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Abstract

Although technology and computation power have become more and more present in our
daily lives, we have yet to see the same tendency in robotics applied to health care. In this
work we focused on the study of four distinct applications of robotic technology to health
care, named Robotic Assisted Surgery, Robotics in Rehabilitation, Prosthetics and Com-
panion Robotic Systems. We identified the main roadblocks that are limiting the progress
of such applications by an extensive examination of recent reports. Based on the limitations
of the practical use of current robotic technology for health care we proposed a general mod-
ularization approach for the conception and implementation of specific robotic devices. The
main conclusions of this review are: (i) There is a clear need of the adaptation of robotic
technology (closed loop) to the user, so that robotics can be widely accepted and used in
the context of heath care; (ii) For all studied robotic technologies cost is still prohibitive
and limits their wide use. The reduction of costs influences technology acceptability, thus
innovation by using cheaper computer systems and sensors are relevant and should be taken
into account in the implementation of robotic systems.
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1. Introduction

In 1917 the term robot was for the first time used by the Czech dramatist Karel Capek [1].
In his popular scientific play RUR (Rossum’s Universal Robots), Capek describes intelligent
machines, that although created for serving humans, dominated the world and destroyed
humanity [1].
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From that time on we have seen a great advance in technology for robot conception
and implementation which seems to be governed by the law of Accelerating Returns [1] that
suggests that the time interval between relevant events becomes shorter as time goes by, and
the return, i.e, the value of technology, increases exponentially. The advance of technology
is accompanied by the necessity of increasing computational resources, e.g., memory and
computational speed, which is governed by Moore’s law.

Although technology and computation power have become more and more present in
our daily lives, we have yet to see the same tendency in robotics applied to health care.
We argue that this is happening because robotic devices that have been developed are still
far from obeying one of the most important principles of Cybernetics, which states that
intelligent machines should adapt and react to their environment so that there is complete
interaction between human and robots.

The aim of this review is to provide the reader with broad information about the ap-
plication of robotic technology to health care. In this context we review four important
applications, named Robotic Assisted Surgery, Robotics in Rehabilitation, Prosthetics and
Companion Robotic Systems. We identify the main challenges these areas are facing and
discuss possible solutions for them.

2. Robotic Assisted Surgery (RAS)

Any surgery is intrusive in nature, so there has been a strong motivation to the develop-
ment of new technologies for reducing the complications of trauma related to operation by
means of minimal invasive procedures through small orifices.

In this perspective, robotic assisted procedures can be seen as important tools that
provide flexibility, stability and enhanced vision for professionals executing surgeries [2].

As any other new technology, RAS should be judged on its performance and cost-
effectiveness and not only on its technological persuasiveness.

2.1. Existing systems

There are many types of robotic technologies being developed in research laboratories 
and by companies all over the world. Camarillo et al. [3] suggest a classification of the use 
of robots in surgery based on the level of responsibility and involvement the robot has with 
the patient during a procedure. In this sense robots that are solely used as an automated 
positioning system, such as a patient-mounted robotic platform for CT-scan [4] are 
considered the most passive.

Some robotic positioning systems can be considered active because the way they interact 
with the patient. For instance, the CyberKnife Robotic Radiosurgery System (Accuray -
Sunnyvale, CA) is composed of a radiation delivery device, called a linear accelerator, which 
is mounted on a robotic arm. This system automatically registers the preoperative path by 
correlating real-time radiographic images with the preoperative CT images to locate and 
eliminate the tumor in the patient [3].
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In 1994, the Food and Drug Administration (FDA) approved the use of AESOP (Auto-mated 
Endoscopic System for Optimal Positioning) - Computer Motion (Goleta,California). This system 
is a robotic endoscope holder, which is used to hold and position rigid endo-scopes during 
minimally invasive surgery. This robotic arm was designed to offer direct control over the 
laparoscope by means of a foot pedal and later on by voice control [5].

The concept of a master-slave telemanipulation system was developed in the early 1990s to 
overcome the issue of dexterity in complex procedures, and also with the goal of devel-oping 
telesurgery to operate on patients from remote places. Initially, Computer Motion developed the 
telemanipulator system ZEUS specifically for cardiac operations. Later on, ZEUS was also used for 
laparoscopic procedures in animal models to verify the feasibility and applicability of robotic 
systems in different surgical areas, including general surgery, gynecology, urology, and pediatric 
surgery [5, 6].

The NeuroMate (Integrated Surgical Systems) is the first United States Food and Drug 
Administration-approved, commercially available, image-guided, robotic-assisted system used 
for stereotactic procedures in neurosurgery [7]. The precision robot “Evolution 1” (U.R.S. 
Universal Robot Systems, Schwerin, Germany) is a neurosurgical tool that has 7 actuated 
axes; it is a universal instrument interface, a mobile pre-positioning system, including the 
control computer rack, and the touch operated graphical user interface [8].This system has 
been used for robot-assisted navigated endoscopic third ventriculostomies in patients with
hydrocephalus related to aqueductal stenosis [8].

