Journal of Orthopaedics 23 (2021) 88-96

o %

ELSEVIER

Contents lists available at ScienceDirect
Journal of Orthopaedics

journal homepage: www.elsevier.com/locate/jor

A review of technology, materials and R&D challenges of upper limb

t.)

Check for
updates
L |

prosthesis for improved user suitability

Robbie Brack , Emeka H. Amalu

Department of Engineering, School of Computing, Engineering and Digital Technologies, Teesside University, Middlesbrough, TS1 3BA, UK

ARTICLE INFO

Keywords:

Upper limb prosthesis

Users

Amputees

Biomechanical energy harvesting
Technology

Upper limb bones

ABSTRACT

Introduction: Hand amputation significantly challenges one’s independence in carrying out daily activities. With
the UK and Italy recoding circa 5200 and 3500 upper limb (UL) amputations (ULAs) yearly, respectively, and
about 541,000 Americans losing ULs in 2005, incidence victims constitute a considerable proportion of our
population and should be adequately supported. The use of upper limb prosthesis (ULP) offers amputees a new
opportunity of living a quality life - but poses challenges on the physically and psychologically traumatised. With
reports that up to 20% of adult UL amputees choose not to use a prosthesis, roughly 26% of adults and 45% of
children and adolescents are dissatisfied with their devices and abandon them with reasons of poor solution to
basic needs, a review of ULP for suitability has become crucial.

Objectives: These include, to review UL prosthetic technology (PT), the materials used in the manufacturing of
ULP, challenges in research and development of ULP, and to advise on the suitability of different devices to the
needs of amputees.

Methods: They involve an extensive review of relevant literature and application of statistics to analyse data
obtained from literature.

Results: ULAs are characterised to show affected bones in seven types of amputations. The characterisation de-
picts key causes of incidences that lead to amputations while advising on device suitability. PT is classified in
terms of cost, nature, functions/operations of each type of device while providing the design challenges. Users’
opinions on PT materials are analysed and used to suggest new materials for the next generation of the devices.
R&D challenges hindering future developments of PT is reviewed and results used to identify characteristics for
the next generation of the technology.

Conclusions: To increase user satisfaction and reduce device abandonment, amputees need useful information on
the trend in PT and engineers need information about device field performance for improvements. The use of
better performing ULP will improve users’ everyday lives.

1. Introduction

users. There are several cases of device disuse and abandonment
resulting from issues around functionality, reliability, appearance,

A prosthesis is a useful, artificial medical device that replaces a
missing body part. It offers amputees a fresh opportunity of being able to
perform the function which would have been performed by the missing
body part. Amputees therefore find prostheses integral to restoring the
activities of their challenged life to normalcy and achieving quality life.
To deliver this expectation, the prostheses therefore should be fit for
purpose in supporting the amputees Fig. 11.

Upper limb prosthesis (ULP) is the special device which supports
amputees with lost hand(s). For the device to be successful, its design
must meet the expectation and the operations address the needs of the
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comfortability, and usability. Some prosthetic devices have poor motor
control while others are not durable enough. In many scenarios, the
users of the devices are not quite happy with the appearance and some
types of devices do not have sensory touch function in addition to being
inordinately heavy. Other desirable qualities found wanting in current
prosthetic devices include lack of warmth and humanness.

To achieve an effective design of prosthesis, the design engineers and
medical experts involve in its development ought to design for the issues
states earlier. A better understanding of upper limb anatomy and
possible sections of hand amputation and general effect of prosthetics on
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users will be helpful in realising the objective.

The skeletal anatomy of the upper extremity is shown in Fig. 1. It
consists of eight principal types of bone: clavicle, scapula, humerus,
ulna, radius, carpals, metacarpals and phalanges. The key regions can be
classified into six: shoulder girdle, arm, elbow, forearm, carpus and
hand.! The shoulder contains the clavicle and scapula and articulates
with the proximal humerus. Based on the interconnection and function
of the bones, seven possible sections of amputation can be made. The
sections are shown in Fig. 2 and are known as transcarpal, wrist disar-
ticulation, transradial, elbow disarticulation, transhumeral, shoulder
disarticulation and forequater.” The plethora of devices utilised at these
extents of the amputation is called upper extremity prostheses and are
thus classified as such. However, there are simple classification of:
prosthetic wrist, prosthetic elbow, prosthetic shoulder, prosthetic arm
and terminal device. Currently, there are primarily passive and active
prostheses for support to upper extremity amputees. Active prostheses
can be further classified into myoelectric and body-powered.> Both
variations possess advantages and disadvantages.

