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ABSTRACT

Upper limb amputation may severely affect the quality of life of amputees, as it hinders
their ability to perform daily activities, especially bimanual activities. For this reason,
numerous prosthetic solutions have been developed throughout the years.
Unfortunately, amputees sometimes reject such devices, with the most common reason
being dissatisfaction with various aspects of their design, such as appearance, function,
and ease of control. However, designing an anthropomorphic prosthetic hand that
replicates the human hand in its control, form and mechanical behaviour is exceedingly
difficult, due to weight and size constraints. Hence, prosthetic hands either lack
dexterous capabilities or make use of complex structures and subcomponents, resulting
in bulky and heavy designs that are less usable. This incongruence regarding
simplicity, dexterity and usability is one of the key issues in the development of

commercial prosthetic hands.

Thus, the aim of this work is to carry out a systematic exercise to seek a practical
solution that optimizes the trade-off involving these three attributes. Previous research
found in the literature has shown that despite the complexity of the human hand, the
variance in the patterns of human hand configuration and movements can be described
by a few parameters, giving rise to postural synergies (that is, common patterns of
hand configurations). It implies that effective coupling of joints can simplify the
control of the prosthetic hand as well as its design, while maintaining high dexterity.
This work exploits this concept through an innovative approach to develop a non-
dominant, minimal anthropomorphic prosthetic hand (that is, three active digits: the
thumb, the index, and the middle finger), for additional support during bimanual

activities.

The postural synergies of the minimal anthropomorphic hand when carrying out
bimanual activities were determined through a principal component analysis of new
experimental data. These synergies were then exploited by means of extensive
analytical and simulation work to develop a simple kinematic hand structure that
exhibits an acceptable and optimum dexterity while maintaining high usability of the
device. The effectiveness of the approach was then evaluated by developing and
constructing a prototype of a prosthetic hand based on the resulting kinematic
architecture. The final prototype, despite its simplicity, was able to execute various
daily activities using only four fundamental motions that are highly usable and

intuitive to the amputee.
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CHAPTER 1: INTRODUCTION

The human hand is a versatile, powerful tool which gives a vital contribution to the
dexterity of the human body. In fact, the upper extremities are an integral part of an
individual’s activities, communication, identity, and social interactions with others. It
follows that upper-limb loss is not only disruptive to one’s body image, it also affects
the amputee’s quality of life, including the psychological and social aspects [1].
Approximately, 22 million people worldwide suffer from upper-limb amputation [2].
Just in the United States, 541,000 amputees with upper-limb loss were reported in
2005, with the number of cases expected to double by 2050 [3]. Meanwhile, in the UK
and Italy, 5200 and 3500 upper-limb amputees are reported each year [4].

An effective artificial hand can help amputees regain the independence and
functionality that they had prior to the limb loss. For this reason, the field of prosthetics
has attracted a lot of interest over the years, especially when it comes to developing an
anthropomorphic prosthetic hand that mimics the human hand in its control and
function. In fact, a simple online search indicates that up to 2022, 17,100 publications
related to prosthetic hands were available, with 91% being published in the last decade
[5]. However, despite the technical and clinical advancement made regarding upper-
limb prosthetics, 24% to 70% of amputees are still abandoning their prosthetic devices,
which is a considerable percentage [6]. There are several factors that contribute to this
decision, with one of the most common factors being the device itself. This indicates
that there are still aspects of the prosthetic hands currently available that need to be

improved upon, such as the weight, cost, and ease of use.

One of the major engineering challenges encountered in this field is the difficulty to
develop a device that excels in each of the following important but contradictory

attributes related to prosthetic hands [7]:

o Simplicity, which refers to a design with the smallest possible number of
components incorporated in a compact design, each component having minimal
geometrical features and design variations whilst reducing the design constraints
on other components. This aims to develop a device resembling the human hand

in terms of weight and size that is reliable, affordable, and easily manufactured.

e Dexterity, which is associated with the Degrees of Freedom (DOF) (i.e., the

maximum number of independent joints) and the compliance of a device that
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allow it to perform a wide range of movements and force-related functions. It

ensures that the user can use such device to perform several daily activities.

e Usability, which refers to the qualities of the device that allow the user to
perform the required function with minimal effort and inputs. This ensures an

intuitive and reliable control system.

A sensible balance between these three attributes is crucial for a device to be effective
and accepted by the amputees. Therefore, the primary research objective of this work
is to carry out a systematic exercise to develop a practical solution that optimises the
trade-off between these attributes, while taking into consideration also the

anthropomorphism of the hand.

Previous research at the University of Malta had already tackled this issue with the
development of a minimal anthropomorphic artificial hand which includes only the
essential features of the human hand, (three active digits: the thumb, the index and the
middle finger) [8]. Hence, this work seeks to exploit and build on these results to
develop a mechanical device, referred to as MAProHand (Minimal Anthropomorphic
Prosthetic Hand), which is dexterous yet simple and with minimal control inputs
required. This should then facilitate the design of an intuitive and reliable control
system, based on Surface Electromyography (SEMG) signals (i.e., signals generated in
the skeletal muscles), which was developed concurrently in a separate study [9], as
part of the project entitled The Development of the Mechanical and control Framework
for a Minimal Anthropomorphic Prosthetic Hand (MAProHand) [10]. The
MAProHand project was carried out at the University of Malta in collaboration with
the company, Orthopaedic Centre Malta [11]. This project was funded by the Malta
Council for Science and Technology under the 2018 Fusion Technology Development

Programme [10].
The primary objective of this research was divided into smaller goals as follows:

e Familiarization with the prosthetic hands available on the market and the
discussion in the literature of the different techniques implemented to reduce the
dimensionality of the prosthetic hand, with the aim of reducing the number of
control inputs required, while maintaining a high dexterity and a simple design

(Chapter 2).
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e Identification of the required specifications of the prosthetic hand with reference
to the amputee’s needs, which will make it more acceptable to amputees
(Chapter 3).

e Identification, through experiments on human volunteers and analytical work, of
the bare minimum movements/grasps (i.e., the smallest possible number of
control inputs) that a minimal anthropomorphic prosthetic hand must be capable
of, to perform a range of daily activities. This step optimises the balance between
dexterity and usability, while it paves the way for a simple design (Chapter 4).

e Development of a simple hand model capable of attaining the identified
movements/grasps, while taking into consideration also the overall aesthetic of
the hand. This ensures that the hand has sufficient dexterity for day-to-day
activities, and that its design is simple and natural as much as possible (Chapter
5).

e Practical manifestation of the approach considered in this project by designing
and constructing a prototype of MAProHand, based on the previously developed
hand model (Chapter 6).

e Investigation of the effectiveness of the approach by evaluating the general
characteristics and performance of MAProHand in different daily activities, and

where possible, comparing it with other prosthetic hands available (Chapter 7).

As can be seen from the above, this thesis is structured in a way that each of the above

objectives is addressed in a separate chapter.




CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

This chapter examines the autonomy of the human hand, its importance in everyday
tasks and the wide range of prosthetic hands currently available to compensate for
upper-limb loss. However, as with any technology, current prosthetic hands have their
own limitations. Thus, through a thorough literature review, the challenges
encountered in the development and the strategies employed to overcome them will be

discussed to offer a comprehensive understanding of this evolving field.

2.2 ANATOMY OF THE HUMAN HAND

The hands are responsible for most of a human being’s mechanical interactions with
their surroundings. They allow humans with different occupations and lifestyles to
perform a considerable number of different activities, from exerting high forces to
performing very precise movements. This dexterity is highly attributed to the complex

architecture of the human hand. [12], [13].

The human hand is made up of twenty-seven bones, divided into three groups: eight
carpal bones, five metacarpal bones, and fourteen phalanges, Figure 2.1. The
nomenclature that will be used to refer to the position of these hand elements with

respect to the three spatial directions can be found in Figure 2.2 [12], [13].
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Figure 2.1: Palmar view of the bones and joints of the right hand [13]
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Figure 2.2: The terminology used to identify the position of the hand elements with respect
to the three spatial directions [12]
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The carpal bones are in the wrist and connect the bones in the forearm with the base
of the five metacarpal bones, where four of these metacarpals form the palm of the
hand. Each finger (i.e., the index, the middle, the ring and the little finger) then consists
of three phalanges: proximal, middle, and distal phalanges, which become
progressively smaller towards the end of the hand. On the other hand, the thumb only
has two phalanges, with the middle one missing. These phalanges have a semicircular
cross section with the palmar surface being almost flat, as opposed to the cylindrical

shape of the metacarpals [12], [13].

These bones are linked together by different joints. From Figure 2.1, one can observe
that each digit has four joints; Carpometacarpal (CMC), Metacarpophalangeal
(MCP), Proximal Interphalangeal (PIP) and Distal Interphalangeal (DIP) joints,
except for the thumb, which has only one Interphalangeal Joint (IP). These joints are
of the synovial type, which is the only type of joint present in the human hand, due to
its structural characteristics which allow for smooth movement between the adjacent
bones. In fact, these joints have a complex internal structure, Figure 2.3, which is
comprised of the ends of the bone, the articular cartilage, synovial membrane, the
articular capsule synovial fluid and in some cases also the bursae. Outside of their
articulating surfaces, ligaments support the joint by connecting the bones together and

preventing excess or abnormal joint movement [14].
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Figure 2.3: Synovial Joint [14]
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Synovial joints can be further divided into six types: pivot, hinge, saddle, plane, ball
and socket, and condyloid joints. Each type has its own function which defines the
motion of the body/human hand and its limitation. The four types of synovial joints

found in the human hand are outlined in Table 2.1; these allow the digits to perform

different movements, some of which are shown in Figure 2.4 [15].

Table 2.1: Summary of the joints found in the human hand (adapted from [14],[15])

, Degrees of ,

Joint Type Freedom Allowable Movements Joints

Plane N Flexion/Extension Intercarpal joints of the wrist and
: == D) o

Joints N Lateral Deviation palm
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Joints ] Circumduction thumb

. Flexion/Extension s
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Figure 2.4: Some of the allowable movements of the digits [15]

Hence, each finger has four DOFs: two DOFs at the MCP joint (Flexion
(FLEX)/Extension (EXT) and Abduction (ABD)/Adduction (ADD)), one DOF at the
PIP joint (FLEX/EXT) and another DOF at the DIP joint (FLEX/EXT). The DOF
(FLEX/EXT) at the CMC joint of the fingers is nominal, with the mobility of the joint
decreasing to nil, from the fifth to the second CMC joint. Although the Range of
Motion (ROM) of the fourth and fifth CMC joint is limited, it is necessary for the ring
and little finger to oppose the thumb [16].

Meanwhile, the thumb has five DOFs: one FLEX/EXT movement at the IP joint and
two DOFs (FLEX/EXT and ABD/ADD) for both the MCP joint and the CMC joint,
with the mobility of the MCP joint being limited in the ABD/ADD direction. It is
important to note that in literature the plane of the FLEX/EXT and ABD/ADD of the
CMC joint is sometimes interchanged. This work will make use of the terminology
shown in Figure 2.5. The thumb also exhibits pronation and supination, which is the

twisting motion of the digit. However, Cooney et al. [17] demonstrated that this twist

6
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is not another DOF and that its magnitude is dependent on the amount of FLEX and
ABD of the CMC joint. Hollister et al. [18] then showed that this is because the CMC

joint consists of two non-intersecting, non-orthogonal axes.

L. |
Extension F{exlion' /| Abduction
\ ‘.‘:_":‘.:-'_l 1 [ '\';
| Adduction

l
Figure 2.5: The o degrees of freedom of the thumb CMC joint [15]
The typical ROM of each of these DOFs are listed in Table 2.2, and it considers only
the motion that can be achieved without any external forces [19]. By combining these
DOFs, the hand is then able to formulate different movements, such as thumb
opposition, and various postures to grasp and manipulate different objects [20].

Table 2.2: Typical range of motion of the degrees of freedom of the human hand [19]

Joint DOF Typical ROM (°)
Thumb CMC EXT/FLEX 0-65
ADD/ABD 0-80
Thumb MCP EXT/FLEX 0-45
Thumb IP EXT/FLEX 0-90
#2-5 Finger MCP EXT/FLEX 0-90
ADD/ABD 0-20
#2-5 Finger PIP EXT/FLEX 0-120
#2-5 Finoer DIP EXT/FLEX 0-90

The joints are actuated by muscles, which are connected to multiple bones, through
tendons and a tough band of fibrous connective tissue. These muscles are found in the
forearm, wrist, and hand, and can be divided into two main groups: extrinsic and
intrinsic. The extrinsic muscles originate primarily in the forearm and are used to move
the digits of the hand and provide strength. The intrinsic muscles are smaller and
originate primarily in the hand itself; they are responsible for providing precise
coordination for the fingers. Hence, for good coordination of hand movements, each
digit is actuated by both types of muscles. However, various joints experience
mechanical coupling due to biomechanical constraints, such as interconnections
between tendons, interdigit webbings and multidigit insertions of extrinsic finger
muscles. A common example is the dynamic coupling between the PIP and the DIP
joint, where the DIP joint expresses some degree of movement when the PIP joint is
moved. For this reason, the human hand is often considered an underactuated system
[14], [15]. The hand is said to be in the relaxed posture when all its muscles are not

working [12], [13].




Chapter 2 : Literature Review

A human being is able to instruct the muscles to move the arm, hand, fingers, and
thumb by transmitting singles from the Central Nervous System (CNS) (i.e., the brain
and the spinal cord) to the muscles via the motor neurons that pass through the nervous
system of the hand. The three main nerves innervating the hand are the radial, median
and ulnar nerves. All these nerves travel together from the shoulder to the wrist where
they split up into numerous minor branches to innervate separate and distinct areas of
the hand. They also carry signals back to the brain that have to do with sensation, such
as temperature, touch, and pain. The neurons that transmit these signals are known as

sensory neurons [15].

This section highlights the complex architecture of the human hand and demonstrates
the astounding ability of the CNS, which can effortlessly select appropriate muscles to

perform specific hand movements despite the several DOFs available.

2.3 THE LOSS OF THE HUMAN HAND

In the light of the description of the human hand in the previous section, it is
understandable that upper-limb loss may be perceived as a traumatic event. It has
lifelong consequences that affect both the personal and the social aspects of the
individual’s life.

The upper extremities allow human beings to perform anything from gross to fine
motor skills, that, when combined, enable the execution of crucial activities for
independent living [21]. These activities are known as Activities of Daily Living
(ADLs), which can be divided into Basic Activities of Daily Living (BADLs),
Instrumental Activities of Daily Living (IADLs) and Enhanced Activities of Daily
Living (EADLs). BADLSs refer to basic activities one performs to take care of oneself;
they include grooming, feeding, dressing, transferring/ambulation, toileting, and
bathing. Meanwhile, IADLs are higher-functioning activities which include shopping,
housekeeping, transportation, telephone use, food preparation, laundry, the handling
of finances and responsibility for one’s own medications. On the other hand, EADLs
include participation in social and enriching activities such as learning a new skill [22].
Hence, the human hands are an integral part of an individual’s communication,

activities, self-identity, and social interactions with others.

It follows that upper-limb loss adversely affects the amputee’s lifestyle and quality of
life, by reducing their level of autonomy when performing these ADLs. In fact, Jang

et al. [23] found that 69% of respondents became unemployed or changed occupation
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mainly because they could not perform as well. All these factors may have negative

implications on one’s sense of self-esteem and psychology [1], [24].

However, living with the loss of an upper limb may be inevitable as a result of
congenital anomaly, trauma (such as accidental injury and severe crush injury) or
medical conditions (such as malignant tumour and vascular/infectious diseases).
Depending on the case, the hand may be amputated at various anatomic levels, which
include transcarpal, wrist disarticulation, transradial, elbow disarticulation, trans-
humeral, shoulder disarticulation and forequarter, Figure 2.6. As a general rule, a
longer limb is preferred due to the number of joints that remain intact, which means
higher functionality for the amputee [25]. The most common type of upper-limb loss
is transcarpal, with 61%, followed by trans-humeral and transradial with 16% and
12%, respectively. Only 3% suffered bilateral limb loss, which refers to the loss of
both limbs [4]. Thus, this work focuses primarily on unilateral amputees, namely,

people who had one of their hands amputated.
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Figure 2.6: Levels of Upper-limb Loss [27]

After surgical recovery, amputees tend to go through three different stages, similar to
grieving, which are disbelief, realisation and adaptation [26]. The realisation stage is
the most important step as the amputee is faced with the chance to start accepting this
loss and adapting accordingly. Therefore, it is crucial that during this period amputees
are provided with effective rehabilitation aimed at helping them adjust and giving them
the best opportunity to regain maximal function in tasks of daily living as quickly as

possible [21], [27].

People with limb loss tend to rely heavily on their intact limb during everyday life, but
the importance of both human hands and arms in daily activities should not be
underestimated [28], [29]. This is because we live in a two-handed world, where a lot

of daily activities require participation of both hands, each hand helping the other in a
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harmonious manner. In fact, problems for amputees usually arise from the inability to
execute tasks which require the use of both hands, such as tying shoe laces, cutting
food and buttoning clothes, rather than from predominantly one-handed activities such
as writing (in the latter case, even if the amputee is missing his/her previously
dominant hand, the function of the residual hand can be vastly improved through
targeted training [30]). As a result, one-handed people may seek less public contact or
vocational and social places to avoid embarrassing situations related to the difficulty
in performing tasks requiring both hands; this will gradually lead to a loss of one’s

own security and self-pride in all tasks [31].

To help with this transition, two hands, or at least a substitute, are needed, such as the
prosthetic hands designed to maintain the appearance and function of a regular hand.
While it is possible that amputees try to adapt and manage daily tasks using only one
hand and aids such as non-slip mats and fixating boards, a functional prosthesis offers
greater independence through an increased activity level, which in turn may improve
one’s mental health [21], [32]. This highlights the importance of an effective prosthetic

hand that caters to the amputee’s needs.

2.4 UPPER-LIMB PROSTHETIC DEVICES

2.4.1 INTRODUCTION TO UPPER-LIMB PROSTHETIC DEVICES

Throughout the years several prosthetic solutions have been developed to help
amputees restore the function and form of their lost extremity, with the earliest
example being a toe belonging to an Egyptian noblewoman, dated to between 950-710
B.C [33]. Given the importance of the human hand, several upper-limb prostheses are
currently available for either research or commercial purposes. Typically these
prostheses consist of four major components, which include a terminal device, a wrist,
a socket and a control system [34], [35], Figure 2.8, which can then be covered with a
flesh-tone cosmetic glove. Differences in these main components give rise to three
main types of upper-limb prosthesis; passive, active and hybrid prostheses, which can

be further divided as shown in Figure 2.7 [21], [27].

All these types of upper-limb prosthesis have their benefits and limitations. The most
common type of prosthesis, based on a survey carried out by Ostlie et al. [32], was the
myoelectric (34%), followed by body-powered (30%) and cosmetic (23%) prostheses,

with the majority of the amputees wearing their prosthesis more than four hours daily.

10



Chapter 2 : Literature Review

The following sub-sections will discuss in more detail the different types of prosthetic

hands available.

Upper Limb
Prosthesis
Passive Active Hybrid
Cosmetic Body- Externally
powered powered
Functional VOI“nFﬂfy Myoelectric
Opening control
Voluntary Electric
Closing control

Figure 2.7: Classification of Upper-limb Prostheses (adapted from [21], [27])

Control system Wrist

Socket Terminal Device

Figure 2.8: Typical components of a prosthetic hand (adapted from [33])

2.4.2 PASSIVE PROSTHESES

Passive prostheses are prosthetic hands which do not have any electronically or
mechanically moving parts. They can be classified as cosmetic and functional
prostheses. Cosmetic prostheses, Figure 2.9(a), aim at providing a life-like appearance
of the missing body part. Thus, they are lightweight, and may be covered with high-
definition silicone that closely matches the person’s skin tone, or with a more basic-
production glove. Even though cosmetic prostheses do not have any active moving
joints, they may improve the person’s functional capabilities such as pulling, pushing,
supporting, and stabilizing. Meanwhile, functional prostheses, Figure 2.9(b), have a
more mechanical appearance as they are designed to facilitate one specific activity
(usually related to sport or work). This type of prosthesis is especially required for
activities where two hands are needed but using the residual limb or even other types
of prostheses is not a viable option, due to fear of injury/damage and/or lack of
functionality regarding the intended activity. Both types of prosthesis can be either

static (i.e., they do not move at all) or adjustable. This adjustability offers the amputee
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the option to orient various parts of the prosthesis or to adjust the grasping mechanism

to improve its function [21], [27], [36].

(2) (b)

Figure 2.9: Cosmetic prosthesis [37] [38]

2.4.3 ACTIVE PROSTHESES

2.4.3.1 Body-Powered Prostheses

The body-powered prostheses are controlled by the movement of the amputee’s sound
limb, which is captured through a harness and a cable, Figure 2.10. Various terminal
devices may be fitted on the prostheses, such as a hook or a hand. The amputee may
then opt to interchange the different devices, depending on the situation. For example,
a hand would be preferred in a social setting. Specialised work devices may also be
used to maximise the actions of the amputee, especially in cases of activities where

traditional devices are not adequate.

harness
Scapula anchor
(ball and socket)
Triceps cuff
Cable

P Terminal device (TD)

Figure 2.10: Body-powered system [40]

However, to maintain the simplicity of the body-powered prostheses, only one cable
is used. This means that only one joint can be controlled, and in one direction.
Consequently, a decision must be made on how to best use the active force generated
by the user. There are two ways how this can be implemented, which are voluntary

opening and voluntary closing [39]. Voluntary-opening terminal devices are the most
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common; they open when the cable is pulled, while a rubber band or a spring causes
them to close again. On the other hand, the spring in a voluntary-closing device keeps

it open; it closes by means of the cable.

Body-powered prostheses may be found lacking as regards cosmetic appearance, but
they are lightweight, low-cost and durable. They can also provide some feedback
through the tension in the control cable, and can be made waterproof. However, for
the amputee to be able to use the device in all positions, especially overhead, s/he must
have the ROM and strength to adequately pull the cable, which leads to high
expenditure of energy. Nonetheless, people engaged in manual labour may favour such

prostheses due to their basic function and durability [21], [27], [40].

2.4.3.2 Externally Powered Prostheses

Externally powered prostheses exploit an external power source (e.g., a battery pack)
and actuators to provide power and movement to the prostheses. There are two main
categories, electric and myoelectric prostheses, where the main difference is in the way

they are operated.

For electric prostheses, people use external controllers, such as buttons, to operate the
device. Thus, they are more suitable for people who have short/malformed limbs [27].
Meanwhile, myoelectric prostheses capture the amputee’s intent through
Electromyography (EMGQG) signals read from different muscles of the residual limb or
upper body, depending on the level of amputation. This gives myoelectric devices a
more ‘natural control” when compared to other prostheses, which is why such devices

are most used and will be the focus of this project.

Similar to body-powered systems, several terminal devices are available for
myoelectric prostheses, with the most popular being motorized hands. These can be
further grouped into two classes: single-degree-of-freedom and multiarticulating.
Single-degree-of-freedom hands are the most durable type of myoelectric hands and
can exert the most pinch force. This is because they only have one motor to open and
close the hand. However, due to their simple design they are limited in the number of
tasks whereby they can help the user. Examples of single-degree-of-freedom hands are
the VASI hand [41] and the SensorHand Speed by Ottobock [42]. On the other hand,
multiarticulating hands closely replicate the shape and size of the human hand, with
commercial devices usually being available in different sizes. Due to their

anthropomorphic nature, multiarticulating hands will be the focus of this work.
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Examples of commercially available myoelectric multiarticulating hands include the
Michelangelo Hand [43], the i-Limb Quantum [44] and the BeBionic Hand V3 [45],
Figure 2.11.
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Figure 2.11:(a) The Michelangelo Hand [43], (b) the i-Limb Quantum [44] and (c) BeBionic
Hand V3 [45]

Commercial multiarticulating hands have different joints resembling the human hand.
In fact, the fingers of such devices typically consist of a proximal joint, equivalent to
the human MCP joint, and a single distal joint that emulates the shape of the PIP and
DIP joint of the human hand. However, other kinematic designs do exist. In fact, the
Michelangelo finger only has one joint, which corresponds to the MCP joint of the
human hand. Meanwhile, the thumb in most prostheses is actuated in the FLEX/EXT
direction and along the circumduction axis, with the distal joint also being actuated in
some cases [46]. These joints are usually rigid (i.e., fixed, mechanical elements, such
as pins, are used to connect the different links), but novel solutions, such as flexible
and dislocatable joints, where elastic and flexible elements (e.g., springs), are used to
introduce compliance in the joints, are gaining more popularity [47]. Examples of
prosthetic hands that make use of these types of joints include the Pisa/IITSoftHand
[48] and the Alpha Hand [49].

The different joints of the prosthetic hand are then driven by multiple actuators, which
can also be combined with stiffness or impedance modulation to introduce compliance
in the actuation mechanism. However, rigid actuation is more commonly used [47].
This involves an actuator, placed in either the palm or the proximal phalange, for a
more compact design, that can reach and hold a specific position even in the presence
of external loads applied to its output. Commercial prostheses tend to utilise Direct
Current (DC) motors due to their weight and size. There are two types of DC motors
available, namely, brushed, and brushless. Brushed motors are more common due to

their ease of control, but brushless motors tend to provide higher torque-to-weight
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capabilities and generate less noise. Regardless of the type of DC motor utilised, a
drive reduction, such as gears and even a harmonic drive, is usually required to reduce
the speed and increase the torque supplied by the actuator. Many prostheses also
include Non-Backdriveable Mechanisms (NBDMs) to hold the position of the digits,
and thus, the high grip forces, without continuously draining the battery. Examples of
common NBDMs include worm gears and leads screws. Compliant features, such as
collapsible linkages, can then be introduced in the design as a precaution against

breaking the fingers due to unexpected, excessive force [46].

However, to simplify the mechanical design, the number of motors in a prosthetic hand
is usually smaller than the number of joints. Thus, some prostheses may manually
power one of the joints, usually the thumb circumduction joint as in the BeBionic Hand
[45]. Otherwise, several joints, such as the MCP and the PIP joints of the fingers, are
coupled together [46]. Mechanisms used to couple the different joints will be discussed

in more detail in Section 2.8.2 (on p.27).

Despite the resulting reduction in dimensionality when compared to the human hand,
these devices can still offer a wide selection of grasp patterns which the amputee can
exploit during daily activities. For example, the BeBionic Hand, with only six DOFs
and five actuators, can attain fourteen different types of grasp, Figure 2.12, [50].
Depending on the actuation and transmission system, the prostheses may even allow
the amputee to customise grasps that suit their lifestyle and preferences through

software and wireless technology located within the hand [45]. Combined with the

Figure 2.12: The different grasp types that can be attained by the BeBionic hand v3 [50]
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various wrist options currently available, this further increases the functionality of the

hand, as it allows amputees to place the hand in a better position relative to the object.

To ensure that the task object is grasped with ease, some prostheses integrate soft
finger pads, wide thumb profile, and padded palm (other benefits of the padded palm
include protection of the internal mechanism and the grasped object, as well as
reduction in the noise generated by the motors); this enhances the grip on the object.
Features such as proportional speed control (i.e., precise control, suitable for delicate
activities, such as holding an egg), auto grip function (i.e., the grip is automatically
adjusted when it senses that the gripped item is slipping) and sense of touch (i.e.,
vibrations in the forearm that give the amputee cues when the prosthetic hand is in
contact with the object) might also be included in the device for better control [45],
[51]. Thus, the amputee only needs to make sure not to damage the device, by being
careful not to exceed its maximum carrying capacity, which is highly dependent on its
construction. In fact, the carrying capacities of the Michelangelo Hand and the

BeBionic hand are 20kg [52] and 45kg [45], respectively.

For the amputee to be able to exploit these grip patterns, s/he must be able to give the
prosthetic hand distinct and reliable commands based on his/her intentions. Given that
individuated movements are not that critical for day-to-day activities, each grip pattern
can be associated with a specific command, which is less tedious than having to actuate
each finger individually. As discussed previously, in myoelectric prostheses, EMG
signals are used to capture the amputee’s intent. Techniques such as Surface
Electrodes, Targeted Muscular Re-innervation [53] and Intra-Muscular Wireless
EMG transceivers [54] can be used to read these EMG signals. Surface electrodes are
the most common interface used in commercial products as they are less invasive [46],

[47].

However, the information conveyed by the EMG signals is limited compared to the
large number of grip patterns available. For this reason, commercial prostheses make
use of different control schemes such as sequential schemes and movement triggers.
External sources of information for grip selection have also been used, such as a
mobile phone app, gesture control and passive radio frequency identification tags [21],
[27], [55], [57]. In recent years, control systems based on pattern recognition have also
been developed, where several electrodes are used to detect several repeatable signal
patterns for different human contractions. There are only a few pattern recognition

systems available on the market, with the Coapt Complete Control [58] being the first
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system commercialised in 2014 followed by the Ottobock Myo Plus System [59]. The
state of the prosthetic hand is then communicated to the amputee through visuals,

audible sounds, and vibrations.

However, state-of-the-art prostheses with multi-DOF, feedback and myoelectric
control, are very expensive, and can range from around 20,000Eur to 100,000Eur
[60]. This is in addition to the required maintenance required, which will also be
expensive. Thus, in recent years, with the innovation of 3D printing (an additive
manufacturing process which will be discussed in more detail in Section 6.4.1.1 (on
p.155)), 3D-printed prosthetics are gaining popularity as an inexpensive alternative.
Other benefits of 3D-printed prostheses may include customisation, better fit and light
weight, but they tend to be inferior in performance and robustness when compared to
the traditional commercial prosthesis [61], [62]. While there are not a lot of 3D-printed
prostheses available on the market, examples of such prosthetic hands are shown in
Figure 2.13, and include the Hero Arm [63] and the TrueLimb [51], while Limbitless

[64] is currently in the clinical trial phase.

(©)

Figure 2.13: (a) the Hero Arm [63], (b) the TrueLimb [51], and (¢) Limbitless [64]

Table 2.3 compares the general characteristics of the different anthropomorphic

prosthetic hands currently available [21], [27].

2.4.4 HYBRID PROSTHESES

Hybrid prostheses, as the name indicates, combine externally powered and body-
powered components into one device. They are typically used for shoulder
disarticulation or transhumeral prostheses, where a myoelectric terminal device is
attached to a body-powered elbow. Hybrid prostheses allow the user to operate both
components simultaneously, while taking advantage of the higher gripping force of the

powered hand and the light weight of the body-powered elbow [21].
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Table 2.3: Published general characteristics of commercially available prosthetic hands

Michelangelo i-limb Quantum ~ BeBionic Hand The Hero Tru?lf'm b
Hand [43] [44] v3 [45] Arm [63] [51]
Developer Ottobock Touch bionics Ottobock (.)petn D sriiE2g)
bionics Tomorrow
Weight 450-680
without 460 432-518 402-689 277-336 (including
battery (g) socket)
Height (mm) 160 154-183 162-188 165-178 customized
Width (mm) - 72-86 72-85 70-80 customized
Thickness - 35-39 50 48-55- customized
(mm)
Number of 6 11 11 10 14
Jjoints
No of 3) 6 5 3-4 =
actuators
No of DOFs 2 6 6 8/10 14
Passive ) ) Thumb Thumb IP Thumb CMC
DOFs CMC joint joint joint
Actuation ) DC motor — DC motor — lead DC motor- )
Method Worm Gear screw tendons
Toint Tendon Tendon
C 0";. Cam design with Tendon linking Linkage spanning linking to linking to
OUPUNS | Jinks to all fingers ~ MCP to PIP MCP to PIP MCP tothe ~ MCP to the
mechanism . .
fingertip fingertip
No. of grip 7 24 14 4/6 6
patters
Maximum Hold up to Hold up to Hold up to
applied force oy 90kg sfolll i 1045455 8kg 6.8kg
Adaptive grip No Yes Yes Yes Yes
Different Hold open, Co- Flexine and
Movement Switching modes  double impulse, . ne Hold and
. . . . contraction/open- relaxing the .
command available, in 4- triple, impulse, . . pulse signals
. open signals wrist
channel control co-contraction
Audible beeps LEDs and o
Feedback No No and/or Vibration Vibration Vibration

2.5 ACCEPTANCE AND REJECTION OF PROSTHESES

From cosmetic hands to myoelectric multiarticulating hands, prosthesis design aims to
satisfy the various needs and desires of people with upper-limb absence. Nonetheless,
the percentage of amputees that abandon their prosthesis is high [6], [65]. The reason
for this may be a lifestyle choice based on one’s values, needs and perspective.
However, it may also be the result of external factors, which include availability,
insurance, and limited technology. Understanding the motivating factors behind the
use and abandonment of prostheses is important for researchers trying to improve the
design of the prostheses [66], [67], [68], and thus it will be discussed in further detail

in this section.

The Anderson behavioural model for healthcare-service utilization was adapted by

Biddiss and Chau to the rehabilitation of individuals with upper-limb deficiency,
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Figure 2.14. It explains and/or predicts the utilization of prostheses through the
influence of the following roles: (1) the predisposing characteristics of an individual,

(2) the established need; (3) the enabling resources [66], [67].

Predisposing Established Need Enabling Resources Use of Health
Characteristics Services
* Gender = Age-specific = Rehabilitation Centre
. Origin of Iimi? !oss L fu_nctional needs | " Family/peer support || * Prosthesis
» Medical conditions = Lifestyle-related networks acceptance and
» Hand dominance needs = Community/social abandonment
= Level of limb loss networks

Figure 2.14: The adaptation of the Anderson behaviour model of health service utilization to the
management of upper-limb deficiency [67]

From a review of twenty-five years of literature, the predisposing characteristics that
define an individual (e.g., gender) and his/her condition (e.g., level of limb loss) could
be factors that influence prosthesis acceptance and use. One of the most widely studied
predisposing characteristics is the level of limb loss, which emerged as a primary
disposing factor in prostheses usage. Acceptance of prostheses tends to diminish with
a higher level of limb loss, where the prosthetic devices are usually heavier and require
more energy to operate, and partial hand amputations, due to the lack of sensory
feedback for grasp control and tactile sensation. Gender and age also play a role in the
selection and usage of prostheses. In fact, females tend to opt for more
anthropomorphic devices, but usage of prostheses tends to diminish with age [6]. Still,
there was a lack of correlation between the loss of the dominant hand and the
acceptance of the prostheses. This could be due to the fact that in unilateral limb loss,
the remaining hand is the best substitute for manipulation, while the prosthesis usually

assumes the functional role of the non-dominant hand [66], [67].

However, unless the amputees regard prostheses as a need to continue taking part in
life activities, they will not justify their usage [67]. Prostheses are required in particular
for difficult daily activities, which include those that require both hands, delicate
movements and/or significant force from the distal extremities. In fact, unilateral
amputees tend to make more use of their prostheses for bilateral activities such as tying
shoelaces, opening a bottled beverage, using scissors, buttoning shirts, and closing a
jacket zipper. Meanwhile, the prosthesis is less utilised in unimanual activities, such
as moving a PC mouse [32] [23], [69]. Table 2.4 lists the challenging activities
reported by the participants in the Biddiss et al. survey [70]. Nonetheless their lifestyle

will also play a vital role in their choice of prostheses. For example, people who have
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occupations which require interaction with others and are concerned about their body
image may reject prosthetic devices which may be more functional in favour of those
that improve their appearance. Also, not all the amputee’s functional needs may be
met by just one prosthesis. Hence, it is good clinical practice to use several different

prostheses that can complement each other [66], [67].

Table 2.4: The challenging activities reported by participants that took part in the Biddiss et al.
survey [70]

Activity Detailed description Frequency

Household chores Repairs and household maintenance (i.e., car repairs, shoveling snow, gardening, 40%
electrical work); general housework (i.e., vacuuming, dishes, cleaning); use of
tools (i.e., hammer, power tools, shovels); heavy lifting; climbing (i.e., ladders)

Sports Cycling; swinging sports (i.e., golf, baseball, tennis); monkey bars/climbing; 30%
swimming; exercising; rock climbing; boating (i.e., canoeing, kayaking); ball
sports (i.e., basketball, volleyball)

Hobbies Playing a musical instrument (i.e., guitar, piano); motorbike and airplane control; 22%
woodworking and crafts
Activities of daily living Food preparation and eating (cutting food, peeling, slicing); dressing (i.e., zippers, 19%

buttons, laces, pantyhose, ties); hair styling; typing; washing/personal hygiene;
childcare; driving

Social activities Intimacy (i.e., sex, hugging); clapping; shaking hands; passing through airport 8%
security; dancing

Occupational activities Operating heavy machinery and large vehicles (i.e., farming equipment, trucks); 6%
training to be a doctor, surgeon, chemist etc.; law enforcement

Amputees also live in a complex environment (i.e., the physical, social, and attitudinal
environment). An environment with facilitating factors has the potential to positively
influence the adaptation of prosthetic devices by limiting the effect of certain barriers.
Hence, in addition to the need for a prosthesis and predisposition, there must also be
constructs that facilitate prosthesis acceptance. These environmental factors can be
mainly categorised as: (1) products and technology, (2) attitudes, (3) support and
relationships [66], [67], [68].

The prosthesis itself is one of the environmental factors most commented on. It can
facilitate everyday life for people with upper- . However, if the prosthesis does not
satisfy the individual’s needs regarding its efficiency, relevance, and learnability, s/he
will not use it as it will not be worth the effort. The amputee community is dissatisfied
with various aspects of the prosthetic design, including, appearance (i.e., life-like
appearance under clothing), comfort (i.e., weight, comfort of harness and
heat/perspiration), function (i.e., grip strength, noise, dexterity, grasp of big and soft
objects, greater finger movement, longer-lasting batteries and wrist movement), ease
of control (i.e., sensory feedback, frequency of unplanned movements, ability to keep
objects from slipping, coordination of multiple joints, and physical effort needed to
use), maintenance (i.e., glove staining and tearing, ease of cleaning, resistance to
moisture/sand/dirt and frequency of minor repairs) and cost (i.e., cost of prosthesis and

repairs) [68], [71], [72].. Addressing these issues would benefit all users and could
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also reduce rejection rates. In fact, in [66], 74% of the prosthesis rejecters stated that
they would reconsider the use of a prosthesis if advancements were made at a

reasonable price.

Ultimately, the acceptance of the prosthesis depends on the individual’s positive
attitude toward the prosthesis itself and their approach to the new lifestyle.
Widehammar et al in [68] observed that the users of a prosthesis on a daily basis felt
more comfortable wearing the prosthesis in public as it drew attention away from their
disability. Meanwhile, the non-daily users felt that the prosthesis itself drew unwanted
attention, as they did not incorporate it into their body image. It was also noted that
these non-daily users experience reduced level of participation due to the rejection of
the prosthesis, which is a problem [68]. Thus, positive support from family, society
and healthcare is important for an amputee to have a more positive outlook. This is
especially true during the rehabilitation process, which can be intimidating as
amputees learn to cope and adapt to their prostheses. However, prosthesis use may
also depend on societal support networks, such as local resources, accessibility, and
funding, which may vary from one country to another. Thus, prosthesis use may be
limited to a small part of the population for various reasons, ranging from lack of
prosthetic equipment and government support to unsuitable amputation practices [66],

[67], [68].

Unfortunately, these issues defeat the purpose of prosthetic devices. However, with an
understanding of the factors that facilitate or hinder prosthesis usage, efforts can be
made to provide the amputees with the required support and resources. As a result, this
project focuses on improving the design of the prosthetic hand to best satisfy the needs

of the amputee.

2.6 DESIGN REQUIREMENTS

Researchers improving the design of a prosthesis must first understand the design
requirements to guide the research efforts. These design requirements can be
determined from customer feedback, which helps track the user’s needs and
satisfaction, with Kejlaa (1993) [73] and Atkins et al. (1996) [74] being among the

most notable.

The user’s needs for upper-limb prosthesis may vary considerably, which is
understandable, given that the amputee’s reasons for the use of a prosthetic hand may

vary from one individual to another. Consequently, individual solutions for the type of
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prosthesis, socket, control and training should always be considered. However, there

are requirements that are common among different users, and thus, myoelectric

prosthesis should aim to satisfy these requirements to improve their usefulness and

acceptability. These requirements were extracted by Cordella et al. [27] and can be

summarised as follows:

1. Allow the execution of important and complex daily activities by facilitating basic

grasping actions (e.g., lateral, pinch, and neutral) and simple manipulation
operations (e.g., rotating and pushing a coin). Several attempts such as [75], [76]
have been made to classify the full range of grasps that can be executed by the
human hand. For this reason, Feix et al. [77] developed a comprehensive taxonomy
of thirty-three distinct prehensile grasps found in literature, Figure 2.15. However,
certain grasps are used more frequently than others, making them more important.
This is evident from an analysis of the grasps used in food preparation,
housekeeping, laundry and the work of a machinist, which showed that a subset of
the grasps shown in Figure 2.15 accounted for approximately 80% of the total
duration [78], [79]. In this light, the relevance of the following nine different grasp
types, namely, cylindrical (Cyl), oblique (Obl), pad-to-pad pinch (PpP), lumbrical
(Lum), hook (Hook), special pinch (SpP), non-prehensile (NonP), intermediate

Power Intermediate | Precision
Palm Pad Side | Pad Side
35 2-5 2 2-3 2-4 2-5 2 3 34 2 23 2-4 2-5 3
1: Large 31: Ring |28: Sphere 3[18: Extension. 19; Distal | 23 Adduc- 21: Tripad | 9: Palmar |8: Prismatic | 7; Prismatic | 6: Prismatic | 20: Writing
Dameter Finger Type tion Grip Wariation Pinch 2 Finger 3 Finger 4 Finger Tripod

|
26: Sphere |

4-Finger Type

[24: Tip Pinch
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14: Tripod |27: Quadpod
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Figure 2.15: The comprehensive-grasp taxonomy developed by Feix et al. [77]
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7.

power-precision (IntPP), and lateral pinch (LatP) grasps, based on Edwards et al.’s
[80] classification, in the achievement of autonomy was quantified by Gracia-
Ibanez et al. [81]. From this study, it was observed that the relevance of the grasp
types depends on whether the hand is the dominant or the non-dominant one, and
on whether the activity is unimanual or bimanual. In general, the most relevant
grasp types are PpP (31.9%), NonP (18.6%), Lum (15.4%), Cyl (12%), SpP
(7.3%); these highlight what a prosthesis should at least be able to execute.

. Achieve a high level of anthropomorphism, in terms of weight, shape, size, colour,

noise, number of digits and DOF.

. Integrate a tactile sensorization system composed of sliding, contact, force, and

temperature sensors.

. Provide an effective control system that regulates the position of and force exerted

by each finger, reducing the role of visual feedback, and giving more importance to

sensory feedback.

. Increase the variety of grasp types and move toward manipulation tasks required in

day-to-day activities.

. Increase the number of controlled DOFs of both the wrist and the hand digits to

improve the dexterity of the prosthesis.

Reduce the cost of the prosthetic device and the cost to maintain it.

These requirements then dictate the mechanical design of an anthropomorphic hand.

Belter et al. [46] proposed the following design criteria:

The total weight of the prosthesis should not be more than 500g, and a lighter
prosthesis is desirable, especially for high-level amputation. In fact, amputees using
a prosthesis weighing around 400g (i.e., the average weight of the human hand)
have reported the hand as being too heavy and uncomfortable to use in daily
activities [82]. This is because the weight of the prosthetic hand is borne by the
stump’s soft tissue rather than by the skeletal system as in the intact hand, thus
yielding a higher perceived weight. For this reason, the weight of the prosthesis
should be reduced as much as possible.

The kinematics of the finger should be simple and robust.

Powered circumduction of the thumb is desirable to be able to switch between
palmar to lateral prehension.

Brushless motors are preferred to brushed motors due to their performance-to-

weight ratio.
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e Maximum pinch force at the fingertips should be 65N when executing palmar
prehension.

e The angular speed of the prosthesis should be between 115°/s and 230°/s, but
studies such as [82] have also stated that a closing speed of 90°/s is still adequate.

e The mechanical design of the prosthesis should be compliant with the object by
using conforming fingertips/palmar pad, compliant joints, and other methods.

e The number of actuators embedded in the prosthetic hand should be reduced as

much as possible.

These customer priorities and mechanical design criteria guide researchers in
designing innovative prostheses that best address the requirements which are critical

for amputees to reconsider using a prosthesis.

2.7 ENGINEERING CHALLENGES

Several researchers have addressed the challenge of developing a functional prosthetic
hand that satisfies the amputee’s needs. However, despite the technological
advancements made in recent years, a prosthesis that satisfies all the customer
requirements in one single device remains a difficult goal [57]. This section delves

deeper into the engineering challenges encountered.

Prosthetic hands with a single DOF have simple mechanical and control systems which
make them durable and robust but limited in the number of tasks in which they can
help the user (i.e., low dexterity). Meanwhile, multiarticulating prostheses are capable
of various grasping patterns, but make use of complex structures and subcomponents
to embed multiple actuators, sensors and other components required in a prosthesis
[27]. The number of components required greatly affects the size, weight and cost of
the prostheses, Figure 2.16 [83]. The latter two parameters can be minimised with the
use of 3D printing instead of conventional manufacturing processes. The issue that
arises 1is that 3D-printed parts tend to have lower material strength. Thus, to prevent
mechanical failure, a fairly bulky design is required, with the result that limitations on

the objects that can be grasped or manipulated successfully become inevitable [84].