Hagn et al. [9] discuss the advantages and disadvantages of dedicated and versatile 
surgical robotic systems. The first type of system is dedicated for specific applications or 
diseases, whereas the latter can be adapted to a wide range of applications. In this context, 
the authors proposed the MiroSurge, which is a versatile robotic system that can be 
adapted to multiple surgical domains (e.g., visceral surgery and neurosurgery). The 
specialization of the system is obtained by the use of specialised instruments connected to 
drive units of the robot.

Currently, the Da Vinci Surgical System (Intuitive Surgical Inc, Sunnyvale, California, 
USA) is one of the most successful, general, commercial and studied surgical robot [10], 
which is used in clinical environments such as a hospital. This is a robotic master-slave 
system that consists of a remote console where the operating surgeon (master) directs the 
robotic surgical arms (slave) via a telerobotic videoscopic link, with the aim of facilitating 
certain surgical procedures. This system allows for enhanced stereoscopic and enlarged high 
definition imaging. It has the potential for tremor free precise movements and it uses 
intracorporeal articulated instruments with multiple degrees of freedom allowing partially 
overcoming the problem of the fulcrum effect seen with conventional laparoscopy using rigid 
instruments [2, 11]. It also allows gearing down of the motions to make them more precise.

2.2. Pros and cons

Despite the growing of evidence for the successful use of RAS, most studies reported are
case series from large centres, therefore there is lack of conclusive comparative studies. In
the current literature mainly short-term follow-up outcome data are available [2, 10–15].
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Table 1: Pooled estimate from a meta-analysis comparing Robotic-Assisted Radical Prostatectomy (RARP)
and Laparoscopic Radical Prostatectomy (LRP) for outcome measures favours RARP.

Outcome 
Measure 

Number 
of 

Studies 

Sample 
Size 

Statistical 
Heterogeneity 

Measures             
I2, P-Value 

Pooled Estimate 
[95% CI] 

Operative time 
(minutes) 9 1,415 89.8%, < 0.00001 WMD −22.79

[−44.36, −1.22] 

Hospital stay 
(days) 7 1,235 76.2%, 0.0003 WMD −0.80 

[−1.33, −0.27] 

Blood loss (mL) 10 1,655 90.0%, < 0.00001 WMD −89.52
[−157.54, −21.49] 

Incidence of 
transfusion 7 1,820 0%, 0.83 RR 0.54 

[0.31, 0.94] 

Legend: CI = confidence interval; RR = risk ratio; WMD = weighted mean difference.
Pooled estimates are reported as WMD for continuous measures and as RR for dichotomous
measures. Source: Extracted from the report of the Canadian Agency for Drugs and
Technologies in Health [12].

Most of the available evidence on efficacy is for robotic assisted radical prostatectomy,
which is also the largest current indication in the world [16]. There is evidence that peri-
operative blood loss is lower than with conventional techniques [2, 10–15] but, taking into
account the most updated review [12], evidence for other expected advantages, such as re-
duced incontinence, reduced erectile dysfunction or shorter length of hospital stay, is less
consistent and highly dependent on skill and experience of the surgical team (see Table 1).

The reviews [2, 10–15] highlighted that the main cost-drivers of the robot-assistance
in surgery are the capital acquisition, around e1.7 million [12], and maintenance that is
approximately 10% of the acquisition cost, followed by the high costs of limited re-usable
surgical instruments.

2.3. Future trends

Several factors including establishing adequate access, two dimensional vision, decreased
depth perception, restricted instrument maneuverability, decreased dexterity and dampened
tactile feedback are all unique limitations that make robotic assisted surgery challenging for
surgeons trained in traditional open approaches [17, 18].

Camberlin et al. [2] discuss some future development needed in robotic-assisted surgical
systems: (i) Development of smaller, cheaper, faster, and safer devices with improved fea-
tures such as haptic feedback; (ii) Improved instrumentation, such as smarter instruments
with capabilities to do smart sensing, informing the surgeon about tissue oxygenation, blood
flow, molecular information and even tumour margin information by intraoperative histol-
ogy; (iii) Provision of additional help to the surgeon with anatomic overlays incorporating
information from other sources, or even offering optical biopsy capabilities; (iv) Paradigm
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shift from intracorporeal tools attached to an extracorporeal device to entirely intracorpo-
real devices: intra-abdominal cameras and intracorporeal self propelled mobile robots could
be used for microsurgery and other applications such as real-time intra-operative anatomy
and histology, or for the delivery of new therapeutic techniques such as local phototherapy.

