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Most prosthetic limbs can autonomously move with dexterity, yet they are not perceived by
the user as belonging to their own body. Robotic limbs can convey information about the
environment with higher precision than biological limbs, but their actual performance is
substantially limited by current technologies for the interfacing of the robotic devices with the
body and for transferring motor and sensory information bidirectionally between the
prosthesis and the user. In this Perspective, we argue that direct skeletal attachment of bionic
devices via osseointegration, the amplification of neural signals by targeted muscle
innervation, improved prosthesis control via implanted muscle sensors and advanced
algorithms, and the provision of sensory feedback by means of electrodes implanted in
peripheral nerves, should all be leveraged toward the creation of a new generation of high-
performance bionic limbs. These five technologies have been clinically tested in humans, and
alongside mechanical redesigns and adequate rehabilitation training should facilitate the
wider clinical use of bionic limbs.

Prosthetics aim to substitute the loss of an extremity via technological means. Missing a limb leads to

significant impairments in the capacity to move and to interact with the environment. This deficiency is
associated with the actual functional loss of a body part and with the loss of sensation, and it can also

1


mailto:*%20d.farina@imperial.ac.uk

affect the person’s autonomy, basic societal functions and activities'. Requirements for prosthetic
devices and the level of satisfaction of their users are affected by numerous factors, in particular the
level of amputation (whether it is a unilateral impairment and whether it affects more than one
extremity), cultural background, the type of fitting, and co-morbidities'2. Also, the requirements and
expectations for upper-limb and lower-limb prostheses are different. Whereas the lower extremities
are mainly involved in cyclical locomotor tasks, the upper extremities are frequently engaged in more
dexterous actions. Users of prosthetic limbs report that the most important priorities for upper-limb
prostheses are function, comfort, durability, cost and appearance. These determine the overall
appearance of the device, body language, and the general possibilities for the use of the device to
interact with objects3. A survey of European and American amputees* noted that the most desired
functional features are the ability to move separate fingers, avoiding the slipping of grasped objects,
and proportional grip strength. Users of prosthetic limbs also conveyed the need for an increase in the
range of motion and movement speed of the wrist, a more natural appearance, improvement in the
socket temperature and transpiration management, reductions in weight and noise, and increased
sensory feedback®8.

Although most lower-limb amputees feel confident in forward walking on level ground, maintaining
balance and walking on uneven ground or on slopes remain a major concern’8. This is especially
prominent in patients with above-knee amputations, with reduced mobility, or with insufficient access
to rehabilitation. Additionally, skin problems caused by wearing a socket affect lower-limb amputees
to a greater extent, and results in significantly reduced walking distance and in prosthetic
abandonment®. Indeed, because the major causes for lower-limb amputations are vascular diseases
and diabetes?, and conventional socket systems rely on the application of pressure on the residual
limb, the use of lower-limb prostheses is associated with a high incidence of skin problems (24%—
74% of prosthesis wearers; refs. 11.12), And uneven loading on the lower limbs, which is a common
problem, has been associated with a prevailing incidence of osteoarthritis on the intact limb'3,

Despite the different needs of upper-limb and lower-limb amputees, a natural appearance and natural
control and reliability are desired characteristics in limb prostheses. For both groups of amputee,
discomfort and problems with socket fitting are a common factor for device rejection’15. In the past
decade, the design of prosthetic limbs has aimed at reducing the overall weight of the prostheses and
at mimicking the aesthetics and functions of the lost body parts'6-'8. Although further improvements
are needed, developments in functionality have advanced to a degree that can’t be fully exploited by
the user'®-21, For example, robotic arms and hands allow for dexterous manipulation??-25 beyond the
possibilities of volitional control available with current man—machine interfaces. These prostheses can
be moved by actuating several degrees of freedom, and can measure the external environment with
higher precision than humans can with their biological limbs26. Yet these possibilities are limited by
constraints in the transfer of information to the user and from them.

Clinically available technology for interfacing active prostheses with the body has many limitations.
One fundamental problem lies in the mechanical attachment of the device to the user’s skeletal
system. Most prostheses are connected with the body by sockets that prevent effective integration
into the body scheme and that cause discomfort. Also, the currently employed neural connections for
restoring volitional control and sensation are limited by an insufficient rate of information transfer.
These biomechanical and neural challenges in interfacing technology are at the root of the gap
between potentially revolutionizing bionic technology and clinical reality'°27-2°, For example, clinically
available technology for controlling upper-limb prostheses has remained almost unchanged for the
past 50 years, and can still control at most two degrees of freedom (one at a time), and in an
unnatural manner33!, Moreover, there are practically no clinical prosthetic systems, neither for upper
limbs nor for lower limbs, that transfer sensations to the user. The only sensory inputs available to
users are vision and the sensations arising from compression forces at the socket. None of these
systems are felt by the users as body parts; rather, they are felt as tools aiding in some functions of
daily living.