The current market, the forecast and prevalent of ULPs across con-
tinents determine their future. The report’ that ULP market size was
valued at USD 1077.8 million in 2018 and is expected to witness more
than 11% CAGR from 2019 to 2025 justifies the need to invest more
resources in the technology to improve the quality and performance of
the product.

Fig. 3 shows the industry share of the market to be $1 B N in 2018
and is expected to be $2.3 B N by 2025. The regional landscape of the
market predicts India’s industry CAGR from 2019 to 2025 to be 15.4%
while U.S. is valued at about $544.1 MN. Fig. 4 presents the statistics of
market share distribution of ULP components in Germany. Prosthetic
wrist dominates the share while prosthetic shoulder is the least preva-
lent. In the United Kingdom, approximately 5200 upper limb amputa-
tions (ULAs) are performed annually. Most of the upper limb absence are
classified as transcarpal at 61%. Transhumeral and forequarter ampu-
tations account for 16% and 2% of upper limb loss in the UK, respec-
tively.” The statistics are represented in Fig. 5. In the United States, it is
estimated that there are 2.2 million amputees, with approximately a
quarter suffering from a degree of upper limb loss.” Fig. 6 presents a
chart of projected upper limb prosthesis market share in key countries in
Europe for 2025. Germany has the highest market share followed by
France.

The use of prostheses, combined with the emotional trauma
commonly associated with the amputation, can have numerous negative
effects on the user. Research on human perception alteration using an
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Fig. 2. Classification of Upper Limb Amputation (Cordella et al., 2016).”

upper extremity prosthesis is sparse.® Abandonment levels of ULPs are
high.*” An independent survey was conducted where 20% of the par-
ticipants involved had some extent of abandonment with their pros-
thesis.” Published literature indicates that the actual abandonment
value is much higher, dependant on the severity of the amputation
among other contributing factors. It is reported that 60% of users with a
shoulder disarticulation abandon their device — reasons include inade-
quate training and high cost of repairs.®

Numerous works have been published detailing the history and
progression of upper limb prosthetic devices. A review on the ad-
vancements of prostheses was published by Das, Nagpal and Bankura,’
focusing on the technological improvements seen. Cordella et al.,” Trent
et al.,'” and Gaine, Smart and Bransby-Zachary'" all conducted reviews
of upper limb prosthetics. This review article differs from the afore-
mentioned documents as it aims to discuss the R&D challenges that face
the industry and identify possible areas of development for upper limb
devices.

It can be understood that the human hand is one of the more
complicated anatomies with 19° of freedom and an opposing thumb
which differentiates it from other primates.'? The entirety of the upper
extremity is a decidedly complex limb with ‘neurovascular bundles,
lymphatics, muscles and bones’ that coordinate to establish a functional
limb, utilised for a multitude of activities and tasks.'> These complex-
ities have accounted for the enormous difficulty faced in the design of
improved ULPs - leading to the frustration faced by the users who are in
demand of better performing device.

To provide the users hope in the form of trend on advancement in the
technology in addition to furnish the technology developers information
and data which will aid the design and manufacture of better performing
ULP that will provide increased satisfaction to the users, this review is
conducted. It is the objectives of the review to:

e Evaluate the state of the technology and materials to identify
shortcomings.

e Highlight the opinions of the users on materials used to manufacture
ULPs and suggest possible new materials.

e Provide design considerations and recommend critical design areas
for future research and development.
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e Discuss R&D challenges hindering future developments of the
technology.

2. Technology of prosthesis

The existing technology can be classified into three main categories.
These are the passive, active and hybrid prosthetic devices. They are
discussed further for an insight into their capabilities and shortcomings.

2.1. Passive prostheses

The passive prosthetic devices (PPD) are employed when physical
appearance and comfort are of the utmost priority.'* Fig. 7 presents an
exploded diagram of a passive arm prosthetic device with the key
components. The lifelike appearance is apparent.

