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ABSTRACT The number of older people is growing rapidly around the world. Ageing process results in
reduced or restricted mobility which is essential to perform activities of daily living. Currently, there are
numerous powered assistive exoskeletons commercially available as well as are being developed to support
and rehabilitate lower limbs. Significant attention is also been given to develop upper limb rehabilitation
devices, however the question of what kind of assistive devices can be used by elderly group of people for
their upper limbs and what technical characteristics they should incorporate is not properly researched. This
paper presents the state of the art of currently available assistive exoskeletons which can be exploited to
support the motions of upper limbs of elderly to perform activities of daily living. Mechanism type, degrees
of freedom, type actuators and materials selected for the fabrication of these porotypes are presented in
detail. Also, the type of control systems utilized for these upper limb exoskeletons are discussed in detail
with the insight on the feedback signal methods. A detailed discussion on the challenges in the fields of
mechanism development, actuation and control for these upper limb powered exoskeletons is presented with
the opportunities for future technological developments.

INDEX TERMS Control, elderly, exoskeleton, upper limb assistance, wearable robotic device.

I. INTRODUCTION
With the progresses made in technology and medicine in the
21st century the global share of elderly population started to
increase rapidly. Based on the report from the World Health
Organization (WHO) nowadays most people can expect to
live upmore than 60 years [1]. Based on United Nations (UN)
data it is estimated that by the year of 2050 the proportion
of older people will grow up to 2 billion [2]. It is projected
that developing countries will be the home to more elderly
people in comparison to the developed ones [3]. The estimate
and projection of senior citizens increase by developed and
developing regions is depicted in the Figure 1 [4].

The process of ageing causes degradation in skeletal and
muscle structures, thus older people start experiencing dete-
rioration in muscle strength and volume becoming more pre-
disposed to various age related diseases such as sarcopenia
and osteopenia [5]–[7]. On average, an older organism loses
3% of its muscle strength annually [8]. The results of studies
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reveal, that movements associated with upper limbs among
elderly are also impacted due to ageing process [9]–[12].
The loss of muscle power in upper limbs decreases mobility
and limits activities associated within daily life. There are
around 15% of elderly people above age of 65 who need help
to perform usual daily work [13]. To address this problem
assistive technologies in terms of wearable robotic devices
have been developed. Robotic upper limb exoskeletons can
help to assist activities of daily living (ADL).

The purpose of this paper is to explore the currently exist-
ing wearable assistive robotic upper limb exoskeletons which
can be used by elderly people to help them in performing
various ADL. This paper presents the technical insights in
terms of mechanism design including degrees-of-freedom
(DOF) for these upper limb robotic exoskeletons, types of
actuators used to power these exoskeletons andmaterials used
for the fabrication of these exoskeletons. Also, the control
strategies developed for these robotic upper limb exoskele-
tons are discussed in detail. A detailed discussion on the
mechanism, actuation and control aspects of these upper limb
robotic exoskeletons is presented. Finally, future trends and
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FIGURE 1. Estimation and projection of elderly people of the age of 60
years and beyond from 1980 to 2050.

venues for further development in the field of upper limb
robotic exoskeletons are discussed.

Numerous review papers have been published on the topic
of upper limb exoskeletons for rehabilitation and assistive
purposes [14]–[25]. The difference between these published
review papers and this paper is that the current paper con-
centrates mostly on robotic upper limb devices which can
be used by old people to perform their ADL, enabling them
improving their life quality. This presents the contribution
of this paper as compared to the published literature. As per
the best knowledge of authors, no prior paper describing the
technological aspects of robotic upper limb exoskeletons for
elderly assistance has been reported in literature.

The upper limb exoskeleton has broad definition and to
limit the scope of the current study, several inclusion and
exclusion parameters were set. Firstly, the passive orthoses
which do not have any motors or actuators were not consid-
ered in this work. Upper limb exoskeletons which possess
only single therapeutic rehabilitation or physical augmenting
(the ones which are used for military personnel to carry or
lift heavy objects) purposes were not included as well. The
reviewwork has included robotic upper limb assistive devices
which help to perform motions of upper limbs required for
daily activities. The term assistive to which the current review
is targeted means the device can provide additional necessary
torque to help elderly in completing various physical motions.
If the system incorporated both assistive together with reha-
bilitation purpose, it was considered as well for this review.
If it is not specifically mentioned in the papers searched
while writing this review that given upper limb assistive
exoskeleton can be used by elderly or weak people for ADL
purposes, the exoskeleton was excluded from this review.
The different set of keywords such as elderly, activities of
daily living, upper limb, old people, exoskeletons, robotic,
powered orthoses, assistive, device and wearable and their
combinations were used for searching the publications from
databases such as Scopus, Google Scholar, IEEE Xplore,
Web of Science, PubMed, ERIC, JSTOR, Directory of Open
Access Journals (DOAJ) and ScienceDirect.

