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As a result of aging, hand strength reduces significantly. This leads to insufficient grab and
pinch strength needed to perform daily activities such as preparing tea and holding cups.
Subsequently, personal assistant for elderly are hired. On the other hand, the post stroke
survivors need hand rehabilitation to restore back the strength loss due to paralysis. In both

cases, the restoration of physical strength is both essential and beneficial.

This thesis project investigates the possibility of designing a novel Hand Exoskeleton (HE)
suitable for both post stroke rehabilitation and Activities of Daily Living (ADL) purposes.
Based on the literature reviews and analysis, a pneumatic actuation system is chosen for
developing a soft rotary artificial muscle that is capable of driving the fingers into
extension and flexion motion. For this, a silicone rubber of 30 shore durometer is additive
manufactured to form a soft rotary actuator. The actuators are assembled with the 3D
printed exoskeleton frame to form a complete HE system. The performance results of the
system is then presented. With the main aim of increasing the strength to weight ratio, the
research has shown the potential to achieve the target. Furthermore, the research is

successful in achieving other objectives too.
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1 INTRODUCTION

This is an introduction to the Master’s thesis “Design of soft actuator based hand-
exoskeleton for rehabilitation and activities of daily living”, as a part of Brain-controlled
Ankle-Foot/Hand Orthosis (BCAFQO) project supported by Academy of Finland. This
chapter presents the research background, objectives and questions, an overview of the

BCAFO project and structure of the thesis.

1.1 Research Background

The hand is one of the most important components in the human body to perform physical
activities and maintaining daily life. From manipulating things to maintaining the physical
balance, the hand has been key to human evolution and dominance. Although in all
humans, the movement of hand-fingers issimilar, the strength differs, primarily due to age,
diseases and physical conditions (Carmeli et al. 2003). The hand movements may be semi
or fully paralyzed due to various conditions such as post-stroke paralysis or other physical
accidents. According to World Health Organization (WHO), the stroke patients in Europe
(including EU and others) in 2000 were 1.1 million and is expected to rise to 1.5 million in
the year 2025 (Truelsen et al. 2006). According to Thrift (Thrift et al. 2017), of all stroke
survivors, nearly 80% suffer hemiparesis of upper arm affecting the hand motor
predominantly. Even with the extensive rehabilitation methods after stroke, it is seen that
the complete functional recovery is as low as 11.6%.The research pointed that the low
recovery was linked to lack of voluntary motor control in the first 4 weeks of stroke.
(Kwakkel et al. 2003).

Meanwhile, the cost associated with post-stroke rehabilitation significantly hinders the
patients to actively participate in rehabilitation process in short or long term (Godwin et.
Al. 2011). Along with human assistance, many post-stroke rehabilitation devices are in use
(Heo et al. 2012). However, they are huge and expensive to own for personal use and thus
are stationed at hospitals and rehabilitation centers. Thus, inadequate access to

rehabilitation devices also aids to low recovery of post-stroke attack.



In another case, aging also significantly decrease the strength inhuman hand including
grabbing, holding, pinching and ability to maintain a steady posture (Ranganathan et al.
2001, p 1483). Ageing is a natural phenomenon and thus, loss of physical strength due to
it is an irreversible process. According to National Institutes of Health, the population of
elderly (aged 65 years or over) is growing at a remarkable rate. Today, this age group holds
8.5% (617 million) of world’s population and are expected to reach 17% by the year 2050
(1.6 billion). (National Institute of Health 2016). Majority of this huge population need
assistance in maintaining daily activities including as simple task as, preparing coffee or
eating food. The cost associated with hiring personal assistant or nurse is equally
expensive. However, the use of assistive technology in elderly care is often less expensive
than hiring a personal assistance (Miskelly, 2001).

In both cases of post-stroke paralysis and aging, the effect of hand dysfunction is
troublesome. In order to address these cases, modern technology has developed various
tools and techniques, which among them is a hand exoskeleton (HE). HE is an external
structure that assists manipulation of human hand pursuing the hand trajectory. Usually,
the HE is electrically or mechanically powered and play a vital role in assisting the life of
impaired for rehabilitation and activities of daily living (ADL) purposes. However, the
current HEs focus either one of the purposes. On the other hand, the rehabilitation HEs are

bulky and expensive to own one. (Heo et al. 2012)

This thesis aims to develop a simple HE capable for both rehabilitation and ADL purposes.
For a rehabilitation purpose, the system aids to smooth actuation of cyclic training of the
affected hand. The HE is capable of delivering enough torque to maneuver the hand. On
the other hand, for ADL purposes, the HE aids the hand by augmenting gripping and
holding force in the hand. This significantly aid impaired for sustaining their daily

livelihood in ease.

1.2 Objectives and Research Questions

As described earlier, post-stroke patients and elderly people are focused aspotential
benefits of this research. Thus the primary objective of this thesis is to develop a simple
and smooth actuation system capable of generating enough torque to achieve the basic

functionality of assisting hand movements. However, while doing so the HE should always



follow the human hand biomechanics to ensure safety. In general, the main objectives of

the research thesis are presented below.

To develop a bi-directional HE capable of generating enough torque for
rehabilitation and ADL purposes. This includes transmission of sufficient power for
extension and flexion of the fingers for rehabilitation training and generating
enough grab force for holding things such as cup and jug for ADLs purposes.

To develop HE with high power to weight ratio. In the current scenario, the weight
of HE has been a major issue with respect to the power. Thus, this thesis aims to
develop lightweight HE with use of modern lightweight yet strong materials and
transfer high torque.

To ensure comfortability and safety of the HE. The HE is aimed to reduce extra
weight and materials and ensure that it is comfortable to the users. It is equally
important that is easy to put on or take off the HE. Similarly, this thesis is aimed to
design a system that fulfills the maximum safety criteria, including the risk of
fatigue failure and abnormal movement of the human hand biomechanics.

To design a simple portable HE for everyday use. The existing HEs are usually
complex mechanical, hydraulic or electrical systems and most of them are non-
portable. This thesis aims to find a solution to design a straight forward HE which

can be transferred as per desire.