Passive devices remain a popular choice for users despite their
functional limitations. They are relatively inexpensive and have an
aesthetically pleasing cosmetic appearance. The functionality of PPD is
limited to primitive actions such as pushing, pulling and carrying ob-
jects.'> However, they are commonly worn in social situations as they
increase the confidence of the user. Approximately one in three ampu-
tees use a passive prosthesis in some capacity.'* The device is usually
recommended for patients who have recently undergone amputation.
On familiarisation with it, users typically advance onto using active
prostheses.

90

2.2. Active prostheses

The primary distinction between active and passive prosthetic de-
vices is that active devices can generate power.]6 Active prostheses can
be further classified into body powered and myoelectric devices. Each
presents advantages and disadvantages. Owing to complementary na-
ture of passive and active devices in meeting the needs of amputees, a
combination of passive and active prosthetic devices is advised. In
shoulder disarticulation amputations, patients are routinely fitted with a
passive shoulder joint and an active myoelectric elbow wrist and hand.'”
The body powered and myoelectric devices are discussed thus:

2.2.1. Body powered devices (BPD)

Body powered upper extremity prostheses are controlled using a
harness which is connected via a cable to elsewhere on the patient’s
body, such as the healthy shoulder.'® The working shoulder is man-
oeuvred in distinct movements to control the prosthesis.'® A standard
body powered upper extremity prosthesis features a socket, wrist, con-
trol cable, harness and a terminal device.’’ An illustration of BPD is
shown in Fig. 8. A major advantage of this is that the hooks are highly
practical for a wide variety of activities. They are suitable for extensive,
heavy-duty activities when compared to myoelectric prostheses because
they are less susceptible to damage in volatile conditions such as cor-
rosive and wet environments. This is due to their exclusion of batteries
or an alternative power source.’! In addition to this, body powered
devices offer ‘intuitive control of the prosthetic device as well as force
feedback via the cable tensioning’.?” Another advantageous aspect is
that the cost to the user is relatively low in comparison to myoelectric
devices.” In the USA, a body powered upper extremity prosthesis can
cost approximately $10,000, whereas myoelectric devices range from
$20,000 to $100,000.>

Despite these positive aspects, body powered devices present several
issues. The activation forces required are often large and can be physi-
cally overwhelming for some users, leading to issues such as fatigue and
discomfort.”* If a hand is utilised as the terminal device, the prosthesis is
generally mechanically inefficient, as they are relatively heavy, and
most hands do not provide enough pinch force to complete mundane
tasks.?! Many users prefer the terminal device to be a hook when using a
body powered prosthesis due to their improved functionality and ease of
use.?” Despite this, hooks do not provide the user with an authentic
appearance and therefore are not satisfactory for a large percentage of
users.”!

Body powered prostheses remain a popular option among users due
to their low cost and substantial functionality.

The response of users in an independent survey conducted in 1986 is
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Fig. 5. Severity in Upper Limb Amputation in the United Kingdom (Cordella et al., 2016).”

Europe Upper Limb Prosthetics market share, by country,
2025 (Units)
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Fig. 6. Upper limb prosthetic market in Europe 2025 (Units) (Ankika
et al., 2018)."

Fig. 7. Exploded diagram of a passive arm prosthetic device. Showing its
components of a (Passive arm prostheses, 2019).7°
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Fig. 8. A typical body powered upper limb prosthesis (Hussain, Shams and
Jawaid Khan, 2019)*

presented in Fig. 9. It is found that 68% of users opted for the body
powered hook, 20% indicated use of the cable operated hand and 12%
are indifferent.”® In a study conducted in 2012, it was found that the use
of BPD has reduced over time - 30% of those interviewed used a body
powered device, with myoelectric being the most prevalent prosthesis
among adult amputees?’ Fig. 10.