2.4. Recommendations

Over the past fifteen years we have had great advance in robotic surgery but its use is 
still limited to a few research centres and hospitals in the world. Researchers and engineers 
responsible for developing, implementing and assessing this technology should focus on crit-
ical issues that could bring it to the reality of patients. From the literature review it is 
possible to extract relevant messages that could guide researchers in the development and 
improvement of RAS:

• The evidence of the effectiveness, safety, costs and budget impact of robotic surgery 
should be evaluated in a broad range of procedures;

• New systems should minimize training costs and the learning curve of the user;

• More effort should be dedicated to the implementation of modular and versatile sys-
tems;

• Designs should prioritize the reusability of supplies.

3. Robotics in Rehabilitation

Rehabilitation incurs considerable costs to health care systems all over the world. Brain
injuries, movement disorders and chronic pain affect hundreds of thousands of people world-
wide and have a profound impact in their quality of life. Strokes are the third most common
cause of death worldwide after heart disease and cancer (The Stroke Association, UK, 2008),
and the most common cause of acquired physical disability. Tremor on the other hand, is
one of the major causes of functional disability and the most common disorder in neurolog-
ical practice, affecting mostly the elderly population [19–21]. Chronic neurological pain can
worsen due to anxiety/stress and other factors. Not only does this affect the individual’s
mental state but also their physical state and rehabilitation outcome. This in turn poses
diverse challenges to health services and rehabilitation centres as the individual experiences
emotional discomfort in addition to psychological trauma and reduced mobility.

Although repetitive task-oriented movements are the single most important variable of 
motor skill acquisition [22, 23] and have a therapeutic gain [24, 25], the literature suggests 
that a patient recovering from neurological trauma must play an active role in the reha-
bilitation process if improvement is to occur. However, as motor learning is not a passive, 
imprinting process – requiring active problem-solving and experience – there needs to be 
enough capability for the patient to participate [26]. Consequently, providing patients recov-
ering from a brain injury with meaningful goals (use of familiar objects with well-established 
sensory cues and known semantic properties) can potentially lead to better recovery.
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3.1. Existing systems

Physical rehabilitation of brain injuries and strokes is a time consuming and costly pro-
cess. Over the past decade several studies have emerged looking at the use of highly sophisti-
cated technologies, such as robotics and virtual reality to tap into the needs of clinicians and
patients [27]. Although traditional physiotherapy coupled with machine mediated therapy
can be beneficial in the recovery process, once patients are discharged from hospital it is
difficult to exercise correctly the affected limb without the support from clinicians.

A number of robotic systems can be found in the literature. Limb rehabilitation can be 
classified into two categories, upper limb and lower limb rehabilitation, which can include 
sub-categories such as hand, wrist, elbow and shoulder rehabilitation.

A recent review on lower limb robotic rehabilitation [28] describes the most relevant 
available technologies. In general these systems can be grouped according to the rehabilita-
tion principle they follow [28]: (i) treadmill gait trainers, (ii) foot-plate-based gait trainers,
(iii) overground gait trainers, (iv) stationary gait trainers, (v) ankle rehabilitation systems 
(stationary systems and active foot orthoses). The description of a number of upper limb 
rehabilitation devices can be found in [27, 29, 30].

3.2. Pros and cons

While such technologies can be a valuable tool to facilitate intensive movement practice in 
a motivating and engaging environment, success of therapy also depends on self-administered 
therapy beyond hospital stay. Despite all the technological evolution observed over the last 
decade, one of the main challenges is to how best use robotic technology to strengthen the 
physiotherapist’s skills [31]. Robotic technologies are advanced tools and not a physiother-
apist replacement, thus unlikely to assemble all the skills of a physiotherapist, but exceling 
at conducting simple repetitive intensive manual therapies. Hence, once clinical decisions 
are made, these can be considered and executed on the robot. This observation has been 
clearly demonstrated by some robotic therapy studies that matched the level of assistance and 
intensity between the intervention and control groups [32, 33]. In both studies com-parable 
improvements between the intervention and control groups were observed [32, 33]. So, what is the 
advantage of using robots, if intensive conventional physiotherapy delivered by human therapists 
can have similar functional gains on patients? For starters, given the pressures imposed on health 
systems and the lack of available therapists, it is unpractical during conventional therapy to 
maintain high levels of intensity, as it is possible with robots. One advantage of robotic therapy 
over conventional therapy is that robots allow therapists to take a step back from physically 
engaging in assisting the patient to perform repetitive movements. The robot can provide longer 
and more intensive repetitive assistance thus allowing therapists the opportunity to observe, make 
informed decisions on best course of action and manage more patients. This is perhaps the reason 
why most of the research to date concentrates on the principle of massed practice. Robotic therapy 
is appealing because it can deliver complex therapies that would be too difficult for therapists to 
do, for instance
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provision of precise repeatable force and haptic feedback coupled with interesting and mo-
tivating visual feedback andor the ability to augment movement errors to help correct a 
movement pattern [34].