Additionally, the low performance of the techniques currently being used to detect the
user’s intentions hinders the full utilization of this increased dexterity in practical use.
In fact, most of the existing control strategies (such as ON/OFF, and/or sequential
scheme) are robust and reliable, but they are not intuitive as they do not correspond to

the movement required by the prosthesis and may also require the amputee to carry
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Figure 2.16: The comparison between the weight and the cost and achievable grasps of eleven
anthropomorphic prosthetic hands [83]

additional devices with their intact hand. This means that controlling the prosthesis
can be incredibly challenging to learn and mentally draining to operate. Short-range
beacons such as radio-frequency identification tags can be used to reduce the cognitive
load on the amputee, but the requirement for prior adaptation to the environment means
that the use of the prosthesis is limited to specific areas [85]. Difficulty in controlling
these devices also arises from signal degradation (due to sweating, scar tissue, and
incorrect positioning of the socket) or involuntary co-contraction of residual limb
muscle that leads to unplanned movements. On the other hand, control systems based
on pattern recognition, such as the Coapt Complete Control [58], offer great potential
for intuitive multi-function prostheses control, but their performance is also affected
by electrode positioning, inherent cross-talk in the surface electrodes, fatigue,
modification of arm posture, changes in temperature and muscles displacement during
contraction. Therefore, apart from the extensive training required to obtain the best
results, reliability issues make it difficult for the amputee to use the device effectively

[36], [86], [87], [88].

This shows that if priority is given to the simplicity of the overall mechanical and
control systems (thus aiming for lower cost and higher reliability), it is likely that a
mechanical system with lower dexterity will be set up. Meanwhile, if the dexterity of
the system is prioritised (aiming for a hand with increased grasping capabilities), the
likely result will be an overly complex (i.e., lower simplicity) device whose usability
is also reduced due to the challenges encountered by the user of such device. If system
usability is the focus in the design process (aiming for a device that can be operated

with ease), the likely yield will be a less dexterous device (i.e., lower dexterity) and a
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more complex control system (i.e., lower simplicity) [10]. This incongruence
involving simplicity, dexterity and usability has proven to be a major engineering

challenge in the design of prosthetic hands.

The key to obtain an anthropomorphic prosthetic hand that is as functional as possible,
and at the same time simple, light, and convenient to use by the amputee, is to balance
these three attributes in the best possible way. One way to contribute to this balance is
to try to improve simplicity and usability by reducing in a systematic and studied
manner the number of joints that can be controlled independently, thereby reducing
the number of actuators and signals required while maintaining a high level of

dexterity.

2.8 REDUCTION IN DIMENSIONALITY OF THE PROSTHETIC HAND

2.8.1 MINIMAL ANTHROPOMORPHIC HAND
Depending on which joints are not controlled independently, the versatility of the hand

may be significantly affected.

In view of this, an empirical study was carried out in [8] to quantify the relevance of
the various hand attributes for dexterity (e.g., the presence of each finger) so as to
provide a set of design guidelines for a simplified, yet dexterous, artificial hand. A
series of standard tests were conducted on normal human subjects to measure manual
dexterity in humans when different hand attributes were physically constrained. In the
light of the results of that study, the authors proposed a minimal anthropomorphic hand

that should include the following features:

e The thumb and two fingers (i.e., the index and the middle finger) with an overall
size and phalanx length comparable to that of the human hand;

e Both the MCP and PIP joints of both fingers to be present, with ranges of motion
and force capabilities comparable to those of the human hand; (Meanwhile, the
DIP joint might need to be coupled to the PIP joint.)

e An ABD/ADD joint between the two fingers with a ROM comparable to that of
the human counterpart;

e A thumb comparable to the human counterpart in terms of DOFs, ROM and force
capabilities;

e An effective sense of touch.

The authors showed that a dexterity level (as defined and measured in the

experiments) of about 84% could be attained by the minimal anthropomorphic hand,
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provided that the control, actuation/transmission, compliance, vision, and tactile
processing systems of the device are comparable to those of the natural hand. Robotic
hands that were developed at the University of Malta, based on the proposed
kinematic configuration, are the UM-Mar Hands I and II, Figure 2.17, where both
hands demonstrated high-level of dexterity [89], [90].
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Figure 2.17: Robotic hands based on the minimal anthropomorphic hand: (a) UM-Mar Hands I [89]
and (b) UM-Mar Hands II [90]

The proposed kinematic architecture of the minimal anthropomorphic hand would
have up to eleven joints, nine of which are independently actuated, assuming the
ADD/ABD of the thumb MCP joint is neglected due to its limited movement. This
means that nine actuators would be required which would very likely result in a bulky
prosthetic hand, especially if they were to be embedded in the palm to cater for
amputees with a shorter limb. This is evident from the size of the housing of the

actuation systems in Figure 2.17.

2.8.2 UNDERACTUATION
To further simplify the kinematic architecture of the human hand, the concept of

underactuation can be applied to the minimal anthropomorphic hand.

Underactuation is a common approach utilised in prosthetic hands, where the Degrees
of Actuation (DOA) (i.e., the number of actuators) is reduced to save space, weight,
and cost without reducing the number of joints. This approach is possible, mainly,
through rigid coupling or adaptive underactuation. In rigid coupling, the joints are
coupled to act as one compound movement, where only the actuator position is
required to determine the position of all the other joints. Here, the movement is
considered as one DOF regardless of the number of joints coupled. This can be

realized with differential transmissions, such as gears, and linkages. Figure 2.18(a)
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shows an example of different four-bar linkages that are utilised in commercial
prosthetic hands [46]. Meanwhile, in adaptive underactuation, several independent
DOFs are controlled by a single actuator. This allows the phalanges of the hand to
passively adapt to the shape of the object and distribute the grasping force. A typical
example of adaptive underactuation is a single cable routed through multiple joints,

Figure 2.18(b) [91], [92], [93].
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Figure 2.18: (a) The different forms of the four-bar linkage coupling the PIP joint to the MCP joint
in the following commercial prosthetic hands: (i) Vincent, (ii) i-Limb and i-Limb Pulse and (iii)
BeBionic v2 and BeBionic [82] and (b) An example of an adaptive underactuation mechanism [91].

However, the use of underactuation does not necessarily imply a light and compact
prosthetic hand, as this will depend on the mechanical complexity required to
implement the coupling system. In fact, Figure 2.19 shows that the weight of the
prosthetic hands with the same number of actuators varies. This shows the importance

of the coupling mechanism utilised in the design of prostheses.
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Figure 2.19: The relationship between the weight of the prosthetic hand and the number of actuators
[46]
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Throughout the years several underactuated hands have been proposed in the
literature, such as the fifteen-DOF anthropomorphic hand actuated by a single actuator
[94]. However, the taxonomies of everyday grasps, such as Feix et al. [77], do not
provide a clear indication of how to assign actuation and couple the movements of the
joints in an underactuated prosthetic hand. This is because for a particular grasp type,
the relationship of the hand joints relative to one another may differ, depending on the
properties of the grasped object. An alternative approach that better guides the
development of underactuated prosthetic hands is required, which will be discussed

in the next section.

2.8.3 POSTURAL SYNERGIES

2.8.3.1 Definition of Postural Synergies

Despite the biomechanical complexity of the hand, the CNS manages to handle all
hand movements effortlessly and dexterously. This has intrigued researchers and
motivated them to investigate the approach utilised by the CNS to possibly apply the
findings to simplify the complexity in controlling and actuating a dexterous prosthetic

hand [95], [96].

Several hypotheses have been proposed in the literature, as in [97], [98]. One of them
is Bernstein’s hypothesis [97], who proposed in 1967 that instead of controlling each
DOF individually, the CNS uses a simplified strategy. He hypothesised that the CNS
uses a single variable, referred to as “synergy”, to control the different aspects of the
hand as a single functional unit [97]. Therefore, these synergies can be viewed as
fundamental building blocks for any hand movement, including coordination between
the two hands [99]. There is substantial evidence to support this hypothesis. In fact,
Higer-Ross and Schieber [100] have shown that the movement of neighbouring
fingers are not independent, even when the intention is to individuate each joint
movement, such as when playing a piano or typing. This could be the result of
mechanical coupling, as discussed in Section 2.2 (on p.4), as well as the repetition of
several day-to-day tasks, that result in the brain activating the muscles in a predictable

pattern [95].

This synergistic control of the CNS is included in various levels of the hand, with
common patterns being observed in the behaviour of joints [95], forces [101], muscles
[102], etc. Among them, postural synergies are the most important for the design of a
prosthesis, as they explain the patterns at the joint-displacement level. An example of

a postural synergy might be the co-contraction of all fingers, as when forming a fist.
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Hence, these synergies provide a solution that allows greater dexterity by overcoming
the redundancy of the motor system through effective coupling of joints. Meanwhile,

the number of active DOFs that the amputee would need to control is reduced [46].

The study of postural synergies is not limited to prostheses. In fact, it has a wide range
of other applications, such as the study of human-hand grasps [103], gesture
recognition [104] and rehabilitation [105], which is why this research field has gained
popularity along the years.

2.8.3.2 Measuring Different Hand Postures

The study of postural synergies involves the analysis of different hand postures that
captures the variance of the human-hand movements in the best way. Thus, a device

is required to measure the different joint angles of the human hand.

Hand therapists typically use a universal goniometer, Figure 2.20(a) [106], to quantify
the ROM of a joint, as it is simple, economical, non-invasive, and portable.
Goniometers consist of two connecting arms placed on the joint; one is manually held
in a fixed position as the other one moves with the finger, indicating on a protractor
the angular position of that joint. Even though these instruments are clinically
accepted, they are limited to static-hand postures and the process to measure all the
DOFs of the hand can be time consuming and tedious for both the participant and the
assessor [40]. On the other hand, electro-goniometers, Figure 2.20(b), allow a limited
number of joints to be measured concurrently. However, their application is limited
due to their size, and consequently the MCP and PIP cannot be measured
simultaneously [107]. In fact, a data glove, also known as an instrumented glove,
Figure 2.20(c), is typically used in studies of postural synergies, as in [103], [108]. The
glove is a hand-shaped sensing device which is embedded with several sensors, usually
Resistive Flex Sensors (RFSs) (these will be discussed in more detail in Section 4.3.4.1

(on p.60)), placed over the different joints of the hand [109]. Throughout the years,

(a) (b) (c)

Figure 2.20: (a) Universal Goniometer [106], (b) Electro-goniometer [107] and (c¢) CyberGlove III,
Data glove [110]
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several data gloves have been developed by academia and industry for application in
fields such as virtual reality, sign language recognition and robotics. Examples of data
gloves include the CyberGlove III (Cyber Glove Systems, San Jose, CA) [110], the
5th Glove (Fifth Dimension Technologies, Irvine, CA) [111], and the Shadow Monitor
[112].

Other non-glove systems that can record hand motion, such as the vision-based motion
analysis system and the electromagnetic tracking system [113], have also been used in
studies of postural synergies, as in [96]. However, they are not used as frequently, due
to the cost of the system, the possible occlusion of markers during measurement and

the interference in the electromagnetic field from objects in the environment [114].

2.8.3.3 Extraction of Postural Synergies

Postural Synergies can be extracted from a posture matrix (i.e., a dataset consisting of
the joint angles of the hand for different hand postures) using several linear and non-
linear dimensionality reduction techniques, such as singular-value decomposition,
Principal Component Analysis (PCA) and gaussian process latent variable model
[115]. PCA has been shown to provide good results in hand kinematics as it captures
global patterns as well as physical constraints that constitute most of the common
patterns of hand movements [116] [117]. In fact, this method has been widely used in
studies on postural synergies, as in [103], [118]. For this reason, PCA was also adopted

in this work.

PCA is a well-known statistical technique developed by Pearson [119] and Hotelling
[120]. It attempts to represent, as accurately as possible, a multivariate data in a low-
dimensional space through an orthogonal linear transformation, where the data are
projected in the directions of maximum variance. The result of this transformation is
shown in Figure 2.21 [121], where a set of highly correlated variables (in this case, the
DOF of the human hand) are converted into Principal Components, PCs, (also known
as postural synergies or eigenvectors). The PCs are a set of uncorrelated variables

which are a /inear combination of the original variables [122].

For a dataset P (with d variables in columns and j observations in rows), d PCs are
required to reproduce the total variance of the data. Mathematically, each observation

of P, P;, can be mapped to a new vector of principal component scores, Q, =

(91,92, -, qq) k- as follows [122]:
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Figure 2.21: Graphical Interpretation of a principal component analysis applied to a sample dataset
[121]
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e 7 is the grand mean computed over the entire observations.

The PCs are ranked, with the first PC accounting for most of the variability in the data.
Each succeeding component, orthogonal to the preceding components, has the highest
variance from among the remaining components. Very often in physical systems, a
subset of these PCs can account for most of the variance in the original data. As a
result, by considering only the first few synergies instead of the original d variables,
the original dataset P can still be approximated with reasonable accuracy [122].
However, unless there is a significant difference in the percentage of variance
explained by consecutive PCs, it is difficult to decide the number of PCs that should
be retained. A common rule of thumb typically used in studies on postural synergies

is to consider the PCs that explain about 80% or more of the total variance.
2.8.3.4 Major Findings in Literature on Postural Synergies

Throughout the years several researchers have investigated the influence that different
factors might have on the structure of postural synergies. This section discusses some

of these studies.
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Findings in neurology have shown that most of the variance of the human hand posture
can be described by a few postural synergies. Santello et al. [103], who were among
the first to study postural synergies, observed that the first two synergies, Figure
2.22(a), accounted for over 80% of the information in fifty-seven different static hand
postures (e.g. miming holding an apple, a jar lid and a wrench) across five healthy
subjects. The first synergy represented the correlation of the FLEX/EXT of the MCP
joint and ADD/ABD at all fingers, as well as the ABD/ADD and rotation of the thumb.
This motion of the thumb is also accounted for by the second synergy, together with
the FLEX/EXT of the PIP and MCP joints. Meanwhile, higher-order PCs accounted
for a small amount of the overall variance which contributed subtle information about
the shape of the hand irrespective of the object [103]. Similar results were also
obtained by Mason et al. [96], who further demonstrated that tactile contact was not a
dominant factor in the shaping of the hand, as suspected by Santello et al. [103], who

did not make use of physical objects to avoid influencing the resulting hand posture.

Given the high percentage of information transmitted by the first two PCs, the different
hand postures could be approximated quite well by just varying the weighting of these
synergies. This implies a significant reduction from the fifteen DOFs measured during
the experiments. The lack of clustering of the reconstructed static hand postures in the
reduced PC space, Figure 2.22(b), suggests that despite the wide range of grasp types
considered in the experiment, the hand postures are not discrete; they vary along a
continuum based on the weighting of a small number of postural synergies. In fact,
objects held with a power grasp could evoke dissimilar hand shapes, while objects

which are often associated with distinctive grasps (e.g., precision and power grips)
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Figure 2.22: (a) Postural synergies defined by the first two principal components and (b) the
distribution of the different hand postures in the plane of the first two principal components [103]
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could evoke similar hand postures. This does not refute other studies which have
attempted to classify the hand grips, such as Napier’s [75], Cutkosky’s [76] and Feix
et al. [77] grasp taxonomies. It all goes to show that these latter schemes are based on
the control of the contact forces (i.e., which part of the finger(s) contact and apply
force on the object) rather than the control of static hand postures, which are separate
but not independent. This is because different contact forces may be applied to an
object which is held with the same hand posture (i.e., the relationship between force

and posture control is not one-to-one) [103].

A similar set of postural synergies can also describe the evolving shape of the hand
throughout the reach phase, which is an integral part of the coordination of day-to-day
activities closely related to hand grasp. Mason et al. [96] studied the reach-to-grasp
movement of sixteen objects on five subjects, demonstrating that the first synergy
accounts for more than 97% of the total variance. Temporal weightings of the first
synergy show the evolution of the hand shape during three distinct periods of the reach-
to-grasp movement, which include the hold, reach and object grasp phases. In general,
a common pattern was observed, with the weightings first increasing during the reach
phase and then decreasing as the hand closes, in preparation for the grasp stage. The
variability of the weightings in these three different phases implies that subjects begin
to control the shape of the hand prior to the reach phase and continue slightly after the

object is grasped, reflecting minor modifications in the grasp.

Slight differences might be present, depending on whether the right- or left-hand side
is used. In fact, Jarrassé et al. [123] observed that hand dominance played a role in the
definition of the postural synergies despite encouraging symmetric grasping through a

grasp-give-receive task.

However, the actual hand posture used to grasp an object may vary, depending on the
activity. Upon further analyses, a combination of extrinsic (its orientation and
location), intrinsic (the shape and size of the object) and contextual (grasp type and
task goal) object properties have been shown to influence the definition of these
synergies [124] [108]. In fact, Touvet et al. [124] showed that when these factors were
varied during several visually guided reach-to-grasp movements carried out by eleven
subjects, the first four PCs were required to describe 76.2% of the variance. The first
PC primarily described the distal joints, with the second PC affecting primarily the
MCP joints. The third PC described to a lesser extent the FLEX/EXT of all joints,
while the fourth PC described the finger and thumb ADD/ABD. Even though the first
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two PCs did not transmit the same level of information as in Santello et al. [103], a
reduction in dimensionality was still observed compared to the twenty DOFs measured

during the experiment.

This reduction in dimensionality observed in these studies has the potential to simplify
the control strategy of redundant biomechanical systems, but only if the number of
synergies is small and task-independent. Otherwise, if the synergies were to be adapted
to a new task, they would introduce a synergy-learning problem having the same
dimensionality as the original control problem. Studies such as [125], [126] have
observed that the synergies are, in fact, task dependent, thus highlighting the need to
adjust the synergy strategy based on the task requirements. Figure 2.23 highlights the
difference observed by Todorov et al. [125] in the structure of the first two PCs of
several complex hand-manipulation tasks (e.g. flipping through the pages of a book
and turning a pair of Chinese balls). This study also observed that the number of
synergies required to explain a particular percentage of the variance is dependent on
the number of DOFs considered in the analysis, since eliminating certain DOFs has
the effect of reducing the variance in the data.
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Figure 2.23: Depiction of the first two principal components in each task [125]
On the other hand, studies such as [127] [128], have argued that task-dependent
synergies are based on a limited number of tasks, such that the full range and frequency
of daily movements evoked by the hand are not captured. Thus, specific tasks occupy
isolated parts in the reduced dimensionality, which is defined by synergies that
generalise across tasks. A true representation of the underlying task-independent
synergies can only be obtained if all hand postures possible are considered. For this
reason, Thakur et al. [127] asked eight participants to carry out an unconstrained haptic

exploration (a good representation of most of the naturalistic postures evoked during
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object manipulation) of fifty different objects, using their dominant hand. The PCA
revealed that nine synergies, similar across different subjects, described more than
90% of the overall variance. The same set of synergies could also accurately describe
simple reach-to-grasp movements and skilled precision pinching, except for the
thumb-and-ring pinch, which is rarely used in task exploration. Hence, according to
Thakur et al., these nine synergies are a close estimate to the true underlying task-
independent synergies, deviating by at least one vector, which can serve as basic
building blocks for natural-human-hand motion. This is evident from the fact that
synergies observed in previous studies are qualitatively similar to some of these nine
synergies. For example, the first synergy was qualitatively similar to the open-hand

configuration found by Santello et al. and other studies [127].

However, most of these studies are based on a small number of subjects. As a result,
the synergies extracted are usually not distinguished by the subjects and their
generalization to a larger population is limited. Hence, Jarque-bou et al. [118] carried
out a PCA on the NinaPro database [129], which consists of the kinematic data of
twenty-two DOFs, for seventy-seven subjects executing twenty day-to-day grasps. The
result of this analysis revealed that on average, the number of synergies required for
each subject to describe 82-84% of the variability was between five and six. However,
a hierarchical clustering analysis, which grouped similar synergies, showed that twelve
synergies were required to explain 80% of variance across the different subjects.
Synergies one to three were repeated quite frequently among the subjects. Meanwhile,
synergies from four to twelve were less common and only used by a small percentage
of the subjects. This implies that only synergies for fine and precise movements are
subject-dependent. Nevertheless, some of the synergies found were qualitatively
similar to synergies reported in the literature; a good example is the first synergy,
which is comparable to the first synergy reported in previous studies [95], [96], but
with slight differences as it does not account for the FLEX of the index finger. There
were also synergies that were quite novel, due to the introduction of joints; such was
the case with the palmar arch and wrist FLEX, which are not typically measured during

these studies.

In general, most of these studies instruct participants to use their dominant hand to
either grasp or explore a large number of typical day-to-day objects, with the aim of
identifying the set of generic postural synergies that account for most of the variance

of the hand postures across different subjects. The results of these studies have shown
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that the information transmitted by the first few synergies decreases as the size and
variance of the dataset increases. This means that for the different hand postures to be
accurately described in a lower-dimensional space, a larger number of synergies is

required; this can be up to ten synergies or even more.

2.8.3.5 Implementation of postural synergies in prosthetic hands

The design of a prosthetic hand can be directed towards the implementation of the
postural synergies observed in literature. However, replicating the human grasping
features that can be controlled intuitively in a self-contained and compact mechanism

has always been a challenging task in the field of artificial hands.

Most of the synergies extracted during these studies express complex relationships
between the measured synergies and the human-hand joints. Such synergies can be
easily implemented in fully actuated anthropomorphic hands, such as the DLR Hand
[130], by reproducing the synergies digitally in the controller, as in [131],[132], based
on two bio-signal channels which serve as synergy inputs. This approach is
straightforward, allowing the prosthetic hand to easily implement and switch between
different sets of synergies. Nevertheless, utilising artificial hands with several
actuators to produce only a reduced number of DOFs means unnecessary complexity,
expense, energy, and weight. A better alternative would be to reproduce these

synergies at the mechanical level.

Hence, for each synergy, the rotational input from the actuator is converted into the
motion of each joint (i.e., the output of the system) through the implemented
mechanism. Researchers have attempted to use several different types of mechanisms,
such as the cam mechanism [133], planetary gears [134], and differential pulleys [135].
Figure 2.24 is an example of an artificial hand developed by Brown and Asada [135]
where the postural synergies were mechanically implemented through differential

pulleys.

Figure 2.24: Mechanical implementation of the postural synergies in a prosthetic hand [135]
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The mechanisms employed are usually complex and too bulky to fit in the palm, as
shown in Figure 2.24. This is due to the significant number of outputs and the high
contribution of each input to each output. Two main solutions have been proposed in
the literature: (1) reducing the number of output joints by implementing the synergies
in the intra-finger and inter-finger separately as in [136] or (2) simplifying the mapping
relationship by using a compliant mechanism as in [137]. These solutions offer an
indirect implementation of the postural synergies and compromise accuracy in
replicating the motion of the human hand and/or the ability to control the hand
intuitively. To overcome these limitations, a novel design framework was proposed in
[138]. In this design, the number of output joints was reduced through the grouping of
joints into modules, where each module is actuated by a separate actuator. Further
improvements are still required in terms of weight and size, but the design was able to
accurately replicate the first two synergies observed by Santello et al. [103], with the

first synergy having a mean reproduction error of only 2.3° [138].

Although motion-replication accuracy is important, especially for within-hand
manipulation, a problem that may arise with purely replicating the kinematic model of
synergies is that contact between some of the phalanges and the object may be attained
before that of the other phalanges. Thus, the hand will not necessarily conform to the
shape of the grasped object, and as a result the area of contact between the hand and
the object will not be sufficient to support a successful grasp. This can be visualised in
Figure 2.25, where a fifteen-DOF hand is shown closing on a spherical object
according to Santello et al.’s first synergy [139]. Contact involving the thumb, the
index and the object first occurs when the weighting of the first synergy is 0.75. If
contact is to be achieved with the other phalanges, the weighting of the first synergy
will need to be increased, which implies that the phalanges of the thumb and the index

fingers will penetrate the object’s surface.

g,=0.35 a,=0.70
Figure 2.25: A rigid configuration of the hand enclosing a spherical object [139].

This will be an unacceptable behaviour of the model and will not correctly emulate the

performance of the human hand, since the latter is not rigid and has compliance in the

musculoskeletal system and in the skin. Solutions such as ceasing the motion of each
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finger separately when it encounters the object, or modifying the shape of the synergies

by introducing a complementary actuation system may be applied [48].

Whilst these techniques simplify the design of the pre-grasp phase, they do not take
advantage of the synergies to control the grasping forces. Hence, the concept of soft
synergies was introduced in [139] to better describe the adaptability of the human hand
when grasping and manipulating objects. In this model, the synergies only describe
the movement of a virtual reference hand, towards which the physical hand is
elastically attracted. The resulting hand posture emerges as the equilibrium between
hand compliance and the manipulated environment prevents penetration from the
motion of the hand. At equilibrium, the difference in position between the real and the
reference hand generates the joint torques required to balance the interaction forces of
the hand and the object. Figure 2.26(a) depicts the conceptual mechanical design of
the implementation of soft synergies, where a spring is used in series with the
transmission mechanism that actuates the joints in synergy. Despite the elegant
solution provided by soft synergies, its actual physical implementation was not simple,

as observed in [48].

For a simpler implementation, adaptive synergies were proposed in [140], which
combine soft synergies with under-actuation. This idea exploits the ability of
underactuated hands to adapt to the shape of the grasped object to compensate for the
reduction in the number of synergies implemented. A concept hardware
implementation of adaptive synergies actuation is shown in Figure 2.26(b), where a

spring is used in parallel to the actuation mechanism rather than in series.

(b)

Figure 2.26: Conceptual hardware implementation of: (a) Soft Synergies and (b) Adaptive Synergies
[48]
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An interesting implementation of adaptive synergies is the Pisa/IIT SoftHand [48],
Figure 2.27 (a). It is a nineteen-DOF anthropomorphic hand simulating Santello et al.’s
first synergy, and actuated by a transmission system that involves one tendon, two
levels of pulleys and one motor. The Pisa/IIT SoftHand demonstrated effective
grasping skills in many different situations but given that only one synergy was
implemented, there were still some limitations when compared to the human hand,
especially in the completion of complex tasks such as fine pre-shaping and in-hand
manipulation. More synergies could easily be added to the the Pisa/IIT SoftHand, by
replicating the routing path of the tendon and placing several independent sets of
pulleys in parallel at the expense of size and weight. Hence, the challenge becomes
finding a design that adds dexterity to the hand without an excessive increase in the

mechanical complexity to implement the coupling.

In this regard, the Pisa/IIT SoftHand 2, Figure 2.27(b), a self-contained, compact
design with two DOAs, was proposed in [141]. It incorporates the second synergy with
little additional complexity by utilising a mechanism that exploits friction effects. This
provided the hand with better grasp adaptability and in-hand manipulation skills (e.g.
pouring a cup of coffee without compensation from the wrist) compared to the original

hand [141].

(a) (b)

Figure 2.27: (a) the Pisa/IIT SoftHand [48] and (b) the Pisa/IIT SoftHand 2 [141]
However, even though the hand could perform several pinch/power grasps, it could
not execute a lateral pinch (instead using non-intuitive grasps to hold a banknote and
a card, Figure 2.28). This is because in lateral pinch, the position of the thumb relative
to the index finger is different from pinch/power grasps, and has troubled even
commercial prosthetic hands. This is also true of the BRL/Pisa/IIT SoftHand [142],

which is the most recently developed, low-cost hand, based on the original Pisa/IIT
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SoftHand. Thus, while it can still grasp various everyday-life objects, the dexterity of
both prototypes is still less than the level required to execute ADLs.

Figure 2.28: Multiple ways how the Pisa/IIT SoftHand 2 grasps a banknote and a card [141]

For this reason, Lafranchi et al. [143] used a more holistic design approach that takes
into consideration human-like grasping, anthropomorphism and biometric
performance to develop a prosthesis called Hannes, Figure 2.29, that has high potential
for embodiment. Hannes, with an overall weight of 480g, is comparable to the
dimensions of the 50™ percentile of human hands. Furthermore, it is able to actuate
most of the DOFs of the human hand in a synergistic manner, except for the distal
joints of the digits which are fixed and the rotation of the thumb which is passive.
These different DOFs are actuated through a cable-pulley-system driven by a high-
power-density DC motor, which in turn is controlled by two sEMG sensors placed
over the amputee’s stump. These sensors not only allow the amputee to open and close
the device, but also to adjust its force and velocity accordingly, which are superior to
those found in other prosthesis. Using PCA, it was observed that Hannes, with just one
synergy, was able to achieve various human-like motions. This means that the authors
were able to achieve their requirements, but further research is required to implement

more DOAs, especially since the thumb rotation is still passive.

LB R R]

Figure 2.29: Hannes hand [143]
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2.8.3.6 Intuitiveness of surface electromyography control

To operate each synergy in both directions, two distinct SEMG signals are then
required. For a more natural and intuitive control system, the SEMG signals that
correspond to the movements that closely resemble the movements performed by the
prosthetic hand should be chosen. This was the case in [144], where a Myo Armband
from Thalmic labs [145], a low-cost myoelectric input device, was used to control the
two DOAs of the Pisa/lIT SoftHand 2, Figure 2.30. Postures that constitute both

synergies can be attained as a result of the compliance of the hand.

First
Degree of
Actuation

Second
Degree of
Actuation

(a) (b)

Figure 2.30: (a) the two DOAs of the Pisa/IIT SoftHand 2 and (b) the hand postures used to control
these two DOAs [144]

Thus, the extent of the intuitiveness of the control system depends on whether the
extreme hand postures of each synergy can be readily attained by the hand. This is
usually the case with the first synergy, since several studies have shown that it
resembles the opening and closing of the hand. However, typical postures associated
with higher-order synergies are simply postures orthogonal to the previous ones, and
thus, not natural. In fact, from Figure 2.30, one can observe that some of the hand
postures are not commonly used in daily activities. This limits the effectiveness of the

developed controlled system [144].

2.9 RESEARCH GAPS

Postural synergies have the potential to optimise the balance involving simplicity,
dexterity and usability if the number of synergies required to accurately reconstruct
different hand postures in the reduced dimension is small and they are task-

independent.
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The studies on postural synergies, discussed in Section 2.8.3.4 (on p.32), have shown
that while a reduction in dimensionality is observed compared to the twenty-one DOFs
of the human hand, the synergies depend on the dataset considered, with the
information transmitted by the first few synergies decreasing as the size and variance
of the dataset increase. Hence, for the prosthetic hand to truly replicate the function of
the human hand, several synergies would have to be implemented, which is a complex
task for both the mechanical (as discussed in Section 2.8.3.5 (on p.37)) and the control
(as discussed in Section 2.8.3.6 (on p.42)) systems. This implies that the intact hand
and its use, given the current technology, will always be superior to an artificial device.
In fact, after amputation of the dominant hand, the intact hand usually becomes the

dominant hand through targeted training [ 146].

Therefore, a more appropriate strategy for prosthetic-hand development would be that
of considering the intact hand as the dominant hand and designing the prosthetic hand
for a non-dominant role as applicable to bimanual activities (since they are typically
impossible or very challenging to execute with one hand). This means that the postural
synergies considered for the design only need to account for the variance of the
movements produced by the non-dominant hand during bimanual activities even if
they cannot be generalised for all the daily tasks. In doing so, the size and variability
of the required dataset is significantly reduced, since the non-dominant hand is
typically used for grasping tasks (as opposed to within-hand manipulation tasks),
which involve less individuated movements, especially if performed with the minimal

anthropomorphic hand.

Hence, the postural synergies discussed in Section 2.8.3.4 (on p.32) were not optimised
for the needs of the amputees to live a full and autonomous life. Further research is
therefore still required to identify the postural synergies that are optimised for the
design of a non-dominant prosthetic hand. Meanwhile, there is still room to improve
both the hardware and the control system of a multi-synergistic prosthetic hand that
optimises the balance involving simplicity, dexterity, and usability. Further literature
on the components required to construct a prosthetic hand and any additional

equipment that might be required can be found in the coming chapters.
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Based on the literature review, the approach chosen to optimise the balance involving
the simplicity, dexterity, and usability of MAProHand was to develop a non-dominant,
minimal anthropomorphic myoelectric prosthesis actuated through a control system
based on postural synergies. However, to make sure that the developed prosthesis
would satisfy the needs of the amputees, the design requirements discussed in Section
2.6 (on p.21) were used to establish a set of specifications to guide the design process.
These requirements, in particular the mechanical ones, will be discussed in this

chapter.

MAProHand is targeted at unilateral amputees who require a prosthetic hand, with
transradial amputees being the main focus, as intuitive SEMG signals can be read from
the forearm while allowing sufficient space for additional components that might be
required for the prosthetic hand, such as the power source. Depending on the side of
the hand lost, a left-hand or a right-hand model is required. In this work, only one
model is developed, which will assume the role of the non-dominant hand. Given the
prevalence of right-handed people, a left-hand model was chosen to facilitate the
selection of participants in subsequent analyses. However, a mirrored version of the
developed prosthetic hand is envisaged to be applicable as a right prosthetic hand
taking a non-dominant role, since the left- and right-hand can approach most task
objects in the same way, especially if there are no contextual constraints that dictate

the configuration of the hand, such as the direction in which a door may open.

Regardless of the model chosen, a high level of anthropomorphism in terms of size,
colour, number of fingers and joints is also required to resemble the intact hand. Hence,
even though MAProHand is based on the minimal anthropomorphic hand, which
consists of only three active digits, the “middle” finger must have the appearance of
the middle, ring and little fingers (i.e., the MRL finger); this would also provide
additional support to the grasped objects. However, human hands vary from one person
to another. In fact, commercially available prostheses tend to be available in different
sizes, usually small, medium, and large, so that amputees can choose the one that best
suits them. Each hand size has its own challenges, with weight being a greater concern
in larger models, while space is more limited in smaller models. Hence, as a
compromise between these two extremes, this work focuses on developing a medium

prosthetic hand with a length of 181mm, a breadth of 81mm and finger thickness of
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20mm. These dimensions were based on the average of the anthropometric data of the
50" and 95" percentile for women, and the 5 and 50™ percentile for men (i.e., the
percentile of the population that would make use of a medium-sized prosthetic hand)

in a population of British adults aged between nineteen and sixty-five years [147].

The main goal of this prosthesis is to provide a helping hand when performing ADLs,
especially bimanual activities, such as carrying an object and cutting food, but
excluding specific activities such as sports. For this reason, the prosthetic device must
facilitate various grasping motions and postures which the amputee can use to perform
these activities in addition to the neutral position, when the hand is not in use.
However, as discussed in Section 2.4.3.2 (on p.13), the information transmitted by
SsEMG signals is limited. Thus, for the amputee to be able to control the prosthesis
reliably and intuitively with the limited number of control inputs available, the device
must facilitate the execution of a small set of movements and grasps that are most

relevant for the non-dominant hand.

These movements/grasps must be done in a natural and timely fashion. The
recommended angular speed for ease of approach, without compromising the overall
time required to grasp an object, is between 90°/s and 230°/s. Some form of
compliance is also required in the design to allow the prosthesis to better conform to
the shape of the object. As a result, the gripping force, which the amputee should be
able to adjust so as not to damage the grasped object, can be applied more efficiently.
The required gripping force should be further reduced, to lower the demands on the
actuation system, by utilising materials with good frictional properties to line the
prehension surfaces. The integration of feedback about this force should then allow
the amputee to operate the prosthetic hand more easily by reducing the role of visual

feedback when operating the prosthetic hand.

Regardless of the advanced functionality of the prosthesis, its architecture must remain
as simple and robust as possible to ensure that the device is lightweight, compact,
inexpensive, yet reliable and resistant to any unplanned impacts during normal use.
Therefore, the different hand postures should be attained with the smallest possible
number of actuators, without opting for any passive joints (i.e., joints that are operated
manually by the user), so that they can be easily embedded in a device that caters for
amputees with different levels of amputation. Furthermore, the design of the device
should minimise the number of different components, where each component has the

smallest number of design features and dependencies.
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Ideally, the overall weight of MAProHand, including a simple wrist attachment
without any rotation which weighs around 17g [148], remains below 400g, as
discussed in Section 2.6 (on p.21). This means that the weight of each component of
the hand must also be taken into consideration during the design process, especially
the structure of the prosthesis, which is responsible for a significant portion of the
weight due to its size. The position of each component is also important since the
weight distribution of the hand greatly affects its perceived weight. Thus, for the hand
to appear lighter, its weight should be evenly distributed along the width of the palm

at the proximal side (i.e., the side closer to the wrist).

The developed design must also consider the ease of manufacturing. Hence, off-the-
shelf components should be used whenever possible, which can then be modified
locally, if necessary. However, this is not always possible, and customised parts, such
as the phalanges, would need to be manufactured. There are several manufacturing
processes available, with each process having its own set of materials. Given the cost
and weight reduction observed with other 3D printing prostheses, additive
manufacturing should be resorted to, especially for complex or small parts. To ensure
that these components can withstand the required loads, a Safety Factor (SF) of 1.5,
suitable for applications where weight is important [149], should be considered for all

structural and functional aspects of the design process.

Whilst the objective of this research is to develop a prosthetic hand that can be tested
in a laboratory setting, performance requirements regarding heat and power
consumption, as well as the maintenance required, must also be taken into
consideration when selecting a component. This is to ensure that the amputee will be
able to use the final product for at least a typical day (i.e., around sixteen hours) without
creating any discomfort or the need to recharge the battery. For example, the design
may include a mechanism that maintains the force applied on the object in the absence
of'a control signal and power to the motor. Furthermore, it will ensure that maintaining

the device in good condition is simple and cost effective.

In the end, the prototype will be a proof-of-concept, and it will need to be assembled
and disassembled multiple times. Therefore, the design must also take into

consideration the ease of assembly.

All these requirements must be met at a reasonable price. However, given that they
will not be purchased in bulk, the parts may be slightly more expensive, especially if

any modification is required. For this reason, the cost to construct this prototype should
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be limited to 5,000Eur. While this is higher than the starting price of the Hero Arm

[63], 2,600Eur [150], which also includes other expenses such as labour, it is still

significantly less than other prosthetic hands found on the market, which can cost over

25,000 Eur [62].

These requirements, which can be summarised as follows, will serve as a guide during

the design process to make sure that the developed prototype achieves the objective of

this research:

The device should assume the role of a left non-dominant hand.

There should be a high level of anthropomorphism, with the “middle” finger having
the appearance of the middle, ring and little fingers.

The overall size of the device should be 181mm, 81mm and 20 mm.

Allowance should be made for the execution of a small set of grasping motions and
postures relevant to the non-dominant hand in bimanual activities.

The angular speed of the prosthetic hand should lie between 90°/s and 230°/s.
The device should comply with the shape of the grasped object.

The gripping force must be minimised, while still being able to hold the object
within the grasp without damaging it.

The device should provide the amputee with feedback on the gripping force.

The architecture of the device should be reliable and robust.

The number of actuators required must be minimised.

The actuators must be embedded in the palm.

The use of passive joints should be avoided.

The overall weight of the prosthetic hand should be less than 400g, with the centre
of mass lying in middle of the palm towards the proximal side.

The design should utilise, as much as possible, off-the-shelf components.
Customised parts should be manufactured using 3D printing.

A SF of 1.5 should be considered during the design process.

The device should last the amputee a typical workday before recharging.

The device must not cause the amputee any discomfort, especially in terms of heat.
The maintenance of the device should be simple and cost effective.

The device must be easily assembled and disassembled.

The cost to construct the prototype should be less than 5,000Eur.

However, if the prosthesis is to be commercialised, which is beyond the scope of this

work, other requirements might have to be included, such as food safety, especially if

the hand is to be used in food preparation.
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CHAPTER 4: IDENTIFICATION OF AN INCLUSIVE
SET OF GRASPING MOTIONS AND/OR POSTURES

4.1 INTRODUCTION

A minimal anthropomorphic prosthesis assuming the role of the non-dominant hand
must facilitate a number of grasping motions and/or postures used in daily activities,

as discussed in the previous chapter.

Identifying this set of grasping motions and/or postures is a challenging task,
especially since a comprehensive taxonomy of day-to-day grasps consists of over
thirty distinct grasps, Figure 2.15 (on p.22) [77]. Although some of these grasps
inherently cannot be attained with the minimal anthropomorphic hand (as this only
includes three distinct fingers), developing a prosthetic hand that can perform all of
the remaining grasps is, still, not practical. This is not only due to mechanical and
control constraints discussed in Section 2.7 (on p.24), but also because some of these

grasps may rarely be used in ADLs [151].

Fortunately, Santello et al. [95] have shown that these different grasp types might not
be as distinct from each other as portrayed in these taxonomies. In fact, a small number
of postural synergies can account for most of the variance in these different hand
postures. Hence, this chapter exploits this concept with an innovative approach to
identify, using PCA, the set of grasping motions and postures most relevant for a non-

dominant prosthetic hand in bimanual activities.

4.2 METHODOLOGY

For the identification of this set of grasping motions and postures based on the relevant
postural synergies, a dataset of everyday hand postures in the minimal
anthropomorphic condition was required. Consequently, an experiment was carried
out on human volunteers to capture the different hand postures employed by the
constrained non-dominant hand during a number of representative bimanual activities.
The reach-and-release phase is an integral part of the coordination of daily-life activity,
but Mason et al. [96] have shown that the hand shape evolves gradually throughout the
reach phase and reaches its peak when the hand conforms to the object. This implies
that only the final hand postures are necessary for this work, especially since, for a

prosthesis assuming the role of the non-dominant hand, what is more important in the

48



Chapter 4 : Identification of an Inclusive Set of Grasping Motions and/or Postures

first instance is that the applicable grasps can be achieved, rather than sow they are

achieved.

The bimanual activities included in the experiment can be based on the activities which
are most challenging for the amputee to perform, such as the ones listed in Table 2.4
(on p. 20). However, such activities might not capture the frequency and the full range
of daily movements produced by the non-dominant hand when performing bimanual
ADLs. Thus, as discussed in Section 2.8.3.4 (on p.32), the structure of the postural
synergies derived from this list may not be generalized as to apply to other activities.
This means that the specific tasks that the participants are asked to execute during the

experiment must be selected very carefully and systematically.

For a true representation of the hand postures utilized by the non-dominant hand, all
the hand postures possible must be considered by asking the participants to perform a
long list of randomly chosen bimanual activities. However, it was not considered
practical to do this due to the long duration and difficult implementation of such an
experiment. Therefore, it was essential to understand the relevance of the different
grasp types for autonomy. This has been quantified by Gracia-Ibafiez et al. in [81]. In
that study, one hundred and twenty-eight tasks that are representative of day-to-day
activities were selected (e.g., reading a book and clearing the table), and subsequently,
145 videos of thirty-two right-handed people performing these tasks were analysed to
extract 320 elementary grasp actions. These were then used to identify the various
grasp types used by each hand for each task and the duration of each grasp. They were
based on a nine-type classification shown in Figure 4.1 [81]. Although the taxonomy
used to classify the different grasps was relatively simple when compared to the
taxonomy of Feix et al. [77], the authors of [81] considered it sufficient to characterize

most of the human grasp types used in the real environment, especially since studies

Cyl Obl Pinch

Name Description a - y
Cylindrical grasp (Cyl) The palm is involved. The thumb is in direct

opposition to the fingers (in abduction or

neutral) : :
Oblique palmar grasp (Obl)  Variation of the Cylindrical grasp. The palm is - &, =

involved, but the thumb is adducted
Hook grasp (Hook) Palm and thumb are not involved. The object’s L

weight is borne by fingers
Lumbrical grasp (Lum) Thumb and proximal part of the fingers are

involved, but the palm is not involved
Intermediate power-precision The palm is somewhat involved but both the

grasp (IntPP) thumb and index stabilize the grasp
Pinch grasp (Pinch) Thumb and fingertips (one or more) are used
Lateral Pinch (LatP) The lateral part of the fingers (one or more) are
used, and usually the thumb as well
Special pinch (SpP) The thumb, lateral part of some finger and the

fingertips of another/others are involved
Non-prehensile grasp (NonP)  Objects are manipulated without grasping them

(a) (b

Figure 4.1: (a) Description of the nine-grasp taxonomy and (b) examples of the grasp types [81]

49



Chapter 4 : Identification of an Inclusive Set of Grasping Motions and/or Postures

such as [78], [79], have shown that only a subset of these grasps is actually used during

different activities.

The importance of the task for which each grasp was used should also be taken into
consideration when determining the relevance of the different grasp types. The
importance of such activities was quantified by Querejeta [152] according to the
frequency of each activity appearing in twenty-three disability scales, such as Barthel
[153] and the Katz Index [154] . It must be noted that the importance of the different
activities varies, depending on one’s roles, habits, and responsibility, and that the way
the relative importance of these activities was calculated reflects mainly the perception
about autonomy of the evaluators of the hand function, which may be different from

the amputee’s perception [81] .

Hence, the relevance of the grasp types shown in Figure 4.1(a) was calculated by
weighting time with the importance of the activity estimated by Querejeta [152],
considering by the hand involved (left/right) and noting whether the task was
unimanual or bimanual, Figure 4.2. For the non-dominant hand (i.e., the left-hand in
this cited study) in bimanual activities, the most relevant grasp types were pinch

(26%), non-prehensile (23.9%) and lumbrical (20.8%) grasps.

Left Hand
Unimanual actions Bimanual actions

O PpPinch
B ser

Right Hand

Unimanual actions Bimanual actions

Grasp

Hoy

@ Hook
OniFp
WLar
OLum
WronP
Doul

O PpPinch
SpP

Figure 4.2: Relevance of different grasped distinguished by hand and by the type of task [81]

By reflecting on the relevance of each of these grasps in the dataset, a better
representation of the hand postures utilised during daily bimanual activities can be
obtained, especially if it is assumed that the relevance of the grasp types remains valid
for the minimal anthropomorphic condition. This assumption was considered
reasonable because, as shown in [8], the first three digits give the greatest contribution

to dexterity, and by inference are the most used in daily grasps. To this end, the
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experiment should focus on the grasps used by the participants rather than the activity
performed. This implies that the participants could have been simply asked to grasp
random objects using the different grasp types. However, Touvet et al. [124] observed
that the structure of the synergies depends not only on the grasp type, but also on the
extrinsic, intrinsic and contextual object properties. For this reason, each grasp type
was considered within the context of a bimanual activity to ensure a natural hand
posture when grasping a physical object. This also ensures that the grasp variant being

considered is actually one that is used in daily activities.

