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Preface

In February 2018, my first book titled “Biomimetic Prosthetics” was published by
IntechOpen. This was an edited volume with contributions from researchers all over
the world on biomimetic (mimicking complex biological sensorimotor systems of
human beings and animals) prosthetics. With over 2500 downloads, multiple cita-
tions and compliments from my colleagues, this was a rewarding experience. I would
like to thank the authors for their valuable contributions and staff at IntechOpen
in this book project. I would also like to extend my special thanks to my students
from the Sensorimotor Control Laboratory at Stevens who contributed towards the
introductory chapter of this book. In June 2018, I was approached by commissioning
editors at IntechOpen to see if I was interested in leading another edited volume on
“Prostheses”. This could cover a broader category of prostheses and appeal to a wider
audience. I took some time and responded favorably for the following reason. During
my previous project on Biomimetic Prosthetics, I rejected several applications on
prosthetics as they were not necessarily biomimetic. During that project I realized that
there was a need to provide another opportunity for these other valuable contribu-
tions. This came to me in the form of this current book “Prosthesis”. It has been a great
learning experience and an inspiring academic journey through these book projects.

In this book, the readers will find information on various prostheses for upper
limb, lower limb, retinal, and facial prostheses. These areas of research are multi-
disciplinary, requiring expertise in electrical engineering, mechanical engineering, 
biomedical engineering, material sciences, and tissue engineering. The uniqueness
of the field of prostheses is in combining multiple expertise to improve technologies
that can help individuals with impairments.

The introductory chapter presents the evolution of prosthesis and their applications
in different domains. This chapter prepares the readers with the context, application,
and importance of prosthesis.

The second chapter talks about control methods for the transhumeral prosthesis
considering the task environment and object properties. Specifically, this study
explores how using such information coupled with around-shoulder muscle action
potentials targeted reaching positions that can be accurately and rapidly identified.

While the second chapter talks about upper limb prosthesis and control, the third 
chapter talks about hybrid neuroprosthesis for lower limbs. This chapter summa-
rizes the principles of human mobility and the impact of spinal cord injury on an
individual’s mobility. This chapter also talks about how a hybrid prosthesis com-
bined with functional electric stimulation and orthoses can be used to reactivate
paralyzed muscles and enable function.

In the fourth chapter, residual lower limb health and possible prosthetics are
discussed. Changes in residual limb properties may affect socket fit and may lead 
to serious injuries. This chapter presents socket systems available in the market and 
compares them with the elevated vacuum suspension system that could improve
and provide physiological benefits to the residual limb.
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In the fifth chapter, ambulatory assistive devices for individuals with injuries or 
disabilities in lower extremities are discussed. These devices play an important role 
in providing support, stability, and balance. In particular, this chapter talks about 
some useful guidelines in prescriptive ambulatory devices.

Switching gears to other prosthesis systems, the next two chapters talk about retinal 
prosthesis and facial prosthesis. In the sixth chapter, an overview is given of the 
Argus II retinal prosthesis system, as well as requirements, results achieved to date, 
challenges, and some future directions.

In the seventh chapter, using additive manufacturing, 3D color printed soft  tissue 
facial prostheses are described. The chapter talks in detail about methods involved 
in assessing mechanical properties of materials, infiltrating them with silicone poly-
mers, and testing their specifications for their potential use for facial prosthesis.

This book is a representative compilation of several types of prostheses, their 
importance, their challenges, and recent scientific and technological develop-
ments. I would like to thank the authors with diverse expertise for their valuable 
 contributions. I would also like to thank IntechOpen staff especially Josip Knapic, 
Petra Svob, and Martina Brkljacic for their kind assistance throughout the editing 
process. Without their help, this book would just remain an idea. I hope that the 
readers will be informed and inspired from reading this book.

Ramana Vinjamuri and Harvey N Davis
Distinguished Assistant Professor,

Director of Sensorimotor Control Laboratory,
Department of Biomedical Engineering,

Schaefer School of Engineering,
Stevens Institute of Technology,

New Jersey, USA
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Chapter 1

Introductory Chapter: Past, 
Present, and Future of Prostheses
and Rehabilitation
Shanthini Madhanagopal, Martin Burns, Dingyi Pei, 
Rohan Mukundhan, Helen Meyerson and Ramana Vinjamuri

1. Background

A prosthesis is defined as “…a device attached to the stump of an amputated 
body part due to traumatic or congenital conditions…” [1]. Prostheses have evolved 
over the past centuries, starting with a wooden toe to the highly mechanized robotic
limbs of today. The evolution of prosthesis started in the Egyptian period during 
which wood was used as a replacement for a missing toe, coconut shell was used as a
dental implant, and various other materials were used as an alternative to different
body parts. There are various types of prostheses depending on the body part being 
replaced. These include upper and lower limb (LL) prostheses, neural prostheses
(NP), retinal prostheses, maxillofacial prostheses, and various other types. Each
prosthesis is designed and assembled based on the person’s physical appearance, 
functional needs, and affordability [2–7]. The history of lower limb prosthesis is
outlined in Table 1. This is a summary of our findings from [8, 9].

Amputations are estimated to occur between 300 and 500 times per day, leading 
to an increased usage of prostheses [10]. With increased need there are various fac-
tors which impact prosthesis usage, including whether the amputation is unilateral 
or bilateral, the time duration between amputation and prosthetic fitting, type of
prosthesis used, physical health factors such as phantom-limb pain, and the psy-
chological impact of amputation such as perception of symptoms, self-efficiency, 
balance confidence, treatment cost, and time taken to adapt to the prosthesis. The
quality of life post-rehabilitation does not solely depend on the abovementioned 
factors but also includes functional utility and satisfaction over time. Improvements
in quality of life are possible with recent innovations in design tools, materials, and 
different types of manufacturing, aiding in customizing prosthesis according to
patient needs [11]. Novel rehabilitation methods, different types of prostheses, their
limitations, and recent advancements will be discussed in this chapter.

2. Virtual reality rehabilitation

Upper limb (UL) paralysis and other motor deficits are common after a stroke.
About 70% of acute phase patients and 50% of chronic phase patients experience
such deficits. Upper limb paralysis affects tens of thousands worldwide, and all the
forms of paralysis as a whole affect millions [12]. Currently, there is no way to safely
cure paralysis. Instead, upper limb paralysis patients undergo rehabilitation treatment
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which gradually improves their lost function with exercises and stretches. There are 
many different approaches to provide treatment, which include working with a physi-
cal therapist on hand motor and strength skills and using prosthetic devices, such as 
robotic exoskeletons. The exoskeleton is a wearable, electrical device that straps onto 
the impaired arm or hand. It improves the limb’s strength and endurance and its motor 
abilities by allowing the brain and the upper limb to regain communication [13].

In recent years, the use of virtual reality (VR) simulations designed in environ-
ments such as Unity has emerged to provide post-trauma and post-stroke reha-
bilitation. Hardware such as VR goggles and the Leap Motion controller, as well as 
Cybergloves and joysticks, are used to manipulate objects in virtual reality to provide 
an alternative to conventional rehabilitation methods. Improvements in retention 
and ease of use are accomplished by creating more immersive and engaging exercises 
for patients than the standard approach. Games with goals and challenges, interest-
ing environments, and different types of in-game rewards can provide extra motiva-
tion to the patient. There has been a wide variety of studies researching the use of 
a virtual reality environment for rehabilitation of different impairments. In one 
study, VR rehabilitation for a 6-DoF ankle prosthetic was used to supplement robotic 
therapy. Subjects were put into an environment where they needed to navigate a 
plane or a boat; results showed that the VR group showed a larger increase in walking 
speed as well as higher retention rates and 28% less audiovisual cues needed during 
the experiment than those who used the robot alone [14]. Upper limb rehabilitation 
was also performed for subjects learning to use complex prostheses with multiple 
dimensions [15]. Games like MindBalance require the subject to control an animated 
character and balance checkerboards on a tightrope, with a “3 strikes” approach 
to balance. During a test, subjects achieved 89% accuracy due to the EEG-based 
BCI performance [16]. Patients who experienced upper-extremity (UE) deficits 

Year Type of prosthetic Material/technology

600 
B.C

Below knee Wooden peg leg

1500 Below knee Esthetic iron leg

1600 Below knee Armor-based sheet metal leg

1650 Below knee Metal casting with leather straps

1696 Below knee Wooden foot with copper socket

1800 Above knee with ischial seat First hardened leather with knee joint

1816 Anglesey leg First wood and steel-based joint articulating leg

1851 Benjamin Palmer leg Spring with metal tendons

1863 Dubois L. Parmelee Pressure-based limb and socket attachment

1865 Dollinger foot Foot with rocking sole

1900 Bumper foot Solid rubber foot

1912 Leg Aluminum-based lightweight leg

1915 Leg Metal leg with lifelike appearance

1920 Leg Metal replaced wood to reduce weight

1950 Leg First adjustable steel bar-based prosthesis

1990 Knee First microprocessor knee

2009 Leg Carbon fiber-based sprinter

Table 1. 
Evolution of lower limb prostheses.
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improved forearm extension and movement as well as hand-eye coordination, 
control and endurance of the UE, strength of the UE, and flexibility through VR [17].

As VR technology develops further, researchers must consider factors such as 
graphics design to maintain immersion without disorienting the patient. Elements 
from conventional rehabilitation known to promote good outcomes, such as task rep-
etition [18], must also be incorporated into the design of the games. VR rehabilitation 
methods are becoming attractive alternatives to conventional physical/occupational 
therapy. They promise more efficient and less expensive therapies, increasing patient 
access and decreasing the amount of time necessary for rehabilitation.

3. Upper limb prosthesis

Upper limb prostheses are some of the most commonly used prosthetic devices 
since the human hand and arm is a vital tool for interaction, sensing, and working 
in an environment. Major limb amputations have been estimated to occur in 1 out 
of every 300 people in the United States, with 23% involving the upper extremity 
[19]. Unlike other types of amputation, most UL amputations are due to trauma. 
The evolution of UL prostheses has been exceptional over the past decades, result-
ing in highly mechanized devices which improve the quality of life of amputees by 
enabling them to perform activities of daily living (ADL).

UL prostheses can be classified based on the type of amputation and type of 
control mechanism. The type of amputation can be classified as trans-humeral, 
trans-radial, wrist, trans-metacarpal, and trans-phalangeal. Within these types, trans-
radial is the most commonly used UL prostheses as it accounts for up to 10% of upper 
limb amputation [20]. Based on the type of control mechanism, these devices can be 
divided into body-powered, externally powered, and hybrid-controlled systems. Body-
powered systems use body movements to control a terminal device or a joint like the 
elbow. Externally battery-powered systems use electric switches or myoelectric signals 
for control, activated by residual limb movements or electromyographic signals gener-
ated by the residual limb. Hybrid systems combine body and external power control to 
balance weight, cost, and cosmetics and accommodate different amputation levels.

Rejection rates for UL prostheses have been high, ranging from 3 to 60% in most 
studies with rates closer to 60%. This rate was shown to correlate to the proxim-
ity of amputation with 6% for trans-radial and 60% for shoulder disarticulation 
[20, 21]. Many studies show that amputees are not satisfied with their prosthetic, 
thus resulting in high abandonment rates. There are various factors which affect 
prosthetic usage, and there are a lot of discrepancies between the various stud-
ies. For example, a study conducted by Burger et al. in a group of 414 upper limb 
amputees showed that factors such as level of amputation, loss of dominant hand, 
and time between prosthesis fitting and amputation play an important role in 
prosthetic use [22]. Other studies consider factors related to demographic impacts 
such as education level, level of amputation acceptance, and economic factors such 
as prosthetic use and training expense. These can be collectively considered as 
psycho-economic factors [23]. Based on this, the factors being considered have to be 
better understood to know their actual impact on prosthetic use.

4. Lower limb prosthesis

Lower limb prostheses provide support and assist in locomotion for lower limb 
amputees. Lower limb prosthetics can assist many amputees to regain independence 
and mobility, thereby improving their quality of life. An estimate of 185,000 lower 
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extremity amputations happens each year within the United States and may double 
by 2050. Unlike UL amputation, LL amputation is due to various reasons such as 
vascular diseases like diabetes, peripheral arterial disease, trauma, and cancer [24]. 
In the case of amputation related to vascular diseases, there is a likely chance that 
within the next few years, the other leg is also amputated. Diabetes is a major factor 
in the case of vascular-related amputation as it affects 8.3% of the US population 
with an incidence of 5.7 per 100,000 people [25]. Ninety percent of new amputa-
tions concern the lower extremity with 53% of patients requiring a transtibial 
amputation and 39% accounting for transfemoral amputation [26].

The main components of a lower limb prosthesis include the socket, suspension, 
knee unit (if required), foot/ankle complex, and any other components based on 
the patient’s comfort level. LL prostheses can be classified into several different 
categories as transfemoral, transtibial, ankle, and foot-based devices. Each of these 
categories has its type of socket and suspension to improve contact and proper 
attachment. Types of transtibial socket designs include a patellar tendon bearing 
socket which uses the patellar ligament as a partial weight-bearing surface or a total 
surface bearing socket which distributes equal pressure on the stump. Transtibial 
suspension types include a supracondylar cuff, a lanyard system, a supracondylar 
suspension, or an older model which is a thigh corset with side joints. Transfemoral 
socket designs include quadrilateral and ischial containment. Suction is the most 
common form of a transfemoral suspension, with a pelvic band prescribed for some 
patients. Types of prosthetic knee include manual locking, which are single-axis 
knees with a single axis of rotation, hydraulics or pneumatic polycentric knees, 
and microprocessor-controlled knees. Microprocessor-controlled knees utilize a 
microprocessor to control the pneumatics or hydraulics throughout the gait cycle. 
Types of prosthetic foot include the solid ankle cushion heel (SACH), single-axis 
foot, multi-axis foot, and dynamic response feet. The latter have a flexible heel 
that stores potential energy during early stance phase that is then released through 
recoil of the material in the late stance and early swing phase. Partial foot prosthesis 
options include toe fillers with or without orthosis and shoe modifications [27].

LL prostheses can be categorized into three types of control mechanisms: pas-
sive, semi-active, and active. Passive devices perform like a fixed spring and damper 
and hence offer only basic functionality. Semi-active prostheses are capable of 
instantaneously altering movement, utilizing microprocessors to react to situations. 
They offer greater flexibility than passive devices but are limited to generating 
resistive forces. Active prostheses are externally powered by batteries and driven 
by motors regulating their movement. This gives active prostheses the ability to act 
instead of react without a lag compared to the former types. Thus they offer greater 
performance and functionality, but the overall system is highly complex and heavy 
[28]. While the different types of LL devices have their advantages, disadvantages, 
and constraints, these qualities are being overcome by technological innovations. 
New design tools and manufacturing techniques like 3D printing mitigate the 
constraints of the current state of the art and support in customizing prosthetics 
according to patient needs.

5. Neural prosthesis

The foremost intent of neural prostheses is to form an interface between a device 
and neural tissue to directly interact with the nervous system of individuals with 
neurological disorders like amyotrophic lateral sclerosis. This interface is known as 
the brain machine interface which is the core of NP and makes it feasible to study 
brain mechanisms. An estimation of 11,000 and 700,000 spinal cord injury and 
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stroke cases has been reported per year, respectively, with an increasing need for 
NPs that can be utilized for sensory restoration to improve the quality of life of 
individuals [29]. An NP can either be an input device which converts surrounding 
information into perceptions, such as cochlear implants, or an output interface 
which converts the brain’s intentions into activity. There are many types of neuro-
prosthetics that can be broadly classified as invasive or noninvasive. The former is 
more complicated since any fault with the device or the connection will require a 
revision surgery, which will impact the patient both physically and economically 
[30]. NPs include devices ranging from basic electrical stimulators to multichannel 
percutaneously implanted electrode systems.

NPs can be further classified into two types based on the type of stimulation, 
such as functional neuromuscular stimulation (FNS) or cerebellar stimulation. 
In FNS, electrical stimulation is used to activate or inhibit skeletal muscles based 
on the type of injury. FNS is used for various applications like lower and upper 
extremity rehabilitation, auditory prostheses, and respiratory disorders. In lower 
extremity rehabilitation, NPs were used to correct foot drop in stroke patients by 
stimulation of the peroneal nerve with resultant activation of the tibialis muscle 
during the swing phase of gait [29]. Upper extremity rehabilitation involves restor-
ing the ability to elevate the shoulder, raise the upper arm, and flex the elbow in 
the presence of a paralyzed lower arm and hand. FNS-based NPs are used to treat 
sensory deafness if the hair cells are still intact with the brain to produce sensa-
tions of sound by electrically stimulating the fibers. Ondine’s curse, a respiratory 
disorder caused by the lesion of upper motor neurons, results in the ineffective 
movement of the diaphragm which can be treated by stimulation of phrenic 
nerves. This is called FNS-based electrophrenic prosthesis and has replaced 
mechanical respirators. In the case of cerebellar stimulation, electrical current is 
passed through electrodes placed on the surface of the cerebellum. This technique 
is used as a treatment option for various conditions such as intractable epilepsy, 
multiple sclerosis, cerebral palsy, intention tremor, and many different types of 
motor disorders [29].

There are various limitations of NPs. First, the contact area between the sensory 
implant and the neural tissue is relatively small compared to anatomical neurons in 
the sensory pathway. Second, implants are placed in the sensory pathways that have 
been severed. With a lesion in this pathway, there is usually less chance of regenera-
tion due to reduced interface with the electrode. Third, electrodes contacting the 
neural tissue are prone to rejection and degradation with a chance of potential dam-
age to the stimulating neural tissue. Fourth, refractory properties limit the number 
of electrical impulses a neuron will respond to in a given time interval. Fifth, size, 
biocompatibility, durability, and energy supply are some of the basic problems 
with NPs [29]. Other factors include treatment cost, recovery, and handling. These 
problems become serious issues as a majority of stroke patients are elderly people 
who cannot withstand such intense operations and require more recovery time than 
young adults. Thus, with further advancements, the complexity of NP can also be 
reduced, thereby increasing its applications.

6. Retinal prostheses

The first visual prostheses were invented in the 1960s, demonstrating that visual 
perception of the subject can be restored by electrical stimulation of the visual cor-
tex using 180 cortical surface electrodes [31]. In normal visual perception, light trav-
els through various chambers of the eye including the cornea, aqueous humor, pupil, 
lens, and vitreous chamber to activate photoreceptors and set up the trans-synaptic 
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extremity amputations happens each year within the United States and may double 
by 2050. Unlike UL amputation, LL amputation is due to various reasons such as 
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In the case of amputation related to vascular diseases, there is a likely chance that 
within the next few years, the other leg is also amputated. Diabetes is a major factor 
in the case of vascular-related amputation as it affects 8.3% of the US population 
with an incidence of 5.7 per 100,000 people [25]. Ninety percent of new amputa-
tions concern the lower extremity with 53% of patients requiring a transtibial 
amputation and 39% accounting for transfemoral amputation [26].

The main components of a lower limb prosthesis include the socket, suspension, 
knee unit (if required), foot/ankle complex, and any other components based on 
the patient’s comfort level. LL prostheses can be classified into several different 
categories as transfemoral, transtibial, ankle, and foot-based devices. Each of these 
categories has its type of socket and suspension to improve contact and proper 
attachment. Types of transtibial socket designs include a patellar tendon bearing 
socket which uses the patellar ligament as a partial weight-bearing surface or a total 
surface bearing socket which distributes equal pressure on the stump. Transtibial 
suspension types include a supracondylar cuff, a lanyard system, a supracondylar 
suspension, or an older model which is a thigh corset with side joints. Transfemoral 
socket designs include quadrilateral and ischial containment. Suction is the most 
common form of a transfemoral suspension, with a pelvic band prescribed for some 
patients. Types of prosthetic knee include manual locking, which are single-axis 
knees with a single axis of rotation, hydraulics or pneumatic polycentric knees, 
and microprocessor-controlled knees. Microprocessor-controlled knees utilize a 
microprocessor to control the pneumatics or hydraulics throughout the gait cycle. 
Types of prosthetic foot include the solid ankle cushion heel (SACH), single-axis 
foot, multi-axis foot, and dynamic response feet. The latter have a flexible heel 
that stores potential energy during early stance phase that is then released through 
recoil of the material in the late stance and early swing phase. Partial foot prosthesis 
options include toe fillers with or without orthosis and shoe modifications [27].

LL prostheses can be categorized into three types of control mechanisms: pas-
sive, semi-active, and active. Passive devices perform like a fixed spring and damper 
and hence offer only basic functionality. Semi-active prostheses are capable of 
instantaneously altering movement, utilizing microprocessors to react to situations. 
They offer greater flexibility than passive devices but are limited to generating 
resistive forces. Active prostheses are externally powered by batteries and driven 
by motors regulating their movement. This gives active prostheses the ability to act 
instead of react without a lag compared to the former types. Thus they offer greater 
performance and functionality, but the overall system is highly complex and heavy 
[28]. While the different types of LL devices have their advantages, disadvantages, 
and constraints, these qualities are being overcome by technological innovations. 
New design tools and manufacturing techniques like 3D printing mitigate the 
constraints of the current state of the art and support in customizing prosthetics 
according to patient needs.

5. Neural prosthesis

The foremost intent of neural prostheses is to form an interface between a device 
and neural tissue to directly interact with the nervous system of individuals with 
neurological disorders like amyotrophic lateral sclerosis. This interface is known as 
the brain machine interface which is the core of NP and makes it feasible to study 
brain mechanisms. An estimation of 11,000 and 700,000 spinal cord injury and 
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stroke cases has been reported per year, respectively, with an increasing need for 
NPs that can be utilized for sensory restoration to improve the quality of life of 
individuals [29]. An NP can either be an input device which converts surrounding 
information into perceptions, such as cochlear implants, or an output interface 
which converts the brain’s intentions into activity. There are many types of neuro-
prosthetics that can be broadly classified as invasive or noninvasive. The former is 
more complicated since any fault with the device or the connection will require a 
revision surgery, which will impact the patient both physically and economically 
[30]. NPs include devices ranging from basic electrical stimulators to multichannel 
percutaneously implanted electrode systems.

NPs can be further classified into two types based on the type of stimulation, 
such as functional neuromuscular stimulation (FNS) or cerebellar stimulation. 
In FNS, electrical stimulation is used to activate or inhibit skeletal muscles based 
on the type of injury. FNS is used for various applications like lower and upper 
extremity rehabilitation, auditory prostheses, and respiratory disorders. In lower 
extremity rehabilitation, NPs were used to correct foot drop in stroke patients by 
stimulation of the peroneal nerve with resultant activation of the tibialis muscle 
during the swing phase of gait [29]. Upper extremity rehabilitation involves restor-
ing the ability to elevate the shoulder, raise the upper arm, and flex the elbow in 
the presence of a paralyzed lower arm and hand. FNS-based NPs are used to treat 
sensory deafness if the hair cells are still intact with the brain to produce sensa-
tions of sound by electrically stimulating the fibers. Ondine’s curse, a respiratory 
disorder caused by the lesion of upper motor neurons, results in the ineffective 
movement of the diaphragm which can be treated by stimulation of phrenic 
nerves. This is called FNS-based electrophrenic prosthesis and has replaced 
mechanical respirators. In the case of cerebellar stimulation, electrical current is 
passed through electrodes placed on the surface of the cerebellum. This technique 
is used as a treatment option for various conditions such as intractable epilepsy, 
multiple sclerosis, cerebral palsy, intention tremor, and many different types of 
motor disorders [29].

There are various limitations of NPs. First, the contact area between the sensory 
implant and the neural tissue is relatively small compared to anatomical neurons in 
the sensory pathway. Second, implants are placed in the sensory pathways that have 
been severed. With a lesion in this pathway, there is usually less chance of regenera-
tion due to reduced interface with the electrode. Third, electrodes contacting the 
neural tissue are prone to rejection and degradation with a chance of potential dam-
age to the stimulating neural tissue. Fourth, refractory properties limit the number 
of electrical impulses a neuron will respond to in a given time interval. Fifth, size, 
biocompatibility, durability, and energy supply are some of the basic problems 
with NPs [29]. Other factors include treatment cost, recovery, and handling. These 
problems become serious issues as a majority of stroke patients are elderly people 
who cannot withstand such intense operations and require more recovery time than 
young adults. Thus, with further advancements, the complexity of NP can also be 
reduced, thereby increasing its applications.

6. Retinal prostheses

The first visual prostheses were invented in the 1960s, demonstrating that visual 
perception of the subject can be restored by electrical stimulation of the visual cor-
tex using 180 cortical surface electrodes [31]. In normal visual perception, light trav-
els through various chambers of the eye including the cornea, aqueous humor, pupil, 
lens, and vitreous chamber to activate photoreceptors and set up the trans-synaptic 
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connections of the retina [32]. Four important parts of the eye in visual perception 
are the lens, cornea, retina, and retinal pigmented epithelium. Any defect in one 
of these parts can cause blindness. Several intractable blinding conditions are due 
to retinal damage, the most common type being retinal degeneration. This can be 
broadly classified into two categories: photoreceptor rod degeneration like retinitis 
pigmentosa, and macular photoreceptor cone degeneration like age-related macular 
degeneration (AMD). The prevalence of rod degeneration is estimated to be about 
1 in 3500 around the world. It is also estimated that 2 million Americans above the 
age of 55 have AMD, with another 7 million being pre-symptomatic [33]. Retinal 
prostheses try to reactivate the residual circuitry in a blind patient’s retina to produce 
a synthetic form of usable vision. Using an array of stimulus electrodes or light-
sensitive proteins, the neurons in the degenerate retinal network are activated to 
elicit a series of light percepts termed “phosphenes.” This acts as independent spatial 
percepts in their visual field, restoring a crude form of vision [34].

The type of prosthesis is chosen based on the condition of the subject’s vision. 
Different types of retinal prostheses include epiretinal prosthetics, in which the 
device is implanted into the vitreous cavity, and subretinal prosthetics, where the 
device is implanted in the potential space between the retinal pigment epithelium 
and neurosensory retina to stimulate the outer retina. Epiretinal prostheses like 
the Argus II include an imaging device like a camera which transforms visual 
information into patterns of electrical stimulation administered to viable retinal 
neurons. In the case of subretinal prosthesis, a micro-photodiode array (MPDA) 
is implanted between the retinal pigment epithelium and bipolar cell layer, which 
enhances vision in patients with RP and AMD. It can be considered as a replace-
ment for lost photoreceptors [35].

Epiretinal and subretinal devices have their advantages and disadvantages. 
Advantages of subretinal devices include a lower current requirement and the 
lack of a need for mechanical fixation due to its proximity to the visual neurons. 
Disadvantages include the limited subretinal space and the increased risk of 
thermal damage to the neurons due to heat dissipation in the vitreous humor [36]. 
Advantages of epiretinal devices include reduced thermal damage to the neurons, 
a reduced number of electrodes, and a flexible procedure for subsequent surgeries. 
Disadvantages include increased electrical current requirements and adhesion of 
the device to the inner retina, which is more technically challenging [37].

7. Maxillofacial prostheses

A maxillofacial prosthesis is an artificial replacement for facial features to 
restore oral functions such as swallowing, mastication, and speech. There are 
numerous causes which can be congenital, traumatic, or disease-borne in nature. 
Maxillofacial prosthetics are a better option than conventional surgery when 
multiple procedures would be required. Also, surgical reconstruction may be 
limited by insufficient residual tissue, vascular compromise after radiation, age, the 
inadequacy of the donor site, or patient preference. Rehabilitation with maxillofa-
cial prosthesis aims to restore an effective division between oral, nasal, and orbital 
cavities and gives faster reconstructive possibilities simplifying the post-surgery 
period and recovering an adequate patient lifestyle. Maxillofacial prosthetics are 
a subspecialty of prosthodontics which is a collaboration of ear, nose, and throat 
specialists, plastic surgeons, oral surgeons, and radiation oncologists in the case of 
cancer patients. Thus, it is a multidisciplinary branch which focuses on improv-
ing quality of life by preserving residual structures, restoring oral functions, and 
improving esthetic appearances [38].
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The need for maxillofacial prostheses is increasing in recent years with the 6% 
increased prevalence of oral cancer, with the incidence being more in males in the 
ratio of 2:1 [39]. Maxillofacial defects can be classified as either intraoral or extra-
oral. Intraoral include defects of the maxilla, mandible, tongue, soft palate, or hard 
palate and comprise mostly of birth defects like cleft lips. Extraoral defects include 
any other part of the head and neck. This defect inclines more towards trauma and 
tumor resurrection [39]. The obturators are prosthesis used to close palatal defects 
after maxillectomy, to restore masticatory function and to improve speech. Types of 
obturator can be broadly divided into surgical palatal obturator or fixed prosthetics, 
interim palatal obturator, and definitive palatal obturator. Surgical palatal obturator 
enables the palate and the pharyngeal muscles to contract, thereby restoring oral 
activities. The interim obturator is a removable prosthesis but is less preferable due 
to difficult retention techniques. Definitive palatal obturator extends into the nasal 
cavity instead of the hypopharynx and is prescribed for irreparable damage to the 
hard tissue or soft palate. Choosing the correct type of prostheses depends on the 
type of defect, age, location, and volume of residual tissue [40].

8. Conclusion

Throughout history, prosthetics have consistently improved on the degree of 
functional restoration possible for amputees and those with lost function. This 
improvement in their ability to perform ADL has led to improvements in quality of 
life. Recent trends in technology such as microprocessors, robotics, manufacturing, 
and biomechanics promise to improve both the functional and esthetic aspects of 
prosthetics, giving them a lifelike quality in both form and function. In this book, 
we explore some of these cutting-edge developments and how they will lead to bet-
ter devices, ranging from limb replacements to retinal and maxillofacial prostheses. 
Future progress will be determined largely by patient needs, with economic restric-
tions leading to a desire for lower-cost yet reliable devices. Technological develop-
ments in neighboring fields such as aerospace and computer technology can lead to 
further innovative designs, making the future of prosthetics a promising one.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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connections of the retina [32]. Four important parts of the eye in visual perception 
are the lens, cornea, retina, and retinal pigmented epithelium. Any defect in one 
of these parts can cause blindness. Several intractable blinding conditions are due 
to retinal damage, the most common type being retinal degeneration. This can be 
broadly classified into two categories: photoreceptor rod degeneration like retinitis 
pigmentosa, and macular photoreceptor cone degeneration like age-related macular 
degeneration (AMD). The prevalence of rod degeneration is estimated to be about 
1 in 3500 around the world. It is also estimated that 2 million Americans above the 
age of 55 have AMD, with another 7 million being pre-symptomatic [33]. Retinal 
prostheses try to reactivate the residual circuitry in a blind patient’s retina to produce 
a synthetic form of usable vision. Using an array of stimulus electrodes or light-
sensitive proteins, the neurons in the degenerate retinal network are activated to 
elicit a series of light percepts termed “phosphenes.” This acts as independent spatial 
percepts in their visual field, restoring a crude form of vision [34].

The type of prosthesis is chosen based on the condition of the subject’s vision. 
Different types of retinal prostheses include epiretinal prosthetics, in which the 
device is implanted into the vitreous cavity, and subretinal prosthetics, where the 
device is implanted in the potential space between the retinal pigment epithelium 
and neurosensory retina to stimulate the outer retina. Epiretinal prostheses like 
the Argus II include an imaging device like a camera which transforms visual 
information into patterns of electrical stimulation administered to viable retinal 
neurons. In the case of subretinal prosthesis, a micro-photodiode array (MPDA) 
is implanted between the retinal pigment epithelium and bipolar cell layer, which 
enhances vision in patients with RP and AMD. It can be considered as a replace-
ment for lost photoreceptors [35].

Epiretinal and subretinal devices have their advantages and disadvantages. 
Advantages of subretinal devices include a lower current requirement and the 
lack of a need for mechanical fixation due to its proximity to the visual neurons. 
Disadvantages include the limited subretinal space and the increased risk of 
thermal damage to the neurons due to heat dissipation in the vitreous humor [36]. 
Advantages of epiretinal devices include reduced thermal damage to the neurons, 
a reduced number of electrodes, and a flexible procedure for subsequent surgeries. 
Disadvantages include increased electrical current requirements and adhesion of 
the device to the inner retina, which is more technically challenging [37].

7. Maxillofacial prostheses

A maxillofacial prosthesis is an artificial replacement for facial features to 
restore oral functions such as swallowing, mastication, and speech. There are 
numerous causes which can be congenital, traumatic, or disease-borne in nature. 
Maxillofacial prosthetics are a better option than conventional surgery when 
multiple procedures would be required. Also, surgical reconstruction may be 
limited by insufficient residual tissue, vascular compromise after radiation, age, the 
inadequacy of the donor site, or patient preference. Rehabilitation with maxillofa-
cial prosthesis aims to restore an effective division between oral, nasal, and orbital 
cavities and gives faster reconstructive possibilities simplifying the post-surgery 
period and recovering an adequate patient lifestyle. Maxillofacial prosthetics are 
a subspecialty of prosthodontics which is a collaboration of ear, nose, and throat 
specialists, plastic surgeons, oral surgeons, and radiation oncologists in the case of 
cancer patients. Thus, it is a multidisciplinary branch which focuses on improv-
ing quality of life by preserving residual structures, restoring oral functions, and 
improving esthetic appearances [38].
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The need for maxillofacial prostheses is increasing in recent years with the 6% 
increased prevalence of oral cancer, with the incidence being more in males in the 
ratio of 2:1 [39]. Maxillofacial defects can be classified as either intraoral or extra-
oral. Intraoral include defects of the maxilla, mandible, tongue, soft palate, or hard 
palate and comprise mostly of birth defects like cleft lips. Extraoral defects include 
any other part of the head and neck. This defect inclines more towards trauma and 
tumor resurrection [39]. The obturators are prosthesis used to close palatal defects 
after maxillectomy, to restore masticatory function and to improve speech. Types of 
obturator can be broadly divided into surgical palatal obturator or fixed prosthetics, 
interim palatal obturator, and definitive palatal obturator. Surgical palatal obturator 
enables the palate and the pharyngeal muscles to contract, thereby restoring oral 
activities. The interim obturator is a removable prosthesis but is less preferable due 
to difficult retention techniques. Definitive palatal obturator extends into the nasal 
cavity instead of the hypopharynx and is prescribed for irreparable damage to the 
hard tissue or soft palate. Choosing the correct type of prostheses depends on the 
type of defect, age, location, and volume of residual tissue [40].

8. Conclusion

Throughout history, prosthetics have consistently improved on the degree of 
functional restoration possible for amputees and those with lost function. This 
improvement in their ability to perform ADL has led to improvements in quality of 
life. Recent trends in technology such as microprocessors, robotics, manufacturing, 
and biomechanics promise to improve both the functional and esthetic aspects of 
prosthetics, giving them a lifelike quality in both form and function. In this book, 
we explore some of these cutting-edge developments and how they will lead to bet-
ter devices, ranging from limb replacements to retinal and maxillofacial prostheses. 
Future progress will be determined largely by patient needs, with economic restric-
tions leading to a desire for lower-cost yet reliable devices. Technological develop-
ments in neighboring fields such as aerospace and computer technology can lead to 
further innovative designs, making the future of prosthetics a promising one.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 2

Estimation of Targeted- 
Reaching-Positions by Around-
Shoulder Muscle Activities and 
Images from an Action Camera for 
Trans-Humeral Prosthesis Control
Yohei Muraguchi and Wenwei Yu

Abstract

For trans-humeral amputation, daily living tasks requiring bimanual coor-
dination, such as lifting up a box, are most difficult, hence most urgent for a 
trans-humeral prosthesis to fulfill. However, in studies reported on trans-humeral 
prosthetic control, the states of the target objects, such as their size, relative pose 
and position, which are important for any real reaching and manipulation  
tasks, have not been taken into account. In our previous study, for a box lifting-up 
task, we investigated the possibility of using around-shoulder EMG (electro-
myogram), for identifying target-reaching-positions for the boxes with different 
configurations (relative pose and position). However, with only the around-
shoulder EMG, it is impossible for the system to guide the prosthesis to hold or 
grasp target objects precisely and fast sufficiently. The purpose of this study is to 
explore the possibility of using both the image information from an action camera 
and around-shoulder EMG, to identify targeted-reaching-positions for various box 
configurations more accurately and more rapidly. Multinomial logistic regression 
was employed to realize both information integration of, and the target-reaching-
position identification. A set of experiments were conducted. As a result, an average 
classification rate of 75.1% could be achieved for various box configurations.