2.2.2. Myoelectric devices

Myoelectric upper extremity prostheses are powered through the use
of electric motors with an external power source. The movement of the
joint is controlled through muscle activity from the remaining limb.
‘Electromyographic (EMG) signals from the limb stump are detected by
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Fig. 9. Variance in the Usage of Body Powered Prostheses in an independent
survey (Millstein, Heger and Hunter, 1986)%°
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surface electrodes, amplified and then processed by a controller to drive
battery-powered motors that move the hand, wrist or elbow’.*

A myoelectric upper extremity prosthesis aims to ameliorate the
cosmesis of the device, a deciding factor for many users on which device
they wish to use.’ Losing a limb is a severely traumatic event for a pa-
tient and consequently, the individuals social-psychological re-
quirements are of top priority. Devices that do not restore a lifelike
appearance for the user are commonly rejected.?’ As a result of this,
myoelectric prostheses are the standard for Western countries, with
around 90% of patients using it as their primary device.’® Another
benefit of myoelectric devices is that they operate in a physiologically
natural manner. When a transradial prosthesis is employed, the muscles
which are used to open and close the myoelectric hand are identical to
the muscles used in the natural hand.?' Moreover, the grip strength of
the myoelectric device is typically several times larger than that of a
body-powered prosthesis. This is achieved with practically no additional
force required as only minute muscle contractions are necessitated to
achieve the maximum grip force.”!

Despite the functional and cosmetic advancements when compared
to passive and body powered prostheses, the cost of myoelectric devices
is a barrier that limits users access. This is especially prevalent in
countries without a robust healthcare system. In countries such as the
USA, an advanced myoelectric upper prosthesis with a functional ter-
minal device can cost around $75,000.%! This restricts users with a lower
income from accessing the optimal level of healthcare — numerous
technologies are being investigated to assess whether the cost of
myoelectric prostheses could be lowered. Another negative aspect of
myoelectric devices is that their battery needs to be recharged daily. The
battery can become damaged from environmental factors such as water
and dirt; maintenance and repair costs for the devices are generally
higher than alternatives.”!

2.3. Hybrid devices

The aforementioned devices are the primary options available to
amputees. However, a less commonly used prosthetic device is a hybrid
device. A hybrid upper extremity prosthetic device combines body
powered and myoelectric components to construct a functional device
which incorporates the benefits from the individual devices. At the
transradial level, hybrid designs are typically not utilised as there are
limited devices available with suitable technology.?' However, for over
25 years, Europe has achieved significant success with a transhumeral
prosthesis, utilising a ‘cable-operated, body-powered elbow with
myoelectric control from the biceps (closing) and triceps (opening)’.*?
Some hybrid controls offer simultaneous sequential control of the
prosthetic elbow and hand, but harnessing can be inconvenient and
strenuous, most notably at the short transhumeral level as the user may
not possess adequate force to operate the elbow.”!

2.4. Characterisation of upper limb amputation and technology

Having introduced and discussed the technology, an attempt is made
to characterise it. The characterisation is presented in Tables 1 and 2.
Table 1 presents characterisation of upper limb amputation and pros-
thetic technology while Table 2 depicts characterisation of the tech-
nology and recommendation. Table 1 shows affected bones in seven
types of amputations. The key causes of the amputation as well as the
suitable technology are outlined. Understanding the causes would pro-
vide knowledge to set up prevent measures and control. These would
inadvertently reduce incidences. Table 2 classified the technology in
terms of body powered, myoelectric, cable operated and not available
(N/A). It also presents the key functions and operations of each type. The
cost range, estimated production in the UK as well as recommendation
based on the income class of the amputee are stated. The knowledge of
the key functions/operations of the devices and the cost range could
assist new amputees in making an initial decision of technology to
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Table 1
Characterisation of upper limb amputation and prosthetic technology.
S/ Amputation Affected bones  Amputation Causes Suitable
No classification Technology
1 Transcarpal Phalanges and  Accidental trauma - Prosthetic
Metacarpals power tools, trapped wrist
in door **
2 Wrist Carpals, Severe peripheral Prosthetic
disarticulation Radius and vascular disease, wrist
Ulna electric and thermal
injury, frostbite, sepsis
34
3 Transradial Radius and Trauma to the hand Terminal
Ulna and arm most devices
common. Tumour and
birth defects also *°
4 Elbow Radius, Ulna Trauma, cancer, bone Prosthetic
disarticulation and Humerus infection *° elbow
5 Transhumeral Humerus Trauma, tumour Terminal
control %/ devices
6 Shoulder Humerus, Not common, Prosthetic
disarticulation Clavicle and traumatic injury to shoulder
Scapula entire arm, congenital
abnormality, tumour
38
7 Forequarter Clavicle and Malignant tumours, Prosthetic
Scapula severe trauma '° Arm

choose. The decision ought to be made in conjunction with the advice of
a qualified medical personnel. The estimated production in the UK may
guide the business stakeholders on viability of each device.