FIGURE 2. (a) Upper limb parts with muscles; (b) main bones of upper
extremity.

II. UPPER LIMB BIOMECHANICS
Upper extremity is one of the most complex part of human
body. It consists of hand, wrist, forearm, elbow, arm and
shoulder complex [26] as shown in Figure 2 (a). Clavi-
cle, scapula, humerus, radious, ulna, phalanges carpals and
metacarpal (Figure 2 (b)) constitute the main bones of
the upper extremity. The movement of the arm depends
on the synchronized interaction of three bones namely;
‘‘clavicle, scapula and humerus’’ and four joints named
as ‘‘glenohumeral, sternoclavicular, acromuclavicular and
scapulothoracic’’ [27].

Overall, the arm has seven degrees of freedom (DOF).
Three DoFs are located at the shoulder complex (gleno-
humeral joint), whereas the elbow and the wrist joints possess
two DOFs, each. Figure 3 depicts various upper extremity
motions.

FIGURE 3. (a) Shoulder component (Abduction and adduction).
(b) Shoulder component (extension and flexion). (c) Shoulder component
(rotation internally and externally). (d) Elbow component (extension and
flexion). (e) Forearm component (Pronation and supination). (f) Wrist
component (extension and flexion). (g) Radial-Ulnar flexion.

Majority of ADL do not require upper limbs to be used in
a full range of motion. Therefore, it is essential to determine
how much range of motion for each DOF is required to
perform the ADL. For instance, the normal range of flexion
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FIGURE 4. Upper limb assistive device concept.

and extension for elbow varies from 0 to 150 degrees, and
for pronation and supination is from 75 to 85 degrees [28],
however the study conducted by Morrey et al., indicated
that performance of 15 daily activities require motions rang-
ing from 30 to 130 degrees in elbow flexion and extension
movements and 50 degrees for pronation and supination
movements [29]. The usual range of motion for wrist exten-
sion goes up to 70 degrees and flexion varies between 80
to 85 degrees [30]. The range of motions of 40 people for
ADL has been studied and analyzed in the work done by
Ryu et al. [31]. The results demonstrate that in majority of
daily life activities a person required to use only 70% of the
total range of motion for the wrist. Knowledge of required
range of motion for the performance in the daily life activities
can be beneficial in the development of assistive exoskeletons
for elderly people.

III. MECHANISM DESIGN
In general, powered upper limb exoskeletons are referred to
the category of wearable robots which match the range of
movements of human upper limbs. The mechanism structure
of wearable exoskeletons works in parallel with the human
limbs. Such devices are able to enhance the power of upper
limbs and direct them in a specified trajectory by providing
additional torques for muscles and joints [32]–[34].

One of the 1st concepts of upper limb assistive devices with
parallel mechanism structure for disabled or weak people
has been proposed in 1995 by Homma and Arai to support
hand motions during ADL [35]. The concept is shown in
Figure 4. The hand is attached to strings and the motions of
arm are exerted by interchanging the length of each string,
the motor and control parts are located on the backside of
the wheelchair. The proposed design was not realized into a
physical prototype.

Currently, there are various assistive exoskeletons avail-
able which can be used for elderly assistive purposes dur-
ing their ADL. One example of such upper limb assistive
device for elderly called as ASSIST has been proposed by
Sasaki et al. [36]. It has a lightweight structure which has 1
DOF assisting the wrist flexion and extension motions. The
validity and effectiveness of the proposed device has been
demonstrated with the experiments. In general, ASSIST can
reduce the muscle fatigue and provide additional torque for
limbs to complete the specified motion trajectory (Table 1).

Recently, a device named AXO-SUIT has been devel-
oped for older people, so they can perform ADL. It con-
sists of lower-body and upper-body prototypes (LB-AXO
and UB-AXO respectively) [37], [38]. The upper limb part
depicted in Figure 5 (a) possesses exoskeletons for both right
and left hands, where each has 3 active and 3 passive DOFs
interconnected in between with 1 spine module. The force
sensors distributed along upper limbs are used to establish
interaction between the user and the robot. Currently, the
product is in a research stage development and various exper-
iments are being conducted with human subjects to test and
demonstrate its validity and effectiveness.