A natural approach would then be for the number of activities chosen for each grasp
type to be based on the relevance of that particular grasp. However, using this approach
for an experiment of not very long duration, the least relevant grasp types would not
even be represented. Meanwhile, the grasp types at the opposite end would be
overrepresented such that finding activities that involved different hand postures that
still fall under the same type of grasp would be difficult. Consequently, during the
experiment, a good representation of all the nine grasp types was collected, and then
during the subsequent analysis each grasp type could be weighted according to its

prevalence discussed above.

For each grasp type, three bimanual activities which require the non-dominant hand to
grasp everyday objects of different shape, size and texture with that particular grasp
were chosen. Other factors, such as personal space, ease of implementation in the
laboratory, and the safety of the participants, were also considered during the selection.
Table 4.1 lists the bimanual activities chosen and the hand posture in the minimal
anthropomorphic condition required to grasp the task object. Although the list of
activities analysed by Gracia-Ibafiez et al. was used as a reference, some difficulty was
encountered in finding different activities suitable for the lab, that evoked a particular
type of grasp while making use of the entire workspace of the hand. For this reason,
some activities were repeated across different grasp types. However, this was not an
issue, since the focus of the experiment is the grasp type used by the participants, but
it highlights the importance of the participants using the correct grasp type when

performing the activity.

The analysis of these different hand postures should reveal a dimensionally reduced
set of synergies that account for most of the variance present when executing the
chosen, as well as other daily bimanual activities, resulting in an inclusive set of

grasping motions and postures required for the prosthetic hand.
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Table 4.1: List of everyday tasks objects and bimanual activities chosen for the experiment

Cylindrical Grasp (Cyl)

Sweeping Peeling a potato Opening a hand-tightened bottle
Broom Potato Large Water Bottle
P22x1220mm 60x40x80mm

3

P95x340mm
h | _=:_!‘|

Obligue Palmar Grasp (Obl)

Putting toothpaste on a toothbrush | Opening the zipper of a purse Pouring from a frying pan
Toothbrush Purse Frying Pan Handle
13x190x7mm 47x75x100mm 32x125x16mm

‘

Pinch Grasp (Pinch)

Passing a thread through a needle

Opening a hand-tightened cap

Pouring water into a cup

Sewing Pin Soap Bottle Cap Medium-Sized Cup
negligible P50x42mm P80x120mm
Lumbrical Grasp (Lum)
Playing Cards Carrying a tray Opening a packaged-food box
Cards Tray Cracker box
Negligible thickness 306x432}(32mm 68mm
Hook Grasp (Hook)
Carrying a shopping bag Pulling a drawer Carrying a briefcase
Shopping bag Cabinet handle Briefcase
/ 20x6mm 104x36x16mm
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Table 4.1: List of everyday tasks objects and bimanual activities chosen for the experiment

(cont.d)
Special Pinch (SpP)

Opening a hand-tightened

Opening a hand-tightened body

Sharpening a pencil toothpaste cap cream cap
Small Sharpener Toothpaste Cap Body Cream Container
23x25x45mm P33x20mm 72x17mm

Non-Prehensile Grasp (NonP)

Putting glue on a paper Using a tablet Throwing a ball
Paper Tablet Beach Ball
171x262x9mm P23mm

Z

Interm

ediate Power-precision Grasp (IntPP)

Eating with a fork and a knife

Dialling a telephone number

Spraying a detergent while
wiping a surface

Fork

Telephone

Spray Bottle

11xlmm

180x45x15mm

40x32mm

Lateral Pinch (LatP)

., , . Opening a hand-tightened Opening the flip top of a
Cuiting with scissors bottle Cap toothpaste tube
Paper Water Bottle Cap Toothpaste Cap
Negligible 27mm P33mm

4
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4.3 MEASURING DIFFERENT HUMAN-HAND POSTURES IN THE MINIMAL
ANTHROPOMORPHIC CONDITION

4.3.1 INTRODUCTION

In the upcoming sections, attention will be focused on the complex task of measuring
the hand postures in Table 4.1 (on p.52). This undertaking necessitates a thorough
exploration into the definition of the Kinematic Hand Structure (KHS) of the minimal
anthropomorphic hand, establishing the foundation for the specifications required for
the measuring device. Notably, the data gloves currently available in the market have
proven unsuitable, prompting the necessity to develop, calibrate and characterize a
data glove tailored to the unique demands of the study. These sections will highlight
the complexities inherent in the measurement of various hand postures and outline the

steps taken to overcome such challenges.

4.3.2 ESTABLISHING A PRELIMINARY KINEMATIC STRUCTURE OF THE MINIMAL
ANTHROPOMORPHIC HAND

A KHS is a mathematical description of the functional dimensions and DOFs of a

hand. It defines the positional capabilities and constraints of the hand and, as a result,

its workspace. Hence, understanding the KHS of the minimal anthropomorphic hand

is important to accurately measure and model different hand postures in this condition.

The method most commonly used to describe a KHS is the Denavit-Hartenberg (D-H)
convention [155]. Using a set of four parameters based on the geometry of the system,
Figure 4.3, it describes how each subsequent reference frame, attached to links of the
kinematic chain, relates to the one before it through the following series of

homogeneous transformations around and along the x and z axes:

Jointi+1

B

Joint i-1

Link i-1

______________________ 10i-1 Xi-1

Figure 4.3: D-H parameters [159]

T, = Rot (0,0, 9%) - Trans (o,o, dDiD) - Trans (aDiD, o,o) > Rot(ap,,0,0) 4.
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Where,

e D, indicates the digit being considered, with T, I, and M referring to the Thumb,
the Index and the Middle finger, respectively.

. TDE_l, represents the homogeneous transformation from frame i — 1 to frame i of a
particular digit.

e ip,is the number of the joint being considered for a particular digit.

. HDiD’ is the joint angle, the angle between x;_; and x; about the z;_;, rad.
o dDiD’ is the link offset, the distance between x;_; and x; about the z;_;, m.
* ap, , is the link length, the distance between z;_; and z; about the x;, m.

* ap, , is the link twist, the angle between z;_; and z; about the x;, rad.

This convention models the hand as a series of rigid links that rotate about an ideal
revolute joint. This means that the compliance in the joints and bones, as well as the
non-ideal rotation of joints cannot be modelled with the D-H convention, but it
simplifies the kinematic model for easier implementation and simpler analytical

solutions [157].

The minimal anthropomorphic hand consists of two fingers and a thumb. Due to their
structural differences, two distinct cases need to be modelled with the D-H convention.
Hence, to simplify the overall model, for each case, the reference coordinate system
(i.e. the 1% frame for that particular case) is taken to be at the base joint, whose position
with respect to the global 0" frame (located at the bottom of the palm beneath the
centre of the middle finger, with the z,-axis facing away from the palm and the x,-

axis along the middle finger) is given by the following transformation:
1
TDO == TTanS (le, lDy' lDZ) 4.2
Where,
e Ip ,1s the distance between x,-axis and xp, -axis, m.
. lDy, is the distance between y,-axis and yp, -axis, m.

e Ip , is the distance between z,-axis and zp_ -axis, m.

Using the D-H convention, the kinematic model for the fingers is shown in Figure 4.4,
with the first frame located at the knuckle of either the index or the middle finger, since
the CMC joint is not included in the model due to its limited mobility [16]. In this
kinematic structure, the MCP joint is modelled by two orthogonal revolute joints,
while the DIP and the PIP joints are each modelled by one revolute joint. The order of
the two DOFs of the MCP joint is not that critical, since the ROM of the ADD/ABD
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reduces as the finger is flexed. In the literature, the ADD/ABD tends to be modelled
first, as in [156], [158], but in this work, the FLEX/EXT was instead modelled first, as
in [159], to simplify the measurement and the modelling of the ADD/ABD joint; this
will be discussed in Section 4.3.4.2 (on p.63). The D-H parameters for the fingers are
shown in Table 4.2.

Figure 4.4: Kinematic Model for the finger in the initial position

Table 4.2: The D-H Parameters of the fingers

Transformation ip 91),-D dDiD ap,, ap,,
Tps 2 0 0 0 T/
Ty 3 Ducppg 0 0 -/,
TDi 4 QDMCPAA 0 lDPP T[/Z
Tpe 5 Oppp 0 - 0
TDE 6 eDmP 0 lDDP 0

The model of the thumb is slightly more complex due to the two non-intersecting, non-
orthogonal axes present at the CMC joint, which allow the motion of the thumb to take
place in three anatomical planes [18]. Nonetheless, orthogonal, intersecting axes are
often used to model this joint, especially models whose primary objective is to closely
reproduce the motions of the hand rather than to replicate its intrinsic structure. Three
orthogonal revolute joints are theoretically required to completely define the position
and the twist of the thumb in 3D-space, but studies, such as [160], [161], have
successfully modelled the thumb CMC joint with just two orthogonal joints.

A similar approach was considered in this work to reduce the variance of the hand
postures in the dataset. However, this means that the twist of the thumb in 3D-space
will depend on the orientation of the two revolute joints. Given that the axes of the pair
of revolute joints that best model the twist of the thumb are not known, both the

orientation of the revolute joints and the twist of the thumb will have to be optimized
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to ensure that the thumb looks natural in different positions, as will be discussed in

Chapter 5 (on p. 88).

For the preliminary model, a coordinate system that can be easily visualized relative
to the human hand was chosen to facilitate the measurement process of these joint
angles, as will be discussed in Section 4.3.4.2 (on p.63). For this coordinate system,
three alternative pairs of revolute joints, which are listed below, could then be used to
model the thumb CMC joint, as shown in Figure 4.5. Given that there was no clear
preference and that the results obtained, although meaningful, might be slightly
different, each angle pair was analysed separately, as will be discussed in subsequent
sections:

e Angle Pair A: refers to 64, and 6,,;

e  Angle Pair B: refers to 8, and 05, ;

e  Angle Pair C: refers to 8¢, and 6, .

IP McCP IP
MCP MCP
: cMC
C;
er'c_ Op, xr,, sz'C' 1 XT3
032 ZT1 ) ZTZ 9C1(|')
VZr,

Figure 4.5: The three angle pairs considered for the modelling of the thumb CMC joint with the
thumb in the natural position

Meanwhile, the thumb MCP and IP joints were each modelled by a revolute joint, on
the assumption that the ADD/ABD of the thumb MCP joint would be negligible due
to its limited ROM. The D-H parameters of the thumb model then depend on the angle
pair used to model the CMC joint. Taking Angle Pair A as an example, the kinematic
model of the thumb is shown in Figure 4.6, while the D-H parameters are listed in

Table 4.3.

Combining the D-H parameters of both cases, a preliminary model of the minimal
anthropomorphic hand was established and modelled in SketchUp, using simple
shapes, as shown in Figure 4.7. The dimensions of the hand, such as the length of the
phalanges, were based on the hand dimensions of the participants in the experiment.
Meanwhile, a good approximation of the location of the thumb CMC joint was

provided in [161].
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Figure 4.6: Kinematic Model of the Thumb in the initial position with the CMC joint modelled by
Angle Pair A

Table 4.3: The D-H Parameters of the thumb for Angle Pair A

Transformation ir Or,, dr,. ar;, Tiy
Try 2 0 0 0 /s
Tr2 3 04, 0 0 ~T/y
Tr i 4 B4, 0 lrase T
TT‘; 5 O rcr 0 lrpp - T[/ 18
Try 6 07, 0 Iy, 0

Figure 4.7: The preliminary kinematic model of the minimal anthropomorphic hand where angle
pair A is used to model the thumb CMC joint
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4.3.3 REQUIREMENTS FOR A DEVICE MEASURING HAND POSTURES

A device capable of measuring the different joint values in Figure 4.7 during various,
static-hand postures in the minimal anthropomorphic condition was required. As
discussed in Section 2.8.3.2 (p.30), there are several types of equipment that could be
used. This work, like other studies on postural synergies, opted for data gloves due to
the ease in measuring several joints simultaneously. This meant that a left data glove

that fits various hand sizes was required.

The data glove must at least be able to measure, accurately and repeatably, the

following nine DOFs which comprise the minimal anthropomorphic hand:

e One of the angle pairs considered to model the thumb CMC joint in the KHS;
e FLEX/EXT of the thumb MCP joint, 67,,.,;

e FLEX/EXT of the thumb IP joint, 87 ,;

e FLEX/EXT of the index finger MCP joint, 6,,, CPpg?

e FLEX/EXT of the index finger PIP joint, 0;,, ;
e FLEX/EXT of the middle finger MCP joint, 8y,,, CPrg

e FLEX/EXT of the middle finger PIP joint, 6y, ,;

e ADD/ABD between the index and the middle fingers, where a commonly adopted
constraint in human modelling can be used, which states that the middle finger

displays little ABD/ADD motion [162] (thus, the measured angle is 6, Pan’ while

OMMCPAA is zero).

Note that the DIP joint was omitted, since several studies, as in [162], have shown that
a linear, angular relationship exists between the DIP and PIP joints of each finger,

which is given by Equation 4.3.

Oppp = 20pp,,/3 43
However, given that the minimal anthropomorphic hand consists of only three active
digits, the participant’s individuated movements of the ring and little fingers must be
constrained, without interfering with the workspace of the hand and the final hand

posture.

The presence of the sense of touch is also important as it provides a critical contribution
to the hand, especially during dexterous tasks [8]. Hence, the data glove should
minimise any loss of sensitivity to ensure that the hand posture recorded is realistic,

especially at the fingertip.
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While several data gloves are available on the market, the use of such devices in
conjunction with the constraints necessary on the middle, ring and little fingers was
not possible without adversely affecting the outputs of the position sensors of the
glove. As a result, a custom-designed left data glove was required for use in the

experiments.

The developed data-glove must be durable and able to fulfil its required function
without creating any discomfort to the participants, neither during the donning and
removing of the glove nor during the experiment. This means that the glove must be
stretchable and lightweight, without presenting any hazard to the participant or the
glove itself. Due to the fact that during the experiment the participants will be
stationary in the lab, the portability of the device is not that important as long as it does

not interfere with the participant’s execution of the day-to-day activities.

The design and construction of the data glove, as well as its characterisation, will be

discussed in the following sections.

4.3.4 DESIGN AND CONSTRUCTION OF THE DATA GLOVE

4.3.4.1 Selecting the sensing technology for angular joint displacement

Various sensing technologies, such as RFSs [110], strain gauges [163] and fibre optics
[164], have been used in data gloves to measure, directly or indirectly, the angular joint
displacement of a singular joint [165]. RFSs offer a lightweight, inexpensive, compact
and reliable alternative [112], suitable for low-cost instrumented gloves, as in [166],

[167], and the data glove developed in this work.

The RFSs consist of a thin conductive layer, typically made from a carbon-based ink,
placed on top of a polymer substrate, such as polyvinylchloride, as shown in Figure

4.8. Over-laminates, such as a layer of polyamide or polyester, can be added on top of

Contacts  Conductive layer

Substrate

]

Figure 4.8: (a) A schematic view of a resistive flex sensor [171]
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the conductive one for added environmental protection against mechanical scratches
[168]. As the RFS is bent, the micro-cracks present in the conductive layer move away
from each other, causing the electrical resistance across it, Rgensor, to increase. The
entire process is reversible, with the micro-cracks returning to their initial position
when the sensor is returned to its flat condition. This means that a proper calibration

of the RFS allows the joint angles to be mapped to the particular Rgep 50 [168].

RFSs are commercialised by several brands, but those most commonly used and
reported on in the literature are those from Flexpoint Sensor Systems, Inc. (FP) [169]
and Spectra Symbol (SS) [170]. They come in different sizes to cater for several
applications, as shown in Figure 4.9. FP also offer the option of polyester- or
polyamide- overlamination. As with any other product, the behaviour of the sensor in
terms of sensitivity, repeatability, stability and linearity of response varies from one
brand to another, making one brand more suitable for certain applications. Hence, a
detailed study was carried out in [171] to identify the characteristics of the RFSs from

these two brands, taking into consideration different lengths and overlamination.

(a) (b)

Figure 4.9: (a) Flexpoint Resistive flex sensors with different lengths of 1- inch, 2- inch and 3- inch
[171] and (b) Spectra Symbol Resistive 2.2-inch and 4.5- inch flex sensors [171]

In that study, each sensor was placed on a hinge, as shown in Figure 4.10, where one
of its leaves was rotated by a stepper motor to make sure that the correct angle was
reached. The electrical resistance of each RFS was then measured, using a digital
multimeter, for bending angles starting from 0° up to 120°, in steps of 10°. This was

repeated for ten times [171] in order to obtain the curve of resistance against angle.

The different FP RFSs exhibited a non-linear behaviour represented by a unique
polynomial function, in which sensitivity at lower angles was reduced, especially for
polyamide-laminated RFSs. However, the sensitivity at different angles was lower for

the coated versions. This is due to the protective layer which not only provides
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Fixed
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leaf
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Jr‘|/”/ motor

RS :—':: ’

Figure 4.10: Set-up used in [171] to characterise different commercial RFSs

mechanical and environment protection, but also limits the distance that the micro
cracks in the conductive layer can be separated from each other. As a result, there is a
reduction in the variance in the resistance, with the polyamide-coated version being
more effective in this regard. The protective layer had a similar effect on the
repeatability of the sensor, with higher Standard Deviations (SDs) observed for the

coated versions, in particular the middle angles.

Nonetheless, all the FP RFSs offered good repeatability. Meanwhile, the SS RFSs
exhibited a higher degree of linearity in their response, with a high-level of
repeatability across the tested angles, which is evident from the low and relatively
constant SD. However, it had a low, meaningful variation in resistance comparable to
the sensitivity of the FP RFSs at lower angles. Meanwhile, the hysteresis was

considered practically irrelevant for all brands [171].

Signal stability over time is also important for an accurate and repeatable measurement
of human-hand movement, otherwise a single angle will correspond to a wide range
of resistance values. The step response decay (i.e., the variation in the resistance value
over time following a step transition to a different bending angle) of most of the sensors
stabilized at a resistance value of 90-939% of the initial value, with the uncoated FP
RFSs exhibiting a lower signal stability in the long run. This means that measurement
of the sensor must take place after an established period of time from when it was bent

[171].

For this application, the RFSs from FP were preferred due to their higher sensitivity,
while still offering good repeatability, despite their non-linear behaviour. Different

techniques have been proposed in the literature in an attempt to increase the linearity
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of these sensors, such as the introduction of a fixed-value resistance in parallel to the
RFS [166] or the modification of the shape of the sensor [172], but at the expense of
its sensitivity. Hence, instead of trying to increase the linear behaviour of the sensors,
which goes beyond the scope of this research, a detailed calibration protocol that
defines the non-linear relationship between the resistance of the sensor and the joint
angle should be carried out. The RFS with the polyester coating was eventually chosen
as a compromise between the sensitivity of the sensor at lower angles and the stability
of the signal over time. The size of the sensor chosen varied, depending on which size

best covered the joint being measured.

4.3.4.2 Identifying the placement of the Sensing Technology on the human hand

An RFS is required for each DOF that needs to be measured by the data glove. The
position of these sensors relative to the joint being measured is important for the

sensors to provide meaningful data.

For the FLEX/EXT of the MCP and PIP joints, a singular 2-inch RFS is placed towards
its middle length, over the dorsal aspect of the joint, as is the case with other data
gloves found in the literature [110]. It is important that the conductive layer of the
sensor is placed on the convex side of the bent surface so that when the joint is flexed,

the micro-cracks are separated from one another instead of compressed.

On the other hand, effectively locating the position of the RFSs for the measurement
of the ABD/ADD between the two fingers, and the two DOFs of the thumb CMC joint
proved to be more of a challenge. For the ABD/ADD angle, the sensor between the
index and the middle finger is typically laid on its narrow side on top of the hand-web
space, Figure 4.11(a), as in [110], or placed in a half circle configuration with both

sides sewn to the dorsal part of the fingers, Figure 4.11(b), as in [166]. Meanwhile, for

—

(a) (b)
Figure 4.11: The different methods proposed in literature for the measurement of the ABD/ADD
between the fingers [168]
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the two DOFs of the thumb CMC joint, commercial data gloves typically have the
sensors placed as shown in Figure 4.12; one sensor is laid on its narrow side on the
hand-web space between the thumb and the index, while the other one is placed
horizontally across the 1t and 2" metacarpal bones, either on the dorsal or palmar part

of the hand.

Abduction Sensors

Sensor

Figure 4.12: The position of the sensors used to measure the two DOFs of the thumb CMC
joint in a commercial data glove [176]

Unfortunately, studies such as [173] and [174], as well as some preliminary tests
carried out in the lab, have shown that cross-talk is present between the different
sensors in these locations. Cross-talk occurs when the resistance value of a particular
sensor depends not only on the position of the joint being measured, but also on the
position of the adjacent joints. For example, the ABD/ADD sensor in either method is
stretched when either neighbouring joint is flexed; this will affect its response. Unless
a sophisticated algorithm is used to calibrate the sensors, a time-consuming calibration
is required to determine the relationship as regards output of the different sensors

involved.

Hence, to eliminate the risk of inaccuracies stemming from sensor cross-talk, the
approach used by hand therapists was adopted for these DOFs (i.e., a mechanical
goniometer was used instead of the RFS), especially since only the static posture needs
to be analysed and the objects identified in Table 4.1 (on p.52) do not interfere with
the measurement process. The ABD/ADD angle is measured in the plane of the
proximal phalange of the index finger with reference to the position of the middle
finger projected onto this plane, as shown in Figure 4.13(a). The middle finger is used
as a reference since it provides the experimenter with a visual guide. Hence, modelling
the ABD/ADD angle after the FLEX/EXT of the MCP joint, as discussed in Section
4.3.2 (on p.54) means that the measured ABD/ADD angle can be directly modelled in
the KHS.
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For the two DOFs of the thumb CMC joint, the goniometer is used as shown in Figure
4.13(b) and (c), where the angles measured are 6, and 6, in Figure 4.5 (on p.57). As

one can observe, these two angles do not define an angle pair. Hence, in the situation
where the thumb is in the open-hand position only one measurement is noted. Using
the D-H convention, as discussed in Appendix A (on p.217), the two measured angles

can then be converted to each of the angle pairs shown in Figure 4.5.

(a)

Figure 4.13: Measuring: (a) the ADD/ABD between the fingers (b) 8, and (¢) 6,

4.3.4.3 Designing the support for the Sensing Technology to be worn by the

participants

The RFSs then need to be mounted on some fabric that, when worn by the participants,
keeps the sensors in the appropriate positions relative to the joints of the hand so that

their movements are consistent and repeatable.

The supporting fabric does not necessarily have to be in the shape of a glove. For
example, the study in [175] developed a data glove which measured the five MCP
joints, where each sensor was placed in a thin sleeve attached to the back of the fingers
via double-sided toupee-tape adhesive. The advantage of this design is that it can be
adjusted for participants with different hand sizes, since the sensors can be positioned
according to their hand without any loss of sensitivity. However, given that multiple
sensors need to be mounted on the same digit, gloves in different hand sizes were

considered more appropriate for this application.

Each glove must fit tightly on the participants’ hands to ensure a consistent and
repeatable movement of the FSRs that closely follow the hand movement so as to
minimise measurement errors, as observed in [176], [177]. Several materials have been

considered in the literature, but usually they are Lycra-based, such as Lycra/Cotton
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combination (i.e. spandex) [178] and Lycra/polyamide combination [109]. This is
because Lycra is a lightweight material known for its stretching property, which
ensures a tight fit for different participants with similar hand sizes while facilitating
the donning and removal of the glove without restricting any finger movements.

Hence, a stretchable grade of Lycra, found at a local shop, was used in this work.

A glove was then made from this material, with the fingertips exposed to minimise
loss of sensitivity. The individuated movements of the ring and little fingers could then
be constrained by either tucking these two fingers in the palm (as in the study carried
out on the minimal anthropomorphic hand [8]) or constraining them to the middle
finger. The latter option was preferred because it does not interfere with the workspace
of the hand, which could potentially alter the final hand posture, especially when the
palm is involved in the grasp. Furthermore, given that the ring and little finger are to
be incorporated in the final design of the prosthetic hand, the latter approach is a better
representation, especially if these two fingers are to provide additional support when
grasping the object. Hence, a single pocket was sewn for the ring and little finger which
was in turn sewn to the pocket of the middle finger, thus making the middle, ring, and

little fingers move together.

The six 2-inch RFSs, Figure 4.14, placed over the MCP and PIP joints of the index
and middle finger, as well as the MCP and IP joints of the thumb were then embedded
in the glove. The distal end of each MCP sensor overlapped the proximal end of the
corresponding IP sensor, so that each sensor could be placed on the appropriate joint.
To avoid side drifting and contact between each pair of sensors, two layers of Lycra
were sewn on the upper side of the glove (for a more stable environment since it would

prevent rubbing against the skin of the participants), forming separate sleeves into

Figure 4.14: The developed data glove equipped with six 2-inch RFSs
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which these sensors could be inserted. The proximal end of each sensor was sewn to
the glove to ensure that the sensors were not displaced during operation and the distal

end could slip into the sleeve.

This glove was to be sewn in three different sizes to cater for participants with different
hand sizes. However, only the medium-sized glove had been developed and
characterised, before restrictions were implemented as a result of COVID-19 (e.g.,
people not allowed or afraid to venture away from their home to meet other people,
and contractual obligations precluding an indefinite halt to the research project). These
restrictions forced the experiments to be held as early as possible with a limited number
of willing participants so that the research could proceed. Although this limitation may
possibly have resulted in a slightly reduced spread of the work, the results obtained
from medium-sized hands are still expected to be applicable to prosthetic hands of
different sizes, since Mason et al. [96] had observed that whilst there were slight
differences in the postural synergies observed from people with different hand sizes,
(e.g., smaller hands had their fingers extended more than larger hands), the similarity

indicated that a common strategy could be used regardless of the hand size.

4.3.4.4 Front-End Conditioning Circuity

The resistance values of the RFSs need to be read and processed by a microcontroller
so that meaningful data can be outputted to a computer for further processing. Hence,
a front-end conditioning circuitry was needed to prepare the Rggngo for the next

processing stage.

The front-end circuitry adopted in this work is a simple voltage divider, which is
suggested by manufacturers and commonly used by different authors, as in [179],
[109]. In this circuit, the RFS is connected in series with a fixed resistor, Rgjyeq, as
shown in Figure 4.15. This produces a variable voltage, V,,;, proportional to the

Rgensor- The relationship between these two parameters is shown in Equation 4.4:

| <

in
—

I ; » Vout
Rg
ensor Rleed

Figure 4.15: Voltage Divider
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Rrixea
Lxe ) 4.4

Vour = Vin (RSensor + Rrixed

In this configuration, V,,,; decreases as the RFS is bent (i.e., as the R,y InCreases).
This means that the maximum value V,,,; corresponds to when the sensor is not bent,
which should be the same for different participants irrelevant of their joint ROM. In
this way, it ensures that the maximum allowable input range of the microcontroller

analogue input is not exceeded. The voltage across the sensor, Viensor, can then be

determined by subtracting the V,,,,; from the supply voltage, V;;,.

As a result, the relationship between Vg, ¢, and the joint angles is a function of both
Rrixea and V. This means that the signal range can be maximised by optimising these
two parameters. Saggio et al. [179] recommended that the value of Rgjx.q should
correspond to the geometric mean of the minimum and maximum values observed for
the Rgensor during operation. To investigate the effect that Rgjyeq has on Vigpgor, @
simple experiment was carried out in the lab, in which the V., at different bent
angles was noted for several values of Rpjy.q. For easier comparison, the graph of
normalised Vgep50r against joint angle was plotted for each value of Rgjyeq, @s shown

in Figure 4.16, where 21.2k() is the geometric mean.

1.2

Normalised Vsensor

0 20 40 60 80 100

Joint Angle (deg)
—@—21.2kohm 20kohm 10kohm —@=—30kohm —@— 40kohm —@=—50kohm

Figure 4.16: The graph of normalised V.., against different angles for several Ry eq

From Figure 4.16, one can observe that decreasing the value of Rp;,.q beyond the
geometric mean increases the sensitivity of the lower angles at the expense of the
higher ones. Increasing the value of Rpiy.q had the opposite effect. Hence, as a
compromise between the two extremes, the value of Rp;,.q Was set to the geometric

mean as recommend by Saggio et al. [179]. This parameter may vary slightly from one
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participant to another, depending on their ROM and bend radius. However, to avoid
the need to change the value of Rpj..q during the experiments, it was set to the
geometric mean observed during testing, especially since Figure 4.16 has shown that
the difference in shape of V.50 against joint angle for 21.2k€) and 20k() is not that

large.

To further increase the sensor resolution of the RFSs, Oess et al. [109] also suggested
increasing the voltage of the power supply. In fact, as with the results noted in [109],
the sensor dynamic range was observed to increase significantly when the supply
voltage was increased from 5V to 10V, as shown in Figure 4.17. Hence, the maximum
Vin suggested by the manufacturers of the sensors was used, which was 12V.

3

2.5

0.5
0
0 20 40 60 80 100
Angle (deg)
5V 10V

Figure 4.17: The graph of V.5, against joint angle for two different values of V;;,

The Viensor 0of each RFS could then be processed by a microcontroller combined with
an analogue-to-digital converter, which converts the analogue voltage to a digital value
for further processing by a computer. The LabJack U6 microcontroller (LabJack
Corporation , Lakewood, CO, USA) [180], Figure 4.18, was chosen, together with the

CB37 terminal board [181] that replaces the connector on the microcontroller with

Figure 4.18: LabJack U6 [180]
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screw terminals. The microcontroller has fourteen 16-bit analogue inputs available,
with a large input range of = 10V; these inputs provide a good quality digital signal for
the Viensor Of the six RFSs.

The digital signal was then logged on a computer, using DaqFactory [182] (a software
developed by Azeotech Inc, Oregon for the design of custom applications such as
collecting input data) via the USB cable. Hence, two graphical user interfaces were
developed in DaqgFactory to facilitate the collection of data during the calibration
protocol of the data glove (which will be discussed in a later section) and the
measurement of the minimal anthropomorphic hand postures, including the logging of
the ADD/ABD angle between the two fingers and the two DOFs of the thumb CMC
joint, Figure 4.19.
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Figure 4.19: Graphical User interface for the measurement of the minimal anthropomorphic hand
postures

However, the voltage supplied by the microcontroller is only 5V. Hence, an external
power supply was used to provide the 12V to the front-end circuit, since the portability

of the data glove was not important for our application.

4.3.4.5 The Constructed Data Glove

Each sensor was connected to its physically separated signal-conditioning circuit,
which were mounted on a printed-circuit board and secured inside an enclosure box.
The circuits were then powered by an external source and wired to the LabJack U6
microcontroller, which was connected to a computer via a USB cable. The complete

set-up of the data glove is shown in Figure 4.20(a).

70



Chapter 4 : Identification of an Inclusive Set of Grasping Motions and/or Postures

The enclosure box together with the LabJack U6 and CB37 terminal block were then
secured in a backpack, which the participants were able to wear during the experiment.
This facilitated the donning and the removal of the data glove; it also ensured that the
different components were not in the way during the execution of the different
bimanual activities. The wires between the sensors and the enclosure box were then
secured to the forearm of the participant, using Velcro, Figure 4.20(b). To ensure that
this did not affect the ROM of the participants and that the sensors were not being

pulled during motion, which could alter their position and even damage them, the wires

were made long enough so that they would not be taut.

(b)
Figure 4.20: (a) The complete setup of the designed data glove and (b) the data glove worn by a
participant

4.3.5 CALIBRATION PROTOCOL

A calibration protocol to determine the conversion factors from V¢, to joint angles
was required. This was to be carried out in every measuring session to take into account
the variation in the bent position and radius from one session to another due to the

different participants and the removal of the glove.

This protocol consisted of a set of calibration blocks and a mechanical goniometer,

shown in Figure 4.21, to bend the joints of the hand to specific angles ranging from 0°

Figure 4.21: Calibration tools
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to the maximum ROM of the participant (up to 120°), in increments of 10°. For each
angle, sufficient time was allowed for the signal to stabilise before noting the
corresponding Vi,,s0r through DaqFactory [182]. Hence, calibration blocks were
preferred for most joints, as they provided a steady surface on which the participant
could lean their finger. This meant that the participant could maintain a more constant
angle while the corresponding V.., Was measured. However, this was not possible
for the thumb MCP joint due to the limited space available under the joint; in that case

a mechanical goniometer was used.

For each RFS, this procedure was to be carried out once before and once after each
experiment; it offered a compromise between keeping the duration of calibration as
low as possible and maintaining adequate accuracy of the relationship between the
output voltage of each sensor and the corresponding joint angle. From each voltage-
angle pair (averaged over the two calibration runs), a non-linear relationship was
obtained by fitting the best polynomial curve, which could be used to convert V501

into the corresponding joint angle. A typical calibration curve is shown in Figure 4.22.
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Figure 4.22: A typical calibration curve of the index PIP joint

4.3.6 CHARACTERIZATION OF THE DATA GLOVE

Measurement repeatability (i.e., the variation present in repeated measurements taken
on the same subject, using the same method) and accuracy (i.e., the closeness of the
measurement to the actual value) are important for the developed data glove. Hence,

multiple tests were carried out to evaluate its characteristics.

The first test established the repeatability of multiple measurements taken during a
single measuring session, and was based on a repeatability testing protocol proposed

by Dipietro et al. [177]. This test quantified the repeatability of the fist posture and of
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the flat hand position. Hence, the hand was first closed in a fist for a couple of seconds
and then placed flat on the tabletop for another couple of seconds, as shown in Figure
4.23. Each time, the stabilized output voltage of each sensor was logged and converted
to its corresponding joint angle. This open/close cycle was repeated for ten times to
form a single data block. In total ten data blocks were obtained. Each phase was then
analysed separately, where, for each joint angle, the range and SD of the average value
observed in each of the ten data blocks was calculated and listed in Table 4.4. These

statistics provide an approximate measure of the repeatability of the data glove.

(a) (b)

Figure 4.23: Repeatability test of (a) fist and (b) flat-hand posture

Table 4.4: The range and SD obtained for each joint in the repeatability test.

Index Index Middle Middle Thumb Thumb

MCP  PIP MCP PIP MCP p Average
Fist Posture
Range () | 8.24 7.42 5.81 6.65 2.79 4.50 5.90
SD (9) 2.51 2.35 1.44 1.82 0.79 1.41 1.72
Flat Hand Posture
Range (°) 0.82 5.62 0.70 5.25 4.20 5.55 3.69
SD (9) 0.23 1.62 0.23 1.56 1.32 1.83 1.13

The results observed for the different joints were similar, with the average range across
the joint angles and postures being 4.80+1.43°. This is comparable to the reliability of
the mechanical goniometer [176] and other designed gloves whose reliability has been
systematically addressed, such as the Wii-Glove [166], whose reliability was observed
to be 4.35+1.40°. The range and SD in Table 4.4 tended to be higher for the fist than
for the open hand. This is because the measurement error that was investigated may
be influenced by the technical characteristics of the glove, such as glove instability and
glove inaccuracies, and by factors such as movement variation of the thumb and finger,

wrist movement and grip strength. Identifying the weight that each of these factors has
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on the total measured error would be quite complicated. Instead, a Force Test and a
Wrist FLEX/EXT Test, based on additional tests described by Dipietro et al. [177],

were carried out to investigate their effect on Vgeps0r-

In the Force Test, three objects of different shapes, namely, a piece of wood, a
screwdriver, and a bottle of water, were grasped with the maximum force possible for
a couple of seconds, then the force was released for another couple of seconds without
moving any of the hand and wrist joints. This strong/light grip cycle was repeated for
ten times. Meanwhile, in the Wrist FLEX/EXT Test, the same three objects were held
with the wrist flexed for a couple of seconds and then with the wrist extended for
another couple of seconds, as shown in Figure 4.24. This was also repeated for ten
times. For each test, the sensors’ output voltages logged for each object were converted
to joint angles, and the range of angles observed across the ten trials was noted. Table
4.5 lists for each of these tests the range of angles observed for each joint, averaged

across the different objects.

(2) (b)

Figure 4.24:The Wrist Flex/Ext Test for the bottle of water

Table 4.5: The average range of angles observed for each joint in the Force and Wrist Flex/Ext
tests

Index Index Middle Middle Thumb Thumb

MCP  PIP MCP PIP MCP p Average
Force Test
Range (°) 5.11 9.80 5.69 11.38 2.24 7.56 6.96
SD (9) 0.09 7.18 2.83 6.80 0.83 4.72 3.74
Wrist Flexion/Ext test
Range (°) 4.23 5.73 6.31 8.66 2.69 6.98 5.53
SD (9) 1.53 2.48 1.97 5.06 1.87 2.88 2.58

As with the results obtained by Dipietro et al. [177], both grip strength and wrist

movement were found to influence the measurements, especially the middle PIP joint.
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Hence, to mitigate these factors, during the calibration of the data glove and the
measurement of the hand postures, the participants were asked to apply minimal force

and keep the wrist straight as much as possible.

Meanwhile, the accuracy of the data glove was evaluated by comparing the joint angle
returned by the data glove to the actual angle set by the calibration tools, as shown in
Figure 4.25. For each joint, five V,,,5,-readings were noted for each angle between 0°
and the maximum ROM of that joint in increments of 10°. These voltages were then
converted into angles and the difference between the measured angle and the actual
joint angle was computed. Table 4.6 lists for each joint the difference in joint angle,
averaged across the ROM of the joint and the repeated readings, together with the SD
and the 95% confidence interval. On average, the 95% agreement limits for each joint
were within £5°, which are comparable to other gloves evaluated, such as the one in

[109].

Figure 4.25: Accuracy Test

Table 4.6: The average accuracy of each of the joints of the data glove

Finger Joint Mean d(lgf erence SD of differences (°) 95(:.@:;:5’;‘?,7“
Index MCP -0.21 3.87 -5.02t0 4.59
Index PIP -1.33 1.90 -3.69 to 1.04
Middle MCP 0.07 3.93 -4.81t0 4.95
Middle PIP 0.64 1.76 -1.74 t0 3.02
Thumb MCP 1.38 1.50 -0.49 to 3.24
Thumb PIP -1.22 2.79 -4.69 to 2.25
Mean -0.11 -3.41 to 3.18

The repeatability and accuracy of the data glove was comparable to traditional
goniometers and other gloves, and thus considered acceptable for the objective of this
research. A limitation regarding the characterization of the data glove is that the tests
discussed in this section were only carried out by one subject. However, given the

number of times that the RFSs had to be bent during this testing process and that the
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performance of the RSFs may decay with time and usage [171], the characteristics of
the data glove obtained from one subject were considered sufficient, especially since

the designed data glove caters for similar hand sizes.

4.4 EXPERIMENTAL PROTOCOL

After the successful development and characterization of the data glove, an experiment
was conducted to capture the variance of the non-dominant, minimal anthropomorphic

hand in bimanual activities.

Three right-handed participants (25-49 years old) with medium-sized hands took part
in the experiment. Although, as indicated previously, this number was smaller than
originally planned, it can still be considered sufficient, since this experiment focused
on a pre-determined representative set of standard grasp postures, which for the most
part would be executed in the same way by all the participants under the strict
supervision of the researcher. All the subjects were self-reported to be in good health,
with no neurological history or motor disorders. The consent form in Appendix B (on
p.219), was filled in by all the participants before starting the experiment, as required
by the Faculty of Engineering Research Ethics Committee of the University of Malta.

Each participant wore the data glove on their left hand (i.e., their non-dominant hand)
and underwent the calibration protocol. For the actual experiment, the participants
executed the twenty-seven representative grasps in Table 4.1 (on p.52), where for each

grasp the participants were asked to:

1. Place their non-dominant hand flat on the table;
2. Grab the object as explained by the experimenter, who ensured that the correct
grasp type was being used;
3. Hold the object and wait for the output signals of the sensors to stabilize so that
the experimenter could log, in DaqFactory, the output voltage of each sensor;
4. Keep holding the object while the experimenter used a mechanical goniometer
to measure the ABD/ADD of the fingers and the two DOFs of the thumb CMC
joint.
For each grasp, the average voltage of each sensor was then converted into joint angles
using the calibration curves obtained during that specific session, while the two angles
measured for the thumb CMC joint were converted into the three angle pairs as

discussed in Appendix A (on p.217).
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4.5 IDENTIFYING THE POSTURAL SYNERGIES OF THE NON-DOMINANT,
MINIMAL ANTHROPOMORPHIC HAND

The analysis of the hand postures captured during the experiment is elaborated upon

in this section.

First, the grasp postures measured during the experiment were modelled in SketchUp
[183], using the preliminary kinematic hand model discussed in Section 4.3.2 (on
p.54). Each posture was then checked in the simulation environment, and corrected for

any obvious measurement errors, to further improve the accuracy of the analyses.

The experimental data were subsequently analysed, using PCA, a dimension-reduction
technique that has provided very good results in the field of postural synergies [116].
However, the variability of the dataset depends on the angle pair used to define the
position of the thumb metacarpal bone, yielding slightly different but meaningful
results. Hence, each angle pair was analysed separately (i.e., three different datasets
were obtained from each participant, where, in each dataset, one of the angle pairs was

used to define the position of the thumb metacarpal).

Before performing the PCA using SPSS statistics [184], the suitability of the data was
first checked, using Bartlett’s Test of Sphericity [185], to determine whether there is
actually any redundancy in the data that can be expressed by a few parameters. This is
determined by noting whether the Correlation Matrix (CoM) of the dataset diverges
significantly from the identity matrix, which would indicate that the variables are not
orthogonal (therefore, they are correlated). The result of this test revealed that the
probability that the variables measured in this work are orthogonal is less than 0.01,

thus confirming the appropriateness of the data for PCA.

For the prosthetic hand to then be able to reconstruct as effectively as possible the
representative set of everyday postures, different weightings were applied to the grasp
types within the analysis in accordance with their relevance to the non-dominant hand
in bimanual ADLs, as shown in Figure 4.2 (on p.50). In view of the fact that the
individual participants had slightly different hand dimensions, and might have also or
consequentially adopted grasping postures (“strategies”) that were slightly different
from each other, the PCA was applied separately on the dataset of each participant.
This is because the PCA applied globally (i.e., the recorded hand postures of all the
participants are included in the PCA) as in [103], is hypothesized to be susceptible to
subtle differences in hand use by different people [186]. Thus, for each participant and
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angle pair, the dataset consisted of a [27x9] matrix (i.e., twenty-seven postures and
nine measured kinematic DOFs), with each posture weighted according to its

prevalence in ADL use.

The synergies extracted can then be the eigenvectors of either the Covariance Matrix
(CvM) or the CoM [186]. The CvM is typically used when the units of measurement
are the same for the different variables, as it is quite sensitive to the variance of the
original data. However, this means that variables with larger ranges of variation may
dominate the small ranges and hide the coordination of the DOF with the lowest ROM.
To ensure that each DOF of the hand contributes equally to the analysis, the
experimental data are standardized (i.e., for each DOF the mean =0 and SD = 1) before
applying the PCA to the CvM; this is equivalent to applying the PCA to the CoM.
However, for the prosthetic hand, the important thing is that it can reconstruct the
representative set of everyday postures, which were carefully chosen to utilise the
entirce ROM of most joints, as shown in Table 4.7, with the skewness parameter
indicating whether the joint is more often FLEX/ABD (i.e. negative skew) or
EXT/ADD (i.e. positive skew). For this reason, the significance of the motion of a
joint should not be inflated if that joint has a small total ROM. Therefore, as with other
studies on postural synergies, such as [103], [187], the PCA was applied to a CvM
without standardizing the data prior to the analysis so as to preserve the variance of

the original data.

Table 4.7: Basic statistics of the joint angles across all postures and all subjects

Joint Angle Mean (°) SD (°) Minimum (°) Maximum (°) Skewness

04, 27 20 0 78 0.54
024, 25 11 0 52 0.04
05, 24 18 0 74 0.65
0p, 20 12 0 52 -0.12
Oc, 41 13 15 78 0.88
Oc, 50 26 0 90 0.16

01, 6 6 0 30 1.60
Or,, 12 17 0 74 1.53

o 29 20 0 89 0.51

O1uce,, 12 8 0 35 0.47
01, 47 32 0 110 0.17

OMyce,, 39 21 0 90 0.28

Ormpp 57 32 0 120 -0.14
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The results of the PCA applied to each of the nine datasets (i.e., three datasets for each
of the three participants) were consistent with those of the literature. In fact, a reduction
in dimensionality, similar to the one shown in Figure 4.26, was observed for all the
datasets, with the first three PCs of each participant accounting for a mean variance of
85.5£1.8% across the different angle pairs and the different participants. This
reduction in dimensionality implies that the number of SEMG signals required is
reduced, meaning that a more usable SEMG control system can be developed. Such
reduction can also simplify the mechanical design, if this reduction in dimensionality

is implemented through effective coupling of joints and a reduced number of actuators.
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Figure 4.26: The percentage of variance explained by each PC of one of the subjects for Angle Pair A

Initially, a high degree of consistency in the waveform of the first three PCs for
different angle pairs was observed across the participants, except for one case, that was
not always associated with the same participant. However, it was noted that by
interchanging the second and third PCs of that participant, the similarity of this
participant’s PCs to those of the other subjects improved significantly, as shown in
Figure 4.27 (a). A similar level of consistency was also observed across the angle pairs,

with the order of Angle Pair A interchanged, Figure 4.27 (b).

