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ABSTRACT Given the escalating unmet demand for physical rehabilitation due to the growing global aging
population and the effects of the coronavirus COVID-19 including increased incidents of stroke, hospital
bed shortages, and clinics closures, robotic telerehabilitation is an emerging, timely, and crucial technology.
Rehabilitating the upper limbs of affected patients is of upmost importance for restoring physical function and
lighten the societal burden due to disabilities. So far, the majority of the research in robotic telerehabilitation
for upper limbs has been performed with end-effector-type assistive robots; however, the use of robotic
exoskeletons has significant and distinctive benefits. Although there are surveys written about control
methods for upper limb robotic exoskeletons and other surveys written about bilateral teleoperation control
methods, there are no surveys written specifically about telerehabilitation control methods for upper limbs
using robotic exoskeletons. As a result, this article reviews the state-of-the-art control strategies including
various advanced linear and nonlinear control approaches for upper limb rehabilitation robotic exoskeletons,
bilateral teleoperation, and several state-of-the-art telerehabilitation applications with upper limb robotic
exoskeletons. The benefits, drawbacks, challenges, and future directions of existing methodologies are
extensively discussed. This article offers a comprehensive overview and insight for new researchers in the
area of telerehabilitation robotic exoskeletons.

INDEX TERMS Bilateral teleoperation, robotic exoskeleton control, rehabilitation, delay.

I. INTRODUCTION
The worldwide senior population is expected to more than
double in the next three decades [1] and with this increase,
an unprecedented surge is predicted in aging-related motor-
impairment diseases such as stroke, injuries and myriad
neurological disorders causing – among other things - upper-
limb mobility disfunctions requiring physical rehabilitation.
Stroke is the largest cause of disability in the USA [2], [3]
and one of the leading causes of long-term disability world-
wide [4]. Predicted current demand for physical rehabilitation
in the USA is 17% greater than what medical profession-
als can provide [5] and this disparity is expected to grow
to 36% by the year 2030 [6]. Breaking news reveals that
there is a newly-discovered correlation between the mildly-
symptomatic coronavirus COVID-19 patients and incidence
of major stroke [7], [8] which, if they survive, will most
likely require physiotherapy – further adding to the escalat-
ing demand for physical therapeutic service. However, due
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to the surge in critically ill COVID-19 patients requiring
hospitalization, there is a scarcity of available hospital beds
for patients suffering from other illnesses, such as stroke.
In fact, earlier this year hospitals in New York City have
discharged patients and stopped accepting new ones in their
acute inpatient rehabilitation units [9]. Furthermore, in order
to mitigate transmission of the virus, physiotherapist need to
wear personal protective equipment (PPE); however, there are
many places around the world where inadequate PPE or the
lack of PPE for the physiotherapist puts them at unacceptable
risk while performing their jobs [10], [11]. Many clinics
around the world are closing due to mandated social distanc-
ing restrictions and physiotherapists are left with providing
support and instructions via a telephone helpline or video-
consultations [12], [13]. However, as one of the commenta-
tors about the article [12] remarked: ‘‘What’s the value of
physical therapy without physical contact?’’. Clearly alterna-
tive solutions are required.

Having patients use assistive robotic devices at a remote
site such as an assisted-living facility or their own homewhile
a healthcare professional monitors and physically interacts
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with them to deliver rehabilitation services from another
site such as a hospital, clinic, or their own home is called
robotic telerehabilitation [14]. Robotic tele-rehabilitation can
be used to address the need for a physiotherapist to deliver
physical guidance and interaction in order to assist patients
with compromised mobility during the current pandemic and
to address the preexisting escalating demand for physiother-
apy [15]. This technology is also ideal for patients who are
house-bound or live in remote areas where there are no reha-
bilitation clinics [16]. Another advantage of telerehabilitation
is that one therapist could potentially train multiple patients
at the same time by having each patient interacting with their
own robotic exoskeleton at their own remote locations [17].
Furthermore, using assistive devices allows for smaller forces
to be exerted by the therapist on their exoskeleton which
can then be amplified to produce the required forces on the
patient’s side. As a result, the therapist’s fatigue is lessened
compared to the conventional one-on-one forceful physical
manipulation of the patient’s arm allowing them to deliver
rehabilitative services to more patients.

Assistive robotic devices can provide consistent, intense
training with the added benefit of collecting performance data
for assessing and measuring progress. Furthermore, the con-
trol methods can provide customized rehabilitation exercises
that adapt to the patient’s performance and modify the inten-
sity in real time depending on the patient’s goals, training,
and stage in the rehabilitation journey [18]. Assistive upper
limb robotic devices usually consist of two types: end effector
or exoskeletons [19]. The connection between a patient and
the end-effector-type robot is at a single interface where the
patient grasp a handle, which is the end effector of the robotic
manipulator [20]. Typically there is no consideration to the
individual joint motion of the patient’s affected limb [21].
This sole connection is the only point where any forces and
assistance is applied to the patient [22]. One of the main
advantages of using end effector type devices is that typically
they are simpler to design and build than exoskeletons. Fur-
thermore, the end effector type devices are easier to integrate
with the patient considering the single-point contact between
the two entities, thus they are the more popular type of assis-
tive devices [20]. A disadvantage of end-effector type devices
is that it is not possible to assess the function of patient’s
individual joints. Additionally, the main disadvantages of
using end-effector-type robots in rehabilitation is that the
movement of the patient’s joint cannot be independently con-
trolled nor targeted and thus the patient can actually recruit
the use of other unaffected muscles in the body or move
their arm in unnatural ways to complete a task – deeming the
exercise counterproductive or even resulting in injury [17].
For example, it is not uncommon for patients to attempt to and
succeed in using their torso to perform a manipulation task
when using end-effector-type assistive devices to compensate
for the dysfunction in the affected muscles [23], [24].

On the other hand, exoskeletons are anthropomorphic
devices which encapsulate the patient’s arm and are typically
fastened with adjustable straps or tight-fitting brackets at

several points along the limb with the goal of having both
the robot and patient links move together – typically with
their joints aligned. The kinematic structure of the exoskele-
ton robot should be compatible with that of the patient’s
joints [25]. Exoskeletons being worn by the patient and thus
physically coupled to the patient’s limb, provide a targeted
therapeutic experience which can exercise specific joints
by controlling the motion of each joint individually. There-
fore, robotic exoskeleton-based training provides enhanced
retraining of the correct physiological skeletal-muscle syn-
ergies without allowing for undesirable or detrimental com-
pensatory actions. However, the control of robotic exoskele-
tons and their teleoperation are more challenging than their
end-effector-type counterparts since typically the motion and
forces are controlled and/or monitored at every joint rather
than just at the end effector.