3.3. Future trends

A recent review [27, 35] has concluded that despite mounting evidence suggesting robotic
therapies are not more likely to improve patients’ activities of the daily living than any other
therapy, it has shown great capacity to improve patients’ motor function and core strength
[27, 35–37]. The consensus exists that equal importance should be placed by clinicians and
researchers working in the field in establishing guidelines on the study design and assess-
ment and on pushing for more efficient, safer and inexpensive technologies. To this effect,
the International Consortium on Rehabilitation Robotics and the COST European Network
on Neurorehabilitation are undertaking a cross-disciplinary basic and applied research coor-
dinated efforts to aid the development of new, efficient and patient-tailored robot-assisted
therapies. Through the provision of structured overviews relating to current and emerging
robot-assisted therapies to clinicians and therapists, the group expects this will increase
the availability of effective and standardised clinical practice across Europe. It is expected
that this initiative will pave the way for an international effort to increase the numbers on
robotic trials by considering nonclinical sensitive measures with a common treatment and
measurement protocol independent from the robot platform.

A hospital or clinical environment might use devices able to retrain a variety of move-
ments over a large percentage of the normal range of human movements. However, an 
emphasis should be placed on allowing the implementation of therapies resembling 
activities of the daily living such as, picking up a book after reading at a table top and 
placing it on a bookshelf. Loureiro and Smith [38] for example propose a multimodal 
robotic system that encourages arm and hand movements in addition to stabilisation of the 
trunk while moving from a sitting to a standing posture or maintaining a standing pose. 
The ROBIN system (see Fig. 1) was designed to deliver therapies supporting activities of 
the daily living whilst combining retraining of simple reach and grasp movement (while 
seating/standing), which could have a meaningful transfer to everyday functional gains and 
higher functional independence. The ROBIN system is based on previous work with the 
Gentle/G system [39] and following recent results from a reach and grasp study [40] it is 
being used to investigate the effects of dynamic gravity compensation in reach and grasp 
movements during standing or sitting tasks. The authors anticipate that the ROBIN 
system will lead to the development of hybrid control methodologies that estimate the 
internal state of the patient through a multimodal approach combining several sensor 
information. Emerging evidence from func-tional neuro-imaging suggests that task-oriented 
sensorimotor participation through daily training of the arm and hand can positively 
influence stroke recovery [41–43]. Optimiz-ing robotic rehabilitation on functional outcome 
should take into account exposures of the nervous system to real-life activities during 
therapy.There is a need for more effective tools so that neuro-therapies can be moved away 
from the therapy gymnasium and into the person’s home. These tools have the potential to 
make a large impact on the recovery of people following their stroke, as therapy will be 
available 7



Figure 1: Illustration of the ROBIN system. (left) used while seating, (right) used while standing (reprinted
with permission: [38]).

on demand at the convenience and in a familiar environment to the patient. As part of this 
therapy process we can exploit the dual nature of robotic devices to both assist and 
measure movement. Rehabilitation robots that are always available provide unbiased and 
consistent therapies coupled with intrinsic measurements can quantify and possibly model 
therapy progress. Robotic assistance is particularly useful where patients lack control of 
movement and less complex systems based on sensor feedback might be more useful in the 
home when dexterity control still lacks and there is a need to motivate the patient to 
engage in the therapy. Although several groups are active in the field of rehabilitation 
recent developments have concentrated in implementing new devices and systems that will 
assist in the recovery of the upper limb robotics [44–47].

With the emergence of low-cost gaming consoles such as the Nintendo Wii and the
Microsoft Xbox Kinect, new opportunities arise for home-therapy paradigms centred on so-
cial interactions and values, which could reduce the sense of isolation and other depression
related complications. New approaches combining telerehabilitation concepts with collab-
orative play [48], and simple robotic sonic interaction [49] have the potential to increase
engagement and participation of individuals in remote and localized group therapy.

New approaches combining telerehabilitation concepts with collaborative play [48], and
simple robotic sonic interaction [49] have the potential to increase engagement and partic-
ipation of individuals in remote and localized group therapy. A recent study combining
exploration of a painting aided by haptic and sound cues, concluded that group interaction
resulted in increased engagement with the interactive installation and increased execution of
movements [40, 50]. This work showed the potential for such interventions for development
of analytical skills, imagination, promotion of spatial skills realisation and enhancement of
touch/hearing sensory channels. Although such approaches might be of value to neurore-
habilitation, such concepts of augmented artefact installations with technology need to be
carefully designed to promote social integration and potential use in public spaces.