From the waveforms in Figure 4.27, one can observe that the first PC is characterized
by the FLEX of the PIP joints of the index and the MRL finger, and to a lesser extent,
the FLEX of the corresponding MCP joints and the FLEX of the thumb IP joint. This

can be seen as the opening and closing of the hand, as in other studies found in the
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Figure 4.27: The waveforms of the first three PCs of: (a) all the participants for Angle Pair A were the
second and third PCs of participant 2 where interchanged and (b) the three angle pairs for participant 1
where the order of Angle Pair A was interchanged
literature, such as the first synergy observed by Santello et al. [103]. However, in the
latter study the first synergy was also characterized by the ADD between the fingers
and the thumb ADD and external rotation, as shown in Figure 2.22 (on p.33). PC2 was
characterised by the ADD of the thumb, by the FLEX of the MCP joints of the index
and MRL finger, and to a lesser degree by the EXT of the thumb PIP joint and the
EXT of the index PIP joint. Meanwhile, PC3 involved the ADD and FLEX of the
thumb and the FLEX of the index PIP, as well as the ADD between the fingers and the

EXT of the MRL PIP joint.

The PCs obtained here could not be compared easily with the PCs obtained from other
studies, since this project does not take into account all the DOFs considered in the
literature. However, similarity in the coordination of some of the joints could be noted,
such as the coordination of all of the MCP joints as in [187]. The three postural
synergies obtained for one of the participants are depicted in Figure 4.28, where the
extreme hand postures correspond to the maximum and minimum value of each PC,

while the middle hand posture represents the average of all twenty-seven postures.
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Figure 4.28: Visualization of the first three PCs

By combining the three synergies of one of the participants in different weightings,
the original hand postures executed by the same participant could be reconstructed in
the reduced dimension with a good level of accuracy regardless of the participant and
angle pair considered. Taking Angle Pair A as an example, most of the joint angles in
the reconstructed hand posture varied from the actual hand postures by less than 10°,
as shown in Figure 4.29. Meanwhile, the average angular difference for each joint

across the different participants is shown in Figure 4.30, for Angle Pair A.
450

400

386

350

300

250

200 190

150

100 86

. B
0 - - :

[0,5] (5,10] (10, 15] (15, 20] (20, 25] (25, 30] (30, 35] (35, 40] (40, 45] (45, 50]

Number of Cases

Angle Difference (deg)

Figure 4.29: The distribution of the absolute difference in joint angles between the
actual hand postures of all the participants and the postures reconstructed with
Angle Pair A from the first three PCs corresponding to each participant
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Figure 4.30: The absolute difference at each of the joint angles between the actual
hand postures of all the participants and the postures reconstructed with Angle Pair A
from the first three PCs corresponding to each participant

From Figure 4.29 and Figure 4.30, one can note that while higher-order PCs explain
only a small percentage of the overall variance, they still transmit substantial
information about the different joints, especially joints which had a larger SD.
However, considering that nine PCs are required to accurately reconstruct the several
representative hand postures in the PC space, fairly good results were obtained with
just these three PCs. The movement of the hand along these PCs then defines basic
motions necessary for a medium-sized prosthetic hand to provide sufficient dexterity

as applicable for bimanual activities.

Ultimately, in order to keep the different strategies for the different participants
separate, only the PCs of one of the participants, which were considered a good
representation of the synergies obtained from the other participants, were selected for
further analysis. This was repeated for each angle pair. The selection of the
representative participant was carried out using a systematic approach, that is,
clustering the first three subject-specific synergies of the different participants using a
Hierarchical Cluster Analysis (HCA) [188] similar to the approach taken in [186].
HCA is an algorithm which successively groups small clusters together according to
their similarity, as shown in Figure 4.31. In this project, the similarity between two
clusters is defined by the absolute of the cosine of the angle between the two farthest
synergies present in these clusters (i.e., the grouping measure used is the absolute value
of cosine, while the clustering method used is complete linkage, also known as the

farthest neighbouring distance). The number of clusters extracted was then determined
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by the minimum number that ensured that each cluster contained only one synergy
from the same participant. For each angle pair, the HCA yielded three different clusters
(i.e., the PCs of each participant were in each cluster). This analysis further confirmed
the fact that the order of the PCs of each participant does not necessarily imply that

they are similar, as they were grouped in different clusters.
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Figure 4.31: A graphical representation of the results of the HCA for Angle Pair A, where the
similarity between two clusters is defined by the absolute of the cosine of the angle between the two
farthest synergies present in these clusters

A good level of intra-cluster similarity was observed, especially for Cluster 1, where
all the synergies across the different angle pairs were approximately 9° away from the
core synergy (i.e., the average of all the synergies in that cluster). The participant
whose synergies were on average closest to the core synergy was then chosen. On
average, the PCs of the representative participants across the three angle pairs, were
approximately 13.274+4.43° from the core synergies of the different clusters. This is
indicative of the effectiveness of the chosen PCs to reconstruct, in the reduced
dimension, the hand postures performed by the other subjects with fairly good
accuracy. In fact, taking as an example Angle Pair A, Figure 4.32, shows that in most
cases, the absolute angular difference in joint angles between the actual hand postures
and the reconstructed postures of all the participants is less than 15°. The average
absolute angular difference is slightly higher than what was observed in Figure 4.29,
which is to be expected, since the PCs of the different participants were not an exact

match.

This approach yielded three sets of PCs (i.e., one for each angle pair) on which the
design of a dexterous prosthetic hand which is at the same time relatively simple and

easy to use could be based. Given that the difference in the joint angles of the
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Figure 4.32: The distribution of the absolute difference in joint angles between the actual hand
postures of all the participants and the postures reconstructed with Angle Pair A from the first three
PCs of the representative participant

representative grasps was similar across the three angle pairs, any one of the sets of
PCs identified in this work could be exploited. Thus, further analysis was carried out,
using the three sets of PCs, since the slight difference present in one of the sets could

prove more beneficial to this application.

4.6 ENHANCING THE USABILITY OF THE PROSTHETIC HAND THROUGH
THE IDENTIFIED POSTURAL SYNERGIES

If a prosthetic hand is to exploit these PCs, it must not only be able to implement
these motions; it also requires six intuitive and reliable SEMG signals to operate the
prosthetic hand from one end of each PC to the other. For an intuitive sSEMG signal,
the signal for the movement that closely resembles the PCs should be chosen.
However, most of the hand configurations at the extremes of the PCs, Figure 4.28
(onp.81), do not represent commonly used everyday grasps. This does not only imply
that the actual input signals are not that intuitive, but also that during actual use, the
amputee needs to combine the different synergies to reconstruct the required grasps
in the reduced dimension. This will constitute a very complex, if not impossible,
demand on the user and on the SEMG control system, unless significant compliance
is implemented in the prosthetic hand to compensate for this inability to combine
these PCs. Either way it will reduce drastically the usability of the system, or
significantly increase the complexity of the mechanical system, as discussed in

Section 2.8.3.5 (on p.37).
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Hence, to reduce/eliminate the need to combine these PCs, for each PC, two commonly
used hand postures in the 9D PC space close to the positive and negative extremes of
the PC were selected from among the different grasps executed by the three
participants. This results in the identification of six readily available proto-grasps
(three pairs of representative grasps) for the amputee to use, which are natural and
intuitive, since the accurate definition of the hand postures in the 9D PC space is
considered. It is to be noted that the consideration of all of the participants’ grasps does
not constitute a mix-up of grasping strategies in this case; it only allows different
grasps, which may be closer to the axes, to be considered in the analysis. The
movements of the hand between the two proto-grasps of each PC (in both directions)
constitute the six proto-gestures (PGs) for the hand, forming three axes that are still
reasonably close to being orthogonal, and which enable the amputee to execute several

distinct, usable grasps without the need to combine the PCs.

Some of the proto-grasps that emerged for the different angle pairs were the same,
even if they were not necessarily performed by the same participant. These were the
grasps used to hold a tablet, open a body cream container and cut a paper with scissors.
Other proto-grasps, although not corresponding to the same task object, had similar
hand configurations, as was the case with opening a water bottle and holding a
medium-sized cup. Despite the similarity between the proto-grasps, there were still
some differences in the set of proto-grasps defined by each angle pair. Hence, the angle
pair that provided the most distinct and versatile proto-grasps was chosen. This was

Angle Pair A, where the grasps chosen for the proto-grasps are listed in Table 4.8.

Table 4.8: The proto-grasps chosen for Angle Pair A and the angle created by each proto-grasp,
with the corresponding PC

PC1+ PC1- PC2+ PC2- PC 3+ PC 3-
Grasp Type SpP NonP Pinch LatP SpP Pinch
. Body .
Task Object Toothpaste Tablet Medium Paper Cream Sewing
cap Sized Cup . Pin
Container
Abbreviation C-grasp T-grasp M-grasp P-grasp B-grasp SP-grasp
Level of similarity 23 15 24 27 35 35
in angle (°)

From Table 4.8, one can observe that the angle between the proto-grasp and the
corresponding PC tends to increase with the order of the PC. This is due to the fact
that higher-order PCs tend to account for less of the variance, meaning that the other
PCs usually also transmit substantial information for the accurate reconstruction of
that particular proto-grasp. The proximity of the proto-grasps and the PGs to the PCs,

in 3D space, is shown in Figure 4.33.
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Figure 4.33: Visualisation of the proximity of the proto-grasps and the PGs to the PCs in 3D Space

Although the eventual SEMG control system of the prosthetic hand would be intuitive,
in light of the above configuration, its reliability would be expected to be higher if the
demand placed on it was lowered. Thus, it was prudent to try to reduce further the

number of unique control commands required for operation of the hand.

If a prosthetic hand starts from the fully-open configuration (the O-grasp, which is the
open-joint extrapolation beyond the T-grasp), it can only grasp objects when moving
towards (not away from) three of the proto-grasps (namely the C-grasp, P-grasp and
SP-grasp). Hence, the six PGs were reduced to three hand-closing Proto-Motions
(PMs), and a fourth generic hand-opening PM which involved movement of the hand
from any starting configuration to the O-grasp. The related study on SEMG signals [9]
demonstrated that the motions from an open hand directly to these three proto-grasps
and a generic “opening” motion (from any of these grasps) could be distinguished very

reliably through appropriate signal processing.

In this manner, five of the six original proto-grasps are achievable through the
following three closing PMs: (i) movement from the O-grasp, a variant of the T-grasp,
towards the C-grasp (O-C); (ii) movement from the O-grasp towards the P-grasp (O-
P); and (ii1)) movement from the O-grasp towards the M-grasp and then towards S-
grasp, a variation of the SP-grasp in which the MRL finger is closed instead, (O-M-
S). The introduction of the M-grasp as an intermediate grasp towards S-grasp increases
the workspace of the prosthetic hand, such that larger objects could be grasped with a
power grasp without affecting the functionality of the S-grasp itself, while the P-grasp
(i.e., the proto-grasp which the M-grasp was associated with in Figure 4.33) could be
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utilised to grasp objects with a lateral pinch. The B-grasp is the only proto-grasp that
is omitted in the above movement protocol. However, simulations have shown that
this grasp can be replaced by intermediate hand configurations achieved during the
selected PMs during ADL execution, for example during the movement of the

prosthetic hand from the O-grasp to the P-grasp.

The prosthetic hand was also envisaged to have the capability of a fifth motion,
involving hand movement from the O-grasp to a neutral position, N-grasp,
representing the default pose of the hand when it is not in use. Motion to the N-grasp
can take place autonomously after the hand has been in the open state for a pre-
determined period of time, and therefore does not require a separate control signal to

be sent by the user.

In conclusion, a small number of important and natural grasping motions/postures,
together with the corresponding intuitive and reliable SEMG signals, have been
identified for the development of a dexterous yet usable non-dominant, medium-sized
prosthetic hand as applicable to bimanual activities. This also paves the way for a
simple design, but it greatly depends on the approach taken to implement these
grasping motions/postures. In this work, this is attained by optimizing the KHS of the

prosthetic hand, as will be discussed in the next chapter.
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CHAPTER 5: DEVELOPMENT OF A DEXTEROUS
LOW-DEGREE-OF-FREEDOM KINEMATIC HAND
STRUCTURE

5.1 INTRODUCTION

This chapter centres on optimizing the kinematic structure of the prosthetic hand. The
goal is to identify the optimal KHS that enables the execution of the motions and grasps
outlined in the previous chapter with maximum effectiveness and a natural appearance.
Emphasis is placed on achieving these functionalities while maintaining the simplicity
within the mechanical system, achieved through strategic minimization of the
employed motors. By delving into the details of this optimization process, this chapter
aims to explain the strategy adopted to achieve this balance between simplicity and

dexterity.

5.2 THE PARAMETERS TO BE OPTIMISED FOR A DEXTEROUS LOW-
DEGREE-OF-FREEDOM KINEMATIC HAND STRUCTURE

Ideally, each of the three PMs would be actuated by one motor, resulting in a
requirement of just three motors. However, due to the different contributions of each
joint to each PM, the design of such a system (in particular the transmission systems)
could potentially be extremely complex, as discussed in Section 2.8.3.5 (on p.37), and
would work against one of the key parameters of this project, namely, simplicity.
Hence, the approach taken instead was to assign one motor to each active digit
(therefore there would still be three motors in all) and to optimise the architecture of
each digit to remain as close as possible to the original proto-grasps within the 9D
space, while taking into account the gripping force required for the held object to be

able to withstand the external loads present during daily activities.

The possibilities are endless, thus, a rigorous iterative process was required to
determine the optimal mechanical actuation/coupling system for each digit, as well as
the optimal values for the geometrical parameters of the hand, defined in Section 4.3.2
(on p.54), such as the length of the phalangeal bones, whose value, so far, had been
previously set on the basis of observation or the literature. The only parameters which
were not optimized were the inclination of the phalangeal joints (i.e., the rotation of

the (i + 1) frame about the y;-axis), which completes the definition of the bone
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orientation in 3D-space. This is due to the fact that preliminary simulations showed
that these parameters negatively impacted the aesthetics of the overall hand, which is
another important aspect, as mentioned in the Product Design Specifications in
Chapter 3 (on p.44). Other requirements, such as the overall dimensions of the

prosthetic hand, must also be taken into consideration during this optimization process.

5.3 SETTING UP A FRAMEWORK FOR THE OPTIMISATION OF THE
KINEMATIC HAND STRUCTURE

To guide the fine adjustments of the design, a framework was required to evaluate the
performance of each iterative design in achieving natural-looking PMs that allow the
KHS to effectively attain the representative set of grasps for the successful execution

of daily bimanual activities in addition to some other useful grasps.

Hence, the resulting PMs of each iterative design must not only look natural, but also
be able to achieve grasps that constrain the motion of the task objects through the
application of reasonable forces and torques at a set of contact points which define the
interaction between the hand and the object. Considering a local reference frame
defined at the point of contact (with the positive z-axis pointing along the surface
normal into the object), the force applied at each contact point, ﬁ, can be written as in

Equation 5.1 [189]:

- -

ﬁ = lei + fti 5.1
Where,
e [, refers to one of the contact points that make up the grasp;
o ﬁlv is the vector component along the normal direction with a magnitude of f,,
which is greater than 0, N;
o f;i, is the vector component along the surface of the object with a magnitude of f,
and f, along the x and y direction, respectively, N.
The set F; of admissible forces that can be transmitted through a particular contact
point depends on the interaction present between the hand and the object, such as the
area of surface friction. The types of contact models commonly used in grasp analysis
are the following [190], [191]:
e Frictionless Point Contact, a contact where only a force along the surface normal

can be applied on the object (i.e., fti = 0);
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e Point Contact with Friction (also known as hard finger model), which is able to
transmit a normal force as well as a force along the tangent plane. Using
Coulomb’s law of friction [192], the admissible set of forces is given by Equation
5.2, which defines the friction cone in Figure 5.1(a)

Fo= il < ws il £ > 03 5.2
Where,

® U, is the static coefficient of friction associated with the surface at the point

of contact.

However, for computational purposes, a pyramidal, inner approximation of the
friction cone is more useful, since the friction cone is defined by a finite set of
vectors, as shown in Figure 5.1(b). Hence, for a contact point, i, the friction cone

F; can be defined by the following set of u forces [189], [193]:
{f;,lﬂf;,Z' ---ﬂf;,u} 53

such that fl can be written as follows, where «; ; defines the weighting of each

of these forces:
u u

fi: Zdi'jfi’j, Zai,jSL ai,jZO 5.4

j=1 j=1

Object Surface

.f'i,j

Hs fnnrmul

Fi

Friction Cone

(a) (b)

Figure 5.1: (a) The friction cone associated with a point contact with friction and (b) a
pyramidal, inner approximation of the friction cone [189]

e Soft-finger Contact Model, in addition to the friction cone present in the previous
model, can apply a torque around the normal axis, T,rma» Which is also

constrained by friction.

In this work, it is expected that while the friction between the hand and the object will
be significant, the area of contact will not be large enough for the phalanges to apply

a torque. Hence, the contact points were modelled as point contact with friction, where
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a conservative ug of 0.5 was considered since high frictional material, such as rubber,

should be utilised for the surface of the prosthetic hand.

The force transmitted through one of these contact points then applies a wrench, w; on
the object (i.e., a vector which quantifies the forces and torques applied with respect
to a global reference frame fixed on the object, usually the object’s centre of mass),

which is given by Equation 5.5 [189], [193],

. f w; € R3 for 2D objects
W- _ ﬁ ], Wl f ] 5.5

L d;xf.l" W; € R® for 3D objects

where,

. &i, is the vector quantifying the position of the i*" contact point with respect to

the fixed frame, m.

A grasp can then be defined as the combination of all the wrenches applied by each
contact point, where the total wrench applied on the object by a grasp of p contact
points is given by Equation 5.6,

fi

w=G|: 5.6

fo

where,

e G, is the grasp map which defines the linear mapping of fl to the corresponding
w;, together with the transformation from the local-contact reference frame to the

object-defined fixed frame.

Using this definition of a grasp, a grasp wrench space, W;, which defines the set of all

the possible W that can be applied on the object through the admissible forces of each
contact point, can be computed. In the case of point contact with friction, the W for a
grasp with p contact points can be written as shown in Equation 5.7. A simple 2D
example of the W associated with a grasp consisting of two contact points with friction
is shown in Figure 5.2 [189], [193].

14 -
H_Z“ - - _[ fij ]
i Lj Yijo W=z .z
n dini,j

W, = (@ |w

I
INgb
=l
S

5.7
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Figure 5.2: The W, of a simple 2D grasp consisting of two contact points with friction [189]

However, computing all the possible w that a grasp can apply on an object can be quite
cumbersome. Hence, a more efficient approach for the characterisation of a grasp is

the grasp wrench hull, Wyp,, which is similar to W, except that it is the convex hull of

all the W; ;, making it easier to compute [189], [193].

A grasp that can maintain every possible disturbance load that might be present is

referred to as grasp closure. This means that for any w, there exists a set of contact
24P -, . :
forces, { fi}i:l’ such that —w, € Wg;,. However, this assumes that the magnitude of the

contact forces can be infinite, which is not reasonable given that the hardware utilised
has its limitations. Hence, a more practical definition of grasp closure is that for a n-
dimensional vector space, the Wy, being based on at least n + 1 wrenches, n of which
are linearly independent. Also, the grasp must also be able to apply a zero wrench even
when the contact forces are non-zero. This is equivalent to the origin of the axis being

contained inside Wy, [189], [193].

There are two types of grasp closure, which are form closure and force closure, Figure
5.3. Form closure refers to the type of grasp where the object is geometrically
constrained in all directions, using frictionless point contact forces. If, on the other
hand, only a subset of the possible DOFs are constrained geometrically, the object is

'Gripper

Gripper

Frictional Force

Weight
(a) (b)

Figure 5.3: (a) Form Closure and (b) Force Closure [193]
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said to be grasped with a partial-form closure. Form-closure grasps usually occur
when the palm and the joint angles of the fingers lock around the object, with no room
for any slight movements. Using the definition of grasp closure, for a grasp to provide
form closure to a 3D object in six dimensions, at least seven contact points are required.
Meanwhile, force closure relies on the force and the friction applied at each contact
point to resist W,. Therefore, fewer contact points are required, which makes them

more common in artificial hands [191], [194].

However, for the artificial hand to achieve force closure, it must be able to control the
force applied at each contact point, such that the wrench applied on the object by the
grasp, Equation 5.6, is equal to the external disturbance (i.e., knowledge on G and W,
is required). Given that these parameters depend on the grasped object and its intended
use, it is difficult for the force control system of the prosthetic hand to determine the
contact forces required for the different task objects. To overcome this problem,
concepts which exploit the postural synergies, such as soft synergies or adaptive
synergies [48], [139], have been referred to in the literature, as discussed in Section

2.8.3.5 (on p.37).

However, given the approach used in this work to actuate the different PMs, the
grasping force control system was simplified by varying only the force applied by the
thumb in the direction of the PM, which is usually in opposition to the other digit.
Meanwhile, the other digits are non-backdriveable so that they can provide a reactive
force (this implies that the actuators of these two digits do not need to be as powerful
as that of the thumb, thus simplifying the mechanical design of the prosthetic hand
even further while minimizing power consumption and heat generation). The amputee
can then select the force applied by the thumb from four different force levels, namely,
no-, low-, medium- and high-force, by varying the intensity with which the muscles
are recruited in the forearm; this has been shown to be related to the amplitude of the

sEMG signals [9].

The ability of the grasp to constrain a specific object can be characterised and
compared to other possible grasps, including grasps attained by a different KHS. In
the literature, there are several grasp quality metrics available for different types of
artificial hands [195], [196]. These metrics quantify the ability of a grasp to resist
external loads for a given bound on the magnitude of the contact forces. Examples of

such quality metrics include the volume of the Wy, and the maximum wrench that can

be resisted. However, given the force control system utilised in this work, it was
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considered more appropriate to determine whether there exist a set of force vectors
2P . . — . . C e .
{fi}i=1’ that are able to resist a desired w,, while still satisfying the friction-cone

constraints in Equation 5.2 (on p. 90) and any other kinematic constraints, C, (e.g., the
thumb is in contact with the object at multiple points, and thus, the forces that can be
applied at the contact points are a function of each other; this is simplified by defining
this function according to their position relative to the active joint), and if so, to

optimise their magnitude, if possible, to reduce the demand on the actuation system.

This problem can be written as follows [189], [197]:

minimizer ey oy J(fi o fp) 5.8

Such that fi e, i=1,..,p
fi € C, i=1,..,p
We—Glfy fy] =0

Assuming the weight of the phalanges is negligible and the joints are frictionless, the

torque required at each of the corresponding active joints, TD , can be determined using

Equation 5.9 [198].
Tp =XJE.fi, i€D 5.9
Where,

o ]EL_, is the transpose of the hand Jacobian matrix, which relates the torque required

at the active joint of digit D to the i*" contact force, with reference to the local-
contact frame.

e D, as previously defined, indicates the digit being considered, with T, I, and M
referring to the Thumb, the Index and the Middle finger, respectively.

Utilising this approach requires not only knowledge on the position and orientation of
the contact forces relative to the object’s centre of mass and the active joint, but also
information on the w, present during different daily bimanual activities. This work
focuses on the ability of the prosthetic hand to execute the representative set of daily
bimanual activities listed in Table 4.1 (on p.52), and three additional activities for a
more complete force representation (excluding activities which are difficult even for
an average person, such as the use of a manual can opener, since specific tools, such

as an electric can opener in this example, are usually available for the amputee to use).

94



Chapter 5 : Development of a Dexterous Low-Degree-of-Freedom Kinematic Hand Structure

These additional activities were opening a hand-tightened jar, opening a can of
beverage and cutting food with a knife (even though a knife is not typically held by
the left-hand, this would be required for the mirrored version). They were chosen from
functional hand assessments, as in [199],[200], and based on the magnitude of the
loads that would be expected to be present to execute that particular activity. However,
literature on the magnitude of the w, present during these activities was limited. Thus,
the magnitude of these loads was determined by a series of experiments discussed in
Appendix C (on p.220) [201]. From these experiments, it was observed that the
maximum force that the hand would need to apply was around 25N when opening a
large drawer, and the highest torque was 2.96 Nm to open a hand-tightened cap with a
diameter of 0.072m. Nevertheless, the set of force vectors required and the
corresponding torque at each of the active joints had to be determined for each activity,
since they not only depend on the magnitude and direction of the external loads, but

also on the prevailing configuration of the fingers.

This could be determined, using software such as Opengrasp [202], Graspit![203] and
SynGrasp [204], which are tools commonly used in grasp analysis to predict and
visualise the behaviour of a grasp in the face of external disturbances. However, the
software chosen must also allow the parameters of the KHS to be varied with ease,
while facilitating the actuation of the KHS along the resulting PMs, not only for the
grasp analysis, but also for the members of the research team to scrutinise the
aesthetics of the PMs, which is possibly somewhat subjective but still an important
requirement for the prosthetic hand. For these reasons, a simulation of each candidate
KHS grasping the different task objects in Unity (version 2020.2.0b14) [205], which
is a game engine commonly used in a variety of fields, such as gaming, augmented
reality, animation in the film industry and engineering systems simulations, was
preferred. Unity includes a physics engine (Nvidia PhysX [206]) which allows the
development of realistic projects, with objects responding correctly to gravity,
collisions and forces; it also provides easy access to raw data on the direction and
position of the force applied at each contact point relative to both the object’s centre
of mass and the corresponding active joint. Extensive documentation, resources and
an exceptionally large active community are also present; these facilitate the

development process when using Unity.

Hence, a model of the kinematic hand architecture, discussed in Section 4.3.2 (on

p.54), was first set up in Unity using articulation bodies (i.e., a component that defines
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the physical behaviour of a body) arranged in a logical tree, in which constrained
relative motion takes place between the child and the parent. This facilitates the
simulation of objects that involve joints, which is why it is typically used to simulate
multi-DOF robotic arms. Currently, four different joint types are supported, namely,
fixed, prismatic, revolute and spherical, but for this application, only the revolute and

the fixed joints were necessary [207].

Each phalanx was then modelled with a simple cylindrical mesh, while a 3D mesh
model of the palm was imported from Inventor. A collider defined the boundary of the
phalanges and the palm, which ensured a more realistic collision between the hand
itself and the environment, as it prevented the different aspects of the simulation from

passing through each other.

Any changes made to the KHS during the iterative process could be implemented
automatically via two C# scripts (a program written in C# that allows the user to trigger
game events, respond to user input and modify the properties of the objects over time)
that run before the start of the simulation. These scripts modify the parameters in the
simulation that define the physical length, position and orientation of each phalanx, as
well as the allowable motion relative to the parent body according to the values

inputted by the user for each of these optimised parameters, as shown in Figure 5.4.

Figure 5.4: The graphical user interface which allows the user to vary the different design parameters
of the hand with ease.

The resulting PMs could then be invoked by the user through several keyboard
commands, where each command was associated with a specific proto-grasp. This was
achieved through another script that ran in the background, where in each frame, the

position of the phalanges was updated according to the user input and the current joint
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angles, such that all joints would reach their final position at the same time. However,
if during this motion, a model of an everyday object (which can be either imported
from Unity Asset Store [208], a library of different objects that one can use in one’s
project, or approximated using basic 3D shapes available in Unity) was present within
the hand workspace, the digit(s) whose movement was first constrained would be
stopped, while allowing the PM to continue operating through the remaining free
joints. This exploits the independent actuation of each digit to introduce a limited form

of compliance in the active digits without any complex sub-systems.

The ability of the resulting grasp to constrain the motion of the object, either through
partial form closure or force closure, was then determined using a static force analysis,
since the friction model used by Nvidia PhysX did not necessarily present a close
approximation of real-world physics as it is tuned for the stability and the performance
of the simulation [206]. This involved solving Equation 5.8 (on p.94) for each activity

. . 23P . . — .
to determine whether there exists { fi}i=1 that is able to resist the W, corresponding to

that activity, while taking into consideration additional support from the environment
and the intact hand (i.e., neglecting the resultant load in certain directions since the
environment or the intact hand will be able to counteract such loads, as long as they

are reasonable), as well as a SF of 1.5, as discussed in Chapter 3 (on p.44).

For this reason, information on the number of contact points, and the position and
direction of the contact forces relative to both the centre of mass of the object and the
corresponding active joint, was extracted from Unity. This meant that the computation
of the G and the /. to determine the grasping forces and the torques required at the
corresponding active joints was not necessary, as they were taken care of by Unity. In
the case of force closure, the allowable friction present between the hand and the object
had to be also taken into consideration. However, due to the force control system

adopted in this work, the admissible forces at each of the contact points could not be

Object Surface

- -

-
fni

Figure 5.5: The frictional model used in this work

97



Chapter 5 : Development of a Dexterous Low-Degree-of-Freedom Kinematic Hand Structure

approximated using Equation 5.4 (on p.90), since the normal force applied by the

fingers is a function of the thumb. Instead, the normal component, fni, and the
frictional component, f; , were considered separately, where f; was resolved along two
perpendicular axes that lie on a plane tangent to the normal, ft "y and ftzl-' as shown in

Figure 5.5. The magnitude of ftli and ftzi was then determined by scaling the

maximum allowable friction present between the hand and the object given by

Equation 5.2 (on p.88), such that the condition in Equation 5.10 is satisfied
«/'8121- + B3 <1, B <1&|By| <1 5.10

® ;. B2, are the frictional weightings for ft ., and f;zl-’ respectively.

where,

The frictional weights of each contact point can be varied to determine whether there

. 4 p . —_ . . . .
exists { fi}i=1 that can resist w,, and if so, their optimal value, such that the maximum
force applied by the contact points is reduced as much as possible.

This necessitates the use of an optimization tool to determine the optimal solution.
Optimization tools are algorithms used to determine the set of inputs that maximises
or minimizes the objective function based on a set of constraints. There are several
optimization tools available that can solve from simple, linear problems to more
complex, problems with multiple objectives. In this case, the problem which is defined
in Equation 5.8 (on p.93) is smooth but nonlinear due to the nature of the frictional
force that can be applied at each of the contact points. Example of smooth nonlinear
optimization tools are Sequential Quadratic Programming and Generalised Reduced
Gradient (GRG) [209]. These tools usually exploit information obtained from first
and/or second-order derivatives carried out at various trial solutions to follow the
curvature of the problem as well as its direction. This is repeated until there is no
improvement in the solution. The GRG nonlinear tool was chosen for this project since
it is available in Microsoft Excel which facilitates the computation of the objective
function. However, if the problem is non-convex, GRG nonlinear can only find the

local minimum that is closest to the starting point.

Therefore, to see if a better solution could be found, the solution obtained from GRG
nonlinear served as the initial solution for the evolutionary algorithm [210] which is

available in Microsoft Excel. This is because the evolutionary algorithm is not as
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susceptible to local minima as the GRG nonlinear since it does not rely on information
from the derivative of the objective function to determine the optimal solution but
rather utilises several Genetic Algorithms (GA) and local search methods.
Evolutionary algorithms are based on the idea of natural selection, where mutations of
the optimal solution from a random population are used to create offspring (also known
as chromosomes) for the next generation, while taking into consideration the
constraints imposed by the user on all the parameters. This is repeated until there is no
improvement in the objective function from one population to the next during a defined
period of time. The process can be time-consuming, but parameters such as the
mutation rate (i.e., the frequency of the population that will be altered to create a new
solution) and the population size (i.e., the number of solutions the algorithm considers
at any given time) can be varied to limit its duration. However, these parameters might
negatively impact the algorithm if they are not carefully adjusted, since changing the
mutation rate significantly may lead to a random search, while a small population size
limits the search space available [211]. The solution from the Evolutionary algorithm
was fed back to the GRG nonlinear. This was repeated several times until there was

no change in the initial solution, which confirms that the problem has converged.

Meanwhile, T_D) required at each of the active joints can be determined using Equation
5.11.
xF, ,i €D 5.11
Where,

. ﬁcv refers to the contact-force vector corresponding to one of the phalanges of the

digit, D, in terms of the coordinate system of the active joint, which was obtained
from Unity, N;

° c_l)ci, is the positional vector between the active joint of digit, D, and the contact
force, ﬁci, in terms of the coordinate axes of the active joint, which was also
obtained from Unity, m.

In the case of the fingers, the components of TT; along the primary axes of the joint

coordinate system indicate the torque that must be sustained along each direction, with

Tp, (i.e., the component of T_D) in the z-axis) supported by the actuation/transmission

system, and the components in the other directions supported by the structure. For the

thumb, the motor will need to provide sufficient torque, m, to actively achieve the

required contact forces applied by the corresponding phalanges. Hence, the minimum

required magnitude for T, . is the magnitude that can provide the required torque TT
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(i.e., the T_D> calculated using Equation 5.11 for the thumb), when resolved along the
direction of this torque and two other perpendicular directions, Figure 5.6. The torque
applied along the latter two directions, i, are “unnecessary” torques that are being
applied at the thumb CMC joint against the structure of the finger, reducing the

efficiency of the motor.

Thumb joint axis

Thumb Motor

Figure 5.6: A 2D analogy of how the magnitude required for T;; was determined

The required magnitude of T, was determined by first calculating the angle between

—

T, and 7ir (i.e., the unit vectors of T, and ﬁ), ¥7, which was found using the cosine

B —

rule, Equation 5.12, where the unit vector of T, acts along the z-axis:

This angle was then substituted in Equation 5.13.

cosyr = Np.lpy, = T_TZ, 5.12
|7+
—— _ 1Tl
(e COSTYT 5.13

A typical example of this analysis can be found in Appendix D (on p.231). Using this

framework, the parameters of the KHS can be optimised in a systematic manner.

5.4 OPTIMIZATION OF THE ARCHITECTURE AND THE GEOMETRIC
PARAMETERS OF THE KINEMATIC HAND STRUCTURE

Building on the valuable insights gathered from the Unity framework regarding the
functionality and aesthetic of a KHS, this section delves into the intricacies of the
iterative process employed to optimize both the architecture and geometric parameters

of the prosthetic hand.

5.4.1 SIMPLIFICATION OF THE ARCHITECTURE OF THE KINEMATIC HAND
STRUCTURE

In the approach taken in this work, the simplification of the KHS involves the

optimisation of the mechanical architecture of each active digit to best utilise the three

actuators while taking into consideration the simplicity of the design, as well as the

aesthetics of the hand movements/grasps.
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In this optimisation procedure, each of the nine joints were defined as one of three
types: actuated; coupled to another DOF; or fixed at a specific angle. In the case of
coupling one-DOF joints (e.g., the PIP and the DIP joints), the relationship between
the position of the coupled joint (C]) and of the driving joint (DJ) is given by Equation

5.14.
CJ] =[D] * CR] — FA 5.14

Where,

e (R, is the coupling ratio.

e FA, is a fixed angle, °.

Meanwhile, the coupling of two-DOF joints (i.e., the thumb CMC joint and the index
MCP joint, which are both located at the proximal end) can be obtained by optimizing
the D-H parameter, ap,, of the corresponding digit; this was first mentioned in Section
4.3.2 (on p.54). The axis of rotation of the motor can then be either perpendicular to
the proximal phalanx (i.e., 8p, is fixed, while 6),, is actuated), Figure 5.7(a), or at an
angle to the proximal phalange (i.e., 8p, is actuated, while 6, is fixed), Figure 5.7(b).
The resulting position of the proximal phalanx in 3D space can be expressed in terms

of the original joints angles as shown in Appendix E (on p.236).

(a) (b)

Figure 5.7: The different coupling methods considered for two DOF joints, taking the thumb
CMC joint as an example, where the blue line indicates the axis of rotation of the motor (note:
Unity uses a left-hand coordinate system)

Given that each finger will only be actuated by one motor, one of the proximal DOFs
should be actuated to keep the centre of mass of the prosthetic hand towards the wrist.
Meanwhile, the other joints should be fixed, wherever possible, for a simple design.
Otherwise, the joint should be coupled to the previous actuated joint, ideally the DOF
parallel to it, to keep the complexity of the design to a minimum by avoiding linkages

across the different joints/digits.

101



Chapter 5 : Development of a Dexterous Low-Degree-of-Freedom Kinematic Hand Structure

The resulting proto-grasps can then be expressed in terms of the nine PCs chosen in
Section 4.6 (on p.84), using Equation 2.1 (on p. 32). However, a consequence of
reducing the number of motors (from the theoretical nine, to three) and coupling or
fixing some of the joints is that the proto-grasps, as well as the neutral position, would
shift in the 9D PC space, as illustrated in Figure 5.8. As a result, the directions of the
new PMs would vary from the original directions, affecting the ROM of each of the

joint angles.

)
=1 Original Proto-
Grasp
i) (@) New
Proto-Grasp
PC1 (°) 3
2]
I New
Neutral
T I:I T T T T T T 3
Original |0 1 2 K! 4 & g
Neutral
PC2 (°)

Figure 5.8: A simplification of the effect that reducing the number of motors, and coupling or fixing
some of the joints has on the proto-gestures

The difference between the original and the new proto-grasps can be measured by the
Shift of the Proto-Grasps (SPG), in °, which is calculated through the weighted average

of the following objectives:

o Similarity of the proto-grasps, (°): This measures the similarity between the original
proto-grasps and the new ones. It is quantified by computing the average of the
angles between the original six proto-grasps and the corresponding new ones, from
the new neutral. Equal weighting was given to all six proto-grasps to increase the
probability that the B-grasp can still be attained during the execution of day-to-day
activities.

o Similarity of the direction (°): This measures the similarity in the ROM of the joints
when moving from one grasp to another. It is quantified by averaging the angle
difference between the vector from the original neutral point to the original grasp
point in the 9D space, and between the vector from the new neutral point to the
corresponding new grasp point. Although the PMs start from the open hand

position, it was the neutral position that was considered as the reference point, since
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the six vectors of the proto-grasps relative to the neutral position were found to be
more distinct than the corresponding ones from the open hand position. This ensures
a better representation of the ROM of the different joints.

o Similarity of the PCs (°): This measures the angle between the new proto-grasps
and the corresponding PCs. This aspect of the measurement was included to give
greater weight to solutions which are closer to the PCs in order to promote more

distinct proto-grasps and proto-motions.

In weighting the above three measurements, priority was given to the first two
objectives, with an equal weight of 0.4, while the third one was given a weighting of

0.2.

For the optimal mechanical joint couplings/fixed angles, the SPG should be reduced
as much as possible to achieve a three-motor hand that can attain with high similarity
the proto-grasps and the corresponding motions of the original PMs. The SPG is non-
linear, and thus, the Evolutionary algorithm and the GRG Nonlinear method in
Microsoft Excel, which were discussed in the previous section, were used to determine

the optimal solution for multiple configurations of the KHS.

However, the SPG function takes into consideration neither the aesthetics of the hand
(i.e., how natural it looks and if the resulting new proto-grasps resemble in any way
the original ones, since Microsoft Excel simply views the grasps as points in 9D space)
nor the simplicity of the design (e.g., a fixed joint is better than a coupled joint in this
regard), which are also important for the KHS. Hence, for each configuration
considered, the members of the research team scrutinised the aesthetics of the new
PMs in Unity. Unless the PMs looked completely unnatural (e.g., the index PIP joint
is fixed at a certain angle), an attempt was made to improve the results obtained, where
the constraints imposed on each of the parameters were modified as necessary, taking
also into account the ability of the KHS to execute the bimanual activities considered
in this work. For example, it was noted that the FA parameters, which characterised
the coupling of the PIP joints of the index and the MRL finger to the corresponding
MCP joint, were preventing the PIP joint from fully opening in the resulting O-grasp.
This limited its usage in applications requiring non-prehensile grasps. Thus, a
constraint on the FA parameter was introduced, which limited the MCP joint to an
angle less than 20°, for when the PIP joint has reached its minimum limit so that the
resulting O-grasp can still be considered acceptable for an open hand. On the other

hand, even though the fingers were not necessarily closed in the original C-grasp, the
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versatility of the grasp would increase if the distance between the fingertips and the
palm were to be minimised, as it would allow smaller objects (e.g., a toothbrush and a
fork) to be grasped between the fingers and the palm. Hence, the constraints of CR and
FA were adjusted accordingly.

During the fine-tuning process, the other parameters of the KHS modelled in Unity,
which also play a crucial role in the aesthetics and the functionality of the hand, were
continuously being updated on the basis of the optimisation process discussed in the

next section.

5.4.2 OPTIMIZATION OF THE GEOMETRICAL PARAMETERS OF THE KINEMATIC
HAND STRUCTURE

Thirty-one other kinematic parameters of this three-motor hand, including the

dimensions of the phalanges, the nature of the DIP joints, and the exact positions and

orientations of the different joints still had to be optimised, while taking into

consideration the size of the prosthetic hand required, referred to in Chapter 3 (on

p-44).

Anthropomorphic data of different populations, such as [212], [213], can be utilised to
determine the optimal value of some of these parameters. However, apart from the fact
that these studies tend to not include some of the required parameters (e.g., parameters
which are more difficult to measure, such as the position of the thumb CMC joint and
the twist of the different phalanges), this approach focuses mainly on the aesthetics of
the prosthetic hand, rather than its overall performance. Thus, to maximise the space
in the palm for the mechanical system and ensure a natural look relative to the overall
height of the prosthetic hand, the anthropomorphic data in [147], [214] were used to
determine the height of the palm (i.e., [y, ), and consequently the length of the MRL
finger. Meanwhile, a more systematic approach that can also evaluate the performance

of the prosthetic hand was required to optimise the remaining parameters.

As discussed in Section 5.3 (on p.89), the performance of a prosthetic hand can be
characterized by using grasp quality metrics. However, this requires initial grasp
parameters, such as the geometry of the fingers, the shape of the object and the
placement of the contact points, to be specified, which in turn limits its ability to act
as a performance index. For this reason, Mouri et al. [215], who recognised the
importance of thumb opposition to the other digits for the dexterity of the human hand,
proposed the performance index: ‘opposability of thumb’. This performance index

evaluates the grasping ability of a hand in terms of the workspace intersection volume
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between the thumb and each of the fingers, using only its kinematic structure, so that
other important factors such as fingertip shape and material can be determined at a
later stage. However, You et al. [216], [217] noted that parameters related to the
fingers, such as their lengths, were not included in the performance index, which led
to artificial hands with odd shapes, since the opposability of the thumb could be
increased by simply increasing the length of the fingers. Hence, You et al. [216], [217]
developed this idea even further, and proposed the Interactivity of Fingers (IF).

The performance index IF quantifies the capabilities of the artificial hand for multi-
fingered precision grasping. The authors observed that the strategy used by the human
hand for precision grip (i.e., two- or three-finger precision grips, typically used to
manipulate objects in 3D space) is not based only on the performance of the thumb,
but also on the interaction capability of each finger, including the thumb. In this light,
this performance index quantifies the dexterity of the hand based on the workspace
intersection volume between the thumb fingertip and each of the other fingertips, and
the workspace intersection volume between the thumb fingertip and two neighbouring,

alternative fingertips, Figure 5.9.
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Figure 5.9: Workspace and Workspace intersection area of a mathematical model of a robotic hand
[217]

The interaction between the digits, in particular, the thumb and the index, is essential
in this work, since this three-motor hand must be able to achieve the S-grasp and the
P-grasp. Thus, although the motion of the joints in the performance index is not
constrained to occur in synergy, as in this application, the IF provides a good
foundation for the optimisation of the parameters of the KHS, especially if it is slightly
modified to take into consideration the overall function and appearance of the MRL

finger (i.e., a distinction is made between the digits and the active digits). The modified
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IF 1s defined as follows:

ng—1 ng—1

an 1 w
IF = mq=1%mqmq Zw v +k2ww v 5.15
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Where,

e my, can have a value from 1 to 4, representing the four fingers, from the index to
the little finger.

e N,, is the number of active digits, which will be three for this three-motor hand.

e 1y, is the number of digits, which in this case will be five.

® Wy, s aweighting factor which reflects the importance of each finger in the robot
hand. You et al. [217] used the weighting factors 1, 1, 0.5 and 0.5 for the index,
middle, ring and little finger, respectively. This weighting scheme was also
adopted for this project since the thumb-index-middle fingers are primarily used
for precision grasping. In fact, these three fingers were considered the most
important fingers for the minimal anthropomorphic hand described in [8].

® hy,,, is the distance between the position of the MCP of the mt finger and the
base of the thumb, mm.

e L., is the length of the thumb, mm.

o Ly, is the length of the fingers, mm. If the lengths of the four fingers (i.e., index
to little) are different, the average value can be used for L.

®  Oiotal> 1s the sum of the ROM of all joints, °

® Uy, is the volume of intersection between the workspace of the thumb fingertip
and the fingertip of the m¥* finger, mm3

®  Uimy, 1s the volume of intersection between the thumb and index fingertips and
each of the other fingertips, so as to maximise the functionality of the MRL finger,
mm3.

* k,is the compensation coefficient that keeps the effect of vy, , and vy, , balanced;
this was set to 3, and was based on the You et al. [217] recommendation.

The intersection volumes, v, and vy, ,, were calculated in Matlab [218] using the

procedure described in Figure 5.10.

