skills and functions. The
main purpose for this safety control strategy is to allow the user participate in control
of exoskeleton device according to their intention active force and provide an assistive
grasping force to ensure the user grasping the object without any damaged during
training. In this thesis, we accomplished the design of a two-finger system including
the mechanical design, hardware system architecture and compliance system
architecture. The mechanical design functions-for these robotic fingers are according
to human hand anatomy which provides the flexion/extension movement. e analyze
the kinematics of two robotic fingers in order to position the robotic finger to execute
the grasping task. In addition, a compliance control for robotic fingers was
implemented considering the human-robot interaction (user compliance control) and
robot-environment interaction (grasping compliance control). From the experiment of
user compliance control, the compliance control parameter was considered based on
impedance characteristics of human finger. Furthermore, the compliance controls of
grasping based on different weights of objects have been successfully demonstrated.
From the above results, it is proven that the wearable rehabilitation robotic finger is

capable to assist the stroke patient to grasp the different weights of objects safely.

6.2 Future Work

Currently, we have only designed the robotic thumb and index finger for the
stroke patients. In the future, we are going to invent further for the five fingers to

improve the hand exoskeleton functioning together. The considerations of gravity
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compensation and disturbance resistance capabilities are important to guarantee a firm
grasping. It will also be interesting to conduct satisfaction survey to verify the
assistive performance of exoskeleton device with different control algorithm, for
example compare the compliance control and pure position control which applied in
exoskeleton device. Furthermore, more practical experiments on patients and

evaluation of hand rehabilitation will be studied in future.
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