Similarly, this thesis intends to answer the following research questions:

How effective is the pneumatic actuation system in HE compared to others, e.g.
hydraulic or electric? How about the accuracy?

How does the system ensure the comfortability and safety with a reduction in
weight?

What effect does it have on the performancewith the simple design of the HE?

1.3 Research Methods
This thesis is based on both qualitative and quantitative research approaches. For the

qualitative approach, the challenges and advantages of the research are analyzed. In

addition, the motivation and effect of the research to the target group is taken into

consideration. On the other hand, for quantitative methods, the research focus significantly

to increase the ‘strength to weight’ ratio based on previous researches to design a novel



HE. Mathematical modeling and technical calculations with laboratory tests are preferred
to increase the validity of the quantitative approach. Figure 1 below provides an overview

of the research methodology.
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Figure 1. Overview of research methodology in the research

1.4 Overview of BCAFO project

This thesis is a part of BCAFO project accomplishedat theLappeenranta University of
Technology. The project is aimed to control the HE via the power of thinking. Thus, in
order to mechanically actuate the impaired hand, the BCAFO project utilizes EEG from the
users. The minute electrical voltages in the brain are captured via EEG which are then
processed. The thus simplified EEG signals are transferred to an electronic controller that
controls the actuators, which is the primary component to mechanically flex or extend of

the HE. The concept details can be illustrated by the Figure 2 below.
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Figure 2.The basic concept of the BCAFO project as a part of this thesis research

Synopsis of Electroencephalography

Electroencephalography (EEG) is a method of monitoring electrical activities in the
cortical portion of the brain. It is an inexpensive and non-invasive process in which
electrodes are positioned along the scalp (as shown in Figure 3(a)) to detect the voltage
fluctuations arising inside the neurons in the brain (Niedermeyer et al. 2005). The voltage
fluctuations detected by multiple electrodes are usually raw, noisy and highly attenuated
due to various factors as sound interference, physical movement, light, length of the
connected wires and so on. In order to utilize the raw EEG signals, they are imported to the
simulation computer where they are amplified, filtered and finally plotted against the
period of time (Figure 3(b)). The thus received signals provide important information for

diagnostic applications and others.

Diagnostic application emphasis on two potential approaches, first the brain response to
explicit sensory, motor and cognitive occurrence and second, the spectrum of ECG. The
first approach examines the sudden variation in the signal to events as picking objects. The
signal in this approach is time domain. On the other hand, the spectrum analyses the brain
waves in EEG in a frequency domain. This is the main interest of the BCAFO project.
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Figure 3.(a) is the electrodes distribution in a scalp in a dipole (positive and negative)
configuration, (b) is the procedure used to measure EEG (Luck 2014).

While mainly used for diagnosis of various diseases and disorders as epilepsy and sleep
disorder among others, now, researchers are investigating the potential to decode the
human thinking via brain EEG. A successful interpretation of EEG leads to the control of
the majority of human activities via thinking. One of the major beneficiary groups are the
paralytic patients and elderly people. While having a semi or fully functionally brain, the
EEG can be used to independently move paralytic/impaired hands via the use of the HE
(Lee et al. 2017, p.21). This hugely aids them to move and work independently without the

aid of another person.

1.5 Structure of the Thesis

This thesis report is divided into 5 key chapters. The first chapter is the introduction to the
thesis. It explains the research background, objectives and research questions, and provide
a short overview of the BCAFO project, associated with this research. The second chapter
is a synopsis of the current HE. It introduces the characteristics of the HE, discusses the
literature review and effect of human hand biomechanics. The third chapter contains the
design of the HE. It includes the mechanical design of the HE and the actuator along with
the control and supply system. The fourth chapter presents the results and discusses the
interpretation of the achieved results. Finally, the fifth chapter presents the conclusion the

thesis work.
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2 OVERVIEW OF HAND-EXOSKELETON

2.1 Characteristics of the Hand Exoskeleton

The HE is a wearable external skeleton that supports the movement of the hand fingers.
They are generally stimulated by electrical, pneumatic or hydraulic actuators and in recent
times, also by Shape Memory Alloys (SMA) (Villoslada et al. 2016, p.91). The actuators
help in flexion or extension or both of the fingers by the means of power transmission.
According to Heo (2012, p.810), the HE can be classified into actuator type, sensing

method, purpose and power transmission as shown in Figure 4 below.

actuation

" Voluntar Passive
Artificial y
sl movement mavement Flexion .and
Shapc memory extension
\ alloy /
Actuated loyi
- . ion
Piston t—{ prumatic Rehabilitation mation Fs:ll‘f:
™~ Active
Mator Electric = Assistance
Purpusb”’d
Passive
Linkage
- Intention Power Tendan
raath switch . : .
beath svi sensing method / driven
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Matian Muscle : linkage
SEMG hardness d

Figure 4. Classification of the HE according to various criteria (Heo et al. 2012. p.810)

Presently, there are three types of active actuators used for the HE actuation. These
actuators primarily drive the HE via means of electric, pneumatic or SMA effect.
Generally, electric DC motors, pneumatic piston, soft actuator/artificial muscle and Nickel-
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Titanium (NiTi) alloys are mainly used for this purpose. The electric and pneumatic

actuators provide better torque transmission than the SMAs in the HE functionality.

Winding Flexor DC Motors

5(a) Electric Actuation of HE by DC 5(b) Pneumatic Piston Actuation Exo-

motors Skeleton

" Artificial Finger

ql. _D _______________________

Spring 2

5(c) Pneumatic Soft Actuation 5(d) SMA driven actuation

Figure 5. (a) The electric-driven HE (In et al. 2015, p.99), (b) Pneumatic piston driven HE
(Festo 2012), (c) The Soft actuator HE (Polygerinos et al. 2013, p. 1517), The SMA driven
actuation for HE (Bundhoo et al. 2008, p. 8 ).

In order to actuate the HE, power transmission from the actuatorto HE is necessary. There
are many mechanisms to do so. One very common and widely used method is a cable
driven mechanism. In this method, a tendon is used to transfer energy from the electrical
actuator to the HE with or without the use of linkage. Similarly, belt and linkage are also
used for power transmission. These methods are based on the remote location of actuators.