Keywords: trans-humeral prosthesis, bimanual coordination, reaching motion, 
target objects information, logistic regression

1. Introduction

Fore-arm prostheses [1, 2] controlled by users’ bio-signals have been the focus 
so far, while only fewer studies have been reported on prostheses for higher level 
amputees [3], due to the fact that there are fewer residual upper limb functions but 
higher DoFs (degree-of-freedoms) have to be controlled.

To solve this problem, several different approaches have been proposed. The 
iEEG (intracranial electroencephalogram), obtained from the intracranial elec-
trodes embedded in the brain was used to control trans-humeral prostheses [4]. In 
[5], Kuiken et al. reported their research efforts to control trans-humeral prostheses 



Prosthesis

10

[36] Gekeler F, Szurman P, Grisanti S, 
Weiler U, Claus R, Greiner T-O, et al. 
Compound subretinal prostheses with 
extra-ocular parts designed for human 
trials: successful long-term implantation 
in pigs. Graefe’s Archive for Clinical 
and Experimental Ophthalmology. 
2007;245(2):230-241

[37] Humayun MS, Dorn JD, Ahuja AK, 
Caspi A, Filley E, Salzmann J, et al. 
Preliminary 6 month results from 
the argus TM II epiretinal prosthesis 
feasibility study. In: International 
Conference of the IEEE Engineering in 
Medicine and Biology Society (EMBC); 
2009. pp. 4566-4568

[38] Ralph S, Lloyd DDS, Bethesda M. 
Maxillofacial prosthesis. The Journal 
of the American Dental Association. 
1944;31:1328-1335

[39] Gastaldi G, Palumbo L, Moreschi C, 
Gherlone EF, Capparé P. Prosthetic 
management of patients with 
Oro - Maxillo - facial defects: A 
long-term follow-up retrospective. 
ORAL & Implantology - Anno X. 
2017;3(7):276-282

[40] Cardelli P, Bigelli E, Vertucci V, 
Balestra F, Montani M, Decarli S.  
Palatal obturators in patients after 
maxillectomy a case study. Oral & 
Implantology - Anno VII. 2014:86-92

11

Chapter 2

Estimation of Targeted- 
Reaching-Positions by Around-
Shoulder Muscle Activities and 
Images from an Action Camera for 
Trans-Humeral Prosthesis Control
Yohei Muraguchi and Wenwei Yu

Abstract

For trans-humeral amputation, daily living tasks requiring bimanual coor-
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Fore-arm prostheses [1, 2] controlled by users’ bio-signals have been the focus 
so far, while only fewer studies have been reported on prostheses for higher level 
amputees [3], due to the fact that there are fewer residual upper limb functions but 
higher DoFs (degree-of-freedoms) have to be controlled.

To solve this problem, several different approaches have been proposed. The 
iEEG (intracranial electroencephalogram), obtained from the intracranial elec-
trodes embedded in the brain was used to control trans-humeral prostheses [4]. In 
[5], Kuiken et al. reported their research efforts to control trans-humeral prostheses 
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using EMG by TMR (targeted muscle reinnervation) technology. By the above-
mentioned methods, an intuitive user-prosthesis interface could be achieved using 
the bio-signals with more direct information of intended motions, however, the 
problems are clear: they are invasive and need surgery, which costs high, and may 
cause physical and mental burden to patients.

In [6, 7], the EMG (electromyogram) signals from the around-shoulder area (ASA), 
and in [8], the EMG from the ASA, together with additional motion-related EEG were 
used, and machine learning methods were employed to explore the limited information.

Bimanual coordination between one’s healthy arm and its prosthetic counter-
part, in bimanual tasks such as holding a bottle with one hand while opening its 
lid with another hand, operating a car handle, and lifting up a box, was proposed 
as one solution [9–15]. This is because at first, the needs of trans-humeral pros-
theses might mostly come from the bimanual coordination, since in daily living, 
there are many tasks that need the coordination of the limbs of both sides [16], 
while most amputees can use their healthy (normal) side to complete most tasks 
that do not need bimanual coordination. Secondly, more information for control-
ling trans-humeral prostheses can be acquired from both coordinating sides, since 
the required behavior of the prostheses could be estimated from not only the 
residual stumps, but also the motion and motor behavior of the normal side, too.

However, in the studies of bimanual coordination mentioned before, the states 
of target objects, such as their relative position, size, and pose, which are important 
for any real manipulation and reaching tasks, has not been taken into consideration. 
In a typical bimanual coordination task: lifting up a box by two hands, the target-
reaching-position for a trans-humeral prosthesis to reach varies depending on the 
state of the box. For this reason, it is necessary to take into consideration the states 
of target objects when identifying the target-reaching-position of the healthy arm 
for realizing the bimanual coordination for the users of trans-humeral prostheses.

Similarly, bimanual coordination has been addressed in robotics [17]. In a study 
on bimanual box grasping by a humanoid robot, the concept of grasping stability 
was used to deal with the different states of the box [18].

In our previous study, we explored the possibility of identifying target-reaching-
positions with respect to various box configurations (box size and relative pose) and 
investigated the features highly generalized for unknown data: i.e., those that could 
enable the classifiers to be trained by fewer box configurations. However, it was made 
clear that, with only the ASA EMG, it is impossible for the system to guide the prosthesis 
to hold or grasp target objects precisely and fast sufficiently for the daily living activities.

This study has two relevant purposes, throughout the experiments and analyses 
for the bimanual box lifting task. The first is to explore the possibility of identify-
ing the target-reaching-positions with respect to various box configurations, using 
two signal sources: bio-signals detected from the around-shoulder area and images 
from an action camera. Here a box configuration specifies the pose and the position 
of a box relative to the user. The reason for using the bio-signal only from around-
shoulder area is that the sensors at the distal sites are more likely to be affected by 
external perturbation, moreover, around shoulder sensors configuration could be 
also applied to the amputated side. On the other hand, the reason for attaching the 
camera near the shoulder is that the camera there does not limit the use of both 
arms in practical use even in a wearable setting, and its positional relation with the 
trans-humeral prosthesis is straightforward. Classifiers are trained to identify the 
intended target-reaching-positions for different box configurations.

The second is to explore the optimal way to integrate the information from the 
two signal sources, to realize fast and accurate target-reaching-position. Since only 
with the fast and accurate estimation, there could be sufficient time for controlling 
the trans-humeral prosthesis to match the healthy upper limb.
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2. Feature selection and classification for target-reaching-positions

2.1 Feature selection

Three hundred and ninety eight features (i.e., 8 EMG sensors × 10-time 
steps + 28 ratio of WL × 10-time steps + 8 total sums of WL + 28 ratio of total 
sum of WL + box pose + box position) were calculated from the measured data. 
Apparently, using all the features for classification may cause training problems, 
such as flattening or over-fitting. In this study, the Akaike information criterion 
(AIC) [19] was used for feature selection.

  AIC = 2k − 2 ln  (L)   (1)

Here, k is the number of parameters in the statistical model, and L is the maxi-
mized value of the likelihood function for it.

Method of incrementally increasing and decreasing representative variables in 
[20] was used to select features. That is, if the AIC does not decrease when the next 
feature is added, the feature selection ends. To decide the initial values for the selec-
tion, the ratio between interclass variance and in-class variance in [21] was used. 
The feature with the largest ratio is adopted as the initial value.

2.2  Evaluation of the features and classification of the target- 
reaching-positions in the multinomial logistic regression

Multinomial logistic regression analysis was employed as the classifier. The 
method is called a multinomial logit model, which is one of several natural exten-
sions of the binary logit origin. This multinomial logit model counts the relative 
probability of being in one category versus being in a reference category, k, using 
a linear combination of predictor variables. Consequently, the probability of each 
outcome is expressed as a nonlinear function of p predictor variables [22].

The multinomial logit model can be expressed as the following equations:

  ln  (   π  1   ___  π  k    )  =  α  1   +  β  11    X  1   +  β  12    X  2   + ⋯ + β  1p    X  p  ,  

  ln  (   π  2   ___  π  k    )  =  α  2   +  β  21    X  1   +  β  22    X  2   + ⋯+ β  2p    X  p  ,  

  ⋮  

  ln  (   𝝅𝝅  k−1   ____  𝝅𝝅  k    )  =  𝜶𝜶   (k−1)    +  𝜷𝜷   (k−1) 1    X  1   +  𝜷𝜷   (k−1) 2    X  2   + ⋯ + 𝜷𝜷   (k−1) p    (2)

where πj = P (y = j)(j = 1, 2, …, k) is the probability of an outcome being in 
category j, k is the number of response categories, πj = P (y = j), and p is the number 
of predictor variables. A total of j-1 equations was solved simultaneously to estimate 
the coefficients. The coefficients in the model express the effects of the predictor 
variables on the relative risk or the log odds of being in category j versus the refer-
ence category, here k, [22]. When used in classification, the probability of each label 
can be obtained from the above equations and the feature obtained by measure-
ment. The label with the highest probability is the classification result.

In the feature selection by AIC, a feature is selected by its compatibility with the 
previously selected features. Therefore, in essence, the features selected earlier are 
not guaranteed to the best. On the other hand, coefficient, and the p value of the 
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camera near the shoulder is that the camera there does not limit the use of both 
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intended target-reaching-positions for different box configurations.

The second is to explore the optimal way to integrate the information from the 
two signal sources, to realize fast and accurate target-reaching-position. Since only 
with the fast and accurate estimation, there could be sufficient time for controlling 
the trans-humeral prosthesis to match the healthy upper limb.
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2. Feature selection and classification for target-reaching-positions

2.1 Feature selection

Three hundred and ninety eight features (i.e., 8 EMG sensors × 10-time 
steps + 28 ratio of WL × 10-time steps + 8 total sums of WL + 28 ratio of total 
sum of WL + box pose + box position) were calculated from the measured data. 
Apparently, using all the features for classification may cause training problems, 
such as flattening or over-fitting. In this study, the Akaike information criterion 
(AIC) [19] was used for feature selection.

  AIC = 2k − 2 ln  (L)   (1)

Here, k is the number of parameters in the statistical model, and L is the maxi-
mized value of the likelihood function for it.

Method of incrementally increasing and decreasing representative variables in 
[20] was used to select features. That is, if the AIC does not decrease when the next 
feature is added, the feature selection ends. To decide the initial values for the selec-
tion, the ratio between interclass variance and in-class variance in [21] was used. 
The feature with the largest ratio is adopted as the initial value.

2.2  Evaluation of the features and classification of the target- 
reaching-positions in the multinomial logistic regression

Multinomial logistic regression analysis was employed as the classifier. The 
method is called a multinomial logit model, which is one of several natural exten-
sions of the binary logit origin. This multinomial logit model counts the relative 
probability of being in one category versus being in a reference category, k, using 
a linear combination of predictor variables. Consequently, the probability of each 
outcome is expressed as a nonlinear function of p predictor variables [22].

The multinomial logit model can be expressed as the following equations:

  ln  (   π  1   ___  π  k    )  =  α  1   +  β  11    X  1   +  β  12    X  2   + ⋯ + β  1p    X  p  ,  

  ln  (   π  2   ___  π  k    )  =  α  2   +  β  21    X  1   +  β  22    X  2   + ⋯+ β  2p    X  p  ,  

  ⋮  

  ln  (   𝝅𝝅  k−1   ____  𝝅𝝅  k    )  =  𝜶𝜶   (k−1)    +  𝜷𝜷   (k−1) 1    X  1   +  𝜷𝜷   (k−1) 2    X  2   + ⋯ + 𝜷𝜷   (k−1) p    (2)

where πj = P (y = j)(j = 1, 2, …, k) is the probability of an outcome being in 
category j, k is the number of response categories, πj = P (y = j), and p is the number 
of predictor variables. A total of j-1 equations was solved simultaneously to estimate 
the coefficients. The coefficients in the model express the effects of the predictor 
variables on the relative risk or the log odds of being in category j versus the refer-
ence category, here k, [22]. When used in classification, the probability of each label 
can be obtained from the above equations and the feature obtained by measure-
ment. The label with the highest probability is the classification result.

In the feature selection by AIC, a feature is selected by its compatibility with the 
previously selected features. Therefore, in essence, the features selected earlier are 
not guaranteed to the best. On the other hand, coefficient, and the p value of the 
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coefficient of the feature by the logistic regression (coefficient, p value of the coef-
ficient) can represent how the feature affects the classification. The feature with 
the smallest p value affects the classification the most. The reason for using AIC as 
feature selection is that the logistic regression equation could not deal with directly 
a large number of predictor variables, i.e., features. For the above reasons, we per-
formed the feature selection using AIC, and feature evaluation logistic regression.

Regarding classification methods, SVM [23] and neural networks [1, 2] are well 
used for bio-signals. However, in this research, not only the classification but also 
the information integration based on feature selection and evaluation is required, 
which is difficult for both SVM and neural networks. Contrarily, the multinomial 
logistic regression can perform a dual role of classification and feature evaluation. 
In addition, since classification results of the multinomial logistic regression come 
with the probability, it is also possible to evaluate the ambiguity of the classifica-
tion. Furthermore, the multinomial logistic regression uses only j-1 (j: number of 
categories) weighted sum for classification, its computational cost shall be lower 
than that of SVM and neural networks.

The difficulty of this research lies in the fact that, the reaching motion to the 
same relative position of the box with different box configuration (relative pose 
and position) should be classified as the same class, and in some cases, as the box 
position changes, even though the actual target-reaching-position is almost the 
same, the label of the target-reaching-position that should be classified shall be 
completely different. For example, the back of one box placed at a certain position, 
and the front of another box placed at a displacement of the box width are the 
planes with same position. If with only EMG, the reaching motion to both planes 
would be identified as the same, though they should be classified as the different 
ones. Therefore, it is necessary to introduce in some forms the box configuration 
information, and investigate how to integrate the two types of signals.

We compared between two datasets. Dataset 1 used EMG only; dataset used 
EMG and the box configuration (relative pose and position). Also, the classification 
was performed in two steps. In step 1, the upper side of the box (RP1, 2, 3) and the 
bottom side of the box (RP4, 5, 6) were classified. In step 2, in the case where it was 
classified as the upper side of the box in step 1, classification of RP1, RP2, RP3 was 
performed. If it was classified as the bottom side of the box, RP4, RP5, RP6 were 
classified. When the classification result is correct in both steps, the classification 
rate was increased. In that case, the classification rate was calculated by leave-one-
out cross validation.

Feature extraction and feature selection were performed every 0.1 s from the 
start of motions. Feature selection was performed for each subject and classifier (for 
the upper side of the box and the bottom side of the box, for RP1, RP2 and RP3, for 
RP4, RP5 and RP6), and the feature was not unified among subjects. After that, the 
multinomial logistic regression was constructed using the selected features from 
the data until a specified elapsed time step, and the change of classification rate was 
investigated each dataset.

3. Measurement experiment

3.1 Subjects

Three male healthy subjects, of age 23, with no known history of neurological 
abnormalities or musculo-skeletal disorders, participated in the experiments. They 
were informed about the experimental procedures and asked to provide a signed 
consent.
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3.2 Experiment procedure

The subjects were required to stand comfortably in front of a table. Before 
starting a new trial, they were asked to rest the palm of their dominant hand 
naturally open. They were instructed to move their dominant hand towards one of 
the six target-reaching-positions on the side of a box, for the purpose of lifting it up 
(Figure 1), after pushing a button to denote a new trial.

The size of the box used during the experiment was 260 × 310 × 165 mm 
(Length × Width × Height). The box was placed in one of four different poses, 
and three different positions relative to the subject, as denoted in Figures 2 and 3, 
respectively. The subjects were asked to reach a total of five times for each box con-
figuration, giving a total of 360 (6 positions × 4 poses of box × 3 position of box × 5 
times) trials. The subjects were required to do the reaching motion with 1.0 s, fol-
lowing the tempo of a metronome. They could rest for a few seconds between each 
trial. Muscle activity, skin surface undulation during the motions were recorded 
with the sensors and devices described in the next subsection.

3.3 Devices

In the experiment, eight EMG sensors (Trigno, DELSYS), were used to mea-
sure the muscle activity. The sensor signals were recorded using Powelab 16/35 
(AD instruments), at a sampling frequency of 400 Hz. Generally, the sampling 
frequency used for muscle activity recording is 1 kHz or more, but because no 
frequency-domain features are to be used in the classification, as shown in the next 
subsection, the sampling frequency was decreased.

The eight EMG sensors were placed on the skin surface of eight different 
muscles around the shoulder: Latissimus dorsi, Deltoid middle strand, Deltoid front 
strand, Deltoid rear strand, Triceps branchii, Middle part of trapezius, Descending 
part of trapezius, Pectoralis major, as shown in Figure 4, were selected according to 
the shoulder anatomy [24].

The action camera was attached to the shoulder mouth. Then, the image during 
the reaching motion measurement was acquired. However, this study no informa-
tion was acquired using image processing. Although the action camera and the 
algorithms to process the images have been determined, in this study, because it is 
the integration of information from different signal sources that is to be investi-
gated, the information of relative pose and position the of box was directly used.

3.4 Feature extraction

The EMG signals were processed by a 1 Hz high-pass filter.
The features were based on the waveform length (WL) of filtered raw sig-

nals. WL is a measure of complexity of the EMG signal, which is defined as the 

Figure 1. 
Reaching position (RP: reaching position).
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position changes, even though the actual target-reaching-position is almost the 
same, the label of the target-reaching-position that should be classified shall be 
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ones. Therefore, it is necessary to introduce in some forms the box configuration 
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performed. If it was classified as the bottom side of the box, RP4, RP5, RP6 were 
classified. When the classification result is correct in both steps, the classification 
rate was increased. In that case, the classification rate was calculated by leave-one-
out cross validation.

Feature extraction and feature selection were performed every 0.1 s from the 
start of motions. Feature selection was performed for each subject and classifier (for 
the upper side of the box and the bottom side of the box, for RP1, RP2 and RP3, for 
RP4, RP5 and RP6), and the feature was not unified among subjects. After that, the 
multinomial logistic regression was constructed using the selected features from 
the data until a specified elapsed time step, and the change of classification rate was 
investigated each dataset.

3. Measurement experiment
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Three male healthy subjects, of age 23, with no known history of neurological 
abnormalities or musculo-skeletal disorders, participated in the experiments. They 
were informed about the experimental procedures and asked to provide a signed 
consent.
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3.2 Experiment procedure
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starting a new trial, they were asked to rest the palm of their dominant hand 
naturally open. They were instructed to move their dominant hand towards one of 
the six target-reaching-positions on the side of a box, for the purpose of lifting it up 
(Figure 1), after pushing a button to denote a new trial.

The size of the box used during the experiment was 260 × 310 × 165 mm 
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respectively. The subjects were asked to reach a total of five times for each box con-
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times) trials. The subjects were required to do the reaching motion with 1.0 s, fol-
lowing the tempo of a metronome. They could rest for a few seconds between each 
trial. Muscle activity, skin surface undulation during the motions were recorded 
with the sensors and devices described in the next subsection.

3.3 Devices

In the experiment, eight EMG sensors (Trigno, DELSYS), were used to mea-
sure the muscle activity. The sensor signals were recorded using Powelab 16/35 
(AD instruments), at a sampling frequency of 400 Hz. Generally, the sampling 
frequency used for muscle activity recording is 1 kHz or more, but because no 
frequency-domain features are to be used in the classification, as shown in the next 
subsection, the sampling frequency was decreased.

The eight EMG sensors were placed on the skin surface of eight different 
muscles around the shoulder: Latissimus dorsi, Deltoid middle strand, Deltoid front 
strand, Deltoid rear strand, Triceps branchii, Middle part of trapezius, Descending 
part of trapezius, Pectoralis major, as shown in Figure 4, were selected according to 
the shoulder anatomy [24].

The action camera was attached to the shoulder mouth. Then, the image during 
the reaching motion measurement was acquired. However, this study no informa-
tion was acquired using image processing. Although the action camera and the 
algorithms to process the images have been determined, in this study, because it is 
the integration of information from different signal sources that is to be investi-
gated, the information of relative pose and position the of box was directly used.

3.4 Feature extraction

The EMG signals were processed by a 1 Hz high-pass filter.
The features were based on the waveform length (WL) of filtered raw sig-

nals. WL is a measure of complexity of the EMG signal, which is defined as the 

Figure 1. 
Reaching position (RP: reaching position).
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Figure 4. 
The position of the sensors.

cumulative length of the waveform over the time segment [25]. The following 
features calculated.

1. WL in the segmentation delimited by every time step (0.1 s) and the ratio of 
WL of each two EMG channels in that interval

2. The total sum of WL until a specified elapsed time and Ratio of WL of each 
two channels in that interval

Regarding the relative pose and position information of the box, the angle of the 
reaching side (as shown in Figure 2), and the distance between the subject and the 
box (as shown in Figure 3) were used, respectively. To simulate the error possibly 
caused by image processing, and investigate the tolerance of the classification to con-
figuration deviation, a simulated error was added to the configuration information.

Figure 2. 
Box pose (P: pose).

Figure 3. 
Box position (L: position).
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In the analysis for classification rate (Sections 4.1 and 4.2), evaluation of 
features (Section 4.3), random values (−0.5 to +0.5) created using MATLAB were 
added to the box pose and box position. Here, 0.5 mean 50% of the angular interval 
between different poses (45° × 0.5 = 22.5°) (see Figure 2), or distance interval 
between different relative positions (15 cm/2 = 7.5 cm) (see Figure 3). In the analy-
sis of the effect of simulated error (Section 4.4), four levels of simulated errors:  
0, ±0.5, ±0.75, ±1.0 were added. That is, the maximal actual distance (position) 
error is ±15 cm (±1.0) and, the maximal actual angle (pose) error is ±45° (±1.0). 
That is, the maximum error given is same as the angular interval between box poses.

The box pose and box position information were introduced as categorical 
variables. The box pose information P1 and P2 are set to 1, P3 and P4 are set to 2 in 
Figure 2. The box position information L1, L2 and L3, as shown in Figure 3, were 
set to 1, 2, and 3, respectively. Also, all features were standardized using the Z 
score for evaluation of selected features. For a random variable X with mean μ and 
standard deviation σ, the z-score of a value x is

  z =    (x − 𝝁𝝁)  _____ 𝜹𝜹    (3)

4. Results and discussion

4.1 Comparison using classification rates

Figures 5–7 show the classification rate at each elapsed time step of the reaching 
motion for each subject. RPi (i = 1–6) in each figure represents a reaching posi-
tions, the meaning of the digit i can be found in Figure 1. At the end of the reaching 
motion, the classification rate achieved by classification with only EMG and that 
of EMG + box configuration information was 60.0 and 75.1%, on average for all 
subjects, respectively. It is clear that the classification rate was greatly improved by 
integrating the box configuration information and ASA muscle activities.

In Figures 5–7, the legend markers RP 123, RP 456, RP upper_and_bottom 
represent the result of classifying relative position 1, 2, 3, relative position 4, 5, 6, 
and relative position upper row and bottom row, respectively.

As seen from Figures 5(a), 6(a), and 7(a), when using only EMG as the features, 
at the elapsed time step of 0.5 seconds, the classification rate of RP 123, RP 456 and RP 
upper and bottom was 55.4, 59.6, and 84.3% on average for all subjects, respectively. At 
the end of the reaching motion, the classification rate of RP 123, RP 456 and RP upper 
and bottom was 68.9, 62.2 and 91.5% on average for all subjects, respectively.

In contrast, when using the EMG and the box configuration (relative pose and 
position) information as the features, at the elapsed time step of 0.5 s, the classifica-
tion rate of RP 123, RP 456 and RP upper and bottom was 76.9, 74.4 and 84.5% on 
average for all subjects, respectively. At the end of the reaching motion was 83.5, 
82.2 and 90.9% on average for all subjects, respectively.

It can be seen from these results that, no clear classification rate increase was 
observed even if the state of the box was introduced in classification of the box top 
and bottom. On the other hand, it is found that the box configuration is effective for 
identifying the depth of the reaching motion, since an increase of about 20% was 
observed.

Although the classification rates are not as high as those in the studies for rec-
ognizing the motions of hands and fingers [1, 2, 4], considering the disadvantages 
brought by the boxes with different configurations, and limited EMG measurement 
sites, the results are acceptable. Moreover, the results are comparable to those in 
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the research on complex motions [26, 27], in which the classification rate reported 
was around 70% too. So in the following analysis, 70% is used as the threshold for 
investigating the real-time characteristics.

Figure 6. 
Classification rate at each elapsed time step of reaching motion (subject B, (a) uses only EMG for the feature, 
(b) uses EMG and box configurations (pose, position) for the feature, RP: reaching position, see Figure 1).

Figure 5. 
Classification rate at each elapsed time step of reaching motion (subject A, (a) uses only EMG for the feature, 
(b) uses EMG and box configurations (pose, position) for the feature, RP: reaching position, see Figure 1).

Figure 7. 
Classification rate at each elapsed time step of reaching motion (subject C, (a) uses only EMG for the feature, 
(b) uses EMG and box configurations (pose, position) for the feature, RP: reaching position, see Figure 1).
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Table 1 shows the timing when the classification rate exceeded 70%, and the 
classification rate at 0.5 seconds for each subject. As seen from the table, when 
using only EMG as the features, the classification rate did not exceed 70% for any 
subjects. When using the EMG and box configuration as the features, subject A, B, 
C achieved 70% at the timing of 0.4 0.9 and 0.8 s, respectively. Also, when using 
only EMG as the features, the classification rate at 0.5 seconds was 51.7, 46.4, and 
46.1%, for subject A, B, and C, respectively. In contrast, when using the EMG and 
box configuration as the features, subject A, B and C achieved 71.7, 53.6, and 65.8%, 
respectively. By introducing the box configuration information as the features, the 
classification rate of subject A, B, and C increased by 20.2, 7.2, and 19.7%, respec-
tively. From these results, it is clear that, the information of box configuration 
enables more accurate and faster classification.

4.2 Comparison using classification probabilities

Figure 8 shows the probabilities obtained by the logistic regression at the end 
of the reaching motion of the subject A. In the figure, (a) shows the case using only 
EMG as the features, (b) shows the case using both EMG and box configuration 
(pose, position) information as the features. A reaching position with the highest 
resultant probability was counted as the classification result.

From Figure 8(1, 2), it can be seen that in the classification of box upper and 
bottom, high probabilities were achieved even when only EMG was used as the 
features. From Figure 8(3–8), when only the EMG was used as the features, the 
probabilities were low even if the classification results were correct (a), but when 
both EMG and box configuration were used, the probabilities showed a clear dif-
ference for classification, which means that ambiguity decreases by introducing the 
box configuration information as features.

4.3 Evaluation of selected features

Tables 2 and 3 show the features selected using AIC, the coefficients of each fea-
ture in the logistic regression, p value in the classification of upper and bottom side 
reaching position. Table 3 have the similar layout, showing the features selected 
using AIC, coefficients of each feature in the logistic regression, and p value for 
classification of RP1/2/3, and RP4/5/6, respectively. In Tables 2 and 3, the selected 
features were arranged in the selected order.

From Table 2, it is clear that, for the classification of RP upper and bottom side, 
the box configuration information (both the pose and position), was not selected 
by the AIC selection process. As can be seen from Table 3, for the classification 
of RP1/2/3 and RP4/5/6, the box pose and position were selected. Moreover, the p 
value of the box position is the smallest, which means the box position is the most 
contributing feature for the classification.

The timing exceeding the classification 
rate of 70% [s]

The classification rate at 0.5 s [%]

Subject Only EMG EMG and box 
configuration

Only EMG EMG and box 
configuration

A Not exceeded 0.4 51.7 71.7

B Not exceeded 0.8 46.4 53.6

C Not exceeded 0.9 46.1 65.8

Table 1. 
The timing exceeding the classification rate of 70% and the classification rate at 0.5 s each dataset.
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the research on complex motions [26, 27], in which the classification rate reported 
was around 70% too. So in the following analysis, 70% is used as the threshold for 
investigating the real-time characteristics.

Figure 6. 
Classification rate at each elapsed time step of reaching motion (subject B, (a) uses only EMG for the feature, 
(b) uses EMG and box configurations (pose, position) for the feature, RP: reaching position, see Figure 1).

Figure 5. 
Classification rate at each elapsed time step of reaching motion (subject A, (a) uses only EMG for the feature, 
(b) uses EMG and box configurations (pose, position) for the feature, RP: reaching position, see Figure 1).

Figure 7. 
Classification rate at each elapsed time step of reaching motion (subject C, (a) uses only EMG for the feature, 
(b) uses EMG and box configurations (pose, position) for the feature, RP: reaching position, see Figure 1).
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value of the box position is the smallest, which means the box position is the most 
contributing feature for the classification.
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4.4 Influence of the simulated errors for box configuration information

If the box configuration information is calculated from the image processing 
from the action camera, errors occur due to the influence of noise, measure-
ment error and the other system errors. Therefore, in this research, the tolerable 
range of the error was investigated by adding simulated error to the true box 
configuration.

Figure 9 shows the influence of the simulated error level of the box configura-
tion information on the classification rate of each subject. As seen from the figure, 
the classification rate decreased when the error level was increased in all subjects. 
In the case of subject A, even if the highest level error, 1.0 was given, a classification 
rate exceeding 70% was obtained. In the case of subject B, when the simulated error 
level 0.75 or more was given, the classification rate was lower than 70%. For subject 
C, when simulated error level 1.0 was given, the classification rate fell below 70%. 
From these results, it can be said that the error level should be controlled to 0.5 or 
less (position: 7.5 cm or less, posture: 22.5° or less).

Figure 8. 
The probability obtained by the logistic regression equation (subject A, at the end of the reaching motion, 
(a) uses only EMG for the feature, (b) uses EMG and box configurations (pose, position) for the feature, the 
reaching position with the highest probability is the identification result).
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Selected feature Coefficient p value Selected feature Coefficient p value

Intercept 0.03 0.874 34, rdWL 1.76 3.85E-5

137, vdWL 1.23 0.001 127, vdWL 1.55 0.003

89, rdWL −0.88 0.024 93, rdWL −2.91 1.23E-7

99, rdWL 2.21 1.90E-8 53, rdWL −0.84 0.004

152, rtWL 1.15 0.001 87, rdWL 1.12 0.001

117, vdWL 1.38 9.48E-6 180, vtWL 1.78 4.16E-4

84, rdWL 1.10 0.001 176, vtWL −1.26 2.69E-4

32, rdWL −1.55 5.64E-7 21, rdWL 0.89 0.006

65, rdWL −1.58 6.11E-5 61, rdWL 0.70 0.002

85, rdWL −2.11 2.70E-6 111, rdWL 0.99 0.18

102, rdWL −1.80 1.79E-4

The meaning of the symbols: r, the ratio of WL; the value of WL; t, total sum for the whole period of the reaching 
motion; d, segmentation delimited by every time step (0.1 s). The ID number and type of features are expressed as 
follows. rdWL(1–112): the ratio of WL in the segmentation delimited by every time step (0.1 s); vdWL(113–144): 
WL in the segmentation delimited by every time step (0.1 s); rtWL(145–172): the ratio of the total sum of WL until a 
specified elapsed time; vtWL(173–180): the total sum of WL until a specified elapsed time; BP(181): the box pose and 
BL(182): the box position; p value represents statistical significance of coefficient.

Table 2. 
In classification of RP upper and bottom side, feature selected using AIC, coefficients of the logistic regression 
equation, p value (dataset: EMG and box configuration).

Selected feature Coefficient p value Coefficient p value

π4 versus π6 π5 versus π6

(a) In classification of RP1/2/3

Intercept −2.69 0.011 3.29 1.05E-6

154, rtWL 10.94 2.30E-10 2.24 0.046

182, BL 14.50 3.34E-17 6.20 6.49E-8

175, vtWL 7.94 0.002 4.78 0.017

181, BP 7.50 1.67E-14 2.74 2.02E-6

177, vtWL 7.72 2.69E-8 2.29 0.017

169, rtWL −1.69 0.005 −1.12 0.006

115, vdWL −6.98 8.06E-6 −1.07 0.287

152, rtWL −14.31 4.23E-10 −2.48 2.81E-4

π4 versus π6 π5 versus π6

(b) In classification of RP4/5/6

Intercept 1.65 0.134 3.56 4.61E-4

145, vdWL −2.89 0.009 −1.04 0.161

182, BL 8.17 1.98E-9 5.43 3.83E-6

131, vdWL 3.88 0.004 3.24 0.009

181, BP 5.17 1.33E-8 3.37 1.56E-5

174, vtWL 8.61 4.88E-5 5.82 0.003

8, rdWL −3.36 8.58E-4 −2.21 0.007
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Figure 9. 
Influence of box configuration information on classification rate due to error (±1.0: Corresponding to 15 cm for 
position, and 45° for pose). (a) Subject A, (b) subject B, and (c) subject C.

Selected feature Coefficient p value Coefficient p value

π4 versus π6 π5 versus π6

17, rdWL −2.15 0.087 −0.96 0.420

The meaning of the symbols: r, the ratio of WL; the value of WL; t, total sum for the whole period of the reaching 
motion; d, segmentation delimited by every time step (0.1 s). The ID number and type of features are expressed as 
follows. rdWL(1–112): the ratio of WL in the segmentation delimited by every time step (0.1 s); vdWL(113–144): 
WL in the segmentation delimited by every time step (0.1 s); rtWL(145–172): the ratio of the total sum of WL until a 
specified elapsed time; vtWL(173–180): the total sum of WL until a specified elapsed time; BP(181): the box pose and 
BL(182): the box position; p value represents statistical significance of coefficient.

Table 3. 
Feature selected using AIC, coefficients of the logistic regression equation, p value (dataset: EMG and box 
configuration).
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5. Conclusion

In this research, we employed multinomial logistic regression to realize both 
information integration of two signal sources: images and around-shoulder EMG, 
and the target-reaching-position identification for 12 box configuration (pose 
4 × position 3).

A high classification rate was achieved using both information sources. It was 
found that the box configuration information contributes to the classification of the 
depth of the reaching motion. Moreover, since the timing at which the classification 
rate exceeds 70% greatly differs from each subject, it is considered that the optimal 
classification timing might be individual dependent. Furthermore, the classification 
rate decreased when the error level was increased in all subjects.

In the experiment, we only changed the box position in the depth direction rela-
tive to the subject. Lateral changes of the box position relative to the subject shall 
be investigated, in the near future. Moreover, the effect of the box configuration 
information calculated from the real images captured by the active camera should 
be studied and compared with the results of this study. Since the error caused by the 
image acquisition and processing, as well as the real computational cost shall affect 
the information integration. Finally, the system should be finally validated with the 
data from amputee subjects.
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Percy Nohama, Guilherme Nunes Nogueira Neto 
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Abstract

Assistive technologies have been proposed for the locomotion of people with 
spinal cord injury (SCI). One of them is the neuroprosthesis that arouses the inter-
est of developers and health professionals bearing in mind the beneficial effects 
promoted in people with SCI. Thus, the first session of this chapter presents the 
principles of human motility and the impact that spinal cord injury causes on a 
person’s mobility. The second session presents functional electrical stimulation as a 
solution for the immobility of paralyzed muscles. It explains the working principles 
of constituent modules and main stimulatory parameters. The third session intro-
duces the concepts and characteristics of neural prosthesis hybridization. The last 
two sessions present and discuss examples of hybrid neuroprostheses. Such systems 
employ hybrid assistive lower limb strategies to evoke functional movements in 
people with SCI, associating the motor effects of active and/or passive orthoses to a 
functional electrical stimulation (FES) system. Examples of typical applications of 
FES in rehabilitation are discussed.

Keywords: spinal cord injury, locomotion, lower limb,  
functional electrical stimulation, neuroprosthesis, hybrid neuroprosthesis

1. Introduction

1.1 Human motricity and the impact of spinal cord injury

There are three forms of human motricity: voluntary, involuntary, and reflex. 
Voluntary motricity is represented by the pyramidal system. Cortical motor cells 
and their extensions form the corticospinal pathway. The motor system is bineu-
ronal and extends from the cerebral cortex to the myoneural junction. The first 
neuron (central motor neuron) has its cell body in the cerebral cortex from where 
its axon goes out. Synaptic endings occur in the anterior roots of the spinal cord, 
where they connect with the second neuron (peripheral motor neuron). This is the 
so-called pyramidal path. The axons of the pyramidal path pass through the oval 
center, the inner capsule, and arrive in the brainstem where most of their fibers 
cross the midline. These axons follow along with the lateral cord of the spinal cord 
and end up connecting the peripheral motor neuron in the anterior root of the 
spinal cord.