The majority of amputees are fitted with prosthetic devices that have been available for decades. Yet
the past few years have seen a few breakthroughs: targeted muscle reinnervation, chronically
implanted sensors, advanced neural decoding algorithms, and osseointegration. These are examples
of developments that may substantially impact the way prostheses are mechanically and neurally
interfaced with amputees (Fig. 1). However, owing to their complex nature, only some of these
advances have been tested in patients (and, in most cases, only with a relatively small number of
users). The clinical implementation of these technologies requires interdisciplinary teams involving



clinical, engineering and rehabilitation experts, and teams with all the needed expertise are rarely
available in traditional healthcare systems. Moreover, the involved procedures for such early-stage
medical technologies are exempt from conventional insurance schemes. This drives patients with
limited financial coverage toward less-able yet standardized solutions. However, these breakthrough
technologies are completing initial clinical tests, and we expect that their application in regular clinical
environments will allow for critical refinements that will ensure that these solutions mature sufficiently
and become the new clinical state-of-the-art. As more patients are being exposed to them, we foresee
their implementation becoming optimized and standardized in the coming years, which would allow
regulatory bodies to ensure long-term and high-quality user experiences across healthcare systems.
In this Perspective, we discuss the most recent technological and clinical developments that will
facilitate the design, fabrication and testing of the next generation of clinical prosthetic systems.
Hence, rather than exhaustively overviewing technologies for prosthetic limbs, we limit our discussion
to selected advances for both upper-limb and lower-limb bionic devices, highlight their scientific and
clinical foundations, and analyse their common challenges and the most promising implementations.

Interfacing bionic limbs with the body

Interfacing robotic parts with the human body requires surpassing technical and practical
considerations that become major obstacles when aiming at full clinical translation. The integration of
bionic limbs with the body faces challenges spanning prosthetic attachments and human interfacing,
prosthetic control, and user rehabilitation and training. In this section, we discuss each of these
issues, outlining the advantages and disadvantages of the latest available implementations.

Biomechanical interfaces. Achieving biomechanical integration of robotic components with the body
is challenging. Although socket technology — incorporated in the great majority of clinical devices —
has advanced solutions that can adapt to different shapes of the residual limb, the interfacing socket
remains highly unsatisfactory for patients'432, particularly for those with pathology-induced conditions
such as heterotopic ossification®3. Instead, attachment via a direct connection to the residual skeletal
structures is more appealing. Direct attachment is clinically achieved by means of a metal implant
inserted into skeletal structures and then connected to the prosthesis (Error! Reference source not
found.). Termed osseointegration34-36, it is currently the only clinically viable alternative to sockets for
the mechanical attachment of prostheses. It is a more stable physical connection, it avoids pressure
on soft tissues (and hence the ensuing discomfort and pain), and it allows for the transmission of
forces directly to skeletal segments, hence enabling osseoperception3’-39. Osseointegration also
preserves the degrees of freedom of the joint, even for short residual limbs. For example, a residual
humeral bone as short as 6—7 cm is sufficient for an osseointegrated implant that can preserve the
entire range of motion of the shoulder joint3¢. Similarly, osseointegration of a lower-limb prosthesis
with a short residual femoral bone can provide natural mobility to the hip joint*?. Osseointegration also
allows for the most effective use of the additional degrees of freedom that prostheses can provide.

However, a limitation of osseointegration is that the metal implant passes the skin barrier in a
percutaneous configuration that may determine infections*!. For this reason, its use over large scales
should at least initially be limited as it can only be applied to patients with uncompromised immune
systems and with a sufficient skeletal structure. If the risk of infections can be reduced, the presence
of a percutaneous port in form of an osseointegrated attachment can in principle be exploited by
implanted technology that transmits information in and out the user’s body without the need for
wireless technology*2-44. Another limitation of osseointegration is that the absence of damping for
impact loads (conventional sockets commonly provided load damping) can cause pain and
discomfort, and even the failure of the interface. Although preliminary long-term assessments have
indicated improved quality of life for individuals who have undergone osseointegration*?, large-scale
cohort studies with long follow-up periods are needed to assess the safety and performance
outcomes of the procedure. A survey of the veteran population in the on United States reported that
only 28% of unilateral limb amputees and 13% of bilateral upper-limb amputees would consider
osseointegration rather than traditional fixation of the device via a conventional socket or refraining
from using any prosthesis“6.

Neuromuscular interfaces. A prosthesis can be controlled by using a variety of solutions, the choice
depending on the level of amputation and the type of device (Error! Reference source not found.).
For active control, the human neuromuscular system can be probed directly by interfacing either the
brain, nerves or muscles, or by indirectly sensing the kinematics of available anatomical structures.
Depending on the sensing method, the recorded signals are then processed to identify their



prominent characteristics (features) so that a set of control signals can be mapped onto the targeted
prosthetic joints.