The novelty and contributions of this article are that dif-
ferent from previous work, here we look at control methods
used in upper limb telerehabilitation applications that are
specifically using robotic exoskeletons. We first review and
summarize methods used for single upper limb rehabilitation
robotic exoskeletons, such as proportional integral deriva-
tive (PID) and adaptive control, and then examine methods
used to control the effects of delays across a bilateral commu-
nication channel when operating robots remotely. Some of the
presentedmethods includewave transformation, time domain
passivity control (TDPC) and proportional-derivative-like
(PD-like) control. Lastly, this article looks at how some
research projects present in the literature have combined the
two previously-mention types of control methodologies to
achieve upper limb tele-rehabilitation with robotic exoskele-
tons.

The paper is organized as follows. Section II presents
the literature search methodology. Section III, IV, and V
discuss control methods for upper limb rehabilitation single
rehabilitation robotic exoskeletons, teleoperation, and cases
revealing upper limb robotic telerehabilitation applications,
respectively. Section VI concludes the paper.

II. LITERATURE SEARCH METHODOLOGY
There are three distinctive control method applications stud-
ied in this article: upper limb rehabilitation robotic exoskele-
ton control methods, teleoperation control methods, and
upper limb telerehabilitation robotic exoskeleton control
methods.

A corresponding literature search was conducted and lim-
ited to publications between 2012 and 2020 in order to
find the most recent and state-of-the-art developments in
these control methodologies. The searches were performed
in Engineering Village, which offers access to 12 engineering
literature and patent databases in a single platform including
Compendex which includes the IEEE Xplore Digital Library.

To obtain a good overview of control methods used for
upper limb rehabilitation robotic exoskeletons, a search for
survey and review papers was performed with the search
words: ((review OR survey) AND robot AND control AND

VOLUME 8, 2020 203383



G. Bauer, Y.-J. Pan: Review of Control Methods for Upper Limb Telerehabilitation With Robotic Exoskeletons

exo∗ AND upper). The most relevant and important findings
from the 34 records found are presented in Section III.

Teleoperation control methods were next researched by
searching for: (control AND bilateral AND robot AND delay
AND tele∗). 317 records were found and the most relevant
findings are presented in Section IV.

For control methods used in upper limb telerehabilitation
with robotic exoskeletons the used keywords were: ((upper
OR arm) AND tele∗ AND robot∗ AND rehab∗ AND control
AND exo∗). Pertinent projects are presented in Section V.

It is important to note that although the searches were
limited to papers from 2012-2020, numerous papers’ refer-
ences within the initially discovered papers were also studied
and referenced in this article as necessary, regardless of the
publication year.

III. UPPER LIMB REHABILITATION ROBOTIC
EXOSKELETON CONTROL METHODS
Rehabilitation is performed to provoke motor plasticity [26]
to accelerate motor recovery in a patient. During the acute
stage, right after the stroke, injury, or surgery has taken place,
the rehabilitation training mode is called ‘passive’. During
this stage, the patient’s affected arm is unable to move volun-
tarily on its own. With the aid of the robotic exoskeleton and
by analyzing the data collected by its sensors, the therapist
can assess the muscle strength, range, and quality of the
motion of the patient’s joints of interest. The control methods
implemented on the robotic exoskeleton during the passive
mode command themotors tomove the patient’s limb through
preset standard exercises. Once some of the patient’s mobility
returns, the active mode of training can be applied. Control
strategies during the active mode take into consideration the
patient’s intention of motion. Furthermore, during this stage,
the patient is expected to initiate the motion – a step which
has been proven to be necessary in order to promote neural
plasticity [27], [28]. The robotic exoskeleton control systems
can be set to assist the patient to perform and complete train-
ing exercises in assist-as-needed types of therapy, in order to
encourage and promote patient engagement. Eventually the
control methods can be set to have the robotic exoskeleton
resist the patient’s motion for more advanced training.

Typically, the objectives for robotic exoskeleton control
methods are to provide optimal force and position control
necessary to safely and effectively implement either passive
or active modes of training to the patient. The performance
of a controller is evaluated based on the objectives of each
specific application to achieve the desired dynamic responses
over an expected range of operating conditions. Some of the
most common performance parameters that researches eval-
uate are maximum overshoot, rise time, and settling time of
the manipulated variable (such as position or velocity). In this
section, the control methods addressed are those used during
the passive mode. Fig.1 shows an overview of a generic
motion-based upper limb rehabilitation robotic exoskeleton
control block diagram. The desired reference motion on the
left side of the diagram is specified by the therapist through

routines stored in the computer. This reference motion infor-
mation is compared to the actual motion measured by sensors
on the robotic exoskeleton attached to the patient. The differ-
ence between the desired and the actual variables is called
the ‘error’ in control theory. This error is fed back to the con-
troller to calculate what voltage output should be instructed
to the robotic exoskeleton’s motors in order to minimize the
difference between the desired and actual motion.

FIGURE 1. Block diagram of a generic feedback control.

Some of the more popular control methods for this type
of applications are: Proportional Integral Derivative (PID)
Control, Impedance Control, Admittance Control, Adaptive
Control, and Sliding Mode Control (SMC). These meth-
ods are described in the following sections and summarized
in Table 1.

FIGURE 2. Block diagram of a PID controlled system.

A. PROPORTIONAL, INTEGRAL, AND DERIVATIVE
CONTROL
PID control (Fig.2) does not require system modeling [18]
and is relatively straightforward to implement. The PID
control law is shown in (1) where u(t) denotes the control
input (torque in this case), error e(t) represents the difference
between the actual and desired position of joints, and ė(t) is
its derivative with respect to time. The Proportional gain KP
operates on the position error. The Integral gain KI operates
on the accumulated position error and the Derivative gain KD
operates on the velocity error.

u (t) = KPe (t)︸ ︷︷ ︸
Proportional Control

+KI

∫ t

0
e (τ ) dτ︸ ︷︷ ︸

Integral Control

+ KDė (t)︸ ︷︷ ︸
Derivative Control

.

(1)

While model-free control leads to simplicity in its imple-
mentation, a disadvantage of using this method is that tuning
the gains to the current setup can be time-consuming. Another
disadvantage is that since this control method is not model-
based and only error-driven, if the exoskeleton becomes
‘stuck’, unwanted large torques could be commanded due
to accumulated error [29], which could potentially damage
the equipment and harm the patient if safety limits are not
properly implemented in the system.

203384 VOLUME 8, 2020



G. Bauer, Y.-J. Pan: Review of Control Methods for Upper Limb Telerehabilitation With Robotic Exoskeletons

TABLE 1. Most common upper limb robotic exoskeleton control methods.

Controllers can be created which use a subset of the PID
controller, such as P, PD, or PI. For example, the upper limb
robotic exoskeleton ARMin III [17] uses a PD controller
while EXO-UL7 [30] uses a PID controller. Furthermore,
many researchers combine elements of the PID controller
with advanced control methods (such as Robust Control,
and Adaptive Control), and intelligent control methods (such
as Neural Networks and Fuzzy Logic). For example, [31]
combines PID Control with Robust Control and Fuzzy Logic
based Control. Depending on the application, this type of con-
trol can lead to sufficiently acceptable system performance,
without having to delve into the field of advanced control
methods.