Involuntary motricity involves the extrapyramidal system. Cell bodies stem from 
the various nuclei of the base and are associated with areas of the motor cortex, 
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pre-motor, and subthalamic nuclei. There are several paths such as rubrospinal, 
reticulospinal, vestibulospinal, and cephalospinal paths. The extrapyramidal 
system and its pathways harmonize the voluntary motor system, guarantee the 
automatic motricity, and control the postural reflexes of spinal and vestibulocer-
ebellar origins.

Reflex motricity depends on the pyramidal and extrapyramidal systems and 
represents only a few spinal reflexes.

Peripheral motor neurons are part of the peripheral nervous system (PNS) and 
are organized into motor units. Nerve fibers protract from the anterior roots of the 
spinal cord to muscle fibers and organs of muscular proprioception called muscle 
spindles. The spindles send sensorial signals to the spinal cord, informing the 
central nervous system (CNS) about the level of muscle contraction.

The CNS triggers nerve impulses that travel along the motor neuron toward 
the muscle fiber so that contraction can happen. They can excite the neuronal 
membrane to reach depolarization voltage levels above a triggering threshold that 
generates a particular wave known as action potential (AP). The AP consistently 
propagates along the axon toward the synaptic ending. At the synaptic cleft, vesicles 
deliver the neurotransmitter acetylcholine that connects to cholinergic receptors 
and depolarizes the myoneural junction. Eventually, the depolarization can gener-
ate a new AP that propagates along the sarcolemma leading to muscle contraction. 
In this process, fibers can stretch, shorten, or remain isometric although producing 
force. This force, in turn, is transmitted to the tendinous and bony structures [1]. 
Movement occurs that way. All these forms of motricity work well for a healthy sub-
ject. However, everything changes when spinal cord injury (SCI) occurs. Figure 1 
illustrates the central nervous system and its afferent and efferent pathways.

People with SCI have ruptured or impaired communication between CNS and 
organs that control motor and/or sensory functions. Nerve impulses are electro-
chemical processes and their transmissions occur in two directions. From CNS 
to PNS, they trigger muscle contraction processes. From PNS to CNS, they send 
sensorial processes that capture the stimuli from the surrounding environment as 
shown in Figure 1 [1].

SCI harms the neurological responses according to the compromised site, that 
is, the level of the affected pathways. Thus, a complete SCI, which interrupts all 
nerve pathways, comprises in the acute-phase (also known as a medullary shock) 
flaccid paralysis with deep areflexia and muscle hypotonia to, consequently, give 
rise to spastic paralysis with hypertonia, deep hyperreflexia, and a sign of pyrami-
dal release. Sensitive changes (hypoesthesia or anesthesia) occur for all forms of 
sensitivity below the level of injury. Partial or incomplete lesions are a consequence 
of the affected pathways. For instance, if there is a spinal hemisection, then there 
will be homolateral and contralateral signs and symptoms. On the same side of 
the injury, paresis or paralysis of the first neuron, abolition of deep sensations and 
alteration of gait occur. On the contralateral side, thermal and painful anesthesia is 
observed with no change in strength.

In the last decades, neuroscientists and rehabilitation engineers have been seek-
ing alternatives to recover the mobility of people with SCI. The goal was to provide 
them with a better quality of life and functional independence. In 2012, the World 
Health Organization (WHO) asserted that about 0.5% of the population in devel-
oping countries needs prosthetic and orthotic devices and that 1.0% of that popula-
tion needs wheelchairs [3]. Between 250,000 and 500,000 people suffer from SCI 
in the world, of which the majority are men and women between the ages of 15 
and 25 and the elderly over 60 [4]. For the elderly, according to the United Nations 
Population Report [5], there will be an abrupt increase of people over 60 in 2050, 
reaching around 1 billion people among healthy individuals, people with SCI, heart 
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disease, and other factors that may compromise locomotion. More than 1.2 million 
people in the United States have SCI that disables mobility, generating an estimated 
annual cost of $ 40.5 billion [6]. A Canadian study with 1716 individuals with SCI 
indicated a median lifetime expenditure of $ 336,000 per person, up to $ 479,000 
if bedsores occur early in the hospital [7]. As costs are high, new techniques and 
devices are researched and evaluated to reduce these costs and/or minimize the 
impacts caused by immobility.

Devices such as wheelchairs, crutches, and walkers have been in use to aid the 
locomotion and rehabilitation of the elderly or people with SCI. However, these 
solutions are not fully effective and users expend great energy. It also requires the 
assistance of physiotherapists, caregivers, or family members [8, 9]. Therefore, 
alternatives that reduce the physical demands of users, therapists, and caregiv-
ers have been sought. Orthoses, neuroprostheses, and exoskeletons emerged as 

Figure 1. 
Central nervous system and its afferent and efferent pathways [2].
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technologies that assist the individual’s general health and therapeutic rehabilita-
tion. These devices are capable of producing more intense training, quantitative 
feedback, and better functional results [9, 10].

In the case of people with SCI, the condition may be irreversible, resulting in 
some type of paresis: partial hemiplegia, paraplegia, or quadriplegia. Orthoses 
and/or functional electrical stimulation (FES) allow those people to perform 
ambulation (active orthoses) and/or provide them trunk stability (passive orthoses).  
Such technologies facilitate their social reintegration, increase self-esteem, and 
improve the general quality of life. This can be achieved since these solutions 
induce a decrease in other affections caused by limb paralysis, such as muscular 
atrophy, which reduces muscle strength and can prevent functional movements 
from happening [11–13]. Among the other sequelae that may arise as a conse-
quence of SCI, one can mention: respiratory difficulties, intestinal and/or urinary 
incontinence, loss of sexual functions, deficiency of lymphatic and vascular  
system, muscle atrophy (which can result in spasticity), pressure ulcers, thrombosis,  
and bone demineralization [14].

2. Neuroprosthesis

Since the 1970s, FES has proved effective in restoring functional movements 
for both increasing strength and aid in impaired locomotion. It is being applied 
as a means of excitation of motor neurons. In SCI subjects, it bypasses the injury 
and bridges the CNS and muscles. Therefore, FES can cause real movement with 
an artificially evoked contraction as the injured spinal cord has this compromised 
communication [1, 15].

The bypass is performed by electronic devices known as functional electrical 
stimulators. The stimulators apply an electric current to the neuromuscular tissue 
through either implanted or non-implanted electrodes. In general, they consist of a 
pulse generator circuit or modulator (low voltage—up to 12 V), an amplifier (which 
increases voltage—up to 250 V) that provides the stimulatory pulses to be applied, 
and an isolated power supply. Figure 2 illustrates a generic stimulation system.

2.1 Modulation (pulse generation)

Pulse generators determine the essential features of the stimulatory pulse, 
such as frequency, duration, and waveform. Many technologies have been used 
over time as innovations emerged in electronic devices. The pulse generator of a 

Figure 2. 
Block diagram of a single-channel functional electrical stimulator. The essential steps for FES-elicited 
contraction involve the generation, amplification, and application of these pulses to the neuromuscular tissue. 
Sensors can help to correct pulse parameters as well as to determine the triggering time. All modules require 
power supply, whereas sensors may be active or passive.
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functional electrical stimulator used two multivibrators, one configured as mono-
stable and the other as astable, based on the LM555 integrated circuit (IC) [16]. 
Subsequent attempts, in turn, used development boards and more advanced digital 
components. One equipment used a Texas Instruments TMS320C32 digital signal 
processor (DSP) to control and generate arbitrary waveforms and to manage the 
stimulator [17]. The Arduino platform was employed and the ATMEL® microcon-
troller adjusted the stimulatory pulse frequency by means of a digital potentiometer 
[18]. Alternatively, others implemented a pulse generation module in a Motorola 
68HC11F1™ microcontroller [19]. Generally, the stimulation parameters of a 
neuroprosthesis are generated and adapted by control algorithms that receive data 
from walking sensors and allow adaptation to a user’s walking speed.

Use of ICs specifically designed for functional rehabilitation with the very large 
scale of integration (VLSI) has been growing rapidly. A common approach for pulse 
generation is to use a simple and inexpensive microcontroller for each stimulus output 
channel. A PIC16F84 microcontroller was used exclusively as a pulse generator [20]. 
The pulse formatting was performed via a virtual graphical interface. More recently, 
a solution used a virtual module for pulse generation. It was implemented in a virtual 
control instrument connected to a data acquisition and control board [21].

In order to achieve the most efficient biomechanical task and meet the appro-
priate physiological conditions, stimulatory pulses are modulated. This process 
changes the original waveform depending on the shape or value of a second signal. 
The resulting signal is indeed the mathematical composition of the previous ones. 
Pulse amplitude, duration, and frequency modulation facilitate access to more or 
less deep neuromotor units. Pulse amplitude modulation (PAM) and pulse width 
modulation (PWM) are the most frequent techniques [22]. PWM allows the energy 
delivered to the biological load to be controlled.

Stimulatory waveforms can be rectangular or exponential in shape, have a pulse 
width ranging from 0.01 to 1 ms, and burst frequency from 20 up to 100 Hz. Possible 
pain sensation is related to the transfer of electric charge from the stimulator to the 
user. Pulse durations between 100 and 300 μs cause little heat dissipation in the 
application area, leading to lower levels of pain [23]. Values shorter than 10 μs reduce 
the risk of intramuscular damage and those between 64 and 1230 μs can cause 
small skin irritation. The minimum burst contraction frequency is 10 Hz; however, 
apparent muscle tremor can be observed. Tremor is imperceptible with 30-Hz burst 
frequency. Muscle relaxation occurs from 300 to 700 Hz. There is less skin irritation 
with 2-kHz pulse frequency modulated at 50 Hz and lasting 10 ms [23].

For a muscle contraction to occur, a single pulse frequency can be selected 
between 20 and 400 Hz. However, the frequency considered optimal for force 
production ranges from 2.5 to 5 kHz, with burst frequency from 150 to 500 Hz, and 
pulse width from 10 to 30% of the duty cycle. Despite this, studies indicate that 
pain levels can get considerably high. To minimize the painful perception, frequen-
cies between 9 and 10 kHz are more adequate, although they do not provide the 
same muscle strength [23, 24].

One of the widely used wave patterns is the so-called Russian current. Pulse 
frequency is 2.5 kHz, with 50-Hz bursts, 10-ms per train duration, and 10-ms 
intervals [24].

2.2 Amplification stage

The second most important stage when building an electrical stimulation device 
is amplification. This module consists of an arrangement of electronic components 
for commuting voltage or current signals. These circuit components shape signals 
accordingly to stimulate the neuromuscular tissue. A matter of the highest concern is 



Prosthesis

30

technologies that assist the individual’s general health and therapeutic rehabilita-
tion. These devices are capable of producing more intense training, quantitative 
feedback, and better functional results [9, 10].

In the case of people with SCI, the condition may be irreversible, resulting in 
some type of paresis: partial hemiplegia, paraplegia, or quadriplegia. Orthoses 
and/or functional electrical stimulation (FES) allow those people to perform 
ambulation (active orthoses) and/or provide them trunk stability (passive orthoses).  
Such technologies facilitate their social reintegration, increase self-esteem, and 
improve the general quality of life. This can be achieved since these solutions 
induce a decrease in other affections caused by limb paralysis, such as muscular 
atrophy, which reduces muscle strength and can prevent functional movements 
from happening [11–13]. Among the other sequelae that may arise as a conse-
quence of SCI, one can mention: respiratory difficulties, intestinal and/or urinary 
incontinence, loss of sexual functions, deficiency of lymphatic and vascular  
system, muscle atrophy (which can result in spasticity), pressure ulcers, thrombosis,  
and bone demineralization [14].

2. Neuroprosthesis

Since the 1970s, FES has proved effective in restoring functional movements 
for both increasing strength and aid in impaired locomotion. It is being applied 
as a means of excitation of motor neurons. In SCI subjects, it bypasses the injury 
and bridges the CNS and muscles. Therefore, FES can cause real movement with 
an artificially evoked contraction as the injured spinal cord has this compromised 
communication [1, 15].

The bypass is performed by electronic devices known as functional electrical 
stimulators. The stimulators apply an electric current to the neuromuscular tissue 
through either implanted or non-implanted electrodes. In general, they consist of a 
pulse generator circuit or modulator (low voltage—up to 12 V), an amplifier (which 
increases voltage—up to 250 V) that provides the stimulatory pulses to be applied, 
and an isolated power supply. Figure 2 illustrates a generic stimulation system.

2.1 Modulation (pulse generation)

Pulse generators determine the essential features of the stimulatory pulse, 
such as frequency, duration, and waveform. Many technologies have been used 
over time as innovations emerged in electronic devices. The pulse generator of a 

Figure 2. 
Block diagram of a single-channel functional electrical stimulator. The essential steps for FES-elicited 
contraction involve the generation, amplification, and application of these pulses to the neuromuscular tissue. 
Sensors can help to correct pulse parameters as well as to determine the triggering time. All modules require 
power supply, whereas sensors may be active or passive.

31

Hybrid Neuroprosthesis for Lower Limbs
DOI: http://dx.doi.org/10.5772/intechopen.83793

functional electrical stimulator used two multivibrators, one configured as mono-
stable and the other as astable, based on the LM555 integrated circuit (IC) [16]. 
Subsequent attempts, in turn, used development boards and more advanced digital 
components. One equipment used a Texas Instruments TMS320C32 digital signal 
processor (DSP) to control and generate arbitrary waveforms and to manage the 
stimulator [17]. The Arduino platform was employed and the ATMEL® microcon-
troller adjusted the stimulatory pulse frequency by means of a digital potentiometer 
[18]. Alternatively, others implemented a pulse generation module in a Motorola 
68HC11F1™ microcontroller [19]. Generally, the stimulation parameters of a 
neuroprosthesis are generated and adapted by control algorithms that receive data 
from walking sensors and allow adaptation to a user’s walking speed.

Use of ICs specifically designed for functional rehabilitation with the very large 
scale of integration (VLSI) has been growing rapidly. A common approach for pulse 
generation is to use a simple and inexpensive microcontroller for each stimulus output 
channel. A PIC16F84 microcontroller was used exclusively as a pulse generator [20]. 
The pulse formatting was performed via a virtual graphical interface. More recently, 
a solution used a virtual module for pulse generation. It was implemented in a virtual 
control instrument connected to a data acquisition and control board [21].

In order to achieve the most efficient biomechanical task and meet the appro-
priate physiological conditions, stimulatory pulses are modulated. This process 
changes the original waveform depending on the shape or value of a second signal. 
The resulting signal is indeed the mathematical composition of the previous ones. 
Pulse amplitude, duration, and frequency modulation facilitate access to more or 
less deep neuromotor units. Pulse amplitude modulation (PAM) and pulse width 
modulation (PWM) are the most frequent techniques [22]. PWM allows the energy 
delivered to the biological load to be controlled.

Stimulatory waveforms can be rectangular or exponential in shape, have a pulse 
width ranging from 0.01 to 1 ms, and burst frequency from 20 up to 100 Hz. Possible 
pain sensation is related to the transfer of electric charge from the stimulator to the 
user. Pulse durations between 100 and 300 μs cause little heat dissipation in the 
application area, leading to lower levels of pain [23]. Values shorter than 10 μs reduce 
the risk of intramuscular damage and those between 64 and 1230 μs can cause 
small skin irritation. The minimum burst contraction frequency is 10 Hz; however, 
apparent muscle tremor can be observed. Tremor is imperceptible with 30-Hz burst 
frequency. Muscle relaxation occurs from 300 to 700 Hz. There is less skin irritation 
with 2-kHz pulse frequency modulated at 50 Hz and lasting 10 ms [23].

For a muscle contraction to occur, a single pulse frequency can be selected 
between 20 and 400 Hz. However, the frequency considered optimal for force 
production ranges from 2.5 to 5 kHz, with burst frequency from 150 to 500 Hz, and 
pulse width from 10 to 30% of the duty cycle. Despite this, studies indicate that 
pain levels can get considerably high. To minimize the painful perception, frequen-
cies between 9 and 10 kHz are more adequate, although they do not provide the 
same muscle strength [23, 24].

One of the widely used wave patterns is the so-called Russian current. Pulse 
frequency is 2.5 kHz, with 50-Hz bursts, 10-ms per train duration, and 10-ms 
intervals [24].

2.2 Amplification stage

The second most important stage when building an electrical stimulation device 
is amplification. This module consists of an arrangement of electronic components 
for commuting voltage or current signals. These circuit components shape signals 
accordingly to stimulate the neuromuscular tissue. A matter of the highest concern is 
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user safety. Amplification usually involves safety precautions since it is the last stage 
in the signal chain to be in contact with the user’s skin and tissues through leads and 
electrodes. There are two modes to apply current to neuromuscular tissue: constant 
voltage or constant current. The difference is that current intensity depends on 
biological and interface impedances in the former but not in the latter. Determining 
this feature implies choosing a particular topology for the output circuit [25].

Current can flow in and out of the tissue depending on the signal reference. The 
allowed reference signals demand appropriate output stages. Depending on the 
reference, the current waveform can be monophasic or biphasic. Monophasic out-
puts allow only unidirectional current flow. This current waveform creates charge 
imbalances in the tissue. Conversely, biphasic outputs allow applying to and taking 
electrical charges out of the tissue. This bidirectional current flow prevents charge 
accumulation. This phenomenon is harmful to the subject for it can cause chemical 
burns mainly around the application site [26].

FES equipment can have one or more stimulatory output stages, usually called 
channels, each one responsible for the stimulation of a different muscle. For gait 
applications, usually, multichannel FES equipment is necessary to evoke more 
natural movements.

The motor neuron must be intact for FES application, otherwise there will be no 
muscle contraction. Thus, SCI type and level determine the use or avoidance of this 
technology.

Another issue to consider is the muscle to be stimulated. Each muscle is formed 
by a specific fiber type. When excited, the motor units contract at distinct speeds 
and resistance to muscle fatigue, delimiting the generation of force [1]. These 
features can be observed in Table 1.

3. Hybrid neuroprosthesis

Focus on technologies that bring users functional independence is increasing 
and, therefore, FES devices and active orthoses are thriving. In the previous session, 
the neuroprostheses were described in terms of their basic principle of operation and 
main characteristics. Like conventional prostheses and orthoses, neuroprostheses 
have advantages and disadvantages compared to other techniques when it comes to 
generating movement. Choosing a particular neuroprosthesis may depend on the 
severity of the user’s condition, the type of task and the performance to be obtained, 
the cost of acquisition and maintenance as well as durability and energy efficiency.

Employed individually, a conventional orthosis has a large physical demand 
on the upper limbs and its energy cost is quite high [27]. As the upper limbs have a 
limited range for ambulation, gait patterns obtained with this technique are inap-
propriate. Over time, users stop using such orthoses to perform functional tasks and 
end up using them only for therapeutic purposes [28].

Initially, neuromuscular electrical stimulation served to compensate for muscle 
atrophy or counterbalance the effects of spasticity. The first efforts in the application 

Type of motor unit Contraction velocity Fatigue resistance Force

Slow Slow High Low

Fatigue resistant Fast Intermediary Intermediary

Fast fatigable Fast Low High

Table 1. 
Motor units and their features.
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of electrical stimulation with functional purposes began with the attempt to 
maintain a person with SCI in the orthostatic position, through the production of 
isometric tetanic muscle contractions, as originally proposed by Bajd et al. [29]. The 
attempt to ambulate using neuroprostheses followed and now it is possible to find 
many applications using FES to perform joint movements [30]. The main advantage 
of FES over conventional orthoses is that the muscle itself works as the supporting 
structure and the motor that propels the intended movements. The disadvantage, 
however, is that during FES sessions, rapid installation of muscle fatigue occurs. 
The depletion of metabolic resources becomes an obstacle to ambulation for long 
distances and it hampers the fine control of joint angle trajectories [31]. The control 
strategies of electrical stimulation combined with invasive electrodes have been 
proposed to minimize the well-known disadvantages of using FES.

Robotic systems have been receiving increasing attention from both health sci-
ence and engineering researchers. This is due to the various possibilities of use and 
locomotor training. Some examples are the LOKOMAT® system that assists people 
with SCI to perform walking, through mimicking human gait on a treadmill, and 
the active orthoses that not only mimic gait but also give such people the freedom to 
move around the environment and sit/stand, walk, and climb/descend stairs [32]. 
These orthoses are wearable devices. They have (motor, hydraulic, or pneumatic) 
actuators parallel to the hip, knee, and ankle joints. They can only mimic the gait 
with the aid of mechanical devices that limit or expand the joint degrees of freedom. 
This makes the gait robotic in appearance and the actuators consume a lot of power, 
thus considerably reducing the system’s autonomy, limiting the user’s independence 
and its application for the recovery of compromised movements [33, 34].

Although a technological solution that demanded a high degree of creativity in 
its development, the active orthosis produces a gait process in which the patient is 
only a passive element. There are no important direct physiological benefits to the 
paralyzed muscles during their use, but passive mobility. In contrast, FES has many 
physiological benefits such as the improvement of muscle tone and blood circula-
tion in paralyzed limbs, the prevention of pressure ulcers, respiratory and/or uri-
nary problems, and the reduction of spasticity among others [9, 12, 14]. However, 
the intense, long, and non-selective contraction causes the muscles to be unable to 
maintain the force for long periods. That is because muscle fatigue is installing and 
hampering the maintenance of the movement stability, denoting, therefore, limita-
tion in the control over the movement as well as the time of use [12].

In this context, hybrid neuroprostheses (HNPs) are interesting because they 
combine FES with other techniques to perform functional movements. Particularly, 
systems that combine FES and orthoses have been introduced in the literature. This 
hybrid approach opens the way for the elaboration of strategies that focus on the 
advantages of each individual technique. Quite often in this combination set, the 
power applied for the occurrence of movement is provided by the electrical stimula-
tor and the structure of the orthosis serves to stabilize the movement.

4. Hybridization of neuroprosthesis for the lower limbs

This session presents some hybrid applications of neuroprosthesis. It indicates 
joint control technologies, main control elements, and control strategy.

The first studies identified consisted of simulations of hybrid control systems. 
The device involved an active orthosis containing actuators in the hip, knee and 
ankle joints, angle and angular velocity sensors, and a conventional FES system. 
The whole system was controlled in a closed loop, using both biomechanical and 
dynamic equations to perform gait movements [35]. According to the results, 
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user safety. Amplification usually involves safety precautions since it is the last stage 
in the signal chain to be in contact with the user’s skin and tissues through leads and 
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accumulation. This phenomenon is harmful to the subject for it can cause chemical 
burns mainly around the application site [26].

FES equipment can have one or more stimulatory output stages, usually called 
channels, each one responsible for the stimulation of a different muscle. For gait 
applications, usually, multichannel FES equipment is necessary to evoke more 
natural movements.

The motor neuron must be intact for FES application, otherwise there will be no 
muscle contraction. Thus, SCI type and level determine the use or avoidance of this 
technology.

Another issue to consider is the muscle to be stimulated. Each muscle is formed 
by a specific fiber type. When excited, the motor units contract at distinct speeds 
and resistance to muscle fatigue, delimiting the generation of force [1]. These 
features can be observed in Table 1.

3. Hybrid neuroprosthesis

Focus on technologies that bring users functional independence is increasing 
and, therefore, FES devices and active orthoses are thriving. In the previous session, 
the neuroprostheses were described in terms of their basic principle of operation and 
main characteristics. Like conventional prostheses and orthoses, neuroprostheses 
have advantages and disadvantages compared to other techniques when it comes to 
generating movement. Choosing a particular neuroprosthesis may depend on the 
severity of the user’s condition, the type of task and the performance to be obtained, 
the cost of acquisition and maintenance as well as durability and energy efficiency.

Employed individually, a conventional orthosis has a large physical demand 
on the upper limbs and its energy cost is quite high [27]. As the upper limbs have a 
limited range for ambulation, gait patterns obtained with this technique are inap-
propriate. Over time, users stop using such orthoses to perform functional tasks and 
end up using them only for therapeutic purposes [28].

Initially, neuromuscular electrical stimulation served to compensate for muscle 
atrophy or counterbalance the effects of spasticity. The first efforts in the application 
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of electrical stimulation with functional purposes began with the attempt to 
maintain a person with SCI in the orthostatic position, through the production of 
isometric tetanic muscle contractions, as originally proposed by Bajd et al. [29]. The 
attempt to ambulate using neuroprostheses followed and now it is possible to find 
many applications using FES to perform joint movements [30]. The main advantage 
of FES over conventional orthoses is that the muscle itself works as the supporting 
structure and the motor that propels the intended movements. The disadvantage, 
however, is that during FES sessions, rapid installation of muscle fatigue occurs. 
The depletion of metabolic resources becomes an obstacle to ambulation for long 
distances and it hampers the fine control of joint angle trajectories [31]. The control 
strategies of electrical stimulation combined with invasive electrodes have been 
proposed to minimize the well-known disadvantages of using FES.

Robotic systems have been receiving increasing attention from both health sci-
ence and engineering researchers. This is due to the various possibilities of use and 
locomotor training. Some examples are the LOKOMAT® system that assists people 
with SCI to perform walking, through mimicking human gait on a treadmill, and 
the active orthoses that not only mimic gait but also give such people the freedom to 
move around the environment and sit/stand, walk, and climb/descend stairs [32]. 
These orthoses are wearable devices. They have (motor, hydraulic, or pneumatic) 
actuators parallel to the hip, knee, and ankle joints. They can only mimic the gait 
with the aid of mechanical devices that limit or expand the joint degrees of freedom. 
This makes the gait robotic in appearance and the actuators consume a lot of power, 
thus considerably reducing the system’s autonomy, limiting the user’s independence 
and its application for the recovery of compromised movements [33, 34].

Although a technological solution that demanded a high degree of creativity in 
its development, the active orthosis produces a gait process in which the patient is 
only a passive element. There are no important direct physiological benefits to the 
paralyzed muscles during their use, but passive mobility. In contrast, FES has many 
physiological benefits such as the improvement of muscle tone and blood circula-
tion in paralyzed limbs, the prevention of pressure ulcers, respiratory and/or uri-
nary problems, and the reduction of spasticity among others [9, 12, 14]. However, 
the intense, long, and non-selective contraction causes the muscles to be unable to 
maintain the force for long periods. That is because muscle fatigue is installing and 
hampering the maintenance of the movement stability, denoting, therefore, limita-
tion in the control over the movement as well as the time of use [12].

In this context, hybrid neuroprostheses (HNPs) are interesting because they 
combine FES with other techniques to perform functional movements. Particularly, 
systems that combine FES and orthoses have been introduced in the literature. This 
hybrid approach opens the way for the elaboration of strategies that focus on the 
advantages of each individual technique. Quite often in this combination set, the 
power applied for the occurrence of movement is provided by the electrical stimula-
tor and the structure of the orthosis serves to stabilize the movement.

4. Hybridization of neuroprosthesis for the lower limbs

This session presents some hybrid applications of neuroprosthesis. It indicates 
joint control technologies, main control elements, and control strategy.

The first studies identified consisted of simulations of hybrid control systems. 
The device involved an active orthosis containing actuators in the hip, knee and 
ankle joints, angle and angular velocity sensors, and a conventional FES system. 
The whole system was controlled in a closed loop, using both biomechanical and 
dynamic equations to perform gait movements [35]. According to the results, 
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simulations allow the reproduction of gait although studies with volunteers with 
real system and setting would still be required.

Researchers developed and evaluated an HNP based on a variable-impedance 
knee mechanism [36]. It regulates knee flexion to overcome the challenges of 
controlling eccentric contractions. This mechanism consists of a four-bar linkage 
with a magnetorheological damper, hip and knee hydraulic actuators. The solution 
reduced the amount of stimulation required for walking and could restore biologi-
cally correct knee motion. It locks the knee joint motion and, during the stance 
phase of gait, it supports the body against collapse. The association with an FES 
unit by means of a finite state machine (FSM) controller allowed the body forward. 
Heel contact detectors and joint angle sensors controlled the knee motion during 
stance and swing phases. Tests compared the HNP and only FES application. HNP 
decreased the load response by up to 40% in knee extensors.

Pressurized hydraulic fluid from an accumulator was also tried to supply 
energy to an HNP instead of electric motors [37]. The hydraulic drive provided 
adjustable assistive torque to an exoskeletal hip joint beyond the possibilities 
of FES systems. The volume of valves was controlled in both directions, which 
allowed the estimation of hip flexion angle. Springs and a clutch system provided 
the knee-locking capability.

The same research group built a muscle-driven controllable exoskeleton to 
restore walking, sitting, and standing to people with SCI [38]. They combined 
the mechanics used in [36] and adaptations to the hip control described in [37]. 
An external controller that reads embedded sensor signals and determines the 
appropriate adjustments to a finite state machine drives an implanted FES unit. The 
state machine commands and synchronizes both the exoskeleton and the stimula-
tor. Users choose the desired functions by a wireless switch controller. Although 
implanted devices demand surgical intervention, they were able to restore the step-
ping function to three subjects. This HNP supports stair descent patterns, overcom-
ing a task that is hardly achieved with only FES.

An active orthosis had knee and ankle joint actuators and an FES system [9]. A 
central controller adjusted FES parameters using two closed loops and six stimula-
tion channels. Gait consists of two phases: balance and support. It uses FES during 
the balance phase and the orthosis is active during the support phase, which is the 
moment of gait that demands more energy expenditure from the patient. The solu-
tion presents the clear strategy of shortening the time interval between FES activa-
tions. This way, there will be more time for muscle recovery and, consequently, 
fewer episodes of fatigue over time. With the activation of the active orthosis, the 
system does not stay connected all the time and, thus, the energy demand of the 
system decreases.

Figure 3 shows a diagram that represents a hybrid neuroprosthesis. It consists 
of an electric stimulator and an active orthosis with actuators in its joints, feedback 
sensors for gait, and a real-time control system. This control system identifies the 
gait phases, evaluates the current position of the lower limbs, makes decisions to 
activate the actuators, or triggers the FES unit.

The controller is the main component. Gait takes place safely and naturally 
depending on how robust the interaction with mechanical parts is and how fast it 
reacts after receiving feedback information. Thus, increasing the feedback infor-
mation volume may be an impacting differential between existing orthoses. More 
degrees of freedom per joint allow a more natural gait and this is an important 
factor. However, in the case of people with SCI, using only one degree of freedom 
per joint brings greater stability and safety during movement, thus avoiding joint 
injuries [33, 34].

35

Hybrid Neuroprosthesis for Lower Limbs
DOI: http://dx.doi.org/10.5772/intechopen.83793

A semi-active hybrid orthosis [39] employed electric motors to actuate on hip 
movement whereas FES actuated on knee and ankle movements. Wrap spring 
clutches combine high torque capacity and millisecond response time. Their use 
prevented the knee flexion when they were locked while still holding the torque in 
one direction (knee extension). This approach eliminated the need for FES applica-
tion during standing and to the stance leg during a step, saving muscle metabolic 
energy. Researchers intend to incorporate an FES channel in future HNP versions to 
stimulate the peroneal nerve and provide redundant actuation at the hip joint.

Another approach combined a commercial FES unit (RehaStim 2, Hasomed, 
Germany) and a knee exoskeleton for controlling knee joint swinging movements 
[40]. The main contribution is that the interactive forces of this solution are 
measurable and it helps in better cooperative control. The continuous decrease in 
muscle force performance is an indication of muscle fatigue installation. Therefore, 
the torque required to perform a task is distributed between both actuators (mus-
cles under FES and electrical motor). Two interactive force sensors that measure 
the mutual force between exoskeleton and shank accomplish force readings. Each 
interactive force sensor provides equivalent summed value from six previously 
calibrated force-sensing resistors.

A cycling-induced HNP implemented a repetitive learning controller that allows 
uncertain, non-linear cycle-rider systems to track the desired cadence [41]. The 
controller feedback depended on the crank angle. FES applied to lower limb muscle 
groups drives the movements, whereas the electric motors come into play when 
stimulated muscles yield low torque values. The system tried to track the cadence 
of five able-bodied subjects and three subjects with neurological conditions. The 
results presented low root mean square errors.

Some devices are still in enhancement. An HNP consisted of orthotic compo-
nents (reciprocating gait orthosis and rigid ankle-foot orthosis), powered backdriv-
able knee joints (obtained with custom harmonic drive transmissions and brushless 
DC motors), and was intended for use with FES [42]. One of the main contribu-
tions of this work was to be able to execute movements with a lightweight device, up 
to 10 kg.

Another attempt was the development of a 17.05-kg HNP prototype for short-
range walking [43]. This device consists of a quadriceps single-channel FES unit 
and a passive energy-storing exoskeleton. Gas spring stores energy during knee 

Figure 3. 
Basic diagram of a hybrid neuroprosthesis system. It demonstrates the integration of the control system with the 
FES unit, actuators, and feedback sensors.



Prosthesis

34

simulations allow the reproduction of gait although studies with volunteers with 
real system and setting would still be required.
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Heel contact detectors and joint angle sensors controlled the knee motion during 
stance and swing phases. Tests compared the HNP and only FES application. HNP 
decreased the load response by up to 40% in knee extensors.

Pressurized hydraulic fluid from an accumulator was also tried to supply 
energy to an HNP instead of electric motors [37]. The hydraulic drive provided 
adjustable assistive torque to an exoskeletal hip joint beyond the possibilities 
of FES systems. The volume of valves was controlled in both directions, which 
allowed the estimation of hip flexion angle. Springs and a clutch system provided 
the knee-locking capability.

The same research group built a muscle-driven controllable exoskeleton to 
restore walking, sitting, and standing to people with SCI [38]. They combined 
the mechanics used in [36] and adaptations to the hip control described in [37]. 
An external controller that reads embedded sensor signals and determines the 
appropriate adjustments to a finite state machine drives an implanted FES unit. The 
state machine commands and synchronizes both the exoskeleton and the stimula-
tor. Users choose the desired functions by a wireless switch controller. Although 
implanted devices demand surgical intervention, they were able to restore the step-
ping function to three subjects. This HNP supports stair descent patterns, overcom-
ing a task that is hardly achieved with only FES.

An active orthosis had knee and ankle joint actuators and an FES system [9]. A 
central controller adjusted FES parameters using two closed loops and six stimula-
tion channels. Gait consists of two phases: balance and support. It uses FES during 
the balance phase and the orthosis is active during the support phase, which is the 
moment of gait that demands more energy expenditure from the patient. The solu-
tion presents the clear strategy of shortening the time interval between FES activa-
tions. This way, there will be more time for muscle recovery and, consequently, 
fewer episodes of fatigue over time. With the activation of the active orthosis, the 
system does not stay connected all the time and, thus, the energy demand of the 
system decreases.

Figure 3 shows a diagram that represents a hybrid neuroprosthesis. It consists 
of an electric stimulator and an active orthosis with actuators in its joints, feedback 
sensors for gait, and a real-time control system. This control system identifies the 
gait phases, evaluates the current position of the lower limbs, makes decisions to 
activate the actuators, or triggers the FES unit.

The controller is the main component. Gait takes place safely and naturally 
depending on how robust the interaction with mechanical parts is and how fast it 
reacts after receiving feedback information. Thus, increasing the feedback infor-
mation volume may be an impacting differential between existing orthoses. More 
degrees of freedom per joint allow a more natural gait and this is an important 
factor. However, in the case of people with SCI, using only one degree of freedom 
per joint brings greater stability and safety during movement, thus avoiding joint 
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extension and it delivers to knee and hip joint control when completing the gait 
cycle. Its walking speed could achieve 0.27 m/s.

The Research Group of the Rehabilitation Engineering Laboratory of the 
Pontifical Catholic University of Paraná (PUCPR) has also developed an active 
lower limb orthosis with electric actuators with angular feedback sensors in the 
hip and knee joints to perform gait [34, 44, 45]. Normally, an orthotic system has 
actuators in their joints, which are transverse to the joints of the individual who is 
“wearing” it, which facilitates the design of the system. Thus, the mechanical hip 
joint has a 26° flexion and a 13° extension limited by mechanical stops, as shown in 
Figure 4 (1) [34]. Knee flexion and extension are in the range from 0° to 90°. The 
controller output will obey these limits as well as the mechanical stops, as shown in 
Figure 4 (2).

Engines and transmissions will be coupled directly to the hip and knee joints, 
as shown in Figure 4 (3 and 4). The gear ratio in the planetary-type transmission 
system is 4.75:1; so, the torque at the joint output will be 4.7 times larger than the 
engine torque [34].