Body-powered lower-limb prostheses employ hinge-like artificial joints that allow for free swing when
sufficient power is exerted from able joints. In some cases, an autograft (such as rotationplasty)
allows the transfer of an ankle joint, which when rotated can act as a knee substitute*’. With a suitable
passive lower-leg attachment, this procedure allows for voluntary gait restoration. However, modern-
day powered devices*® often use a hierarchical-control approach employing a finite-state machine*® (a
sequential control system that can transition among a finite number of states). These allow for the
device to switch from one state or setting to another in response to a control input. At the lowest level
of control, the position, torque or stiffness of the joints of lower-limb prostheses can be modulated on
the basis of signals from mechanical sensors mounted on the prosthesis9-52, A finite-state machine is
often used at the middle level of control to generate trajectories or to specify parameters for the lower-
level controller to use or follow. Simple logic from mechanical sensors within the prosthesis is
sufficient to switch between states within the finite-state machine to restore cyclic locomotion. The
highest level of control generally provides an estimate of the user’s intention, to switch between
locomotion activities. It can be as simple as using a key fob, or it can employ machine-learning
algorithms or require an exaggerated body movement that is not typical of normal gait. This
hierarchical-control approach has been incorporated into many microprocessor knees, and shown to
provide functional outcomes that are better than those of purely passive devices. It has also been
used to control locomotion modes for mechanically active devices when standing and walking on level
ground, on slopes and on stairs%3-%9. However, this approach does not allow for full volitional control of
leg prostheses.

Different from lower-limb devices that can to some extent operate autonomously, upper-limb
prostheses always require a certain degree of volitional control. For example, cineplasty (one of the
first control methods, and a simple yet powerful strategy) links contraction of proximal muscles of the
upper limb to control more distal joints via transmuscularly implanted ivory rods896'. However, owing
to the need for extensive rehabilitation periods, cineplasty is no longer in use. Other strategies take
advantage of gross movements of the shoulder and trunk to actuate more distal prosthetic
functions®283 (and hence don’t need surgical intervention). Although simple, these body-powered
prostheses are effective and used by many patients® because of their reliability, possibility of grip-
force regulation, and durability, even when used for manually demanding work®® or under challenging
and competitive conditions®%6. Moreover, they provide natural sensory feedback, for example in
association to the exerted force.

Contrary to body-powered systems, externally powered prostheses are controlled by decoding the
user’s intention from the electrical activity of neural or muscle structures (Error! Reference source
not found.). This approach has been used in the control of upper-limb prostheses for many years, but
has only recently been applied to the lower-limb enabling volitional control of knee and ankle joints
during non-weight-bearing situations®”-68. Electrical signals from muscle can also improve the
classification of locomotion modes?+596%-73_|n fact, electromyography sensors can enable a highly
responsive volitional control of prosthetic ankle joints™. Nonetheless, for lower-limb prostheses these
methods haven't yet reached wider clinical implementation. One main challenge is that certain errors
in classifying locomotion mode may lead to balance instability, which might threaten the user’s safety
and confidence in the use of the prosthesis’*75. For upper-limb prostheses, however, volitional control
has led to several clinically used active prosthetic arms and hands. Yet there is conflicting evidence
as to the functional benefits of externally powered upper-limb prosthetic devices %478,

The most common control interface for powered upper-limb prostheses uses gross electromyography
signals that are recorded from the surface of the skin covering residual muscles above the amputation
site3!. The use of electromyography for upper-prosthesis control is also based on the assumption that
the user’s intention can be extracted from the activation of the remnant muscles. Therefore, the
association between muscle signals and the commands for the prosthesis can either be unnatural or
physiologically appropriate (that is, similar to the movements that would be generated by the
biological limb). For example, for a prosthetic hand, supination and pronation can be associated to
wrist flexion and extension, which are control tasks that are different from the produced movement.
For many commercial prostheses, it is also common (yet unintuitive) to switch from the control of one
function to the control of another via a brief co-contraction of antagonist muscle groups'6:31.77,



Pattern recognition of the surface electromyography aims to increase the number of functions that can
be controlled using physiologically appropriate contractions. The natural patterns of muscle activation
associated to specific movements are mapped by supervised learning to the corresponding tasks879,
This approach, which has been extensively tested in laboratory studies, has shown that high levels of
accuracy (>95%) can be achieved for a relatively large number of classes of task®-23, Yet its use in
clinical and in at-home environments has been challenging, partly because of problems intrinsic to the
detection of surface-electromyography signals. Electromyography signals collected by surface
electrodes vary substantially with electrode replacement because of the donning and doffing of the
prosthesis, and because they are influenced by skin conditions, have limited selectivity, and can be
collected only from superficial muscles®4-86, These changes in the signal characteristics of surface
electromyography causes the performance of pattern-recognition systems to deteriorate®’. Prosthesis-
guided training® — a method used clinically to recalibrate control systems based on pattern
recognition — can partly overcome these issues and has enabled home trials, which have shown that
pattern-recognition control can produce better functional outcomes than conventional amplitude-
control techniques after 6 weeks of at-home use®. Prosthesis-guided training has also been
incorporated into a commercially available pattern-recognition control system (the Coapt Complete
Control system, which is currently used by more than 200 patients®). Independent studies indicate
acceptance rates greater than 70%, with most rejections caused by factors unrelated to the control
system.