3. Materials

The materials that have been utilised to construct upper extremity
prosthetic limbs have evolved throughout time. Initially, wood was used
to replace a lost limb; however, as technology has advanced, the mate-
rials used in prosthetic limbs has improved significantly.*®

3.1. Biocompatibility

Shackelford*® stated that biomaterials are ‘engineered materials
created for applications in biology and medicine.” Depending on the
part, materials used in prosthetics need to be biocompatible to ensure
that they do not cause any harm to living tissue. A wide range of me-
chanical, physical and material properties are also considered when
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selecting which materials would be suitable for prosthetic use, including
wear resistance, yield strength and ductility.””

3.2. Metals

The most commonly used metals in the skeletal design of upper ex-
tremity prostheses are titanium and aluminium. Other metals utilised in
some scope include copper, iron, magnesium and steel. Titanium is
widely employed due to its favourable properties that make it suitable
for biomedical purposes, such as excellent resistance to corrosion, light
weight and a good strength to weight ratio.?® In addition to this, it is also
alloyed with certain other metals such as aluminium and vanadium to
improve mechanical properties. Moreover, the low modulus of elasticity
of titanium means that it is similar to human bone. The benefit of this is
that the skeletal load of the user will be distributed more uniformly
between the implant and the bone. This results in an improved gait for
the user.”® However, despite the advantageous aspects of titanium as a
biomaterial, it is costly and can limit access in countries without a
comprehensive healthcare system.*®

3.3. Polymers

The socket is the connecting part of the prosthesis and is precisely
moulded around a cast of the residual limb so that it accurately fits the
user. It is crucial that sockets are custom-made and fitted by an expe-
rienced prosthetist.*’

The structure of the socket is typically composed of thermoplastics,
such as a polyester resin or an acrylic resin.’® Other polymers that are
utilised are nylon and acrylics — they are both commonly used for
prosthetic socks which cover the prosthesis. In addition to this, poly-
urethane foam is extensively used in ‘both soft, cosmetic foam covers

> 50

and rigid structural sections’.

3.4. Silicone

Silicone has been regarded as ‘the most significant advancement in
materials for prosthetic interfaces’.”’ Room temperature vulcanized
silicone is cushioned and comfortable to touch. High temperature vul-
canized silicone has advantageous strength properties and is highly
durable. Silicone is ideal for use in prosthetics as it is biocompatible; it is
commonly used in sockets or liners. The material is dynamic, meaning it
moves with the body and provides an enhanced grip for the user.
Moreover, it has been found to encourage the growth of new skin when it

Table 2
Upper limb prosthetic technology characterisation and recommendation.

S/ Technology Type/Classification Key functions/operations Cost range Estimated Prosthetic Recommendation

No Production in the UK*

la Passive Prosthetic N/A Enable reorientation of terminal device relative =~ Exact Data not 28 N/A
Wrist to the forearm manually * Available

1b Active Prosthetic Body Powered & Enable reorientation of terminal device relative ~$18,000 “° Middle income
Wrist Myoelectric to the forearm, through cables or motors *° class

2a Passive Prosthetic N/A To provide cosmetic improvement - fairly non-  Exact Data not 14 N/A
Elbow functional *! Available

2b Active Prosthetic Body Powered & To flex and straighten the arm through a $60,000+ *° High Income class
Elbow Myoelectric harness or motor *!

3a Passive Prosthetic N/A To provide cosmetic improvement Exact Data not 70 N/A
Shoulder Available

3b Active Prosthetic Body Powered & Used to provide pain relief and restore mobility ~ $61,000+ *° High income class
Shoulder Myoelectric to the shoulder joint **

4a Passive Prosthetic N/A Cosmetic improvement, can be used for $10,000 *° 350 Low income class
Arm carrying and stabilization **

4b Active Prosthetic Body Powered & Enables opening, closing, rotation with varying ~ $60,000 - High Income class
Arm Myoelectric strengths and speeds ** $100,000 *°

5a Passive Terminal N/A Allows for pushing, pulling and carrying; used Exact Data not 854 N/A
Devices for cosmetic purposes mainly ' Available

5b Active Terminal Cable Operated & Allows for opening and closing of the hand and ~ £25,000 - £60,000 Middle income
Devices Myoelectric rotation of the wrist ** per hand 2 class

93
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is contact with the residual limb."" Silicone is also utilised for the casting
process as it retains a high accuracy for the shape and size of the
prosthesis.”?