On the other hand, power transmission can be made by direct actuation method. In this
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method, an actuator is directly placed on the HE so that it does not require any means to

transfer the power to the HE.

Serial linkage

Finger

6 (a) A tendon driven HE 6 (b) A linkage driven HE

Figure 6. (a) A tendon driven HE (In et al. 2011). (b) A linkage driven HE (Stergiopoulos
et al. 2003, p.84).

An accurate sensing of the HE movement is very important for controlling the device and
ensuring the safety of the user. In order to do so, various methods and techniques are
utilized. One of the widely used sensing methods is force feedback sensor. Usually, they
are placed in a fingertip to determine the amount of force exerted by a grasp. This helps to
avoid too high or too low forces that are capable of hurting the user’s hand (Heo et al.
2012). However, the use of this sensor can block the haptic sensation of the user with the
object. Similarly, motion sensing is very important to detect the bending angle of a finger.
The human finger has a fixed trajectory and range. In order to stop the unnatural movement
of the fingers, a motion sensing is used. The motion sensor feedbacks the finger trajectory

to avoid any possible injuries that might be caused by the unnatural actuation of the HE.

Basically, two purposes, rehabilitation, and ADLs are served by the HE. For rehabilitation
purpose, the HE generally follows a voluntary or a passive movement in a pre-defined
trajectory of the flexion and extension. The fingers follow the same pattern throughout the
session. This is typically designed to help the patient recover from hand paralysis by the

means of training. On the other hand, the ADLs use actuated motion for ‘flexion and



16

extension’ or ‘flexion only’ as depending on the user to perform various household tasks as

grabbing, holding or picking.

2.2 Review of Literatures

Over the decades, different HE have been developed for rehabilitation and ADLs purposes.
They were designed with different approaches, such as; actuation type, size, power-weight
ratio, portability, the comfort of wearing and so on, however, with a sole motive of
assisting humans. These HE actuates either all or thumb-index-middle finger combination
in a hand. Researches by Kargov (Kargov et al. 2004, p. 709) and Zheng (Zheng et al.
2011, p.4174) show that the humans typically use thumb-index-middle fingers for most of
the time and work. These fingers generate the highest contact forces than any other fingers
in combination. According to Igbal (Igbal et al. 2009, p.50), an exoskeleton having
complete five fingers reduces the operational efficiency due to its increased weight and
size and complexity of the system. Based on those facts, researchers as In (In et al, 2015)
developed thumb-index-middle fingers actuated HE in 2015 and was successful in picking

and grasping actions comfortably. They used electric motors to drive the HE.

Electric motors have been widely used actuators over the years. Electric motors are usually
inexpensive, low weight and easy to control. Moreover, they generate required torque to
drive the HE for opening and closing action. Researches made by Cempini (Cempini et al.
2013), Moromugi (Moromugi et al. 2009), Cortese (Cortese et al. 2015) and MA (MA et
al. 2015), used electric motors to mechanically actuate the HE. Moromugi used tendons
solely to transmit the torque. These tendons were guided into a specific guide to follow the
path during its lifespan. As a result, the HE was lightweight, kinematic compatible,
ensured proper torque transmission and was capable to achieve various hand gestures (as
shown in figure 7). While others used tendons with linkages to transmit the torque from the
directly placed actuators. As a result, HE was more rigid and forbid various gestures
achieved by earlier research. Moreover, they were more complex and could only be used
for rehabilitation purpose. However, all these HEs supported two way-movement (flexion

and extension).
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7(a) 7(b) 7(c)

Figure 7.Different gestures achieved by the HE. (a) Pick rock (b) Pick scissors (c) Pick
paper. (Moromugi et al. 2009.)

Similarly, Ueki (Ueki et al. 2012) and Zhang (Zhang et al. 2013) developed an electric
motor powered HE but ended up with big size and complex systems. Thus they could only
be used as a fixed station making them non-portable. These electric HE systems need
continuous battery supply. Often low or empty battery result in stopping of a motor,

subsequently locking the HE into a fixed gesture position causing discomfort for the users.

On the other hand, researchers have also used hydraulic and pneumatic systems to power
the HE. The hydraulic system uses fluid pressure while pneumatic system uses compressed
air to actuate the fingers. A research by Ryu (Ryu et al. 2008) used the micro hydraulic
system to actuate the HE. The result was a lightweight, compact system with multiple
degrees of freedom. Similarly, researches made by Polygerinos (Polygerinos et al, 2015)
and Yap (Yap et al. 2015)showed that hydraulically actuated soft robotic glove with
segmented elastomeric actuators with fiber reinforcements enable comfortable bending,
twisting and extending motions. However, the research also concluded that fluid pressure
causes oscillation in the system. Unlike this, on the other hand, pneumatic systems easily
damp the oscillation. In 2010, Kotaro (Kotaro et al. 2010) and his team presented an
oscillation-free pneumatic rubber muscle capable of generating enough torque to pick alkg
weight. The similar pneumatic glove was developed by Lauri and his team in 2010 (Lauri
et al. 2010). The glove assisted individual digit extension in hand opening and releasing
phase of grasp. In 2013, Sun (Sun et al. 2013) developed a soft silicon rubber actuators
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based on bending and rotary actions (as shown in figure 8). This design has opened a wide

horizon of the possibility of use of low weight soft actuated HE.

8(a) 8(h)

Figure 8.Demonstration of soft actuators under pressure. (a) Bending action of the soft

pneumatic actuator (b) Rotating action of the soft pneumatic actuator. (Sun et al. 2013,
p.4446)

There are, however, drawbacks associated with the hydraulic and pneumatic actuators in
the HE. First, they are difficult to accurately control because of the non-linearity caused by
the compressibility of the fluid/ air (Cladwell et al. 1995). Second, the system requires
constant pressure supply. This makes the system noisy and difficult to move. This will

overall affect the weight, stability, and range of exoskeleton. (Redlarksi et al. 2012).