While clinical scales can help us to examine the impact in the neuro-recovery process,
their coarse nature requires extensive and time-consuming trials, and on top of that they
fail to show us details important for optimizing therapy. Alternative, robot-based scales
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offer the potential benefit of new finer measurements–and deeper insight into the process of
recovery from neurological injury [51].

3.4. Recommendations

One of the main roadblocks to progress in the field is the need for evidence on the effec-tiveness of 
rehabilitation robots. The cost of rehabilitation robots is still high then compared to drug-based and human-
based therapies, which in turn makes wide-scale evaluation of such therapies difficult. Often studies have 
been limited to pilot evaluations, typically of less than 50 participants, to demonstrate the device’s basic 
working principles [52].

A systematic review on the clinical effect of robot-aided therapy [36] have concluded that 
although substantial improvements in short-term outcomes have been reported, upper limb robotic 
therapy fails to transfer such gains into higher level functional independence. A more recent 
Cochrane report [37] reviewing electromechanical-assisted gait training concluded that while 
evidence emerges showing recovery improvements of independent walking in people following a 
stroke, the importance of this type of devices and how it should be used in clinical practice is still 
unclear. Suggesting that further research should address what frequency or duration of walking 
training might be most effective and consequently how long the benefit can last.

The lack of conclusive evidence generated thus far has an impact on the acceptance 
of robotic therapies in clinical practice. Clinical outcomes reported in the literature vary 
[27] and might be ascribed to variations on patient characteristics, exposure to therapies 
and intensity. This in turn has implications to the study design and prompts for careful 
interpretation of the data.

4. Prosthetics

Prosthetics is the oldest of the technological rehabilitation sciences and for as long as

people have been surviving the trauma of lost limbs, there have been persons motivated to 
replace some of the functions of those limbs by building prostheses. It is not uncommon 
that these innovators have been the persons with amputations themselves.

4.1. Existing systems

A possible classification of artificial limbs may consider the way the prosthesis is 
powered for generating the required movements. Based on this criterion, prosthetic devices 
can be subdivided into four classes: Passive Prostheses, Body-Powered Prostheses, 
Externally-Powered Prostheses and Hybrid Prostheses [53].

Passive Prostheses are completely passive, i.e., they can only be moved and placed in 
desired positions through external forces, and often are used for cosmetic reasons. The use 
of these types of devices may have a positive psychological effect on the individual by 
increasing self-esteem [53].
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Body-Powered Prostheses are operated so that the force of movement of a body part 
reflects the execution of the movement of the prosthesis. Movements of the shoulder and 
other parts of the body can be used for controlling the artificial limb [53].

Externally-Powered Prostheses are those which are energized by some external source of 
energy, e.g., batteries. These prostheses are usually controlled by the movement of remaining 
natural structures or by electrical muscle activity provided by a chosen muscle group [53].

Hybrid Prostheses are those in which the control functions of the limb (e.g., electrical 
muscle activity) can be combined with a control system via harnesses for the functions of 
the elbow. This type of prosthesis is known as hybrid prosthesis because it combines two 
types of control in the same prosthesis [53].

4.2. Pros and cons

In this section the distinct types of existing prosthetic devices are discussed in terms of 
their control, which can be considered one of the most interesting challenges related to 
prosthetics. Ideally, a prosthetic limb should be controlled without any effort from the 
user, similar to the subconscious control of a natural limb.

There are only two practical sources of power for the prosthetic limb: body powered, in 
which the motion is provided by harnessing the motion of some other body part and 
mechanically linking that part to the prosthesis; or electrically powered using rotary electric motors 
(permanent magnet or brushless). Other sources have been suggested [54–56], but so far they 
have not been used beyond the laboratory. The reasons are generally practical: to recharge a gas 
cylinder for a pneumatic arm is possible, but complex to do in a domestic environment, or to 
create hydraulic systems that can provide enough force without being too heavy. However 
electric motors are ill suited to provide the stop-start motion required of a prosthetic limb. Hence 
the idea from Schultz et al. to use an electric motor in a hand to provide the pressure for an 
hydraulic system [54].

The first prostheses were generally passive devices that relied on intact parts of the body for 
their positioning and controlling. In the late 19th century the first body-powered prostheses were 
developed. This extremely successful design allowed the user to control the device such that the 
movement of a part of the body was reflected in the movements of parts of the prosthesis [53].