For the control, it is necessary that there is an angular sensor in each joint, each 
one coupled to the axis of the motor by means of pulleys and synchronizing belt. 
In this way, it is possible to make the angle reading directly and in real time. Its 
structure with a partial weight support system can be seen in Figure 5 [34].

The controller of the active orthosis synchronizes both knee and hip joints. A 
state machine simulates the gait phases and determines when each joint will engage, 
as shown in the diagram of Figure 6.

The control of each joint has predefined set points that correspond to the 
maximum and minimum angles of a healthy gait. It receives voltage readings of the 
angle sensor, calculates the actuating error, adjusts the PWM mathematically, and 
sends it to the motor drive. The error is determined as the difference between input 
angular value and angle sensor reading on the motor axis. The readings of angular 
sensors vary according to motor rotation. This may increase or decrease the error. 

Figure 4. 
Mechanical structure of the passive orthosis and activation sequence of actuators in the hip and knee joints.
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The closer the angle sensor reading is to the determined set point, the smaller the 
error. Consequently, because the motor is proportional to the driving error, the 
lower is the motor speed [34].

Figure 5. 
Mechanical structure of the active orthosis with a volunteer on the partial weight support system.

Figure 6. 
Control block diagram of the active orthosis. Two loops operate synchronously to generate appropriate torque to 
hip and knee joints.
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The closer the angle sensor reading is to the determined set point, the smaller the 
error. Consequently, because the motor is proportional to the driving error, the 
lower is the motor speed [34].

Figure 5. 
Mechanical structure of the active orthosis with a volunteer on the partial weight support system.

Figure 6. 
Control block diagram of the active orthosis. Two loops operate synchronously to generate appropriate torque to 
hip and knee joints.
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The results of active orthosis control tests, without volunteers, were normalized 
using MATLAB™ software (Figure 7) in comparison to the gait of a healthy indi-
vidual (Figures 8 and 9) [34].

Figure 8 allows the observation of important factors. The maximum knee flexion 
angle achieves 50°. There is a difference presented as an initial flexion between 0 and 
40% of the gait cycle, which appears in the dashed graph of the healthy individual 
with the amplitude of approximately 20°. The divergence is due to the reference 
point difference at which the angle was obtained, a bending that occurs in relation to 
the global system. Such lag exists because of the empirical way in which the control 
data are normalized. It is also because the hip could only flex and is limited to 26°, 
whereas knees could flex and extend. Therefore, there is a difference between the 
gait cadence of the developed system and the healthy gait. The former is faster than 
the latter. Nevertheless, the control will apply a 4.7:1 reduction in this speed, slowing 
down 4 times, making the orthosis cadence slower than a healthy one.

Another observation is that the healthy knee’s initial angle is zero and this is due 
to the calibration of the system. If signals were stapled to have the same reference, 
the maximum bending angle would be less than 50°. This is because the control 
set points of the orthosis for people with SCI were adjusted to be lower than that 
of a healthy individual. Therefore, the control program should not allow angles to 
exceed the biomechanical limits equal to those of a healthy one.

Considering hip angle analysis, there were also angular differences due to the 
mechanical limits of the bracing. Hip flexion is limited to 26° and extension limited 
to 13°. In Figure 9, the negative half-cycle of the amplitude of the signal represents 
the hip extension.

Once again, the programmed angles were not limited to the maximum normal 
hip values, which worked as activation thresholds to the electronic safety circuit. 
This alternative prevented movements that exceed the biomechanical limits of 
the user using the orthosis. The control operation depends on the percent of gait. 
Consequently, the controlled movement duration is shorter than the gait of a healthy 
individual since the angle of movement is smaller. The solid line also denotes higher 
speed and sharp transition with respect to the healthy individual. However, once 
again, there is a 4.7:1 reduction in the speed, smoothing the gait cadence.

Studies with this system are still ongoing. One of the efforts is the hybridization 
of the orthosis with FES, using a differentiated control, so that there is a possible 
reduction in the energetic expenditure and muscular fatigue. The embedded strat-
egy difference is to keep the hip joint under control throughout the gait and apply 
FES to knee extensor muscles only during gait swing phase. Figure 10 presents the 
proposed system.

Figure 7. 
Angular variation of both hip and knee joints (interval of one gait cycle).

39

Hybrid Neuroprosthesis for Lower Limbs
DOI: http://dx.doi.org/10.5772/intechopen.83793

Using the orthosis during both gait phases lessens the weight of the whole sys-
tem on the user. In existing systems, when FES activates the muscles, the user has to 
raise both the mechanical apparatus and the limb. This weight-bearing requirement 

Figure 8. 
Comparison of knee angular variation between orthosis control and healthy individual (interval of one gait cycle).

Figure 9. 
Comparison of knee angular variation between orthosis control and healthy individual (interval of one gait cycle).

Figure 10. 
Controller scheme with mechanomyography (MMG) and joint angle feedback at each stage of the gait.
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hastens the installation of muscle fatigue [9, 14] although it is smaller in relation to 
other systems that use only FES, or FES with passive orthosis [33].

This HNP has a fatigue detection system that processes mechanomyography 
signals [15]. The goal is to identify signal pattern changes and, in case of fatigue 
installation conditions, the HNP will activate the joint motors, guaranteeing user’s 
safety.

Hybrid systems for locomotion using FES and active orthoses are relatively new 
devices. Despise this, there are a few projects addressing this aspect, which are 
enough to visualize and glimpse the benefits and perspectives of these technologies.

5. Conclusions

This chapter presented the principles of the neural prosthesis and discussed the 
reasons for the hybridization of these systems. The methods used to stimulate the 
muscles and develop a neuroprosthesis remain valid and the stimulatory param-
eters are the same. Researchers, however, use new embedded systems technologies 
and graphical interfaces to program and configure the internal parameters of FES 
equipment, also using hybridization of orthosis and neuroprosthesis to combine the 
advantages of individual techniques to counterbalance their individual disadvan-
tages. The joint use of FES and orthosis attempts to reduce user’s energy expendi-
ture, postpone muscle fatigue installation, increase posture and movement stability, 
and reduce the system energy costs. Thus, hybrid neural prostheses increase system 
efficiency and prolong the time of use, consequently, achieving health benefits.

Acknowledgements

The authors would like to thank the National Council for Scientific and 
Technological Development (CNPq) and Araucária Foundation (FA) for the 
scholarships and financial resources.

41

Hybrid Neuroprosthesis for Lower Limbs
DOI: http://dx.doi.org/10.5772/intechopen.83793

[1] Sweeney JD. In: Reilly JP, Hermann A,  
editors. Skeletal muscle response 
to electrical stimulation, Applied 
Bioelectricity. 1st ed. New York: 
Springer-Verlag; 1998. pp. 299-340

[2] Ordovas-Montanes J, Rakoff-
Nahoum S, Huang S, Riol-Blanco L, 
Barreiro O, von Andrian UH. The 
regulation of immunological processes 
by peripheral neurons in homeostasis 
and disease. Trends in Immunology. 
2015;36:578-604. DOI: 10.1016/j.
it.2015.08.007

[3] WHO. Concept paper: WHO 
guidelines on health-related 
rehabilitation [Internet]. 2015. Available 
from: http://who.int/disabilities/care/
rehabilitation_guidelines_concept.pdf 
[Accessed: 2018-09-10]

[4] WHO. Spinal cord injury [Internet]. 
2013. Available from: http://www.who.
int/mediacentre/factsheets/fs384/en/ 
[Accessed: 2018-09-10]

[5] UN. Population fact sheets: Population 
ageing and sustainable development 
[Internet]. 2014. Available from: http://
www.un.org/en/development/desa/
population/publications/pdf/popfacts/
PopFacts_2014-4.pdf [Accessed: 
2018-09-10]

[6] CDRF. Spinal cord injury [Internet]. 
2016. [Accessed: 2018-09-10]

[7] Chan BC-F, Cadarette SM,  
Wodchis WP, Krahn MD, Mittmann N. 
The lifetime cost of spinal cord injury 
in Ontario, Canada: A population-
based study from the perspective of the 
public health care payer. The Journal of 
Spinal Cord Medicine. 2018:1-10. DOI: 
10.1080/10790268.2018.1486622

[8] Rupal B, Singla A, Virk G. Lower 
limb exoskeletons: A brief review. In: 
Conference on Mechanical Engineering 
and Technology (COMET-2016); 

Varanasi, India. IIT (BHU). 2016. 
pp. 130-140

[9] del-Ama AJ, Gil-Agudo Á, Pons JL,  
Moreno JC. Hybrid FES-robot 
cooperative control of ambulatory 
gait rehabilitation exoskeleton. 
Journal of Neuroengineering and 
Rehabilitation. 2014;11:27. DOI: 
10.1186/1743-0003-11-27

[10] Chen G, Chan CK, Guo Z, Yu H.  
A review of lower extremity 
assistive robotic exoskeletons in 
rehabilitation therapy. Critical 
Reviews in Biomedical Engineering. 
2013;41:343-363. DOI: 10.1615/
CritRevBiomedEng.2014010453

[11] Fougeyrollas P, Noreau L. Long-
term consequences of spinal cord injury 
on social participation: The occurrence 
of handicap situations. Disability and 
Rehabilitation. 2000;22:170-180. DOI: 
10.1080/096382800296863

[12] del-Ama AJ, Koutsou AD, Moreno JC, 
de-los-Reyes A, Gil-Agudo A, Pons JL.  
Review of hybrid exoskeletons to 
restore gait following spinal cord injury. 
Journal of Rehabilitation Research and 
Development. 2012;49:497

[13] Sabut SK, Lenka PK, Kumar R,  
Mahadevappa M. Effect of functional 
electrical stimulation on the 
effort and walking speed, surface 
electromyography activity, and 
metabolic responses in stroke subjects. 
Journal of Electromyography and 
Kinesiology. 2010;20:1170. DOI: 
10.1016/j.jelekin.2010.07.003

[14] Ha KH, Murray SA, Goldfarb M. An 
approach for the cooperative control 
of FES with a powered exoskeleton 
during level walking for persons with 
paraplegia. IEEE Transactions on Neural 
Systems and Rehabilitation Engineering. 
2016;24:455-466. DOI: 10.1109/
TNSRE.2015.2421052

References



Prosthesis

40

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Author details

Percy Nohama*, Guilherme Nunes Nogueira Neto and Maira Ranciaro
Pontifícia Universidade Católica do Paraná, Curitiba, Brazil

*Address all correspondence to: percy.nohama@pucpr.br

hastens the installation of muscle fatigue [9, 14] although it is smaller in relation to 
other systems that use only FES, or FES with passive orthosis [33].

This HNP has a fatigue detection system that processes mechanomyography 
signals [15]. The goal is to identify signal pattern changes and, in case of fatigue 
installation conditions, the HNP will activate the joint motors, guaranteeing user’s 
safety.

Hybrid systems for locomotion using FES and active orthoses are relatively new 
devices. Despise this, there are a few projects addressing this aspect, which are 
enough to visualize and glimpse the benefits and perspectives of these technologies.

5. Conclusions

This chapter presented the principles of the neural prosthesis and discussed the 
reasons for the hybridization of these systems. The methods used to stimulate the 
muscles and develop a neuroprosthesis remain valid and the stimulatory param-
eters are the same. Researchers, however, use new embedded systems technologies 
and graphical interfaces to program and configure the internal parameters of FES 
equipment, also using hybridization of orthosis and neuroprosthesis to combine the 
advantages of individual techniques to counterbalance their individual disadvan-
tages. The joint use of FES and orthosis attempts to reduce user’s energy expendi-
ture, postpone muscle fatigue installation, increase posture and movement stability, 
and reduce the system energy costs. Thus, hybrid neural prostheses increase system 
efficiency and prolong the time of use, consequently, achieving health benefits.

Acknowledgements

The authors would like to thank the National Council for Scientific and 
Technological Development (CNPq) and Araucária Foundation (FA) for the 
scholarships and financial resources.

41

Hybrid Neuroprosthesis for Lower Limbs
DOI: http://dx.doi.org/10.5772/intechopen.83793

[1] Sweeney JD. In: Reilly JP, Hermann A,  
editors. Skeletal muscle response 
to electrical stimulation, Applied 
Bioelectricity. 1st ed. New York: 
Springer-Verlag; 1998. pp. 299-340

[2] Ordovas-Montanes J, Rakoff-
Nahoum S, Huang S, Riol-Blanco L, 
Barreiro O, von Andrian UH. The 
regulation of immunological processes 
by peripheral neurons in homeostasis 
and disease. Trends in Immunology. 
2015;36:578-604. DOI: 10.1016/j.
it.2015.08.007

[3] WHO. Concept paper: WHO 
guidelines on health-related 
rehabilitation [Internet]. 2015. Available 
from: http://who.int/disabilities/care/
rehabilitation_guidelines_concept.pdf 
[Accessed: 2018-09-10]

[4] WHO. Spinal cord injury [Internet]. 
2013. Available from: http://www.who.
int/mediacentre/factsheets/fs384/en/ 
[Accessed: 2018-09-10]

[5] UN. Population fact sheets: Population 
ageing and sustainable development 
[Internet]. 2014. Available from: http://
www.un.org/en/development/desa/
population/publications/pdf/popfacts/
PopFacts_2014-4.pdf [Accessed: 
2018-09-10]

[6] CDRF. Spinal cord injury [Internet]. 
2016. [Accessed: 2018-09-10]

[7] Chan BC-F, Cadarette SM,  
Wodchis WP, Krahn MD, Mittmann N. 
The lifetime cost of spinal cord injury 
in Ontario, Canada: A population-
based study from the perspective of the 
public health care payer. The Journal of 
Spinal Cord Medicine. 2018:1-10. DOI: 
10.1080/10790268.2018.1486622

[8] Rupal B, Singla A, Virk G. Lower 
limb exoskeletons: A brief review. In: 
Conference on Mechanical Engineering 
and Technology (COMET-2016); 

Varanasi, India. IIT (BHU). 2016. 
pp. 130-140

[9] del-Ama AJ, Gil-Agudo Á, Pons JL,  
Moreno JC. Hybrid FES-robot 
cooperative control of ambulatory 
gait rehabilitation exoskeleton. 
Journal of Neuroengineering and 
Rehabilitation. 2014;11:27. DOI: 
10.1186/1743-0003-11-27

[10] Chen G, Chan CK, Guo Z, Yu H.  
A review of lower extremity 
assistive robotic exoskeletons in 
rehabilitation therapy. Critical 
Reviews in Biomedical Engineering. 
2013;41:343-363. DOI: 10.1615/
CritRevBiomedEng.2014010453

[11] Fougeyrollas P, Noreau L. Long-
term consequences of spinal cord injury 
on social participation: The occurrence 
of handicap situations. Disability and 
Rehabilitation. 2000;22:170-180. DOI: 
10.1080/096382800296863

[12] del-Ama AJ, Koutsou AD, Moreno JC, 
de-los-Reyes A, Gil-Agudo A, Pons JL.  
Review of hybrid exoskeletons to 
restore gait following spinal cord injury. 
Journal of Rehabilitation Research and 
Development. 2012;49:497

[13] Sabut SK, Lenka PK, Kumar R,  
Mahadevappa M. Effect of functional 
electrical stimulation on the 
effort and walking speed, surface 
electromyography activity, and 
metabolic responses in stroke subjects. 
Journal of Electromyography and 
Kinesiology. 2010;20:1170. DOI: 
10.1016/j.jelekin.2010.07.003

[14] Ha KH, Murray SA, Goldfarb M. An 
approach for the cooperative control 
of FES with a powered exoskeleton 
during level walking for persons with 
paraplegia. IEEE Transactions on Neural 
Systems and Rehabilitation Engineering. 
2016;24:455-466. DOI: 10.1109/
TNSRE.2015.2421052

References



Prosthesis

42

[15] Nohama P, Krueger E, Nogueira-Neto 
GN, Scheeren E. Novas tecnologias para 
a reabilitação após lesão medular. In: Vall 
J, editor. Lesão Medular: Reabilitação e 
Qualidade de Vida. 1st ed. Rio de Janeiro: 
Atheneu; 2014. pp. 235-273

[16] Cheng KE, Lu Y, Tong K-Y, Rad AB, 
Chow DH, Sutanto D. Development 
of a circuit for functional electrical 
stimulation. IEEE Transactions on 
Neural Systems and Rehabilitation 
Engineering. 2004;12:43-47. DOI: 
10.1109/TNSRE.2003.819936

[17] Wu H-C, Young S-T, Kuo T-S. A 
versatile multichannel direct-
synthesized electrical stimulator for 
FES applications. IEEE Transactions 
on Instrumentation and Measurement. 
2002;51:2-9. DOI: 10.1109/19.989882

[18] Johnsen E, DiMeo G, Franco B, 
Wilson R. Design and construction of 
an electrical muscle stimulation system 
to decrease Forearm Muscle Atrophy 
post-fracture. In: 37th Annual Northeast 
Bioengineering Conference (NEBEC); 
Troy. IEEE. 2011. pp. 1-2. DOI: 10.1109/
nebc.2011.5778539

[19] O’Keeffe DT, Lyons GM. A versatile 
drop foot stimulator for research 
applications. Medical Engineering & 
Physics. 2002;24:237-242. DOI: 10.1016/
S1350-4533(02)00011-5

[20] Laguna ZV, Cardiel E, Garay LI, 
Hernández PR. Electrical stimulator 
for surface nerve stimulation by 
using modulated pulses. In: 2011 Pan 
American Health Care Exchanges; Rio 
de Janeiro. IEEE. 2011. pp. 77-82. DOI: 
10.1109/pahce.2011.5871852

[21] Velloso JB, Souza MN. A 
programmable system of functional 
electrical stimulation (FES). In: 29th 
Annual International Conference of 
the IEEE Engineering in Medicine 
and Biology Society; Lyon. IEEE. 
2007. pp. 2234-2237. DOI: 10.1109/
IEMBS.2007.4352769

[22] Hart DW. Power Electronics. 
New York: McGraw-Hill; 2011

[23] Webster JG. Electronic Devices for 
Rehabilitation. Hoboken: John Wiley & 
Sons Incorporated; 1985

[24] Tribioli RA. Análise crítica atual 
sobre a TENS envolvendo parâmetros 
de estimulação para o controle da dor 
[master dissertação]. Interunidades em 
Bioengenharia, São Carlos: Universidade 
de São Paulo; 2003

[25] Mottaghi S, Hofmann UG. 
Dynamically adjusted, scalable electrical 
stimulator for exciteable tissue. In: 7th 
International IEEE/EMBS Conference 
on Neural Engineering (NER); 
Montpellier. IEEE. 2015. pp. 288-291. 
DOI: 10.1109/NER.2015.7146616

[26] Xu Q , Huang T, He J, Wang Y,  
Zhou H. A programmable multi-
channel stimulator for array 
electrodes in transcutaneous 
electrical stimulation. In: IEEE/ICME 
International Conference on Complex 
Medical Engineering (CME); Harbin 
Heilongjiang. IEEE. 2011. pp. 652-656. 
DOI: 10.1109/ICCME.2011.5876821

[27] Fatone S. A review of the literature 
pertaining to KAFOs and HKAFOs for 
ambulation. Journal of Prosthetics and 
Orthotics. 2006;18:P137-P168. DOI: 
10.1097/00008526-200606001-00003

[28] Waters RL, Mulroy S. The energy 
expenditure of normal and pathologic 
gait. Gait & Posture. 1999;9:207-231. 
DOI: 10.1016/S0966-6362(99)00009-0

[29] Bajd T, Kralj A, Šega J, Turk R, 
Benko H, Strojnik P. Use of a two-
channel functional electrical stimulator 
to stand paraplegic patients. Physical 
Therapy. 1981;61:526-527

[30] Peckham PH, Knutson JS. 
Functional electrical stimulation for 
neuromuscular applications. Annual 
Review of Biomedical Engineering. 

43

Hybrid Neuroprosthesis for Lower Limbs
DOI: http://dx.doi.org/10.5772/intechopen.83793

2005;7:327-360. DOI: 10.1146/annurev.
bioeng.6.040803.140103

[31] Thrasher TA, Popovic MR. 
Functional electrical stimulation 
of walking: Function, exercise 
and rehabilitation. Annales de 
Réadaptation et de Médecine Physique. 
2008;51:452-460. DOI: 10.1016/j.
annrmp.2008.05.006

[32] van Kammen K, Boonstra AM, van 
der Woude LHV, Reinders-Messelink 
HA, den Otter R. The combined effects 
of guidance force, bodyweight support 
and gait speed on muscle activity during 
able-bodied walking in the Lokomat. 
Clinical biomechanics. 2016;36:65-73. 
DOI: 10.1016/j.clinbiomech.2016.04.013

[33] Yang L, Condie DN, Granat MH, 
Paul JP, Rowley DI. Effects of joint 
motion constraints on the gait of normal 
subjects and their implications on the 
further development of hybrid FES 
orthosis for paraplegic persons. Journal 
of Biomechanics. 1996;29:217-226. DOI: 
10.1016/0021-9290(95)00018-6

[34] Ranciaro M, Neto GNN, Fernandes 
CR, da Cunha JC, Nohama P. Mimetic 
motion control for a lower-extremity 
active orthosis for hemiplegic people. 
IEEE Latin America Transactions. 
2017;15:225-231. DOI: 10.1109/
TLA.2017.7854616

[35] Ohashi T, Obinata G, Shimada Y, 
Ebata K. Control of hybrid FES system 
for restoration of paraplegic locomotion. 
In: 2nd IEEE International Workshop 
on Robot and Human Communication; 
Tokyo. IEEE. 1993. pp. 96-101. DOI: 
10.1109/ROMAN.1993.367741

[36] Bulea TC, Kobetic R, Audu ML, 
Schnellenberger JR, Triolo RJ. Finite 
state control of a variable impedance 
hybrid neuroprosthesis for locomotion 
after paralysis. IEEE Transactions on 
Neural Systems and Rehabilitation 
Engineering. 2013;21:141-151. DOI: 
10.1109/tnsre.2012.2227124

[37] Foglyano KM, Kobetic R, To CS, 
Bulea TC, Schnellenberger JR, Audu 
ML, et al. Feasibility of a hydraulic 
power assist system for use in hybrid 
neuroprostheses. Applied Bionics and 
Biomechanics. 2015;2015:205104. DOI: 
10.1155/2015/205104

[38] Chang SR, Nandor MJ, Li L, Kobetic 
R, Foglyano KM, Schnellenberger JR, 
et al. A muscle-driven approach to 
restore stepping with an exoskeleton 
for individuals with paraplegia. 
Journal of Neuroengineering and 
Rehabilitation. 2017;14:48. DOI: 
10.1186/s12984-017-0258-6

[39] Kirsch N, Alibeji N, Fisher L, 
Gregory C, Sharma N. A semi-active 
hybrid neuroprosthesis for restoring 
lower limb function in paraplegics. 
In: 36th Annual International 
Conference of the IEEE Engineering in 
Medicine and Biology Society; IEEE. 
2014. pp. 2557-2560. DOI: 10.1109/
EMBC.2014.6944144

[40] Zhang D, Ren Y, Gui K, Jia J, Xu W.  
Cooperative control for a hybrid 
rehabilitation system combining 
functional electrical stimulation 
and robotic exoskeleton. Frontiers 
in Neuroscience. 2017;11:725. DOI: 
10.3389/fnins.2017.00725

[41] Duenas VH, Cousin CA, Parikh A,  
Freeborn P, Fox EJ, Dixon WE. 
Motorized and functional electrical 
stimulation induced cycling via 
switched repetitive learning control. 
IEEE Transactions on Control Systems 
Technology. 2018. DOI: 10.1109/
TCST.2018.2827334

[42] Weaver VA. Design and fabrication 
of a hybrid neuroprosthetic exoskeleton 
for gait restoration [master]. 
Department of Mechanical and 
Aerospace Engineering, Cleveland: Case 
Western Reserve University; 2017

[43] Katti VV. Design of a muscle-
powered walking exoskeleton for 



Prosthesis

42

[15] Nohama P, Krueger E, Nogueira-Neto 
GN, Scheeren E. Novas tecnologias para 
a reabilitação após lesão medular. In: Vall 
J, editor. Lesão Medular: Reabilitação e 
Qualidade de Vida. 1st ed. Rio de Janeiro: 
Atheneu; 2014. pp. 235-273

[16] Cheng KE, Lu Y, Tong K-Y, Rad AB, 
Chow DH, Sutanto D. Development 
of a circuit for functional electrical 
stimulation. IEEE Transactions on 
Neural Systems and Rehabilitation 
Engineering. 2004;12:43-47. DOI: 
10.1109/TNSRE.2003.819936

[17] Wu H-C, Young S-T, Kuo T-S. A 
versatile multichannel direct-
synthesized electrical stimulator for 
FES applications. IEEE Transactions 
on Instrumentation and Measurement. 
2002;51:2-9. DOI: 10.1109/19.989882

[18] Johnsen E, DiMeo G, Franco B, 
Wilson R. Design and construction of 
an electrical muscle stimulation system 
to decrease Forearm Muscle Atrophy 
post-fracture. In: 37th Annual Northeast 
Bioengineering Conference (NEBEC); 
Troy. IEEE. 2011. pp. 1-2. DOI: 10.1109/
nebc.2011.5778539

[19] O’Keeffe DT, Lyons GM. A versatile 
drop foot stimulator for research 
applications. Medical Engineering & 
Physics. 2002;24:237-242. DOI: 10.1016/
S1350-4533(02)00011-5

[20] Laguna ZV, Cardiel E, Garay LI, 
Hernández PR. Electrical stimulator 
for surface nerve stimulation by 
using modulated pulses. In: 2011 Pan 
American Health Care Exchanges; Rio 
de Janeiro. IEEE. 2011. pp. 77-82. DOI: 
10.1109/pahce.2011.5871852

[21] Velloso JB, Souza MN. A 
programmable system of functional 
electrical stimulation (FES). In: 29th 
Annual International Conference of 
the IEEE Engineering in Medicine 
and Biology Society; Lyon. IEEE. 
2007. pp. 2234-2237. DOI: 10.1109/
IEMBS.2007.4352769

[22] Hart DW. Power Electronics. 
New York: McGraw-Hill; 2011

[23] Webster JG. Electronic Devices for 
Rehabilitation. Hoboken: John Wiley & 
Sons Incorporated; 1985

[24] Tribioli RA. Análise crítica atual 
sobre a TENS envolvendo parâmetros 
de estimulação para o controle da dor 
[master dissertação]. Interunidades em 
Bioengenharia, São Carlos: Universidade 
de São Paulo; 2003

[25] Mottaghi S, Hofmann UG. 
Dynamically adjusted, scalable electrical 
stimulator for exciteable tissue. In: 7th 
International IEEE/EMBS Conference 
on Neural Engineering (NER); 
Montpellier. IEEE. 2015. pp. 288-291. 
DOI: 10.1109/NER.2015.7146616

[26] Xu Q , Huang T, He J, Wang Y,  
Zhou H. A programmable multi-
channel stimulator for array 
electrodes in transcutaneous 
electrical stimulation. In: IEEE/ICME 
International Conference on Complex 
Medical Engineering (CME); Harbin 
Heilongjiang. IEEE. 2011. pp. 652-656. 
DOI: 10.1109/ICCME.2011.5876821

[27] Fatone S. A review of the literature 
pertaining to KAFOs and HKAFOs for 
ambulation. Journal of Prosthetics and 
Orthotics. 2006;18:P137-P168. DOI: 
10.1097/00008526-200606001-00003

[28] Waters RL, Mulroy S. The energy 
expenditure of normal and pathologic 
gait. Gait & Posture. 1999;9:207-231. 
DOI: 10.1016/S0966-6362(99)00009-0

[29] Bajd T, Kralj A, Šega J, Turk R, 
Benko H, Strojnik P. Use of a two-
channel functional electrical stimulator 
to stand paraplegic patients. Physical 
Therapy. 1981;61:526-527

[30] Peckham PH, Knutson JS. 
Functional electrical stimulation for 
neuromuscular applications. Annual 
Review of Biomedical Engineering. 

43

Hybrid Neuroprosthesis for Lower Limbs
DOI: http://dx.doi.org/10.5772/intechopen.83793

2005;7:327-360. DOI: 10.1146/annurev.
bioeng.6.040803.140103

[31] Thrasher TA, Popovic MR. 
Functional electrical stimulation 
of walking: Function, exercise 
and rehabilitation. Annales de 
Réadaptation et de Médecine Physique. 
2008;51:452-460. DOI: 10.1016/j.
annrmp.2008.05.006

[32] van Kammen K, Boonstra AM, van 
der Woude LHV, Reinders-Messelink 
HA, den Otter R. The combined effects 
of guidance force, bodyweight support 
and gait speed on muscle activity during 
able-bodied walking in the Lokomat. 
Clinical biomechanics. 2016;36:65-73. 
DOI: 10.1016/j.clinbiomech.2016.04.013

[33] Yang L, Condie DN, Granat MH, 
Paul JP, Rowley DI. Effects of joint 
motion constraints on the gait of normal 
subjects and their implications on the 
further development of hybrid FES 
orthosis for paraplegic persons. Journal 
of Biomechanics. 1996;29:217-226. DOI: 
10.1016/0021-9290(95)00018-6

[34] Ranciaro M, Neto GNN, Fernandes 
CR, da Cunha JC, Nohama P. Mimetic 
motion control for a lower-extremity 
active orthosis for hemiplegic people. 
IEEE Latin America Transactions. 
2017;15:225-231. DOI: 10.1109/
TLA.2017.7854616

[35] Ohashi T, Obinata G, Shimada Y, 
Ebata K. Control of hybrid FES system 
for restoration of paraplegic locomotion. 
In: 2nd IEEE International Workshop 
on Robot and Human Communication; 
Tokyo. IEEE. 1993. pp. 96-101. DOI: 
10.1109/ROMAN.1993.367741

[36] Bulea TC, Kobetic R, Audu ML, 
Schnellenberger JR, Triolo RJ. Finite 
state control of a variable impedance 
hybrid neuroprosthesis for locomotion 
after paralysis. IEEE Transactions on 
Neural Systems and Rehabilitation 
Engineering. 2013;21:141-151. DOI: 
10.1109/tnsre.2012.2227124

[37] Foglyano KM, Kobetic R, To CS, 
Bulea TC, Schnellenberger JR, Audu 
ML, et al. Feasibility of a hydraulic 
power assist system for use in hybrid 
neuroprostheses. Applied Bionics and 
Biomechanics. 2015;2015:205104. DOI: 
10.1155/2015/205104

[38] Chang SR, Nandor MJ, Li L, Kobetic 
R, Foglyano KM, Schnellenberger JR, 
et al. A muscle-driven approach to 
restore stepping with an exoskeleton 
for individuals with paraplegia. 
Journal of Neuroengineering and 
Rehabilitation. 2017;14:48. DOI: 
10.1186/s12984-017-0258-6

[39] Kirsch N, Alibeji N, Fisher L, 
Gregory C, Sharma N. A semi-active 
hybrid neuroprosthesis for restoring 
lower limb function in paraplegics. 
In: 36th Annual International 
Conference of the IEEE Engineering in 
Medicine and Biology Society; IEEE. 
2014. pp. 2557-2560. DOI: 10.1109/
EMBC.2014.6944144

[40] Zhang D, Ren Y, Gui K, Jia J, Xu W.  
Cooperative control for a hybrid 
rehabilitation system combining 
functional electrical stimulation 
and robotic exoskeleton. Frontiers 
in Neuroscience. 2017;11:725. DOI: 
10.3389/fnins.2017.00725

[41] Duenas VH, Cousin CA, Parikh A,  
Freeborn P, Fox EJ, Dixon WE. 
Motorized and functional electrical 
stimulation induced cycling via 
switched repetitive learning control. 
IEEE Transactions on Control Systems 
Technology. 2018. DOI: 10.1109/
TCST.2018.2827334

[42] Weaver VA. Design and fabrication 
of a hybrid neuroprosthetic exoskeleton 
for gait restoration [master]. 
Department of Mechanical and 
Aerospace Engineering, Cleveland: Case 
Western Reserve University; 2017

[43] Katti VV. Design of a muscle-
powered walking exoskeleton for 



Prosthesis

44

people with spinal cord injury [master]. 
Minnesota: University of Minnesota; 
2018

[44] Ranciaro M. Controle mimético 
de marcha de um membro inferior 
para órtese ativa [master]. Health 
Technology, Curitiba: Pontifical 
Catholic University of Parana; 2016

[45] Fernandes CR, Fernandes BL, 
Ranciaro M, Stefanello J, Nohama P.  
Model proposal for development 
of a passive exoeskeleton for lower 
limb. In: V Congresso Brasileiro 
de Eletromiografia e Cinesiologia 
(COBEC); Uberlandia. SBEB. 
2017. pp. 664-666. DOI: 10.29327/
cobecseb.78856

45

Chapter 4

Residual Limb Health and 
Prosthetics
Sashwati Roy, Shomita S. Mathew-Steiner  
and Chandan K. Sen

Abstract

The residual limb of individuals with lower limb loss is dynamic tissue that is 
susceptible to both acute and chronic changes to limb volume and health over time. 
Changes in residual limb volume that affect socket fit may contribute to maladaptive 
gait patterns and deleterious changes to the socket/limb interface that increase harm-
ful shear stress and contributes to residual limb skin injury. Current socket systems 
are static and lack the ability to provide end-users and prosthetists with patient-
centric data about changes in socket fit over time. There is a need for objective clinical 
decision-making that results in greater prosthesis usage, improved residual limb 
health, and better comfort ratings for end-users. Among the socket systems available 
in the market, the elevated vacuum suspension system improves residual limb skin 
oxygenation, attenuates socket-induced reactive hyperemia and preserves skin barrier 
function. This suggests that such a system is compatible with imparting physiological 
benefits to the residual limb in people with lower limb amputations.

Keywords: amputation, prosthesis, residual limb health, transepidermal water  
loss, surface electrical capacitance, skin barrier, perfusion

1. Introduction

Prosthetics are artificial substitutes for body parts lost through congenital 
defects, injury (accident or combat-related) or disease. These devices can be worn 
on the outside of the body or surgically implanted and are made of a variety of 
materials that may serve a cosmetic and/or functional purpose. They have evolved 
from simple fiber-based appendages (ancient Egypt) to the sophisticated lower 
limb “blades” and bionic arms that enable amputees to transcend barriers to their 
activities. Prosthetics today are strong and light, made of aluminum, plastic or 
composite materials that are better molded to the patient limb. Furthermore, the 
advent of microprocessors, computer chips and robotic technology provide a range 
of motion that fits the lifestyle choices of the amputee.

Achieving a comfortable and functional connection between an amputee and their 
prosthetic limb is critical to the success of the prosthesis. Therefore, the socket system 
is the most significant component for overall success of the prosthesis [1, 2].  
Plaster wraps or computer aided designs are the primary means to custom fit sockets to 
maximize socket performance and comfort without adversely affecting residual limb 
health (Figure 1). Currently, the lack of quantitative feedback to determine appropri-
ate socket fit is a major drawback in this process. Prosthetists use anecdotal visual cues 
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combined with subjective verbal feedback from patients to minimize suspension-
dependent movement between the socket and residual limb. This subjective infor-
mation is used to revise socket parameters such as volume, geometry, and type of 
suspension to provide a “best” fit for the amputee. In day-to-day living, the volume of 
mature residual limb (>18 months postamputation [3]) are subject to short-term [4] 
and long-term [5, 6] changes in volume that compromise socket fit and performance.

More than 80% of amputations in the U.S. are the result of complications from 
vascular disease and diabetes [7, 8]. Less than 10% of lower-limb amputation results 
from trauma [9]. In the US, among those that live with a lower-limb amputation, 
a growing number of which are Service men and women [10–12], the limb volume 
changes adversely affect fit, performance, and residual limb health [6]—including 
skin breakdown and ulceration [13] (Figure 1) that can require surgical revision of 
the amputation. The requirement for surgical revision is known to be as high as 30% 
[14]. This review primarily focuses on skin health in the residual lower limb and 
the need for objective monitoring and evaluation of changes at the interface of the 
biological entity (limb skin) and the artificial entity (prosthetic limb) for sustained 
optimal limb health. Similar issues could apply to the residual upper limb.