In a situation like this, NiTi based SMA alloys can be useful actuators. They are low
weight and can produce higher recovery force. However, in order to achieve the required
stroke length for finger movement, the diameter and length of the SMA coil need to be
long enough. (Yao et al. 2016). Furthermore, the SMA wires should be deformed at room
temperature and activated in the acceptable temperature range for safe use. The Recent
development of TiNi-based SMAs shows that the mechanical properties as transformation
temperatures can be decreased and recovery strain can be increased to 8% with the addition
of cobalt (Co) to TiNINb alloy (Cai et al. 2006, p.299). On the other hand, it is seen that
cyclic training of NiTi alloys lowers the transition temperature than the non-trained NiTi
alloys (Lahoz et al. 2004, p. 135). These results have a huge benefit in the development of
the HE. Likewise, a research by Lee (Lee et al. 2016), showed that SMAs generate high

energy density to actuate fingers. However, they produce smaller pinch force of 5.7N in
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comparison to commercial iLimb’s (Bionics 2013) 17N and Bebionic’s (Bebionic 2017) 15

N force powered by DC motor.

glove band

N 7/ ) 7_ i -
) S stings  SMA actuator

Figure 9. Representation of the SMA muscle glove (Yao et al. 2016)

Apart from these mechanisms, various others have been used in recent times. In the latest
case, sliding springs have exposed a great potential to replace traditional cable driven
mechanism for transmitting power. A research by Arata (Arata et al. 2013), used a three-
layered sliding spring mechanism to power the HE. The HE was able to convert linear
motion into three individual degrees of freedom in each finger along its digits. This
technology proved to be compact and lightweight, and more importantly safe for individual
use. In another case, a study has shown that a fiber actuator can be used for wearable
applications (Hiraoka et al. 2016). The concept of fiber actuator is based on resistance
heating, with the research gaining strain of 23% at 90°C. In order to utilize this technology
safely, selection of right insulating materials is needed without hindering the user

comfortability, which is one of the prime concern of this thesis.

In summary, there are many possibilities and limitations of using different methods and
mechanisms as discussed above. For a comfortable wearable HE, soft actuators as,
artificial muscle is found to be a better choice, as it undergoes soft actuation and has a low
weight. Pneumatic actuation is found to be an ideal source of the power supply as it can be
remotely placed, decreasing the effect of the weight on a hand. This thesis is closely based

on the study of existing HEs and possibilities of future technologies to achieve the sole
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target of increased mass-weight ratio and comfortability of the HE for the dual purpose of
ADL and rehabilitation.

2.3 Effect of Human Biomechanics

Before developing the HE, it is very important to understand the mechanism of hand
biomechanics. Hand biomechanics is a complex coordination of bones, joints, muscles, and
ligaments working together to ensure the effective movement of the hand. As when the HE
is worn,it closely follows the hand trajectory as their movement are coupled with each
other. It cannot deviate from the arc of a hand, in order to ensure the safety of the user and
provide an active maneuver. Particularly, to design a mechanically safe HE, it is important
to study the of DOF and Range of Motion (ROM) of each joint. On the other hand, the
hand movement is directly affected by the linked muscles and tissues. The intricacy nature
of muscles and tissues adds complexity to the hand movement making them challenging to
model mechanically. Thus, an efficient knowledge of hand anatomy is required for the
proper design of the HE. (Heo et al. 2012)

2.3.1 Anatomy of the Human Hand

The human hand is highly articulated consisting roughly 30 DOF. Yet, it is also highly
constrained having dependences among fingers and joints. (Lin et al. 2000, p. 121). The
high articulation and constraints of the hand make it extremely difficult to model its
movement. In addition, the irregular and complex biological joints and ligaments among
bones and digits add further difficulty to truly map the kinematic model based on
physiology. Thus, in order to learn the kinematics of pinching, gripping, and grasping of a
human hand for the design of the HE, the knowledge of human hand is vital. The anatomy

of the human hand can be presented in bones and joints, muscles, and ligaments.

The human hand consists of 27 bones arranged in a chain of carpals, metacarpals and,
phalanges. The carpals are smaller bone segments forming a base of five single digits that
are a poly-articulated chain of longer metacarpal and phalanx bone segments. These digits
are thumb, index, middle, ring finger and little finger. Except thumb, all of the fingers are
collection of one metacarpal and three phalanges. The thumb consists of only two

phalanges (Grebenstein 2014). Two sets of carpal bones are attached to each other with
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one linking the radius and ulna while other linking the metacarpals as shown in Figure
10(a), (b) and (c) below.

Each metacarpal is linked with carpals via carpometacarpal (CMC) joint. The CMC joint
of each finger exhibit one DOF, except thumb that exhibits two DOF, flexion and
extension, and abduction and adduction. (Heo at al. 2012, p. 808). The CMC joint of the
four fingers is classified as a plain joint while the CMC joint of the thumb is classified as a
semi saddle joint. The proximal phalanges (PP) are articulated to metacarpals via
metacarpal phalanx (MCP) joints. These joints are classified as condyloid joints having 2
DOF, flexion and extension, and abduction and adduction. In MCP joint, the phalangeal
base provides the suitable articulate surface for the metacarpal head (Figure 10(d)). Joints
connecting PP and middle phalanges (MP) is called proximal interphalangeal (PIP) joint.
On the other hand distal interphalangeal (DIP) joint is a joint between distal phalanges.
The thumb lacks the DIP and PIP, but has only one interphalangeal (IP) joint. The PIP,
DIP, and thumb IP joints are hinge joints and undergo one DOF.

Metacarpal head

L &

_<F_1 .
T
ﬁ
. . . Articulate surface of
(a) Hinge Joint (b) Condvloid Joint (c) Saddle Joint metacarpal bone
(d) MP in MCP

Figure 10. Joint types in a human hand. (a), hinge joint; (b), condyloid joint; (c), saddle
joint; (d) is the articulate surface of the metacarpal bone in MCP joint exhibiting a
condyloid joint (Grebenstein 2014, p. 43-44.)
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——— Distal Phalanx
DIP Joint 0 | —— Middle Phalanx
PIP Joint —— Proximal Phalanx
MCP Joint ————
Metacarpals ——— ‘, :
Carpals

Figure 11.The bones and joints of thehuman hand (Schadow 2009.)