Despite some modifications, currently, this design remains basically the same and the control 
mechanism is the most popular among users. The reasons for this success are not well established, 
but according to Doeringer and Hogan [57] some of the key factors are: it results in a relatively 
inexpensive prosthesis; the final prosthesis is not too heavy; after training, the user begins to use 
the prosthesis as a natural extension of his body, having, for example, the notion of weight and 
size of the prosthetic limb.

Kruit and Cool [58] described the main drawbacks of the mechanism described above: the 
mechanism of harnesses used to propagate the movements of the body is usually uncom-fortable; 
the movement of the prosthesis requires significantly large forces; the number of control inputs is 
limited and thus the number of degrees of freedom of the prosthesis is also limited. An alternative 
to the body-powered control is to employ the myoelectric control, which uses the electrical activity 
of muscle contraction as a controlling signal for prostheses.
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While switches and levers are other means to control the limbs, it is generally myoelectric 
signals that are used to instruct and control powered prosthetic arms [59]. It is also being 
investigated as the means to control newer powered lower limb system.

Electromyographic signals are those generated by muscle as they contract. The resulting 
signal is noisy and prone to interference, both electrical and mechanical. While much can 
be done to ameliorate these extraneous signals, what is really being sought is to measure 
the intent of the user, which would require connections to the nerves or cortex of the brain. 
Progress in this direction is being made [60], but it is uncertain how popular such invasive 
surgery would be, when it has been developed enough to be useful. For example, it is a 
salutary lesson that the take up for neural stimulation of muscles for persons with paralysis 
is low, despite having some very compelling advantages over external stimulation. This 
group of patients has a great deal more to gain from the implants that a prosthesis user 
would, and yet few are interested. It is probable that for surgical implants to become more 
popular to either group, the results of the implant would need to be seen to give users a much 
greater advantage than they currently do. So far, the number of channels for connection in 
either direction is very limited and so control would have to be limited also.

The idea of myoelectric control is not new and came about in 1948 [61]. Electromyog-raphy has 
established as the most common biopotential employed for controlling artificial limbs, however 
over the past 15 years there is ongoing research seeking other forms of control based on more 
natural controlling strategies, such as those that employ brain or neuronal activity together with 
sensory feedback [56, 62–64].

In the past, myoelectric prostheses employed a type of controlling called “two-site two-
states”, from which a pair of electrodes is placed on two distinct muscles. The contraction 
of one of these muscles produces the opening of the hand. The antagonist muscle is used 
in the same way to control the closing of the hand. As pointed out by Scott and Parker 
[61], this approach works in a manner analogous to the human body, i.e., two antagonistic 
muscles (or group of muscles) control the movement of a joint.

However, as patients must learn to generate independent contractions of the muscles, 
which require a high degree of concentration, the training can be lengthy, requiring a lot of 
mental effort. There are also some situations in which it is not possible to find two 
available groups of muscles, and also the need of controlling more than one joint. For these 
situations other controlling approaches have been developed. For instance, the “one-site 
three-states”, from which a little contraction of muscles produces the closing of the hand, a 
strong contraction open it, and the lack muscle activity stops the hand.

Currently there are a number of methods using proportional control based on the 
electri-cal muscle activity to control the speed, torque and position of prosthetic joints. 
However, due to the random nature of the myoelectric signal, errors and inaccuracies occur 
for various reasons [65]. Moreover, the learning process involved in the generation of 
myoelectric pat-terns must be learned by the user, and this is a task which requires 
concentration, regular training and a great amount of physical effort, making the 
translation of myoelectric activity into commands for a prosthetic limb a challenge [66].
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4.3. Future trends

The designs of the prostheses and the functions they replace are as varied as the persons 
who have the loss. While a generic desire to replace what is missing is often foremost in the 
minds of the person with a recent loss, work by McLaughlin and Desmond of Trinity 
College Dublin [67], have shown that the persons’ desires for their prosthesis change with 
time. Anecdotally, there is a complex relationship between desire for a like-life replacement 
and the level of loss. So that the person with a digital loss may wish something so natural 
at to be unobtainable, while those with a high level of loss at the shoulder, may wish 
merely to manipulate objects effectively and careless for appearance. This creates a need 
for a wide range of different solutions using knowledge from materials science to neurology. 
Since every potential user is an individual, the device must be customised to the user’s 
loss, needs and cognitive ability to use the limb. Surveys of different patients therefore 
show these different requirements [68–70]. For this paper future trends will be discussed 
taking into account the following relevant requirements: Attachment, Appearance, 
Actuation and Control.
4.3.1. Attachment

Conventional prosthetic attachment has been to make a socket to fit around the residual 
limb. It needs to fit closely enough to allow easy transfer of forces to and from the prosthesis 
to the world for manipulation. It cannot be too tight to restrict blood flow and so for some 
persons, depending on the level and form of the loss, additional straps may be needed to hold 
the limb in place. Historically, the socket was made of metal, and more recently plastics. 
Now rubber roll-on sleeves spread the load evenly and have fewer pressure points between the 
limb and the socket. However, all of these solutions create problems with cooling. Animals 
use their skin to radiate heat and so help to control their internal temperature. The loss of a 
limb creates a loss of a significant percentage of the radiative area of the body [71]. Adding 
other materials on the residuum reduces the area still further, a rubber roll-on liner being a 
particular barrier to heat loss. There are now groups looking at new materials to add to the 
rubbers in liners to increase heat transfer [71]. However there has been little work looking 
at active heat transfer for the limb absent population.