In this procedure, the forward kinematics of each digit, with joint angles ranging from

the minimum to the maximum ROM in increments of AB, were used to collect the

fingertip points of the thumb, p, and the other fingers, p,,,. Depending on the DOA
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1: Input of Parameters: Information of
robot hand’s kinematic structure and
sampling degree A

2: Collect sampled points of each
l» fingertip’s workspace (p¢, Pm,) With AD

3.1: Find common points (cpy,,) between 3.2: Find common points (cpyy,,) between py;
p; and each of the fingers’ tip, pp,,, which p1 and each of the other fingers’ tip, pp,,
are less than the maximum allowable > which are less than the maximum allowable
distance (d,) aﬁart from each other distance (d,) apart from each other

4.1: Count the number of cpy,, as

) . 4.2: Count the number of ¢p;,, as
workspace intersection volume (v, )

workspace intersection volume

Figure 5.10: The procedure used to calculate the workspace intersection volumes, where the meaning
of the parameter symbols is given in the text (adapted from [217])

and the value of A, the calculation of the IF index might be time consuming due to
the extensive number of points that the program would need to go through. As a
compromise, You et al. suggest that Af is set to 5° and that the blanks in the workspace
intersection volumes are filled in, using triangular pyramids. However, this was not
considered necessary for this work since the developed KHS only has three DOAs,

and thus, setting AB to 1° does not generate a significant number of points.

The next step involved finding the points where the artificial hand could attain two-
finger pinch (¢py,,) and three-finger pinch (cpip,,), by finding two or three sampled
points from the different fingers involved in the pinch that were less than the maximum
allowable distance away from each other, d,. However, when You et al. suggest that
d, is set to lmm, the precision grips are limited to hand configurations where the two
or three fingers involved must all be touching at the centre of each fingertip. On the
other hand, precision grips where a fingertip is touching the side of the other digits can
be just as useful, especially for KHS with low DOA, where the workspace of each digit
is limited. Thus, d, was increased to 15mm, slightly smaller than the required
thickness of the digits specified in Chapter 3 (on p.44), which was 20mm. Each point
was then considered as a 1mm?3 volume, even if the fingertip points were slightly
further away from each other, since it indicates the number of points where two- or

three-pinch grasps can be achieved.

On the basis of this performance index, the geometric parameters of the hand model
were then optimised, using the GA [219] available in Matlab, as recommended by the

authors of this index. The idea of the GA is the same as the one implemented in Excel,
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but the approach used in Matlab is slightly different. In this approach, Matlab starts
with a random initial population of size, Np, where crossovers between the different
chromosomes and mutations take place to generate offspring for the next population.
This process is governed by the following parameters, as discussed in Appendix F (on
p.237) [220], [221]:

e Probability of Crossover, Pc — The probability that two chromosomes are
combined, with 100% meaning that all the offspring are obtained by crossover;

e Distribution index for crossover, etac — A non-negative number that governs the
crossover between two chromosomes, with a higher value allowing the offspring
to be closer to the parent chromosomes;

e Probability of Mutation, Pm — The probability that a chromosome is mutated,
where 100% indicates that all the chromosomes in a generation are mutated;

¢ Distribution index for mutation, etam — A non-negative number that governs the
mutation of a chromosome, with a higher value resulting in an offspring further
away from the parent.

This is repeated for a number of iterations before the GA algorithm is terminated. The
solution with the highest IF is chosen as the optimal solution, but whether the result
obtained is the optimal or near-optimal one depends on the GA parameters, since they
can positively or negatively influence the results of the algorithm. Hence, the GA was
run multiple times, each time varying the Pc, the etac, the Pm, and the etam in a
systematic manner while keeping Np and the number of iterations fixed. Each time the
optimal solution of the previous run was included in the initial population of the next
run. This was repeated until the change in the optimal solution was minimal, which

confirms that the solution has converged.

The values that the GA could assign to each variable were limited to predetermined
ranges so as to increase the performance of the prosthetic hand while ensuring that it
is aesthetically pleasing, both in its stationary poses and in its motion. To determine
these ranges, after each GA run, Unity was used to examine the ability of the resulting
KHS to execute the bimanual activities considered in this work, as well as to scrutinise
the aesthetics of the resulting grasps and PM. The limits of the variables were then
adjusted accordingly, taking the anthropomorphic data in [147], [214] as reference.
For example, the limits ensured that the proportions of the proximal and the middle
phalanges relative to the distal phalanx were similar to the ones observed in [214].

This affected not only the aesthetics of the hand, but also the ability of the fingers to
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wrap around objects of various sizes successfully. Meanwhile, the height difference
between the MCP joint of the index and the MRL finger was limited, as otherwise it
would not be very natural and would affect the functionality of the hand when closed.
The limits were also adjusted to avoid unwanted interactions between the fingers, such
as overlap between the index and the MRL finger when in the C-grasp position. In
certain cases, this type of interaction could not be avoided by simply adjusting the
limits, so the KHS had to be adjusted (e.g., coupling one of the joints) and re-optimised

accordingly, as discussed in the previous section.

However, regardless of the values of the parameters, the MRL finger did not intersect
with the thumb. For this reason, MRL parameters, such as the nature of the DIP joint
and the ratios of the different phalanges with respect to the distal phalanx, were based
on those of the index finger, except for the lengths of the proximal phalanges of the
ring and little fingers, which were constrained to equal that of the middle finger due to
the shared MCP and PIP joints of these two minor fingers with the middle finger.
Meanwhile, the other parameters of the MRL finger, such as the orientation of the
MCP/PIP joint and the overall lengths of the ring and little fingers, were optimised
along those of the other digits on the basis of the aesthetics of the proto-grasps and the

PMs, as well as the hand configurations when grasping different objects in Unity.

5.5 THE OPTIMAL PARAMETERS FOR THE SIMPLIFIED KINEMATIC HAND
STRUCTURE

Several KHSs with different geometrical parameters were considered during the
iterative process discussed in the previous two sections. The simplest KHS, with
natural-looking proto-grasps and PMs in Unity, and which had the potential to
successfully grasp different everyday objects in an aesthetically acceptable manner,

was chosen.

Different configurations with one DOA were considered for the thumb. The impact
that each configuration had on the SPG while actuating the joints of the other digits
was relatively similar, as can be seen in Figure 5.11. The configuration most suitable
for the thumb was then chosen based on its mechanical simplicity, aesthetics and
functionality when the configuration of the other digits, as well as the geometric
parameters were optimised. The configuration that was finally chosen through this
exercise is relatively simple, with the two DOFs of the thumb CMC joint actuated by

one motor, whose axis of rotation is re-oriented in 3D space, perpendicular to the
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proximal phalanx, as shown in Figure 5.7(a) (on p.101), whilst both the MCP and IP

joints are fixed.
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Error! Reference source not found.: The SPG and its breakdown for different thumb c
onfigurations with one DOA; where A, C and F indicate that the joint is actuated, coupled or fixed,
respectively, with the order from left to right referring to the two DOF of the CMC joint and the one
DOF of both the MCP and IP joint.

Despite the mechanical simplicity of this configuration, the thumb can move in and
out of the path of the index finger, making it possible for the thumb to make contact
with the index finger at two distinct positions, which are required for the P-grasp and
the S-grasp, while still maintaining an anthropomorphic look. Alternatively, the same
effect could have been obtained by an equally simple configuration, in which the two
DOFs of the thumb CMC joint are coupled as shown in Figure 5.7(b). However, in the
previous case, the twist of the thumb as it was moving within Unity appeared more
natural, which is why it was preferred. The ROM of the thumb was then extended at
both ends, so long as the end grasps remained natural, in order to increase the
workspace of the hand. This meant that larger objects, such as a two-litre water bottle,
could be grasped by the hand; it also ensured that when the thumb is in the ADD
position, an object can lie flat against the palm, allowing for a better contact between

the object and the hand.

In the case of the index and the MRL finger, the impact on the SPG for different
possible configurations with one DOA while actuating the joints of the other digits, is
shown in Figure 5.12 and Figure 5.13. A significant difference in the SPG was
observed between the two possible configurations for the MRL finger. Meanwhile, the
effect on the SPG was relatively similar for the index finger. After scrutinizing the

aesthetics of the hand when in motion and stationary, the configuration that was found

110



Chapter 5 : Development of a Dexterous Low-Degree-of-Freedom Kinematic Hand Structure

to be the most suitable for both the index and the MRL finger is the PIP joint coupled
to the actuated MCP joint, while the DIP joint is fixed at a specific angle.
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Figure 5.11: The SPG and its breakdown for different configurations with one DOA for the index
finger; where A, C and F indicate that the joint is actuated, coupled or fixed, respectively, with the
order from left to right referring to the two DOFs of the MCP joint and the one DOF of the PIP joint.
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Figure 5.12: The SPG and its breakdown for different configurations with one DOA for the MRL

finger; where A, C and F indicate that the joint is actuated, coupled or fixed, respectively, with the

order from left to right referring to the one DOF of the MCP joint since the ADD/ABD angle was
assumed to be zero and the one DOF of the PIP joint.

For the actuation of the MCP joints, several configurations were considered, as this
significantly affected the aesthetics and the functionality of the hand. In the case of the

MRL finger, the ay,, parameter was slightly increased even though this was originally

modelled as 0°. This caused the little finger to protrude slightly in the palmar direction,
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Figure 5.14 and gave the palm a slightly raised edge that can provide grasped objects
with added support; this is similar to the movement created by the limit mobility of the
fourth and fifth CMC joints, which were not included in this work. An attempt was
also made to include the misalignment in the MCP joints of the three fingers in the
MRL digit by giving the motor a slight inclination, as shown in Figure 5.7(a) (on
p.101), even if the ADD/ABD angle was originally set to 0°. However, this parameter
remained unchanged due to the resulting motion of the MRL finger, where the little
finger would usually be the one to first touch the object, which then constrained the

motion of the other fingers.

" R

Figure 5.13: The effect varying @), has on the orientation of the MRL finger

For the orientation of the index motor, both configurations shown in Figure 5.7 were
considered, where the axis of rotation was mainly in the direction of the FLEX/EXT
of the MCP joint. On one hand, the configuration in Figure 5.7(a) could facilitate the
coupling of the PIP joint, since the axes of rotation of both joints were parallel, but the
resulting motion was similar to that of the thumb, with the distal phalanx remaining at
an angle to that of the MRL finger, as shown in Figure 5.15(a). Meanwhile, the
ADD/ABD angle in Figure 5.7(b) was almost constant, which, depending on its angle,
enabled the index finger to move in the direction of the thumb. However, it created an
unnatural gap between the index and the MRL finger when the hand was closed, as
shown in Figure 5.15(b). Thus, while for both configurations contact between the
index finger and the thumb was possible, especially if some of the limits of geometrical
parameters were modified (e.g., allowing the thumb to be placed closer to the centre
of the palm), this was done at the expense of the aesthetics and/or functionality of the

overall hand.

However, after further optimisation and manual fine-tuning, the configuration in
Figure 5.7(a) was modified, where the PIP joint of the index finger was rotated, relative
to the MCP joint, in the direction of the thumb. Even though this slightly increased the

complexity of the coupling system, as the PIP joint was no longer aligned with the
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(b)

Figure 5.14: Difference in the closed-hand position for the two configurations considered for the
index MCP joint

MCP joint, it allowed a more natural interaction between the different fingers and
improved the overall functionality of the hand. In fact, a consequence of these
modifications was that the middle phalanx of the index finger exhibited a slight
rotation towards the MRL finger as it closed, thus, allowing the thumb to be placed
further away from the centre of the palm. This increased the FLEX angle of the thumb
in the open hand position, and limited the interference between the thumb and the
index finger when grasping smaller objects (e.g. a toothbrush) with a power grasp,
while still being able to achieve natural-looking proto-grasps. An improvement in the
overall functionality of the hand was also observed after modifying the coupling
parameters of the MRL finger to equal those of the index finger; this also simplified
the overall design of the hand.

Hence, the D-H parameters, (discussed in Section 4.3.2 (on p.54)), for a simplified,
yet aesthetically pleasing KHS that can achieve a set of grasping motions relevant for
a medium-sized, left, non-dominant prosthetic hand, were determined as shown in

Table 5.1, with an SPG and IF value of 38.86° and 2.1983x10~8mm*, respectively.

113



Chapter 5 : Development of a Dexterous Low-Degree-of-Freedom Kinematic Hand Structure

Table 5.1: The D-H parameters for the optimized KHS

Joint T, iﬁe Oitimized Values Lower Bound Uiﬁer Bound

Iy, 8mm 0mm 10mm
Iy, —27mm I, mm I, +30mm
lr, 17mm I, + 15mm | I, +35mm
ar, 13.18° —-90° 90°

Or, Fixed 30.79° —65° 65°
Or, Actuated —25° to 73° / /

lry, 44mm 2ly,,mm 2.5l;,,mm
Or, 65° 50° 65°

01, ch Fixed 7° 0° 25°
lrpp 32mm Iy, ,mm 1.5l;, ,mm
or, 17° —-20° 20°
Or,, Fixed 4° 0° 35°
lrpp 22mm 20mm 30mm
oy, 0° 0° 0°
e |

L, 88mm Iy, — S5mm Iy,

L, —21mm 20mm 30mm
L, 0Omm 0Omm S5mm
ar, —-10° —-90° 90°

0, Fixed 10° —20° 20°

0, Actuated 13°to 90° / /

lpp 43mm 21, ,mm 2.5, mm
A, —10° -10° 0°
oy | comeivn, | G oue | G| @i
Liyp 29mm L, ,mm 1.51,, ,mm
o 0° 0° 0°
01,0 Fixed 7° 0° 20°
Liyp 19mm 15mm 22mm
o 0° 0° 0°

- MRL |

Iu, 90mm / /

Iy, Omm / /

lu, 0Omm / /

Ay, —10° —10° 0°
On, 0° —10° 0°

OMM,;PFE Actuated 13° to 90° / /

lupp 47mm 21y, ,mm 2.5y, ,mm
My 0° 0° 0°

Oy, | Coupledto Oy, ., | CR = 1.56,FA = 20.60°

M = 29mm,R = 26mm,

Luyp L = 18mm lyppmm 1.51y,,mm
aMS 00 Oo Oo
Ompp Fixed 7° 0° 20°

M = 19mm,R = 17mm,
lug, L= 16mm 15mm 22mm
aM6 Oo 00 Oo
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5.6 EVALUATION OF THE SIMPLIFIED KINEMATIC HAND STRUCTURE

Even though the KHS has only three actuators, three active joints and two coupled
joints, with the optimised geometrical parameters discussed in the previous section, it
can still attain proto-grasps that are very similar to the original ones intended, as shown

in Figure 5.16 (compare to Figure 4.33 (on p.86)).

Figure 5.15: The proto-grasps, and the N-Grasp, with the developed KHS

The PMs are further exploited by the compliance modelled on the simulation
environment, which involves having each individual finger stop when it encounters
resistance to its motion due to the object being grasped, but maintaining the movement
of the free joints. This allows all the fingers of the prosthetic hand to wrap around
objects of arbitrary shapes and sizes such that the grasps are not restricted to only the
end-state configurations. In fact, using only the available PMs, the KHS simulated in
Unity could wrap its finger around the different representative objects in an

aesthetically acceptable manner, as shown in Table 5.2.

The O-M-S PM was used to achieve 41% of the grasps shown in Table 5.2, closely
followed by the O-P and O-C PMs with 33% and 22%, respectively. The fact that the
O-C PM was the least common closing PM, even though it mainly correlated to the
first PC extracted from the PCA, indicates that, while the set of chosen proto-grasps is
sufficient for a non-dominant prosthetic hand, the coupling/fixing of the joints, meant
that the KHS had to approach the objects in a slightly different way. In particular, the
O-M-S PM was found to be very useful in allowing the KHS to grasp objects with a

115



Chapter 5 : Development of a Dexterous Low-Degree-of-Freedom Kinematic Hand Structure

Table 5.2: The KHS wrapping its finger around the twenty-seven representative objects, using

only the four PMs

Sweeping Peeling a potato Opening a hand-tightened bottle

Broom Potato Large Water Bottle

N-O-C 0O-M-S O-M-S

Putting toothpaste on a , . q ]
toothbrush Opening the zipper of a purse Pouring from a frying pan
Toothbrush Purse Frying Pan Handle
0-C O-P N-O-C

| -

Passing a thread through a

4

Opening a hand-tightened cap

Pouring water into a cup

needle
Sewing Pin Soap Bottle Cap Medium-Sized Cup
O-M-S 0O-M-S O-M-S

Playing Cards

Carrying a tray

'}

Opening a packaged-food box

Cards

Tray

Cracker box

O-P

0O-M-§

Carrying a shopping bag

Pulling a drawer

O-M-S

Carrying a briefcase

Shopping bag

Cabinet handle

Briefcase

O-N-C

L\ |

F:' \

D N

O-M-S
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Table 5.2: The KHS wrapping its finger around the twenty-seven representative objects, using only

the four PMs (cont.d)

Sharpening a pencil

Opening a hand-tightened

Opening a hand-tightened body

toothpaste cap cream cap
Small Sharpener Toothpaste Cap Body Cream Container
O-P O-P O-P

»

il

Using a tablet

Throwing a ball

Tablet

Beach Ball

N-O

Eating with a fork and a knife

Dialling a telephone number

N-O

Spraying a detergent while
wiping a surface

Fork

Telephone

Spray bottle

N-O-C

5

O-P

O-M-S

Cutting with scissors Opening a hand-tightened bottle Opening the flip top of a
Cap toothpaste tube
Paper Water Bottle Cap Toothpaste Cap

O-P

O-P

O-P

Opening a can of beverage

Opening a hand-tightened jar

Eating with a fork and a knife

Can of beverage

Jar

Knife

O-M-S

O-M-S

N-O-C

[l C I
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power grasp, but in the case of small objects the thumb and the index finger would
touch before having the chance to grasp the object. In that case, the O-C PM was useful
because the KHS would start from the N-grasp, where the object would be placed
between the thumb and the palm, before giving the closing command. However, the
force applied by the thumb would not be possibly varied as it would move in the
opposite direction of the object. Furthermore, using the N-grasp during day-to-day
activities can be time-consuming for the amputee since the motion to the N-grasp takes
place automatically after the hand has been inactive for a period of time, as discussed
in Section 4.6 (on p.84). Hence, given that the O-C PM was only used for the
toothbrush, this PM was modified by introducing the N-grasp as an intermediary grasp
between the O-grasp and the C-grasp, especially since the toothbrush could still be
grasped. The O-P PM was especially useful in producing different grasp types, where
the side of one or two fingers was required to stabilise the object, such as LatP and
SpP. Meanwhile, the N-O PM was used for 15% of the objects, namely, the NonP
grasps, although a subsequent closing command still needed to be given to ensure that

all the fingers were in contact with the object.

Although a few of the hand configurations differed from the ones shown in Table 4.1
(on p.52), the KHS was able to grasp most of the representative objects, using the
specified grasp types. The cases where this was not possible were mainly those where
the KHS was not able to wrap its fingers around the object, as specified in the definition
of the grasp type, due to the configuration of the PMs and/or the size of the object.
Examples of such cases include holding playing cards, carrying a tray/briefcase,
opening a drawer and eating with a fork. However, there were certain cases where,
even though the KHS was able to produce the required grasp type, an alternative grasp
type was considered more appropriate as it reduced the force required to keep the
object from slipping during the intended task, such as when pouring from a frying pan.
Meanwhile, although the spraying bottle could be grasped with the specified grasp
type, the KHS does not have the ability to move the index independently to actuate the
spraying head of the bottle (it is to be noted for this specific activity that, by
interchanging the functions of the natural and prosthetic hands, such activity can still

be performed successfully).

Spraying the detergent bottle was therefore the only activity considered that could not
be carried out in the normal manner. Otherwise, using these grasps with some
additional support from the environment and the intact hand, if applicable, the KHS
should be able to hold these objects firmly during the intended task. A force closure
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grasp was used for most of these objects, except for specific cases, such as the shopping
bag and the briefcase, where a form closure grasp was used instead. For force closure
grasps, the frictional force required to keep the object from slipping can be guaranteed
by varying the force applied by the thumb, which in turn varies the reactive forces built
up at the palm and the other digits. For a u of 0.5, the average contact forces that need
to be applied or sustained by the digits and the palm across the different activities

considered in this work are listed in Table 5.3.

Table 5.3: The contact forces that need to be applied or sustained by the digits and the palm
averaged across the different bimanual activities

Thumb Index MRL Palm
Average (N) 35.28 25.82 21.08 25.42
SD (N) 38.98 31.36 28.45 44.92

These contact forces are higher than the forces that can be applied by most commercial
prosthetic hands, as shown in [46]. This is mainly due to the reduction in
dimensionality of the KHS, which results in fewer contact points. Whilst these forces
are reasonable (the maximum force that a man can apply with the thumb is around
137N [222]) and will not damage the grasped object, they do increase the demands
placed on the actuation/transmission system. However, due to the force control system
adopted in this work, the actuation system of the index and the MRL finger does not
need to attain such forces in an active manner. Hence, the higher contact forces were
considered a reasonable compromise because of the simplicity of the three-motored
KHS, but an effort still had to be made to increase the ug of the prosthetic hand in an

attempt to reduce the required contact forces.

The T, that is required for each of the bimanual activities, and which is calculated by
using the approach described in Section 5.3 (on p.89), is shown in Figure 5.17. The
first five activities on the left-hand side of the graph involve a form closure grasp. This
means that the thumb motor will not need to apply any additional force; instead, it will
have to only sustain the built-up torque. In this case, the maximum torque that the
thumb motor needs to sustain was found to be 1.09Nm, that is, for when an
exaggerated force of SON is applied with the open hand to hold a paper on a table or
to throw a beach ball, which is still significantly less than 8.31Nm, the maximum
torque that the thumb motor would need to apply to open a hand-tightened cap. For
some of the activities, T, was even higher than T, , since T, does not only depend
on the magnitude of the contact forces, but also on the position and orientation of the

force relative to the active joint of the thumb. In fact, it was observed that the efficiency
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of the thumb in applying the contact forces was lower for grasp types which involved
its side, such as LatP and SpP. This is to be expected since for these types of grasps,
the contact force tends to have a larger component along the z-axis (i.e., the axis of the

thumb CMC joint).
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Figure 5.16: The minimum torque that needs to be applied at the thumb CMC joint, m, for the
different bimanual activities

On the other hand, the actuation/transmission system of the fingers will need to sustain
a maximum torque of 4.68Nm, while the structure of the fingers withstands a

maximum bending moment of 3.28 Nm.

The feasibility of developing and constructing a prosthetic hand based on this KHS,
which can apply and sustain these torques while resembling the human hand in terms
of weight and size, still needs to be determined, and will be discussed in the next

chapter.
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CHAPTER 6: PRACTICAL DEMONSTRATION OF
THE APPROACH THROUGH THE DEVELOPMENT
OF MAPROHAND

6.1 INTRODUCTION

Following the identification of the optimal KHS in the previous chapter, the focus of
this chapter now shifts to the development of a tangible prototype named MAProHand.
Serving as a concrete manifestation of the identified KHS, this prototype enables the
evaluation of the proposed PMs approach to grasping within a controlled laboratory
setting. Throughout this chapter, the development process, ranging from the initial
conceptual design to the construction, is discussed in significant detail. This aims to
highlight the design principles, methodologies, and technologies employed in bringing
the optimized KHS to life through the MAProHand prototype.

6.2 CONCEPTUAL DESIGN

One of the earliest phases of a design process, and arguably the most important one, is
the conceptual design. It involves generating and evaluating different solutions for the
problem at hand to narrow down the direction of the design, while taking into

consideration the required specifications.

In the light of the analysis carried out in previous chapters, the developed design must
be able to actuate the different digits according to the resulting PMs, as well as apply
enough force to keep the object from slipping. Given the importance of sensory
feedback when grasping these objects, the prosthesis must also provide some form of

force feedback to the amputee.

Hence, during the conceptual design phase, the functions of each aspect of the design,
namely, the actuation system, the transmission system, and the force feedback system,
were clearly defined. Taking the actuation system as an example, it was decided very
early on (Section 5.2 (on p.88) and Section 5.3 (on p.89)), that it must be able to move
each digit separately in the required direction, and to stop its movement when it
encounters an object or has reached the desired position. Once the object is grasped, it
must also ensure that the thumb provides enough force to hold it securely during the
bimanual activity. Depending on the control system of the prototype, which is being

developed simultaneously in a separate study, the actuation system will also need to
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determine the current position of each digit. There are other aspects of the design of
the prosthetic hand, such as the user interface and the charging method. However,
while these aspects are important for the final product to be used by the amputees in
their daily activities, they are beyond the scope of this prototype. Instead, the effect
that the decisions taken during the design process have on these aspects should be

considered, wherever possible.

Research was then carried out to generate several possible concepts for each function
of the design. For example, the movement of the digits can be achieved with the use
of several types of actuators, such as electric, hydraulic and pneumatic; their
movement can then be stopped when either an increase in the current drawn is detected,
or feedback on the torque applied by the thumb exceeds a set threshold, or feedback
on the position of the digits varies from the one estimated by the controller of the

actuator by a set amount.

Alternative solutions for the entire system can then be generated by choosing a concept
for each function. The most suitable solution with respect to the product requirements
can then be fed to the next phase of the design process, which is the embodiment
design, so that it can be developed in more detail. However, as specified in Chapter 3
(on p.44), most of the components utilised in this project should ideally be readily
available on the market. This means that the feasibility of a solution depends on
whether the components that satisfy the required parameters, such as weight, size, and
strength, are commercially available. Hence, a more appropriate approach is to choose
the actuators first (since they dictate the transmission system required, as well as the
remaining space available in the palm for the other components), and then develop the

rest of the design around the chosen actuators, as will be discussed in the next section.

6.3 EMBODIMENT DESIGN

6.3.1 PROCURING THE REQUIRED ACTUATORS

6.3.1.1 Requirements for the Actuators

The actuators, like the muscles in our hand, are responsible for the movement of the
various parts of the hand and the build up of the necessary forces, by converting

energy, usually electrical, hydraulic or pneumatic, into mechanical force.

As discussed in Section 5.2 (on p.88), each digit will be actuated separately, thus, three
actuators are required, which are able to move the digits at a speed between 90°/s (i.e.,

15rpm) and 230°/s (i.e., 38rpm) as indicated in Chapter 3 (on p.44). Given that that
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the thumb is the only one that applies the required force on the object, while the
necessary reactive forces build up at the other digits, two different actuators are
required, one for the thumb and the other one for the fingers. In the case of the thumb

actuator, it should be able to attain the maximum T,,,,. observed when executing the

representative set of bimanual activities, which was 8.31Nm, as discussed in Section
5.6 (on p.5.6). For the fingers, only the torque necessary to move the fingers at the
desired speed is required, as long as it is non-backdriveable, to build up the required

reactive forces.

In general, these motors must also be compact and lightweight so that they can be
embedded in the palm of an anthropomorphic prosthetic hand. Thus, the overall
diameter of the motors should not exceed 20mm, which is the maximum allowable
thickness of the palm. The overall height of the actuators should be less than 65mm,
slightly less than the height of the palm to allow some space for other components that
might be required. Meanwhile, the maximum allowable weight for the thumb motor
was set to 200g (i.e., half the desired weight of the prosthetic hand), since powerful
motors tend to be heavy. This is then compensated by the fact that the weight of the

finger motors should not exceed 50g.

There are different types of actuators that could potentially be used to satisfy these
requirements, such as DC motors and ultrasonic motors, with unconventional solutions
such as artificial muscles and soft actuators gaining more popularity in recent years for
their strength to weight ratio [223]. However, this work focuses on conventional
motors, namely, brushed DC motors and brushless DC motors, due to their ease of
accessibility, low cost, and extensive knowledge and experience available in

controlling these devices.

Brushed DC motors are the simplest type of motors, Figure 6.1(a) [224]; they consist
of a coil wire (i.e. the rotor - the rotating part of the motor) arranged within a fixed
magnetic field (i.e. the stator - the part of the motor that remains fixed). The coil, with
a commutator attached to its end, is then connected to the electric supply through
brushes. The current passing through these coils then generates a magnetic force on
both sides, producing a torque which causes the coil to rotate, depending on the
mechanical load. The magnitude of this torque depends on inherent properties of the
motors, such as the number of windings, and also on the magnitude of the current,
which can be varied through a technique known as Pulse Width Modulation (PWM)),

where the average power applied over time is varied by modifying the duty cycle of
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the applied voltage. Although the use of brushes creates noise, friction and reduces the
service life of the motor, DC motors are typically used due to their low cost and ease
of control [225]. In fact, prosthetic hands such as Vincent and the i-Limb are actuated

by these types of motors [46].

On the other hand, brushless DC motors make use of the same working principle, but
instead a fixed magnet is used as a rotor, whilst the stator consists of multiple coils,
Figure 6.1(b) [224]. Controlling the magnitude and the direction of the current that
passes through the coils through PWM adjusts the magnetic field generated by the
stator, causing the rotor to rotate at various speeds. This eliminates the need for
brushes, so, brushless DC motors offer high efficiency, high durability and low noise
[226], [227]. Examples of artificial hands which have made use of brushless DC
motors include the Michelangelo Hand [43] and the DRL-HIT Hand II [228]. Belter
et al. [46] recommended the use of brushless DC motors for a prosthetic hand, as
discussed in Section 2.6 (on p.21), but given their similar characteristics, both types of
motors were considered for this prototype so as to widen the number of possible

candidates while focusing mainly on rotary motion.

Permanent
Magnet

)

Commutator

Wound
Armature Permanent

Magnet
(a) (b)

Figure 6.1: (a) Brushed DC motors and (b) Brushless DC motor [222]

Nevertheless, these types of motors are typically used to continuously rotate a load at
arated speed. However, in this application, the digits are required to close on an object
and apply/sustain the necessary forces. This means that the motors are going to be
stalled (i.e., the torque required to continue moving the digits is greater than the
maximum torque that can be applied by the motor, and thus, a force proportional to
the maximum torque of the motor is applied on the object), so, operating the motor in
this region for long periods of time could possibly damage the windings due to
overheating, especially if operated at the rated voltage [229]. Hence, to make the best
use of the chosen motors, the digits must be able to apply/sustain the necessary force

in the absence of the power supply, which in turn also reduces the heat generated and

124



Chapter 6: Practical Demonstration of the Approach through the Development of Practical
Demonstration of the Approach through the Development of MAProHand

the power consumed. Therefore, brakes or clutches can be used to prevent the load
from driving the input shaft, but these types of devices tend to be bulky and add to the
overall weight of the hand. Alternatively, as discussed in Section 2.4.3.2 (on p. 13),
NBDMs, such as worm gears with a low lead angle, y, can be incorporated in the gear
transmission system. Despite the relatively high gear ratio and low efficiency of worm
gears [230], they were preferred for their simple design, as it avoids the need for any

additional components.

However, self-locking gears tend to tighten when high torques are applied, which may
lead to the entire hand jamming when trying to open. Hence, given that the thumb still
needs to apply the required contact forces (i.e., the gears in the entire transmission
must still be able to sustain the required forces), the non-backdriveability of the thumb
is achieved through a high gear reduction such that the torque applied on the output
shaft is not sufficient to overcome the friction of the actuation system. Manufacturers
do not guarantee the non-backdriveability of a gearhead, and thus, it has to be tested
in the laboratory, but gearheads with four stages or more (i.e., a gear reduction of over
200) tend to be non-backdriveable [228]. Hence, the minimum gear reduction required
for the thumb was set to 250. Alternatively, stepper motors, another type of electric
motor which can maintain the motor shaft position in the presence of external loads,
as well as provide open loop positional feedback could also have been used instead.
However, they were not considered suitable for this application due to their low
efficiency and high power consumption [231], [232]. In fact, the use of stepper motors

in prosthetic hands, as in [233], is less common.

While the power consumed by the prosthetic hand during a typical day of sixteen hours
is not that critical for this prototype, since a power supply will be used, taking into
consideration the weight and size of the required battery is still important as it will
eventually need to be placed inside the socket. The battery capacity of commercial
prosthetic hands tends to range from 800mAh to 2200mAh [234], [235]. Taking the
upper limit as the maximum allowable limit for the prosthetic hand, the energy
consumption of the thumb motor should be less than 1500mAh since a more powerful
motor will be required. Depending on the actual consumption of the thumb motor
chosen, the remaining allowable capacity is then dedicated to the other two motors.
Another parameter that also needs to be considered is the supply voltage required. DC
motors with high nominal voltage tend to consume less energy, but as the supply

voltage increases, the weight and size of the battery increases as well. Commercial
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prosthetic hands, such as the Michelangelo and the BeBionic, make use of supply
voltages of 11.1V [43] and 7.4V [236], respectively. In light of industry norms, the

motors should have the same nominal voltage, that is, 12V or less.

For precise movement control of the digits using DC motors, position sensors, such as
encoders, could then be used to determine the current rotor position. However, since
all the PMs start from the O-grasp, the relative speed of each digit can be predefined
according to the required PM. Alternatively, for a more robust control system, the
speed of each active digit can be set the same for all the PMs, and appropriate time
constants (i.e., the motor operates for a fixed period of time) and delays can then be
introduced during the actuation of each PM. While this approach implies that the digits
do not reach their final position at the same time, it was still preferred as it simplifies
the control system as well as avoids the need for additional components, which
increase the weight and the overall length of the motor. In the case where the digit
must be stopped prior to reaching its final position (e.g., the digit has encountered an
object or reached the end of its allowable motion), the control system is used to detect

an increase in the current drawn so that the corresponding motor can be powered OFF.

In the light of these requirements, an extensive search on the market was carried out
to determine which two commercially available motors should be used for the thumb

and the fingers. This will be discussed in the following sections.

6.3.1.2 Selection Process for the Thumb Actuator

The search for the thumb motor that best satisfied the required specifications began
with the collection of relevant information on the brushed and brushless DC motors
available on the market, such as the stall torque and the no-load speed, as well as
information on the corresponding gearboxes recommended by the manufacturer, such

as their efficiency.

Gearboxes tend to be available in different Gear Ratios (GRs). Given that the chosen
motor must have an overall gear reduction of over 250, the gearbox with the highest
GR possible that satisfies the required specifications without exceeding the maximum
allowable intermittent output torque of the gearbox was chosen. This eliminates or
reduces the need to implement a gear-down system after the gearbox (which will be
referred to as an additional gear train), simplifying the design. Hence, the output torque

of the gearbox, Tong, was first calculated using Equation 6.1:

Togp, = Tstaur * GRgpr * Mg, 6.1
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Where,

®  Tstqu, is the rated stall torque of the thumb motor, Nm.
® GRyyp, is the gear reduction of the thumb gearbox.

*  Tgp, 18 the efficiency of the thumb gearbox, %.

Ty

GRyg, = ——m
T Tong * 771‘16’1‘ 6.2

If Tong was less than the torque required, Ty,,., the additional gear reduction that had

to be implemented, GR¢,, would be determined using Equation 6.2, where the
efficiency of the gear train, 7,4¢,, was taken to be 73%, assuming that three sets of

helical/spur gears, each with an efficiency of 90% [237], were used.

The feasibility of implementing any given gear reduction depends on the remaining
space and the gears available on the market, but higher gear reductions tend to be
bulkier and heavier, especially since the non-backdriveability of the thumb is not to be
achieved with a worm and wheel, as discussed in the previous section. Thus, the

maximum allowable limit for the GR4¢,. was set to five.

However, the increase in the output torque of the motor was achieved at the expense
of the output angular speed. Hence, the resulting angular speed of the thumb, w, due
to the gearbox and the additional gear train was checked to determine whether it was
within the required specifications. This was found using Equation 6.3, where the
weight of the digit when rotating freely was assumed to be negligible compared to the
high torque that the motor had to apply. Thus, the angular input speed of the thumb

gearbox, wgp inp> WAS assumed to be the same as the no-load speed, unless it exceeded
the maximum recommended input speed of the gearbox, in which case wgp,,  would
T

then be limited to that value (i.e., the output speed of the motor would need to be
lowered by varying its PWM) so as to ensure that the stress applied on the teeth of the

gearbox during operation would not be excessive.

_ wgbITLT
GRng * GRAGT

wr 6.3

The energy consumed by the thumb motor during a typical sixteen-hour day was
approximated using Equation 6.4. In this equation, the number of grasps utilised during
this period was estimated to be 1920 (i.e., an average of two objects per minute), which

even though arbitrarily chosen, was based on the idea that an amputee with a prosthetic
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hand will most likely take longer to execute an activity, while for some of the time it
will be idle. Each grasp was then split into three phases: the closing of the digit, the
building up of the required force and the opening of the digit, where each phase was
taken to last one second.

Energy Consumption (mAh)
= 1920 * Energy Consumption of 1 Grasp (mAh)

It 11 + Z*IN oa
= 1920 % ——" ( 2 ‘”) 6.4
60 * 60

In such a situation,

® Istquy 18 the rated stall current of the thumb motor, mA.

* Inopa dr is the rated no load current of the thumb motor, mA.

The actuators found on the market that satisfied the required specifications were then
ranked according to the decision matrix in Table 6.1, where each parameter was given

a score based on the scoring system shown in Table 6.2. The motor with the highest

total score, which is the weighted sum of all the parameters scores, was then chosen.

Table 6.1: Decision Matrix used to evaluate and rank the different motors available for the thumb

.. Absolute . .
Parameter Criteria Allowable limit Weighting
. Total weight of actuator/ Absolute
Total Weight Allowable Limit 200g 3
Additional Gear Additional Gear Reduction/Absolute 5 5
Reduction Allowable Limit
Overall Length of actuator/ Absolute
Overall Length Allowable Limit 65mm 2
Diameter diameter of actuator/Absolute 20mm |
tamete allowable diameter of actuator
Overall Gear Absolute Allowable Limit/ overall
. ; 250 1
Reduction gear reduction
Output Speed Absolute Allowable/Output Speed 15rpm 1
Energy Energy consumption of actuator/
Consumption Absolute Allowable Limit 150t !

Table 6.2: The scoring system used to evalute the different parameters of the actuator

Criteria >1 1-0.8 0.8-0.6 0.6-0.4 0.4-0.2 0.2-0

From Table 6.1 one can see that priority was given to the total weight of the actuator
due to the importance of keeping the entire weight of the prosthetic hand to a
minimum. While the overall weight of the prosthetic hand also depended on the
required additional gear reduction, some form of a gear train still needed to be

implemented to change the direction of the axis of rotation of the motor; consequently,
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it was given a slightly lower weighting. A similar weighting was also given to the
overall length of the motor, while an even lower weighting was given to its diameter.
The reason for this is because while the actuator must be compact to be able to fit the
other components required in the palm, it is more likely that these motors will need to
fit along the height or width of the palm, rather than along its thickness. Meanwhile,
the output speed, the battery capacity, and the total gear reduction were given the
lowest weighting, because even with the absolute allowable limit of these parameters,

the prosthetic hand would still be able to complete its function.

However, it was observed early on that the motors available on the market were not
able to achieve the required torque of 8.31Nm while satisfying all the required
parameters. Hence, to have a better idea of the minimum increased torque capability
needed by an eventual commercial product, without running the risk of over-design,
the required T,,, was reduced to 3.5Nm, which was comparable to the force
capabilities of existing commercial prosthetic hands [46]. Despite the reduction in
force capability, a lot of the activities can still be done, as shown in Figure 5.17 (on
p.120), especially if carried out at a lower SF and/or using materials with a higher
friction coefficient. Any unsuccessful activities could then be attempted with slightly
altered hand configurations.

The actuator that was eventually chosen was the 16DCT Athlonix, Figure 6.2(a) [238],
from Portescap, a brushed DC motor with precious metal commutation, combined with
the 88:1 R16 planetary gearhead, Figure 6.2(b) [239]. The general specifications of the

chosen actuator are listed in Table 6.3.

(a) (b)

Figure 6.2: (a) 16DCT Althlonix [238], and (b) R16 planetary gearhead [239]
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Table 6.3: List of specifications for the actuator chosen for the thumb

16DCT PM + R16

Nominal Voltage 6V
Total Weight 39g

Diameter l6mm

Overall Length 49.7mm
Output Speed 17.42rpm

Additional Gear Reduction 4.89

Overall Gear Reduction 430.6

Energy Consumption 1396.28mAh

From Table 6.3, one can observe that whilst the motor chosen is on the slower side,
with 17.42rpm (i.e., 104.52°/s), it can reach the required torque of 3.5Nm in a light,
compact and energy efficient mechanism, with an overall gear reduction of 430.6; still,

only a gear reduction of 4.89 with a minimum efficiency of 73% is required.

6.3.1.3 Selection Process for the Finger Actuators

A similar procedure was then carried out to choose the motor that best satisfied the
specifications required by the fingers. However, in this case, the required output

torque, Ty, o depended on the desired angular speed of the fingers, wpg; in such a

situation, the selection process was based on this parameter, while ensuring that the

resulting T, ;o as well as other parameters, were according to the required
specifications.

In light of the control strategy used to actuate the PMs, which is discussed in Section
6.3.1.1 (on p.122), wg can be anywhere between 90°/s (i.e., 15rpm) and 230°/s (i.e.,
38rpm). Ideally, it should be around 126°/s (i.e., 21rpm), which is an adequate
closing speed without being too excessive when compared to wr. This desired wp
must be achieved through an additional gear train that incorporates a worm and wheel,
as discussed in Section 6.3.1.1, to attain the required non-backdriveability of the
fingers. Worm and wheels tend to have high gear reductions since for one or two
revolutions of the worm, the gear wheel only rotates by one tooth. Thus, the gear

reduction of the additional gear train, GR4¢,., cannot be too small, but it still needs to
be reasonable due the limited space available in the palm. Given that the GR,;, can

be altered during the design of the transmission system by opting for the same gearbox

with a different gear reduction, GR (other parameters of the actuators, such as

gbp>
weight and size, remain approximately the same), during the selection process,

actuators with a lower GRy, were prioritised, with the maximum allowable limit set
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to 60. Hence, the GRyg,, required for a given GRyp,was then found, using Equation

6.5, where wgyy, Ing is the angular input speed of the gearbox.

wgblnp

GR =
AGF GRyp, * W

6.5

However, wgp, g is a function of GR ¢, since the load applied on the shaft of the motor

when actuating the fingers at constant speed, Ty,oq4,,, s not negligible for less powerful
motors, especially when the motor has to work against the gravity of the fingers.
Hence, GRy,, was found for when T} 44, 1s negligible (i.e., Wgbyy, WaS equated to the
no-load speed of the motor at nominal voltage, wy,, , g’ unless it exceeded the
maximum recommended input speed of the gearbox, in which case wg, Inp would then
be limited to that value), a situation similar to the assumption taken for the thumb.
Given that the actual wgp,,, would then be less than the estimated value, the resulting
angular speed of the finger, wg,, was calculated to determine whether it was still
acceptable. This was computed by first determining T,4q4, using Equation 6.6, where
a SF of 3 was considered to compensate for any friction that might be present:

MyrLg7r * SF

(Mgbe * GRgbe) * (Nagy * GRagy)

TLoadF = 6.6

Where,

e mypg. 1s the mass of the MRL finger in kg, since it is heavier than the index finger,
with each finger assumed to weigh 20g, such that the total weight of the fingers
accounts for 1/4™ of the overall allowable weight, which is 400g.

e g is the gravitational pull, m/s?.

e 7 is the radius between the point mass and the axis of rotation of the motor, m.

* T7gp s the efficiency of the finger gearbox %.

® T4g, s the efficiency of the additional gear train, which was estimated to be 23%,
where the efficiency of the worm and wheel, 1,,,,, was determined to be 26%,
using Equation 6.7 [240]. Also, a typical set of gears with an estimated efficiency
0f'90% [237]would also need to be used so as not to apply the axial load generated

by the worm wheel on the shaft of the motor.

tany(cos¢ — p,wtany)

ww — 6.7

cosptany + Uy
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Where,
e v is the lead angle of the worm and wheel, °, which for self-locking gears is
usually around 3°.
e ¢ is the pressure angle of the gear teeth, °, which is usually 20°.
® U, 1s the static coefficient of friction between the worm and wheel, where
different combinations of materials are used, with bronze and steel being the

most common, having a static friction coefficient of 0.16 [241].
The speed of the motor, w;yqq,, When rotating the load, T;4qq4, , Was then estimated
. . Aw .
using Equation 6.8, where ﬁ is the slope of the speed vs torque of the selected finger

motor, rpom/Nm.

Aw
Wioadr = WNopogay — a7 * ' Loadp 6.8

If Wipqa, Was less than the maximum recommended input speed of the gearbox, wg,

was determined using Equation 6.9, otherwise it remained the same:

_ wloadp
F GRng * GRAGF

wp 6.9

The GR4g, was then adjusted accordingly to minimise the difference between the
actual and the desired speed of the finger. The maximum allowable difference between
the two speeds should be less than 6rpm, given that the desired speed is 21rpm, while

the minimum allowable speed is 15rpm.
The resulting T, p due to the overall gear reduction was then determined using

Equation 6.10, where Tg¢qq; - 1s the rated stall torque of the finger motor, Nm:
Tm; = Tstaup * (GRng * ngbp) * (GRAGF * UAGF) 6.10

T ; should be sufficient to overcome the weight of the finger and accelerate it from 0

to 21lrpm in 0.1s (which is considered to be more than enough and can later be
adjusted as necessary), while also considering a SF of 3 to compensate for any friction

that might be present, Equation 6.11.

Ty 2 (Ipa + myp gr) * SF 6.11
Where,

e « is the angular acceleration, which is equal to 21.99rad /s?.
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e I is the moment of inertia of the system, m*, which was calculated as follows,
assuming the inertia of the transmission system was negligible, and each digit was

a point mass located towards the middle of each digit:
Ip = myp,1? 6.12
The minimum T, ; required for the motor to be able to rotate the MRL finger (i.e., the
heavier digit) was found to be 92.8mNm.