In the other work, Gu has proposed a mechanical device as
shown in Figure 5 (b), which allows elderly to continue main-
taining independent lifestyle [39]. The mechanical device
helps users in different actions like self-feeding, working on
a computer and drawing pictures by themselves. DC motor is
utlizied to activate parallel mechanism through the usage of
strings. Force sensorwas used to track assistive torque exerted
to the subject’s arm. The stiffness of a specific muscle was
observed with the employment of tactile sensors. The relia-
bility, safety and usage friendliness of the system is obtained
with the application of sensor measuring stiffness level of the
muscle. In addition, it is easy to attach and fix stiffness sen-
sors. The skin condition does not affect the signal extraction
which means that it can properly extract muscle contractions
even with clothes in between. The system is mainly made
from aluminum alloy together with other compositions. There
are also some other meal feeding assistive devices for elderly,
however such assistive devices have no effect on conducing
people’s involvement in that process [40], [41].

Soft exoskeleton for upper limb assistance, Power Jacket
shown in Figure 5 (c) from Panasonic- Matsiushita Electric
Industrial was constructed for stroke survivors who are inca-
pable to move their limbs [42]. Such device is also applicable
for assisting elderly people with weak movement abilities.
The exoskeleton is embedded with 8 air muscles that extend
or flex using compressed air. Myomo, Inc. has developed
several type of assistive robotic upper limb exoskeletons.
One such product that can be used by elderly for performing
ADL is called as MyoPro for Veterans shown in Figure 6 (a).
This product is commercially available [43], [44]. The system
enables people to continue doing their hobbies like wood-
working, cutting food, preparing meals. Muscle contrac-
tions are detected using electromyography (EMG) sensors
installed in the system.

Cyberdyne Inc. developed various type for exoskeletons
both for lower and upper limbs. One of its commercially
available upper limb single joint exoskeleton named HAL
in Figure 6 (b). HAL uses brain nerves to send various sig-
nals to muscles for the control of exoskeleton [45]. A low
cost 2 DoF upper limb device design has been proposed
by Mohamed et al. [46]. The device has two usage options.
In the first option, device is worn on a subject making it
portable and in the second one, it can be attached to the cart
to reduce the load exerted on a user as shown in Figure 8.
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FIGURE 5. (a) Upper limb exoskeleton from AXO-SUIT project. (b) Assistive device to support vertical motion. (c) Power Jacket Realive.

FIGURE 6. (a) MyoPro exoskeleton for Veterans. (b) HAL for living support.

FIGURE 7. (a) Portable mode. (b) cart fixed mode of 2 DoF upper limb
exoskeleton.

Inertial Measurement Unit (IMU) sensor has been used to
take measurements of user arm’s joint angles. Potentiometer
is used for measuring robot angles. The mechanism employs
PID control and actuates using Worm Drive motor.

A 6 DoF robot based upper limb structure CABexo which
is driven by cables has been described in the work by
Xiao et al. [47]. CABexo is based on epicyclic gear trains
allowing to satisfy the movement needs of elderly. The
upper limb mechanism proposed in the research work by
Ieki et al. in Figure 9 was designed to assist elderly during
ADL [48]. It allowed to improve the usage of wheelchair for
handicapped elderly by incorporating self-active cast which

FIGURE 8. Usage of exoskeleton while active cast.

implies low energy driving system for residual function trans-
lation to the upper limb part. Pressure and EMG sensors are
employed in the control unit to establish sensory feedback.

Latt et al., have proposed the 7DoF exoskeleton named
‘‘Spexo’’ which supports elderly in carrying out various ADL
such as drinking, eating and hair combing. Moreover, other
than assistive actions, it may also be used for the rehabilitation
purposes [49]. The system is actuated with the use of DC
motors. It should be noted that during the design stage it
is decisive to consider the different physical proportions of
human body, therefore the mechanism has telescopic features
which can fit people of different sizes. Moreover, Microsoft
Kinect is applied to recognize the food plate location and
direct the exoskeleton towards the specified position.

Upper-Limb exoskeleton (KULEX) has been proposed
which is dedicated for assisting older and disabled people
during ADL [50]. The proposed system includes 3 sections as
shown in Figure 10; 1-DoF hand part for assisting grasping
motion, 6-DoF serial robot for supporting forearm movement
and 3-DoF parallel mechanism for assisting wrist movement,
moreover the overall structure consumes less power, has suf-
ficient maneuverability and a light weight.