Figure 1. 
(A) Prosthetists use a scanning device to digitize limb shape. (B) Digital model is modified to create a positive 
mold for socket fabrication tailored to the residual limb. (C) Tissue injury as a result of using a pin-locking 
suspension system. (D) Injury healed once the amputee was fit and began wearing an elevated vacuum 
suspension socket (EVS).
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2. Overview of the prosthetic lower limb

2.1 Components

There are two main types of prosthetics that replace a partial or complete loss 
of the lower limb and these include: (a) below the knee or transtibial (TT), where a 
prosthetic lower leg is attached to an intact residual upper limb, (b) above the knee 
or transfemoral (TF), where a prosthesis replaces the upper and lower leg and knee. 
Each of these types of prostheses is composed of key parts: the prosthetic limb, a 
socket (interface between the biological component (e.g., patients’ body) and the 
artificial limb), the attachments and the control system.

2.2 Socket systems

The piece that interfaces between the residual limb/body part and the artificial 
limb is called the socket and is typically molded around a plaster cast taken from 
the residual limb. A range of suspension systems are available for use on amputees 
and the choice of socket primarily depends on subjective information obtained by 
the prosthetist. The fit of a socket has to be precise or the artificial limb may cause 
discomfort or tissue damage resulting in the inability to wear the prosthesis for a 
time and leading to surgical interventions.

The most common systems in use are pin/shuttle lock, suction, and vacuum. 
The pin/lock system uses a padded liner with a pin on the end which is inserted 
into a shuttle lock built into the bottom of the connecting socket. A modification 
of this system is the lanyard, which connects the socket to the liner and limits 
shear and rotation. The suction system has a soft liner, a one-way valve and a seal-
ing valve. Suction enables even adhesion to the interior surface of the socket and 
lowers the friction and shear. The vacuum system actively creates a seal around 
the socket and liner and enhances the adhesion of the limb to the socket, thereby 
regulating residual limb volume changes and promoting better circulation and 
reduced shear. The pin-lock is most popular but is associated with issues such as 
bell clapping (lateral displacement), pistoning (vertical displacement) (Figure 2)  
and distal tissue stretching (milking) which result in complications such as gait 
asymmetry, skin sores, and stump pain at the distal end. Suction and vacuum sys-
tems help minimize these complications and are currently popular (~95%) among 
Service Members and veterans with limb loss.

Figure 2. 
Classification of residual limb movement within the socket. The timing and waveform profile are distinct in 
each of these types of movements.
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2.3 The socket/limb interface

The importance of the socket/limb interface has been highlighted in several 
published reports. The primary concerns reported from prosthesis users include 
the fit of the artificial limb and comfort. A study by Klute et al., identified that the 
time-consuming prosthesis fitting process can contribute to excess pressure and 
friction on the residual limb, resulting in skin and deeper tissue damage and related 
pain and discomfort [15]. The outcome of this study emphasized the need for a 
fitting process that included objective measures to complement and improve user 
feedback.

Several studies employing radiological [15–17], acoustic [18], and optical [19] 
approaches have been used to analyze the movement of the residual limb within 
the socket of lower limb systems. These have numerous shortcomings primarily 
related to lack of clinical translatability and testing capability in a limited range of 
movements. The LimbLogic® vacuum system developed as a result of a Veterans 
Affairs (VA) grant funded collaborative work with Ohio Willow Wood was com-
mercialized for clinically relevant quantification of prosthetic socket performance. 
Elevated vacuum suspension (EVS) [20, 21] (Figure 3) creates subatmospheric 
pressure between the prosthetic socket and liner worn over the residual limb. 
Studies performed with this system identified that variances among individuals 
may be a result of different gait styles, tissue types, residual limb geometries, 
prosthesis weight distribution, and socket fit. The results demonstrated that 
elevated vacuum pressure data provide information to quantify initial socket fit 
and monitor changes from an initial set point. The correlation between displace-
ment and vacuum pressure fluctuation was dependent on socket fit. In general, 
higher vacuum pressure settings resulted in the lower amounts of displacement 
and vacuum pressure fluctuation within each socket fit condition. However, the 
rates of decreases created distinct trends in the data that correlated to particular fit 
conditions.

Therefore, the effectiveness of lower limb prosthesis is largely measured by its 
ability to minimize in-socket movement of the residual limb, conserving residuum 
health. Movement of the residual limb within the prosthetic socket contributes to 
increased risk of skin ulceration [22]. Technological advancements in residual limb 
scanning and socket manufacturing have empowered prosthetists to design and 

Figure 3. 
Elevated vacuum suspension schematic and probe measurement points. (A) Illustration of test socket with recess 
for in-socket silicone probe holder. (B) Residual-limb measurement sites. Green and yellow indicate measurement 
sites of high and low stress, respectively. LDF = laser Doppler flowmetry, TCOM = transcutaneous oxygen 
measurement (reprinted with permission from Rink et al. [20]).
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fit customized sockets that account for unique amputee residual limb shape and 
volume. However, unlike the rigid socket that is fixed in geometry and volume, the 
morphometry of the residual limb is dynamic. Mature residual limbs experience 
diurnal changes in volume of up to 2% [4] because of a number of factors includ-
ing activity level, ambient environment, body composition, dietary habits, and 
hormones [6]. Furthermore, chronic remodeling of a mature residual limb can 
result in even greater (~10%) volume changes over the course of weeks [23] and 
months [5]. Thus, socket fit and residual limb movement in the socket are subject 
to time-dependent changes. Because socket movement increases risk of residuum 
dermal injury and ulceration [22], there is a clear need to evaluate the efficacy 
of using a socket monitoring system that can quantify residual limb movement 
inside the socket to aid in the socket fitting process. Such a system has the poten-
tial of minimizing risk to residual limb health [6] while maximizing functional 
performance.

3. Residual limb health

3.1 Issues with prosthesis fitting

Achieving a comfortable and functional connection between an amputee and 
their prosthetic limb is critical to the success of the prosthesis. Therefore, the socket 
system is the most significant component for the overall rehabilitative success of 
the prosthesis [24, 25]. Socket comfort is achieved by appropriately loading and 
off-loading the residual limb, where the optimal biomechanical performance of 
the prosthesis is achieved by transfer motions of the residual limb without loss or 
excess motion to the prosthesis. In an effort to maximize socket performance and 
comfort without adversely affecting residual limb health, a prosthetist custom fits 
a socket for every patient using plaster wraps or computer aided design. Currently, 
this process suffers from a lack of quantitative feedback to determine appropriate 
socket fit. Prosthetists aim to create a comfortable and intimate socket interface, 
but current approaches are limited as they rely on anecdotal visual cues along with 
subjective verbal feedback from the patient. Prosthetists then use this information 
to revise socket parameters such as volume, geometry, and type of suspension to 
provide a “best” fit for a patient.

In light of the subjective inputs that currently inform prosthesis form, fit, and 
therefore function, there is a clear need to provide objective measures to optimize 
prosthesis fitting and provide continual feedback to both end-user and prosthetist 
as the residual limb volume and shape are susceptible to change over time. Under 
the current paradigm of prosthetic socket fitting, inadequate and/or misinforma-
tion communicated to the prosthetist can lead to sub-optimal fit and comfort of 
the prosthetic system. This contributes to repeat clinical visits to rectify areas of 
discomfort, or in more extreme cases rejection of the prosthesis and preference 
toward other assistive devices such as wheelchairs. Two surveys administered to 
lower limb prosthesis users indicated a high prevalence of skin sores or irritation 
occurring within the socket, with fit likely being a contributing factor [24, 25]. If 
left unresolved, such limb health issues may necessitate disuse of the prosthesis.

3.2 Injuries of the residual limb

Most amputees have an active and satisfying quality of life with a majority 
that wear a prosthesis at least 7 h a day to aid in mobility and everyday living. An 
improper fit or alignment, lack of adequate gait training and development of poor 



Prosthesis

48

2.3 The socket/limb interface

The importance of the socket/limb interface has been highlighted in several 
published reports. The primary concerns reported from prosthesis users include 
the fit of the artificial limb and comfort. A study by Klute et al., identified that the 
time-consuming prosthesis fitting process can contribute to excess pressure and 
friction on the residual limb, resulting in skin and deeper tissue damage and related 
pain and discomfort [15]. The outcome of this study emphasized the need for a 
fitting process that included objective measures to complement and improve user 
feedback.

Several studies employing radiological [15–17], acoustic [18], and optical [19] 
approaches have been used to analyze the movement of the residual limb within 
the socket of lower limb systems. These have numerous shortcomings primarily 
related to lack of clinical translatability and testing capability in a limited range of 
movements. The LimbLogic® vacuum system developed as a result of a Veterans 
Affairs (VA) grant funded collaborative work with Ohio Willow Wood was com-
mercialized for clinically relevant quantification of prosthetic socket performance. 
Elevated vacuum suspension (EVS) [20, 21] (Figure 3) creates subatmospheric 
pressure between the prosthetic socket and liner worn over the residual limb. 
Studies performed with this system identified that variances among individuals 
may be a result of different gait styles, tissue types, residual limb geometries, 
prosthesis weight distribution, and socket fit. The results demonstrated that 
elevated vacuum pressure data provide information to quantify initial socket fit 
and monitor changes from an initial set point. The correlation between displace-
ment and vacuum pressure fluctuation was dependent on socket fit. In general, 
higher vacuum pressure settings resulted in the lower amounts of displacement 
and vacuum pressure fluctuation within each socket fit condition. However, the 
rates of decreases created distinct trends in the data that correlated to particular fit 
conditions.

Therefore, the effectiveness of lower limb prosthesis is largely measured by its 
ability to minimize in-socket movement of the residual limb, conserving residuum 
health. Movement of the residual limb within the prosthetic socket contributes to 
increased risk of skin ulceration [22]. Technological advancements in residual limb 
scanning and socket manufacturing have empowered prosthetists to design and 

Figure 3. 
Elevated vacuum suspension schematic and probe measurement points. (A) Illustration of test socket with recess 
for in-socket silicone probe holder. (B) Residual-limb measurement sites. Green and yellow indicate measurement 
sites of high and low stress, respectively. LDF = laser Doppler flowmetry, TCOM = transcutaneous oxygen 
measurement (reprinted with permission from Rink et al. [20]).

49

Residual Limb Health and Prosthetics
DOI: http://dx.doi.org/10.5772/intechopen.83819

fit customized sockets that account for unique amputee residual limb shape and 
volume. However, unlike the rigid socket that is fixed in geometry and volume, the 
morphometry of the residual limb is dynamic. Mature residual limbs experience 
diurnal changes in volume of up to 2% [4] because of a number of factors includ-
ing activity level, ambient environment, body composition, dietary habits, and 
hormones [6]. Furthermore, chronic remodeling of a mature residual limb can 
result in even greater (~10%) volume changes over the course of weeks [23] and 
months [5]. Thus, socket fit and residual limb movement in the socket are subject 
to time-dependent changes. Because socket movement increases risk of residuum 
dermal injury and ulceration [22], there is a clear need to evaluate the efficacy 
of using a socket monitoring system that can quantify residual limb movement 
inside the socket to aid in the socket fitting process. Such a system has the poten-
tial of minimizing risk to residual limb health [6] while maximizing functional 
performance.

3. Residual limb health

3.1 Issues with prosthesis fitting

Achieving a comfortable and functional connection between an amputee and 
their prosthetic limb is critical to the success of the prosthesis. Therefore, the socket 
system is the most significant component for the overall rehabilitative success of 
the prosthesis [24, 25]. Socket comfort is achieved by appropriately loading and 
off-loading the residual limb, where the optimal biomechanical performance of 
the prosthesis is achieved by transfer motions of the residual limb without loss or 
excess motion to the prosthesis. In an effort to maximize socket performance and 
comfort without adversely affecting residual limb health, a prosthetist custom fits 
a socket for every patient using plaster wraps or computer aided design. Currently, 
this process suffers from a lack of quantitative feedback to determine appropriate 
socket fit. Prosthetists aim to create a comfortable and intimate socket interface, 
but current approaches are limited as they rely on anecdotal visual cues along with 
subjective verbal feedback from the patient. Prosthetists then use this information 
to revise socket parameters such as volume, geometry, and type of suspension to 
provide a “best” fit for a patient.

In light of the subjective inputs that currently inform prosthesis form, fit, and 
therefore function, there is a clear need to provide objective measures to optimize 
prosthesis fitting and provide continual feedback to both end-user and prosthetist 
as the residual limb volume and shape are susceptible to change over time. Under 
the current paradigm of prosthetic socket fitting, inadequate and/or misinforma-
tion communicated to the prosthetist can lead to sub-optimal fit and comfort of 
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habits are common features of a vast majority of amputees who use a prosthesis 
resulting in at least one deviation or problem. The increased load or weight is often 
placed on the intact limb as a result of these deviations can cause discomfort or 
pain in the joints and lead to some form of degenerative joint disease or disability in 
extreme cases. Three of the most common secondary complications in lower-limb 
amputees due to compensatory and/or altered stresses are osteoarthritis, osteoporo-
sis and back pain.

About 75% of patients with lower-limb prosthetics have skin problems [26, 27]. 
The lack of a normal pressure-distributing anatomy the residual limb is prone to 
issues such as elevated shear forces, stress risers, increased humidity, and prolonged 
moist contact within the prosthesis, which can contribute to ulceration. Ulcers 
or pressure sores, are the most common skin conditions in prosthetic users [24] 

Figure 4. 
Laser speckle imaging (LSI) for skin perfusion. (A) Black box over transtibial amputee represents field of 
view (FOV) for perfusion mapping and quantification. (B) Representative perfusion maps acquired pre- and 
post-activity (over-ground walking) in sound and residual limb. (C) Perfusion was measured by laser Doppler 
flowmetry out-of-socket with liner on (O) and in-socket while resting with weight bearing on the residual limb 
(I) under SoC (black bar) and EVS (white bar) conditions. Data are mean perfusion units ± SE (shown as 
error bar). *p<0.05 O vs I within gp at time point (reprinted with permission from Rink CL et al. [33]).
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and can vary in size and magnitude requiring prolonged recovery time out of the 
prosthesis, a new socket fitting and sometimes surgical interventions [26, 27].

3.3 Preserving residual limb health

Skin ulcers are typically the end result of vascular insufficiency and improper 
skin barrier function. Reperfusion of blood, as seen in reactive hyperemia, to nutri-
ent- and oxygen-deprived tissue is another causative factor of tissue injury that 
contributes to ulcer formation [28]. In lower-limb amputation, this was identified 

Figure 5. 
Hyperspectral imaging for skin oxygen saturation. (A) Black box represents field of view (FOV) for 
qualification of tissue oxygen saturation (StO2) in residual limb. (B) Representative oxygen saturation map. 
(C) Reactive hyperemia quantified as percent changed in tissue oxygen saturation pre- and postactivity was 
determined in standard of care (SoC) (black bar) and EVS (white bar) socket systems at baseline and after 
16 weeks of use (final). Data are mean ± SE (shown in error bar), *p < 0.05 SoC vs. EVS (reprinted with 
permission from Rink et al. [33]).

Figure 6. 
Transepidermal water loss (TEWL) for skin barrier function. (A) Schematic of TEWL probe over the skin as 
it measures differences between relative humidity of ambient air and directly above skin. (B) Photograph of 
a TEWL measurement. (C) TEWL was measured 15 min after socket doffing in people with transtibial and 
transfemoral amputation (n = 10) under standard of care (SoC) (black bar) and EVS (white bar) conditions. 
Data shown are from areas of high stress and low stress combined. Data shown are from areas of high stress 
and low stress combined. Data are mean ± SE (shown as error bars). *p < 0.05 SoC vs. EVS within time point. 
†p<0.05 baseline vs. final within prosthesis group (reprinted with permission from Rink et al. [33]).
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Figure 7. 
Surface electrical capacitance for skin hydration. (A) Close-up view of SEC probe. Photograph of SEC 
measurement collection from a subject. SEC measurements from (B) transtibial and (C) transfermoral subjects 
immediately after liner removal and after equilibration with air for 15 min (reprinted with permission from 
Rink et al. [33]).

Figure 8. 
Silicone gel probe holder for in-liner measurement. (A) Temperature, transcutaneous oxygen measurement 
(TCOM) wand laser Doppler flowmetry (LDF) probes were embedded in a silicone gel insert to enable real-
time measurement of limb temperature, oxygenation, and perfusion respectively. (B) Placement of probes on 
residual limb of transtibial participant. Oxygen permeable TegadermTM was used to adhere the TCOM probe 
to the limb. (C) The silicone gel insert enabled reproducible placement and spacing of probes and buffered 
against the liner from pressing probes tightly against skin (reprinted with permission from Rink et al. [33]).
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as a complication of prosthesis use in the early 1960s [29]. Key among the factors 
to monitor in attempting to preserve and promote residual limb health would be 
maintenance of skin barrier function, perfusion and oxygenation.

There are few examples of evidence based research related to the effect of socket 
systems, particularly elevated vacuum suspension systems on limb health [30–32]. 
A recent study was the first to directly test the effect of EVS on residual-limb skin 
health and blood flow [20]. This study used a standardized non-invasive imaging 
(Figures 4-7) approach with a combination of out-of-socket imaging (e.g., hyper-
spectral imaging, transepidermal water loss (TEWL) and surface electrical capaci-
tance (SEC)) and in-socket imaging (e.g., transcutaneous oximetry (TCOM), laser 
Doppler flowmetry (LDF)) [20, 33]. Outcomes of this study identified that elevated 
vacuum suspension socket systems promote better residual limb skin physiology 
by preserving the skin barrier function (TEWL measurements), rescuing against 
loss of tissue oxygenation during activity and attenuating reactive hyperemia. 
Customized test sockets for people with TT and TF amputations with embedded 
in-socket silicone probe holder (Figures 3 and 8) housed perfusion (LDF) and 
tissue oxygen (TCOM) measurement probes and enabled multiple temporal mea-
surements from the same sites to be taken in study without the individual probes 
interfering with one another.

4. Summary and conclusions

Residual limb skin health is a key determinant of quality of life for individuals 
with lower limb amputation. Skin health problems, caused by shear forces and 
stress to the residual limb, are known to affect the ability of individuals with lower 
limb loss to perform household tasks, use their prosthesis, engage in social func-
tions, and participate in sports. Therefore, objective measures to during socket 
fitting combined with real-time monitoring of skin physiological parameters such 
as barrier function, hydration and perfusion are likely to provide a better fitting and 
functional artificial limb for long-term use.
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Chapter 5

Ambulatory Devices: Assessment
and Prescription
Daniel Olufemi Odebiyi and Caleb Adewumi Adeagbo

Abstract

Injuries or disabilities associated with the lower extremities and aging frequently
result in ambulation difficulty and this usually necessitates the prescription of
ambulatory assistive device (e.g., cane, crutch and walker) in an attempt to restore
locomotory function. Ambulatory devices are orthotic devices that provide support,
stability and balance for users to able to move from one point to another. Users
can progress or retrogress from one ambulatory device to another while some are
permanently fit on a particular device throughout lifetime. The progression is
dependent on the medical condition, user’s abilities, user’s anthropometric and
environment. Physiotherapist prescribes ambulatory device to users and helps
with the fitting and proper use of the ambulatory device. A correct prescription
and well fitted ambulatory device minimize functional limitation and promote
functional ability and improve quality of life. Incorrect prescription, fitting and
use of ambulatory device may result in early fatigue, frustration, fall and damage
to blood vessels, muscles or nerves.

Keywords: ambulatory devices, walker, crutches, cane

1. Introduction

Ambulatory devices are mobility devices that assist in transfer of user from one
point to another. Ambulatory devices require active participation of users during
mobilization while mobility devices requires passive participation of users. Mobility
devices are stretchers and wheelchairs [37].

Ambulatory devices are used by people with musculoskeletal impairments,
neurological deficit and older people in order to be independent or decrease
dependency on care-givers and health care practitioners. Ambulatory devices are
orthotic devices used for support (i.e., augmentation of muscle action and/or
reduction of weight-bearing load), maintaining stability and balance with the aim
of transferring individual with ambulatory difficulty from one point to another
due to injury or disability [13].

Many factors predispose an individual to use ambulatory devices. These factors
may be aging, congenital, medical or traumatic. Congenital factors include struc-
tural deformities that are present at birth, while traumatic factors are as a result of
accident. Medical factors are as a result of diseases which can lead to amputation,
limb discrepancies, muscle weakness and loss of balance. Users can progress or
retrogress from one ambulatory device to another while some are permanently fit
on a particular device throughout lifetime.
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There are many ambulatory devices developed to suit diverse presentations
from difference medical or surgical conditions and these include parallel bar,
walker, crutches and cane. Each of the ambulatory device has advantages and
disadvantages that enhance their prescription and usage. Therefore, clinicians need
to have a good understanding of these ambulatory devices to be able to recommend
the ideal ambulatory device for the user [3, 10].

Prescription of ambulatory device is determined by the user’s anthropometric
parameters (body weight, height and body mass index), user’s abilities (skill), user’s
needs and environment. Other factors that influence the prescription of ambulatory
devices include; weight bearing status, the degree of support or assistance the
device can offer, the coordination of the user, range of motion available at the
involved joints, balance, stability, strength, and general condition of the user.

There are also body functions involved in determining user’s capacity to use an
ambulatory device, these are cognitive function, judgment, vision, vestibular func-
tion, upper body strength, physical endurance. Depending on severity, impairments
in any of these functions could make it impossible for a user to safely use a device.

The prescription of any ambulatory device should specify the device most likely
to maximize the user’s function; the individual’s goals and personal preferences
must also be considered. Physiotherapists are licensed and help with the fitting and
proper use of ambulatory device while other health practitioners can also recom-
mend ambulatory devices. All ambulatory devices are made in different height and
so user must be fitted in order to obtain the correct ambulatory device height [6].

The functions of ambulatory devices when properly use includes the following:

• Provides assist forward, backward and lateral movements: users of an
ambulatory device can walk in any direction with and within the device.

• Helps to increase balance, stability and coordination of the users: there is
increase balance due to the increase in the base of support provided by the
ambulatory devices (Figure 1).

• Helps to reduce weight bearing on the affected lower limb: use of ambulatory
devices result in the upper limbs sharing weight bearing with the affected
lower limbs, thereby reducing the weight of the body of user being borne on
the affected lower limbs.

• Helps to increase confidence of the users: the user can move independently
without or with little manual assistance.

Figure 1.
Increase of the base of support for a user of ambulatory device (crutches).
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• Helps to correct poor posture: the support provided by ambulatory devices
creates a platform that enhances good posture habit among users when the
right ambulatory device is selected and properly fit.

• Helps to reduce risk of fall: assumption of good posture arising from increased
supporting base of users help to reduce the risk of fall among users.

• Helps to reduce pain on the affected limb: the use of ambulatory support
encourages body weight of the users to transferred to the ambulatory devices.

• Helps to augment muscular strength of the trunk and of the affected lower
limbs [21].

2. Ambulatory devices

Ambulatory devices are aids made of durable and non-malleable materials for
assistance during walking and standing. The main function of ambulatory device is
to reduce the amount of weight bearing on the weak (or affected) lower limb or
totally eliminate weight from the lower limb by transmitting the body weight from
the upper limb to the floor through the ambulatory device [8]. Weight bearing
status of ambulatory device user is the amount of weight the user put on the weak
(or affected) lower limb during ambulation. The weight bearing status can be
measured in grades or percentages. The amount of weight bearing on the weak (or
affected) lower limb is determined by the user medical history, weight bearing
capacity as can be tolerated and functional ability of the weak (or affected) lower
limb [11]. The weight bearing status available among ambulatory device users
(apart from cane) are as described below:

Non-weight bearing (NWB): the affected lower limb will not touch the floor
during ambulation (i.e., no weight is borne on the affected lower limb) [11]. The
percentage of body weight transmitted to the floor, through the affected lower limb
is zero (0)% (Figure 2).

Touch down weight bearing (TDWB): this is also known as toe touch weight
bearing (TTWB). Here, the foot or the toes touch the floor but no weight is trans-
mitted to the floor through the affected lower limb involved. Thus, the percentage
of body weight transmitted to the floor, through the affected lower limb is also zero
(0)% (Figure 3).

Partial weight bearing (PWB): here, a little amount of weight is transmitted to the
floor through the affected lower limb. The percentage of body weight transmitted
to the floor can range between 1 and 50% [11]. During the training stage, two body
weighing machines/apparatus can be used to accurately determine the percentage
body that may borne on the affected lower limb (Figure 4).

Weight bearing as tolerated (WBT): the user of the ambulatory device determines
the amount of weight to bear on the affected/involved lower limb. The weight
bearing status is totally dependent on the individual ambulatory device user and
the percentage of body weight transmitted to the floor can range from 50 to
100% [11].

Full weight bearing (FWB): the affected/involved lower limb can bear the total
weight of the body. The percentage of body weight transmitted to the floor through
the affected lower limb can be 100% [11]. This type of weight bearing status is used
to build confidence with the ambulatory device user.
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Figure 3.
Touch down weight bearing (TDWB) on the right lower limb. The reference lower limb is only touching the
floor but not bearing weight.

Figure 2.
Non-weight bearing (NWB) on the right lower limb. The non-weight bearing limb is not touching the floor.
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3. Categories of ambulatory device

Ambulatory devices can be group into categories depending on the basic design.
When arranged in the level of stability of the ambulatory device the progression is
parallel bar, walker, crutches and cane. Each of the categories of the ambulatory
device is then redesign and modify to different styles and types to specifically meet
the needs of the user.

4. Parallel bar

4.1 Description and components of parallel bar

Parallel bar are fixed apparatus with a pair of horizontal bars on vertical posts
used for standing and ambulatory training (Figure 5). It is a medical ambulatory
device with two parallel horizontal bars on fixed four legs; the user holds the
horizontal bars at wrist height and move forward, backward and sideways, usually

Figure 4.
Partial weight bearing (PWB) or weight bearing as tolerated (WBT) on the right lower limb. The weight the
reference lower limb bear is decided by the amount of weight that can be tolerated.
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in front of a standing mirror. Each of the horizontal bars is mounted on two
adjustable vertical posts to allow for easy adjustment of height of the parallel in
accordance with the anthropometric parameters of the users. The entire horizontal
bars form the handgrip for the users. The vertical posts are fixed to the floor or
joined together for stability of the parallel bar. The horizontal bars are about
18 inches apart; and are set at the same height by the vertical posts which are about
11 feet (340 cm) long. Pediatric parallel bars are also available with adjustable
height. The horizontal bars are usually made of wood; while the vertical posts are
made of different materials such as stainless steel, aluminum steel or iron. The
material used to manufacture the parallel bar determines the weight, durability,
cost, strength, comfort and safety.

4.2 Advantages of parallel bar

1.It provides maximum stability: the fact that users (patients) are positioned
between the two parallel bars gives room for further stability in addition to the
presence of the therapists at either side of users.

2. It requires the least amount of coordination: the present of the two parallel bars
also makes coordination a lot easier; as users holds onto the bars as he/she
moves along.

3. It is the best ambulatory device to practice ambulation, particularly at the
onset of ambulatory training. As it creates confidence in the patient and also
reduce the fear of falling in the patient.

4. It can be used to determine other ambulatory device the user will use because
the patient performance within the parallel bar will indicate the ability to use
other type of ambulatory devices.

4.3 Disadvantages of parallel bar

1.User’s ambulation is limited within and between the parallel bar, although
guided by the mirror positioned at the other end of the parallel bars.

2. It is stationary (usually not moveable): parallel bars are usually permanently
positioned at a particular place in the treatment room or medical gymnasium.
The patient has to be moved (usually on wheelchair) to the parallel bars.

Figure 5.
Parallel bar fixed together for stability. There are knobs on the vertical poles for adjusting the height.
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3.It is expensive compared to other ambulatory devices: it is not readily made
available for home use because the financial implication involved in building
it. Thus, its usage usually requires moving the patient (users) to the facility
(i.e., hospital).

4.4 Fitting of parallel bar

Parallel bars are usually adjustable, the heights of the bars are adjusted to fit the
user. The adjustment is estimated base on the user’s height. The bars should be at
the level of the greater trochanter of the user and the elbow joint should be able
to flex to about 20 or 30 degrees when the user grips the horizontal bars. Further
adjustment of the heights of the bars is made, with the view to fit the parallel bars
to the user’s height, immediately the user is position in standing position, where
there is need. Usually the adjustment of the parallel bar is fixed at two- and
half-inch interval or less depending on the manufacturer and the user (adult or
pediatric).

4.5 Instruction on the use of parallel bar

Prior to ambulation using the parallel bar, the following safety and precautions
should be checked.

• The stability of the parallel bar should be checked. All the vertical posts (limbs)
of the parallel bar should be fixed, stabilized and immovable.

• All the push buttons for height adjustment should be visible and at the same
height level.

• The handgrips on the horizontal bars should be attached sturdily and not move
when pressure applied.

• There should be no loose component (screw, nuts or bolt) in the parallel bar.

• No dents, cracks or any irregularities on the parallel bar.

Also, the following instructions should be given to the users before they are
positioned between the parallel bars:

• Users should maintain good posture (hyper flexion of the head, neck and trunk
should be avoided).

• Users should hold the horizontal bars firmly.

Users of parallel bars first need to learn how to stand using the parallel bar. The
user uses one of the upper limbs to hold one bars of the parallel bar (for stability and
balance) and the other upper limb to assist in standing by pushing up on the seat
(Figure 6A). Clinicians can assist the user into standing position from sitting by
assisting the user from the axilla region. Immediately the user is almost standing
user change the position of the upper limb that was on the seat to the other bar of
the parallel bars (Figure 6B). User stands upright within the walker, adjusting the
upper limb and lower limb till the user is balance.

When siting from standing using the parallel bar, the user follow the reverse
pattern of standing. From upright standing within the parallel bar, the user place
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(Figure 6A). Clinicians can assist the user into standing position from sitting by
assisting the user from the axilla region. Immediately the user is almost standing
user change the position of the upper limb that was on the seat to the other bar of
the parallel bars (Figure 6B). User stands upright within the walker, adjusting the
upper limb and lower limb till the user is balance.

When siting from standing using the parallel bar, the user follow the reverse
pattern of standing. From upright standing within the parallel bar, the user place
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one hand (i.e., upper limb) on the seat to control the speed and bear weight of
sitting. Then the user sits gradually, using the other upper limb on the bar to control
the movement back to seating.

4.6 Weight bearing status possible with parallel bar

The following weight bearing status can be used with parallel bar: non-weight
bearing (NWB), touch down weight bearing (TDWB), partial weight bearing
(PWB), weight bearing as tolerated (WBT), full weight bearing (FWB).

4.7 Non-weight bearing (NWB)

The user slides the upper limbs on the horizontal bars forward to an arm’s length
(weight of the body is on unaffected lower limb and the affected lower limb is not
touching the ground). The user shared his/her body weight between the unaffected
lower limb and parallel bar by putting body weight on the parallel bar using the
upper limbs. The user then moves the affects/involved lower limb (freely without
bearing weight, i.e., NWB) forward and finally moves his/her body (weight), by
propelling himself/herself forward (hopping) using the upper limbs to complete
the cycle. The user is made to repeat this cycle in order to continue to move
forward.

4.8 Touch-down weight bearing (TDWB)

The user slides the upper limbs on the horizontal bars forward to an arm’s length
distance, with the body weight borne on unaffected lower limb while allowing the
foot or toes of the affected lower limb to touch the ground without bearing any
weight. Then the user put body weight on the parallel bar using the upper limbs and
moves himself/herself forward, completing the cycle. This way the user finally
moves forward. The user is made to repeat this cycle in order to continue to move
forward.

Figure 6.
Positioning for learning how to use the parallel bars: (a) learning how to stand when using the parallel bar,
(b) moving the hand on the seat to the horizontal pole of the parallel bar to maintain stability.
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4.9 Partial weight bearing (PWB)

The user slides the upper limbs on the horizontal bars forward to an arm’s length
distance. Then the user puts weight on the parallel bar using the upper limbs and
moves the affected/involved lower limb forward (bearing less than 50% of body
weight on the affected/involved lower limb). And the other 50% body weight is
shared between unaffected lower limb and the horizontal bars. The user finally
moves forward to complete the cycle. The user is made to repeat this cycle in order
to continue to move forward.

4.10 Weight bearing as tolerated (WBT)

While standing and sharing the body weight on the unaffected lower limb and
the horizontal bars, the user slides the upper limbs on the horizontal bars forward to
an arm’s length distance. Then the user moves forward by taking the affected/
involved lower limb forward, bearing body weight that the lower limb can tolerate
on the affected/involved lower limb, and finally moves the weight bearing lower
limb. This cycle is then repeated. User can learn normal walking by putting one leg
ahead of the other during ambulation.

4.11 Full weight bearing (FWB)

The user slides the upper limbs on the horizontal bars forward to an arm’s length
distance. Then the user hold the parallel bar using the upper limbs and moves the
affected/involved lower limb forward (bearing full body weight on the lower limb)
and finally moves the weight bearing lower limb forward (same or different level as
the FWB lower limb). Then cycle is then repeated.

5. Walker

5.1 Description and components

Walker is also known as walking frame or called zimmer frame. It is a modified
and mobile version of the parallel bar (Figure 7). It is a medical ambulatory device

Figure 7.
Two types of walkers (walking frame); (a) with four rubber ferrules and (b) two rubber ferrules behind and
two wheel rollers in front.
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with about four legs or less in which the user holds the handle bars at wrist height
and place the device in front during movement (Figure 7). It has horizontal bars on
vertical posts for adjustment and folding. It has a permanent hand grip and rubber
ferrules. The horizontal bars are about 18 inches apart to fit the body of the user
while the height can be adjusted by the vertical posts. Adult walker height is
between 32 and 37 inches (81–92 cm). Pediatric walkers are also available with
adjustable height [16].

The parts that formed the walker include handgrip, ferrule (or wheels), open
and close button (for folding or collapsing the walker), push buttons (for adjust-
ment of the height of the walker). The horizontal bars and vertical posts are made of
different materials such as wood, hard plastic, stainless steel, aluminum steel and
iron. The material used to manufacture the walker determines the weight,
durability, cost, strength, comfort and safety.

5.2 Advantages of walker

1.It is good for users with poor balance and coordination.

2.It can be used to decrease weight bearing to both lower extremities.

3. It is the best to prescribe to the elderly.

4. It is the best to prescribe to the obese.

5.It is the best to prescribe to for long distance without getting fatigue in user
that lack endurance.

6.It can be used to train endurance.

5.3 Disadvantages of walker

1.It cannot be used in crowded environment or cluttered setting.

2. It cannot be used for stair climbing.

3. It is not appropriate for rough terrain.

5.4 Types of walkers

Standard walker: has four legs with ferrule (no mobile base) (Figure 7A). The
user requires strength and grip power to lift the entire frame forward during
ambulation.

Wheeled walker: the design is similar to the standard walker but the ferrules are
replaced by wheels (Figure 7B). The number of wheels depends on the strength and
stability of the user. The user only needs strength tilt the ambulatory device move
forward. The wheeled walker can be 2-wheeled walker or 4-wheeled walker. Some
design can come in with three legs instead of four and the three legs will be wheeled.
Some walkers are design with hand brake for stability. The wheeled walker is better
than the standard walker because the user require less energy to move the device
forward. However, it is better prescribed for stable users, who can control the
walker reasonably. Another disadvantage of 2-wheeled and standard walker is that
they cannot be swivel by user when turning, they need to be carried but the 4-
wheeled walker and 3-wheeled walker can be swivel. There are two different
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folding styles for walkers. The folding help for easy transportation and storage
of the device

1.Hinged front legs: the folding mechanism is activated by pulling a ball
mounted on a piece of string. When the ball is pulled towards the user, the
brace bar situated around the bottom of the frame slides up. At the same time
the front section moves inwards until the front and back legs meet. This
mechanism offers the user the choice of reducing the size of the walker.

2.Side folding frame: the locking motion on the walker is activated by the user
pressing on the close and open button on the front horizontal bar of the frame.
This therefore allows each side to be folded in to meet the front section. Once
fully retracted, this type of frame becomes completely flat and more space
efficient.

Other forms of walkers are:
Forearm walker: this type of walker is basically the same as the standard

walking frame but with forearm support rather than handgrips. This allows the user
to transfer their weight through their forearms rather than their hands. This is
particularly helpful to those who have arthritic hands and find gripping the frame
challenging.

Reciprocal walker: a reciprocal walker operates with a pivot mechanism for each
side. This provides the user with the option of lifting the frame up and moving
around one step at a time. Many users prefer this movement as it is more intuitive to
how one naturally walks. However, consideration needs to be given to how much
weight is being placed on one side of the body, specifically arms. It is advisable to
consult a physiotherapist or other health practitioner about the suitability of this
frame.