Meanwhile, the energy consumed by one finger was approximated using Equation

6.13, which is similar to the equation used for the thumb (i.e., Equation 6.4 (on p.128)),

except that the opening and closing of each grasp is defined by the
acceleration/deceleration period and the constant velocity phase. During the
acceleration/deceleration period, the maximum rated stall current, Ig; 4, was assumed
to be drawn for its entire duration of 0.1s. Meanwhile, depending on the desired
angular speed, the constant speed phase was taken to last 0.6s, during which the
corresponding current, I1,4q,, was drawn.

Energy Consumption (mAh)
= 1920 * Energy Consumption of 1 Grasp (mAh)

21(2 =1 0.1)+ (I 0.6
1920 « (( * Istqily * ) ( Loadp * )) 613
60 * 60

Where, 14, Was determined using the following equation:

2m wRF TLOCldp

I =
Loadp 60 * 1000 Nmpg VSP

6.14

Where,
® 1m, 1s the efficiency of the finger motor, %.

o Vs, is the supply voltage of the finger motor, V.

Given that the battery capacity required for the thumb was estimated to be
1396.28mAh, the maximum allowable limit for each finger motor was set to
401.86mAh, such that the total capacity of the battery required was less than
2200mAh, as mentioned in Section 6.3.1.1 (on p.122).

Based on the parameters discussed above, the decision matrix in Table 6.4 was used
to evaluate and rank the motors found, where each parameter was given a score based

on the scoring system shown in Table 6.2 (on p.128).
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Table 6.4: Decision Matrix used to evaluate and rank the different motors available for the fingers

Absolute

Parameter Criteria Allowable limit Weighting
Additional Gear Additional Gear Reduction/Absolute 60 |
Reduction Allowable Limit
Minimum Output Torque/ Absolute
Output Torque Allowable Limit 92.8mNm 1
. Total weight of actuator/ Absolute
Total Weight Allowable Limit 65g 3.5
Overall Length of actuator/ Absolute
Overall Length Allowable Limit 65mm 1.75
. Maximum diameter of actuator/
Diameter Absolute Allowable Limit 20mm 175
. Energy Consumption of actuator/
Energy Consumption Absolute Allowable Limit 401.86mAh 1
Difference in Output Difference in Output Speed/ 6rpm 125
Speed of Finger Absolute Allowable Limit P ‘

The highest priority was given to the overall weight of the actuator as it remains one
of the important parameters of the prosthetic hand, closely followed by its size and the
difference in the output speed of the finger. Meanwhile, a lower weighting was given

to Ty, GRyq,» and the battery capacity required, since the absolute allowable limit of

these parameters should be sufficient for the success of the prosthetic hand. In fact,

T, already takes into consideration a SF of 3, thus, whilst it should be maximised as

much as possible, a motor should not be chosen only on the basis of this parameter.
Similarly, the GRy¢, can be easily adjusted during the design of the transmission
system, as discussed previously. Meanwhile, the maximum allowable battery capacity
of these motors should be more than enough, especially since it is greater than the

battery capacity required for the thumb motor.

The actuator that was finally chosen was the 1024...SR model [242], Figure 6.3 a), a
brushed DC motor from Faulhaber, combined with the 10/1 planetary gearbox [243],
Figure 6.3(b), a configuration similar to the one used in the Bebionic hand for all of its
digits [244]. During the design of the transmission system, which will be discussed
later on in this chapter, the lowest gear reduction of 4:1 was considered the most
suitable for our application, given that the next available model was 16:1. The general

specifications of this actuator are listed in Table 6.5.

From Table 6.5, one can note that the actuator chosen is not only light and compact,
but with an additional gear reduction of 59.51 and a minimum efficiency of 23%, it
should also be able to attain sufficient torque to rotate the fingers at the desired speed

of 21rpm with minimal power consumption.
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(a) (b)

Figure 6.3: (a) 1024..SR [242] and (b) 10/ 1 planetary gearbox [243]

Table 6.5: List of specifications for the actuator chosen for the fingers

1024...SR + 10/1

Nominal Voltage 6V
Total Weight 16.8g
Diameter 10mm
Overall Length 33.6mm
Output Speed 2lrpm
Output Torque 226.67Nm
Additional Gear Reduction 59.51
Energy Consumption 366.98mAh

6.3.2 PRODUCT ARCHITECTURE

The mechanical design of MAProHand was then developed around the selected
motors, where a solution for each function of the prosthetic hand was chosen from
among the different ideas generated during the conceptual design and combined,
taking into consideration the overall size and weight of the prosthesis, as well as the

ease of the manufacturing and assembly process.

This mechanical design was first developed in Autodesk Inventor [245], a Computer-
Aided Design (CAD) software used for modelling 3D products so that their form and
function can be validated before they are built. Hence, the KHS modelled in Unity was
set up in Inventor to establish the optimal position and orientation of each joint. This
model ensured the proportions of the human hand but was found wanting in the overall
aesthetics, and consequently, a more realistic mesh was required. Several realistic 3D
CAD models can be found in public repository, such as the one in [246]. However, the
CAD model would need to be split into various parts, with each part scaled and re-
oriented to fit the original KHS as much as possible. While this would undoubtedly
affect the aesthetic of the hand negatively, it would provide a more realistic
visualization of the space that would be available within the palm for the mechanical

design. Hence, the CAD model in [247] was used as a foundation for the embodiment
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design until a more realistic mesh that best fit the needs of the design could be

modelled from scratch, Figure 6.4.

(@) (b)

Figure 6.4: Development of the hand model in Inventor: (a) a simple hand model based on the KHS
developed in Unity, (b) a 3D hand model from a public repository superimporsed on the simple
model, (c) the different parts of the 3D hand model scaled and re-oriented to match the original KHS
and serve as a foundation for the embodiment design and (d) a realistic hand model developed from
scratch to fit the requirements of the embodiment design

(d)

The motors chosen were the first components to be fitted inside the palm, where the
three motors were placed next to each other, along the width of the palm, as shown in
Figure 6.5. This layout was considered the most suitable as it made the best use of the
space available as well as allowed easy palmar access to each of the motors. By further
placing the thumb motor between the two other motors, the weight of the prosthetic
hand is more balanced around its centre, avoiding unnecessary strain on the amputee’s
stump. This also meant that the same kind of transmission system could be used for
both the index and the MRL finger, as shown in Figure 6.5, with the orientation of
each motor relative to one another optimised according to the transmission system of

all the digits, further simplifying the overall design of the prosthetic hand.

Figure 6.5: The layout of the three motors in the palm and the transmission system of the fingers
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The transmission system of the fingers consisted of a worm and wheel, as discussed
previously, to take advantage of its self-locking property. The wheel was placed
towards the middle of the active joint to minimize the number of gears in the
transmission system that would need to sustain the reactive forces, thus permitting the
use of smaller and lighter gears, while the worm was placed directly beneath the wheel
to minimise the protrusion of the worm from the palm. A simple 90° bevel gear was
then used to change the axis of rotation of the motor. For an even more compact design,
the bevel gears were placed at the back, so that they could have a larger diameter,
allowing the pinion to fit exactly under the worm without interfering with the
movement of the finger. Whilst this assembly may limit the palmar access of each
individual component, it should be relatively easy to assemble, provided that the
housing of the transmission system can ensure that the shaft of the worm remains in

place during this process.

The finger motors were then rotated about the worm axis in such a way that the thumb
motor could be oriented perpendicular to the active joint of the thumb. This enabled
the thumb transmission system to be implemented with the least possible number of
gears; in fact, only a 90° bevel gear and two sets of standard straight spur gears were
required, as shown in Figure 6.6. Based on standard gear calculations [248], two sets
of spur gears were necessary to achieve the required gear reduction in the limited space
available, as well as to place the thumb motor closer to the proximal end of the hand.
The position of each gear relative to one another and the length of each shaft were then

adjusted as necessary to avoid interference between the different components.

Figure 6.6: The transmission system of the thumb

Given that neither of these DC motors has any positional feedback, the two moving

parts of each joint were designed to create a mechanical stop at each limit of the
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motion. This increases the current drawn by the motor, indicating to the control system

to turn off the corresponding motor.

Meanwhile, the PIP joint of both the index and the MRL finger were coupled with the
corresponding MCP joint. Given that the index PIP joint was deliberately not aligned
with the MCP joint, as discussed in Section 5.5 (on p.109), the crossed pulley system
shown in Figure 6.7 was used, as it allowed the two pulleys to be slightly misaligned.
The same coupling mechanism was also used for the MRL finger, even if the PIP joint
and MCP joint were aligned, to simplify the overall design of the prosthetic hand.
However, due to the width of the MRL finger, two coupling mechanisms were
installed, one in the “middle” finger and the other one in the “little” finger. This also

avoids the misalignment of the two pulleys due to the gear wheel.

PIP Pulley

-

\ Cable

MCP Pulley

Figure 6.7: Schematic of a crossed-pulley system used to couple the PIP joint with the MCP joint
In this coupling mechanism, the MCP pulley remains stationary as the proximal
phalange rotates. As a result, one of the cables tightens, causing the PIP pulley to
rotate, relative to the proximal phalange, in a ratio based on the diameter of the two
pulleys, which in return rotates the middle/distal phalange (this will be referred to as
the distal phalange since the DIP joint is fixed). This means that while a clear path
must be present between the two pulleys, the MCP pulley must remain stationary
relative to the MCP shaft on which it is mounted. Thus, to simplify the design of the
MCP pulley, a positive lock was created between the pulley and the palm support of
the MCP shaft, which were both placed within the proximal phalange, Figure 6.8(a).
A clearance hole then allowed the MCP shaft to rotate freely inside the corresponding

pulley. Meanwhile, to increase the space available for the cable within the proximal
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phalange, the supports of the PIP shaft were placed on the outside of the distal
phalange, as shown in Figure 6.8(b).

(a) (b)

Figure 6.8: Configuration of the (a) MCP shaft and (b) PIP shaft

Given the importance of the cable being taut and fixed, the MCP and PIP pulleys were
custom designed, Figure 6.9, so that the cable could be tightened in place while grub
screws secured the cable relative to the pulleys. However, the cable tends to loosen
with time. Thus, the ends of the cable were passed through two different holes in the
PIP pulley and secured in place with another grub screw, creating a 90° bend which
minimises the loosening of the cable. To then facilitate the assembly process, as well
as the re-tightening of the cable, necessary slots and holes were created in the

prosthetic hand to allow easy access to both the cable and the grub screws.

(a) (b)
Figure 6.9: Cross section of (a) MCP pulley and (b) PIP pulley
For ease of assembly, the outer shell of the palm was then split along the axis of each
active joint, with the front side serving as the housing for the actuation and the
transmission system, while the back side was used as a lid. The two parts were then
secured together through screws at different points. A similar approach could also be
followed for the assembly of the MCP shaft and the PIP shaft, which simplifies the
manufacturing and the assembly process. However, splitting each phalange into two

parts would significantly weaken the part, especially since the number of screws that

139



Chapter 6: Practical Demonstration of the Approach through the Development of Practical
Demonstration of the Approach through the Development of MAProHand

can be used to secure both sides is limited due to the size of the phalanges. Instead,
holes, which are large enough for the shaft to pass through, were created on each side
of the phalange, allowing each shaft to be assembled in place with relative ease.
Depending on the type of interface required (i.e., a positive lock or a clearance hole),
the hole was designed with either a square or a circular shape. To then interface the
shaft with the corresponding phalange, as well as prohibit side-to-side movement, a
part having the same shape as the hole (which will be referred to as an interface key)
was mounted on the shaft through a positive lock, with end interface keys also secured

in place with a screw, as shown in Figure 6.10.

Interface

key Interface
V% an 2V

Figure 6.10: Examples of interface key

To then make the best use of the force applied by the thumb motor, wherever possible,
the surface of the prosthetic hand was covered with a soft material that has a high
friction coefficient, referred to as frictional covers. This maximises the frictional force
present between the hand and the object, as well as distributes the contact force applied
over a small area. Hence, dents as shown in Figure 6.11, were created on different parts
of the hand, namely, the thumb, the distal phalange of the index and MRL finger, and
the palmar side of the palm, to maintain the anthropomorphic look of the hand without
weakening the parts. A glue could then be used to attach the material to the different
parts.

Figure 6.11: Dents to allow space for frictional covers to be placed on the surface
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Feedback on the force applied by each finger was then provided to the amputee by
measuring the axial reaction force, W,, applied by one of the gears in the transmission
system on the corresponding mounting shaft, Figure 6.12, and correlating it to the
torque applied or sustained at the digit joint axis. While this approach only provides
feedback on the force applied perpendicular to the active joint, the alternative is to
mount a number of force sensors on the surface of the prosthetic hand, as in [249],
[250]. The latter, in addition to being prone to missed or incorrect force readings, also
complicates the integration of the sensors in the system. Thus, by measuring W,
instead, the number of sensors required is minimised and issues related to the wiring
and the shape of the attachment surface are eliminated, while the force sensor
embedded within each drive train can be easily accessed without affecting the
coefficient of friction of the prosthetic hand. In the case of the thumb, which can apply
a force in the direction of both the dorsal and palmar side, the W, of the bevel gear
mounted on the shaft was measured, since its direction is the same regardless of the
rotation of the bevel gear. Meanwhile, for the fingers, only the W, applied by the worm
wheel on the mounting shaft could be measured, due to its self-locking property. Even
though the configuration of the worm and wheel meant that the W, in only one of the
directions could be measured, it was considered sufficient since for all the activities,
the fingers sustain the load towards the palmar side. The mounting of the force sensors
then depends on the type of sensor used; this will be discussed in more detail in Section

6.3.3.4 (on p.152).

Normal Force, W\ 'Radial Force,W;
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Figure 6.12: The typical forces acting on a gear teeth, where W, is the axial force to be measured
To construct the prosthetic hand described in this section, several components were
required, such as the gears and the force sensors. The sizing and the procuring of these
parts will be discussed in the next section. Meanwhile, custom parts, such as the
interface keys and the structure of the hand, were designed and manufactured to the

required specifications, as will be discussed in Section 6.3.4 (on p.154).
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6.3.3 S1IZING AND PROCURING THE PARTS REQUIRED FOR THE DIFFERENT SYSTEMS

6.3.3.1 Thumb Transmission System

The thumb transmission system consists of a 90° bevel gear and two sets of straight
spur gears, which together must achieve a gear reduction of 4.89 and sustain T, of
3.5Nm, as discussed in Section 6.3.3.1 (on p.142). Hence, a search on the market was
carried out to identify the gears that best satisfy the specifications required for the gear
train, while taking into consideration the weight and the space available within the

palm.

Commercial gears are available in a wide range of GRs, where the GR of two gears is

defined using Equation 6.15.

GR = — 6.15
Where,

e 7z, is the number of teeth on the driver gear.

e 7, is the number of teeth on the driven gear.

Therefore, different GRs can be implemented at each stage of the gear train, yielding
several possible combinations. However, a wider variety was observed regarding the
spur gears available on the market, especially since the two meshing gears are sold
separately, as long as the gear module, mgyeqy, (i.€., the ratio of the pitch circle
diameter, p,4, divided by the number of teeth, indicating the size of the gear in mm) is
the same for both gears. For this reason, a search was carried out for a 1:1 bevel gear
(also known as a miter gear), since it is the most common GR available for bevel gears.
Meanwhile, to simplify the search for the remaining gears, the same set of spur gears,

with a reduction close to 2.21, was used at each stage of the gear train.

Apart from the GR, parameters such as the face width, b, and the p,, Figure 6.13 [251],
must also be taken into consideration during the selection process [252]. This is
because the gears must fit within the space available, and if they are not properly sized,

the load applied on the gear teeth may lead to premature wear or even breakage [253].

There are several equations that can be used to determine the maximum load that a
gear can withstand [254]. For this prototype, the gears were sized solely according to
the bending strength required to avoid breakage; the effect of dynamic loading was
neglected since these gears will not operate for long periods of time, while the

maximum load is applied when the motor is stalled or even turned OFF. The maximum
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Figure 6.13: Parameters that define the shape and size of a gear, using a spur gear as an example [251]

bending stress present at the root of the spur gear tooth when the maximum load is
applied statically was estimated using the Lewis formula [255], derived by Wilfred
Lewis. In this formula, the gear tooth is treated as a simple fixed cantilever beam with
a parabolic curve as the shape of the cross section. The full normal load, W, is then
applied at the tip of a single tooth whose line of action is defined by the pressure angle,
¢ (it usually has a value of 20° for standard gears) and distributed uniformly across its

entire face, as shown in Figure 6.14 [256].

Figure 6.14: A gear tooth assumed as cantilever beam where the full normal load, W, is applied at the
tip [251]

Taking into consideration only the tangential force, W;, while assuming the stress
concentrations at the tooth root fillet to be negligible, the standard bending equation

leads to Equation 6.16.

o, bm Y
W, = 2X__g9ear’ 6.16
tLr 1000 SF

Where,

* 0, is the yield strength of the material from which the gears are manufactured;
usually, it is steel, brass, aluminium, or nylon for commercial gears, MPa.

e SF is the safety factor, which was set to 1.5, as discussed in Chapter 3 (on p.44).

o W, . 1s the maximum allowable force that can be applied tangential to the tooth, N.
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e Y is the Modified Lewis form factor. This is a dimensionless variable based on the
number of gear teeth, z. For 20° full-depth involute gears, its value can be found

using Equation 6.17 [257]:
Y = 0.484 — 287/, 6.17

To ensure the safety of the design, the maximum W, that is expected to be applied on

the gear teeth must be less than W, .. For a desired output torque, Ty, the magnitude

of W, applied on the gear tooth can be found using Equation 6.18.

20007,

W, = 6.18
Mgearz

Meanwhile, for the strength analysis of the bevel gears, the Lewis formula was slightly
modified since the module and the thickness of these types of gears are not uniform.
Hence, the Lewis formula was considered for a small element, dx, as shown in Figure

6.15, which was then integrated along b [258], which yielded Equation 6.1.

/ 0

Figure 6.15: The small element considered for the bending strength analysis of bevel gears [253]

b
0yYMgearb (1 B Z) 6.19
1000 SF

WtLF =
Where,

e D, is the core distance in m, which is the distance measured along the face width
of the tooth from the outside pitch circle diameter with a radius, rp (this can be

found using the mg,4,), to the apex of the cone. This can be determined using

Equation 6.21, where ¢ is the pitch cone angle, °, which is 45° for 90° bevel gears.

Tp
D, =— 6.20
sing
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e Y can be calculated using Equation 6.17, except that the spur gear equivalent

number of teeth z,, must be used instead of the actual number of teeth of the bevel

gear. This can be found using Equation 6.21.

V4

z, = 6.21
°b  cose

The obtained W, must then exceed the expected W; applied on the teeth of the bevel

gear. This was found using Equation 6.22, where given that the pitch radius varies
across the face width of the gear, the forces present between the gears were assumed

to act at the centre of each tooth:

T,
W, = —2 6.22

rmean

Where,

®  Tjean 1S the mean pitch radius of the gear being considered, m, which can be

determined as follows:

o bsin(g)

Tmean = 1p 2 6.23

On the basis of this analysis and the space available, the steel miter gears from Reely
[259], Figure 6.16(a), were chosen, with specifications listed in Table 6.6. The grade
of steel from which these gears are manufactured was not specified by the suppliers,
but if it is assumed to be medium carbon steel (i.e., a commonly used grade of steel
for gears) with a yield strength of 343MPa [260], the gears should be able to withstand
more than the required load. For the spur gears, the diameter of the driven gear that
was to be mounted on the thumb active joint was increased, until it protruded from the
thumb or the shaft of the driver gear interfered with the movement of the thumb as a
result of the distance between the centres of the two gears being too small. This
minimised the tangential load, reducing the required b of the spur gear. Given that the
maximum allowable diameter of the driven gear was around 19mm, the spur gears,
SS0.5-17A[261] and the SS0.5-36A [262], Figure 6.16(b), from KHK were chosen,
with specifications listed in Table 6.6. The GR of these two medium carbon steel
(S45C) gears is 2.12 (close to the one required), which yields an output torque of
3.21Nm, taking the efficiency of each set of gear to be 90% [237]. While the output

torque is slightly less than the required m, it is the maximum load that the gears with

a b of 5mm, can sustain without any SF. Nevertheless, it was considered the best

option given the space and the gears available on the market.
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(a) (b)

Figure 6.16: The chosen: (a) Steel miter gears from Reely [259] and (b) Spur Gears from KHK
[262]

Table 6.6: The specifications of the chosen miter gears and spur gears

Miter Gears Driver Spur Driven Spur

Gear Gear
Material Steel S45C S45C
Module Imm 0.5mm 0.5mm
Number of teeth 15 17 36
Outside diameter 17.4mm 11.5mm 19mm
Face width dmm Smm Smm

From Figure 6.16, one can observe that the commercial gears come with hubs and
specific bore diameters. Given the limited space, especially for the spur gears, the hubs
take up unnecessary space. Hence, the parts were modified as necessary by a local
manufacturing company, which involved the removal of the hub, the introduction of a

positive lock and the widening of the hub diameter.

6.3.3.2 Finger Transmission System

Meanwhile, the transmission system of the fingers comprised of a worm and wheel,
and a 90° bevel gear. Hence, as was the case with the thumb transmission system, a
search on the market was carried out to find commercially available gears that best

satisfy the required specifications.

In theory, for the worm and wheel to be non-backdriveable, the helix angle, y, which
1s shown in Figure 6.17(a), must be less than the static friction angle, Figure 6.17(b),
which is the angle of the slope at which the load starts to move [263]. This means that
the maximum allowable y for non-backdriveability depends on the friction coefficient,
which is a factor of the combination of materials, the lubrication, and the roughness of
the surface. Given that the non-backdriveability of a worm wheel is not guaranteed, a

worm with the lowest ¥y possible should be chosen, even if it is less efficient, as
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indicated by Equation 6.7 (on p.131). These usually are worms with one thread, where

the number of threads indicates the number of teeth of the worm.
\ e

| \
2
(a) (b)

Figure 6.17: (a) Worm Helix Angle and (b) the Static friction angle [263]

friction angle

Apart from the y, the wheel, which is usually made from a weaker material compared
to the worm, should also be properly sized to withstand the reactive forces, as well as
the force applied on the fingers due to the tension in the cable, as shown in Figure 6.18,

while also taking into consideration the space available.
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Figure 6.18: The forces that the worm wheel must be able to withstand

Hence, for each finger, the torque that the wheel would need to withstand, Ty, when
executing different activities was determined by considering the moments about O,

which yields Equation 6.24.

Tww = Tp, + CR *Trcy, 6.24
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Where,

. TDkS is the torque applied by ﬁci about the fingers’ active joint, which had been
previously determined from Unity, as discussed in Section 5.3 (on p.89) but scaled
according to the maximum torque that can be applied by the thumb, Nm.

® Trc,,p 1s the torque created by the tension in the cable, T¢gpie, around the PIP joint,

Nm. This was estimated using Equation 6.25, where the entire load, f"ci, was
assumed to act at the end of the middle or distal phalange (depending on which
phalange was in contact with the object), perpendicular to the axis of rotation of the
PIP joint:

TTCPIP = (l F'Cll * lDP) + (l P'Cll * COSQDDIP * lMP) 6.25

The Ty, that each wheel would need to sustain is shown in Figure 6.19, where one
can observe that the load is usually borne by one of the fingers, with the maximum
required torque being 7.80Nm.
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Opening a hand-tightened body cream container

Figure 6.19: The torque that the wheel would need to withstand for each activity, distinguished by the
finger
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Hence, the wheel should be able to withstand a load that is more than 7.80Nm; this
can be determined using the Lewis formula for spur gears, Equation 6.16, except that
Y is based on the spur gear equivalent number of teeth, z, , which can be found using

Equation 6.26 [264]:

Z

Ze = 6.26
w  siny

Commercialised wheels tend to be manufactured from aluminium bronze, cast iron or
nylon, which tend to have a lower o,, when compared to other materials, such as steel.
This means that larger gears are required to withstand the same load. For this reason,
a search on the market was carried out to identify the wheel that could withstand the
highest load given the space available and the corresponding worm. This was found to
be the AGO0.8-20R1[265] and the KWGO0.8-R1[266], Figure 6.20, from KHK, with
specifications listed in Table 6.7. Given that the wheel is manufactured from
aluminium bronze, whose o), is 205MPa [267], the maximum load that it can
withstand is 3.59Nm, without any SF. While this is less than the required maximum
load, a lot of the activities can still be completed, with the remaining activities being
attempted with a lower grasping force and frictional covers with higher u;. As with
the spur gears, the worm and wheel were modified by a local manufacturing company

to ensure a better fit in the prosthetic hand.

(2) (b)

Figure 6.20: (a) the wheel and (b) the worm chosen [265] [266]

Table 6.7: List of specifications for the chosen worm and wheel

Wheel Worm
Model AGO0.8-20R1 KWGO0.8-R1
. CAC702, Aluminium SCM440, Medium Alloy
Material
Bronze Steel
Module 0.8mm 0.8mm
Number of teeth 20 1
Lead angle 86.51° 3.49°
Outside diameter 17.63mm 13.6mm
Face Width 8mm /

On the other hand, the bevel gears only need to withstand the T ;. of the motor. For

a more compact design, as discussed in Section 6.3.2 (on p.135), the diameter of the
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bevel gear to be mounted on the worm shaft must be larger than the outside diameter
of the worm. Meanwhile, the bevel gear mounted on the motor shaft must fit within
the thickness of the palm. This implied that a gear down ratio was required for the
bevel gears. For this reason, the gearbox of the fingers was chosen with a GR of 4
instead of 16, as the latter, in combination with the worm and wheel, which already
had a GR of 20, would have required a gear up. Since the GR4¢,. required was then
59.51, a search on the market was carried out for a 3:1 bevel gear. However, the bevel
gears available would interfere with the motion of the fingers. Hence, the required GR

of the bevel gear was lowered to 2:1, since the resulting T, £ which was estimated to
be 152.35mNm, was still greater than the necessary T, ; of 92.8mNm. The resulting

wg, could then be adjusted through PWM. The bevel gears that were eventually

F
chosen were the DB0.5-2040 [268] and DB0.5-4020 [269], a 2:1 Duracon (M90-44)
bevel gear from KHK, Figure 6.21, with specifications listed in Table 6.8. Using the
Lewis formula in Equation 6.1, where the tensile strength (as the o, was not available)

was set to 62M Pa [270], the maximum output torque that the bevel gears can withstand

is 345mNm, which yields a SF of 2.27.

Figure 6.21: The chosen bevel gears [263], [264]

Table 6.8: List of specifications for the chosen bevel gears

DB0.5-2040 DB0.5-4020
Material M90-44 M90-44
Module 0.5mm 0.5mm
Number of teeth 20 40
Face Width 2.5mm 2.5mm
Outside diameter 11.2mm 20.29mm

6.3.3.3 Finger Coupling System

A crossed-cable pulley system was used to couple the PIP joint of each finger with the

corresponding MCP joint. This coupling mechanism consists of two pulleys, whose
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diametral ratio is defined by the CR of the two joints, and a cable, which couples the
two pulleys. Given the required specifications, discussed in Section 6.3.2 (on p.135),
the two pulleys were custom designed, while a search on the market was carried out to

identify the cable that can withstand the required load.

The coupling mechanism must be as compact as possible. However, as the diameter of
the pulleys decreases, thicker cables that can withstand higher loads will be required;
these are more difficult to wrap around smaller pulleys. Hence, the diameter of the

MCP pulley, DMCPpulley ,which is the larger pulley, was made as large as possible by

setting it to 16.6mm, comparable to the outside diameter of the worm wheel while still
allowing space for a cable of 0.5mm to wrap around the pulley. Consequently, the

diameter of the PIP pulley, Dp; Pputtey> Was set to 10.56mm.

The magnitude of T;qp; Was then determined using Equation 6.27, where the Tr¢,,,
found in the previous section was scaled on the basis of the maximum load that the
chosen worm and wheel can withstand (i.e., 3.59Nm). In the case of the MRL finger,
the T.q4pe Was then assumed to be equally distributed between the two coupling
mechanisms located within the finger. The T,,p; required for each activity is shown

in Figure 6.22, with the maximum tension that the cable would need to withstand being

280N.
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Sweeping
Using a tablet
Carrying a tray

Peeling a potato
Pulling a drawer

Carrying a briefcase

Passing a thread through a needle
Carrying a shopping bag ‘

Putting toothpaste on a toothbrush

Playing cards/Cutting with scissors

Dialling a telephone number

Pouring water into a cup

Opening the zipper of a purse

Lifting a detergent spray bottle

Opening a hand-tightened toothpaste cap

Opening a hand-tightened bottle

Sharpening a pencil

Putting glue on a paper/Throwing a ball

Opening a can of beverage

Opening a hand-tightened cap

Eating with a fork and a knife (Knife)

Eating with a fork and a knife (Fork)

Opening a hand-tightened jar

Opening a packaged-food box

Opening a hand-tightened bottle cap

Opening the flip top of a toothpaste tube

Pouring from a frying pan

Opening a hand-tightened body cream container

Figure 6.22: The tension in the cable for the index and the MRL finger across the different activities
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_ ZTTCPIP
Teapte = 75— — 6.27

PIPpultey
The cable chosen must also be inelastic to retain the non-backdriveability of the
fingers. Cables are available in different materials, such as steel and nylon, but given
the high loads, Wire Leader, a steel cable typically used when fishing, was considered
the most appropriate [271]. However, while there are steel Leader wires of 0.5mm that
can withstand loads of 39kg, such as [272], limited information is provided on their
flexibility, which would dictate their ability to wrap around the pulley. For this reason,
the Leader wire of 0.5mm was locally sourced despite it having a working load of only
22kg. Even though this is slightly less than the required load, the cable was considered
sufficient, since for most of the activities T.4p;. 1S less than 200N, while in the

remaining activities the loads are applied for short periods of time.

The part of the cable that does not move, relative to the pulley, during the entire motion
of the finger, was then secured to the pulley through grub screws. The location of the
grub screw was identified though Inventor, while also taking into consideration the
accessibility of the grub screw when the prosthetic hand is assembled. The rest of the
pulley, such as the clearance hole and the positive lock, was designed on the basis of
the other components of the prosthetic hand. The manufacturing of these pulleys will

be discussed in more detail in Section 6.4.1.1 (on p.155).

6.3.3.4 Force Feedback System

For feedback on the force applied/sustained by each digit, force sensors, placed in
strategic locations within the gear trains of the thumb and the fingers, were used to
measure the W, applied by the bevel and the worm gears, respectively, on the mounting
shaft. In a separate study, the varying output of the sensor is translated into different
levels of vibrations in the forearm of the amputee. Hence, a search on the market was
carried out for sensors that can measure the expected loads while being compact and
light. High accuracy was not that critical in this application since the amputee is not

able to detect small changes in the level of vibration.

There are several force sensors available on the market, with different working
principles, such as optical, capacitive, and magnetic [273]. Each type of sensor has its
own advantages and disadvantages, as discussed in [274]. However, for low-level

force feedback, Force Resistive Sensors (FSRs) tend to be used due to their light
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weight, thin flexible profile, ease of use and low cost. FSRs are a piezoresistive sensing

technology whose resistance varies as the force applied across it changes [275].

The maximum W, that the FSR would need to measure was found to be 448N (i.e., the
W, applied by the worm when sustaining the maximum torque that it can withstand).
On the basis of the required specifications, the FlexiForce ESS102 Sensor [276],
Figure 6.24, from Tekscan, was chosen. This small sensor can measure a maximum
force of 444.8N; loads below 510N can still be applied without damaging it, even if

the output sensor will be saturated.

7.6 mm
(.30in.)
oo

i Sensing Area
‘ 9 3.8 mm (.15 in.) diameter

ESS102

38.1 mm
(1.5in.)

- I 6 mm
(.25 in.)

Figure 6.23:Tackscan FlexiForce ESS102 Sensor [276]

The FSRs were then placed within the gear trains, as shown in Figure 6.23, taking into
consideration the direction of the W, being measured. From this figure, one can
observe that the FSR was kept in place by an FSR holder, while a shaft bearing surface
was used as an interface between the shaft and the FSR. This not only prevented the

shaft from rotating directly on the surface of the FSR, but also ensured that the force
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Figure 6.24: The position of the force sensor within (a) the finger gear train and (b) the thumb gear

train
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is evenly distributed, especially for cases where the shaft diameter is larger than the
sensing area. Both the FSR holder and the shaft bearing surface were custom designed
to fit the required specifications. The manufacturing of these parts will be discussed in

more detail in Section 6.4.1.1 (on p.155).

6.3.4 DEVELOPING A MESH MODEL OF AN ANTHROPOMORPHIC HAND
Once the embodiment design was finalised, a more realistic mesh of the hand, as

discussed in Section 6.3.2 (on p.135), was developed.

This required modelling complex curvatures which were beyond the capabilities of
Inventor. Thus, a more dedicated computer graphics software, such as Blender [277],
which is typically used for animated films and art, was required. For this reason, th,
which is typically used in animated films and art, was required. For this reason, the
mesh model was developed in collaboration with Mr. Fabrizio Cali (a visiting lecturer
from the Faculty of Media and Knowledge Sciences, specializing in Blender) on the
basis of the required specifications. Boolean modifications to the mesh, such as adding
supports for the different components and creating holes for the cable, were then
implemented in Inventor. The developed hand model and the corresponding proto-

grasps are shown in Figure 6.25.

Figure 6.25: The developed mesh model actuating the different proto-grasps, excluding the
indentations on the outside surface to cover the prosthetic hand with a material having a high friction
coefficient
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6.4 DETAILED DESIGN AND CONSTRUCTION

6.4.1 SELECTING THE MATERIAL AND THE MANUFACTURING PROCESS FOR THE

SPECIFIC PARTS OF MAPROHAND

6.4.1.1 Manufacturing the parts designed for MAProHand

While most of the hand components were readily available on the market, all custom-
built parts, namely, the structure, the interface keys, the pulleys, the shafts, the FSR
holder and the shaft bearing surface, obviously had to be manufactured. The
manufacturing process, as well as the material chosen for each part depend on the

required properties, taking into consideration the ease of manufacturing.

In general, the parts must be rigid and able to withstand the maximum loads applied
on them, while also being lightweight, compact, and cost effective. Given the size
and/or complexity of some of the custom-built parts, manufacturing these parts using
subtractive processes, such as milling, can be time consuming and expensive. For this
reason, all of the custom-built parts, except for the shafts, were 3D printed (based on

the requirements discussed in Chapter 3 (on p.44)).

Understanding the stress present in each of the parts then allows the optimization of
any unconstrained parameters of the part (e.g., its thickness), as well as the selection
of an appropriate material to best satisfy the required properties. However, while the
maximum bending/shear stress present can be easily determined for a simple part (e.g.,
a shaft, as discussed in Appendix G (on p.238)), the behaviour of complex parts under
load will have to be simulated using a Finite Element Analysis (FEA) software, such
as Ansys [278]. Even then, FEA models a part as a uniform homogeneous solid, which
is not a realistic representation of the porosity, as well as the anisotropic property of
3D-printed parts [279]. In fact, a huge discrepancy was observed by Abbot et. al. [280]
when comparing the simulated and the actual result in a series of compression tests.
Consequently, the strength of the 3D-printed parts (which were designed to have a
reasonable thickness of around 3mm all round) was made as high as possible,
especially in areas which would need to withstand the highest loads, while keeping its
weight to a minimum. Thus, wherever possible, small parts, namely, the FSR holders
and shaft bearing surfaces, were integrated in the structure of the palm to strengthen

the overall design.

The most common 3D printing process for quick and low-cost prototyping is Fusion

Deposition Modelling (FDM), with a wide range of materials (also known as
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filaments) available, such as PLA and ABS, which are continually evolving to produce
stronger and lighter parts. FDM is an additive manufacturing process in which a
continuous thermoplastic or composite material is fed through a heated nozzle and
extruded layer by layer onto the build platform in a predetermined automated path,
Figure 6.26(a) [281]. This path, as well as the support necessary to print the part with
a certain orientation, is generated in a slicer program, such as Cura [282] and Creality
Slicer [283], which converts a 3D model file (e.g., STL) into a G-code script that can
be interpreted by the firmware of the printer. The printed part consists of an infill
surrounded by the walls and the top and bottom layer, Figure 6.26(b), with higher
strength along the layers than across them [284]) [285]. This is because tension applied
normally to the layers relies on the bonding strength between the layers rather than the
strength of the printing material. Parts printed with FDM may also be susceptible to
visible layer lines and/or blemishes on the surface, especially when nozzles with a
larger diameter are used. However, given that the prosthetic hand does not have any
fine and/or intricate details, the low resolution of the 3D-printed parts should not be

an issue to its overall function [32], [33], [34].

Filament ({
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plate part

(a) (b)

Figure 6.26: (a) The working principle of FDM [281] and (b) a schematic of a 3D-printed part [284]

A search on the market was carried out to identify the filament with the highest
strength, provided that the density of the different filaments was relatively similar. The
filament that was chosen was Nylon Power Carbon Fiber from Prima Creator Select
[289], based on a Nylonl2 filament reinforced with 20% carbon fibre. It is an
extremely tough filament suitable for parts used in remote control cars and the
automotive industry [289]. However, a nozzle diameter of 0.6mm or higher is
recommended with this filament to minimise the risk of clogging and nozzle wear due

to the carbon fibre. While this is not an issue for larger parts, such as the phalanges,
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smaller details, such as the holes in the pulleys, become more challenging to print.
Hence, the pulleys were instead printed from Polylactic Acid, PLA [290] (a common
material typically used for prototyping that has adequate strength) with a nozzle
diameter of 0.4mm. The specifications for both Nylon Power Carbon Fiber and PLA
are listed in Table 6.9.

Table 6.9: Specifications of Nylon Power Carbon Fiber [289] and PLA [290]

Property Nylon Power Carbon Fiber PLA
Printing temperature 250 - 265°C 180-210°C
Heated build platform 60 - 70°C 60 - 70°C

Density 1.00g/cm? 1.03g/cm?
Tensile Modulus 6000MPa 2000MPa
Tensile Strength 100MPa 44MPa

Heat Deflection Temp 155°C /

Due to the inherent anisotropic property of FDM printed parts, the strength of the part,
in the direction that will exhibit the highest stress, can be optimised by orienting that
direction parallel to the printing bed, as shown in Figure 6.27 (a). However, printing
in this orientation generates a lot of support, which can be challenging to remove from
tighter areas, especially if the support is printed from the same material, which tends
to form a stronger bond with the part. For this reason, the supports were instead printed
from PrimaSelect PVA High Temperature [291], Figure 6.27(b), a material that

dissolves in water.

(a) (b)

Figure 6.27: (a) Simulation in Creality Slicer of one of the 3D-printed parts printed with the shaft
suppports oriented parallel to the printing bed and (b) the printing of a part with dissolvable supports

The printing of these parts was outsourced to a local 3D printing company with an
FDM printer having two nozzles that can withstand the necessary printing
temperatures. Given that Nylon Power Carbon Fiber tends to absorb moisture at room

temperature, which may negatively influence the consistency and the accuracy of the
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3D-printed part, the filament was dried before and during the printing process, which

was also carried out in an enclosure.

Apart from the material and part orientation, there are other factors that play a role in
the strength of the part, namely 3D printing settings. Thus, these settings were adjusted
to optimise the strength-to-weight ratio of the parts, especially larger parts, such as the
palm, which would significantly contribute to the overall weight of the prototype.
Common slicer programs, such as Creality Slicer [283], allow the user to modify
various printing settings, such as the infill density and the wall thickness. The

following settings have the greatest impact on the strength and the weight of the parts:

o Infill density: This refers to the amount of material present on the inside of the
part. It ranges from 0% to 100%, with 0% meaning the part is completely hollow
and 100% meaning the part is solid, and thus, much stronger. However, depending
on the size of the part, it is usually not recommended to increase the infill density
beyond 70%, since the gain in strength does not outweigh the material usage,
printing time and cost [292], [293]. For standard parts, the recommended infill
density is 20-25% [294].

o Infill pattern: This refers to the shape and structure of the material inside the part.
There are different infill patterns available, Figure 6.28, such as grid, tri-hexagon
and cubic [295]. One of the strongest infill patterns is the cubic pattern. It consists
of stacked cubes rotated by 45° in the plane of the printing bed, making it suitable
for functional parts which require strength in all directions [296], [297].

(e)

Figure 6.28: Some of the infill patterns available: (a) Grid, (b) Lines, (c) Triangle, (d) Tri-
hexagonal and (e¢) Cubic [295]

e Layer Height: This refers to the height of each layer, with thinner layers usually
yielding models with a smoother and finer surface finish. However, there are some
opposing views on which parts are stronger. On one hand, thinner layers imply a
shorter distance between the nozzle and the previous layer, which not only warms
up the previous layers, but also squishes the filament on it, creating a better bond.

Given that there is less gap between the layers, parts with thinner layers can also
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be denser. On the other hand, thicker layers imply that the strands have a larger
cross-section [298], [299]. Furthermore, there is a lower risk of a defect in one of
the layers which would lead to part failure [298], [299]. For this reason, an
experiment was carried out in [300] which examined the strength of a part printed
in various layer heights. It concluded that parts printed with thinner layers had a
higher tensile strength.

o Shell thickness: This refers to the thickness of the exterior shell of the model,
which consists of the walls and the top and bottom layers. For moderately strong
parts, a wall thickness of 0.8-1.6mm, and a top-and-bottom layer of thickness 0.8-
1.2mm, are recommended [284]. However, the wall thickness must be a multiple
of the nozzle diameter, while the thickness of the top and bottom layers are a
multiple of the layer height. Depending on the size of the part, a thicker shell can

significantly contribute to its overall weight.

Given that each part could not be printed with different settings and tested, the settings
that best optimise the strength-to-weight ratio of a part were based on the observations
made in the literature, while using the weight estimated in Creality Slicer as guidance.
Therefore, the thinnest recommended layer height for a nozzle diameter of 0.6mm was
chosen, which is 25% of the nozzle diameter (i.e., 0.15mm) [301], even if it increases
the printing time. Given that parts experience higher strain on the outside surface
compared to the inside, a thicker wall has a greater impact on the mechanical strength
of the model than the infill density [302]. A thicker shell is also beneficial when filing
the parts to the required tolerance, so as not to expose the infill. Hence, for larger parts,
the walls were 1.2mm, with the thickness of the top and bottom layers set to 0.9mm.
A 10% cubic infill was then used to keep the weight of the part to a minimum, with
areas around the shaft, which are expected to withstand high stress concentrations,
reinforced with an infill density of 50%. Meanwhile, smaller parts, such as the
interface keys, were printed with 100% cubic infill since these parts consisted mainly

of the shell.

A simple test was then carried out on the index finger, as discussed in Appendix H (on
p.242), to verify whether it would be able to withstand the required loads. It revealed
that while the structure could withstand the load applied on it, some deformation was
observed in the interface keys. Alternatively, Direct Metal Laser Sintering, another
form of additive manufacture for metal parts, could be used. However, the material is

more expensive and like any other 3D printers, the tolerance of the parts would need
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to be finetuned. Therefore, for this prototype, FDM was still considered acceptable for

the interface keys, especially since they can be easily replaced, if damaged.

Meanwhile, the shafts were manufactured by the Department of Industrial and
Manufacturing Engineering at the University of Malta on the basis of the engineering
drawing created for each part. An example of one of the engineering drawings is shown
in Figure 6.29, which is the drawing for the MRL MCP shaft. The diameter of these
shafts was highly dependent on the bore diameters of the purchased gears and the
design of the positive lock, which meant that there was not a lot of room for
optimisation. A material, well known for its high strength-to-weight ratio, that is
readily available was then chosen; this was Aluminium 7075. It has a yield strength of
503MPa and shear strength of 331MPa [303], which exceeded the minimum strength
required by the shafts. However, the MRL PIP shaft had to be manufactured from steel
due to the difficulty encountered in manufacturing the part, given the tools available,

the raw material, and the dimensions of the part.
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Figure 6.29: Engineering drawing of the MRL MCP shaft

6.4.1.2 Manufacturing the frictional covers

The purpose of the frictional covers was to increase the hand surface friction
coefficient, as well as to increase the surface area in contact with the object. Hence,
the material chosen for the frictional covers must not only have a high friction
coefficient with different day-to-day materials, it must also be flexible, to conform to
the shape of the phalange, and soft, to allow the contact area to slightly deform under

the load.
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Rubbers are typically used for such applications due to their high static friction
coefficient with various other materials [304]. Different rubbery materials were
considered, such as rubber foam sheets used for crafts, non-slip mats, latex gloves, and
packaging rubber. The latter, with a thickness of 3mm, Figure 6.30(a), was chosen as
it deformed easily, without being too stiff, and had a good grip. In fact, the experiment
discussed in Appendix H (on p.242), revealed that p,,pper, the friction coefficient
between this rubber and different materials used in everyday activities, such as wood,
plastic and glass, ranged from 0.75 to 1.19. This is higher than the ug; assumed during
the force analysis discussed in Section 5.3 (on p.89), which was 0.5. Therefore, the
frictional force present between the object and the hand would be higher than

estimated. In fact, Figure 6.31 shows that considering only the lowest end of typper

(a) (b)

Figure 6.30: (a) Packaging rubber and (b) Moulds for the frictional covers

——Without a safety factor and a friction coefficient of 0.75

——Wwith a safety factor of 1.5 and a friction coefficient of 0.5

The minimum torque required at the CMC joint (Nm)

Sweeping

Carrying a tray
Using a tablet

Pulling a drawer

Opening a purse

Carrying a shopping bag
Carrying a brief case
Putting glue on a paper/Throwing a ball
Passing a thread through a needle
Putting toothpaste on a toothbrush
Dialling a telephone number
Playing cards/Cutting with scissors
Pouring water in a cup
Opening a can of beverage
Lifting a detergent spray bottle
Opening a packaged food box
Pouring from a frying pan
Sharpening a pencil
Eating with a fork and a knife (Fork)
Eating with a fork and a knife (Knife)
Opening a body cream container
Opening a bottle cap

Unscre
Opening a used jar
Opening a slightly loosened cap

Opening the flip top of a to

Figure 6.31: The effect that a higher yg and a lower SF has on the minimum torque
required at the thumb CMC joint, m, for the different bimanual activities
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and a lower SF, most of the activities can still be executed, despite the reduction in
T, However, while u; was a conservative value, not all the surface of the prosthetic
hand could be covered in rubber, as discussed in Section 6.3.2 (on p.135); this is why

the ug of 0.5 was a fair assumption.