Many of the problems associated with signals from surface electromyography can be overcome with
invasive electromyography technology®®-9, which uses sensors implanted into muscle, or over the
surface of muscle yet below the subcutaneous layer. An analysis of chronic implantable systems (in
particular, MyoPlant, ref. 94; MIRA, ref. 9; iSens, ref. %; and IMES, refs. 97:%; Fig. 3), has shown that
they can provide superior electromyography data quality than surface recordings*2. For example, an
IMES system consisting of eight electrodes implanted in the forearm of a transradial amputee
(clinical-trial identifier, NCT01901081) led to safe application and to simple yet efficient simultaneous
control over multiple degrees of freedom?297.99, |n lower-limb amputees, the same sensor system
enabled reliable control over knee joints and ankle joints'%. IMES implants have been stable for over
4 years'0!. Similarly, epimysial electrodes chronically implanted in patients have enabled high-quality
direct control over months of operation2.

User intent in lower and upper limbs can also be decoded from electrical activity recorded from
efferent axons in peripheral nerves'2-1%5, This requires direct nerve implants. Placing electrodes
directly into nerves can solve the problems associated with non-invasive muscle recordings and, with
respect to invasive muscle recordings, may also be applied in the absence of remnant muscle tissue.
Motor information can in fact be decoded from neural recordings, with good performance06-112,
However, electroneurographic signals have a low signal-to-noise ratio and limited stability'6, making
it challenging to decode the activity of efferent fibres with intrafascicular nerve implants™3. Also, nerve
implants can potentially lead to damage of the nerve (which can self-repair to some degree''*).

Alternatively, targeted muscle reinnervation — an established clinical intervention that consists in
redirecting nerves that have lost their natural target muscles to other muscle tissues so as to
biologically amplify the activity of the redirected nerve''5-119 — can provide a form of ‘bioscreen’ that
displays, via muscle electrical signals, the neural activity of the transferred nerves. However, the
transferred nerve branches may provide complex neural information from multiple functions, thus
generating complex muscle signals reflecting the neural activity of multiple neural sources. Recently,
the multiunit muscle signals generated following nerve transfers have been decoded by source

separation algorithms20.121118,122123 'thys providing a direct interface with spinal motor neurons18.124-
127

As an alternative to decoding multiunit activity by source separation algorithms, the selectivity can be
reached directly at the recording point. For example, myoblasts embedded in an electroconductive
polymer, have been cultured directly onto the ends of transected nerves. These regenerative
peripheral-nerve interfaces decodes the neural activity by selectively recording the muscular electrical
signals generated by only a small number of nerve fibres, which increases the number of discrete
signals available for prosthetic control'?8, A refined version of this strategy is known as the ‘micro-
targeted muscle reinnervation’ procedure; it redirects individual peripheral nerves to small pieces of
muscle that are devascularized and denervated. These individual groups of contracting muscle can
then produce high-fidelity motor-control signals with favourable signal-to-noise ratios for the real-time
control of a prosthesis'2%-131, Because the architecture of peripheral nerves at higher levels of



amputation does not reveal distinct regions of functional topography that may be dissected towards
specific (agonistic or antagonistic) muscle functions, this strategy is at the moment limited to distal
amputation levels and to implantable electrodes that can pick up relatively low-energy myosignals.

As an alternative to approaches interacting with the peripheral neuromuscular system, a direct
interface with the brain can in principle also be used for controlling bionic arms and legs. Implantable
selective cortical electrodes can record from hundreds of cortical neurons, and this neural activity can
then be associated with the online control of multiple degrees of freedom32.133, Such invasive brain
interfacing is promising, yet it is limited by the need of brain surgery (which would not be accepted by
most amputees) and by limited functionality (with respect to peripheral interfacing). Non-invasive
brain-interfacing technology could be applied on a larger scale, but it does not provide the level of
performance control that is typically required for prosthetic applications34-136,

The recovery of function is of upmost importance to upper-limb and lower-limb amputees. High
functionality can in principle be achieved fully on the basis of human adaptation. For example, able-
bodied individuals equipped with an electromyography interface can simultaneously control a robotic
arm with 7 degrees of freedom after limited training'®”; however, this approach is not intuitive.