Because the human hand consists of five poly-articulated fingers, it is liable to deformation
(Tubiana, Thomine & Mackin 1998, p. 4). These hugely depend on the shape of the joints
in the finger. The different finger shapes also vary the DOF in each joint while the unique
alignment of CMC joint in thumb offers greater range of motion (ROM) and flexibility
(Hollister et al. 1995).In a natural resting position, without any active muscle contraction,
the wrist is extended in 20° in neutral radial/ulnar deviation. The range of joints in the
human hand skeleton in resting and flexion positions are shown in Table 1 below.
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Table 1: The range of different joints in fingers excluding thumb (modified from: Barr &
Bear-Lehman, 2001)

Joints
Position MCP PIP DIP
Resting 45° approx. 30°-45° 10°-20°
Flexion 90 ° approx. 110° 90 °

However, the range of flexion differs widely among persons and their hand structure. Also,
the extension of MCP joints is observed go beyond 0°, vividly due to the ligament laxity.
On the other hand, human hand consists of 29 muscles controlling the movement of the
human hand. They are categorized into extrinsic muscles, that mostly control the extension
and flexion of the digits and intrinsic muscles that allow the free movement of each digit.
The extrinsic muscles are originated from the bones in the arm and are replaced by tendons
as they approach the wrist while the intrinsic muscle is located completely within the hand.
(Jones & Lederman 2006, p.16.)Among total 9 extrinsic muscles, 3 contribute to flexion or
finger, 5 contribute to the extension of fingers and 1 contributes to the abduction of the
thumb. Towards the base of PP, two groups of muscles called dorsal interossei (DI) and
palmar interossei (P1) are originated that extend up to PIP and DIP joints. These DI and PI
muscles abduct and adducts, and produce rotation at MCP joint. The movements of the PIP
and DIP are functionally coupled due to theinteraction between the extrinsic and intrinsic

muscles.

Ligaments arefibrous tissues connecting a bone to another bone. They occur in joints and
play a vital role inpreventing abnormal movement in the joints (Figure 12(a)).However,
due to their swollen structure, the modeling of HE becomes difficult as it increases
uncertainty in the axis of rotation. On the other hand, tendons connect muscles to bone.
The extensor tendons arise from the backside of forearm bones and allow each finger joint
to straighten. Tendons are an important factor determining the stress force of the hand-

finger grip.
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Ligaments binding

b i s Skeletal Muscle

Tendons binding
muscles to bones

12 (a) 12 (b)

Figure 12.(a) The ligaments connecting bone to bone and (b) tendons connecting muscles
to bone (Vorvick 2016).

2.3.2 Mathematical Modeling of Human Hand Finger

As the mechanism of HE vastly depend on the movement of the bones and joints in the
fingers, many mathematical methods have been proposed to mimic the movement. Allen-
Prince and Walton (Allen-Prince & Walton, 2011) modeled the motion of finger using law
of force and acceleration. This model, however, was designed without consideration of
complex human hand movements. The human hand movement is spatial, whereas, the
finger follows planar. Thus the human hand-finger movement can be modeled

mathematically using simple planar three-link manipulator (Rahman et al. 2014).

Consider a three-link planar manipulator as shown in Figure 13represents the human finger
(not thumb). The three joints (starting at the base) represents the MCP, PIP, and DIP and
links L1, Lo and Larepresents PP, MP and DP. The D-H parameter table of the mechanism
can be expressed as in Table 2below.(Craig, 2005, p. 109.)



Figure 13. The three link planar manipulator mimicking the human index finger (Craig,

2005, p. 109)

Table 2: The D-H parameter table of the above mechanism (Craig, 2005, p.71).
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Link a;_q a;_q di 01’

1 0 0 0 0,

2 0 Ly 0 0,

3 0 L, 0 0,
Where,

Based on the table above, the forward kinematics can be solved as:

@;_4 : is the twist angle from Z;_, to Z; along X;

a;_ . is the distance from intersection of Z;_; and X; to the 0;along X;
d; : is the distance from intersection of Z;_; and X; to the joint along Z;_,

0; : is rotation angle from of X;_; and X; to the joint along Z;_,
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C123 _5123 O ClLl + LZ C12
0 — 5123 6123 O SlLl + L2512 1
sl 0 0 1 0 (1)
0 0 0 1

Similarly, the inverse kinematics gives the fingertip position and orientation. The equation

can be expressed as:

C,b, =S, 0 x
Sy, —C, O
o = |2¢ @ y 2
’ 0 0 1 0 @
0 0 0 1
Algebraically, we come out with the four nonlinear equations.
C(p = C123 (3)
S(p = S123 4)
X = ClLl + LZCIZ (5)
y = S1L1 + L5, (6)
Based on these equations, the respective joint variables (6,,68,, 65) can be solved.
0, = Atan 2(y,x) — Atan 2(k,, k) (7
Where,
kl = ll + lzCz
ki =135,
62 = Atan 2(52 ,Cz) (8)
Where,
_ x%4y?-1%3-13
2= 2L1L, (©)

For a hand-finger model, the right-hand side value of equation 9 is always between -1 and
1. The physical interpretation of the values beyond these number is that the DP is

abnormally away from the actual finger position which is not our case.
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Sz = i\/l——CZZ
And,
0; = Atan2(S,,C,) == ¢ — (6, + 6,) (10)
The equations 7, 8 and 10 gives the rotation angles in MCP, PIP and DIP joints in the
human finger. However, the angles 6,, 6, &85 are always in the range as described by

table 1 above.
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3 THEDESIGN

3.1 Materials

Two different materials are chosen for the HE structure and the actuator. To meet the
requirement of strong and lightweight design, the HE structure uses PA 2200 polyamide.
This material has high strength and stiffness and resistance to temperature and chemical.

The properties can be found in Table 3 below.

Table 3: Properties of the PA 2200 used in the design of the HE (Shapeways 2017).