B. IMPEDANCE AND ADMITTANCE CONTROL
As opposed to PID control, impedance control is a model-
based approach. There is some confusion in the literature as
to the difference between Impedance and Admittance control.
In this article, we use the explanation presented by Ott et al.
in [32], Hogan in [33], and Hayward et al. in [34]. Lower
case ‘‘impedance control’’ is the overall philosophy which
establishes a dynamic relationship between the motion of
a plant and the interactive forces between the plant and its
environment. For example, in joint space this relationship
could be expressed as:

τ ext(s) = (Md s2 + Bd s+ Kd )e(s), (2)

where τ ext is the external joint torque vector and e is the
difference between the actual (measured) angular joint posi-
tion vector q, and the desired equilibrium (without external
torque) angular joint position vector qo. Parameters. Md ,Bd
and Kd are selected to establish the desired mass-spring-
damper relationship between τ ext and e.

According to Ott et al. in [32], lower-case ‘‘impedance
control’’ can be implemented in two ways: upper-case
‘‘Impedance control’’ and ‘‘Admittance control’’. As shown
in Fig.3 a) and described by Hogan [33] and Hayward
and Maclean [34], systems that have ‘‘flow’’ (e.g. angular
position) as input and ‘‘effort’’ (e.g. torque) as output are

FIGURE 3. Control block diagrams of impedance and admittance control
for impedance control.

called impedances. Systems that have ‘‘effort’’ (e.g. torque)
as inputs and ‘‘flow’’ (e.g. angular position) as outputs
(Fig.3 b)), are called admittances. The ‘‘system’’ in these
figures could be a controller or the plant (robot), or the
environment, or a human in the system.

Using these definitions for impedance control, in
Ott et al. [32] the controller is an impedance system while
the controlled plant (e.g. robotic manipulator) is an admit-
tance system. Conversely, ‘‘Admittance control’’ features a
controller that is an admittance system with the controlled
plant (e.g. Robotic manipulator) as an impedance system. It is
important to note that for both Impedance control and Admit-
tance control the control objective is the same: determine
the control torque τ , that provides the desired relationship
between the measured external torque τ ext , and the deviation
e, from the equilibrium angular joint trajectory as shown
in (2).

Fig.4 illustrates Impedance control where the impedance
controller has motion as the input ([29], [39]) q and torque
τ as the output, and the controlled robotic exoskeleton and
human arm have torque τ as the input and measured motion
q as the output in order to achieve the desired dynamic
interaction between the robot and the environment [40].

Whereas PID controllers aim to minimize the position and
velocity tracking errors, impedance control is an expansion
of position control [39] with the objective of having the
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FIGURE 4. General impedance control block diagram.

position and velocity errors follow desired trajectories which
depend on the human interaction (such as the relationship
described by (2)) instead of rigidly following a given tra-
jectory [41]. This method has been proven to produce sta-
ble interactions and is efficient for lightweight, backdrivable
exoskeletons [32]. However, it has been shown to not be
very good at compensating for gravity, and friction in the
system [18] and other unmodeled dynamics in free-space
(where the human user is allowed to move the exoskele-
ton without resistance). As a result, in these scenarios the
accuracy and precision are compromised [42]. Using low-
friction joints, direct drives and backdrivability [32], [43]
can improve performance [26]; however, researchers have
found that Impedance control can become unstable when
the impedance is high [44]. Impedance control strategies
perform well with stiff environments and enable the robotic
exoskeleton-human assembly to move compliantly with devi-
ations from a set trajectory [41]. Impedance control has
been implemented in many research upper limb exoskeletons
including the L-Exos [23] and SUEFUL-7 [35].

FIGURE 5. General admittance control block diagram.

Conversely, Fig.5 shows Admittance control where the
admittance controller has the external (measured) torque τ ext
as the input and produces a desired angular joint trajectory to
follow qd as the output (admittance system). The controlled
robotic exoskeleton and human arm uses this desired angular
joint motion qd as input (via a position controller such as a
PD controller) with the measured external torque τ ext as the
output (impedance system). To clarify, qd is what we want q
(the actual (measured) angular joint position) to be so that e
(which is equal to q−qo) is as desired.

Admittance control is useful with stiff robots since forces
need to be sensed at the interface between the robot and
the human limb. One of the disadvantages of this method
is that high admittance (low impedance) can destabilize
the system [36]. This method requires high transmission
ratios such as those provided by harmonic drives in order to
achieve precise motion control with very little backlash [28].
An advantage of using a system without backlash is smooth
movement, though the friction could make the environment

feel non-realistic [18]. One commercial rehabilitation system
that uses admittance control is the HapticMaster from Tyro-
motion. Two other systems that can also be controlled using
admittance controllers are MGA [36] and ARMin III [17].

C. ADAPTIVE CONTROL
One of the disadvantages of impedance and admittance con-
trol is that they do not incorporate time-varying adjustments
to the desired parameters [28] andmay ‘intervene incorrectly’
if participants regain some of their strength and require less
assistance. It is in these kinds of situations that adaptive
control methods can help. Fig.6 shows a type of adaptive con-
troller called Model Reference Adaptive Controller (MRAC)
which adjusts for unknown variances of system parameters
online based on ongoing operations. As can be seen in Fig.6,
the controller parameter values are updated based on the
difference between the measured sensor values y from the
system and those from the reference model yref.

FIGURE 6. Model reference adaptive controller (MRAC).

Another advantage of adaptive controllers is that they can
compensate for modeling uncertainties. Additionally, adap-
tive controllers do not require a priori information about
the limits of the uncertain or changing parameters as robust
methods do. Adaptive methods, however, can neither handle
fast-changing parameters nor systems that are exposed to
external disturbances. Researchers have addressed the latter
problem by combining adaptive controllers with other types
of controllers including robust control methods to handle
bounded external disturbances. An example of an upper limb
rehabilitation robotic exoskeleton system that uses adaptive
control is ARMin V [37]. Adaptive robust control is demon-
strated in [45] and [46].

D. SLIDING MODE CONTROL
Sliding Mode Control (SMC) is a nonlinear robust method
which handles bounded external disturbances [29] and para-
metric uncertainties. First, a switching controller is designed
which forces the system state trajectories to converge onto
a sliding surface in the state space in a finite amount of
time. Then, the nominal controller is computed. These two
controllers are shown in Fig.7, with their computed torques
usw and unom, respectively. The two torques are then added
to produce the commanded torque sent to the robot [43].
One of the disadvantages of SMC is that the high frequency
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switching action could cause chattering in the commanded
output resulting in wear or damage of the mechanical system
as well as energy loss in the electrical system. However,
there are many mathematical smoothing methods that could
be implemented which may negate or mitigate this problem.
Some systems that use SMC are described in Yun et at. [47]
and Brahmi and Saad [38].