To decrease cognitive load in the use of prostheses, it is evident that intuitive or ‘natural’ control —
the continuous and simultaneous control over multiple degrees of freedom with physiological
correspondence between (neural) intention and (prosthetic) action — is desirable38, It is also highly
relevant for promoting embodiment (the user perceiving the prosthesis as a part of their body), which
is also highly desired. Embodiment should indeed be in itself a driver for technology advances, as it
would increase the satisfaction of the users of prostheses and their acceptance of the devices 38139,
Natural control has been promoted by data-driven approaches that explore correlations between
electromyography signals and motions'40-144, When properly configured, it is superior to direct control
and to sequential pattern recognition. Notably, continuous mapping of the kinematics of multiple
degrees of freedom allows for better adaptation of the user to the interface than what can be achieved
with classic pattern recognition42,

Natural control can also be obtained by musculoskeletal models that predict joint moments from
muscle activations'46-151, This approach has been applied to both upper-limb and lower-limb
prostheses49.151.152 |nstead of exploring data patterns or correlations (as in data-driven approaches),
forward musculoskeletal models mimic the biological process of musculoskeletal movement
production, directly incorporate the physiological and biomechanical structures and constraints, and
then estimate natural and coordinated limb motions'€. Moreover, the use of targeted muscle
reinnervation allows the detection of the neural activity of all nerves involved in the task (including
those in missing muscles). Therefore, the combination of targeted muscle reinnervation and
musculoskeletal models could allow for the reconstruction of the internal biomechanical
representation of missing limbs 18153,

Robust long-term control is a basic requirement for the clinical translation and embodiment of a
prosthesis. Today’s microprocessor-controlled knees and ankles are particularly robust prostheses
that use relatively intuitive control methods. The mechanical signals incorporated into the prosthesis
have low noise levels and are reliable. After the user has learnt how to operate the device, the
prosthesis responds predictably, allowing the user to trust its operation. However, it is difficult to
extend the number of locomotion activities that may be stored, and to allow for seamless and
automatic transitions between activities. Yet machine-learning algorithms for the recognition of
locomotion activities and of transitions between activities are promising. They can be developed to
interpret information from mechanical sensors only5458.154.155 or from combined mechanical and
electromyography information5%8°, Electromyography signals can provide accurate intent estimates in
powered knees'% and ankles'®’, provided that electromyography-signal changes, that can cause a
deterioration of performance across multiple days, are corrected for'%.

Restoring robust control for upper-limb amputees has a different set of challenges. Upper-limb
prosthetic limbs are used in an unconstrained environment, and do not typically contain as many
mechanical sensors as lower-limb prostheses. Consequently, they rely primarily on volitional control
by using electromyography signals. Conventional control approaches rely on skilled therapists and
prosthetists to localize independent agonist—antagonist muscle pairs, to tune gains, to impose
thresholds, and to create comfortable sockets that maintain consistent electrode positions when
repeatedly donned. The clinical translation of more sophisticated approaches developed in research



laboratories can be challenging because of the need to collect calibration data that is representative
of the variable conditions in which the prosthesis might be used. For example, electromyography
pattern-recognition systems are sensitive to electrode positions?®”, residual limb-arm posture'®® and
force variations'®? (among many other factors). Each of these problems can be mitigated by collecting
an exhaustive set of training data, but this can be burdensome for the user. Alternatively, prosthesis-
guided training can be applied for recalibration.

Adaptation via machine learning is also promising for the optimization of the use of electromyography
signals for the control of bionic limbs. Adaptation is needed because of changes in electromyography-
signal features and in the user’s muscle-activation strategies. Completely unsupervised adaptation
would of course be preferable, but a working system is currently out of reach'®!. With pattern-
recognition systems, semi-supervised or piecewise-supervised approaches using labelled training
signals are sufficient to counteract decreases in performance over days of use'%2. Co-adaptive
systems161.163,164 gre [imited to the calibration phase or to specific sets of tasks65.

Unsupervised adaptation for lower-limb prostheses is probably more feasible than for upper-limb
devices, particularly when estimating locomotion activities, because gait information can be exploited
to help determine if the control system predicted the correct activity. Such an ‘error signal’ can be
used to supervise the adaptation of electromyography classifiers'66.167_ |t is even possible to adapt
mid-level controllers by automatically adjusting control parameters to replicate normal gait profiles, or
to adjust parameters to minimize a cost function based on electromyography activity from the affected
or able limb while simultaneously enforcing normative kinematics.