Properties Value Units
Density 0.45 glcm®
Tensile Modulus 1700 MPa
Tensile strength 48 MPa
Elongation at break 24 %
Flexural Modulus 1500 MPa
Flexural strength 58 MPa
Charpy-Impact strength 53 kJ/m?
Shore D - Hardness 75 -
Melting point 172-180 °C

Similarly, the material for the actuator is a shore A30 silicone. The material is a hyper-
elastic and elongates more than 450% of its original size. It is resistive to radiation, and
dilute base or acid and has a functional temperature range of -55°C to 180°C. The typical

properties of the material used can be seen from Table 4 below.
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Table 4: Properties of the Silicone Shore A30 in the actuator (ACEO 2017).

Properties Inspection Method Value
Hardness ISO 7619-1 30 SHA
Density DIN EN 1SO 1183-1A 1.10g/cm?®
Tensile strength ISO 37 Type 1 >6 N/mm?
Elongation at break ISO 37 Type 1 >450 %
Tear strength ASTM D 624 B >15 N/mm
Tear strength DIN 1SO 34-1-A >5 N/mm
Rebound resilience ISO 4662 60%
Compression set DINISO815-1 Type B <15%

(22h/175°C)

Furthermore, the materials have following properties suitable for the design of actuator

(Table 5).

Table 5: The typical characteristics of the Silicone Shore A30 in the actuator (ACEO

2017).
Characteristics Inspection Method Value
Limiting Oxygen Index EN 150 4589-2/ 25%
ASTM D2863
Dielectric strength IEC 60243-1 25kV/mm
Volume resistivity IEC 62631-3-1 6.4 x 10° Q cm
Dielectric constant (50 Hz) IEC 60250 2.8 ¢er
Dissipation factor (50 Hz) IEC 60250 2x10%*tan &
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3.2 Hand ExoskeletonFrame Structure

The designed HE includes 6 individual solid parts constrained by 5 joints as shown in
Figure 14 below. When worn, the parts P1, P2,and P3 fit the DP, MP and PP in human
finger respectively. Similarly, the part P4 associates the parts P5 and P6 that fits into the
palm and holds the HE. The first three joints, J1, J2, and J3 are revolute and individually
follows the DIP joint, PIP joint and MCP joints. These joints are designed to follow the
natural finger range and forbid any unusual or potential hazardous motion. The J4 is a
revolute joint that maintains comfortable wearing experience in the palm. Finally, the J5 is
a translation joint performing two distinct tasks. First, it helps to match the length of HE
digits with human fingers during extension and flexion, second, allows the flexibility to

fingers in sideways movement. The CAD modelling is made with Solidworks.

Figure 14.The CAD model of the designed HE model

The HE model is 3D printed with lightweight “strong and flexible” plastic as described
earlier in this chapter. As a result, the printed 3D model is lightweight and fits well in the
hand. The model smoothly follows the corresponding joints and digits as shown in Figure
15below. The revolute joints J1, J2, J3,and J4 is helped to adjust the rotation of finger



31

digits. While the translation joint J5 plays a key role in adjusting the length during
extension and flexion of the finger.

g,

"

J5

2053

P1

Figure 15.The 3D printed model of the designed HE model.
Similarly, the 3D printed model of HE achieves the rotational displacements as per
required by the human biomechanics. The degree of movements achieved by the 3D

printed model as when worn are presented in Table 5below.

Table 5: The movements allowed by the joints

Joints
Maximum J1 J2 J3 J4 J5
Rotation 75° 60° 45° 270 ° (un-worn) 10° (each left/right)

Translation Omm | Omm | Omm 0 mm 5 mm (front-back)
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3.3 Actuator Structure

To match the HE, two individual soft rotary actuators with silicone (hardness SHA 30) at
the DIP and PIP joints are designed. These actuators extend or flex the phalanges to
achieve opening and closing movement of fingers. The actuators are designed to follow the
rotary motion to match the revolute nature of the finger joints. One edge of the actuator is
inclined to approximately 62° along the X-axis while its opposite edge is kept 90° along the
same axis. Similarly, the upper dimension of the actuator is designed bigger than the lower
to achieve the rotary motion during the function. On the other hand, the DIP joint actuator
has only one opening for air inlet or outlet (Figurel6) while, the PIP joint actuator consists
2 openings for air flow (Figure 18).The DIP joint actuator is the last air chamber thus
requires single opening whereas, the PIP joint actuator acts as a bridge between the source
and DIP joint actuator thus requiring two openings. Despite this difference, the overall
dimensions of these two actuators are same (Figure 17).

16.5 mm

3 mm
10.5 mm

11 mm

Figure 16. The side view of DIP joint rotary actuator in the HE.
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Immx4mmx7 mm

Immx1mmx7 mm

I1mmx3mmx7 mm

Figure 17. The cross-section view of DIP joint rotary actuator in the HE. The internal and
external dimensions of DIP and PIP actuators are same.

Inflateable air chambers (Upper)

it to DIP joint actuator
Air from the tank

Inflateable air chambers (Lower)

Figure 18. The cross-section view of PIP joint rotary actuator in the HE
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The actuator dimension is chosen as to meet the functionality of the HE. Based on the
principle that extension at the top is greater than the extension at the bottom, four air
chambers are designed at the top to achieve bigger displacement than the lower with 3 air

chambers. The overall characteristics/dimensions of the actuators are presented in Table 6

below.

Table 6: The overall characteristics/dimensions of the silicone (SHA 30) actuators

Actuators
Characteristics/dimensions
PIP DIP
Upper length 16.5 mm 16.5 mm
Lower length 11 mm 11 mm

Contact Edges

12 mm % 20 mm at 90°/
10.5 mm x 20mm at 62°

12 mm % 20 mm at 90°/
10.5 mm x 20mm at 62°

No of inlet/outlet

2

1

Dimension of inlet/outlet

21.5 mm x 2 mm (inner)/

23.0 mm x 2 mm (outer)

21.5 mm x 2 mm (inner)/

23.0 mm x 2 mm (outer)

No of air chambers

4 upper/

3 lower

4 upper/

3 lower

Air chamber dimensions

Immx4mmx7mm
(upper)/
1 mmx3mmx7mm

(lower)

Immx4mmx7mm
(upper)/
Immx3mmx7mm

(lower)

Air passage dimensions

1 mmx1mmXx7mm

Immx1mmx7mm

Edge to air chamber

separation

1 mm

1 mm

Chamber to chamber

separation

0.5 mm — 1 mm (max)

0.5 mm — 1 mm (max)
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Based on the characteristics and dimensions mentioned, the final design of the HE was

achieved as in Figure 19 below.