The rubber was then cut into the required shapes using moulds of each dent, Figure
6.30(b), which were printed in PLA using FDM printer. The edges of the rubber were
then chamfered using a pair of scissors to ensure that the covers were flush with the

rest of the part.

6.4.2 CONSTRUCTION OF THE PROTOTYPE OF THE PROSTHETIC HAND
The next step was to assemble all the different components as shown in Figure 6.32 to

Figure 6.35.
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Figure 6.32: Exploded view of the palm
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Figure 6.33: Exploded view of the thumb
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While the necessary precautions were taken to ensure ease of assembly and overall
performance of the prosthetic hand, challenges might still arise. Therefore, the
prototype was first printed in the laboratory, using PLA, to identify these challenges
and modify the design accordingly before printing the final parts. For example, it was
noted that the original orientation of the index motor complicated the assembly of the
palm, so, it was altered together with the split of the palm. Other changes included the
addition of more screws on the palm that were closer to the joints of the fingers. This
minimised the separation of the two halves of the palm due to the loads applied on the

shaft. The clearance between two moving parts was also increased.

Once the design was finalised, the parts were 3D-printed as discussed in Section

6.4.1.1 (on p.155). However, before assembly, they had to be filed down to minimise
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the friction present between the different moving parts, since the accuracy of the parts
varied from one printer to another. Friction also arose due to the screws pressing the
two halves of the palm against the different components. This friction hindered the
movement of some of the components, especially the worm shaft, which lies along the
thickness of the palm without any axial bearings, but this friction was necessary to
keep certain components in place, particularly with regards to the motors due to their
circular shape. Hence, as a compromise, a thin layer of rubber was added to the surface
of the motor supports to increase the friction present between the motors and the palm.
Given that the screws of the prototype would then need to be screwed and unscrewed
several times, which could potentially damage the 3D-printed threads, heat-threaded
inserts were used to create the threads for the screws. Thus, the inserts were heated
and gently pushed into the part where the thread had to be. This deformed the part
around the thread, which created a strong bond with the 3D-printed part. The same
approach was not applicable to the threads of the grub screws due to the size of the
heat-threaded inserts; in that case helical threads were used to reinforce the 3D-printed
threads. Meanwhile, the frictional covers were glued to the corresponding part using
Pattax, a heavy-duty glue. The moulds shown in Figure 6.30(b) were then used to keep
the rubber in place while the glue dried.

The gears, the motors and the digits were then placed in the palm in the correct order
and the two halves of the palm screwed together, where each digit had been assembled
prior to this process. In the case of the fingers, the jig in Figure 6.36 was then used to
tighten the cables of the coupling mechanism. The jig consisted of a guitar-tuning
chord attached to one of the ends of the cable which had only been passed through the
lower hole of the PIP pulley (Figure 6.9(b) (on p.139)), while the cable was held in

Figure 6.36: The set-up used to tighten the cables of the coupling mechanism
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place with the grub screw located on the MCP pulley. This grub screw was kept in
place during the entire retightening process to avoid weakening the cable due to the
dents created by the grub screws. Hence, as the guitar-tuning chord was rotated, the
cable was tightened on one side. Once the required tightness had been achieved, the
end of the cable secured by the jig was passed through the top hole of the PIP pulley
and secured in place with the grub screws. The entire process was then repeated with

the other end of the cable.

The constructed prototype of MAProHand is shown in Figure 6.32 .

Figure 6.37: Assembly of MAProHand
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CHAPTER 7: EVALUATION OF THE APPROACH
AND THE PERFORMANCE OF MAPROHAND

7.1 INTRODUCTION

This chapter undertakes a detail examination of the approach and overall performance
of MAProHand. The assessment delves into the general characteristics of MAProHand
and the functionality of the PMs, exploring its effectiveness beyond the representative
bimanual activities. A comparative study is also conducted to assess the performance
of MAProHand in comparison to both the human hand and other prosthetic hands. The
overall goal of this chapter is to provide a comprehensive understanding of the

capability and performance of MAProHand within diverse contexts.

7.2 GENERAL CHARACTERISTICS OF MAPROHAND

MAProHand is a prototype of a medium-sized prosthetic hand that optimizes the
balance regarding simplicity, dexterity, and usability by utilizing the postural
synergies of the non-dominant hand in the minimal anthropomorphic condition as the
foundation. The balance of these three attributes is discussed in this section with

reference to the specifications mentioned in Chapter 3 (on p.44).

The developed prosthetic hand is relatively simple with only five joints, of which only
three are independently actuated; the other two joints are coupled. Given the simplicity
of the kinematic hand model, the number of actuators and gears required was minimal.
This not only increased the reliability of the overall prosthetic hand (as there were
fewer parts that could potentially fail) and kept its cost, heat and noise level to a
minimum, but also facilitated the embedment of the actuation/transmission system and
the coupling mechanism in a device of the same size and weight of the human hand.
In fact, the developed prosthetic hand weighed 428g, with an overall length of
195mm, a width of 135mm (including thumb), and a maximum thickness of 35mm,
which was comparable to large/medium prostheses and human hands, as shown in
Figure 7.1. Even though the prosthetic hand is slightly heavier than the desired weight
of 400g, the fact that it only has three motors allows room for a lighter version with
further optimization, especially in the 3D-printed parts. The overall noise level
generated by the prosthetic hand is 26dB with reference to the standard threshold
hearing level for the human ear, equivalent to a whisper, the cost of its construction

was 3,600FEur, well below the mentioned cost of 5,000Eur.
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Figure 7.1: Size comparison between a human hand and MAProHand

Despite the significant reduction in dimensionality when compared to the twenty-one
DOFs of the human hand and the nine DOFs of the minimal anthropomorphic hand,
the prosthetic hand was able to execute four distinct PMs and the corresponding proto-
grasps, as modelled in Unity, Figure 7.2, where each of the PMs can correspond to a

reliable and intuitive SEMG signal, enhancing the usability of the device.

However, since the prosthetic hand had no positional feedback, achieving the same
proto-grasps in various hand orientations was a challenging task, especially since the
angular speed of the index and the MRL fingers was highly dependent on the
orientation of the prosthetic hand, with the angular speed being lower in orientations
where gravity works against the motors. In fact, while the desired angular speed of the
fingers was 126°/s, it varied from 175°/s to 203°/s for the index finger, and from
92°/s to 158°/s for the MRL finger, with the MRL motor not being able to close the
fingers completely when the digits pointed vertically downwards (e.g., when grasping
a shopping bag). One of the main contributing factors to this was the friction present
between the moving parts despite the efforts taken to minimize it, such as filing the

parts down, using lubrication and loosening the cables of the coupling mechanism.

This issue could be resolved in future improvements which tackle the friction present
between the fingers. However, by exploiting the time constants and delays used during
the actuation of each PM, which were mentioned in Section 6.3.1.1 (on p.122), the

required interaction between the digits, especially in the S-grasp and the P-grasp, could
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N-grasp O- grasp

Figure 7.2: The proto-grasps

still be achieved regardless of the orientation of the prosthetic. For example, in the case
of the O-M-S PM, the thumb, whose angular speed was more consistent in different
orientations, was moved to the desired location first so as to be able to stop the motion
of the fingers in the required position. If this was not possible, as in the case of the O-
P PM, where the index finger had to move first to facilitate the approach of task
objects, appropriate time constants were introduced to ensure that the index finger
interacts with the thumb in all the different orientations. Meanwhile, the closing of the
MRL finger when the digits are pointing vertically downwards was not that critical
since this orientation is mainly used to carry objects, such as a briefcase. In that case,
using the intact hand, the object can be grasped in an orientation more favourable for
the prosthetic hand before orienting the same object in the vertical direction. The time
taken to complete each of the PMs in the different orientations is averaged across three

different times and listed in Table 7.1.
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Table 7.1: The duration of each PM in different possible orientations
O-N-C O-P O-M-S

s (5 (5
Palm facing up 376  3.72 4.40
Hand facing sideways 3.58 348 432
Palm facing down 359 347 423
Hand facing sideways with finger pointing up 356 3.62 420
Hand facing sideways with finger pointing down / / /

On average it took around 3.8s for the prosthetic hand to complete the closing hand
PMs. This was mainly dictated by the angular speed of the thumb, which was set to
43°/s (i.e., 50% of the maximum allowable PWM) to allow sufficient time for the
amputee to place the task object within the workspace of the hand. As the amputee
then gains experience using the prosthetic hand, with the digits moving first providing
visual cues on where the object should be placed relative to the hand, the angular speed
of the thumb can be modified according to the amputee’s needs. During the execution
of each of these PMs, the digit whose movement was constrained by the object was
stopped, while the other digits kept on moving, permitting the hand to conform to

objects of different shapes and sizes.

The force applied by the prosthetic hand on the gasped object is dictated by the
amputee, on the basis of the intensity with which the muscles are recruited in the
forearm. The user has four different levels to choose from, namely, no, low, medium,
and high force. The force that is applied by the thumb on the object in the closing (i.e.,
when moving away from the O-grasp) and opening (i.e., when moving towards the O-
grasp) directions was determined for when either one of these force levels is selected.
The set-up in Figure 7.3 was used, where a spring balance, perpendicular to the joint

axis at a distance of 70mm, was used to measure the force required to stop the thumb.

(a) (b)
Figure 7.3: The set-up used to determine the torque applied by the thumb in (a) closing and (b)
opening direction
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This was noted in Table 7.2. and compared with the theoretical output torque,

assuming 7, to be 73% as mentioned in Section 6.3.1.2 (on p.126).

Table 7.2: Comparison between the theoretical and measured torque applied by the thumb in the

opening and closing directions for the different force levels available

Force PWM  Measured M;;z;:;zd Th;;):;:;:al Percentage
Level (%) Force (N) (Nm) Applied (Nm) Error (%)
Closing Direction (e.g., O-P)

Low 37.5 6.88 0.48 1.24 61
Medium 50 9.32 0.65 1.66 61

High 75 11.76 0.82 2.49 67

Opening Direction (e.g., O-M-S)

Low 37.5 6.52 0.46 1.24 63
Medium 50 9.46 0.66 1.66 60

High 62.5 11.84 0.83 2.07 60

From the above table, one can observe that the maximum force applied by the thumb
in both directions was around 11.8N, with the maximum output torque applied being
around 0.83Nm. This is less than the estimated torque of 3.21Nm, which is due to

several reasons.

First and foremost, one can observe, from Table 7.2, that the PWM for the highest
force level did not correspond to 100% (i.e., the maximum allowable torque that can
be applied by the thumb motor). This was because the resulting torque applied on the
object caused the thumb mechanism not to perform as intended, with the two halves
of the palm pulling away from one another, which was enough for the gears in the
transmission system to pull apart and unmesh. Thus, future prototypes should have the
two halves of the palm snap on top of each other instead of being tightened together

with screws.

Still, the margin of error noted in Table 7.2 was still significant in both directions.
Thus, while experimental errors might have been observed, such as human sensitivity
and parallax errors, the discrepancy in the output torque applied is highly attributable
to the inefficiencies of the circuitry and the mechanical design. In fact, when the motor
was assembled, Is4;;, Was observed to be significantly less than the one specified in
the motor datasheet (later confirmed by connecting the motor directly to the power
supply), indicating an increased resistance across the circuitry of the motor, which
reduces its overall performance. The error due to the circuitry was calculated and noted

in Table 7.3 by computing the percentage difference between the Igq;;, obtained from

the datasheet and the one observed in the palm, and assuming that the relationship
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between s, and the output torque of the motor remains the same. This table shows
that the circuitry contributed a significant part of the overall error, with higher
resistance present in the closing direction and lower duty cycles. Meanwhile, the error
due to the mechanical design, noted in Table 7.3, was calculated by computing the
percentage difference between the measured torque and the theoretical torque applied
on the basis of the observed I4q;,. For most of the cases, the percentage error was
observed to be around 41%, which indicates that the transmission system had an
efficiency lower than 73% (i.e., the efficiency assumed during calculations). This was
due to the friction and/or wear present. For the low and medium force levels in the
closing direction, experimental errors may have played a more crucial role since the

theoretical tangential force was going to be smaller.

Table 7.3: Breakdown of the overall percentage error for the thumb

Duty Circuitry Mechanical Overall
Force
Level Cycle Percentage Percentage Error Percentage
(%) Error (%) (%) Error (%)
Closing Direction (e.g., O-P)
Low 37.5 70 -27 61
Medium 50 60 3 61
High 75 44 40 67
Opening Direction (e.g., O-M-S)
Low 37.5 41 38 63
Medium 50 30 43 60
High 62.5 27 46 60

As the thumb applied the required force on the object, it was observed that the position
of the fingers was not retained, until the backlash (e.g., the play between the different
gears) and elastic deformation present in the fingers was taken up and/or the movement
of the thumb was constrained. During this process, the movement of the distal phalanx
was not necessarily coupled with that of the proximal phalanx, mainly due to the cable
not being tight enough. This introduced another form of compliance in the fingers, but
there was also the risk that, depending on the shape of the object, the number of contact
points would be reduced or moved to a less stable grasp. In that case, an alternative

grasp, if possible, would have to be used.

However, as soon as the power supply was turned OFF, it was noted that regardless of
the force applied, the grip on the object was loosened. This was mainly because, when
the power supply is turned OFF, the force that separates the two halves of the palm as

the thumb applies the required force, is removed. Hence, as the two halves of the palm
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return to the original position, the thumb is slightly rotated in the opposite direction

reducing the built force between the object and the hand.

The gripping force was also reduced in the presence of certain external loads applied
to the hand, which, depending on their direction, would cause one or more of the digits
to lose contact with the object. In this case, the main contributing factor is the elastic
deformation of the parts, and given that the power supply will be turned OFF, the
thumb is not able to adjust the grasp to compensate for this deformation. Furthermore,
if sufficient force is applied on the thumb, the load will be able to back-drive the shaft
of the thumb motor (i.e., the thumb will become back-driveable). The maximum
external torque that would need to be applied on each joint for the corresponding
phalanx to move relative to the grasped object was then determined. In the case of the
thumb, both the opening and closing directions were considered since the object can
be grasped in either direction. A set-up similar to the one shown in Figure 7.4 was
used, where a spring balance, perpendicular to the joint and at a known distance, was
used to measure the force required for the corresponding phalanx to move relative to

the object.

(b)

Figure 7.4: The set-up used to measure the external torque that would need to be applied on (a) the
thumb in the closing direction and (b) the proximal phalanx of the MRL finger after the motors are
turned off

The torque required for each of the three digits, averaged across ten readings, is noted
in Table 7.4. From this table one can observe that a torque less than 0.26 Nm was
required for the phalanges to move relative to the grasped object, with the distal
phalanx exhibiting the least resistance to movement due to the cable not being tight
enough. Thus, to ensure that for this prototype the grasped object does not slip,
especially for force closure grasp, the external loads necessary to execute an activity

will possibly be applied before the power supply is turned OFF (this way the thumb is
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able to compensate for the compliance of the fingers), and/or the demands on the grasp
are reduced as much as possible by making more use of the environment or the
remaining, intact, hand. Alternatively, the thumb motor can be kept ON for stall
currents lower than the rated continuous current (i.e., the low-level force), even if the
energy consumed is higher. However, future prototypes need to focus on solving this
issue, for example, by having the interface keys made from a stronger material.
Meanwhile, given the usefulness of the compliance added by the backlash/elastic
deformation in the fingers, future improvements might opt for a coupling mechanism
that makes use of stiff springs as a compromise between the added compliance in the
finger and the lack of resistance in the movement of the distal phalanx in the presence
of external loads.

Table 7.4: The external torque applied on each joint for the corresponding phalanx to lose contact
with the object after the motors are turned OFF.

Thumb
External Torque Required (Nm)
Closing Direction 0.28+0.03
Opening Direction 0.26+0.04
Index
External Torque Required (Nm)
Proximal Phalanx 0.13+0.01
Distal Phalanx 0.06+0.01
MRL
External Torque Required (Nm)
Proximal Phalanx 0.21+0.03
Distal Phalanx 0.05+0.01

It is noted that none of the issues listed above are conceptual in nature, they are rather
due to minor shortcomings in the detailed design of the prototype. The presence of
such shortcomings is something to be expected in early prototypes, and these should

all be rectifiable in future iterations of a similar prototype.

Even though the torque that can be retained by each digit is limited, MAProHand has
the potential to provide the amputee with vibrational feedback related to its magnitude.
In general, the amplitude of the vibrations, which correspond to the output voltage of
each of the FSRs embedded in the transmission system, increases, as the torque
sustained by each digit increases. Figure 7.5shows the relationship between the torque
applied/sustained by the thumb in the opening and closing direction and the
corresponding FSR output voltage. Even though the output voltage in the opening and
closing directions was different, which could be due to misalignment of the FSR sensor
relative to the shaft, the vibrations would allow the amputee to learn the force level

required for certain objects with minimal visual feedback.

175



Chapter 7: Evaluation of the Approach and the Performance of MAProHand

1.2

o
o

=3
o

................... ® | Opening Direction

FSR Output Voltage (V)

Closing Direction

,,,,,,,,, Linear (Opening
Direction)
Linear (Closing
Direction)

0 0.1 0.2 03 04 05 0.6 0.7 0.8 03

Torque Applied on Thumb (Nm)

Figure 7.5: The graph of FSR output voltage against torque applied by the thumb
While there is still room for improvement, this first prototype has shown that with the
developed KHS as the foundation for its design, MAProHand has the potential to be a
lightweight prosthetic hand that can significantly improve the general daily
functionality of the amputees with intuitive control, all at a price that is competitive

when compared with that of other prostheses.

7.3 ASSESSMENT OF THE FUNCTIONALITY OF THE PROTO-MOTIONS

The objective of any prosthetic hand is to assist the amputee during their day-to-day
activities. Therefore, the success of MAProHand depends on whether it can complete
the representative bimanual activities together with the remaining intact hand, using

just the four PMs.

The representative activities were carried out in a laboratory setting, where the

prosthetic hand was held from the wrist by an able-bodied person. The PM specified

in Table 5.2 (on p.116) for each activity was then used to replicate, as closely as
possible, the hand configurations modelled in Unity. Each activity was then evaluated
using the following criterion:

e Score 0, if the activity was not completed in the normal manner.

e Score 1, if the activity was completed with some modifications to the task object
and/or additional assistance from the environment, which had not already been
taken into consideration during the force analysis in Section 5.3 (on. p.89), such
as reducing the external load.

e Score 2, if the activity was completed without any assistance, except for the use
of a table and the intact hand, even if the objects needed to be grasped multiple

times.
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This criterion considers only the completion of the activity, regardless of the time taken
to complete it. This is because while the duration of the activity is also important, each
of'the PMs only takes a few seconds to complete. Thus, with usage, the amputee should
learn the best way to execute each activity in the least amount of time/attempts. The
scores for the different activities were then normalized and added to express a

percentage of the task completed.

The prevailing hand postures, Table 7.5, were relatively similar to the ones modelled
in Unity, except for the fork and the briefcase, where an alternative grasp type was
used for a better grip that also looked more natural. Using these postures and the above
score method, MAProHand, together with the remaining intact hand, was able to
complete 73% of the activities. Only peeling the potato required multiple attempts, the
reason being that the force applied on the object was not retained, as discussed in
Section 7.2 (on p.168), and thus, the potato would slip while it was being peeled. In
fact, as expected in the previous section, the external loads had to be reduced for
several activities, either by loosening the cap or by reducing the carrying capacity (e.g.,
the load placed on the tray). For activities where the external load could not be reduced
or was not sufficient, the task object was modified accordingly. For instance, the
utensils were covered in rubber, which increased their size and the friction present
between the object and the hand. Alternatively, a smaller version of the object was
used, as in the case of opening a jar, pouring from a frying pan and carrying a briefcase.
While the number of modifications should be kept to a minimum so as to ensure that
the amputee is still able to use the prosthetic hand in different environments, using
adaptive equipment is a common approach used by people suffering from limited
functionality in their hand [305]. It is noted that when the internal frictional and the
other issues discussed in Section 7.2 are resolved in future prototypes, the need for
these modifications will decrease or disappear. Meanwhile, the only activity which
could not be completed in the normal manner was the spraying of a detergent, because
as already indicated in Section 5.6 (on p.115), the spray lever could not be actuated by
the PMs.

Thus, MAProHand, with just the four PMs, provided sufficient dexterity for a non-
dominant hand in bimanual activities, whose success rate can be increased further with

future improvements that tackle the retention of the force applied on the object.
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Table 7.5: Hand Postures used to complete the different representative bimanual activities

Opening a hand-tightened

Sweeping Peeling a potato bottle
Broom Potato Large Water Bottle
O-N-C O-M-S O-M-S

Putting toothpaste on a

toothbrush Opening the zipper of a purse Pouring from a frying pan
Toothbrush Purse Frying Pan Handle
O-N-C O-P O-N-C

Passing a thread through a

Opening a hand-tightened cap

Pouring water into a cup

needle
Sewing Pin Soap Bottle Cap Medium-Sized Cup
O-M-S O-M-S O-M-S

! | '
Playing Cards Carrying a tray Opening a packaged-food box
Cards Tray Cracker box
O-M-S O-M-S

O-M-S

Carrying a shopping bag Pulling a drawer Carrying a bTefcase
Shopping bag Cabinet handle Briefcase

O-N-C

N-O

O-M-S
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Table 7.5: Hand Postures used to complete the different representative bimanual activities (cont.d)

Opening a hand-tightened

Opening a hand-tightened body

WP OE0E toothpaste cap cream cap
Small Sharpener Toothpaste Cap Body Cream Container
O-P O-P

O-P

Putting glue on a paper Using a tablet Throwing a ball
Paper Tablet Beach Ball
N-O N-O N-O

Eating with a fork and a knife

Dialling a telephone number

Spraying a detergent while
wiping a surface

Fork

Telephone

Spray bottle

O-P

O-M-S

G A Opening a hand-tightened bottle Opening the flip top of a
Cap toothpaste tube
Paper Water Bottle Cap Toothpaste Cap
O-P O-P O-P

Opening a can of beverage

Opening a hand-tightened jar

Eating with a fork and a knife

Can of beverage

Knife

O-M-S

O-N-C
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7.4 COMPARISON OF MAPROHAND WITH THE HUMAN HAND AND OTHER
PROSTHETIC HANDS

Understanding the effectiveness of the approach used in this work is important for the
progress of research and development of the hand. Hence, the performance of

MAProHand was compared with that of the human hand and other prosthetic devices.

Table 7.6 compares the general characteristics of MAProHand with the human hand
and seven other medium/large prosthetic hands, three of which are commercially
available (i.e., Michelangelo, i-Limb Quantum, and BeBionic v3), while the rest are
3D-printed prosthetic hands, with Limbitless, Dexterus v2.0 and InMooV being the
three most common open source, transradial prosthetic hands, currently available
online that have documented clinical usage. From this table, one can observe that all
the prosthetic hands are underactuated, but compared to the other prosthesis,
MaProHand is relatively simple in terms of mechanical design due to the balance
between the number of joints and the number of actuators, resulting in a more reliable
and cost-effective system. Although the higher number of joints and motors implies
that the hand can attain a wider range of grasping hand postures, including the proto-
grasps achieved by MAProHand, the four PMs developed in this work and actuated by

three motors were sufficient for a non-dominant hand in bimanual activities, as

Table 7.6: Comparison of the general characteristics of MAProHand with other medium/large
human and prosthetic hands (adapted from [46], [82], [147], [310])

Width Number  Number
Weight Height (excluding Thickness Motor
Hand (2 (mm) thumb) (mm) of of Location
8 Joints  Actuators
(mm)
Human Hand | 400 181 81 30 15 21 Ll
Forearm
Michelangelo
[43] 460 180 / / 6 2 Palm
i-Limb 80.5/
Ouantum [44] 488 182.5 85,7 35-41 11 6 Palm
BeBionic v3
750] 588 188 85 50 11 5 Palm
The Hero Arm 322/ 165/ 75/
[63] 336 178 80 & 10 I /
Kit prosthetic
hand (female) 377 194 77 28 10 2 Palm
[307]
Limbitless
/64] 144.5 200 89 / 14 1 Forearm
Dextrus v2.0
1308] 131 185 87 / 15 5 Palm
InMooV [309] | 201.5 194 95 / 17 5 Forearm
IMMA [310] 131.5 184 80 / 15 6 /
MAProHand 428 195 90 35 5 3 Palm
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discussed in the previous section. This in turn allowed the development of a more
reliable and intuitive control system, when compared to other prostheses, as only four

EMG signals were required to operate MAProHand.

However, the overall weight of the prosthetic hand not only depends on the number of
actuators, but also, on the strength of each actuator and the corresponding transmission
system. In fact, while being lighter than commercial prosthetic hands of the same size
(assuming that the weight and size of the control system, which have not yet been
considered so far, can be reduced significantly such that they can fit in the forearm),
MAProHand is heavier than the other 3D-printed prosthesis, which make use of nylon
cables and weaker motors (except for the Hero Arm [63] and the KIT prosthetic hand
[307]). This is also reflected in the overall cost of the prosthetic hand, with 3D-printed
prosthesis typically costing less than 2,600Eur [150] and commercial prosthesis
costing over 25,000Eur [62]. Hence, MAProHand achieves a balance between these
two extremes when it comes to strength, weight, and cost, and still demonstrates an

adequate level of dexterity and usability.

While this comparison provides some insight into various aspects of the hand with
respect to the amputee’s requirements, the performance of the different prosthetic
hands in everyday use cannot be compared directly, and a more functional assessment
is needed. In the literature, there is a lack of standardized performance testing or
benchmarking which could be used to evaluate and compare the performance of
different artificial hands. Protocols typically used in rehabilitation to measure hand
function, such as SHAP [311], Sollerman Hand Function Test [199], and Box and
Block test [312], have been used as in [313], [314]. However, these protocols are
mainly intended for clinical evaluation, such as training of subjects wearing the
prostheses, instead of experimental evaluation to identify areas for design
improvement. In fact, these types of protocols tend to evaluate the performance of the
prosthetic hand on the basis of the time taken to complete an activity, as opposed to its
anthropomorphic grasping capabilities. Hence, Liop-Harillo et al. [315] recently
developed the Anthropomorphic Hand Assessment Protocol (AHAP).

The aim of the AHAP protocol was to provide an experimental benchmark to evaluate
the grasping ability of an anthropomorphic hand. The grasping ability is defined as the
ability of the prosthetic hand to attain ten grasping/non-grasping postures for day-to-
day activities, Figure 7.6, and to keep the grasped object under the motion of the arm

without any external force being present. The ten grasping/non-grasping postures
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include hook, spherical grip, tripod pinch, extension grip, cylindrical grip, lateral
pinch, pulp pinch, index pointing/pressing and platform, which are similar to the grasp

types in Figure 4.1 (on p.49).

Hook

Spherical Tripod pinch

Extension Cylindrical ~ Diagonal volar Lateral pinch

Pulp pinch Index pointing/pressing

o Platform

Figure 7.6: The ten grasping/non-grasping types of postures considered in the AHAP [315]

In the Liop-Harillo et al. protocol, the prosthetic hand, with the palm facing upwards,
is used to grasp different objects for three seconds. For each hand posture, three objects
of different shapes, sizes, weight, rigidity and texture were chosen from the publicly
available Yale-CMU-Berkeley Object and Model Set [316], except for the index
pointing/pressing and the platform, where only one object was considered. A grasping
score is then given for each object, based on the following criterion developed by Liop-

Harillo et al. in [315]:

e The score of 0 if the artificial hand could not hold the object;
e The score of 0.5 if the artificial hand used a grasping posture different from the
one specified;

e The score of 1 if the artificial hand held the object with the correct grasp postures,
which are defined in [315].

While still maintaining the grasp, the hand is rotated 180° in a natural way with low
acceleration and held in that position for another three seconds. A maintaining score

is then given for each object, based on the following criterion [315]:

e The score of 0 if the object falls;
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e The score of 0.5 if the object moves within the artificial hand but is not dropped;

e The score of 1 if no motion between the object and the prosthetic is observed.

In the case of the index pointing/pressing, an additional score is given if the activity
can be completed in less than three seconds. No additional scores were allocated for
the platform. For each object, this procedure is repeated three times and the average
grasping and maintaining score for these three trials is expressed as a percentage. The
correctness of the different grasps (i.e., the overall grasping score) and the stability of
the grasp under motion (i.e., the overall maintaining score) are then determined by
averaging the corresponding percentages across the different objects. The average of
the overall grasping score and the overall maintaining score then yield the Grasping
Ability Score (GAS), which is a measure of the functionality and human-like grasping

of artificial hands, with 100% corresponding to the human hand.

Hence, this protocol was used to compare the performance of MAProHand in everyday
use to the human hand and other prostheses. However, some of the objects in the Yale-
CMU-Berkeley Object and Model Set, which were used to determine this index, had
been replaced. Hence, to replicate this protocol in the laboratory, similar objects in
terms of both size and weight were used instead of the objects from the Yale-CMU-
Berkeley Object and Model Set. Table 7.7 compares the objects utilized in Liop-
Harillo et al.’s study [315] with those used in this work. Even though the objects were
not the same, they were still sufficiently similar to allow for a reasonable, accurate

comparison with other prosthetic hands that have been evaluated using this protocol.

The GAS for MAProHand was estimated to be 62%, where the grasping score and the
maintaining score were 67% and 57%, respectively. Given that this prosthetic hand
only has three DOFs, attaining 62% of the grasping ability of the human hand is quite
an achievement. However, the effectiveness of the developed KHS and the PMs
depends on how MAProHand fairs compared to other prosthetic hands evaluated using
this protocol. Even though the number of prostheses evaluated using this protocol is
limited, with the devices being open-source 3D-printed prosthetic hands, they still
provide an indication of the effectiveness of the developed hand model and the
approach. Table 7.8 lists the GAS and its breakdown for MAProHand and the 3D-
printed prosthetic hand evaluated in [305], [310].
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Table 7.7: Comparison between the object utilized in Liop-Harillo et al.’s study [315] and the objects

used in this work

Liop-Harillo et al’s work [315] This Work
. Mass Dimensions . Mass Dimensions
Object () (mm) Object () (mm)
Hook
Skillet Lid 652 270x10x22 Toolbox 862 400x250x50
Pitcher Base 178 108x235 Pitcher Base 150 117x107
Wood Blocks with 3618 / Wooglen Blocks 368 /
Rope with Rope
Spherical Grip
Plastic Apple 68 75 Plastic Apple 36 74x77x79
Softball 191 96 Small Basketball 178 120
Mini Soccer Ball 123 140 Beach Volleyball 179 150
Tripod Pinch
Large Marker 15.8 18x121 Large Marker 20 16.9x139
Tuna Can 171 85x33 Tuna Can 193 85x38
Golf Ball 46 42.7 Golf Ball 46 42.6
Extension Grip
Plate 279 258x24 Plate 285 188x18
Cracker Box 411 60x158x210 Pasta Box 537 62x139x196
Chocolate 187 35x110x89 Corn Flour 217 37x151x85
Pudding Box
Cylindrical Grip
Chips Can 205 75x250 Chips Can 220 75x233
Coffee Can 414 102x139 Oats Can 414 102x115
Power Drill 895 35x46x184 Power Drill 1092 200x45x185
Diagonal Volar Grip
Phillips 97 31x215 Screwdriver 99 34.4x215
Screwdriver
Spatula 51.5 35x83x%350 Spatula 48 30x62x250
Skillet 950 270x25x30 Skillet 427 378x221x38
Lateral Pinch
Bowl 147 159x53 Bowl 183 162x45
XS Clamp 19.2 85x65x10 Clamp 18 85x62x11.36
Key 10.1 23x43x2.2 Key 6 21x41x1.86
Pulp Pinch
Small Marker 8.2 8x135 Ballpen 6 8.3x145
Plastic Pear 49 66.2x100 Plastic Aubergine 25 65.82x72.6x145
Washer 10mm 0.7 10 Washer <1 12
Index pointing/pressing
Timer 102 80x80x40 | AC Remote 96 139x51x21
Platform
Plate 279 258x24 | Plate 285 188x18

Table 7.8: The GAS and its breakdown into the overall grasping and maintaining scroes for
different prosthetic hands [310], [315]

Hand GAS  Overall Grasping  Overall Maintaining
(%) (%) (%)
The Kit prosthetic hand 79 68 91
IMMA 57 77 37
Limbitless 50 63 37
Dextrus v2.0 48 61 34
InMooV 49 57 40
MAProHand 62 67 57
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From Table 7.8, one can observe that MAProHand had the second highest score,
following the Kit prosthetic hand. The high score is mainly attributed to the
maintaining score, which although less than the grasping score (a characteristic also
observed with some of the other prosthetic hands), is significantly higher than with
most other prosthetic hands. Therefore, while powerful motors increase the overall
weight of the prosthetic hand, they are necessary to maintain the grasped object against
its own weight, as this is more demanding than just grasping it. In fact, there were
seven objects (i.e., the toolbox, the tuna can, the plate (extension grip), the pasta box,
the oats can, the power drill and the skillet) which were all grasped, but when the hand
was rotated by 180° they were dropped in all trials. The main contributing factor was
the back-driveability discussed in Section 7.2 (on p.168), which meant that the
resulting grasping force in force closure grasps was not enough to withstand the weight
of the object, while the position of the digits in form closure grasps was not maintained.
However, with future improvements the maintaining score can be further increased in

a very significant manner.

The grasping score of MAProHand was still competitive with the other prosthetic
hands despite having only three DOFs with limited compliance. In fact, MAProHand
was able to grasp all the objects, except for the small basketball and the beach
volleyball, with the O-M-S PM accounting for 50% of the grasps, followed by the O-
P PM with 30.77%. The reason for the low grasping score was that the prosthetic hand
used a grasp posture different from the one specified in the protocol. This could simply
be because the hand posture used did not classify as the correct one on the basis of the
definition of the grasp types, which were more precise than the ones in Figure 4.1(a)
(on p.49), as they even specified the number of phalanges and fingers that must be
involved in the grasp. Otherwise, the digits were not able to wrap around the object
properly due to the architecture of the kinematic hand model and/or the size of the
grasped object. For example, the prosthetic hand can only grasp objects of a certain
size with a tripod grasp, which depends on the gap present between the thumb and the

MRL finger.

The effectiveness of the prosthetic hand in attaining specific grasp types was then
quantified by the “partial GAS”, where all the percentages pertaining to one of the
grasps were averaged [315]. Similarly, the “partial grasping score” and the “partial
maintaining score” were determined by averaging the corresponding percentages of a

particular grasp type. Table 7.9 lists the “partial GAS” of the ten-hand postures and
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their breakdown for MAProHand and the Kit prosthetic hand (i.e., the prosthetic hand
with the highest overall GAS).

Table 7.9: Comparison of the effectiveness of each grasp type for MAProHand and the KIT
prosthetic hand [315]

MAProHand The Kit prosthetic hand
Partial Partial Partial Partial Partial Partial
GAS Grasping  Maintaining GAS Grasping  Maintaining
Hook 58 83 33 81 100 61
Spherical 25 17 33 81 62 100
grip
Tripod pinch 67 67 67 87 74 100
Extension 50 67 33 7 53 90
grip
Cylindrical 50 67 33 89 78 100
grip
Diagonal 58 50 67 64 50 78
volar grip
Lateral pinch 81 83 78 75 51 99
Pulp pinch 92 83 100 83 67 100
Index
pointing/ 100 100 100 100 100 100
pressing
Platform 100 100 / 50 50 /

From Table 7.9, one can observe that MAProHand was able to achieve the platform,
index pointing/pressing and pulp pinch quite effectively, which is crucial, given that
pulp pinch and platform are the two hand postures most relevant for a non-dominant
hand in bimanual activities, as shown in Figure 4.2 (on p.50). The least effective grasp
type was the spherical grip, since two of the corresponding objects (the small

basketball and the beach volleyball) could not be grasped.

In general, the “partial GASs” of MAProHand for the different grasp types were lower
than those of the Kit prosthetic hand, but this is mainly due to the maintaining score.
Taking a closer look at the “partial grasping score”, one can further observe that
MAProHand, with a one-DOF thumb without any compliant joints, as in the KIT
prosthetic hand, was able to obtain higher scores in both the pulp pinch and the lateral
pinch despite the circumduction rotation necessary to move from one grasp to another.
This highlights the effectiveness of the optimised parameters of the developed KHS,
especially since a study on the effect of the orientation and actuation of the thumb on
the functionality of the hand, [317], demonstrated the importance of having a two-
DOF thumb as a trade-off between the desired versatility and the complexity of the
control system. In fact, commercial prosthetic hands which are able to achieve such

grasps either opt for manual adjustments where the amputee rotate the thumb to the
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opposed position using external force, as in the BeBionic Hand, or make use of a

complex cam system as in the Michelangelo Hand [46].

Therefore, the optimised KHS and the resulting PMs were effective in maintaining a
sufficient level of dexterity comparable to other prosthetic hands, despite having fewer
DOFs and grasp patterns available, while still keeping the mechanical design as simple

as possible

7.5 ASSESSMENT OF MAPROHAND BEYOND THE REPRESENTATIVE
BIMANUAL ACTIVITIES

MAProHand using just the four PMs has demonstrated the ability to achieve various
hand postures. However, the versatility of these PMs when it came to the execution of

daily important activities, other than the representative one was yet to be analysed.

Hence, an additional set of important day-to-day activities were chosen, such as
folding a towel, tying a shoelace, and opening a zipper, activities pertaining to specific
jobs and hobbies were excluded. These activities were mostly taken from functional
assessments, such as SHAP [311] and the Chedoke Arm and Hand Activity [318], so
as to ensure the relevance of each activity. However, given that the focus of these
assessments is usually the dominant hand, unilateral activities, as well as activities
which are predominantly carried out by the dominant hand, such as opening a door

handle and writing, were also chosen to assess the limits of MAProHand.

The prosthetic hand was able to complete all the different activities (some of which
are shown in Table 7.10), with some cases even requiring multiple PMs. These
activities further highlighted the importance of the collaboration between the
prosthetic hand and its surroundings, whether it is the environment or the remaining
intact hand. This is intended not only to compensate for the backdriveability present
in the digits, but also to orient the object in a more favourable position relative to the
hand so that one of the closing hand PMs could be used, or to stop the digits at the
required position. For instance, when picking up a coin from a flat surface, such as a
table, the coin must be pushed towards the edge before it can be picked up with the O-
P PM. Otherwise, the digits would collide with the table before being able to wrap
around the coin. Another example would be the intact hand interfering with the motion
of both the thumb and the index finger when actuating the O-P PM to achieve the
pointing grasp required for typing. These are just a few examples and the amputee,

with help from his/her occupational therapist, would need to learn how to take
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advantage of their surroundings so as to make the best use of MAProHand. Thus, as

with any other prosthetic hand, prior training would be required to be able to grasp the

object and to complete the activity successfully, especially if the hand posture used

differed from what is commonly used.

This shows that the optimised KHS and the resulting PMs are not limited to the original

representative activities; on the contrary, they are quite versatile, especially when the

prosthetic hand exploits its surroundings. Thus, MAProHand has the potential to

significantly improve the general daily functionality of the amputee while being

intuitive and easy to use.

Table 7.10: The prosthetic hand executing various day-to-day activities

Tying a shoelace Closing a button on a skirt Folding a facecloth
Shoelace Skirt Facecloth
O-P O-P O-P/N-O

Opening a coffee bottle

Opening a packet

Pouring from a measuring jug
Coffee Bottle Measuring jug Packet
O-M-§ O-N-C

O-P

i

Slicing a cucumber Pouring from a carton Opening a door handle
Cucumber Carton Door handle
O-P O-P

O-M-S
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Table 7.10: The prosthetic hand executing various day-to-day activities (cont.d)

Opening a clothing pin Collecting dirt from the floor Typing
Clothing pin Dustpan Keyboard
O-P O-P O-P

Placing a folded paper inside an

Solving a rubric cube Writing
envelope
Rubric cube Pencil Envelope
O-M-S O-P O-P

Turning a page

Picking up a coin from a

.'\\A

Holding an object while unscrewing a

table screw
Book Coin Object
N-O N-O/ O-P 0-M-S

a,

¥
Rotating a key Opening a makeup palette Opening a pocket
Key Makeup palette Pocket
O-P O-M-S O-M-§
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8.1 MAIN FINDINGS

Simplicity, dexterity, and usability are the three most important attributes of a
prosthetic device; they play a crucial role concerning acceptance by the amputee. They
ensure that while the prosthetic hand is highly functional for day-to-day activities, its
design is lightweight, reliable and convenient to use. However, as evidenced by the
prosthetic hands available on the market, designing an anthropomorphic hand that
excels in all three of these attributes is a challenging task. Hence, the primary objective
of this research was to carry out a systematic exercise and seek a practical solution for
unilateral amputees that optimizes the trade-off involving these three different
attributes. The various goals that constituted this primary objective, which were listed
at the end of Chapter 1 (on p. 1), have been achieved, as summarized in the remainder

of this section and in the next section.

Following a thorough literature review in Chapter 2 (on p.4), on the challenges
encountered and the approach taken to overcome such challenges, it was noted that
most of the variance in the patterns of the human hand configurations and movements
can be described by a few parameters, giving rise to postural synergies. Depending on
the number of synergies required, effective coupling of joints can simplify the control
system and the mechanical design while maintaining relatively high dexterity; this
makes sures that the requirements noted in Chapter 3 (on p.44) are met. However,
while Santello et al. [103] observed that most of the variance can be accounted for by
just two postural synergies, other researchers, as in [118], [127], noted that
significantly more synergies were in fact necessary to express the same level of
variance. This highlights the dependence of the postural synergies on the size and the

variability of the hand movements analysed.

Given that postural synergies can only simplify the control strategy if the set of
synergies is small and task-independent, the variance in the data must be minimized
while still capturing the frequency and the full range of daily movements. So, while
most of the above studies focus on replicating the function of the dominant hand,
which involves more individuated movements as it tends to be used for unimanual
activities and in-hand manipulation, this work focuses on the non-dominant hand in
the minimal anthropomorphic condition, a novel approach that builds on the previous

work carried out at the University of Malta. This approach is validated by the fact that
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studies as in [28], [29] have shown that unilateral amputees tend to rely heavily on

their intact hand, even if the amputated side used to be the dominant side.

Thus, in Chapter 4 (on p.48), a data glove was developed to measure the non-dominant
hand of right-handed human volunteers with medium-sized hands executing grasps
commonly used during bimanual ADLs, with their ring and little fingers constrained
to move with the middle finger. The corresponding postural synergies were then
determined through a PCA of these new experimental data. From this analysis, it was
found that the first three PCs for each participant accounted for a mean variance of
85.5£1.8%. This implied that very good dexterity could be achieved with just three
DOFs instead of the original twenty-one of the human hand. On the bases of these
synergies, six important hand postures that a left, non-dominant, medium-sized
prosthetic hand must be able to execute for it to be useful in several bimanual activities,
were identified. Most of these postures were then incorporated into four PMs, further
enhancing the usability of the device, as it ensured more reliable and intuitive SEMG

signals to detect the amputee’s intent.

8.2 ACHIEVEMENTS

On the basis of these findings, a medium-sized KHS that optimised the balance
between simplicity and dexterity could then be achieved. This involved a rigorous
iterative process, as discussed in Chapter 5 (on p.88), to determine optimal values for
all the critical functional/aesthetic parameters of the hand, using the framework set-up

in Unity as a guide.

The final KHS, which achieved an acceptable and optimised level of dexterity in the
simulation environment, comprised of five joints, with the corresponding PMs realized
using only three actuators driving respectively the thumb, the index, and the MRL
digit. Given that many of the leading commercial multiarticulating hands currently on
the market incorporate about eleven joints and five actuators, the potential saving in
complexity, weight, and cost, as well as the potential alleviation in space constraints

is evident with this approach.

To evaluate its effectiveness, a physical prototype based on this structure was then
designed and constructed, as discussed in Chapter 6 (on p.121), where different joints
were actuated through simple transmission drive trains and coupling mechanisms. The
simplicity of the overall device allowed the developed prosthetic hand to be lighter

and less expensive than other commercial devices of the same size. While the number
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of different hand postures that can be achieved is smaller, this prototype, has
demonstrated in Chapter 7 (on p.168), that the resulting PMs were sufficient to achieve
most of the grasp postures required by the non-dominant hand during the normal
bimanual activities of daily living, as well as certain unimanual activities, and to do so
in an aesthetically acceptable manner. In particular, it has been shown that within this
approach a simple, one-DOF thumb can attain a LatP and a Pinch in a manner that is
sufficient for bimanual activities. This is an important achievement, considering that
other commercial prosthetic hands use either multi-DOF thumbs, or complex
transmission systems, or even external forces to move the thumb into position prior to

the execution of specific grasp types.

The new, minimal kinematic structure and PM approach taken in this work, in
conjunction with the intuitive SEMG control system that accompanies it, can
potentially define a new paradigm for the development of prosthetic hands for
unilateral upper limb amputees, resulting in lightweight, relatively simple, but
sufficiently dexterous devices that can be worn and used for long periods, and that can
be controlled by the amputee in a manner that is similar to how s/he would control

her/his natural hand.