Stability of the control can also be achieved by systems that are inherently robust to changes in
conditions. For example, for the myocontrol of bionic limbs, variabilities from changes in posture can
be substantially decreased by using intramuscular sensors, which also naturally eliminate the intrinsic
variability of surface electromyography electrodes when donning and doffing the electrodes over
repetitive uses*293. Similarly, some electromyography-decoding approaches may be more stable than
others to changes in signal characteristics. For example, electromyography-driven musculoskeletal
models of upper and lower limbs for myocontrol may provide a ‘solution space’ for control that is less
sensitive to changes in muscle coordination than data-driven machine-learning techniques46.150,151,
This is because electromyography-driven musculoskeletal models directly incorporate physiological
and biomechanical constraints that constrain the solution space. Alternatively, robustness could be
promoted by allowing the systems themself to assist the user during the operation through a form of
shared control168.169,

Sensory feedback

Sensorimotor integration is a fundamental principle of motor control in humans. Therefore,
substitutions of motor function should not prescind from the integration of sensory input. An ideal
prosthesis should thus replace the motor and sensory functions of the lost limb. However, restoring
sensory feedback in any capacity has proven to be highly challenging. It is indeed difficult to provide
usable and explicit feedback that can be effectively integrated in the control and with the information
gathered through other senses (such as vision)'”. Moreover, when estimating the state of the
environment, humans integrate information from multiple feedback sources as well as previous
experience, so the delivered sensory information needs to be compatible within this internal
framework'”'. For example, proprioceptive information requires the precise integration of sensory
feedback from a variety of afferents; this is difficult to replicate.

A general strategy for the provision of sensory feedback involves the embedding of sensors in the
prosthesis to measure joint positions, tactile pressure and grasping forces, and to transmit the
information to the user by eliciting sensations in the remaining body structures. One approach is to
stimulate the skin of the residual limb. This stimulation can be mechanical (acting on the tactile
receptors via the use of, for instance, vibration motors'72173, linear pushers'74175, skin stretchers'76.177
or pressure cuffs'78) or electrical'7®-18" (via the delivery of low-intensity pulses of current through
surface electrodes to activate cutaneous afferents or to induce transcutaneous electrical nerve
stimulation'82-184 gs well as through implanted microelectrodes for electrical stimulation of peripheral
nerves'8), The prosthesis state (sensor data) is communicated to the user as a time-varying pattern
of stimulation. For example, the frequency or intensity of electrotactile or vibrotactile stimulation can
be modulated proportionally to the measured grasping force8-188, These approaches can provide
different sensations with respect to the natural sensing pathways (sensory substitution). It is also



possible to elicit natural phantom-limb sensations by targeting sites on the skin that have been
surgically reinnervated (targeted sensory reinnervation)'8%-191_ Furthermore, natural feedback can
potentially be restored through electrical stimulation of surgically formed muscle-actuated skin flaps
(cutaneous mechanoneural interface’9?).

Because the direct stimulation of nerves can activate the same natural neural pathways conveying
sensory information, its use with implanted electrodes'% (Fig. 4) may be more effective at providing
natural sensory feedback than non-invasive approaches'’?. Besides the inherent difficulty of artificially
replicating the encoding of sensory feedback, apart from recent promising examples 44, a common
challenge for these interfaces remains achieving long-term stability'®3. The implanted electrodes
should be biocompatible with low electrical impedance, be flexible and mechanically stable, and
provide large charge storage and injection capacity. This class of implants can establish natural tactile
sensations+2194-196,197-199,109,200-202 ' yat there are still significant financial and temporal efforts needed
to transfer these results from the laboratory into human clinical trials and further on in commercial
products.

Epidural stimulation of the spinal cord has been shown to evoke sensory precepts in the missing
limbs of amputees?23, Furthermore, direct cortical stimulation can also provide missing sensory
feedback. By using floating microelectrode arrays, selected areas of the somatosensory cortex of a
non-human primate can be stimulated to provide tactile sensation2%4. Similarly, optogenetics could
provide highly accurate sensory feedback, and even read-out, by stimulating optically sensitive ion
channels related to various neural circuits205-20°, though at present, these strategies have only been
tested in animals.

There is only one commercial prosthesis type providing sensory feedback: an upper-limb device (the
Vincent Evolution hand series) that provides vibrotactile feedback on the grasping force2'0. The limited
clinical translation of sensory-feedback technology is partly a consequence of the uncertain functional
advantages of including supplemental tactile feedback?2'':2'2 or other rather simple sensory-feedback
strategies. Although the benefits of sensory feedback may appear obvious for the user, without an
improvement in function it is difficult to argue for the associated cost increase in the clinical devices.
Hence, most research has focused on the sensorimotor integration of sensory feedback rather than
on the intrinsic recovery of sensation*2194.195.213_For sensory-feedback technology to have clinical
impact, it should show clear functional improvements.

The role of rehabilitation

User-centred rehabilitation is currently an essential part of functional recovery via prosthetic
substitutions. Research efforts toward natural and intuitive control interfaces are essential, yet for
functional tasks the user needs to adapt to the interface?'* and to systematically learn to interpret
direct or indirect feedback?2!5216217 Rehabilitation is also needed to treat co-morbidities, amputation-
related overuse of joints in the contralateral extremity, neck and back, as well as pain syndromes.
Especially after traumatic amputation, psychological support is crucial because the loss of any body
part is a serious threat to the individual's core identity2'8. Amputation can trigger a disturbed body
image and negative self-evaluation and psychological distress; in the absence of adequate therapy,
these can cause a range of concealing?'® behaviours. Hence, prosthetic fitting should involve physical
and occupational therapy as well as psychological and social support. A perfectly well-fitted advanced
prosthetic device will not by itself enhance the quality of life of individuals who are not coping well with
their amputation??® or who have not never learnt how to properly use the device in their daily
activities?'4221, Rehabilitation and a team approach to care are vital to the success of complex
prosthetic systems, but long rehabilitation periods (as were typical for tunnel cineplasty) can hamper
it.