HE Holder

PIP Joint Actuator

Figure 19. The final design of the HE in the project

Next, the air flow in the HE can be seen from the cross-section of the HE provided in

Figure 20 below.

Pressured Air
from source

~ Air in PIP Joint Actuator A i

Figure 20. The cross-section dimensions of actuators.
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3.4 The Control system

The HE is designed to follow extension and flexion of the digits with the air pressure
supplied from the source. For this, a pneumatic line is created with an electric DC pump
taken as a source. The unidirectional pump exerts the air pressure towards the HE via
pressure gauze. The required pressure is maintained as per pressurization of both actuators.
The extension in the HE is achieved with the inflation of actuators with the air pressure.
The constant pressure is maintained for the required period. And once when the flexion is
required, the pressure relief valve is opened thus releasing the pressure from the actuators.
When the air pressure is fully released from the actuators, the actuators return to their
normal position allowing flexion of the HE. The operation of the pump is controlled
electrically via EEG signals in the BCAFO project. The Figure 21 below shows the

schematic of the air pressure flow in the HE system.

Pressure Flow

//\*
\/

Pump 2
Pressure relief valve

L

Filter ‘

Source Tank

Figure 21. The schematic of the pressure flow in the HE system
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The motor used in the research is a unidirectional 12 VV DC motor. The pump is based on a
theory of vacuum pump capable achieving a maximum vacuum of 420 mmHg which is
enough for the research. The pump weight is approximately 50g which helps to make
lightweight and portable system. The motor used in the project can be seen in the figure
below (Figure 22).

Figure 22.The unidirectional motor used in the research
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4 RESULTS ANDANALYSIS

The result of the HE is mainly characterized by the performance of the HE frame and the
silicone actuators at PIP and DIP joints. The HE frame provides the guided path for the
natural movement of the hand. On the other hand, it constrains the unnatural movement
that are potentially hazardous to the hand-finger biomechanics. Similarly, the silicone
pneumatic actuators provide essential power to actuate the HE frame to achieve a finger-
hand motion for its purpose of rehabilitation and ADL. The performance of these elements
Is discussed below.

4.1 Performance of HE frame structure

The analysis of the HE frame is made with the Adams 2014 software. The trajectory of the
simulation result follows the desired path of the natural movement of the hand. The natural
resting state of finger-position makes some small angle along the x-axis. This angle is
divided in between DIP, MCP and PIP joints. The joints in HE frame forbid the digits to
move in upward direction assuring the safety of the user. However, the downward motion
Is encouraged to achieve the flexion motion of the hand-finger. Figure 23 shows the natural
resting position of an unactuated HE frame and Figure 24 shows the maximum extension
position of the HE frame achieved with HE simulation in Adams 2014. The simulation was

made for 15 seconds, in which 0 s represents the natural resting position.

Figure 23. The natural resting position of unactuated HE frame achieved from Adams.
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Figure 24. The maximum extension position of fully actuated HE frame achieved from
Adams.

The rotations at different joints can be seen from Figure 25 below.
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Figure 25. The rotation achieved by different joints in the HE frame
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The graph shows that the rotation achieved by PP, MP, and DP at MCP joint, PIP joint and
DIP joint are in ascending order. At resting position, the angle made by PP is 5°, MP is 20°
and DP is 30°. However, when the extension is applied, the angles in each joints increases.
The maximum rotation achieved by PP is 38°, MP is 75° and DP is 104°. This means,
during the operation of the HE, the freedom of rotation achieved by PP is 33°, MP is 55°
and DP is 74°.

On the other hand, Figure 26 shows the displacement achieved by each phalange in the

finger.
Hand_Finger_Model
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Figure 26. The displacement achieved by the different phalanges
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The graph shows that the highest displacement is achieved by the DP followed by MP and
PP. It can be seen that the average displacement for PP is 10 mm, MP is 30 mm and DP is

10 mm.

Similarly, Figure 27 shows the angular velocities achieved by phalanges during the
simulation of HE frame for extension and flexion. During the extension, the graph
converges together at a point meeting all at O rad/sec. Then the graph diverge away
reaching different maximum angular velocities for different phalanges. During the process,
the maximum angular velocity achieved by PP is 14 rad/sec, MP is 42.5 rad/sec and DP is
71.25 rad/sec.

Hand_Finger Model

750
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- = = Angular Velocity MP
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=
2 3001
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=
a
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00 : : . . .
0.0 50 100 150

Time (sec)

Figure 27.The angular velocity of DP, MP,and PP.
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Similarly, in order to ensure the reliability of the HE frame, the static stress analysis is
made with finite element method (FEA) using Ansys 2018. The analysis is made by
creating a mesh of the 3D CAD assembly together with the actuators. Figure 28 shows the
segment view of the FEA mesh model of the assembly.

[ ]
0,000 0,020 (m) ‘ 'J
|

0,010

Figure 28. The FEA mesh model of the HE frame-actuator assembly of MP-DIP joint

actuator-DP.

The result of the stress analysis of the simulation showed that the critical point is likely to
occur in the joints due to the cyclic load and constant interaction. However, due to the
strong material property of the PA 2200 polymer, the fatigue failure is unlikely to occur in

the HE under operational pressure.

4.2 Performance of Actuators

Actuators are the fundamental source of torque transmission in the HE performing hand-
finger extension and flexion. To do so, the pressurized air is pumped into the actuator by
anair pump and released by a pressure relief valve constantly as described in the previous
chapter. During the process, the soft silicone actuator inflates in a rotary motion because of
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its design making the revolute motion between the joints. The hyper-elastic nature of the
silicone helps to achieve the required continuous strain under the stress. Figure 29 shows

the stress-strain graph of the actuator under biaxial, uniaxial and shear stress.
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Figure 29. The stress-strain graph of the silicone SHA 30 actuator under biaxial, uniaxial

and shear stress.