5.5 Fitting a walker

Walkers are usually adjustable; the height of the walker is adjusted to fit the
user. The adjustment is estimated base on the user’s height. The height of the walker
should be at the level of the greater trochanter of the user and the elbow joint should
be able to flex to about 20 or 30 degrees when user hold the hand grip of the
frame in an upright position. Immediately the user stand and the horizontal bars are
too short or too tall for the user the user is allow to sit and the horizontal bars
are adjusted to fit the user height.

5.6 Safety and precautionary measures when using a walker

Prior to ambulation using a walker, the following safety and precautions should
be checked.

• The stability of the walker should be checked. All the vertical posts (limbs) of
the walker should touch the floor.

• The open and close button should be in open position.

• All the push button should be visible and same level.

• The ferrules or wheels are not loose or worn out.
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• The handgrips are attached sturdily and not move when pressure is applied.

• No component should be found loosen in the walker.

• There should be no dents, cracks or any irregularities on the walker.

5.7 Instruction on how to use a walker

The following instructions should be given to the user before use:

• User should maintain good posture (hyper flexion of the head, neck and trunk
should be avoided).

• User should avoid moving too close to the front horizontal bars.

• User should avoid staying too far away from the walker.

• Users should not use walker for stair climbing.

5.8 Weight bearing status used with walkers

The following weight bearing status can be used with walkers: non-weight
bearing (NWB), touch down weight bearing (TDWB), partial weight bearing
(PWB), weight bearing as tolerated (WBT), full weight bearing (FWB).

The user first need to learn how to stand using the walker. The user uses one of
the upper limb to hold the walker (for stability and balance) and the other upper
limb to assist in standing (pushing on the seat). Clinicians can assist the user into
standing position from sitting by assisting the user from the axilla region. Immedi-
ately the user is almost standing user change the position of the upper limb that was
on the seat to the walker. User stands upright within the walker, adjusting the upper
limb and lower limb till the user is balance. User will sit by following the opposite
procedure of standing. User first make sure the lower limbs are touching the seat
then use one upper limb to hold the seat and user gradually sit on the seat and
remove the other upper limb to adjust the position on the chair.

5.9 Non-weight bearing (NWB)

The user moves the walker forward to about an arm’s length distance, with the
weight of the body is on the unaffected/involved lower limb (i.e., weight bearing
lower limb) and the affected lower limb is not touching the ground. Then the user
put his/her weight on the walker using the upper limbs and moves the affected/
involved (i.e., NWB lower limb) forward towards the walker and finally moves the
weight bearing lower limb towards the walker (to the same level as the NWB lower
limb). Then cycle is then repeated.

5.10 touch down weight bearing (TDWB)

The user moves the walker forward to an arm’s length distance, with weight of the
body is on unaffected lower limb and the affected lower limb foot or toes is touching
the ground but not bearing weight. Then the user put the weight on the walker using
the upper limbs and moves the affected/involved lower limb (i.e., TDWB lower limb)
forward towards the walker (the foot or toes touching the ground but not bearing
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weight) and finally moves the weight bearing lower limb towards the walker (to the
same level as the TDWB lower limb). The cycle is then repeated.

5.11 Partial weight bearing (PWB)

The user moves the walker forward to an arm’s length distance. Then the user
put the weight on the walker using the upper limbs and moves the affected/
involved (i.e., PWB) lower limb forward towards the walker, bearing less than 50%
of body weight on the PWB lower limb and finally moves the weight bearing lower
limb towards the walker (to the same level as the PWB lower limb). The cycle is
then repeated.

5.12 Weight bearing as tolerated (WBT)

The user moves the walker forward to an arm’s length distance. Then the user
put the weight on the walker using the upper limbs and moves the affected/
involved (i.e., WBT) lower limb forward towards the walker, bearing body weight
that the lower limb can tolerate on the WBT lower limb. The user finally moves
the weight bearing lower limb towards the walker (to the same level as the WBT
lower limb). The cycle is then repeated.

5.13 Full weight bearing (FWB)

The user moves the walker forward to an arm’s length distance. Then the user
put the weight on the walker using the upper limbs and moves the affected/
involved (i.e., FWB) lower limb forward towards the walker (bearing total of body
weight on the FWB lower limb) while moving the unaffected lower limb, i.e., the
weight bearing lower limb towards the walker (to the same level as the FWB lower
limb). Then cycle is then repeated.

6. Crutches

Crutches are the most common prescribed ambulatory devices. They are used in
pair. Crutches have two contacts with the body (hand and elbow or hand and axilla)
which make it a better ambulatory device for stabilization of the user. They are
types of orthosis that provide support from the floor to the upper limb. There are
two different types of crutches: axillary crutch and elbow crutch [16].

Axillary crutch: this is also known as the standard crutch. It has the following
components: axillary bar covered with an axillary pad, a hand grip, and double
uprights vertical posts joined distally by a single vertical post (allow height adjust-
ment) covered with a ferrule (Figure 8). The adjustment of the handgrip is
performed by adjusting the handgrip in predrilled holes in the double upright bars
using screws and wing bolts. The vertical posts and short horizontal bars are made
of different materials such as wood, hard plastic, stainless steel, aluminum steel
and iron.

Adjustment of height of the axillary crutch and the handgrip is standardized
in an inch distance (2.54 cm). Adult axillary crutch range from 48 to 60 inches
(122–153 cm). It is available in Pediatric, youth, adult and tall adult sizes
(Figure 10 and Table 1).
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• The handgrips are attached sturdily and not move when pressure is applied.
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weight) and finally moves the weight bearing lower limb towards the walker (to the
same level as the TDWB lower limb). The cycle is then repeated.

5.11 Partial weight bearing (PWB)

The user moves the walker forward to an arm’s length distance. Then the user
put the weight on the walker using the upper limbs and moves the affected/
involved (i.e., PWB) lower limb forward towards the walker, bearing less than 50%
of body weight on the PWB lower limb and finally moves the weight bearing lower
limb towards the walker (to the same level as the PWB lower limb). The cycle is
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5.12 Weight bearing as tolerated (WBT)

The user moves the walker forward to an arm’s length distance. Then the user
put the weight on the walker using the upper limbs and moves the affected/
involved (i.e., WBT) lower limb forward towards the walker, bearing body weight
that the lower limb can tolerate on the WBT lower limb. The user finally moves
the weight bearing lower limb towards the walker (to the same level as the WBT
lower limb). The cycle is then repeated.
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The user moves the walker forward to an arm’s length distance. Then the user
put the weight on the walker using the upper limbs and moves the affected/
involved (i.e., FWB) lower limb forward towards the walker (bearing total of body
weight on the FWB lower limb) while moving the unaffected lower limb, i.e., the
weight bearing lower limb towards the walker (to the same level as the FWB lower
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Crutches are the most common prescribed ambulatory devices. They are used in
pair. Crutches have two contacts with the body (hand and elbow or hand and axilla)
which make it a better ambulatory device for stabilization of the user. They are
types of orthosis that provide support from the floor to the upper limb. There are
two different types of crutches: axillary crutch and elbow crutch [16].

Axillary crutch: this is also known as the standard crutch. It has the following
components: axillary bar covered with an axillary pad, a hand grip, and double
uprights vertical posts joined distally by a single vertical post (allow height adjust-
ment) covered with a ferrule (Figure 8). The adjustment of the handgrip is
performed by adjusting the handgrip in predrilled holes in the double upright bars
using screws and wing bolts. The vertical posts and short horizontal bars are made
of different materials such as wood, hard plastic, stainless steel, aluminum steel
and iron.

Adjustment of height of the axillary crutch and the handgrip is standardized
in an inch distance (2.54 cm). Adult axillary crutch range from 48 to 60 inches
(122–153 cm). It is available in Pediatric, youth, adult and tall adult sizes
(Figure 10 and Table 1).
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6.1 Advantages

1.It is used to reduce weight bearing on one lower limb.

2.It is used to improve balance.

3. It is used to improve lateral stability.

4. It can be used for stair climbing.

6.2 Disadvantages

1.It need upper limb strength and coordination.

2.It need some trunk support.

3. It need good trunk stability.

Figure 8.
Axillary crutch and its features.
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6.3 Measurement for axillary crutches

There are several techniques of estimating and predicting axillary crutch
length for users. The following techniques can be used: foot-head linear
techniques, arm span techniques and foot-anterior axillary fold linear techniques
[1, 2, 4, 5, 32].

Figure 9.
Diagram of different axillary crutch walking.
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6.3 Measurement for axillary crutches

There are several techniques of estimating and predicting axillary crutch
length for users. The following techniques can be used: foot-head linear
techniques, arm span techniques and foot-anterior axillary fold linear techniques
[1, 2, 4, 5, 32].

Figure 9.
Diagram of different axillary crutch walking.
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6.4 Foot-head linear techniques

• 77% of height of user is estimated to predict axillary crutch length.

• 75% of height of user is estimated to predict axillary crutch length.

• Height of user minus 16 inches (40.6 cm) is estimated to predict axillary crutch
length.

• 77% of height of user plus footwear (2.54 cm) is estimated to predict axillary
crutch length.

• 75% of height of user plus footwear (2.54 cm) is estimated to predict axillary
crutch length.

• Height of user with FW minus 16 inches (40.6 cm) is estimated to predict
axillary crutch length.

6.5 Arm-span techniques

• 77% of arm span of user is estimated to predict axillary crutch length.

Figure 10.
Crutch placement (to support the affected limb) during stair case climbing using axillary crutches.

Axillary crutch Height range

Pediatric 400″–406″
Youth 406″–502″
Adult 502″–5010″
Tall adult 5010″–606″

Table 1.
Available standard crutch length.
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• 75% of arm span of user is estimated to predict axillary crutch length.

• Arm span minus 16 inches (40.6 cm) of user is estimated to predict axillary
crutch length.

• Olecranon to Middle Finger of other hand of user is estimated to predict
axillary crutch length.

6.6 Foot-anterior axillary fold linear techniques

• Anterior axillary fold to heel of foot of user is estimated to predict axillary
crutch length.

• AAF to heel of footwear (2.54 cm) of user is estimated to predict axillary crutch
length.

• AAF to 15.2 cm lateral to heel of user is estimated to predict axillary crutch
length.

• AAF to 15.2 cm lateral to footwear (2.54 cm) of user is estimated to predict
axillary crutch length (Table 2).

Table 2.
Prediction of axillary crutch length (courtesy [32]).
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The measurement of ideal axillary crutch length is measured in standing position.
Potential user assumes a relax position (posture), measurement of a distance of 1.5–2
inches (3.8–5.1 cm) is made below the anterior axillary fold of the shoulder to a point
4–6 inches (10.2–15.2 cm) anterior and lateral to fifth toe of the ipsilateral limb.

Elbow crutch: this is also known as Lofstrand and Canadian crutch. It has the
following components a single fore arm cuff (vinyl-coated, leather, plastic or rub-
ber), a hand grip, and a single uprights vertical post (allow height adjustment)
covered with a ferrule distally. The adjustment of the handgrip and upright bar are
by using push button mechanism. The vertical bar is made of different materials
such as wood, hard plastic, stainless steel, aluminum steel and iron.

Adjustment of height of the elbow crutch and the handgrip is standardized in an
inch distance (2.54 cm). Adult elbow crutch range from 29 to 35 inches (74–89 cm).
Only available in youth and adult range (Table 3).

6.7 Advantages

1.It is used to reduce weight bearing on one lower limb.

2.It is used to improve balance.

3. It is used to improve lateral stability.

4. It can be used for stair climbing.

6.8 Disadvantages

1.It need upper limb strength and coordination.

2.It need some trunk support.

3. It need good trunk stability.

6.9 Measurement for elbow crutches

The best position to estimate elbow crutches length is standing position. The
measurement is from the tip of the elbow crutch at 4–6 inches (10.2–15.2 cm)
anterior and lateral to fifth toe of the ipsilateral limb to the greater trochanter. The
elbow crutches hand grip can be adjusted to allow elbow flexion of 20–30°. The
forearm cuff is adjusted and positioned close to the elbow joint distally (proximal
one third of the forearm).

6.10 Ambulation with crutches

The walking style a user of crutch will adopt is dependent on the medical
condition, trunk control, balance, coordination, muscle strength, endurance, weight

Elbow crutch Height range

Youth 405″–505″
Adult 503″–602″

Table 3.
Available elbow crutch length.
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bearing status, functional capacity and learning ability. Prior to ambulation using
crutches, the following safety and precautions should be checked:

• All the push button should be made visible and at same level.

• The ferrules should not be loose or worn out.

• The handgrips should be attached sturdily and not move when pressure
applied.

• None of the component in the crutch should be loose.

• There should be no dents, cracks or any irregularities on the crutch.

The following instructions should be given to the users before usage:

• Users should maintain good posture (hyper flexion of the head, neck and trunk
should be avoided).

• Users should avoid resting (i.e., bearing body weight) on the axillary pad.

• Users should avoid moving the crutches too far away during ambulation. The
distance the crutch should be move should be within arm length.

• Axillary pads should be close to chest wall to improve lateral stability.

• Users should avoid pivoting when turning around, rather short circle
movement should be used.

The following weight bearing status can be used with walkers: non-weight
bearing (NWB), touch down weight bearing (TDWB), partial weight bearing
(PWB), weight bearing as tolerated (WBT), full weight bearing (FWB) (Table 4).

Progression of axillary crutch walking is from non-weight bearing to partial
weight bearing. Three-point gait first followed by four-point gait then two-point
gait (Figure 11).

6.11 Standing from lying position with crutches

When in bed, the user first moves to a sitting position and maintain balance. The
user then inches forward to the edge of the bed or the chair (users can also first
transfer to an armless chair). The user picks up the crutches with upper limb of the
affected side. Both axillary crutches are then placed upright and same side of the
injured side. Using the armrest of the chair and the crutches handgrips as support,
the user slowly moves the injured leg forward, moving out of the chair and rising up
on the uninjured leg and the crutches. The user then position the crutches properly
and then balances up in preparation to move, using any of the available weight
bearing status that can be accommodated based on the user’s condition.

6.12 Sitting with crutches

On getting to the chair, the user is instructed to turn and back up against the
chair, moving backward until the back of the legs touches the chair. While bearing
weight on the uninjured leg, and the crutches on either side of the user, the injured
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leg is advanced slightly forward. Both crutches are rolled out of the axilla and held
by the hand grip. Then, the crutches on the unaffected side is then moved across
and on the outer border of the crutch on the affected side, such that both crutches

Figure 11.
Crutch placement (to support the affected limb) when descending stair case using axillary crutches.

Non-weight bearing
(NWB) and touch down
weight bearing (TDWB)

Partial weight bearing (PWB), weight bearing as
tolerated (WBT) and full weight bearing (FWB)

Three point axillary crutch
gait

Four point axillary crutch
gait

Two point axillary crutch
gait

Pattern
sequence

First move both axillary
crutches forward and then
weaker lower limb forward.
Then bear all the weight
down through the axillary
crutches, and move the
stronger or unaffected lower
limb forward (Figure 9)

Left axillary crutch, then
right foot, followed by
right axillary crutch, and
then left foot (Figure 9)

Left axillary crutch and
right foot together, then the
right axillary crutch and left
foot together (Figure 9)

Advantage Eliminates all weight bearing
on the affected leg

Provides excellent
stability as there are
always three points in
contact with the ground

Faster than the four point
gait

Disadvantage Good balance and
coordination is required

Slow walking speed and
difficult to learn

Can be difficult to learn the
pattern

Progression As the user becomes
confident he may progress
from a swing to gait to a
swing through gait, where
the unaffected leg is placed
ahead of the crutches

Table 4.
Ambulation with crutches [19].
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are placed side by side on the injured side, and held at the hand grips. The user holds
both handgrips together with the hand of the affected side and reaches back for the
armrest of the chair with the other hand. Using the armrest of the chair and the
crutch handgrips as support, the user slowly moves the injured leg forward and
lowers himself into the chair. The axillary crutches are placed nearby. Standing
them on the axillary pads, when possible, makes it less likely that they will tip over
and fall away from the user.

6.13 Climbing upstairs with crutches

Climbing stairs with axillary crutches requires strength and flexibility. If the
user is unsure of his strength, he should be instructed to turn around and sit on the
stairs and scoot himself up one stair at a time using his uninjured leg to propel
himself.

Where strength is available, the user is instructed to keep the axillary crutches in
one hand and bring them up with him/her. When climbing stairs with axillary
crutches, the user leads with the uninjured leg and brings the injured leg and
axillary crutches up behind him (Figure 10). If the stairway has a handrail, the user
should place both axillary crutches under the arm opposite the handrail and grip the
handgrips together in one hand. The user places his weight on the handrail and the
handgrips, leans slightly forward, and brings his uninjured leg up one step. He then
brings the axillary crutches and the injured leg up the step and advances his hand up
the handrail. Once the user has regained his balance, the process is repeated. The
user should be instructed to take his time and rest halfway up the stairs if necessary.
To climb stairs with no handrail, the user leans slightly forward and puts his weight
on the handgrips of the axillary crutches. The user moves the uninjured leg up the
step. He then shifts his weight to the uninjured leg and brings the axillary crutches
and injured leg up the step. His foot and axillary crutch tips are kept in the middle of
the step, away from the edge to avoid slipping. The user is instructed to take his
time, rest as needed, and ask for help if necessary. Going up the stairs with axillary
crutches stay with the affected leg behind and the uninjured leg goes up first.

Note that someone should always be at the back of the user learning to climb the
stair with axillary crutches.

6.14 Going down stairs with crutches

Going down stairs with axillary crutches also requires strength and flexibility.
If the user is unsure of his/her strength, he should sit down and scoot down the
stairs one at a time, bracing himself with the unaffected leg. The user should keep
the axillary crutches in one hand and take it along on the way down.

When going down stairs with axillary crutches, the user should lead with the
affected/involved lower limb and the axillary crutches (the unaffected limb carries
the whole body at this period) and then bring the unaffected lower limb down from
behind (Figure 11) and then bring the unaffected lower limb down behind.

If the stairway has a handrail, the user should hold both axillary crutches at the
hand grips and opposite the hand on the handrail. With the user’s weight on the
unaffected/uninvolved lower limb, the user moves the axillary crutches and the
affected/involved lower limb down the stairs; with the user bearing weight on the
handrail and the handgrips of the crutches and brings the unaffected/uninvolved
lower limb down the stairs. The user should take time to regain balance. The process
is repeated as the user moves forward. The users are given a prior instruction that
they can rest when the need arises as they move down the stairs.
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To go down the stairs with no handrail, the user bearing weight on the unaf-
fected/uninvolved lower limb and the handgrips of the axillary crutches, moves the
axillary crutches and the affected/involved lower limb forward down the stairs. The
user keeps the foot and the tips of the axillary crutch at the middle of the step, away
from the edge to avoid slipping. Are given a prior instruction that they can rest
when the need arises as they move down the stairs. For safety reasons, someone
(i.e., therapist) can walk in front of the users as they move down the stairs. This
person can assist the user into a sitting position if users become fatigued. Going
down the stairs with axillary crutches stay with the affected leg behind.

7. Cane

7.1 Description and components

Cane is also known as walking stick. It is a horizontal bar with a crook or
T shape hand grip at one end and the tip (tips) covered by ferrule at the other end
(Figure 12). The vertical bar is adjustable to fit the user. The vertical bar is made of
different materials such as wood, acrylic, stainless steel, aluminum and iron. Most
canes are usually between 25 and 40 inches long. Cane is typically used when
minimal stability is needed and can support up to 25% of a user’s weight [16].

7.2 Types

Standard cane: this is a single point straight cane with a crook or T-shaped
handle.

Offset cane: this is similar to the standard cane but the proximal component of
the horizontal shaft is offset anteriorly thereby creating a straight offset handle.

Quadripod: this is also similar to the standard cane, it however has a broad base
of support with four point of support for floor contact. Others can come in form
of a tripod.

Figure 12.
Illustration of different types of cane—single point and multiple points.
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Hemi cane: this also has four point of support for floor contact but the legs are
angled from the shaft to increase stability of the cane.

7.3 Advantages

1.Cane is inexpensive.

2.Fit easily on every environment including stairs.

3.Use more for support than weight bearing.

7.4 Disadvantages

1.Not a good weight bearing ambulatory device.

2.Cannot be used by fearful user.

7.5 Fitting of cane for ambulation

The ideal cane measurement is obtained by placing the centre of the cane base at
6 inches lateral and anterior to the border of the fifth toe. Then the proximal part

Figure 13.
Standing using the cane (full weight bearing).
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(hand grip) at the level of the greater trochanter when the user is in an upright
position. The user should have about 20–30° flexion of the elbow at this position
(Figure 13).

7.6 Instruction on use of cans

It is usually advised to have the cane at the contralateral limb (i.e., opposite
hemispace of the user for additional confidence). The user can perform 3-point or 2-
point gait pattern with a cane:

3-point gait: the user first move the cane forward followed by the contralateral
limb and finally the ipsilateral limb.

2-point gait: the user moves the cane and the contralateral limb together forward
then the ipsilateral limb.

7.7 Maintenance of cane as an ambulatory device

1.The screw bolts and nut wings of the ambulatory device should be checked
daily to be sure they are securely tightened.

2.Ferrules and wheels that become worn or tear should be replaced as the need
arises.

3.Rubber handgrips that are torn or worn should be replaced promptly to
prevent blisters on the hands or slipping of the hands.

4.Worn or torn rubber padding should be replaced to prevent pressure injuries.

7.8 Precautions when ambulating with ambulatory device

The following precautions are to be noted when ambulating with an ambulatory
devices:

1. Items that may cause the user to trip and fall, such as scatter rugs or extension
cords, should be removed.

2.Spilled liquids should be wiped up to avoid slipping.

3. Items the user needs with him can be carried in a fanny pack, apron with
pockets, or knapsack to keep hands free to grip the ambulatory device.

4.A non-skid bath mat should be used in the shower or tub for users of
ambulatory devices.

5.A tennis shoe or other flat, rubber-soled shoe should be worn on the user’s
uninjured foot to avoid slipping.

6.The user should be careful when going through doorways to be sure that the
door does not shut on the ambulatory devices. The user should seek help to
hold the door if necessary.

7.The user should avoid walking through water or on icy surfaces with an
ambulatory devices.
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7.9 Rules for safety and comfort when using ambulatory devices

The clinician needs to observe and check the followings:

1.Before issuing an ambulatory device the clinician should check that the
ferrules (rubber tips) and wheels are not worn to the point where no tread
is showing or not align. The ferrules and wheels are to act as friction and if
they are worn out there is minimal friction and this is a potential risk factor
for fall.

2.Ambulatory devices support areas are properly padded. This is important to
avoid damage to soft tissues and provide comfort to the user.

3.Ambulatory devices pair is a matching pair. Clinician should not issue a
mismatched pair. Uneven ambulatory device will lead to poor posture which
can result into musculoskeletal disorder.

4.Ambulatory devices are not cracked, warped or damaged to prevent break of
the ambulatory device and also prevent fall.

5.Ambulatory devices nuts and bolts are tight. This is important to avoid fall
when the device is in use.

Users need to take note of the following rules:

1.User should not look down but always look straight ahead. This helps the user
to maintain a good posture and prevent musculoskeletal disorders.

2.User should not use ambulatory devices when feeling dizzy or drowsy to
prevent fall.

3.User should not walk on slippery surfaces to prevent fall.

4.User should avoid snowy, icy, or rainy conditions.

5.User should not put any weight on the affected foot if not advised.

6.User should make sure the ferrules (rubber tips) and wheels are present in
ambulatory devices.

7.User should wear well-fitting, low-heel footwear.

8. Conclusion

Ambulatory devices are safe and promote users ability to function in activities of
daily living when the right ambulatory device is prescribed and accurate measure-
ments of users obtained prior to usage. It also reduces the burden of care and
burden on caregivers. Trial and error method of prescribing and assessment should
be avoided to prevent injury to the users.

Safety precautions should be observed by users and clinicians should
always educate users on guidelines in ambulating with the devices and care of
the devices.
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Chapter 6

The Argus II Retinal Prosthesis 
System
Edward Bloch and Lyndon da Cruz

Abstract

The field of retinal prosthetics has seen significant advances in the past 3 
decades. Encouraging results from different groups have shown coarse objective 
functional improvement, using a range of technological and surgical approaches. 
The Argus II retinal prosthesis system was the first of its kind to receive regula-
tory approval for commercial use in Europe and the USA. The device is designed 
to replicate the function of photoreceptors in converting visual information into 
electrical neural signals in patients with profound visual loss secondary to degen-
erative retinal disease. Results from a phase II study of 30 patients have demon-
strated improved performance in basic tests of visual function, object recognition, 
letter reading, prehension, orientation and mobility tasks. It is now the most widely 
implanted retinal prosthetic device worldwide. This chapter provides an overview 
of the requirements of a retinal prosthetic system, the results from the Argus II 
device to date, and an insight into some of the challenges and future directions of 
visually restorative therapies.

Keywords: retinal prosthesis, Argus II, artificial vision

1. Introduction

Retinal diseases, including both inherited and acquired conditions, are a major 
cause of blindness. In 2010, the WHO estimated that 285 million people in the world 
were visually impaired from all causes [1]. Hereditary retinal disease represents 
another significant contributor to unavoidable worldwide blindness, with condi-
tions such as retinitis pigmentosa (RP) affecting an estimated 1/4000 people, or 
0.025% of the population, often of working age [2]. Representing a heterogenous 
group of inherited diseases, RP affects the rod and cone photoreceptors (PRs), 
causing progressive, profound visual impairment, but with relative preservation of 
the inner retinal architecture [3]. This anatomical region consists of retinal ganglion 
cells (RGCs) and their nerve axons, which transmit visual information to the brain, 
along with other regulatory interneurons, such as bipolar, amacrine and horizontal 
cells, and Müller support cells (Figure 1). Preservation of these structures and 
the associated retinotopic map has led to RP becoming a model for many forms of 
visual restorative therapy, in particular, retinal prosthetics.

Another significant retinal cause of blindness is age-related macular degenera-
tion (AMD), accounting for 5% globally [1]. It has been projected that, by 2040, 
this condition alone will affect 288 million people, 3.25% of the predicted global 
population [4, 5]. Late AMD comprises geographic atrophy (dry) and neovascular 
(wet) AMD, and is a significant cause of morbidity in the western world, with a 



89

Chapter 6

The Argus II Retinal Prosthesis 
System
Edward Bloch and Lyndon da Cruz

Abstract

The field of retinal prosthetics has seen significant advances in the past 3 
decades. Encouraging results from different groups have shown coarse objective 
functional improvement, using a range of technological and surgical approaches. 
The Argus II retinal prosthesis system was the first of its kind to receive regula-
tory approval for commercial use in Europe and the USA. The device is designed 
to replicate the function of photoreceptors in converting visual information into 
electrical neural signals in patients with profound visual loss secondary to degen-
erative retinal disease. Results from a phase II study of 30 patients have demon-
strated improved performance in basic tests of visual function, object recognition, 
letter reading, prehension, orientation and mobility tasks. It is now the most widely 
implanted retinal prosthetic device worldwide. This chapter provides an overview 
of the requirements of a retinal prosthetic system, the results from the Argus II 
device to date, and an insight into some of the challenges and future directions of 
visually restorative therapies.

Keywords: retinal prosthesis, Argus II, artificial vision

1. Introduction

Retinal diseases, including both inherited and acquired conditions, are a major 
cause of blindness. In 2010, the WHO estimated that 285 million people in the world 
were visually impaired from all causes [1]. Hereditary retinal disease represents 
another significant contributor to unavoidable worldwide blindness, with condi-
tions such as retinitis pigmentosa (RP) affecting an estimated 1/4000 people, or 
0.025% of the population, often of working age [2]. Representing a heterogenous 
group of inherited diseases, RP affects the rod and cone photoreceptors (PRs), 
causing progressive, profound visual impairment, but with relative preservation of 
the inner retinal architecture [3]. This anatomical region consists of retinal ganglion 
cells (RGCs) and their nerve axons, which transmit visual information to the brain, 
along with other regulatory interneurons, such as bipolar, amacrine and horizontal 
cells, and Müller support cells (Figure 1). Preservation of these structures and 
the associated retinotopic map has led to RP becoming a model for many forms of 
visual restorative therapy, in particular, retinal prosthetics.

Another significant retinal cause of blindness is age-related macular degenera-
tion (AMD), accounting for 5% globally [1]. It has been projected that, by 2040, 
this condition alone will affect 288 million people, 3.25% of the predicted global 
population [4, 5]. Late AMD comprises geographic atrophy (dry) and neovascular 
(wet) AMD, and is a significant cause of morbidity in the western world, with a 
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prevalence of 2.4% in the UK [6, 7]. While anti-VEGF treatment has revolutionized 
the treatment of wet AMD, there is currently no treatment for the dry subtype, 
which results in degeneration of the PR layer and impairment of central vision in 
1.3% of the UK population [7].

The concept of retinal prosthetics is centred on the phenomenon of electrically 
induced subjective visual percepts or ‘phosphenes’. These phosphenes have been 
elicited by applying electrical currents across the ocular surface since as long ago as 
the eighteenth century. In the early twentieth century, Förster demonstrated that 
phosphenes could be elicited in blind patients via direct stimulation of the visual 
cortex, leading, in 1968, to the first chronic implantation of an intracranial visual 
prosthesis [8, 9]. In the 1980s, advances in microfabrication, materials engineering 
and retinal surgery provided a fecund environment for emergence of the field of 
retinal prosthetics—devices that could deliver direct stimulation to the residual 
retinal neurons.

2. Principles of natural vision

In order to create a retinal prosthesis, it is necessary to account for the processes 
that take place within the human eye, where light is absorbed, converted to an 
electrical impulse and encoded into a neural signal. Physiological capture of the 
visual scene occurs via the natural optical system, comprising the cornea, iris and 
crystalline lens, which focus light onto the photosensitive retinal cells. Within the 
photosensitive rods and cones, a photochemical reaction leads to transduction of 
light into a graded electrical neural signal with eventual RGC stimulation. The 
axons of the RGCs constitute the optic nerve. In the native retina, a significant 
amount of information compression occurs at the level the PRs, the interneurons 
and the RGCs, from where it is encoded for transmission via the optic nerve to the 
midbrain and cortical visual pathways.

There are two types of PR, rod and cone cells, which number ~120 and 6 million 
respectively in each eye, resulting in an average input of 100 photoreceptors to each 
of 1.5 million RGCs [10, 11]. Rods are sensitive to low levels of light and are most 

Figure 1. 
A schematic demonstrating the anatomy of the eye and organization of the retina. RNFL: retinal nerve fibre 
layer; RGCs: retinal ganglion cells; RPE: retinal pigment epithelium.
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populous at about 20° eccentricity. The cone cells are responsible for colour vision 
and function best in bright light. They are most densely concentrated in the foveal 
region where they are in almost 1:1 ratio with RGCs, beyond which they decline 
considerably in density [12].

Following the transduction of photic energy into electrical impulses, bipolar 
cells effectively transmit the information from PRs to RGCs, but may have an 
excitatory (ON) or inhibitory (OFF) response to hyperpolarisation and are also 
influenced by the actions of horizontal and amacrine cells, which can introduce lat-
eral inhibition of signals. Each RGC has a centre-surround receptive field organiza-
tion and its stimulation pattern will depend both on the size of its receptive field, 
the input stimulation frequency, and whether it is an ‘on-centre’ or ‘off-centre’ 
cell. Furthermore, RGCs are not functionally homogeneous, with certain cell 
populations specialized in particular functions and projecting to specific midbrain 
regions. Most of the 1 million nerve axons of the RGCs pass via the optic nerve to 
their respective lateral geniculate nucleus (LGN), located within the thalamus. The 
LGN is a layered structure and each part receives axons from specific ganglion cell 
types. A degree of visual processing is thought to occur at this point, before pro-
jecting on towards the primary visual cortex, where all higher cognitive processing 
takes place [12].

The processing power of the retina enables us to resolve detail with remark-
ably high spatial and temporal resolution, across a broad spectrum of contrast and 
colour. Beyond this, higher neuro-cortical integration allows us to process and 
recognize objects, words and faces, appreciate distance, orientation and movement, 
while coordinating our visual interpretations with other sensory inputs and motor 
outputs. Together this information allows us to decide what is safe or dangerous, 
fast or slow, attractive or repulsive. All this activity occurs in milliseconds, with 
a seemingly infinite refresh rate. This phenomenon is reliant on a very complex 
system that can rapidly capture, assimilate, compress and process an enormous 
amount of visual information.

Clearly, creating a micro-electronic system, which can come close to replicating 
the processing capacity of the human visual system, is currently an unrealistic goal. 
Instead, we must focus on how visual processing software and hardware engineer-
ing can be combined to produce a device that can resolve the minimum interpreta-
ble visual information such as to be beneficial to patients with profound vision loss.

Simulated prosthetic vision (SPV) studies have been undertaken to try and 
estimate the optimum spatiotemporal image processing techniques for specific 
task completion, as well as the basic hardware requirements to best deliver RGC 
stimulation patterns [13–17]. SPV studies have extensively investigated the spatial 
resolution, visual field and contrast required for assorted activities of daily living, 
concluding that a minimum resolution of ~600–1000 pixels over a visual field 
15° × 15° can permit reasonable accuracy in manipulation, recognition, orientation 
and mobility tasks. The resolution of around 3 pixels/degree2 is similar to that in 
some currently available photovoltaic retinal prosthetic systems while fields of at 
least 15° × 15° have been created. However, and disappointingly, there remains a 
mismatch in the functional aptitude demonstrated by subjects in SPV studies and 
that in recipients of visual prostheses. This suggests that other factors, such as the 
effects of behavioural adaptation, perceptual learning and cortical plasticity, as well 
as the loss of the intrinsic retinal processing capacity, could be critical requisites 
in the development of a visual restorative system that could deliver appreciable 
functional value [18, 19].

One of the advantages of a retinal prosthesis is that, by placing a device at the 
most distal part of a non-functioning visual system, it is possible to benefit from 
any residual downstream neuronal organization within the retina and visual 
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the input stimulation frequency, and whether it is an ‘on-centre’ or ‘off-centre’ 
cell. Furthermore, RGCs are not functionally homogeneous, with certain cell 
populations specialized in particular functions and projecting to specific midbrain 
regions. Most of the 1 million nerve axons of the RGCs pass via the optic nerve to 
their respective lateral geniculate nucleus (LGN), located within the thalamus. The 
LGN is a layered structure and each part receives axons from specific ganglion cell 
types. A degree of visual processing is thought to occur at this point, before pro-
jecting on towards the primary visual cortex, where all higher cognitive processing 
takes place [12].

The processing power of the retina enables us to resolve detail with remark-
ably high spatial and temporal resolution, across a broad spectrum of contrast and 
colour. Beyond this, higher neuro-cortical integration allows us to process and 
recognize objects, words and faces, appreciate distance, orientation and movement, 
while coordinating our visual interpretations with other sensory inputs and motor 
outputs. Together this information allows us to decide what is safe or dangerous, 
fast or slow, attractive or repulsive. All this activity occurs in milliseconds, with 
a seemingly infinite refresh rate. This phenomenon is reliant on a very complex 
system that can rapidly capture, assimilate, compress and process an enormous 
amount of visual information.

Clearly, creating a micro-electronic system, which can come close to replicating 
the processing capacity of the human visual system, is currently an unrealistic goal. 
Instead, we must focus on how visual processing software and hardware engineer-
ing can be combined to produce a device that can resolve the minimum interpreta-
ble visual information such as to be beneficial to patients with profound vision loss.