FIGURE 7. SMC controller.

E. OTHER CONTROL METHODS
There are myriad other control approaches which combine
the above-mentioned methods together as well as others that
also integrate intelligent control methods such as Neural Net-
works [48], Fuzzy Logic [49], and Machine Learning meth-
ods [50]. There are also approaches which use time-delay
estimation [51] and iterative learning control for repetitive
tasks [52]. Other controllers integrate the use of biosignals
such as Electromyography (EMG) [53], [56] and Electroen-
cephalography (EEG) [57], but these will not be covered in
this study.

FIGURE 8. Overview of a telerobotic system.

IV. CONTROL METHODS FOR TELEROBOTIC SYSTEMS
WITH TIME DELAYS
The methods discussed in the previous section can be used to
control single upper limb rehabilitation robotic exoskeletons.
In this section, we discuss control methods that allow humans
to operate robotic system remotely in the presence of time
delays. Fig.8 shows the block diagram of a generic teleop-
eration system which involves a master and a slave robotic
device. Typically, a human operator moves the master robot
at the local site with the goal of accomplishing a task using the
slave robot at the remote site. As the human operator interacts
with themaster robot, itsmotion information is conveyed over
a communication channel to the remote side, as a command
signal, so that the slave robot imitates the master robot while
interacting with the environment [58] or another human [59].
Additionally, if the teleoperation is bilateral, the interaction
force between the slave robot and its environment (or the
human) is measured and transmitted to the human operator
at the local site. As a result, ‘‘the master robot not only

measures motions but also displays forces to the user’’ [60] -
simultaneously affecting the remote environment (or human)
at the remote site while also perceiving the reflected force
from that interaction [61]. The goal is for the interaction to be
so immersive and natural that the ‘‘human operator is fooled
into forgetting about the medium itself’’ [60]. However, when
the communication channel has issues such as time delays,
the stability of the system can be compromised resulting in
undesirable, and even more critically, unsafe consequences
for the humans in the loop.

There has been a lot of research over the years on teler-
obotics to develop control methods that adeptly compensate
for time delays with the following three main objectives:

• Stability: the closed-loop system is stable regard-
less of the behaviour of the operator or the remote
environment [62]

• Tracking Performance: howwell the slave side follows
the master side

• Transparency: the fidelity of the system [63]; how well
‘‘the operator feels that s/he is directly interacting with
the remote environment’’ [64].

For perfect transparency and performance, the motion of the
master robot needs to be mimicked exactly by the slave robot,
and the forces sensed on the slave side have to be exactly
reflected at the master side [65] as shown in (3):

vm = vs ∧ fm = f s, (3)

where vm is the velocity signal sent from the master side, vs
is the received velocity signal on the slave side, fm is the
received force signal on the master side, and f s is the force
signal sent from the slave side.

Having a human operator in the control loop is very
desirable and advantageous in applications where the remote
site interaction has unknown and unstructured characteris-
tics [60]. Over the last sixty years, there have been increas-
ingly more telerobotics applications in various fields such
as space [58], underwater control [66], hazardous envi-
ronments [67], forest fire detection [68], military [69],
mobile robots [70], tele-driving [71], telemedicine such as
telesurgery [72] and telerehabilitation [62].

This article only looks at communication over the internet.
The main advantages of telerobotics over the internet are that
the internet is widely available, inexpensive, and straightfor-
ward to use [73]–[76]. While limited bandwidth [58] and data
loss are important issues for teleoperation over the internet,
nondeterministic time delays across the internet can impair or
threaten the stability of the system [61], [77] and as such are
considered as the primary communication constraint over the
internet in this article.

To illustrate what could happen when the communication
delays are not addressed, Fig.9 portrays a hypothetical tele-
operation system with the task of pushing a block towards
a soft wall, with and without time delays across the com-
munication channel. It can be seen how in the case where
there is no delay, the motion and forces are relayed perfectly.
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FIGURE 9. Example of pushing on a soft wall, with and without time
delays in bilateral teleoperation systems.

In the case where delays do exist, they cause a phase shift
in the position and force signals if not addressed. Due to
the delays across the communication channel, the operator
acts on old data and thus keeps moving the robot forward,
believing that it has not yet reached the desired location.
As a result, increasingly excessive forces are being applied
on the slave side until the signal indicating that the robot
went too far finally reaches the human operator. The operator
tries to adjust but is also exposed to large forces pertaining to
obsolete large displacement commands. This lack of synchro-
nization of the motion and forces between the master and the
slave side leads to instability and transparency degradation.
The physical consequences can include injury to the humans
in the loop and damage to equipment such as force sensors
which are sensitive and expensive [78].

Besides issues due to the communication medium, such as
internet latency, other challenges for bilateral control systems
are modeling complexities and modeling uncertainties [72],
parameter variations [79], and uncertain disturbances such
as friction or payload variations [80]. Furthermore, safety
and reliability are of paramount concern in telerobotics with
human operators in the loop, and even more so when deal-
ing with humans on the slave side as well. For example,
in telesurgery, the slave robots are performing a task inside
the human’s body while in telerehabilitation – when using
exoskeletons – the robotic device encapsulates part of the
human body.

There aremany surveys and reviews covering teleoperation
in the literature [64], [72], [73], [80]–[83] and the follow-
ing section summarizes succinctly the most commonly used
control methods for telerobotic systems with more than one
degree of freedom (n-DOF systems, n > 1).

A. PASSIVITY-BASED CONTROL METHODS
Passivity is based on the concept of energy transfer and power
flow in a system. For stability, the system net power should
be passive, meaning that the energy entering the system
should be greater than the energy leaving the system – as
expected considering that in real systems there is always some
energy dissipated internally due to friction and other damping
mechanisms [60], [82], [84]. Equation (4) shows this

relationship:

Ėstored = Pin − Pdiss, (4)

where Ėstored is the rate of change of the stored energy, Pin
is the power entering the system, and Pdiss is the dissipated
power. For passivity to be ensured,Pdissmust be positive [85].
When active elements exist in the system (eg. time delay
across the communication channel, or a human at the slave
side moving the robot), the control system can become unsta-
ble. However, passivity could be ensured by limiting the
system energy, introducing boundedness for all the system
variables [61] or applying damping agents [86] to remove
the excess energy. It is important to note, however, that if a
damping agent is too conservative, the performance of the
system could be degraded [87].