3.5. Other materials

Carbon fiber is frequently used in the pylon design due to its high
strength and light weight; it also possesses high chemical and temper-
ature resistance, high stiffness and low thermal expansion. The specific
modulus of carbon fiber is approximately three times higher than that of
magnesium and titanium.”® However, the cost can be high when
compared to materials with similar mechanical properties.

The pylon is typically covered with flesh coloured foam or plastic.*’
Comfort is the primary motivation for the use of foam.

4. R&D challenges

Upper extremity prosthetic devices are rapidly advancing with major
improvements having been made in recent years.>® Despite this, there
are a wide variety of research and development challenges that bio-
engineers encounter.

4.1. Sensory inputs

The sense of touch is a crucial ability in order to dextrously control
objects — it relies on sensory signals that stem from the hand.”” Sensory
inputs are necessary in order to generate precise movements that
incorporate force sensing. However, currently a system has not been
fully developed that allows a patient to experience the sensation of touch
with their prosthetic limb.” This remains a challenging development
issue in the field of robotics. Nonetheless, recently research has
advanced in this area. After a development period of 15 years, the LUKE
arm has been created by researchers at the University of Utah. The test
subject can distinguish 119 varying touch sensations, differentiating
between soft and hard objects. The state-of-the-art technology operates
through microelectrodes which are embedded in the patients forearm
and then connected to a computer. This conveys touch signals from the
prosthetic arm, to the computer then to the brain.°® Despite this, the
advanced technology only operates functionally when connected to an
external computer. The major challenge that the researchers must
address is a portable version to provide maximum practicality. The en-
gineers behind this estimate that testing may be available as early as
2021.°°

4.2. Other R&D challenges

There are numerous other research and development challenges. The
vast majority of the actuators that are currently used are cumbersome
and heavy for the patient; the devices which are lighter in weight
generally do not provide enough power for the amputee to maintain a
high level of functionality.>® As a result of this, research needs to be
conducted into developing a much more lightweight option for the pa-
tient to provide maximum comfort whilst retaining high levels of per-
formance. Furthermore, common issues that are reported by patients
using upper extremity prosthetic devices are that an incorrectly fitted
socket can result in pressure on the residual limb. As the socket is pre-
cisely designed to apportion forces over as great a surface area as
possible to reduce pain, an awkwardly fitting socket can give rise to
issues such as consistent pain and dermatologic complications, including
contact dermatitis and excessive sweating.”” As a result, further devel-
opment needs to be centralised around these issues so that adherence
and patient satisfaction are maintained to a high level.

5. Future development

It is recognised that having to design and engineer a device that will
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have to replace a missing limb is one of the most difficult aspects in
engineering. This is due to the complex nature of the natural processes
that the devices have to mimic.”® To further improve the current tech-
nology available, there are numerous innovations at the forefront of
engineering, designed to enhance the functionality for the user.

5.1. 3D printing

Over the past decade, 3D printing has seen substantial advancements
in the technology available. Initially utilised to overcome the high cost
of upper extremity prostheses, the first widely available 3D printed
device was the Robohand. Developed in 2011, it costs approximately
£1600 for a fully assembled device; alternatively, users with access to a
3D printer can print the parts individually and assemble it themselves.””
Whilst possessing advantageous aspects such as dramatically reduced
cost and its relative light weight, it is only suitable for patients who have
a functioning wrist. Moreover, the fingers of the device cannot be
opened and closed independently from one another, limiting the prac-
ticality of the prosthesis.””