Simulated prosthetic vision (SPV) studies have been undertaken to try and 
estimate the optimum spatiotemporal image processing techniques for specific 
task completion, as well as the basic hardware requirements to best deliver RGC 
stimulation patterns [13–17]. SPV studies have extensively investigated the spatial 
resolution, visual field and contrast required for assorted activities of daily living, 
concluding that a minimum resolution of ~600–1000 pixels over a visual field 
15° × 15° can permit reasonable accuracy in manipulation, recognition, orientation 
and mobility tasks. The resolution of around 3 pixels/degree2 is similar to that in 
some currently available photovoltaic retinal prosthetic systems while fields of at 
least 15° × 15° have been created. However, and disappointingly, there remains a 
mismatch in the functional aptitude demonstrated by subjects in SPV studies and 
that in recipients of visual prostheses. This suggests that other factors, such as the 
effects of behavioural adaptation, perceptual learning and cortical plasticity, as well 
as the loss of the intrinsic retinal processing capacity, could be critical requisites 
in the development of a visual restorative system that could deliver appreciable 
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One of the advantages of a retinal prosthesis is that, by placing a device at the 
most distal part of a non-functioning visual system, it is possible to benefit from 
any residual downstream neuronal organization within the retina and visual 
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pathways. However this theory relies on the assumption that the proximal visual 
system remains intact. It has been demonstrated that outer retinal degenerative 
disease results in a cascade of reorganization and remodelling within the retina and 
central nervous system, even taking place before there is clinical evidence of PR loss 
[20–24]. A stepwise deterioration culminates in extensive neuronal cell migration, 
rewiring and death, accompanied by glial hypertrophy and retinal remodelling, 
rendering the retina incapable of processing or encoding visual data. This neuronal 
plasticity carries implications for all forms of visually restorative therapy, but 
particularly for prostheses, which are currently introduced at a late stage of visual 
impairment, where there has already been widespread reorganization with limited 
scope for rescuing vision. However, it may be that future iterations of bionic devices 
could even be introduced earlier in the disease process in an attempt to halt or 
reverse the remodelling process.

Another matter that remains unclear is the extent to which the human brain 
undergoes reorganization following loss of visual sensory input. Both animal and 
human studies have shown that there is the capacity for neuroplasticity as a func-
tional adaptation to loss of a sensory modality [25–27]. For example, visual cortical 
activity has been demonstrated in blind subjects while reading Braille [28, 29].  
Other studies of patients undergoing cochlear implant surgery, have shown cor-
relation between the pre-operative auditory organization and activation and 
subsequent success of the neuroprosthesis [30, 31]. If a method could be developed 
by which a patient could be assessed for the feasibility of generating interpretable 
phosphenes, this would enhance patient selection and thus outcomes in this area 
of visual restoration. Further understanding of the nature of cortical plasticity in 
sensory loss and how subjects can adapt to a new form of vision with perceptual 
learning and rehabilitation, is sure to enhance the beneficial effect of visual restor-
ative treatments in the future.

3. Principles of prosthetic vision

In order to simulate the complex series of events that take place between the 
outside world and the visual cortex, a prosthesis system needs to perform a specific 
sequence of actions, namely image capture, processing of the image, delivery of 
both image data and signal amplification to the microelectrode array, which in turn 
must deliver a suitable stimulation current (directly or indirectly) to the RGCs. 
All this must take place with a biocompatible system that can produce adequate 
stimulation currents without causing degradation to itself or to the target tissue. 
Furthermore, the device needs to be straightforward to implant, modify or explant, 
while remaining portable, discreet and fashionable.

3.1 Image capture

Presently, there are two principal means of ‘image capture’ that have found 
some success in retinal prosthetic systems. The first is to capture information 
from the visual scene using an external video camera, which is usually glasses-
mounted. The video camera then transmits data directly to an external video-
processing unit (VPU). The advantage of this approach is not only that it is 
technically simpler, but also it avoids any impediments to collecting high quality 
information about the visual scene, thus facilitating any downstream image pro-
cessing. However, due to the fixed camera position, there is a risk of discrepancy 
between its orientation and that of the eye, risking inaccuracies in the perceived 
spatial location of an object of interest following retinal stimulation. Proposed 
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solutions to this problem include both the incorporation of an eye tracker to 
coordinate the direction of gaze with the stimulation pattern, or placement of 
the camera system intraocularly, for which there have been some preliminary 
attempts to design such a system [32].

The second image capture system that has shown promise is the photodiode 
array device. First developed by the Chow brothers as the artificial silicon retina 
(ASR), this comprises a passive microphotodiode array, which was intended to 
intrinsically transform ambient light that falls on it into an electrical current 
capable of stimulating retinal neurons. The ASR array consists of 5000 inter-
connected photodiode anodes with individual isolated cathodes, each with an 
iridium oxide electrode. This method was advantageous in as far as it allowed a 
large number of pixels to be stimulated simultaneously, it was wireless and also 
it allowed for precise coordination between the eye position and the projected 
visual scene [33, 34]. However, in its first iteration, it was unable to deliver suf-
ficient stimulation current to deliver functional results and the parent company, 
Optobionics, has since closed down. Despite this initial failure, the concept of 
the photovoltaic array has been taken up and developed by other groups, with 
encouraging results. The Retina Implant AG group developed the Alpha IMS 
device that contains 1500 independent and autonomous photodiode-amplifier-
electrode units. The ambient light creates the stimulation pattern and an external 
power source amplifies the electrical signal [35, 36]. The ‘PRIMA’ Photovoltaic 
Retinal Implant system (Pixium Vision S.A.) combines aspects of both forms of 
image capture, in that is uses an external camera to capture the visual informa-
tion before processing and then transmitting the data as pulsed near-infrared 
light patterns from a specialized visual interface in a pair of glasses directly onto a 
subretinal photovoltaic array [37, 38].

3.2 Image processing

In some systems, the image processing takes place within an external analyser, 
which receives a high-quality signal from a camera system and transforms the data 
into a set of commands to be wirelessly transmitted to the microelectrode array to 
generate a specific stimulation pattern. In systems such as the Argus II retinal pros-
thesis, there are only 60 microelectrodes, meaning that even with perfect electrode 
contact and accurate retinotopic phosphene perception, the image resolution would 
still be low. As such, there is an emphasis on developing software algorithms that 
can filter the most relevant parts of a visual scene, before creating simple stimula-
tion configurations that map the object of interest onto the array. This process is 
known as saliency mapping, and similar algorithmic methods of rapid recognition 
and segmentation of information have previously been used with success in the 
form of speech processors for cochlear implants [39–42].

Simulation studies have shown that by applying transformations, such as edge 
detection, greyscale histogram equalization, intensity and contrast enhancement, 
task performance using a low resolution viewing system can be improved (Figure 2). 
Similarly, software has been developed to allow magnification of areas of interest in the 
visual scene, or even projection of a simulated object or face onto the array, in response 
to detection of the respective entity in the captured environment [43, 44]. The intel-
ligent retinal implant system (IRIS) II (Pixium Vision S.A.) has a ‘neuromorphic image 
sensor’, which is designed to capture the coordinates and intensities of changing pixels, 
the information from which can be encoded and divided into transient and sustained 
components. This can be used to direct image processing towards the most relevant 
parts of the visual scene, i.e. moving people or vehicles, while removing redundant 
excess visual information [45].
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ficient stimulation current to deliver functional results and the parent company, 
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subretinal photovoltaic array [37, 38].

3.2 Image processing

In some systems, the image processing takes place within an external analyser, 
which receives a high-quality signal from a camera system and transforms the data 
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task performance using a low resolution viewing system can be improved (Figure 2). 
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All these types of pre-processing are relevant for devices that do not have 
intrinsic photosensitivity, but instead rely on external image capture systems. In the 
case of the photovoltaic systems, there is a greater spatial resolution due to the high 
density of photodiode-amplifier-electrode units, each of which acts as an indepen-
dent pixel. In theory, this enables greater intrinsic processing through more local-
ized neuronal stimulation and may also incorporate some downstream processing 
from the residual retina to select and transmit the most salient visual information to 
the brain [46, 47].

3.3 Data and power transmission

Delivery of encoded visual information and power to the microelectrode array 
is generally either wireless (via inductively coupled coils) or directly onto the 
microphotodiode array via the natural optical system of the eye. In variations of the 
former approach, there are several considerations that need to be made. Inductive 
coil systems function through radio-frequency telemetry, whereby an AC current 
passing through the external coil induces an AC voltage in the internal coil, which can 
be subsequently be converted into DC power. A capacitor in series with the secondary 
coil permits amplification of the received voltage by creating a tuned resonance at the 
transmitter frequency, thus supporting efficient power transfer while minimizing 
the body’s exposure to radiation. Although the data may be encoded onto the same 
signal as the power, it is more commonly accomplished with greater effect by using 
a separate, high frequency coil. The capacity for data and power transfer using this 
model is sufficient to support the resolution and refresh rate of current systems [48].

Location is an important consideration for an efficient inductive coil system. 
Many systems utilize a coil system that is similar to that of cochlear implants, with 
an electronics unit fixed to the bone postauricularly, which communicates with the 
retinal array via a tunnelled connecting wire. This approach was initially chosen 
due to the surgical familiarity to otolaryngologists and it allows for good coil 
contact for coupling. However, due to the prolonged duration of surgery, complex 
fabrication challenges and apparent reduction in system longevity, some systems 
have since been modified to incorporate a glasses-mounted transmitting coil which 
transmits to an implanted subconjunctival receiving coil, which is connected to 
the array via a sclerotomy. Another approach, as used in the EPI-RET3 implant, 
involves positioning a receiver coil into the lens capsular bag (following removal 
of the native lens). This approach still relies on an inductive power and data link, 
but negates the need for a transscleral wire, which carries a risk of infection and 
erosion. In addition, this system has a bi-directional enhancement system, which 
allows for simultaneous stimulation of and recording from the microelectrodes. 
Feedback from the system enables modification of the stimulation algorithms and 
patterns to accommodate any residual excitatory and inhibitory signal processing 
of the retinal neurons [49, 50].

Figure 2. 
An example of image processing transformations: the image of the bicycle first undergoes edge detection and 
is converted to greyscale. This is then transformed by circular binarisation into a black-and-white pixelated 
format. Finally the image is inverted, with the addition of four greyscale levels.
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3.4 Microelectrode array stimulation

There are several considerations when designing an electrode array to deliver 
electrical currents to the RGCs in order to replicate the spatial resolution (SR) of the 
natural retina. These include the electrode material, size, shape, spacing (pitch), 
tissue contact and the anatomical position of the array.

There are three primary sites for placement of a retinal stimulating microelec-
trode array (Figure 1): epiretinally (i.e. on the surface of the neurosensory retina), 
subretinally (i.e. between the retinal pigment epithelium and the degenerated 
outer retina) or suprachoroidally (i.e. between the sclera and the choroid). The 
advantage of the epiretinal placement is that the surgical approach is more familiar 
to vitreoretinal surgeons, allowing safer and easier implantation, adjustment and 
removal of devices. Furthermore, the interface with the vitreous cavity seems to 
permit safer heat dispersion. This set-up may be disadvantageous due to the fact 
that, in order to stimulate the RGCs, the stimulating current must pass through the 
retinal nerve fibre layer, which may produce ectopic visual percepts elsewhere in 
the retinotopic map.

In terms of a subretinal system, one proposed advantage is that by mimicking 
the position of the PRs in the natural retina, some of the stimulating current will 
pass via the residual bipolar system, exploiting graded response of the inner retinal 
neurons and thus the natural processing power of the retina. Moreover, it is felt 
that better electrode-tissue contact will be achieved with the subretinal than with 
the epiretinal approach. However, it has been noted that, due to underlying degen-
erative changes, surgical implantation can be difficult, and the longevity of these 
devices can be more limited [51].

Finally, suprachoroidal devices require a less invasive surgical procedure, which 
lends itself to easier repair or removal, but trials to date have been complicated by 
subchoroidal haemorrhage and fibrosis [52]. Due to the distance from the RGCs, 
these systems tend to require higher stimulation thresholds, leading to greater 
current dispersion and lowering the achievable SR. Overall, it seems that epiretinal 
and subretinal approaches have a superior performance in safety and efficacy to 
suprachoroidal implants. However, with pros and cons to both approaches, there is 
currently no clear evidence to suggest that, of these latter two, one system offers an 
overall advantage.

The challenge of electrode size and density is primarily a biological one, in as 
far as the native PR cells change in type, size, density and downstream signalling 
depending on their role and location in the retina. For example, cone PRs are, on 
average 6 μm in diameter, but in the centre of the fovea, they are around 1.5 μm in 
diameter and densely packed to permit the high resolution of vision that humans 
usually enjoy [53]. If we consider that normal vision is 20/20, meaning that the 
minimal angle of resolution at the retina is 1 arcminute, or the spatial frequency 
(SF) is 60 cycles per degree (cpd), then the SF required to achieve 20/200 (the 
approximate level of visual impairment) is 6 cpd. Since each degree angle sub-
tended at the human retina is represented by ~280 μm, a SF of 6 cpd would neces-
sitate a maximum pixel size of about 50 μm and, in turn an electrode size and pitch 
of 25 μm [54, 55]. Therefore, before factors such as electrode contact, dissipation 
of electrical current or heat are even considered, there is a significant theoretical 
constraint on the scale of manufacturing required to achieve a resolution corre-
sponding to a visual acuity of 20/200.

Among the smallest electrodes that have undergone human implantation to date 
are those of the alpha IMS, which are ~50 μm in diameter, with a 70 μm spacing, 
giving a theoretical maximum VA of about 20/250 [36]. Results have been reported 
of a grating VA of 3.3 cpd and optotype recognition acuity of 20/546 using this 
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All these types of pre-processing are relevant for devices that do not have 
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the body’s exposure to radiation. Although the data may be encoded onto the same 
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Figure 2. 
An example of image processing transformations: the image of the bicycle first undergoes edge detection and 
is converted to greyscale. This is then transformed by circular binarisation into a black-and-white pixelated 
format. Finally the image is inverted, with the addition of four greyscale levels.

95

The Argus II Retinal Prosthesis System
DOI: http://dx.doi.org/10.5772/intechopen.84947

3.4 Microelectrode array stimulation

There are several considerations when designing an electrode array to deliver 
electrical currents to the RGCs in order to replicate the spatial resolution (SR) of the 
natural retina. These include the electrode material, size, shape, spacing (pitch), 
tissue contact and the anatomical position of the array.

There are three primary sites for placement of a retinal stimulating microelec-
trode array (Figure 1): epiretinally (i.e. on the surface of the neurosensory retina), 
subretinally (i.e. between the retinal pigment epithelium and the degenerated 
outer retina) or suprachoroidally (i.e. between the sclera and the choroid). The 
advantage of the epiretinal placement is that the surgical approach is more familiar 
to vitreoretinal surgeons, allowing safer and easier implantation, adjustment and 
removal of devices. Furthermore, the interface with the vitreous cavity seems to 
permit safer heat dispersion. This set-up may be disadvantageous due to the fact 
that, in order to stimulate the RGCs, the stimulating current must pass through the 
retinal nerve fibre layer, which may produce ectopic visual percepts elsewhere in 
the retinotopic map.

In terms of a subretinal system, one proposed advantage is that by mimicking 
the position of the PRs in the natural retina, some of the stimulating current will 
pass via the residual bipolar system, exploiting graded response of the inner retinal 
neurons and thus the natural processing power of the retina. Moreover, it is felt 
that better electrode-tissue contact will be achieved with the subretinal than with 
the epiretinal approach. However, it has been noted that, due to underlying degen-
erative changes, surgical implantation can be difficult, and the longevity of these 
devices can be more limited [51].

Finally, suprachoroidal devices require a less invasive surgical procedure, which 
lends itself to easier repair or removal, but trials to date have been complicated by 
subchoroidal haemorrhage and fibrosis [52]. Due to the distance from the RGCs, 
these systems tend to require higher stimulation thresholds, leading to greater 
current dispersion and lowering the achievable SR. Overall, it seems that epiretinal 
and subretinal approaches have a superior performance in safety and efficacy to 
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currently no clear evidence to suggest that, of these latter two, one system offers an 
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depending on their role and location in the retina. For example, cone PRs are, on 
average 6 μm in diameter, but in the centre of the fovea, they are around 1.5 μm in 
diameter and densely packed to permit the high resolution of vision that humans 
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are those of the alpha IMS, which are ~50 μm in diameter, with a 70 μm spacing, 
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device [56]. The Argus II device has 200 μm electrodes separated by 525 μm, which 
suggests a theoretical maximum VA of 20/1600. The best result, with grating acuity, 
has been reported as 20/1262 (just over 1 cpd) with this system [57].

Electrode shape is a factor that may significantly affect the integration of the 
device by creating an environment where retinal tissue can migrate around the 
array and create a close interface. Arrays have been designed with sunken chambers 
or ‘wells’, into which the inner nuclear layer cells have been shown to migrate. 
Another approach is the three-dimensional pillar array, with protruding electrodes, 
designed to produce an intimate apposition between the array and the neuronal cell 
bodies without requiring excessive remodelling of the retina [58].

Size, shape and contact of the electrode at the tissue interface are all important 
considerations to improve SR, but also have implications to the charge density per 
unit area. As the electrode size becomes smaller, there is an exponential increase 
in concentration of the current, which can result in target tissue damage [59]. 
Therefore there is an onus on finding materials that can permit the charge- 
injection requirements of neural stimulation, while minimizing conduction of 
heat or inducing tissue degradation. In addition to this, they must be biocompat-
ible, waterproof and remain operational over an extended lifespan. While the 
precise electrochemical properties of the electrode-electrolyte interface, the 
capacitance and charge injection limits of different electrode materials is beyond 
the scope of this chapter, it is worth noting that new technologies, such as nano-
coating, nanotubes and conductive polymers are providing promising develop-
ments in electrode fabrication, which may offer significant advantages over the 
more traditional metallic designs, such as iridium, platinum or titanium-based 
electrodes [60–62]. The emerging field of tissue electronics, which is focused 
on the use of organic conductive and semi-conductive polymer alternatives to 
inorganic electronic systems, is rapidly advancing. Recently, long-term in vivo 
studies of a fully organic multi-layer device in rats have shown success in recovery 
of subcortical and cortical light responses, as well as improvements in visual 
behaviour [63, 64]. While current electrode devices achieve RGC stimulation 
by direct current injection to trigger action potentials, it appears that organic 
coupling occurs in a more physiological manner by modulating local neuronal 
neurotransmitter release through discretely varying the membrane potentials 
[65]. It is probable that approaches using conductive polymers, or other chemical 
photoswitches (e.g. photochromic molecules or photoactive nanoparticles) permit 
a more natural interaction with the residual neuronal environment, which, in 
theory, could achieve cellular resolution.

4. Argus II retinal prosthesis system

The Argus II epiretinal device (Second Sight Medical Products Inc.) was the first 
retinal prosthetic system to obtain CE marking (2011) and FDA approval (2013) 
for commercial use, and is the most widely implanted retinal prosthetic worldwide. 
Comprising external and implantable components, it utilizes camera-based image 
capture and VPU processing, with wireless data and power induction, transmitting 
stimulation commands to an epiretinally located microelectrode array (Figure 3).

The Argus II system is implanted using standard pars plana vitrectomy and 
scleral buckling procedures, and usually the surgery includes removal of the native 
lens. Following removal of the vitreous and posterior hyaloid face, a conjunctival 
peritomy is performed and the recti muscles are isolated to allow fixation of an 
encircling band containing the internal coil and in-built application-specific inte-
grated circuit. A 5 mm sclerotomy is created for insertion of the 60-microelectrode 
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array and the connecting cable. This lies flush on the epiretinal surface and is 
secured in place using a spring-loaded titanium tack (Figure 4). A scleral allograft 
(or similar alternative) covers the hermetically-sealed coil and electronics case, 
which is then re-covered by Tenon’s capsule and conjunctiva, such that the internal 
components are invisible to the casual observer. To use the device, the external 
components are worn, including a glasses-mounted camera and external coil, and a 
portable VPU and power unit [57].

4.1 Development history

Throughout the 1990s, Humayun demonstrated that low current stimulation 
of dissected animal retinal tissue could produce localized retinal responses [66]. 
This was followed by acute epiretinal stimulation experiments of blind human 
volunteers, with various forms of retinal degeneration. It was shown that stimula-
tion could elicit subjective phosphenes, which in many cases could be accurately 

Figure 3. 
The components of the Argus II retinal prosthesis system (adapted with permission from Second Sight Medical 
Products).

Figure 4. 
Fundus photograph demonstrating an Argus II microelectrode array in situ.
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coupling occurs in a more physiological manner by modulating local neuronal 
neurotransmitter release through discretely varying the membrane potentials 
[65]. It is probable that approaches using conductive polymers, or other chemical 
photoswitches (e.g. photochromic molecules or photoactive nanoparticles) permit 
a more natural interaction with the residual neuronal environment, which, in 
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4. Argus II retinal prosthesis system

The Argus II epiretinal device (Second Sight Medical Products Inc.) was the first 
retinal prosthetic system to obtain CE marking (2011) and FDA approval (2013) 
for commercial use, and is the most widely implanted retinal prosthetic worldwide. 
Comprising external and implantable components, it utilizes camera-based image 
capture and VPU processing, with wireless data and power induction, transmitting 
stimulation commands to an epiretinally located microelectrode array (Figure 3).

The Argus II system is implanted using standard pars plana vitrectomy and 
scleral buckling procedures, and usually the surgery includes removal of the native 
lens. Following removal of the vitreous and posterior hyaloid face, a conjunctival 
peritomy is performed and the recti muscles are isolated to allow fixation of an 
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array and the connecting cable. This lies flush on the epiretinal surface and is 
secured in place using a spring-loaded titanium tack (Figure 4). A scleral allograft 
(or similar alternative) covers the hermetically-sealed coil and electronics case, 
which is then re-covered by Tenon’s capsule and conjunctiva, such that the internal 
components are invisible to the casual observer. To use the device, the external 
components are worn, including a glasses-mounted camera and external coil, and a 
portable VPU and power unit [57].

4.1 Development history

Throughout the 1990s, Humayun demonstrated that low current stimulation 
of dissected animal retinal tissue could produce localized retinal responses [66]. 
This was followed by acute epiretinal stimulation experiments of blind human 
volunteers, with various forms of retinal degeneration. It was shown that stimula-
tion could elicit subjective phosphenes, which in many cases could be accurately 
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localized and resolved to an equivalent acuity of up to 4/200 [67, 68]. In a subse-
quent series of acute stimulation tests using multielectrode arrays, two patients 
were able to identify crude forms from discrete patterns of electrical stimulation, 
using 400 μm electrodes arranged in 3 × 3 or 5 × 5 grids.

These promising results led to the development of the Argus I epiretinal pros-
thesis, which was the first device to undergo chronic testing in 2002 in six patients 
with end-stage RP. The Argus I device included a 4 × 4 array, comprising 16 alter-
nating 250 and 500 μm diameter electrodes. The initial device design was based 
closely on that of cochlear implants, with an electronic unit surgically positioned in 
a postauricular recess of the temporal bone, from where a connecting cable would 
be passed along a groove in the bone and communicate with the intraocularly placed 
array. The external camera and VPU components captured the images, which, once 
encoded, were wirelessly transmitted via an antenna, that was magnetically held in 
position over the internal electronic unit. Results showed coarse functional perfor-
mance was better than chance with the device on, with one patient able to detect 
light, motion and simple shapes [69–71]. In another subject, it was recently shown 
that the device continued to elicit phosphenes sufficient to permit target localiza-
tion, orientation and mobility performance better than chance with the device 
on, 10 years postimplantation [72]. The overall safety and longevity of the device, 
which demonstrated coarse functional outcomes at a safe charge density limit, led 
to the development of the Argus II system, with a 6 × 10 microelectrode array and 
an optimized surgical approach.

4.2 Argus II results

The phase II multicenter clinical trial for the Argus II retinal prosthesis system 
began in 2006, enrolling 28 patients with end-stage RP, one with Leber congenital 
amaurosis and one with choroideremia. The primary endpoints of this study were 
safety and visual function, while secondary assessments of functionality included 
activities of daily living, such as orientation and mobility [57, 73, 74].

4.3 Safety outcomes

Witinn 12 months of the start of the trial, there were 18 reported serious adverse 
events (SAEs) requiring intervention, occurring in 10 of the 30 implanted patients. 
These included three cases of presumed endophthalmitis, three cases of conjuncti-
val dehiscence, three cases of conjunctival erosion, two cases of hyptony, two arrays 
requiring re-tacking and one case each of rhegmatogenous retinal detachment, 
tractional retinal detachment, a retinal tear, corneal opacification and an inflamma-
tory uveitis. The majority of these SAEs (78%) took place within the first 6 months 
after implantation and they were clustered among the initial 15 patients (72%). The 
reduction in SAEs in the second half of the trial was ascribed to refinement of both 
the device and the implantation procedure during the study, such as inclusion of 
prophylactic intravitreal antibiotics to the surgical protocol. All SAEs were success-
fully treated; in the cases of hypotony, the subjects required silicone oil tamponade 
(in one case for retinal detachment), which led to stabilization of the intraocular 
pressure [57, 73].

At 36 months, there were five additional reported late SAEs, including two 
further cases of hypotony and one each of infective keratitis, corneal melt and 
conjunctival erosion. Within this period, only one device required explantation, 
due to recurrent conjunctival erosion, and no eyes were enucleated [73]. At 5 years, 
the latest reported time point, there was only one additional SAE, which was a 
successfully treated retinal detachment, resulting in a total rate of 24 reported 
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SAEs among 12 (40%) of subjects. A total of three devices have been partially or 
completely removed at the request of the subjects, while a further seven subjects 
underwent elective repositioning during the trial to improve the contact of the 
array with the retina [74].

Overall, this is the largest and longest study of a retinal prosthesis system to 
date, demonstrating an acceptable safety profile and ongoing functionality and 
biocompatibility in the majority of subjects. Subsequent case series have shown 
improved safety profiles in parallel with growing surgical familiarity.

4.4 Functional outcomes

4.4.1 Visual function

There were three objective assessments used to evaluate visual function in the 
study. Firstly, a ‘square localization’ task, which involved the subject locating a 
white square displayed on a black background, indicated by touching the monitor. 
At 1 year, 94% of subjects could perform the task better with the device on than 
off. This was maintained at 3 years (89%) and 5 years (80.9%). The second task 
was ‘direction of motion’, which was assessed by asking the subject to indicate the 
direction of a high-contrast white line as it moved across the monitor. Initially 
57% of subjects performed better than chance with the device on, which was once 
again maintained at 3 and 5 years (56 and 50%), respectively. Of note, these two 
tests of visual function were not performed in all subjects at the 1-year time point, 
due to their introduction partway through the study. Finally visual function was 
assessed using, ‘grating visual acuity’, which consisted of randomly generated 
widths of black and white gratings in one of four different orientations, displayed 
for 5 s on a screen. Throughout the study, 27–48% of patients scored better than 
2.9 logMAR equivalent (mean 2.5 logMAR), depending on time point, with 38% 
performing significantly better with the device on than off at year 5. The best 
result recorded grating acuity was 1.8 logMAR, which approximates to a Snellen 
acuity of 20/1262 [57, 73–75]. The results from these tests of visual function are 
presented in Figure 5.

Dorn et al. tested the effect of providing scrambled spatial information to the 
device compared to one-to-one mapping, to investigate the degree to which the syn-
chronization of multiple electrode stimulation conferred a benefit during motion 
detection. They found that of the 15 subjects who were able to perform the initial 
motion detection task better with the device on, 10 (67%) also performed better 
with one-to-one mapping of spatial information, than with scrambled information 
[76]. This suggests that the pattern of phosphenes being elicited was important for 
motion detection, and not that the patient was using the device to detect light, and 
simply scanning with their head to determine direction.

Figure 5. 
Results for square localization (A), direction of motion (B) and grating visual acuity (C) at yearly time-points. 
Credit: da Cruz et al. [74].
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SAEs among 12 (40%) of subjects. A total of three devices have been partially or 
completely removed at the request of the subjects, while a further seven subjects 
underwent elective repositioning during the trial to improve the contact of the 
array with the retina [74].

Overall, this is the largest and longest study of a retinal prosthesis system to 
date, demonstrating an acceptable safety profile and ongoing functionality and 
biocompatibility in the majority of subjects. Subsequent case series have shown 
improved safety profiles in parallel with growing surgical familiarity.

4.4 Functional outcomes

4.4.1 Visual function

There were three objective assessments used to evaluate visual function in the 
study. Firstly, a ‘square localization’ task, which involved the subject locating a 
white square displayed on a black background, indicated by touching the monitor. 
At 1 year, 94% of subjects could perform the task better with the device on than 
off. This was maintained at 3 years (89%) and 5 years (80.9%). The second task 
was ‘direction of motion’, which was assessed by asking the subject to indicate the 
direction of a high-contrast white line as it moved across the monitor. Initially 
57% of subjects performed better than chance with the device on, which was once 
again maintained at 3 and 5 years (56 and 50%), respectively. Of note, these two 
tests of visual function were not performed in all subjects at the 1-year time point, 
due to their introduction partway through the study. Finally visual function was 
assessed using, ‘grating visual acuity’, which consisted of randomly generated 
widths of black and white gratings in one of four different orientations, displayed 
for 5 s on a screen. Throughout the study, 27–48% of patients scored better than 
2.9 logMAR equivalent (mean 2.5 logMAR), depending on time point, with 38% 
performing significantly better with the device on than off at year 5. The best 
result recorded grating acuity was 1.8 logMAR, which approximates to a Snellen 
acuity of 20/1262 [57, 73–75]. The results from these tests of visual function are 
presented in Figure 5.

Dorn et al. tested the effect of providing scrambled spatial information to the 
device compared to one-to-one mapping, to investigate the degree to which the syn-
chronization of multiple electrode stimulation conferred a benefit during motion 
detection. They found that of the 15 subjects who were able to perform the initial 
motion detection task better with the device on, 10 (67%) also performed better 
with one-to-one mapping of spatial information, than with scrambled information 
[76]. This suggests that the pattern of phosphenes being elicited was important for 
motion detection, and not that the patient was using the device to detect light, and 
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Figure 5. 
Results for square localization (A), direction of motion (B) and grating visual acuity (C) at yearly time-points. 
Credit: da Cruz et al. [74].
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4.4.2 Orientation and mobility

In the phase II clinical trial, two tests of orientation and mobility were 
employed. The first involved locating a simulated black door on a white background 
across the room. The second consisted of the subject following a 6-inch-wide white 
line on the floor, either configured as a straight line, or with a 90° turn along its 
length. Successful performance was maintained at ~50 and 70% in each respec-
tive task with the device on, which was significantly better than 15–30% success 
with the device off [57, 73, 74]. Dagnelie et al. found a similar rate of performance 
success using a real world ‘sidewalk tracking’ test in 27 implanted subjects, showing 
that 67% performed above chance with the device on, compared to 22% with the 
system off [77]. Figure 6 illustrates the testing environments for orientation and 
mobility tasks.

4.4.3 Shape and object recognition

Arsiero et al. demonstrated, among implanted subjects, recognition of eight 
simple, solid, white shapes on a black background was significantly better the 
device on (31%) than off (13%), which improved further to 57% when the shapes 
were presented as outlines [79]. Luo et al. built upon this, presenting seven 
implanted subjects with eight high-contrast everyday items, both in the solid 
and outlined forms. It was found that subjects could identify solid objects to the 
same degree of accuracy with the device on as they could with the device on in the 
scrambled mode. Although superior to having the device off, this suggested that 
subjects were relying on visual cues other than the form presented but the array 
stimulation pattern. When the shapes were presented in their outlined forms, this 
significantly improved performance with the device on, above either that of the 
scrambled mode or with the device off [80].

Another real-world task described by Dagnelie et al., consisted of a ‘sock sort-
ing’ task, in which subjects were asked to sort a randomly arranged collection of 10 
black, 10 white and 10 grey socks into separate piles, according to colour. Each test 
was performed on a wooden table, or on a background of the subject’s choice (i.e. 
black or white). In both scenarios, the subjects performed significantly better on 
average with the device on than off [77].

4.4.4 Letter reading

In a study of 21 implanted subjects, da Cruz et al. studied functional form vision 
by assessing ability to discriminate high-contrast letters. Letters were grouped 
according to typographical complexity and randomly displayed on a computer 

Figure 6. 
Photographs of subjects performing door finding (A), line tracking (B) and sidewalk tracking (C) tasks. Credit: 
Humayun et al. [78], Dagnelie et al. [77].
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screen. Measurements from all subjects revealed a correct identification of 72% 
of group A (least complex) letters, presented at 30 cm, such that they subtended a 
visual angle of 41.27°. In the study, 19 and 20 subjects respectively completed the 
group B and group C letters, correctly identifying 55 and 52% in each instance. In 
all cases, performance was significantly better with the device turned on than off. 
A subset of six subjects who identified more than 50% of group A letters in fewer 
than 60 s went on to complete tests to assess the minimum letter size that could 
be resolved, while four of these six subjects were also assessed for performance on 
2-, 3- and 4-letter word identification. The minimum letter size correctly identi-
fied was 0.9 cm, subtending a visual angle of 1.7°. On average, four subjects could 
identify 6.8 out of 10 words, ranging from 11 to 20 cm in height. In all cases, the 
performance was significantly better when the device was switched on in standard 
mode, than when scrambled or off [81]. These results are very promising for the 
capacity of some patients to achieve good spatial resolution, approaching the 
theoretical limit of the system.

4.4.5 Prehension tasks

In a series of experiments using a 3D motion-capture system, Luo et al. measured 
the ability of five subjects to grasp a white block on a black table (Figure 7). With 
the device turned on, subjects would successfully initiate and complete a grasping 
action 74% of the time, compared to 0% with the device off [82, 83]. Unlike other 
object recognition tasks, this study suggests a good capacity for the system to permit 
performance of hand-eye coordination tasks in a 3D environment, similar to that of 
the real-world.

4.5 Patient-reported outcomes

An important consideration in visual restoration is the extent to which the 
recipients judge the system to be beneficial in everyday life. The Functional Low-
vision Observer Rated Assessment (FLORA) was developed by Geruschat et al. in 
order to evaluate the impact of partial restoration of ultra-low vision in subjects 
undergoing Argus II implantation. Initial results using the FLORA tool demon-
strated that it was able to provide useful information about the everyday functional 
benefit of prosthesis-derived visual restoration, as well as identifying areas in 
which rehabilitation could be utilized to maximize subjective value. At 1 year, the 
assessment demonstrated an 80% reported positive effect, which dropped to 65% at 
3 years. No patients reported a negative effect using this self-reporting tool [84, 85].

Figure 7. 
Subject performing prehension task (a) with live infrared motion capture of subject’s hand (b). Credit: Luo 
et al. [82].
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5. Future directions

There are several other groups across the world using a variety of techniques 
to develop retinal prosthetic systems. Currently the intelligent retinal implant 
system (IRIS) II (Pixium Vision S.A. France) is the only other epiretinal device 
that has received CE approval. The external components and power induction 
mechanism of this system are fairly similar to the Argus II system. However, 
unlike the Argus II system, the 150-microelectrode array receives stimula-
tion commands directly from an infrared array, which is integrated into a 
glasses-mounted visual interface, thus facilitating high data transfer and device 
miniaturization [45]. While initial data from the clinical trial were promising 
for functional and safety outcomes with the IRIS II, the study was postponed 
following concerns about device longevity [86].

The aforementioned Alpha IMS and its successor, the Alpha AMS (Retina 
Implant AG, Germany), have both been approved for commercial use in Europe. 
Utilizing photovoltaic technology, the Alpha IMS has 1500 autonomous photodiode 
complexes, giving a higher theoretical resolution than the Argus II. To date, this 
system has yielded safety and functional results similar to the Argus II, albeit with 
inferior longevity, possibly due to the surgical approach, involving subretinal 
device placement and a tunnelled link to a postauricular coil for electromagnetic 
power induction [35, 36, 87]. Preliminary data from trials of the Alpha AMS report 
considerable improvements in the lifespan of this system.

Finally, the Photovoltaic Retinal Implant (PRIMA) bionic vision system (also 
Pixium Vision S.A.) is currently undergoing a safety and performance evaluation 
feasibility study [88]. This subretinal system comprises a modular array set-up 
with 1 mm-wide hexagonal chips, each containing 142 30 μm-thick pixel cells, 
each ~70 μm2, which receive visual data from a visual interface as pulsed near 
infrared light. Multiple photodiodes in series are stimulated, generating sufficient 
current to polarize the adjacent neuronal tissue with a local concentric return to 
limit signal diffusion. This system is unique in that it is scalable through insertion 
of additional chips and does not require any direct transscleral delivery of power 
or data [37, 89, 90].

Several other groups are also investigating alternative methods of neural stimu-
lation, including optic nerve, cortical and thalamic prostheses [91]. As increasing 
numbers of patient volunteers undergo implantation with these systems, more data 
will become available, thus guiding the optimal design characteristics for future 
generations of devices.