Amajor advantage of using passivity-basedmethods is that
the dynamic models of both the master and the slave systems
are not required to be known [88]. As a result, passivity-
based methods are ideal for systems with large uncertainties
or multi-degrees of freedom systems which contain nonlin-
earities and complexities that are hard tomodel. These scenar-
ios are typical of real physical environments [82]. Although
passivity-basedmethods cannot guarantee the achievement of
desired performance, stability can always be ensured. Five
popular passivity-based methods and three non-passivity-
based methods are described as follows.

1) WAVE TRANSFORMATION
Anderson and Song [89] were the first to combine the con-
cepts of electrical network theory, scattering transformation,
and passivity for telerobotic systems to ensure stability –
regardless of the size of the constant time delays. They did
so by treating the connection between the two robots like
the equivalent of a virtual passive transmission line [14], and
modeling the robots using (electrical components like resis-
tors, capacitors, and inductors [90]. Two years later Niemeyer
and Slotine [85] improved this method, while also making it
simpler for mechanically-minded roboticists to understand.
Instead of using electrical network modeling and the power
variables {fm, vm} and {f s, vs}, they implemented wave
variables {um, wm} and {us, ws} which encode the velocity
and force information from each side as shown in Fig.10 [91].

FIGURE 10. Wave transformation.

As can be seen in (5), wave variables do not have a physical
meaning as they are a combination of velocity and force:

um =
bvm + fm
√
2b

, ws =
bvs − f s
√
2b

, (5)
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where um is the right-moving wave which travels from the
master side to the slave side,ws is the left-movingwavewhich
is sent from the slave side to the master side and b is the
characteristic wave impedance of the transmission line [82].
The wave impedance variable should be tuned according to
the delay size. Furthermore, the wave impedance variable
can be used to adjust the tradeoff between reflected inertia
and stiffness, which can vary the feeling of the system from,
for example, feeling light and flexible to feeling stiff and
heavy.

The advantage of using the wave transformation method is
that neither the size of the time delay nor the model parame-
ters need to be known to guarantee stable performance; how-
ever, the wave method has several disadvantages. i) Position
drift, which is an intrinsic disadvantage, can occur when
using only the velocity and force values [91]. One solution
to compensate for position drift is to use a wave integral
instead, which includes the position as well as the velocity
and force in the single quantity of the wave variable [92].
ii) Another intrinsic disadvantage of the wave transformation
method is that larger delay size can cause wave reflection.
Wave reflection is information rebounded across the commu-
nication channel between the master and slave side leading
to oscillatory behaviour, like an ‘‘underdamped resonance of
the wave communication at its natural frequency’’ [82]. This
manifestation produces an undesirable and significant set-
tling time of the teleoperator [90]. Impedance matching can
eliminate this issue, in addition to providing optimal tuning
capabilities for the local and remote controllers [82]. iii) An
additional disadvantage of the wave variable method is that
spurious dynamics may interfere with normal operation [82].
These dynamics may be a problem if this method is used
for telerehabilitation using robotic exoskeleton control with
stroke patients as sometimes their affected arm can exhibit
spurious behaviour due to spasticity in the muscles. iv) Addi-
tionally, this method on its own cannot ensure stability for
time-varying delays, such as those that occur over the Inter-
net. Extensions to the wave variable can be used however to
guarantee passivity using energy-conserving dynamic filters
to shape the wave responses [92].

2) WAVE PREDICTOR
AWave Predictor [90] is a wave-based control method which
predicts the incoming wave variable from the slave side
to compensate for constant and variable delays [93] in the
communication channel on the master side, and minimizes
their effect. It does so by incorporating a modified Smith
predictor, energy regulator (Fig.11) and a Kalman filter. This
method is stable even with large modeling uncertainties of the
remote system which is used in the predictor. Furthermore,
a wave predictor uses a position-correcting input to minimize
position errors. This method enforces passivity independent
of constant delays and possibly even time-varying delays
as well, provided that the slave robot dissipates sufficient
energy. Rodriguez-Seda et al. [81], however, noted that it is
difficult to predict how much energy should be dissipated.

This method was validated using two 2-DOF mechanisms
in [81].

FIGURE 11. Wave predictor incorporated inside the wave junction.

3) TIME DOMAIN PASSIVITY CONTROL (TDPC)
TDPC is one of the most popular telerobotics control
methods [62]. The main advantage of using TDPC for
position-force architecture is that it is model-free and works
with time-varying and unknown time delays. Since its perfor-
mance only relies onmeasurements, it can be applied to many
different systems. First introduced in [84], TDPC monitors
the energy input and output into a system node in real time
(Fig.12). The method uses Passivity Observers (POs) and
dissipates the excess energy using Passivity Controllers (PCs)
when the system shows an active behavior.

FIGURE 12. Single port with passivity observer and passivity controller on
the master side [73].

One of the disadvantages of TDPC is that it can exhibit
a jarring effect when the PC engages [87]. As a result,
researchers have been expanding on this method by mon-
itoring the power transfer between nodes instead of using
a reference energy value. Improved stability and simplicity
were observed in the new implementation [94]. Additionally,
TDPC can suffer from the accumulation of energy dissipa-
tion. One solution is to reset the PO when the absolute value
of the rendered force is less than a specified threshold for a
set amount of time – meaning, when the slave robot is not
interacting with the environment [95]. Another disadvantage
of this method can occur when the velocity or force variables
are close to zero or are zero since control failure can occur
due to zero division behavior [96]. Consequently, researchers
have devised estimations for the conventional TDPC method
to overcome these issues. One example is Sheng et al.’s [96]
switching dissipation controller which guarantees stability.

4) PASSIVITY-BASED ADAPTIVE CONTROL
Adaptive controllers which specifically compensate for com-
munication delays are summarized in [97]. They can be
applied to either linear or nonlinear systems. One method
works by estimating an accurate environment model that gets
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updated in real-time. Another method suppresses uncertain-
ties existing both in the master and the slave robot models.
Chopra et al. [98] utilized a state-feedback control law which
ensures the passivity for any constant time delays, initial
offsets, and parametric uncertainties. This process is done
using wave variables that contain the position, velocity, and
force information [97]. Nuño et al. [99] devised a passivity-
based adaptive control method that can work with variable
and asymmetric time delays in both channels. During free
motion, this method ensures that all signals are bounded and
that the position errors and velocities diminish asymptotically
and converge to zero.

5) PROPORTIONAL-DERIVATIVE-LIKE CONTROL
This method was introduced by Lee and Spong [100] and is
a damping injection scheme. It treats the master and slave
sides of the teleoperator as virtually connected via a spring
and damper mechanism over the delayed communication
channels with an added dissipative term at each side of the
teleoperator. This method, which is sometimes expressed as
PD+d, guarantees the passivity of the system with constant
delays and parametric uncertainties. Although it requires a
known upper bound of the round-trip delay, the delays can be
asymmetric, and their exact estimates are not necessary. The
advantage of this method is that the position is transmitted
explicitly and that it passifies the communication and the
control blocks altogether. Nuño et al. [101] showed that this
strategy also provides position tracking for teleoperators with
variable time-delays.