One form of attachment that can circumvent the problem of a socket which is rigid, hard
and likely to impede joint range of motion, is that of attaching the prosthesis directly to the
bone. First demonstrated by Per-Ingvar Brannemark [72] attachment by Osseointegration
is a standard technique for teeth and there are several million teeth world wide attached
this way. There are other methods with variations on the theme, but so far no other team
has such extensive experience [73].

An advantage of Osseointegration is that the person can feel through the bone. This so
called “Osseoperception” has been observed to change the size and shape of the amputee’s
phantom image of their residuum. The person with a loss in the leg no longer is floating in
mid air, but connects to the ground. Osseointegration’s drawback is the same as all surgical
interventions, there are many persons with a limb absence that will not welcome such an
invasion.
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4.3.2. Appearance

The natural, immediate, response to the loss of a bodily part is often to want something 
that closely resembles the missing part. However as time goes on this tendency can change. 
When the person wants function they will often opt for less anthropomorphic and more 
functional, whether this is a carbon fibre c-shaped blade for sprinting, or a hook for handling 
tools. A person with an amputation may adopt different prostheses for different specific 
tasks (each user is unique with their requirements and needs), but generally the interest is 
in a device with a pleasing appearance, not necessarily a human like one. Masahiro Mori 
proposed the Uncanny Valley as a manifestation of the acceptability of a human-like object 
[74]. Based on Freud’s ideas of The Uncanny, this idea suggests that the more lifelike an 
object or robot is the more acceptable it is until it reaches a point where it becomes “spooky”, 
when it becomes unacceptable. Beyond this, once it is very close to life-like (such as a living 
being) it becomes acceptable again, creating the valley in a plot of acceptability against 
appearance. Mori suggested that prostheses are on the acceptable side of the rift. Anecdotal 
evidence suggests this is untrue. Prosthetic users ask for greater and greater realism in their 
prosthesis, but at some point they will reject it as “too spooky”, hence the device has fallen 
in the valley. Anecdotally, it can be seen that the new high tech limbs attract some users 
who wish to show off their limbs and not hide them in cosmetic coverings.What is clear is 
that any covering for a prosthesis, designed to protect the mechanics of the device from dirt 
and ingress of moisture, needs to be resilient, resistant to tearing, while also flexible not 
impeding the motion of the limb. So far, the rubbers developed for this task fall far short 
of the target of fulfilling all of the above and being cheap enough to be practical.

4.3.3. Actuation

To ensure that the widest range of people can use a limb it must retain all its drives 
within the envelope of the missing joint. So a hand must have all the drives for the fingers 
within the hand [75, 76]. To do otherwise would reduce a small market to an even smaller 
one. As the amputation level moves up the arm the numbers of persons reduces 
considerably [77], hence to restrict the market to those persons would be ineffective. This is 
a tighter requirement than Natural Selection created for the limb, where the muscles for 
the hand are in the forearm, and some of those for the shoulder are in the chest. Thus the 
design of the limb might well reduce the number of degrees of freedom to fewer than those 
lost. For example, even the most sophisticated prosthetic wrist used by human subjects in 
the field does not incorporate radial/ulnar deviation [78].

4.3.4. Control

This is tied up very closely with the means to actuate the device, since a body powered
limb uses the motions of the body to drive the prosthesis and the feedback sense of how the
device is moving allows for modification of its motions, hence its control.

One of the ways that EMG control of the limb is being enhanced is to train a computer 
to recognise the patterns of muscle signals across the residual limb [79, 80] as an arm is 
moved. One flaw in the ability to detect signals is that the amputation reduces the number 
of possible sites to derive a control signal. Kuiken conceived of the idea of Targeted Muscle
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Reinnervation (TMR). This is based on the observation that if a nerve end is placed in a 
muscle it will remake connections. While for reinnervation of intact limbs the low rate of 
reattachment is a disappointment, Kuiken realised if he denervated a muscle that was not 
being used (for example the pectoralis in someone with a loss at the shoulder), then 
divided the muscle and placed a nerve from a muscle that was lower down the arm (such 
as the radial nerve), then some control sites would be created. Effectively the muscle is 
amplifying the nervous signal [81, 82]. TMR is still an invasive technique and requires 
much training to be useful [83].