8.3 FUTURE WORK

While substantial work has been done in this project, further work is still necessary for

the developed prosthetic hand to be used in the real world by unilateral amputees.

Future models should first focus on tackling the issues observed in Chapter 7 (on
p-168), mainly the friction, the attachment design of the two halves of the palm, and
the back-driveability of the digits, accompanied by further reduction in the overall
weight of the device. This should lead to an even lighter, and more reliable prosthetic
hand with more functionality. Hence, the balance regarding simplicity, dexterity and

usability would be optimised even more.

For the amputee to be able to make use of this device, a socket, which incorporates all
the electronics components, with a wrist attachment that can be easily integrated with
it, would need to be designed and constructed. During the design phase of the wrist
attachment, the same three attributes of the prosthetic hand must be taken into
consideration to ensure that it complements the developed device in terms of weight,
size, cost, and usability. Thus, while a wrist attachment with multi-DOFs provides

higher functionality, the weight, and the size penalty, as well as the added complexity
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concerning its usability would need to be analysed thoroughly. Otherwise, several
models would need to be developed to cater for the different needs of the amputees,

an approach commonly followed by larger companies.

However, the present prototype of this prosthetic hand is only suitable for amputees
with medium to large hand size that had their left hand amputated. Naturally, the next
step should be to investigate the effectiveness of this approach in developing the
corresponding right-hand model, as well as a smaller model. In the case of the right-
hand model, this is the mirrored version of the current prosthetic hand. Thus, one will
need to investigate whether there are any issues that arise when mirroring the design.
Meanwhile, for the smaller model, the parameters of the KHS may need to be scaled
and/or re-optimised. For this model, the main challenge would be to fit the different
components in an even smaller palm while maintaining the same level of functionality.
Thus, despite the simplicity of the mechanical design, the use of custom-built
components, such as gears, becomes crucial for the prosthetic hand to satisfy the

amputees’ requirements.
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APPENDIX A: CONVERTING THE TWO MEASURED
THUMB CMC JOINT ANGLES TO THE THREE
ANGLE PAIRS

The two angles measured for the thumb CMC joint are 85, and 6, ; they need to be

converted into each of the three angle pairs shown in Figure 4.5 (on p.57), to be able
to model and analyse the different hand postures measured. This meant that a

relationship between the three angle pairs was required.

Hence, for each angle pair, the orientation of the frame that comes after the CMC joint
(i.e., the 4™ frame) is defined relative to the coordinate system of the 1% frame, which
is common for all the three cases. The transformation from the 1 to the 4™ frame, TT}P

is composed of the following transformations:
1 1m 2m 3
TT4_ - TTZTT3TT4 Al

Using the D-H parameters, the transformation from the i — 1t" to the i*"* frame, Tii_l,

is determined by the following matrix:

c0; —sbOica; sOisa; a;ch;
Ti-1 — sO; cOica; —cO;sa; a;sb; A2
l 0 sq; ca; d;
0 0 0 1

Where,
e ¢ refers to the cosine function.
e s refers to the sine function.

The first three columns of TT}l represent the unit vectors along the x7,, yr, and z7, axis,
relative to the coordinate system of the 1 frame. However, only the unit vector along
xr, (i.e., the first column) is interchangeable across the three angle pairs, since xr, is
defined along the metacarpal bone of the thumb whose position in 3D-space is
independent of the angle pair being considered. This means that only the expressions
related to unit vector along x7, can be utilised to define the relationship between the
different angle pairs. Hence, for Angle Pair A, whose D-H parameters are defined in

Table 4.3 (on p.58), the orientation of the unit vector along xr, is expressed as follows:

le == C9A1C9A2 A3
yr, = SHAZ A4
ZT1 = 59A1C9A2 A5
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Appendix A: Converting the two measured thumb CMC joint angles to the three Angle
Pairs

Similarly, the TT}t for Angle Pair B and C were also determined, using the D-H

parameters in Table A.1 and Table A.2, respectively.

Table A.1: The D-H Parameters of the thumb for Angle Pair B

Transformation ir Or,, dr,. ar, ar,,
Tyl | 2 0 0 0 0
Ty 3 05, 0 0 "/2
T3 4 05, 0 Irpp /2
Table A.2: The D-H Parameters of the thumb for Angle Pair C
Transformation ir Or,, dr,. ar,, ar,,
Tr, 2 ="/ 0 0 "/2
Tr3 3 Oc, + ™/, 0 0 T/
TTi 4 6(32 - 7t/2 0 lTPP T[/Z

Thus, the orientation of the unit vector along xr, relative to the 1* frame can also be

defined in terms of Angle Pair B and C as follows:

In terms of Angle Pair B: In terms of Angle Pair C:
le = CgBlchZ A.6 le = Cecz A7
yr, = S0p,c0p, A8 yr, = s8¢, s0c, A9
ZT1 = SGBZ A.10 ZT]_ = CeC]_SBCZ A.ll

The measured angles can then be converted to each of the angle pairs by solving the
above equations simultaneously, unless the thumb is in the open hand position, in
which case the measured angles can be easily converted using Figure 4.5 (on p.57).

Taking Angle Pair, A, as an example, 8,4, is found by equating A.4 to A.8, as follows:

SHAZ = 59316'632 Al2

Where 6, is determined by equating A.6 to A.7, which yields the following equation:

clc,

cOp, = o0, A13
1

8,4, 1s then found by equating A.5 to A.10, which gives rise to the following equation:

_ Sbs, A.14

COy,

S04,
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APPENDIX B: CONSENT FORM

Project: Development of the Mechanical Framework for a Minimal

Anthropomorphic Prosthetic Hand

Experiment: Kinematic Analysis of Finger Joints Motion during Everyday

Tasks

The purpose of this experimental procedure is to measure and investigate finger joint
motion under both normal and minimal anthropomorphic conditions (i.e. through

using only the thumb together with the index and middle finger) during everyday tasks.

Finger joint motion will be analysed through data gloves worn by each participant
whilst performing the stated experimental day-to-day tasks. The various tasks to be
conducted will be thoroughly explained by the test administrator and will consist of a
series of grasping techniques. The gathered relative angles of the finger joints will then

be analysed using a statistical method known as Principal Component Analysis.

Consent
e [ confirm that I understand the nature and objectives of the experimental
procedure which have been explained to me by the test administrator.
e [ understand that the data gathered will be analysed statistically and in an
anonymous manner.
e [ also understand that I have the right to withdraw from participation in this

research at any time during the experiment.

I hereby give my consent to participate in this experimental procedure.

Name I.D. card number Date
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APPENDIX C: EXTERNAL LOADS PRESENT DURING
TYPICAL DAILY BIMANUAL ACTIVITIES

To determine the ability of a prosthetic hand to successfully execute the set of activities
listed in Table 4.1 (on p. 52), as well as three additional activities, namely opening a
hand-tightened jar, opening a can of beverage and cutting food with a knife, data on

the external loads applied on the task object during these activities are required.

Literature on the external loads present during the selected activities was limited,
except for Jain et al.’s study [319], which determined the maximum force required to
start opening the different drawers considered in their dataset to be 20N. Otherwise,
the literature found was mainly related to determining the forces required to perform
a specific task in a manufacturing setting, as in [320], [321], which was not a good
representation of the daily activity. Hence, a series of experiments were carried out to

quantify the magnitude of the external loads present during these tasks.

The weight of the task object is usually one of the external loads present, unless the
purpose of the prosthetic hand is to manipulate the object without supporting its weight
(e.g. when opening a drawer). Its magnitude could be easily determined with an
electronic weighing scale. Table C.1 lists the weight of the relevant task objects.
However, other external loads are present during the following activities, and thus,
specific experiments were designed and carried out to determine their magnitude,

which will be discussed in the following sections [201]:

e Peeling a potato e Opening a drawer

e Opening a hand-tightened cap ¢ Dialling a telephone number
e Opening and closing the zipper of a purse e Sharpening a pencil

e Opening a can of beverage e Spraying a detergent

e Opening a packaged-food box e Eating with a fork and a knife

For some of these activities, various techniques or tools could be used to execute the
activity. For example, a packaged-food item can be opened in different ways,
depending on the person and the type of seal (e.g., whether the cardboard is perforated
or whether there is some glue towards the end of the lid). However, this work focuses
on just one technique/tool that is commonly used for each activity, since the main
priority is to examine typical forces present in that activity rather than to compare the

effect that such techniques/tools may have on the external forces. Experiments that
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Appendix C: External loads present during typical daily bimanual activities

were simple and reliable were repeated five times, while those that were more complex

were repeated ten times, as indicated in the appropriate sections below.

Table C.1: The weight of the task objects for the bimanual activities considered, in which the
weight of the object is one of the external loads present

Bimanual activity Task Object Weight (kg)

Sweeping Broom 0.400

Peeling a potato Potato 0.190

Opening a hand-tightened bottle Large water bottle 2.000

Putting toothpaste on a toothbrush Toothbrush 0.014

Opening the zipper of a purse Purse 0.450

Pouring from a frying pan Frying pan handle 0.800
Passing a thread through a needle Sewing pin /

Opening a hand-tightened cap Cap

Pouring water into a cup Medium-sized cup 0.500
Playing Cards Cards /

Carrying a tray Tray 3.000

Opening a packaged-food box Cracker box 0.095

Carrying a shopping bag Shopping bag 5.000

Carrying a briefcase Briefcase 5.000

Sharpening a pencil Small sharpener 0.018

Opening a hand-tightened toothpaste cap Toothpaste cap 0.004

Opening a hand-tightened body cream cap Body cream cap 0.115

Using a tablet Tablet 0.800

Eating with a fork and a knife Fork/Knife 0.032

Dialling a telephone number Telephone 0.121

Spraying a detergent while wiping a surface Spray bottle 0.680
Cutting with scissors Paper /

Opening a hand-tightened bottle cap Bottle cap 0.002

Opening a can of beverage Can of beverage 0.350

Opening a hand-tightened jar Jar 0.850

C.1 PEELING A POTATO

There are two external forces present when peeling a potato with a peeler; one is along
the perimeter of the potato, Fy , and the other one is pushing on the potato, F2. The set-
up used to measure these two forces is shown in Figure C.1. The experimenter, using
only the dominant hand, manually peeled the potato, which was secured to a wooden
wheeled cart with two nails. The force F,, was measured using the electronic weighing
scale, and the maximum value recorded by the scale as the experimenter peeled the
potato was noted. Meanwhile, the force F,, was the sum of the maximum force
recorded on the spring balance, Fsp, and the force required for the cart to overcome
the static friction and start to move, Fr. The latter was then found, using Coulomb’s

law of friction [192], which is given by Equation C.1:

Fr = pus1 * N C.1
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R i

Figure C.1: The set-up used to determine the forces required to peel a potato
Here, ugq is the static coefficient of rolling friction between the cart and the scale,
which was found experimentally to be 0.0675. Meanwhile, N is the normal force,

which in this case was Fy, plus the weight of the cart with the potato.

This experiment was repeated ten times for the two different types of potato, namely,
a white and a red potato. Necessary precautions were taken during the experiment,
such as making sure that both scales were zeroed before starting. The average results
together with the SDs are shown in Table C.2. The large SD observed could be because
it is exceedingly difficult for a person to apply just enough force to peel the potato.
However, a limitation of this experiment is that the position of the peeler when the
maximum forces were observed was not known. Hence, the worst-case scenario should

be considered when determining the forces that the prosthetic hand must apply.

Table C.2: The average external loads applied to peel a potato

Red Potato White Potato
Fa4, (N) 8.4(1.13) 11.95(2.75)
F4, (N) 8.31(2.25) 9.18(1.8)

C.2 OPENING A HAND-TIGHTENED CAP

The torque required to open a container may vary, depending on the size of the cap.
Hence, ten different household containers having caps of different radii were chosen,
ranging from a large water bottle to a toothpaste tube. Each container was then secured
on the worktop and the cap was grasped with a G-clamp, creating a lever about its
centre, as shown in Figure C.2(a). Weights were then added on the G-clamp in small
increments until the cap opened. The torque required to open the cap was then found
by determining the torque created by the weight of the G-clamp and the weights that
were hanging on the G-clamp when the cap opened. This experiment was repeated five

times for each container. Figure C.2 (b) shows the torque required to open the cap
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versus the diameter of the cap. One can observe that a torque of less than 3Nm is

sufficient to open all the different containers considered in this experiment.

2.5

Torque (Nm)
-
w N
{
- ®

-

o
w

0 001 002 003 004 005 006 007 008 009
Diamter of Cap (m)

(a) (b)

Figure C.2: The set-up used to determine the torque required to open a container

C.3 OPENING AND CLOSING THE ZIPPER OF A PURSE

For this task zippers of five different pouches/purses typically used in ADLs, with
different teeth dimensions, were considered. All the zippers used in the experiment
were new and undamaged. Each pouch or purse was secured to the worktop as shown
in Figure C.3. Weights were then added to the hanger in small increments until the
zipper was fully opened or closed. The weight at which the zipper opened or closed
was then noted. This experiment was repeated five times for opening and for closing

each zipper.

Figure C.3: The set-up used to determine the force required to open/close a zipper

The force required to open/close a zipper ranged from 0.81N to 2.73N, with the

opening and closing forces of each pouch/purse being relatively similar to each other.

223



Appendix C: External loads present during typical daily bimanual activities

C.4 OPENING A CAN OF BEVERAGE

In this experiment the torque required to open ten cans of beverages of various sizes
and brands was determined. The can of beverage was opened using a spring balance
as shown in Figure C.4(a). A piece of wire was used to hang the pull tab of the can on
the spring balance because it could fit between the can and the pull tab with minimal

force, even when the can was closed.

The can was first pulled straight downwards until the seal was broken, then the
experimenter pulled the can downwards while tilting it, such that the spring balance
was kept perpendicular to the pull tab as much as possible. Even where the spring
balance may not have been exactly perpendicular to the pull tab, the force observed on
the spring balance would be a conservative one since only a component of that force
would actually be used to open the can. The maximum value observed on the spring
balance was then noted. This force was then used to determine the torque required to
open the cap by multiplying it with the length of the lever shown in Figure C.4(b).
From this experiment it was observed that the maximum force applied on the cans

ranged from 15.5N to 20N, with the torque varying between 0.28Nm and 0.36 Nm.

Figure C.4: (a) The set-up used to determine the torque required to open a beverage can, and (b)
the lever distance at the tab

C.5 OPENING A PACKAGED-FOOD BOX

This experiment focused on a technique that could be used to open ten boxes of varied
sizes, seals and brands. This technique involves first pushing a knife between the two
cardboard flaps of the lid to slightly break the seal and create a gap, following which
the person can use their fingers to grab the top cardboard flap and create a lever about

the edge of the box to open it. Therefore, there were two parts to this experiment.
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The first part addressed the forces required to push the thickness of the knife between
the two sealed cardboard flaps. Here, the set-up shown in Figure C.5 was used to
measure the force along the direction of the knife, Fg , and the force pushing on the
surface of the cardboard, Fg,. The maximum force downwards, Fp , was then read
from the weighing scale. Meanwhile, the force Fp, was measured by adding the
maximum force observed on the spring balance, Fsp, to the force required to move the
cart on the scale, Fy. As with the potato peeling experiment, Fr was determined using
Coulomb’s law of static friction, where the coefficient of friction between the cart and
the weighing scale was already found to be 0.0675, and the normal force was the sum

of Fg, and the weight of the cart and the box.

Figure C.5: The set-up used to determine the forces required to push the knife between the two
cardboards of the sealed box

The set-up shown in Figure C.6(a) was used to determine the force required to break
the seal completely, Fg,. In this set-up, the knife was pushed through a pre-cut slot on
the other side of the box, Figure C.6(b). This, together with the fact that the box was
secured upside down, created a pivot for the knife at edge A, Figure C.6(b), which was

realistic in light of what happens. Weights were then added in small increments to the

Figure C.6: (a) The set-up used to determine the forces required to open the box and (b) the pre-cut
hole on the other side of the box and the pivot of the knife
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hanger tied to the knife until the box opened. The force Fp, was then found by

considering the moments created by the weights about edge A.

For all the boxes, Fp, was small, with the highest value observed being that of 2.5N,
but the same cannot be said for Fg_ . A large variation was observed for Fg , with the

maximum force being 21.5N to open a chicken finger box. This variation is mainly
due to the type of seal used to close the box, with boxes having glue all the way across

the lid requiring higher forces. A similar variation was also observed for Fp,, with the

maximum force required to open the same box being 18.71N.

C.6 OPENING A DRAWER

There exist several types of drawers, such as push-to-open, traditional rails with a
handle and electric drawers. However, in this experiment, the focus was on traditional
rails since these are the types of drawers that are commonly found in homes and
workplaces. Although the force required to open a drawer had already been established
by Jain et al. [319], due to the simplicity of the experiment, the force required to open
different drawers found in our lab was still determined to check whether similar forces
would be required. Five different drawers found in our laboratory, having different
widths, depths, and weights but similar rails as the drawers found in the typical home,
were considered. For this experiment, a person opened the drawers with a spring
balance, as shown in Figure C.7, while making an effort to keep the spring balance
straight and in line with the drawer to avoid creating sideway forces. The maximum
force observed on the spring balance was then noted. This was repeated five times for

each drawer.

Figure C.7: The set-up used to determine the force required to open a drawer

The maximum force observed was 24.8N to open a drawer that weighed 14.7kg, which

is in line with the observations of Jain et al. [319].
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Appendix C: External loads present during typical daily bimanual activities

C.7 DIALLING A TELEPHONE NUMBER

The force applied on a telephone when dialling was measured. For this experiment,
the telephone was placed on a weighing scale with the buttons parallel to the scale, as
shown in Figure C.8. The experimenter then pressed one of the buttons at random and
noted the maximum value observed, excluding the weight of the set-up. Effort was
made to stop pressing the button once it had been pressed since the force recorded on
the scale would then increase. This was repeated for ten times. On average the force

required to press a button on a telephone was found to be 0.57 = 0.12N.

Figure C.8: The set-up used to measure the force applied on the telephone when dialling a number.

C.8 SHARPENING A PENCIL

There are two external loads acting on the non-dominant hand when sharpening a
pencil: (i) the force applied axially by the pencil against the sharpener, Fspqrpener; (i1)
the torque applied by the pencil against the blade, Ts;,. In this experiment, these two

loads were measured separately.

To measure Fgy, the experimenter sharpened a pencil vertically downwards with the
sharpener secured to the weighing scale to prevent it from rotating. The force applied
on the sharpener could then be read directly off the scale. This experiment was repeated
five times, and each time the maximum force observed on the scale was noted. Effort
was made not to press down on the sharpener more than was necessary to sharpen the

pencil.

Meanwhile, Ts;, was measured by winding a piece of wire around a pencil, and weights
were added to the hanger in small increments, as shown in Figure C.9, until the pencil
started to rotate while being pressed into the sharpener. The weight that was hanging

on the wire when the pencil started to rotate, m,,¢;gnts, Was then noted. To ensure that

the pencil was in fact sharpened during the experiment, a person applied a force along
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Appendix C: External loads present during typical daily bimanual activities

the pencil. Effort was made not to press the pencil more than necessary to minimise
the friction between the hand and the pencil which would in turn increase the required
weight. This part of the experiment was also repeated five times. Each time the torque,
Tsp, was found by determining the torque created by my,e;gnes about the centre of the

pencil.

Figure C.9: The set-up used to determine the torque required to sharpen a pencil

An average force of 4.89 + 0.94N was applied along the pencil, while the average
torque required to sharpen it was 0.02 £ 0.001 Nm. Although the relationship between
the two external loads was not examined, this experiment demonstrated that to sharpen

a pencil one does not need to apply high loads.

C.9 SPRAYING A DETERGENT

To trigger a detergent spray bottle, the force must be applied at a certain speed. Hence,
the trigger of the spray bottle was placed parallel to one of the sides of a piece of wood,
as shown in Figure C.10. The experimenter then pushed the trigger down at the

required speed for an effective spray to be emitted from the nozzle. The force applied

Figure C.10: The set-up used to measure the force required to trigger a spray bottle
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Appendix C: External loads present during typical daily bimanual activities

downwards was then measured and noted using the weighing scale. Effort was made
not to continue pushing down once the spray bottle had been triggered since this would
increase the force applied on the scale. This was repeated five time for five different
spray bottles since the stiffness of the trigger may vary from one bottle to another. The
maximum force required to trigger a spray bottle in our dataset was found to be less

than 13.6N.

C.10 EATING FOOD WITH A FORK AND A KNIFE

This experiment examined the forces applied by the fork when cutting various types
of food, namely, slices of cheddar cheese (width of 3cm and thickness 1¢m), cooked
sausages (diameter 2cm), and chicken fingers (of a thickness of 1¢m) with a knife.
During this activity, the fork holds the food in place while the knife is used to cut the
food. Hence, there is a force acting along the tines of the fork, Fr,. Meanwhile, the
knife applies a force on the food to cut through it, Fy, (Figure C.11) and, depending on
the distance of the knife from the fork and orientation of the knife, this force may also

create an external moment on the fork, Ty.

To determine Fy, a piece of food was secured on the wooden cart as shown in Figure
C.11, as with the set-up used to peel the potatoes, and the experimenter cut the food in
half while keeping the knife at an angle typically used when cutting on a plate. Then,
the force applied downwards, Fy , was measured using the weighing scale. Meanwhile,
the force applied sideways, Fy,, was found by adding the maximum force observed on
the spring balance to the force required to move the cart when Fy, was applied on the
cart. The force F, was then calculated by adding Fy and Fj, vectorially. In this
experiment, a more conservative approach was considered because each food item was

cut in half in one go. This was then repeated ten times for each type of food.

Figure C.11: (a) The set-up used to measure the forces present when cutting with a knife,
and (b) the forces applied by the knife on the piece of food
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Appendix C: External loads present during typical daily bimanual activities

The torque Tj was then found by calculating the moment created by Fy, around the
tines of the fork, assuming that during cutting the knife is placed at an adequate

distance of 3cm from the fork.

The force Fr, was then determined by cutting each food item on a scale, using both
the fork and the knife. Since the scale measured the total force of Fyy and Fy , the
motion of the knife was kept similar to that in the previous experiment as much as
possible, so that the average Fy, for each food item could be subtracted from the

maximum value observed on the scale. This was repeated ten times for each food item.

From the foods considered in this experiment, it was observed that the highest forces
were required when cutting a piece of meat, closely followed by chicken fingers.
Lower forces were then required for the slices of cheese and sausages. The average

force required to cut a piece of meat was 9.51N and 17.45N for F and Fpy,

respectively. Meanwhile, for all the food items, Fj, was less than 0.21Nm.

In conclusion, these experiments provided a better understanding of the typical loads
a non-dominant hand in bimanual activity would need to apply/sustain. Numerically,
the maximum force that the non-dominant hand would need to apply was observed to
be around 25N when opening one of the larger drawers, while the highest torque was

2.96Nm to open a hand-tightened cap with a diameter of 0.072m.
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APPENDIX D: DETERMINING THE ABILITY OF THE
GRASP TO RESIST AN EXTERNAL WRENCH

This appendix describes the approach taken to determine if the prosthetic hand is able

to secure a large water bottle weighing 2kg (i.e., including SF of 1.5, and weight, Wbt
= 29.43jN), that is resting on a table, while the intact hand opens the cap of radius

14mm, with a torque, TC, 0f 0.93j Nm (derived from experiment C.2 (on p.222), and
which includes a SF of 1.5). It would also determine the grasping force required and

the torques that need to be sustained/applied at each of the active joints.

First, the KHS was simulated in Unity, wrapping its fingers around the modelled water
bottle, Figure D.1. Information on the number of contact points and the position and
orientation of each of the contact forces relative to the object’s coordinate system,
shown in Figure D.1 (where the red arrow is the x-axis, while the blue arrow is the z-
axis in the opposite direction, as Unity uses the left-hand rule), was then extracted from

Unity and noted in Table D.1

Figure D.1: The forces/torques acting on the water bottle when opening its cap with the intact hand,
excluding the forces between the bottle and the table
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Appendix D Determining the ability of the grasp to resist an external wrench

Table D.2: The vectors of the position of the contact point and the contact forces applied on the
water bottle in terms of the object’s coordinate system

d; (m) fng (N)
(—0.02i — 0.01j — 0.05k) (0.31i + 0.00j + 0.95k)f;
(0.02i + 0.02 + 0.05k) (—0.38i + 0.00j — 0.93k)f,
(0.02i — 0.01 + 0.05k) (—0.38i + 0.00j — 0.93k)f;
(0.01i — 0.01/ + 0.05k) (—0.26i + 0.00j — 0.96k)f,
(0.01i — 0.03; + 0.05k) (—0.26i + 0.00j — 0.97k) fs
(0.01i — 0.05; + 0.05k) (=0.27i + 0.00j — 0.96k)f,

QA RN W N~

From Figure D.1, one can deduce that the water bottle is grasped through a force
closure, meaning that the friction present between the hand and the object will play a
crucial role in resisting the external loads. Hence, using the frictional model in Figure
5.5 (on p.97), two orthogonal frictional forces, at a tangent to the normal force, were
considered for each contact point, i. The direction of each of these frictional forces

was determined by exploiting the simple shape of the modelled object. In this case, all

the contact points have a frictional force acting along the y-direction, f; ,.» and another
l
frictional force, ftzi’ acting in the xz-plane, perpendicular to f,, (i.e., the x- and z-

components of fni are interchanged, while the sign of each component can be varied

as necessary), as shown in Figure D.2, for contact point 1. The vectors of both f; .and
l

f;z_ are listed in Table D.2, where u; was assumed to be 0.5.

Figure D.2: The frictional forces present between the thumb and the water bottle

Table D.1: The vectors of the frictional forces with respect to the object’s coordinate system

fr,, V).

fer, (N)

QA AN W NN~

(0.00 + 1.005 + 0.00k)By, K fi
(0.00i + 1.00j + 0.00k)By, U f
(0.00i + 1.00/ + 0.00k)By, [, f
(0.00i + 1.00j + 0.00k)By, K f
(0.00i + 1.00/ + 0.00k)By 4 f
(0.00i + 1.00/ + 0.00k)By 4 f

(—0.95i + 0.00j — 0.31k)B,, U fi
(—0.93i + 0.00j — 0.38k)B,, 4 f>
(—0.93i + 0.00/ — 0.38k)B,, L, f
(—0.96i + 0.00j — 0.26k)B,, 14 fi
(—0.97i + 0.00j — 0.26k) B, UL, fs
(—0.96 + 0.00j — 0.27k)B, [ fs
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Appendix D Determining the ability of the grasp to resist an external wrench

Force closure is then achieved if there is a set of forces that constrain the motion of the
water bottle, at least in the xz-plane, since the object is assumed to be placed on a
table, which will be able to resist motion in the other directions. Therefore, in Equation
5.8 (on p.94), it is sufficient for the wrench applied by the contact points on the object
to just counteract the forces in the x- and z-direction, as well as the moments about y.
This implies that only three contact forces are necessary, and thus, this problem is
indeterminant (i.e., there may be more than one set of forces that are able to resist w,).
However, the forces applied at each contact point cannot be varied independently,

since in the final prototype, the amputee will only be able to adjust the force applied
by the thumb, ]?1, while a reactive force builds up at the other contact points. For this

reason, the solution is found by varying the magnitude of f; systematically, while for

each iteration the moments about x and z were used so that all the reactive forces built

up at the other contact points would be a function of f; Note that the forces in the y-
direction could have been used instead of the moments about either x or z, but since
the weight of the object also acts in this direction, the grasping force required would
have been even higher, which goes against the main objective of this analysis, namely,
that of reducing the maximum grasping force as much as possible. Therefore, for this
activity, Equation 5.8 can be written as follows, where the x, y, and z subscript

indicates the component of the vector considered:

fi
i=6
_ fl _ Zlfnix +ft1ix + ftzix
i=
Zf i=6
X
foi, + oo, o f
zfz pr z z 0
_ i=6 _|o -
>om, (i * i) = oy * i) + (foy * i) 0 |
i=1 Y _TC
DM 0

i=6 -
3w D Gy i) = gy * i) + Foyp +5 i) = (fiy, * i)
| Z ] i=1
i=6

U, * )+ (o * i) = (foy * i)

i=1

The above equations were solved simultaneously using Microsoft Excel, where the
values of f;, B1; and 8, were optimized using the evolutionary algorithm and the GRG
nonlinear method so as to minimize the maximum contact force applied on the object,

while satisfying the following conditions:

I7:ll = 0 Jer g <1 gl <1
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Appendix D Determining the ability of the grasp to resist an external wrench

The GAs in Excel were able to satisfy all these conditions, where the optimal value of
f1 was found to be 37.15N, while the values of ;; and j,; are noted in Table D.3.
This table also lists the force that builds up at each contact point based on the equations
in D1. Meanwhile, the component of these forces in the y-direction, which adds up to
1.66N in addition to the weight of the bottle, would then need to be supported by the
table. This means that the resulting grasp, together with the table, is able to provide

force closure of the water bottle, while the intact hand opens the cap.

Table D.3: The optimal values for f;, B;; and ,; obtained from the GA and the corresponding
values for the remaining f;

i By, B2, Ifill v
1 -0.11 -0.99 37.15
2 0.00 1.00 11.93
3 -0.74 -0.21 0.00
4 0.00 1.00 0.00
5 0.00 1.00 25.34
6 -0.42 0.91 0.00

The torque that would need to be applied or sustained at each active joint to actively
achieve these contact forces, T_D), was then determined. First, Unity was used to express
the position and orientation of each contact force (considering only the contact forces
whose magnitude is greater than zero) in terms of the coordinate system of the

corresponding active joint, Table D.4.

Table D.4: The position and orientation of the contact forces applied on the water bottle in terms
of the coordinate system of the corresponding active joint

i D d,, (m) F. (N)

1T (0.01i 4 0.08j + 0.01k) (—0.80i + 0.04j — 0.60k)f;
2| M (—0.03i 4 0.07j + 0.00k) (0.80i + 0.58j + 0.18k)f,
5\ M (—0.03i 4+ 0.07j + 0.00k) (0.77i + 0.64j + 0.02k) f;

The magnitude of ﬁ was then determined using the cross product in Equation 5.11

(on p.99). Taking the thumb as an example, T_T) was calculated by substituting the

known values in Equation D.2:
Tr=Yd, xF, i €T

T_T: = [(dC1yFC1Z - dclecly) i+ (rcleclx - rcleclz)j

+ (rclecly - rclchlx) k] fl

D.2
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This was repeated for the other digits and the results are noted in Table D.5.

Table D.5: The torque that needs to be applied or sustained at each active joint

Digit, D T, (Nm)
T —1.82i — 0.14j + 2.39%
1 0.18{ + 0.01 — 0.83k
M 0.04i + 0.00j — 1.76k

In the case of the index and the MRL finger, the torque that needs to be supported by
the actuation/transmission system is 0.83Nm and 1.76 Nm respectively. Meanwhile,
the torque along the other primary axes indicates the torque that needs to be supported

by the structure of each finger. For the thumb, the component of the torque applied by
the actuation/transmission system, T, in the direction of ﬁ must at least be equal to
the magnitude of T_T) The cosine of the angle between the unit vectors of T, and FT,

yr, was found using the following equation:

L
7]

cosyr =

Tr,

\/(TTx)Z + (TTy)Z + (TTZ)2

Substituting the known values, cosyr was found to be 0.79. The magnitude of m

cosyr =

D3

was then determined using the following equation:

_ \/(TTx)Z + (TTy)Z T (TTZ)Z D.4

——
T | =

cosyr

After substituting the known values, the torque that the thumb actuation/transmission
system would need to apply was found to be 3.79Nm. One can note that m is slightly
higher than T7, in Table D.5, indicating that the thumb actuator is not 100% efficient

in achieving the required contact force.
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APPENDIX E: EXPRESSING THE COUPLING OF TWO
DEGREES OF FREEDOM JOINTS IN TERMS OF
THE ORIGINAL JOINT ANGLES

The coupling of two DOF joints is implemented by optimizing the D-H parameter,
@p,, of the corresponding digit. This means that the two DOFs of the resulting joint
have been rotated from the original ones. This appendix describes how the new
position of the proximal phalanx can be expressed in terms of the original joint angles.
As with the approach considered in Appendix A (on p.217), the transformation matrix
from the 1% to the 4™ frame for the corresponding digit, TD}L, was defined in terms of
the original and the new joint angles so as to compare the orientation of the unit vector
along xp,. The T} D-H parameters for the new joint angles are shown in Table E.1 in
general terms. Here, ap, can have a value between — 7T/Z °and n/ 2 °, while, depending
on the orientation of the rotation axis of the motor, 6p, or 6, is fixed at a specific
angle, taking into consideration the limits of the smallest ROM among the two DOFs
of the joint being considered (i.e., + 65° for the thumb and +20° for the index finger).
The negative range was also included to ensure that for any value of ay,, the actuated

angle does not need to be negative.

Table E.1: The general D-H Parameters for the new joint angles

Transformation ip Op, o dp, " ap;, ap,,
T3 2 0 0 0 Qp,
T
T3 3 6p, 0 0 /2
Tz 4 9D4 0 lD4, (XD4

Taking the thumb CMC joint as an example, equations A.3 to A.5 (which are repeated
below) define the orientation of the unit vector along xr,, relative to the 1* frame, in
terms of the original joint angles. The equations from E.1 to E.3 define the orientation

of the same vector in terms of the new joint angles.

original joint Angles: new joint angles:
xp, = Oy COy, A3 xr, = cOr,cOr, E.l
Vr, = S0y, A4y =car,sOr,cOr, —sar,sfr, E2
Zp, = 504,04, A5 zp =sar,sOr.cOr, +car,sO;,  E3

Given the values of the new joint angles, 8, is determined by equating A.4 to E.2.
Meanwhile, 6, is calculated by substituting the known value for 6,,in A.5 and

equating it to E.3, which maintains the direction of the angle.
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APPENDIX F: MUTATION AND CROSSOVER
PROCESS IN MATLAB GENETIC ALGORITHM

The GA run in Matlab generates offspring for the next generation by combining two
chromosomes together and/or mutating them. There are several ways of how this can
be achieved. For example, typical methods used for the crossover operation include
single-point crossover, multi-point crossover and simulated-binary crossover [220],

[221]. This section discusses the process utilized in Matlab [219].

The crossover operation only takes place if a randomly selected number between 0%
and 100% is less than Pc. In that case, the simulated-binary crossover is used, where
a blending operation is carried out on each of the parameters of two parent
chromosomes, x¥ and x2, to create two offspring solutions, x{ and x§. The procedure
involves first generating a random number, 73, between 0 and 1. On the basis of the

value of 1;,, a parameter, (3, is calculated using the following equations:

1

1 etac+1 F.1
L(m) otherwise

1
( (2r)etac+1 if ,, <0.5,
-

The offspring solutions are then calculated as follows:
x{ =051+ + (1-p)xb] F.2
x5 =05[(1 - + 1+ p)xb] F3
A similar approach is considered for the mutation process, where a parameter is only
mutated if a random number generated between 0% and 100% is less than Pm. A
polynomial mutation process is then used in which another random number, 7,

between 0 and 1, is generated. On the basis of this number, a parameter, §, is computed

using the following equations:

1
(2r)etam+1 if ,, <0.5,
6= _1 F.4
1 - (2 * (1 — r))"’“’”"+1 otherwise

The mutated parameter is then calculated as follows:
Xy = xf + [upper limit — lower limit] x & ES

Offspring which violate the upper or lower limits are then bound to the nearest limit.

This is then repeated for all the parameters in each chromosome
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APPENDIX G: STRESS ANALYSIS ON SIMPLE PARTS

Understanding the stress present in a part allows the optimization of any unconstrained
parameters, as well as ensures that the material from which the part is manufactured
has sufficient strength to withstand the loads present during the operation of the hand.
Hence, this appendix describes the stress analysis carried out on simple, solid parts,
taking the thumb CMC shaft as an example, to determine the minimum allowable

yield/shear strength of the material as a function of the shaft radius, Repqy:-

The maximum stress that the thumb CMC shaft would need to withstand depends on
the force that the thumb would need to apply/sustain, with higher loads
applied/sustained closer to the joint axis. Given that objects are typically held by the
proximal/distal phalange, the maximum perpendicular force that the thumb could

apply/sustain by the centre of the proximal phalange (i.e., ﬁc , has a magnitude of 53.5N

and acts 60mm away from the joint axis, such that the moment applied by ﬁc , around
the joint axis, T,, is equal to the maximum allowable output torque of the thumb
transmission system (i.e., T, = 3.21Nm), as shown in Figure G.1(a), was considered.

On the basis of this load, the magnitude of the forces acting on the thumb CMC shalft,
Figure G.1(b), was determined.

Or,
<J
Rp, y
T . Rs, R gp""' .
Z Rs. R

W,
RAp

\ TL
W
E’Ef

(a) (b)
Figure G.1: Forces acting on the thumb
The magnitude of the reaction force acting on the shaft due to the structure, R;, was
calculated, using the equations of equilibrium of the entire structure and taking into
consideration the symmetry of the loads and knowledge on spur gears, which are given

by Equations G.1 and G.2.
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ZFx =0 Rs, = Fyc0s 67, + W, G.1
Z E,=0 Rsy = F;sin 07, + W, G2

Using Equation 6.18 (on p.144), W, was found to be 356.67N, where T, is 3.21Nm.
On the other hand, the radial force, W,., which is also acting on the spur gear, was

determined using Equation G.3:

W, = W,tan @ G3

The reaction force between the shaft and the phalange, R,, was determined by

P>
considering the equilibrium of the forces on the shaft in the x- and y-direction, as well
as the moment about the z-axis, which are given by Equations G.4-G.6. It is to be noted
that due to the symmetry of the loading, the reaction loads are equally distributed

between the two supports.

ZFx:O Rp, = Rs, = W: G4
Z Fy = pr = Rsy - W, G.5

As a result of these loads acting on the shaft, internal loads, such as bending moment,
M, shear force, V, and torsion, T, are present at every point withing the shaft, as shown

in Figure G.2, and occur in equal-and-opposite pairs.

N
Figure G.2: The internal loadings acting on a cross-section of a beam [322]

The variation of these internal loads along the length of the shaft was then plotted,
noting that their value may vary depending on 6r,.Figure G.3 shows the bending

moment diagram for both the x- and y-direction, when 67, is -25°
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Figure G.3: The bending-moment diagram of the thumb CMC joint in the x- and y- directions, when
9T4 is -25°

Consequently, normal stress, g, and/or shear stress, 7, builds up in the cross-section of

the shaft. For circular shafts, the maximum o at the surface of the shaft, due to M,, in

both the x- and y- direction, o}, , was determined using Equation G.7 [322]:

_ bmax{x_y}y G7
O-bmax - I
Where,
o b is the maximum M, observed in both the x- and y-directions, Nm.
max{x,y}

e vy isthe vertical distance away from the neutral axis, m, which in this case should

be Rshaft-

. . . . C TR st
e | is the moment of inertia around the neutral axis, m*, which is defined as —share

for circular cross-section [322].

Meanwhile, Ty, x the maximum 7 that is applied on the cross-section of the shaft due

vy
to Vix y3, acts along the neutral axis (i.e., the axis in the cross-section of the shaft where
no longitudinal stresses or strains are present). It was determined using Equation G.8

[322]:

Vixyy Q

Wiy = Tt G.8

Where,
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Appendix G: Stress analysis on simple parts

e () is the first moment of area of the section above the point of shear stress with

3
2Rshaft

reference to the neutral axis, m3, for maximum shear Q is defined as for

circular cross-section.
e tis the thickness of the shaft at a particular point of shear stress, m; in this case it

is the diameter of the shaft.

Meanwhile, t7, the maximum t build up due to T, is located at the surface of the shaft.

It was determined using the following equation [322]:

TR
Tp = shaft G.9

J
Where,

R4
e ] is the polar second moment of area, m*, which is defined as % for circles
[322].
The maximum 7 that the shaft would need to withstand as a result of both Vi, 3 and T

was determined by adding ty .y} and 7.

The material chosen for the shaft must have a yield strength and a shear strength greater
than the maximum o and t calculated, by at least a factor of 1.5 (i.e., the required SF
specified in Chapter 3 (on p.44)). Its density must also be taken into consideration.
Depending on the design of the shaft, the Ry can be optimized to reduce its weight, as

long as the maximum o and 7 present in the shaft remain within the limits.
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APPENDIX H: TESTING THE STRENGTH OF A 3D-
PRINTED PART

An experiment was carried out on the weaker digit, which is the index finger, to
confirm whether the structure of the prosthetic hand when printed with the specified

material and printing settings has enough strength to withstand the required loads.

A force is applied and sustained on the structure of the prosthetic hand every time it
grasps an object. Each time, stress builds up on the different parts of the prototype.
This means that the part may fail from a combination of static loading and fatigue. The
latter is difficult to evaluate with a simple experiment, since the parts should fail after
a significant number of cycles. Hence, the objective of this experiment was to
determine whether the parts of the index finger can withstand a static load being loaded
and unloaded on the structure for four times, where each time the load is held for 15

minutes.

The stress that builds up in the structure is a function of the magnitude, the direction,
and the position of the load, as well as the angular position of the digit. In the case of
the finger, the structure must be able to sustain a load that is applied both laterally and
perpendicularly to the active joint, where for most objects, this load is applied by the
distal phalange. Hence, the following three scenarios were proposed for the
experiment, taking into consideration a SF of 1.5 and the specifications of the worm

wheel and the thumb motor:

1. A perpendicular load of 43N applied at the fingertip when fully open;
2. A lateral load of 27N applied at the fingertip when the index finger is in the P-
grasp position;

3. A perpendicular load of 65N applied at the fingertip when fully closed.

For each scenario, the structure of the finger was secured in a g-clamp, with the hanger
(on which to hang the required loads) hooked at the required position and hung
perpendicular to the ground. Given that only a part of the palm was printed for this
experiment, a wheel with various holes at different angular positions, mounted instead
of the worm wheel, was used to secure the finger in the correct position. Depending
on the angular position required, a screw inserted from the back of the palm was
tightened inside one of these holes. A deflection gauge was then used to measure the
deflection of the structure at the point of contact, Figure H.1. For each scenario, the

deflection observed at each loading was noted and listed in Table H.1.
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Appendix H: Testing the strength of a 3D-printed part

A . ~
(a) (b)

Figure H.1: Testing the strength of the part in (a) scenario 1 and (b) scenario 2

Table H.1: The deflections noted for scenarios 1 and 2 after each loading

Deflection 1 Deflection 2  Deflection 3  Deflection 4

(mm) (mm) (mm) (mm)
Scenario 1 ‘ 10 17 18.6 18.5
Scenario 2 16 17.7 19.3 24
Scenario 3 / / / /

From the above table, one can observe that some deflection was observed in scenarios
1 and 2, but this should not hinder the overall function of the prosthetic hand. However,
the same cannot be said for scenario 3, where the deflection observed was significant,
such that when the load was applied, the finger ended up in the open position. This
means that while the structure had sufficient strength to sustain the required load, the
finger was not able to maintain its position in the presence of such loads. This could
be due to the method used to secure the finger in place in the absence of the worm and
wheel. Furthermore, some deformation was observed in the interface keys mounted on
the Index MCP shaft, as shown in Figure H.1, which would have allowed the proximal

phalanx to rotate relative to the corresponding shaft.

Figure H.2: The observed deformation in the interface keys mounted on the Index MCP shaft
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APPENDIX I: DETERMINING THE COEFFICIENT OF
FRICTION OF THE FRICTIONAL COVERS

An experiment was carried out to estimate [, pper, the coefficient of friction between
the rubber chosen for the frictional covers and the different materials applicable to day-
to-day activities.

The set-up shown in Figure 1.1 was used, where ten objects of varied materials, as
applicable to day-to-day activities (e.g., a body cream container, a wooden block, and
a purse), were placed on a rubber plane. The inclination angle of this plane, 8oy,
was then increased gradually with a motor until the object was on the verge of slipping.
At this point, the driving force (i.e., the component of the weight of the object, Wy, ject,
along the plane) is equal to the maximum frictional force, F,__ , present between the

two materials. Using Coulomb’s Law of friction [192], t,,pper Was then calculated

using the following equation:

Figure I.1: The set-up used to determine the coefficient of friction of rubber with the different
materials

Hrubper = tan eslope L1

This was repeated ten times for each object, with the average p,,pper Observed for the
different objects listed in Table I.1. From this table, one can observe that the p,,pper
ranged from 0.75, for a piece of glass, to 1.19, for a wooden block. On average the
Urubber Was 1.011 0.14, which is greater than the g assumed during the force analysis
discussed in Section 5.3 (on p.89), which was 0.5. However, while the necessary
precautions were taken to minimise errors present during the experiment, such as
taking repeated readings and reading the protractor at eye level, some errors might still

occur, such as parallax error and human error.
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Appendix I: Determining the coefficient of friction of the frictional covers

Table I.1: The friction coefficient between the rubber and different day-to-day materials

. . Coefficient of Standard

Object Material Friction Deviation
Body cream container Plastic 1.11 0.07
Packet Plastic 1.13 0.04
Wooden Block Wood 1.19 0.06
Piece of acanof | \y inium 1.01 0.04

Beverage

Jar Cap Metal 1.12 0.06
Small cereal Box Paper 0.94 0.04
Purse Fabric 0.99 0.04
Mobile Phone Glass 0.82 0.04
Piece of Glass Glass 0.75 0.03
Piece of Rubber Rubber 1.1 0.04
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