Quantitative evaluation measures that assess the accuracy of control in laboratory conditions are poor
predictors of real clinical outcomes222223_ Also, the functional benefits of a bionic limb cannot be
assessed separately from the rehabilitation program designed to train the user to interface with the
robotic device (especially since depending on the rehabilitation a single prosthetic device can enable
significantly different levels of function??4). Objective and clinically relevant metrics of functional
outcome are thus crucial for the design and delivery of effective rehabilitation.

Substantial prosthetic training is essential for the proficient handling of a myoelectric prosthesis
(training usually starts before the user receives the device??5226). Pre-prosthetic training can involve



virtual reality and augmented reality as well as training systems controlled via desktop computers??7 or
smartphone apps227-229, The training protocol and the accompanying rehabilitation tools need to be
matched to the user’s prosthetic device and to the selected control interface?'. In fact, the
development of prosthetic functions, control strategies and sensory feedback needs to include
appropriate protocols for rehabilitation?'”. It is thus important that, to enable the amputee to make best
use of available technology, human—machine interfaces are developed alongside rehabilitation
programs based on current knowledge of motor learning?15.

The next generation of clinical prostheses

We expect that the performance of the next generation of bionic limbs will broaden their clinical use
by leveraging the breakthrough achievements of the past decade — osseointegration, cognitive
bioscreens, implanted sensors, advanced control algorithms, and sensory feedback. Next-generation
clinical prostheses should better meet patient requirements (most importantly, a more robust and
natural control of the prosthesis) via improved prosthetic attachment to the residual limb, the
implementation of a sensory-feedback interface that enhances the device’s functions, and
rehabilitation programs that are tailored to the user and based on motor-learning principles and on the
unique features of each prosthesis.

Osseointegration has been fully certified in Europe and Australia, and the first implant system (OPRA)
for above knee amputations has more recently been fully certified also in the US as it now holds a
premarket approval by the United States Food and Drug Administration. It will eliminate the
challenges and limitations inherent to socket design, especially for transhumeral and transfemoral
amputations and for other challenging amputation levels. It will also provide the means to preserve
the available degrees of freedom, and thus maximize the support provided by the additional degrees
of freedom of the prosthesis. The extensive use of this procedure is currently mainly limited by the
risks of infections, owing to the need for a percutaneous implant. However, long-term follow-up
studies of large multicentre patient cohorts have documented that local infection rates are below 5%,
and that revision rates are much lower239. Moreover, more precise pre-surgical assessments,
improvements in surgical procedures, in materials for the port and in port-fixation design may further
decrease the incidence of infection.

Next-generation prostheses should include robust control and chronically implanted electrodes.
Muscles will remain the most likely signal targets for control; the limitations of nerve interfacing and
brain interfacing are too severe. Intramuscular wireless sensors (such as the IMES and the MIRA)
have been tested clinically and will become more common in limb prostheses. The iSens system,
which combines intramuscular electrodes for control and nerve stimulation for sensory feedback is
particularly promising (it may receive regulatory certification), but its high levels of energy
consumption and its current incompatibility with osseointegration and other metallic implants may
constrain its use. Implanted electromyography sensors employing algorithms similar to those
developed for surface electromyography will be used for control and provide stable and high-fidelity
signals over multiple uses of the prostheses. The combination of a muscular bioscreen'?s (via
selective nerve transfers) and implanted muscle sensors (Fig. 5) should ensure robustness and offer
the largest increase in functionality (with respect to current clinical systems). In this regard, the direct
control of degrees of freedom is the most likely approach for clinical translation; more advanced
control methods involving machine learning and musculoskeletal modelling approaches may be
incorporated later, after refinement and thorough testing in research settings.

The inclusion of sensory feedback will be crucial. However, non-invasive sensory substitution
presents fundamental problems, mainly related to the variability of elicited sensations for different
locations of the actuators or electrodes. Although long-term nerve implants are feasible103.114,195,231-234
and promising for versatile clinical and home uses®:2%, their wider clinical translation will require
substantial developments regarding device stability, their integration into fully implantable systems,
and the modularity of electrode—cable modules with implantable pulse generators. Moreover,
establishing tactile sensory feedback while providing proprioception2% is challenging?37-238, Because of
the primary clinical need for control and the open challenges in artificial sensory feedback, we expect
that advances in prosthetic control will have clinical impact much earlier than developments in
sensory feedback.