Novel design of 7-DoF power assisting device for upper
limb has been proposed after measuring the joint motions
of human shoulder in the work by Kiguchi et al. [51].
Actuation is implemented with the use of 7 DC motors,
moreover springs allowed to decrease the load of motors
during shoulder joint movement. The potentiometer was
embedded on board to measure the extension and flex-
ion of shoulder joint angles. The control part is based
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TABLE 1. Existing upper limb exoskeletons for assistive purposes of elderly and weak people.

on EMG signals, whose features have been extracted by
calculating its RMS values. To determine whether power-
assist function is appropriate 3-axis force sensors were
employed.

A. ACTUATION
The selection of appropriate actuators for the upper limb
exoskeleton is a significant aspect which developers should
take into consideration during design and construction stages.
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Actuators can supply required torque to specified joints to
help subjects in their limbs’ movement. They are usually
evaluated and chosen based on their characteristics in terms
of their weight, power, precision and size. Type of actuation
is the key element in the provision of portable feature for
exoskeleton. The actuators utilized for the design of these
upper limb robotic exoskeletons can be categorized in the tra-
ditional electromagnetic based actuators and the later devel-
opment in the form of compliant actuators. The portability is
a very important factor among assistive exoskeletons which
are used for ADL. Different types of actuation systems are
employed among upper limb assistive mechanisms such as
electric, hydraulic, pneumatic and Bowden cable-based actu-
ator mechanisms. Each of these types has its own benefits
and drawbacks. The benefits and drawbacks of each type of
actuation for exoskeletons are thoroughly described in the
works [52]–[55]. The summary of advantages and drawbacks
of 3 main actuation types is also presented in Table 2.

TABLE 2. General summary of advantages and drawbacks of each
actuation type.

Majority of covered assistive exoskeletons which can be
worn and used by elderly use electric motors to drive the
system and few of them used pneumatic air muscles. Details
of the actuation for each device is presented in Table 1.
Although electric actuation has high torque and precision, it is
heavier than the other types. There is also another class of
actuation called series elastic actuators, which are capable to
increase the stiffness of the system. Such actuation has been
implemented in motorized 4 DOF upper limb exoskeleton
named WREX [56]. Series elastic actuators supply neces-
sary torque and make users feel comfortable while wearing
exoskeleton. Hofmann et al., have proposed the mechanism
which uses Bowden cable to remotely activate the move-
ment of upper limb extremities, the results reveal that the

FIGURE 9. (a) Overall system of 10-DoF upper limb exoskeleton KULEX.
(b) forearm support part. (c) 3-DoF wrist part. (d) grasping part.

FIGURE 10. Hand exoskeleton Mano.

FIGURE 11. Upper limb exoskeleton Exosleeve.

proposed mechanism is dust and water proof, has sufficient
power to move the limbs and has a compact and compliant
design [57]. Such systems do not require accurate alignment
of the joints of human and exoskeleton [58]. Moreover, the
battery and actuation systems are placed remotely, reducing
the pressure on the upper limb extremities. Randazzo et al.,
have introduced wearable hand exoskeleton Mano shown in
Figure 11 which is dedicated towards assisting in performing
various ADL and can also be used for recovery of sensori-
motor functions [59]. The system employs Bowden cables to
transmit the motion for grasping performance.
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Another soft upper limb exoskeleton named Exosleeve is
proposed in the work by Natividad et. al. and assists shoul-
der abduction and adduction motions [60]. The device has
a pneumatic actuation and allows to fit people with differ-
ent anthropomorphic parameters. The results of experiments
involving healthy subjects demonstrated that this device is
able to reduce the user’s muscle activity enabling to delay the
fatigue and also allowing people with motor impairments to
perform desired limb movements.

B. SENSORS
Sensor play an important role in the development of mecha-
nism as well as control of the upper limb robotic exoskele-
tons. The role of these sensors is categorized in two classes;
first one relates to the control of robot applied forces to
the upper limb and second one is related to the estimation
of human user intent. This first class is required to estab-
lish closed loop feedback control system for the upper limb
exoskeletons and provide essential interaction between upper
limbs of subject and the device itself with the proper selection
and application of sensors. The first class involves sensors
such as encoders for control of displacement and velocity,
load cells for the control of forces and pressure transducers
for the control of pressure in case of pneumatic and hydraulic
actuators. The second class of sensors are utilized to measure
the intent of human user of human-robot interaction. Sensors
such as load cells, EMG and EEG based Brain-Computer
Interfaced sensing systems are utilized for that purpose.
A description of sensing systems used for each of the upper
limb exoskeletons is described in Section III along with the
mechanism details. However, a brief description is provided
below to enhance the readability of this paper.