The technology is still constantly evolving but is not yet utilised by
professional bodies around the world. Despite this, the majority of de-
vices that are manufactured in this method are for children. The growth
of children means that new devices need to be created so that it will
securely fit the patient. A major benefit of 3D printing for upper ex-
tremity prostheses is that the parts can be conveniently personalised to
suit the patient’s aesthetic and functional requirements.60 Moreover, the
aforementioned production costs are greatly reduced, a major benefit for
patients who struggle to access conventional options. However, the
functionality of these devices is currently lacking. Consequently, further
development into this sector is required.

5.2. Movement based control

Despite being the most widely used method of power available in
upper extremity prosthetic devices, myoelectric control presents
numerous limitations such as difficulty when managing simultaneous
movements and few degrees of freedom.®! As a result of this, there is a
revived interested in movement-based control. This method utilises re-
sidual limb movements, compared to muscular activity as the command
input.®> Numerous independent studies have been conducted to verify
the practicality of this system. One study was based around a simplistic
electric device which relied on an inertial measurement unit - it trans-
lated predesignated movements into control signals which produced a
noticeably more intuitive and natural experience for the user.®® The
research on this topic is fairly limited, therefore further experimentation
is required to understand whether this would be a viable alternative to
myoelectric control.

5.3. Biomechanical energy harvesting

Myoelectric prosthetic devices require a battery to operate. This
typically needs to be recharged daily and is a major drawback as it re-
duces the practicality and ease of use of the device.* A theoretical
concept that aims to offset this disadvantage is the harvesting of
biomechanical energy from human motion. The mechanical efficiency of
the human body is approximated to be 15-30%; this indicates that the
majority of energy digested as food is discharged into the atmosphere in
the form of heat.®® This could theoretically be converted into electrical
energy to power a device. A variety of methods have been proposed. A
piezoelectric material was initially suggested but due to unsatisfactory
results, this idea was abandoned.®®

Numerous studies have been conducted to determine if a device
could effectively power a prosthetic limb. The majority of power gen-
eration devices utilise walking as the method of generation. A 2009
study by Li, Naing and Donelan®” suggested that fairly substantial
amounts of power could be produced through a lightweight device
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harvesting energy from the motion of walking.®”” However, most of the
devices focus on lower limb prostheses. As a result of this, further
research is needed to fully understand whether biomechanical energy
could be harvested for an upper limb prosthetic device.

6. Conclusions

This review presents the state-of-the-art in technologies and mate-
rials of the upper limb prosthetics (ULP) for user suitability and needs
analyses. The review is critical because availability and use of better
performing and thus suitable ULP will not only lower the rate of aban-
donment of the device but will lead to improvement in the quality of
lives of the users.

The suitability of passive and active prostheses depends on the im-
mediate need of the user. The passive prostheses seem suitable for users
who are not bothered about supply of power to the device but whose
interest is on appearance and comfort when wearing the device. Users
who want power in the device is better off with active prostheses.
Depending on their preferences in powering the device, body powered,
or myoelectric devices suffice. Users who are comfortable to supply the
power from elsewhere on their body with less concern on discomfort
arising from the use of the device may adopt body powered devices.
Amputees who have substantial economic power will find myoelectric
prosthetic suitable as they will recreate the operation of the amputated
limb in a physiological natural manner.

A system which fully gives the users of ULP the complete feeling of
touch of objects has to be developed from the promising LUKE arm ULP
that currently distinguishes 119 differing touch sensations. More and
urgent research are needed in 3D printing of ULP to increase recognition
and adoption by professional bodies as it is poised to be the cost-
effective production method for ULP. Significant improvement on the
emerging biomechanical energy harvesting technology would deliver
ULP which functions without the need for a chargeable external power
source. Thus, research focused on new sources of power to the ULP is
indispensable.

Silicone is currently the most significant advancement in materials
for prosthetic interfaces owing to its dynamic properties that allow it to
move with the body. In addition, its biocompatibility characteristics is
found to promote growth of new skin when in contact with the residual
limb. Notwithstanding these favourable properties, metals remain the
most utilised material in the pylon design of ULP devices. Aluminium
and titanium are widely used because of their resistance to corrosion and
satisfactory strength to weight ratio. Titanium also possesses low
modulus of elasticity that makes it comparable to bone. Carbon fiber,
foam and various polymers are also utilised in ULP manufacture.

Addressing the findings of the research will reduce the disparity
between amputees and able-bodied people - satisfying the overall aim of
prosthetic devices development and manufacture.
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