Advancements in visually restorative medicine are not limited to prosthetics, 
with other regenerative technologies, including stem cells, gene therapy and opto-
genetics, demonstrating exciting developments in the endeavor to treat blindness 
[92–97]. In particular, optogenetics, an approach that is focused on targeting micro-
bial opsin (light-dependent ion channels) to surviving retinal neurons to rescue 
or restore visual function, has shown exciting results in in vivo animal and in vitro 
human studies [98–100]. In addition to the aforementioned organic approaches, 
these techniques are attractive insofar as they offer a biocompatible, autonomous 
and scalable alternative to inorganic systems, which could be administered earlier 
in the disease course as a rescue therapy. It is widely anticipated that these strategies 
will soon build on the initial success of synthetic prosthetics, or potentially comple-
ment them in the form of biohybrid implants.

The success of the Argus II is representative of the enormous progress that has 
been made in the field of retinal prosthetics over the past 3 decades. However, there 
remain significant challenges to be overcome before the concept of ‘bionic vision’ is 
fully realized. Despite this, retinal prostheses have delivered the most compelling 
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Chapter 7

Optimization of Maxillofacial 
Prosthesis
Faraedon M. Zardawi and Kaida Xiao

Abstract

Today, both additive manufacturing (3D image technology and 3D printing) 
had been developed dramatically and involved virtually in all fields of medicine 
and surgery. It has been widely applied in surgical and prosthetic reconstruction 
of the craniofacial defects. The aim of this chapter is to characterize and assess the 
mechanical and optical properties of 3D colored printed soft tissue facial prostheses 
produced by Z-Corp-Z510 and infiltrated with Sil-25 maxillofacial silicone poly-
mers. Mechanical properties assessed according to ASTM specifications for tensile 
strength, tear strength, hardness and percentage elongation. Furthermore depth of 
infiltration plus quality of infiltration was assessed. Scanning electron microscopy 
SEM was applied for this purpose to determine the characteristic of interaction 
and incorporation between the starch powder particles and the silicone polymers. 
Finally, method of color reproduction and evaluation for the printed prostheses are 
recommended.

Keywords: maxillofacial, anaplastology, rapid prototyping and facial prostheses,  
skin color

1. Introduction

Anaplastology is a multidisciplinary branch of medicine that deals with artificial 
reconstruction of a disfigured, absent or anatomically malformed part of the face 
or body by fabricating a customized facial or somatic prosthesis for the patient 
[1]. The prostheses provide descriptive evidence for steps of fabrication of these 
devices, including location, retention, support, time, materials, and form [2, 3]. 
Prostheses are artificial devices which either implanted or attached to the body to 
replace or restore a body part that might be congenitally missing or might have been 
lost due to tumor ablation or external trauma [4]. Facial disfiguration is considered 
a challenge for the patient; as it negatively interferes with the patient’s self-image 
and ability coexist in a normal social life. Although the prosthesis is well appreci-
ated by the patients, however, in many instances it does not restore function totally 
[1, 5]. Surgery can repair small defects, whereas, large defects could not be repaired 
surgically [6], Hence, prosthetic rehabilitation is frequently applied. This depends 
on a variety of factors including patient’s age and systemic condition, size and 
site of the defect, patient’s satisfaction and cost factors [7–9]. For example, an old 
patient with poor systemic health is not a good candidate for surgery, on the other 
hand, an impaired vision or a poor manual dexterity patient is not a good candidate 
for prosthesis as he will not be able to maintain the prosthesis properly.
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a challenge for the patient; as it negatively interferes with the patient’s self-image 
and ability coexist in a normal social life. Although the prosthesis is well appreci-
ated by the patients, however, in many instances it does not restore function totally 
[1, 5]. Surgery can repair small defects, whereas, large defects could not be repaired 
surgically [6], Hence, prosthetic rehabilitation is frequently applied. This depends 
on a variety of factors including patient’s age and systemic condition, size and 
site of the defect, patient’s satisfaction and cost factors [7–9]. For example, an old 
patient with poor systemic health is not a good candidate for surgery, on the other 
hand, an impaired vision or a poor manual dexterity patient is not a good candidate 
for prosthesis as he will not be able to maintain the prosthesis properly.
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Defects in the craniofacial region mostly lead to severe depression, even in 
some instances to self-isolation and rejection of life, hence, surgical reconstruc-
tion and/or prosthetic devises will be an insistent demand for a patient with facial 
disfiguration [10]. Esthetically appropriate Prosthetic rehabilitation of the patient 
is rather challenging requires multidisciplinary team for comprehensive care and 
optimal cost treatment functional and esthetic outcomes [11–14]. Oro-facial areas 
comprises a variety of vital and important structures, every so often surgical 
management of cancer in this region predominantly with widespread cancerous 
lesion require extensive removal of tissue—the cancerous lesion and part from the 
normal tissue around the lesion as a protective measure of surgical management 
of cancer. As a result of this aggressive surgical procedure many vital functions 
would be impaired such as esthetics, phonetics, mastication and vision. In these 
cases an extensive defect would be left behind that would most probably not be 
reconstructed surgically, alternatively prosthetic rehabilitation will be performed 
to improve patient’s esthetics/function [15, 16]. Prosthetic rehabilitation of these 
patient provides comfort to the patients, improves their confidence and self-
esteem. High level of satisfaction was recorded among patients wearing facial 
prostheses [17]. They experienced much better quality of life after wearing facial 
prostheses [16, 18].

The fabrication protocol of facial prostheses involves several intricate steps as 
described by many authors [19–21] including taking an impression or impressions, 
obtaining an accurate stone cast in order to carve an accurate wax model for the 
defect on that cast. The wax model then checked on the patient and transferred 
to the final material, which is mostly be a silicone polymers by process of flasking 
and deflasking after adding the basic skin color. Ultimate color matching is accom-
plished by adding extrinsic colors at the time of fitting and delivery.

Method of fabrication that is applied currently has shown several limitations. 
These are primarily related to the fabrication protocol, high technical expertise 
required, time, effort, cost plus retention and esthetic problems. These limitations 
make access to global patient’s community almost denied, only a small number of 
these patients can get access to this sophisticated device, those who can afford the 
high cost of the prosthesis, whereas, people at the other poor global regions such as 
Africa and India they cannot easily obtain a good prosthesis.

In recent years, both additive manufacturing (also known as 3D printing) and 
3D image technology had been developed dramatically and becomes more and more 
popular in medical science under the term of medical rapid prototyping (MRP). 
Medical Rapid prototyping was first described by Mankowich et al. in 1990 for 
imaging and producing anatomically accurate human parts models by rapid pro-
totyping methods [22]. MRP then started to grow more and more to involve a wide 
range and fields in medicine including tissue engineering, dental implantology, 
craniofacial surgery and reconstruction and orthopedics.

Many aspects of this brilliant technology have still not been entirely functional 
for maxillofacial surgical/prosthetic rehabilitation. This technology has not been 
fully incorporated in producing maxillofacial soft tissue prostheses. However, some 
articles and few case reports applied this technology in the manufacturing process 
as producing accurate wax models for ear and other parts of the face using 3D 
printing machines to be replicated by the silicone polymers [23–27]. They were able 
to produce highly accurate anatomical models of the missing parts, nevertheless, 
the entire procedure found to become more time consuming and much costly than 
if the prosthesis made by hand alone.

In our previous studies, an innovated method of fabrication of soft tissue facial 
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printer, printing in starch as a powder and colored ink as a water based binder, 
printing process based on computer aided design and manufacture CAD/CAM 
[28–30]. Figure 1 summarize the current project that starts with 3D Data acquisi-
tion instead of using a complicated multiple impression techniques, then processing 
these date in a 3D computer aided design—CAD package, building a virtual 3D 
model for the prosthesis, color mapping then the printing process accomplished 
using Z510-3D color printer. After printing the robot models infiltrated with 
elastomeric silicone in order to achieve skin texture and softness. Furthermore, data 
can be saved for future printing of further copies on demand.

With above protocol, there is huge potential to replace the conventional tech-
nology by the rapid manufacturing technology with saving both time and cost. 
However, some more factors affect quality of prostheses significantly, including 
mechanical properties, infiltration and degree of skin color reproduction. In this 
study, these factors are investigated and further developed. Results are described in 
following sections.

2. Mechanical properties

The mechanical properties of facial prostheses is very important since it directly 
related to durability of the prostheses. For 3D printing technology we proposed, a 
starch powder were used to print soft tissue prostheses by a Z-Corp Z510 3D printer 
and infiltrated using silicone polymers as the post processing. The mechanical prop-
erties of the composite produced by Z-Corp printer is tested here by comparing its’ 
mechanical properties with object produced by silicone polymer using conventional 
technology [31].

Test models that were printed from starch by Z Corp 3D printer and infiltrated 
with maxillofacial silicone polymer—Sil-25 are shown in Figure 2.

Mechanical test for conventional technology is simulated using pure silicone 
polymers and used as control samples (Figure 3).

Pure silicone samples were designed according to ASTM specifications for 
tensile strength (Dumbbell-shaped specimens [32]), tear strength (Trouser-shaped 
specimens [33]), hardness test [34], and percentage elongation using solid work 

Figure 1. 
An overview of rapid manufacturing technology applied to fabricate soft tissue facial prostheses.
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Pure silicone samples were designed according to ASTM specifications for 
tensile strength (Dumbbell-shaped specimens [32]), tear strength (Trouser-shaped 
specimens [33]), hardness test [34], and percentage elongation using solid work 
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2008 software for printing test samples and stainless steel molds were fabricated for 
the control samples (Figure 4).

Lloyd LRX tensile instrument applied to test tensile strength, tear strength and 
percentage elongation (Figure 5).

Shore Durometer Hardness Tester was applied to test the hardness of the 3D 
printed starch models infiltrated silicone polymers to be compared with pure 
silicone samples (Figure 6).

The collected data was analyzed using PASW statistics 18 to compare between 
the test group—3D printed samples and control group—pure silicone samples, 
Independent sample T test was utilized for the statistical analysis.

Table 1, Demonstrating the result of mechanical tests that reveals that test 
group—the 3D printed samples has significantly lower tensile, tear, and percentage 
elongation than control samples—pure silicone samples (p < 0.05). Whereas, a sig-
nificant increase in the hardness of the printed samples compared to pure silicone 
samples (p < 0.05) as shown in Table 1.

The results indicated an increased hardness, and consequently the prostheses 
lose some flexibility, hardness is not the only issue that determine the flexibility, 
here the technology applied provide shell-like models and the prostheses built 
according to CAD/CAM is shell prosthesis showing high degree of flexibility than 

Figure 2. 
Starch printed infiltrated silicone test samples for (A) dumbbell-shaped for tensile strength, (B) trouser-shaped 
for tear strength and (C) hardness test blocks.

Figure 3. 
Silicone polymers test samples for (A) dumbbell-shaped for tensile strength, (B) hardness test blocks and  
(C) trouser-shaped for tear strength.
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handmade prosthesis despite increased hardness of the printed prostheses com-
pared to pure silicone prostheses as shown in Figure 7.

Lower values of tensile, tear strength and percentage elongation do not indicate 
a critical problem if the patient maintained and handled the prosthesis gently, as 
a matter of fact the prosthesis does not require a very high tensile or tear strength 

Figure 4. 
Stainless steel molds for fabrication of control samples—pure silicone.

Figure 5. 
Lloyd LRX tensile tester testing tensile and tear strength of the printed samples.
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handmade prosthesis despite increased hardness of the printed prostheses com-
pared to pure silicone prostheses as shown in Figure 7.

Lower values of tensile, tear strength and percentage elongation do not indicate 
a critical problem if the patient maintained and handled the prosthesis gently, as 
a matter of fact the prosthesis does not require a very high tensile or tear strength 

Figure 4. 
Stainless steel molds for fabrication of control samples—pure silicone.

Figure 5. 
Lloyd LRX tensile tester testing tensile and tear strength of the printed samples.
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unless the patient stretch his/or her prosthesis and handle it harshly. The patient 
should follow the instruction for maintenance cautiously so that to extend the 
prosthesis service life.

Investigations of mechanical properties (tensile, tear, hardness and percentage 
elongation) of the printed samples were significantly different from control sam-
ples. In this study the results of the mechanical tests performed on tensile strength, 
tear strength, the percentage of elongation and hardness for the printed samples 
were found to be significantly different from the control samples. According to 
results obtained from this study, no one can suggest that the manufactured prosthe-
sis does not last long or not better than the handmade prosthesis, because the ideal 
properties have not been standardized yet in terms of the mechanical properties.

Variation in mechanical properties of the test samples compared with controlled 
samples—pure silicone samples could be perhaps due to amount of starch in the 
test material, as starch provides a scaffold for the silicone polymer when it is used 
by Z-Corp printer to produce three dimensional 3D facial prostheses. The starch 

Figure 6. 
Hardness tester testing hardness of the printed samples.

Sample Tensile stress 
(PSI)

Tear stress 
(N/mm)

Hardness Elongation 
(%)

Silicone (Convectional)

Average 455.98 10.77 30.89 480.75

SD 32.20 2.60 0.71 84.40

Silicone infiltrated starch (3D printing)

Average 170.45 8.02 62.80 221.46

SD 36.10 1.68 2.782 51.44

Table 1. 
Comparing the mechanical properties of the printed models with pure silicone models.
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acts as filler for the 3D printed prostheses, a filler when added to the silicone poly-
mer may increases hardness, and reduces tensile and tear strength, of course that is 
depend on the type and amount of the filler [35, 36]. Therefore, it was necessary to 
measure the weight or volume ratio of silicone polymers—the infiltrate to starch—
the filler. Furthermore, and in order to understand the variation in the mechanical 
properties and the general drawback in these properties it was necessary to inves-
tigate depth of penetration of the infiltrate (silicone polymers) inside the printed 
starch models the quality of this infiltration. Therefore, Proper protocols were 
designed for

1. Percentage of starch by weight within fully infiltrated models

2. Depth of infiltration inside printed starch models

3. Quality of infiltration and degree of coherence between the starch particles 
and the silicone polymers.

3. Infiltration

For 3D printing soft tissue prostheses process, the 3D printed starch models 
is infiltrated by silicone polymers in order to provide skin texture and required 
elasticity and softness. The infiltration process affects overall quality of prostheses 
and therefore investigated below in different aspects.

3.1 Silicone/powder ratio by weight

As the starch powder implicated in fabrication of 3 dimensional soft tissue 
prostheses, it was necessary to determine the average amount of this powder 
within the total weight of prosthesis and their percentages by weight in the 
final prosthesis. in this investigation, 8 printed blocks of the starch powder 
(45 × 45 × 4 mm) were produced by Z510 printer. The blocks weighed using a 
sensitive digital balance (Mettler AJ100). Then the samples infiltrated with Sil-25 
maxillofacial silicone polymers according to infiltration protocol mentioned in the 
previous section (3 bars for 25 minutes left for 25 hours) final setting time. Then 
the infiltrated blocks weighed again and percentage of each component within an 
infiltrated block was determined. Table 2 shows weight in gram, standard devia-
tion and percentage of each component. The powder adds up to 40% of the total 
weight of the fully infiltrated blocks, whereas the silicone polymers comprising 
only 60%.

Figure 7. 
(A) Method of infiltration leaving feather edged margin of the prosthesis. (B) Flexibility of printed prosthesis 
infiltrated silicone polymer.
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acts as filler for the 3D printed prostheses, a filler when added to the silicone poly-
mer may increases hardness, and reduces tensile and tear strength, of course that is 
depend on the type and amount of the filler [35, 36]. Therefore, it was necessary to 
measure the weight or volume ratio of silicone polymers—the infiltrate to starch—
the filler. Furthermore, and in order to understand the variation in the mechanical 
properties and the general drawback in these properties it was necessary to inves-
tigate depth of penetration of the infiltrate (silicone polymers) inside the printed 
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and the silicone polymers.

3. Infiltration

For 3D printing soft tissue prostheses process, the 3D printed starch models 
is infiltrated by silicone polymers in order to provide skin texture and required 
elasticity and softness. The infiltration process affects overall quality of prostheses 
and therefore investigated below in different aspects.

3.1 Silicone/powder ratio by weight

As the starch powder implicated in fabrication of 3 dimensional soft tissue 
prostheses, it was necessary to determine the average amount of this powder 
within the total weight of prosthesis and their percentages by weight in the 
final prosthesis. in this investigation, 8 printed blocks of the starch powder 
(45 × 45 × 4 mm) were produced by Z510 printer. The blocks weighed using a 
sensitive digital balance (Mettler AJ100). Then the samples infiltrated with Sil-25 
maxillofacial silicone polymers according to infiltration protocol mentioned in the 
previous section (3 bars for 25 minutes left for 25 hours) final setting time. Then 
the infiltrated blocks weighed again and percentage of each component within an 
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3.2 Depth of infiltration of the silicone polymers into 3D printed facial prosthesis

As the printed starch models produced by the Z-Corp printer are solid and fragile, 
therefore, it was necessary to apply a specific protocol for infiltration of the silicone 
polymers into the printed models. For this purpose a set of 30 cubes measuring 
20 × 20 × 20 mm were printed in starch, using Z-Corp (Z510) 3D printer, the starch 
cubes were infiltrated with Sil-25 maxillofacial silicone polymer under different 
conditions. One group served as control group, the cubes were infiltrated with Sil-25 
maxillofacial silicone polymers, ratio (1–10) according to manufacturing standard. 
The cubes were then submerged in the polymer mixture and left under atmospheric 
air pressure at room temperature for a scheduled time, 5 minutes (n = 6), 10 minutes 
(n = 6), 15 minutes (n = 6), 20 minutes (n = 6) and 25 minutes (n = 6), and then left to 
set for 24 hours. The cubes then bisected with surgical blade No. 11. The inner part of 
the cube stained to color and highlight the non-infiltrated parts of the cubes in order to 
measure infiltration depth of the silicone polymers inside the cubes (Figure 8).

Three other groups were served as test groups, testing infiltration depth was 
repeated on 30 cubes measuring 20 × 20 × 20 mm for each test group, but in this 
group the cubes were placed in a pressure vessel under 1, 2 and 3 bars pressure for 
a similar time schedule, 5 minutes (n = 6), 10 minutes (n = 6), 15 minutes (n = 6), 
20 minutes (n = 6) and 25 minutes (n = 6). After 24 hours the cubes were bisected 
and the inner part of the cubes colored then Traveling microscope (Mitutoyo TM) 
with X-Y coordinate, used to measure the infiltration depth, 12 measurements on 
each sectioned cube (Figure 9).

Result of this study is shown in Figure 10 and Table 3, minimum depth of 
infiltration was detected under normal atmospheric pressure and room tempera-
ture, which was around 1 mm, this was slightly affected by length of time the cubes 
staid sank in the silicone polymers. Whereas, 2 and 3 bars pressure increased the 
infiltration depth of the silicone polymers significantly, which was also affected by 
length of time. Maximum infiltration depth was recorded for 3 bars pressure and at 
25 minutes time. Results showed that pressure and time have significant effect on 
the depth of infiltration of the silicone polymers inside the powder cubes. Two ways 
ANOVA implied significant differences (p < 0.05) between the three groups of the 
current study, normal pressure, 2 and 3 bars pressure.

Figure 8. 
Bisected cubes stained to identify the depth of infiltration of silicone polymers, the dye is taken up by the 
hydrophilic starch, whereas the infiltrated area is hydrophobic and does not take up the dye.

Weight in gram and SD % By wight

Starch Starch + Silicone pressure Starch Silicone pressure

3.5 ± 0.04 8.50 ± 0.07 41.5% 58.5%

Table 2. 
Percentage of silicone polymers and starch powder in fully infiltrated blocks.
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According to result obtained from this study, it can be concluded that infil-
tration depth of Sil-25 silicone polymers is significantly influenced by pressure 
applied. Under 3 bars and 25 minutes time, the infiltration depth recorded more 
than 8 mm from all sides, this would suggest that infiltration depth inside a pros-
thesis would be around 16 mm and reasonably this depth will be sufficient for soft 
tissue facial prostheses.

3.3 Quality of infiltration of the elastomer into 3D printed facial prosthesis

Evaluation of the infiltration quality of silicone polymers inside the 3D printed 
starch powder was required to characterize the interaction between the hydropho-
bic silicone polymers and the hydrophilic starch powder. It is acknowledged that the 
mechanical and optical properties of the 3D printed prostheses depend basically on 
material properties and characterization, which consequently determine the service 
life of the prostheses and determine its ability to resist the environmental factors 
such as UV from sunlight humidity, body secretion and weathering temperature. 
The previous section determined depth of infiltration of the infiltrate inside the 
printing powder, 8 mm penetration depth was achieved. However, we did not real-
ize how consistent/homogeneous this infiltration was. Therefore, SEM was carried 
out to characterize an important aspect of 3D color printing facial prostheses and 
to detect any flaw in the structure of the composite that is utilized in fabrication of 
facial prostheses.

Figure 9. 
Traveling microscope (Mitutoyo TM) with X-Y coordinate, used to measure the infiltration depth, 12 
measurements on each sectioned cube.

Figure 10. 
Infiltration of Sil-25 under normal air, 2 and 3 bars pressure and 5-time schedule.



Prosthesis

118

3.2 Depth of infiltration of the silicone polymers into 3D printed facial prosthesis

As the printed starch models produced by the Z-Corp printer are solid and fragile, 
therefore, it was necessary to apply a specific protocol for infiltration of the silicone 
polymers into the printed models. For this purpose a set of 30 cubes measuring 
20 × 20 × 20 mm were printed in starch, using Z-Corp (Z510) 3D printer, the starch 
cubes were infiltrated with Sil-25 maxillofacial silicone polymer under different 
conditions. One group served as control group, the cubes were infiltrated with Sil-25 
maxillofacial silicone polymers, ratio (1–10) according to manufacturing standard. 
The cubes were then submerged in the polymer mixture and left under atmospheric 
air pressure at room temperature for a scheduled time, 5 minutes (n = 6), 10 minutes 
(n = 6), 15 minutes (n = 6), 20 minutes (n = 6) and 25 minutes (n = 6), and then left to 
set for 24 hours. The cubes then bisected with surgical blade No. 11. The inner part of 
the cube stained to color and highlight the non-infiltrated parts of the cubes in order to 
measure infiltration depth of the silicone polymers inside the cubes (Figure 8).

Three other groups were served as test groups, testing infiltration depth was 
repeated on 30 cubes measuring 20 × 20 × 20 mm for each test group, but in this 
group the cubes were placed in a pressure vessel under 1, 2 and 3 bars pressure for 
a similar time schedule, 5 minutes (n = 6), 10 minutes (n = 6), 15 minutes (n = 6), 
20 minutes (n = 6) and 25 minutes (n = 6). After 24 hours the cubes were bisected 
and the inner part of the cubes colored then Traveling microscope (Mitutoyo TM) 
with X-Y coordinate, used to measure the infiltration depth, 12 measurements on 
each sectioned cube (Figure 9).

Result of this study is shown in Figure 10 and Table 3, minimum depth of 
infiltration was detected under normal atmospheric pressure and room tempera-
ture, which was around 1 mm, this was slightly affected by length of time the cubes 
staid sank in the silicone polymers. Whereas, 2 and 3 bars pressure increased the 
infiltration depth of the silicone polymers significantly, which was also affected by 
length of time. Maximum infiltration depth was recorded for 3 bars pressure and at 
25 minutes time. Results showed that pressure and time have significant effect on 
the depth of infiltration of the silicone polymers inside the powder cubes. Two ways 
ANOVA implied significant differences (p < 0.05) between the three groups of the 
current study, normal pressure, 2 and 3 bars pressure.

Figure 8. 
Bisected cubes stained to identify the depth of infiltration of silicone polymers, the dye is taken up by the 
hydrophilic starch, whereas the infiltrated area is hydrophobic and does not take up the dye.

Weight in gram and SD % By wight

Starch Starch + Silicone pressure Starch Silicone pressure

3.5 ± 0.04 8.50 ± 0.07 41.5% 58.5%

Table 2. 
Percentage of silicone polymers and starch powder in fully infiltrated blocks.

119

Optimization of Maxillofacial Prosthesis
DOI: http://dx.doi.org/10.5772/intechopen.85034

According to result obtained from this study, it can be concluded that infil-
tration depth of Sil-25 silicone polymers is significantly influenced by pressure 
applied. Under 3 bars and 25 minutes time, the infiltration depth recorded more 
than 8 mm from all sides, this would suggest that infiltration depth inside a pros-
thesis would be around 16 mm and reasonably this depth will be sufficient for soft 
tissue facial prostheses.

3.3 Quality of infiltration of the elastomer into 3D printed facial prosthesis

Evaluation of the infiltration quality of silicone polymers inside the 3D printed 
starch powder was required to characterize the interaction between the hydropho-
bic silicone polymers and the hydrophilic starch powder. It is acknowledged that the 
mechanical and optical properties of the 3D printed prostheses depend basically on 
material properties and characterization, which consequently determine the service 
life of the prostheses and determine its ability to resist the environmental factors 
such as UV from sunlight humidity, body secretion and weathering temperature. 
The previous section determined depth of infiltration of the infiltrate inside the 
printing powder, 8 mm penetration depth was achieved. However, we did not real-
ize how consistent/homogeneous this infiltration was. Therefore, SEM was carried 
out to characterize an important aspect of 3D color printing facial prostheses and 
to detect any flaw in the structure of the composite that is utilized in fabrication of 
facial prostheses.

Figure 9. 
Traveling microscope (Mitutoyo TM) with X-Y coordinate, used to measure the infiltration depth, 12 
measurements on each sectioned cube.

Figure 10. 
Infiltration of Sil-25 under normal air, 2 and 3 bars pressure and 5-time schedule.



Prosthesis

120

3.3.1 Slide preparation for SEM

Scanning Electron Microscopy SEM was applied for this purpose to prepare and 
obtain various samples of printed starch blocks infiltrated with two different maxil-
lofacial silicone polymers (Sil25 and Promax 10) in order to examine the quality of 
the infiltration inside the starch printed blocks. SEM pictures of the printed blocks 
were compared with hand mixed of 40% starch powder and 60% Sil25 silicone 
polymers. Hand mixed blocks were prepared by mixing the starch and the silicone 
polymers for 1 minute to obtain a homogenous mixture, then the mixture poured 
into a 75 × 75 × 4 mm stainless steel mold, pressed and left for 24 hours in ambient 
temperature. Then slices from the three blocks were prepared using surgical blade 
number 11 and send for SEM to be examined with SEM of starch powder alone.

3.3.2 SEM interpretation

SEM analysis of the starch powder, 3D printed blocks infiltrated Sil-25 and 
Promax10 plus the hand mixed blocks are shown in Figure 11, the SEM of the 
powder and of the infiltrated powder blocks showed amorphous, non-crystalline 
shaped particles with different particle sizes varies from very small to relatively 
large particles. These particles appeared to be loosely arranged and randomly 
orientated with some spaces in between these particles and disorganized spread-
ing of the starch powder within the silicone polymers leaving big gaps between 
the powder particles. Incorporation of starch powder with Sil-25 maxillofacial 
silicone and Promax10 under 3 bar pressure are seen in Figure 11A and B, showing 
almost similar distribution of the powder within the infiltrates. However, better 
incorporation and more homogenous distribution of starch particles within the 
silicone polymers in hand mixed of 40% powder incorporated into 60% infiltrate 
of silicone polymers by weight (Figure 11C). This could be attributed to the layer 
of binder on the outer surfaces of the printed blocks that might an obstacle for the 
infiltration process.

3.3.3 Final analysis of SEM

Figure 12 is a magnified SEM image (×707) of hand mixed starch powder and 
Sil-25 silicone polymers. Although at a lower magnification the sample apparently 
seems to be very properly infiltrated having smooth texture, however, under higher 
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magnification the composite shows evidence of porosity and spaces between the 
powder particles and the silicone polymers within the composite. This phenom-
enon indicates lack of coherence and integrity between the hydrophobic silicone 
polymers and the hydrophilic starch powder, which, is related to the wettability 
and viscosity between silicone polymers that have low surface energy and strongly 
hydrophobic [37] and starch powder is hydrophilic in nature [38].

Furthermore SEM sections (Figures 11C and 12) showing gaps and voids, 
which indicate tripping of air especially in central parts of the blocks under 
infiltration pressure. Lack of interaction and incorporation between the starch 
powder particles and the silicone polymers that are utilized by Z-Corp printer 
and employed for fabrication of soft tissue facial prostheses will influence the 
general properties and material’s integrity, which my finally affect the durability 
of the prostheses. Therefore, it was necessary to test the mechanical properties of 
the 3D printed samples that are going to be used for fabrication of soft tissue facial 
prostheses.

Figure 11. 
SEM for (A) 3D printed starch block infiltrated Sil-25 SP (×180), (B) 3D printed starch block infiltrated 
Promax10 (×189), (C) hand mixed starch powder and Sil-25 SP (×178), (D) starch powder particles (×341).

Figure 12. 
SEM for Sil-25 hand mixed samples showing spaces around the starch particles (×707).
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which indicate tripping of air especially in central parts of the blocks under 
infiltration pressure. Lack of interaction and incorporation between the starch 
powder particles and the silicone polymers that are utilized by Z-Corp printer 
and employed for fabrication of soft tissue facial prostheses will influence the 
general properties and material’s integrity, which my finally affect the durability 
of the prostheses. Therefore, it was necessary to test the mechanical properties of 
the 3D printed samples that are going to be used for fabrication of soft tissue facial 
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4. Skin color reproduction

Skin color is vital for quality of facial prostheses. Previous research has focused 
on reproducing skin color and assess their color appearance difference under stan-
dard lighting conditions [39, 40]. The advent of new lighting technologies such as 
Halogen and LEDs generates new challenges for rendering skin on displays, in print, 
but most importantly, for synthetically generated skin prostheses, since ambient 
illumination can change the appearance of both natural and synthetic skin, but not 
necessarily in the same way [41]. Here skin appearance models not only need to 
take into account different ambient illuminations, but also the three-dimensionally 
geometry of the human face and differences in the methods for reconstruction—
surgery, prosthetics or medical make-up/tattooing [42]. Therefore, to truly repro-
duce appearance of skin color under different illumination and objectively evaluate 
their color quality, follow steps are develop:

Step 1: Measurement of skin spectral reflectance of subject
The measurement of skin spectral reflectance would be affected by these various 

parameters, including the measurement instruments, measurement distance, mea-
surement location, the instrument aperture size, the pressure applied to the skin by 
the instrument, as well as the gender and ethnic group [43]. Spectrophotometer is 
recommended for facial prostheses application, since it is independent of lighting 
applied and highly consistency [44].

Step 2: Develop spectral color profile for 3D camera
3D camera can be used to capture facial and body image. A spectral reflectance 

estimation need to conduct to transform camera RGB to spectral reflectance for 
each pixel of 3D image [45]. Spectral color database [46, 47]need to be used as 
training sample to obtain base function for spectral reflectance estimation.

Step 3: Develop spectral color profile for 3D printer
For 3D color printing, spectral color profile also needs to develop to transform 

spectral reflectance of human skin in each pixel of 3D image to printer CMYK value 
for color printing. Post printing processing also needs to conducted for infiltration 
process as described in previous section

Step 4: Color quality evaluation
To evaluate color quality of facial prostheses, the average CIELAB color differ-

ence (ΔEab) under several standard CIE illuminants needs to calculated. To test 
spectral reproduction, the root-mean-square error (RMSE) and goodness-of-fit 
coefficient (GFC) needs to apply [48].

5. Discussion

Drawback in the mechanical properties of the printed samples mostly attributed 
to the amount of starch (40%) and due to lack of coherence and integrity between 
the hydrophobic silicone polymers and the hydrophilic starch powder that form 
the scaffold for the test samples as Z Corp 3D printer utilizing starch powder for 
printing which led to draw back in the mechanical properties of the final product. 
Perhaps the prostheses will have a shorter service life than the conventional pure 
silicone prosthesis. However, printing several prostheses at time of printing could 
compensate the drawback in the mechanical properties. The technology applied 
enabled construction of several copies of the prostheses in a shorter time frame and 
at a lower cost than handmade silicone polymer prostheses. Another advantage of 
applying rapid prototyping is that producing the required thickness of the missing 
part that rendering a lightweight prosthesis, which is mostly valued by the patients 
(Figure 13).
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Furthermore, designing a prosthesis by using 3D software package can also allow 
the anaplastologist to save the design and all patients data to utilize it for printing 
future copies of the prosthesis on the patients’ demand and with only light modi-
fication in the design of the prosthesis if there is any tissue change at the site of the 

Figure 13. 
3D printed nasal prosthesis showing nostril opened due to controlled thickness of the prosthesis.

Figure 14. 
Nasal prostheses produced by Z510-3D color printer.
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defect [28]. Finally we believe that the many limitations of handmade prostheses 
regarding esthetics, high prosthesis cost, time, effort, hectic impression techniques 
and problems of retention plus high technical skill required for fabrication by 
anaplastologist could be generally reduced and consequently minimizing the social 
and psychological challenges that often-maxillofacial patients encountered in life.

At this stage, a fully computerized customized prosthesis is manufactured, using 
biocompatible materials [49]. The prosthesis matching the patient’s skin color and 
having skin-like texture with accurate anatomical details of the patient, possessing 
a light weight with controlled thickness of the prosthesis that is well appreciated by 
the patients as shown in (Figure 14).

Despite the many advantages of this technology in constructing soft tissue facial 
prostheses, there were few limitations compared to handmade—conventional 
method of fabrication. These limitations were related to the mechanical properties 
of the final product [50]. The mechanical tests shows drawback in the mechanical 
properties, however, it is hard to judge how poorly that will affect the prosthesis on 
the patient; the only real way of testing mechanical and optical durability is when 
the prostheses test on the patients during the service life of the prosthesis. As the 
project was at the experimental stage of development it wasn’t possible to perform 
these tests on patients [28]. More work should be done to determine how long 
the prostheses would last. So far it is obvious that the prostheses done need to be 
replaced regularly. Further investigations should be done on the printing materials 
in order to improve the mechanical properties and durability of the prostheses and 
to achieve optimal advantages of time compression technology and rapid prototyp-
ing for simple, full automated fabrication of facial prostheses.

6. Conclusion

Color matched maxillofacial prosthesis was fabricated using Z-Corp 510 color 
printer utilizing starch based biocompatible materials. According to the mechani-
cal properties, the prosthesis should be replaced in a range of 6–12 months. The 
prosthesis could be used as interim prosthesis special after surgery while the patient 
is going through healing period. Furthermore the prosthesis could be used as 
definitive prostheses by compensating the draw back in the mechanical properties 
by taking the great advantages of this great technology that having the ability of 
printing several copies of the prosthesis at the time of printing at lower cost and 
rapid manufacturing of anatomically more accurate parts compared to handmade 
prostheses and applying more comfortable methods of data capturing, designing 
and manufacturing.
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and problems of retention plus high technical skill required for fabrication by 
anaplastologist could be generally reduced and consequently minimizing the social 
and psychological challenges that often-maxillofacial patients encountered in life.

At this stage, a fully computerized customized prosthesis is manufactured, using 
biocompatible materials [49]. The prosthesis matching the patient’s skin color and 
having skin-like texture with accurate anatomical details of the patient, possessing 
a light weight with controlled thickness of the prosthesis that is well appreciated by 
the patients as shown in (Figure 14).

Despite the many advantages of this technology in constructing soft tissue facial 
prostheses, there were few limitations compared to handmade—conventional 
method of fabrication. These limitations were related to the mechanical properties 
of the final product [50]. The mechanical tests shows drawback in the mechanical 
properties, however, it is hard to judge how poorly that will affect the prosthesis on 
the patient; the only real way of testing mechanical and optical durability is when 
the prostheses test on the patients during the service life of the prosthesis. As the 
project was at the experimental stage of development it wasn’t possible to perform 
these tests on patients [28]. More work should be done to determine how long 
the prostheses would last. So far it is obvious that the prostheses done need to be 
replaced regularly. Further investigations should be done on the printing materials 
in order to improve the mechanical properties and durability of the prostheses and 
to achieve optimal advantages of time compression technology and rapid prototyp-
ing for simple, full automated fabrication of facial prostheses.

6. Conclusion

Color matched maxillofacial prosthesis was fabricated using Z-Corp 510 color 
printer utilizing starch based biocompatible materials. According to the mechani-
cal properties, the prosthesis should be replaced in a range of 6–12 months. The 
prosthesis could be used as interim prosthesis special after surgery while the patient 
is going through healing period. Furthermore the prosthesis could be used as 
definitive prostheses by compensating the draw back in the mechanical properties 
by taking the great advantages of this great technology that having the ability of 
printing several copies of the prosthesis at the time of printing at lower cost and 
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prostheses and applying more comfortable methods of data capturing, designing 
and manufacturing.
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