Based on the material properties, the simulation result is presented. When the pressure is
fully applied to the actuator, the actuator undergoes deformation. During deformation, the
strain in the actuator is achieved in the surface of the actuator. The deformation results in
the displacement which is later transferred to the HE. Figure 30 and Figure 31 show the

zero deformation and 100% deformation in the DIP joint actuator.
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0,011458
0,0098208
0,008184
0,0065472
0,0049104
0,0032736
0,0016368
0 Min

Figure 30. The zero deformation of the DIP joint actuator

0,0016368
0 Min

0 0,01 {m})

0,005

Figure 31. The deformation achieved by the DIP joint actuator.
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The deformation in DIP joint actuator in Figure 31 can be illustrated graphically in Figure
32 below. The pressure is given for 1 s to reach full deformation as shown in the graph
below. The result achieved is a linear deformation. It is found that the minimum
deformation is 2.6506 x 10 m at 0.0245s and it increases linearly until it reaches
maximum deformation of 1.4731 x 10 m at 1s.

14731822
125e.2

182

L

[m]

7 563

5,e-3

2,383

0, 0125 025 0375 05 065 075 0875 1

[5]

Figure 32. The graphical illustration of the deformation achieved by the DIP joint actuator

L

Similarly, the result of equivalent elastic strain is presented in Figure 33 below. The figure
shows that the elastic strain increases linearly with increase in air pressure supply. From
the graph, it can be seen that the maximum equivalent strain occurs at the full supply
pressure. At this point, the maximum equivalent stress value is 0.46644 m/m. Due to this,
the critical strain point occurs in the edge of the first air chamber as shown in the figure
below. Similarly, the minimum equivalent stress occurs towards the opposite edge of the
air inlet. The minimum value of the equivalent strain is 1.1159 x 10® m/m and occurs in
the beginning when there is no air pressure supply. Likewise, Figure 34 shows the

graphical illustration of the equivalent elastic strain achieved by the DIP joint actuator
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Figure 33. The equivalent elastic strain of the DIP joint actuator

The graphical illustration of equivalent elastic strain is presented below.

0,46644
04—
—_ 03—
E
E
= 02—
01—
1,1159e-6 T T T 1 1 T T
o, 0,125 0,25 0375 05 0,625 075 0875 1,
[s]

Figure 34. The graphical illustration of the equivalent elastic strain achieved by the DIP

joint actuator
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5 CONCLUSION

The primary aim of this master’s thesis was to design a novel HE system capable of both
rehabilitation and ADL purposes. For this, a pneumatic soft actuator was designed and 3D
printed with silicone rubber with hardness 30 shore durometer. Similarly, the HE frame
was also CAD modeled and printed with high-performance polymer PA 2200. To ensure
the effectiveness of the design, a simulation of the system was modeled using ADAMS and
ANSYS using finite element analysis approach. The result of simulation provided the
qualitative information about the performance of the HE and the soft pneumatic actuators.
On the other hand, the quantitative analysis was achieved from the review of literature and
knowledge of hand biomechanics. These two approaches were significant in designing an

efficient HE system.

The simulation results showed that the actuators are capable of acting bi-directionally,
capable of extension and flexion. It further showed that the required displacement strain
and angles can be achieved with the designed actuators. Based on this, it can be concluded
that the system is adequate of delivering enough grab force for minor rehabilitation and
ADL purposes. On the other hand, the use of lightweight yet strong polymer PA 2200 for
HE frame and silicone actuators reduced the overall weight of the HE in comparison to the
existing HEs. This, on the other hand, helped to achieve a portability functionality of the
HE system.

The designed HE was very comfortable to use, to put on and to take off. Due to its modular
design by the advantage of additive manufacturing, the HE achieved the objective of
ensuring comfortability to the users. On the other hand, the safety of the HE was met by
constraining the unnatural hand-finger movements while the use of quality and strong
material reduced the risk of fatigue failure significantly as seen in the results of the
simulation. This thesis accomplished the objective of the design of simple portable HE.
The solution provided in the thesis was a straightforward approach.

From the qualitative and quantitative analysis, it can be concluded that the designed

pneumatic actuation system HE is more effective than hydraulic systems. With the fact that
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the hydraulic systems need a pressured tank and motor that are potentially difficult to carry
places and noisy, the pneumatic system stands higher although two systems work on
similar principle. However, on the other hand, the pneumatic systems are less accurate in
comparison to electric systems. The compressibility behavior of air decrease the accuracy

of the pneumatic system as this.

In summary, this thesis is capable of designing a simple and low weight pneumatic
actuated HE. And for future research on this topic, the actuation of the thumb is highly
preferred. The thumb biomechanics is more complicated than other fingers and thus adds

the challenge for improvement of the design of the HE.
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APPENDIX1

Total Deformation of the DIP Joint Actuator (Cross Sectional View)
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APPENDIX 2

Equivalent Elastic Strain of the DIP Joint Actuator (Cross Sectional View)

1 010371
0,051893
7,3522e-5 Min

Le.
0 0,01 () &
| I

0,005



	LIST OF ABBREVIATIONS
	1 INTRODUCTION
	1.1 Research Background
	1.2 Objectives and Research Questions
	1.3 Research Methods
	1.4 Overview of BCAFO project
	1.5 Structure of the Thesis

	2 OVERVIEW OF HAND-EXOSKELETON
	2.1 Characteristics of the Hand Exoskeleton
	2.2 Review of Literatures
	2.3 Effect of Human Biomechanics
	2.3.1 Anatomy of the Human Hand
	2.3.2 Mathematical Modeling of Human Hand Finger


	3 THEDESIGN
	3.1 Materials
	3.2 Hand ExoskeletonFrame Structure
	3.3 Actuator Structure
	3.4 The Control system

	4 RESULTS ANDANALYSIS
	4.1 Performance of HE frame structure
	4.2 Performance of Actuators

	5 CONCLUSION
	LIST OF REFERENCES