Certain groups of users of prostheses may receive greater benefits from next-generation bionic limbs
(and hence adopt the devices earlier). In particular, patients with more than one impaired extremity



extensively rely on prosthetic functions in order to master daily living activities, and therefore will
benefit from new technologies to a greater extent!. For most patients, the available healthcare support
will influence the choice of prosthesis. To ensure satisfactory implementation of next-generation
technology and to maximize its reach, appropriate training will need to be provided to relevant
healthcare professionals.

A few bionic-limb technologies, such as osseointegration and implantable myoelectric sensors, are
ready to undergo large-scale clinical implementation. Suitable prosthetic technologies can increase
the rates of return to work for the user population and thus justify the cost of the device?39240,
However, funding constraints, access to a sufficiently large population of users, and ethical concerns
can slow down the wider clinical use of the devices?!. To maximize the chances of success,
collaborative academic and industrial efforts should design well-powered clinical studies focused on
the relevant user groups?+2, and early-concept research studies should involvement advanced users
and clinicians to ensure that the technology being developed meets actual needs and
requirements?43, For implantable technologies, appropriate animal studies should be used.
Standardized and ethically considerate animal studies?44245 should provide insights into the long-term
stability of the technology and enable more efficient and informed transitions into human studies.

Realistically, the wider clinical application of osseointegration, targeted muscle reinnervation,
implanted myoelectric sensors, advanced control algorithms, and implanted nerve electrodes for
sensory feedback should occur within the next two decades. All of these technologies have been
clinically tested, and shown to be safe and to provide performance advantages for lower-limb and
upper-limb amputees. Bionic fittings leveraging these five technologies will, in aggregate, constitute a
new generation of bionic limbs that we hope will substantially enhance the quality of life of patients
and pave the way for longer-term visions of true limb replacement. Beyond breakthrough
technologies, wider clinical success will require holistic support of the prosthesis-fitted individuals
through tailored rehabilitation treatments.
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Fig. 1 | Advanced bionic-limb technologies. The most advanced technologies for the mechanical
and neural interfacing of bionic limbs with the body are targeted muscle reinnervation (1),
osseointegration (2), implanted sensors (3), advanced neural-decoding algorithms (4), that can be
combined with modern multi-articulating prosthetic limbs (5). Credit: Aron Cserveny
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Fig. 2 | Osseointegrated implant in a transhumeral amputee. a, Radiography of the metal implant
in the residual humeral bone. b, Schematic drawing of the percutaneous implant where the prosthesis
is attached. ¢, Schematic drawing of a prosthetic fitting using osseointegration. Credit: Aron Cserveny
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Fig. 3 | Approaches for neuromuscular interfacing, and their mapping into commands for
driving externally powered prostheses. The human neuromuscular system can be interfaced at
different levels using various probing methods. Biological signals that can be used for interfacing are
invasive cortical recordings (most notably, from electrocorticography; ECoG) and non-invasive
recordings (typically from electroencephalography; EEG). Electroneurography (ENG) records
peripheral nerve activity, and electromyography (EMG) records electrical signals from muscle.
Mechanical sensors are commonly used to monitor the resulting body motions. All these signals can
be processed to extract characteristics (features) that are algorithmically mapped into control
commands. Control strategies can extract the underlying user intention from the signal features to
generate commands for the control of the designated joints in the bionic limb. Credit: Aron Cserveny
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Fig. 3 | Chronically implantable electromyography systems. Chronically implantable EMG
recording devices that have been tested in clinical settings: MyoPlant is an induction powered
wireless sensor that enables distributed bipolar epimysial recordings (1), MIRA is a multi-lead (32
sensors per lead) fully implantable recording system that transmits digitized EMG signals to the
external transceiver via infrared light (2), iSens allows multichannel recordings with Bluetooth enabled
functionality (this system can be further extended to extraneural recordings and stimulation (see Fig.
4)) (3) and IMES is a system of up to 32 individual active implants that can be implanted in order to
record intramuscular EMGs which are powered using an external coil (4). Credit: Aron Cserveny
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Fig. 4 | Nerve implant for stimulating afferent fibres to restore sensation. When in contact with a
rough surface, sensors embedded in the tip of a bionic finger (top left) detect and code information of
texture in the form of a current stimulus (right). To restore the sense of touch, the electric signal is
then fed back to the user (bottom left) via implanted electrodes (bottom left, transversal interfascicular
multichannel electrode?*¢ (TIME); bottom right, flat Interface nerve electrode?*” (FINE)). Credit: Aron
Cserveny
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Fig. 5 | Invasive technologies for interfacing bioscreens. The combination of implanted sensors
and selective nerve transfers can enhance the robustness and functionality of prostheses. The nerve
fascicles of the tibial nerve (3) and common peroneal nerve (4) are transferred to muscles of the thigh

to enable intuitive control of a prosthetic ankle joint. Credit: Aron Cserveny
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