B. NON-PASSIVITY-BASED METHODS
1) FOUR-CHANNEL ARCHITECTURE
Lawrence [102] observed that velocity and force feedback
should be used in the design of the control laws of the
master and slave robot controllers to achieve perfect trans-
parency. This 4-channel architecture requires the velocity and
the force to be sent from the master to the slave and vice
versa [61]. Although the 4-channel method achieves perfect
transparency where there are no time delays, it loses passiv-
ity and robustness to delays [72]. Aziminejad et al. [103]
addressed this shortcoming by combining the 4-channel
method with the wave transformation. Another disadvantage
of this method is that very accurate models of the master and
slave robots are required to achieve perfect transparency.

2) SLIDING MODE CONTROL
SMC requires the design of a sliding surface based on the
position and velocity errors. When applied to a single upper
limb robotic exoskeleton, the error is between the desired and
the actual positions and velocities. For teleoperated robots,
however, the position and velocity errors are between those
of the master and the slave robots. SMC has been used
with success in telerobotics as it ensures robustness against
uncertainties and time delays. For example, in [104], Park
and Cho used an SMC controller on the slave side to track the
master robot which utilizes an impedance controller. One of
the main disadvantages of SMC is the chattering effect from

the switching controller component but the use of numerous
smoothing methods can be explored to improve performance.

3) ADAPTIVE ROBUST CONTROL
In the presence of parametric uncertainties and disturbances,
a combination of adaptive and robust control methods was
proposed in [105] which also addresses time-varying delays.
The trajectory of the master was sent to the slave and esti-
mated environmental torque parameters were sent to the mas-
ter with simulation results.

The discussed telerobotics control methods are summa-
rized in Table 2. Although there is still a lot of research taking
place in telerobotics control methods dealing with delays,
the most common and successful ones are passivity-based.

Having discussed some of the most popular teleoperation
control methods in this section, the next section discusses sev-
eral telerehabilitation projects which use upper limb robotic
exoskeletons. The applications presented require the integra-
tion of control methods discussed in the previous section and
those discussed in the current section.

V. CONTROL METHODS FOR UPPER LIMB BILATERAL
TELEREHABILITATION WITH ROBOTIC EXOSKELETONS
An upper limb robotic exoskeleton-based telerehabilitation
system consists of a therapist interacting with a robotic
exoskeleton at the master side and a patient’s arm fastened
to a robotic exoskeleton arm at the slave side. In unidirec-
tional teleoperation, kinematic information – such as posi-
tion and/or velocity – is sent from the master side across a
communication network to the slave side for the motion to
be mimicked. In bilateral teleoperation, kinetic information –
such as the force sensed on the slave side – is usually sent to
the master side across the communication channel.

During the initial rehabilitation stage – when the patient
cannot move the affected arm voluntarily – passive con-
trol is executed. For single exoskeleton-patient system, like
those described in Section III, typically the motion of the
exoskeleton is programmed in the software to performing
standard upper limb rehabilitation and stretching exercises.
In passive-control telerehabilitation, the therapist controls the
motion of the master exoskeleton which is relayed to and
mimicked by the slave robotic exoskeleton in order to move
the patient’s affected arm. The interaction during this passive
control stage can additionally include the therapist assessing
and improving the patient’s muscle strength, range of motion,
and quality of the motion of specific joints. The primary
objectives for passive mode telerehabilitation are neural and
muscular plasticity, improvement of range and reduction of
muscle tone (spasticity) in the patient at remote locations.
The control objectives are the same as those for a single
exoskeleton, but in this case the slave robot’s motion has
the master’s robot motion as the desired motion to follow.
And in addition, the control system has to address effects of
communication delays. The performance of the controllers is
evaluated the same as for the single exoskeleton systems: by
looking at the aximum overshoot, rise time, and settling time
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TABLE 2. Telerobotics control methods with time delays in the communication channels.

of the manipulated variable (such as position or velocity),
which can be described as tracking performance.

Once some of the patient’s mobility returns, active control
strategies can be employed where the patient initiates the
motion and the therapist can help the patient perform training
exercises or even resist the patient’s motion.

No comprehensive studies have been found in the liter-
ature describing upper limb telerehabilitation with robotic
exoskeletons that include both an operator and a patient, and
compensation for time delays. However, research projects
were identified which contained a subset of the critical com-
ponents and four are described as follows.

A. CASE STUDIES IN LITERATURE
1) TELEOPERATION OF 4-DOF EXOSKELETON
USING TDPC
Buongiorno et al. [62] presented a project where upper limb
robotic exoskeletons were used on both the master and the
slave side of the teleoperation system with communication
time delays between them. It was not a complete telerehabili-
tation system, however, since there was no human involved
on the slave side for the performed experiments. A four
degrees of freedom (4-DOF) upper-limb robotic exoskeleton
called ALEx was used as the master robotic exoskeleton.
This robot also had one passive degree of freedom and was
a mechanically compliant, low-inertia device. All the joints
were controlled using an impedance-like controller with the
following control law:

τ J + τGJ + τVFJ + J
TFEE , (6)

where τ J , τ
G
J , τ

VF
J , JT , and FEE are the vectors of the joint

control torques, the feed-forward gravity compensation term,
the feed-forward viscous friction compensation term, the

transposed Jacobian matrix, and the renderized spatial force
at the end effector, respectively.

An upper limb robotic exoskeleton called Rehab-Exos
was used on the slave side. It has 4-DOF in a serial archi-
tecture isomorphic with the human arm kinematics. The
Rehab-Exos was built with torque sensors at every joint.
It also had high-ratio gear reduction built into the design to
limit backdrivability. The controller on this robotic exoskele-
ton was admittance-based and the control law is as shown:

τ J = τ dyn + τGJ + KP
(
qo − q

)
− KD

(
q̇o − q̇

)
, (7)

where τ dyn is the dynamic compensation terms, and KP and
KD are the proportional and derivative constants for the PD
position controller. The desired and the actual joint positions
are represented by qo and q, respectively.
The velocity from the master side was sent to the slave

side and the force measured at the slave side was reflected
to the master side. Since the two robotic exoskeletons were
not kinematically identical, it was the end effector motion
that the slave robot mimicked, rather than the motion of
each of its joints. Additionally, even though the slave robotic
exoskeleton was equipped with force sensors at every joint,
only the force measured at the end effector was reflected
across the communication channel to the master side.

To control the bilateral teleoperation across the commu-
nication channel, this project utilized the TDPC method.
Furthermore, since it was the velocity that was sent from
the master side, the implemented controller compensated
for position drift. Additionally, the authors created a novel
method to address the accumulation of energy dissipation –
which is a known problem associatedwith TDPC. They did so
by combining two other methods suggested in the literature:
resetting the PO when the slave was not interacting with the
environment [95], and also performing an energy resetting
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maneuver that resets the PO when the system was stable for
a fixed amount of time [107].