Pattern recognition in general, is an appealing idea, but so far there have been no 
genuine clinical demonstrations of the technique reported, although this is likely to change 
within the next year or so. An important advance in this field is Prosthesis Guided 
Training (PGT)[84], which allows the user to retrain the system at any time by having the 
device go through preset motions and then the user copies those motions. This gets round 
any idea that the system is fixed, it can be adapted to the changing of the user due to 
experience or fatigue. If Pattern Recognition has a practical future, it will only be in 
conjunction with some form of user triggered retraining.

One problem with most of the control formats in use is that they have been pragmatically
developed with little reference to the way that the natural solutions have evolved. An
example is that the motion of fingers and thumb are different to each other [85], but when
the action of a user was measured using a hand where the fingers and thumb moved in the
same way, the motions of the user were such to reproduce (or get closer to) the natural
motions [86]. The new frontier is to understand more fully how control is achieved in the
natural hand or leg and adapt the training and use of the devices to better match the way
we use the prostheses [87].

4.4. Recommendations

The information and discussion presented in this section suggest that for the advance-ment 
of prosthetics and its acceptability by users a number of barriers should be overcome:

• The mental effort required for controlling a prosthetic device is still high, requiring 
training and concentration. The current available technology may not be accessible 
to individuals suffering from even mild cognitive disability;

• The use of information from nerves and also the brain for controlling an artificial 
limb is still a promise. Future research should try to clearly show the clinical 
usefulness of these methods;

• The types of materials used for attachment of the prosthesis to the body should pro-
mote natural heat change;

• The costs of an artificial limb are considerably high, thus the use of cheaper materials 
in its design is essential for its acceptance and popularization;
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• New actuators based on smart materials should be investigated in order to overcome 
known problems related to electric motors and hydraulic systems;

• Although a number of studies show the success of Pattern Recognition to the control 
of prostheses (specially upper limb devices) there is a lack of clinical evidence showing 
the actual success of the method;

• More understanding of how control is achieved in the natural limbs is necessary so 
that customized training protocols can be devised to the individual.

5. Companion Robotic Systems for Health Care

To improve and to ensure the quality of life for the elderly and disabled is an essential
task of our society. The rising number of elderly with respect to the overall population and
corresponding decrease of available care personnel calls for new health care concepts and
solutions. By taking over repetitive and physically demanding tasks, advanced technology
can further support the personnel of eldercare facilities in their daily work and thus allow
them to focus their work on actual care tasks.

In this context, Companion Robotic Systems for Health Care (CRSHC), which bind
together science, engineering, society and health care are relevant and recent robotic tech-
nology capable of offering additional psychophysical aid to individuals. Currently is its
possible to find a number of studies focused on the development of CRSHC. Most of them
aim to develop methods and technologies for the construction of cognitive robots, able to
evolve and grow their capacities in close interaction with humans in an open-ended fashion.
A practical application of a companion robot could be the cognitive stimulation and therapy
management for the elderly by means of a robotic companion working collaboratively with
a smart home environment.

Due to the sensibility of the field as a morally charged context and its characterization
as a highly human driven ‘relational’ work sector the development should be guided by
participatory methods - i.e. the development should be driven by user’s needs.

Adopting the appropriate participatory methods is crucial to avoid the risk of first en-
hancing/ improving the care-giving and its setting by strengthening key practices and then
fragmenting/ reducing it to a series of interaction loops and tasks that could be described
as interaction algorithms and by that able to be carried out by CRSHC.

5.1. The role of Requirements Engineering in the conception of CRSHC

Requirements engineering is a necessary condition for an innovation process guided by the
actual needs of the potential users. The idea is based on a number of works that emphasize
the importance of potential users in the context of innovative technologies [88, 89]. Users
play a crucial role in the process of the diffusion of an innovation [90]. Therefore they should
participate already in the early phase of development until a stable shape of a technological
system is reached [91]. Requirements engineering provides a functional contribution to the
development of innovative technologies. This implies that this method raises the acceptance
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needed to gather additional meaningful experience with the performance of technology in
daily practice.

Despite implicit or even explicit claims of the superiority of robotic systems for health
care, when compared to more traditional methods, the clear advantage of these systems are
currently unproven and are highly dependent on the skills of the users, therefore, the success
of such technologies are still heavily dependent on adequate training and experience.

Based on the limitations of the practical use of current robotic technology for health care
we proposed a general modularization approach for the conception and implementation of
specific robotic devices. The system should have an individual adaptation module and many
specific submodules related for the following aspects: disease, diagnostics, needs, cognition,
dialog preferences, emotion and pain.
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