The modified TDPC control method performed well dur-
ing the tests described in the paper. In the future, it would be
very useful to see how the control methods would perform –
and what extensions would have to be made – when a human
is included on the slave side. Furthermore, this study was
based only on end-effector motion and force, thus it would be
interesting to see this control method applied in joint-space to
kinematically-comparable robotic exo-skeletons.

2) TELEOPERATION OF IMPEDANCE-CONTROLLED 6-DOF
EXOSKELETONS WITH ‘THERAPIST’ AND ‘PATIENT’
A study performed by Lanini et al. [108] in 2015 documented
experiments performed with upper limb robotic exoskeletons
and healthy human operators on both the master and the
slave side of the teleoperation system. These experiments
did not include time delays between the two systems, thus
no teleoperation control method addressing delays had to be
implemented. Although both unilateral and bilateral teleop-
eration was performed during this study, only the bilateral
teleoperation case is discussed in this article.

On the master side, the authors used ARMin III, a 6-DOF
grounded upper-limb rehabilitation exoskeletons which has
position sensors at every joint. The master robot ARMin III
joint angles were sent to the slave side. The device used
on the slave side is ARMin IV, the next generation of
ARMin III, a 6-DOF grounded upper-limb rehabilitation
exoskeleton equipped with position sensors at every joint
and three force/torque sensors placed in the two cuffs that
envelop the user’s upper arm and forearm. There was also
a force/torque sensor in the hand module. The joint torques
were measured on the slave ARMin IV and reflected to the
master side for bilateral teleoperation. It should be noted that
the measured torques were scaled and bounded by a safety
limit before being applied to the robot-human system as the
feedback torque on the master side.

There was no controller on the master side. The slave side
exoskeleton had a compliance controller which was based on
PD control with gravity compensation as shown below:

τ = KPqe + KDq̇e + τG, (8)

where τ is the control torques, τG is the estimated gravity
torques, KP is the gain for active stiffness on the joint angle
error qe between the desired and actual angles, and KD is
the gain for joint damping action operating on the velocity
error q̇e. If it is assumed that gravity torques can be estimated
perfectly and that q̇e = q̈e =0, then:

KPqe = JT (q)Fint , (9)

where JT (q) is the transpose of the exoskeleton’s Jacobian
matrix and Fint is the interaction force between the human
and the exoskeleton. Therefore, the interaction force acts
on the human arm as a function of the joint angle error.
Gain KP allows each exoskeleton’s joint stiffness to be

adjusted separately. This method can be seen as an impedance
controller with static model-based compensation.

To guarantee stability, the measured interaction torque sent
to the master side from the slave side, τ ef (t), was constrained
by the small gain stability requirements:

τ ef (t) =

 τ e (t) , if |τ e (t)|<JTarmX (t)
τ e (t)
|τ e (t)|

JTarmX (t), otherwise
(10)

where Jarm is the Jacobian of the human arm and X (t) is the
permitted upper bound of the reflected torque.

Lastly, Lanini et al. [108] did not incorporate communica-
tion time delays, though they discussed the stability analysis
of their system theoretically.

As a next step, it would be interesting to analyze the case
with time delays between the master and the slave system
and see which teleoperation control method would work best
in addressing the delays. Furthermore, it would be useful to
perform experiments in joint space to take full advantage of
the hardware capabilities of these devices which are currently
the most expensive and advanced upper limb rehabilitation
robotic exoskeletons on the market.

3) TELEOPERATION OF AN END EFFECTOR ROBOT USING A
3-DOF EXOSKELETON
A paper written by Wei et. al in 2014 [109] documented a
study performed using a custom-made upper limb robotic
exoskeleton, ULERD [56], [110]–[113] on the master side
and the PHANTOM Premium, an end effector robot on the
slave side.

The PHANTOM Premium could provide the x, y, and z
position values as well as the orientation of the end of the sty-
lus about the three axis. Also, the force – which was motion-
dependent and generated through the haptic rendering – was
sent from the stylus.

The ULERD on the master side had 3-DOFs: elbow
flexion/extension, wrist flexion/extension, and forearm
pronation/supination. An MTx sensor, which tracks inertial
orientation in 3-DOF (roll, pitch, and yaw), was installed 2 cm
away from the wrist to track forearm flexion and extension.

In contrast to convention, in this study he ‘therapist’ han-
dled the stylus on the PHANTOM Premium on the slave side
and the ‘patient’ wore the ULERD on the master side. This
study allowed active control from the patient side. Further-
more, when the patient moved the ULERD, the controller
used a potential- field-of-virtual-force method that allowed
customization and control over timing and the level of influ-
ence of the exert force. PID control was applied on the PHAN-
TOM Premium in order to build the potential field of virtual
forces. A desired position was specified to the PHANTOM
Premium on the slave side and the programmed force that
would send the robot towards this target position.

The test discussed in the study involved only the elbow
flexion and extension motion by the patient on the mas-
ter side inside the ULERD. Good following performance
was achieved. As an extension, it would be beneficial to
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implement a teleoperation control method and perform tests
with delays. One apparent limitation of this study is that the
roles of both the ‘therapist’ and the ‘patient’ were performed
by the same person at the same time. This setup is what is
known as ‘bilateral training’, and it usually performed so that
a patient’s able arm can influence the rehabilitation of the
patient’s affected arm. As a result, this scenario uses another
closed control loop through the patient and provides advanced
and continuous knowledge about the intention, motion, and
forces on both sides which can compromise the evaluation
of the teleoperation system at hand. For telerehabilitation
research, it is suggested that the same setup could be used
but with different operators on the master and the slave side.

4) TELEOPERATION OF A 3-DOF EXOSKELETON USING A
HUMAN-ARM-LIKE DEVICE, WITH ‘THERAPIST’ AND ‘PATIENT’
Two papers have been written by researchers at the Depart-
ment of Intelligent Mechanical Systems Engineering in Japan
documenting aspects and stages of a project which involved
using a human-arm-like device on the master side, and an
elbow exoskeleton on the slave side [101], [102]. The master
side incorporated an elbow Series Elastic Actuator (SEA)
device to provide haptic feedback to the ‘therapist’. A large
reduction ratio gearhead was used in this device for minimal
deflection of the elastic elements during passive training to
provide high fidelity readings of the master side motion. The
SEA was selected to also allow for adjustable impedances
and to detect the force applied by the therapist during active
training. An angle sensor and an inertia sensor (MTx) were
used on the master device. This device was handled by the
‘therapist’ to perform elbow flexion and extension motion
and the sensor data was sent to the slave side.

The same exoskeleton that was used in Study 3 [109] was
used in this study as well on the slave side. Elastic elements
were also incorporated in the design of the exoskeleton to
allow for adjustable impedance since high joint impedance
is required during the passive mode but near-zero impedance
is required during the active mode. The patient’s motion was
tracked using an inertia sensor (MTx).

A closed-loop control strategy was applied on the master
device which allowed for variable impedance by adjusting the
deflection of the elastic elements. The robotic exoskeleton on
the slave side was under PID control. The time lag during
TCP/IP communication between the master and the slave had
a maximum value of 15 ms. These delays were not compen-
sated for and the ‘patient’ felt no obvious discomforts. The
motion of the exoskeleton was observed to be smooth.

The exoskeleton’s motor current was monitored for safety,
as it could reveal the interaction force between the patient and
the robotic exoskeleton. For extra added safety, and to com-
pensate for delays, a mechanical torque-limiting component
was also implemented in the exoskeleton.

B. DISCUSSIONS
Very few papers have been found in the literature that
studied bilateral telerehabilitation with upper-limb robotic

exoskeletons, as shown in this Section. Out of the four stud-
ies outlined in this article, only one utilized a teleoperation
control method that addressed communication time delays.
Furthermore, only one study included individual huma opera-
tors and robotic exoskeletons on both the master and the slave
side; however, it did not consider communication delays. Two
studies only used an upper limb exoskeleton on one side
and an end effector type robot on the other. Another study
used a SEA-based human-arm-like device that would require
the ‘therapis’ to manipulate it similar to the way a therapist
would handle a stroke patient’s affected arm during rehabil-
itation training. Impedance control was used on the master
side for two of the studies where a master side controller
was used. Two of the studies used PID control on the slave
side, one used Admittance control, and one used Impedance
control.

Control methods for upper-limb telerehabilitation robotic
exoskeletons have the advantage of being able to help in
providing intensive, consistent, longer, programmable, and
high-precision therapy compared to conventional physical
therapies. They can objectively assess and monitor patients’
performance using sensors. Furthermore, better outcomes
than usual care can be achieved when combined with video
games [116]. In the long run, robotic rehabilitation has
the potential to reduce costs and increases patient through-
put [117] and reduce therapist fatigue by using force-
scaling [20], and facilitating multi-patient sessions [118].
In contrast with end-effector type robots, robotic exoskele-
tons are able to rehabilitate at the joint level and minimize
compensatory movements that is common in systems using
end-effector-type devices [119].

When electro-mechanical hardware is physically con-
nected to the human limb, safety should be of paramount
concern in order to prevent injury. Appropriate precautions
should be taken in their design and operation by integrating
software and hardware limits, torque limiters, saturation lim-
its for local and reflected power signals, and emergency stop
buttons that can be easily reached and operated by the patient.

With respect to telerehabilitation, some of the main advan-
tages are that there would be cost reductions in hospital
stays and cost reductions in travel for the therapists to go
to clients’ homes or remote community clinics. There would
also be less need for patients to go to hospitals or clinics
and therefore result in additional travel cost reduction. Even
more cost savings could take place by having a therapist at a
clinic, and conduct simultaneous rehabilitation sessions with
multiple patients at several remote locations [117], [118].
Another advantage of telerehabilitation is that the same soft-
ware and hardware systems could be implemented at different
sites, providing consistency and reducing the learning curve
for both therapist and patient [14]. Scaled forces between
the master and the slave systems could be used to reduce
fatigue for the therapist [20] and thus enable more patients to
be serviced. Additionally, considering the reduced in-person
physiotherapy services due to COVID-19, telerehabilitation
should be seriously considered.
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One of the main disadvantages of using assistive robotics
is that it is an emerging technology and thus – not fully
matured where it can be readily available to be implemented.
Known current challenges for rehabilitation robots are the
achievement of smooth interaction with the human limb and
limited workspace [120], [121]. Furthermore, optimal con-
trol methods still need to be developed for this technology.
Additionally, the cost of current systems is prohibitive to
the general population [122]. One of the main disadvan-
tages for telerehabilitation is dependability on the internet
as service availability and reliability can limit its use in
certain regions and its viability. When looking specifically
at exoskeleton robots, the lack of flexible designs can be
a deterrent to making them more widely integrated and
used.

The control methods for upper limb robotic exoskeleton
telerehabilitation have numerous challenges. First, there are
system uncertainties [123] such as modeling uncertainties.
There are also input uncertainties [80] such as unknown exter-
nal disturbances and improperly measured, modeled [97], or
time-varying human arm parameters. Accurate velocity and
acceleration value estimates or measurements are required
for many control methods – which can be challenging to
obtain due to noise in the signal. Unreliable communication
channels: delay and other degrading factors such as data loss,
and limited bandwidth affect stability and transparency [108].
Furthermore, potential stability loss can happen due to the
human operators injecting energy into the system which can
result in failure of control and unsafe operation if not properly
addressed.

For future rehabilitation robotic exoskeletons control sys-
tems, in order to deal with parametric uncertainties and
unknown models, methods such as adaptive robust control,
radial basis function-based approaches, and machine learning
methods would be recommended. Furthermore, customizable
impedance control is of great benefit to ensure and accommo-
date comfortable and adjustable interaction.

Robust teleoperation control methods that ensure bound-
edness of the reflected energy could possibly be the safest
methods to be implemented.

Additionally, as telerehabilitation robotic exoskeleton sys-
tems advance to the later stages in research and to the clinical
stage, key performance indicators, such as the Fugl-Meyer
Assessment, should be used to assess the disease severity,
motor recovery, and rehabilitation treatment of the patient’s
affected arm.

Perhaps the biggest reasons that there are so few studies
and projects in this area is the cost and complexity of the
robotic exoskeleton, as well as its control challenges involved
with nonlinear systems and network communications. Pos-
sibly, as a first step, the focus should be placed on devel-
oping less expensive, simpler-to-integrate, and simpler-to-
control robotic exoskeletons that would address only one or
two degrees of freedom. Such systems could also be more
portable and readily integratable into the homes of remote
patients, as they would be more accessible.

VI. CONCLUSION
This article presents an overview of upper limb robotic
exoskeleton control methods, telerobotics control methods,
and four current upper limb robotic exoskeleton telerehabili-
tation studies. There are numerous papers found describing
control methods for upper limb robotic exoskeletons and
the most common methods were outlined in this article.
There are also myriad control strategies in the literature for
bilateral telerobotics and control methods used with multiple
degrees of freedom that compensate for the time delay across
the communication channel– the most common of which
were summarized in this article. Lastly, there is very little
research presented in the literature on telerehabilitation for
upper limbs with robotic exoskeletons. It is expected that as
the rapidly growing population of seniors around the world
becomes more taxing on the medical system and the COVID-
19 pandemic impeding the delivery of in-person physiother-
apy services, tele-rehabilitation research, development, and
implementation will become more crucial and prevalent.
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