Force sensitive resistors were used in 3-DoF robotic
exoskeleton which is intended both for assistive and reha-
bilitation purposes of the upper limb in the work by
Huo et al. [61]. The general method of implementing assis-
tive feature in exoskeletons is determining the amount of
joint torque required to realize the desired limb movement
and providing partial or full power to the subjects through
the mechanism actuation [62], [63]. The implementation of
EMG based control does not require calculation of the of
human limbs’ dynamic model [64]. Using synthesized EMG
signals for the feedback system in the upper limb exoskeleton
has improved its performance in terms of increasing the
exoskeleton mechanical gain [65].

Although EMG and force sensors are used quite often,
in some cases they may not accurately represent the
movement intentions of elderly either due to tremors
or when the limbs are completely paralyzed. Therefore,
Lalitharatne et al., have proposed a method, where electroen-
cephalography (EEG) signals are used to decode the motion
characteristics of upper limbs [66]. Specifically, the work
applies genetic algorithm (GA) for model training and the
outcome of the work suggests that EEG signals can be applied
into decoding the velocity of elbow joint.

The interaction feedback between user and exoskeleton
can be improved with the integration of sensors which are
capable to extract the limb motions [67]. The motion trajec-
tories of human limbs can be obtained with the application
of IMU sensors, which incorporate accelerometer, gyroscope
and magnetometer [68]. IMU and potentiometer sensors have
been used to establish the interaction between 2 DOF upper
limb exoskeleton and the subject to obtain comfortable and
compliant joint motions in the work done by Atia et al., [69].
As a result, high performance of the device has been achieved
in terms of successfully following and controlling upper limb
motions.

C. MATERIAL
The material of exoskeletons is usually chosen based on
strength to weight ratio. It influences the overall weight
and the comfortability. Rigid structure can be provided by
aluminum alloy, titanium or titanium alloy. Such type of
materials can be used for assistive devices which are fixed on
wheelchairs, so the weight of the system will not be exerted
on human. For the portable ones which are worn to people
who can walk, it is preferable to use composite materials like
carbon fiber since they have lighter weight, but it is more
difficult to reshape the material when comparing to metallic
ones. Soft materials can also be used.

IV. CONTROL
This section describes different types of control schemes
implemented for the assistive upper limb exoskeletons which
can be used by elderly people for their ADL. Control of
the exoskeleton is another key element during the develop-
ment stage. State of the art of control algorithms developed
for different types of exoskeletons are presented in various
works [14], [85], [86], [88]]. The control of robotic upper
limb exoskeletons can be categorized based on the type of
control algorithm used and the type of activities assisted by
using the control algorithm. The type of activities assisted
by using these control algorithms are not explicitly pro-
vided in literature. For this review, the types of control algo-
rithms developed for these upper limb robotic exoskeletons is
discussed.

There are two main categories of control algorithms used
for the upper limb robotic exoskeletons. The first category of
control algorithms guides the upper limb of elderly people on
pre-defined paths without considering the intent and partici-
pation of human subject. This category is known as trajectory
tracking control in literature. The second category of control
algorithms used the robotic sensors such as force, EMG and
EEG to estimate the intent of human subject and modulate
the robotic assistance accordingly. This category of control
algorithms is referred to as Assist-as-Needed (AAN) in lit-
erature. The advantage of AAN control over conventional
trajectory tracking control is that the human subjects’ intent
and muscular capabilities are estimated by using various
sensors and the robotic assistance is customized to the indi-
vidual needs of each subject. Whereas, in the trajectory
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tracking control system, the human subjects’ upper limbs are
guided on pre-defined paths without considering their mus-
cular capabilities. Therefore, the modern and state-of-the-
art upper limb assistive robotic exoskeletons are increasingly
utilizing the concept of AAN control.

Hou and Kiguchi have proposed the AAN control algo-
rithm with perception-assist function for upper limb device,
which can be useful for people suffering from minor physical
disabilities or elderly. This control algorithm helps them to
move their upper limbs in a proper motion trajectory [89].
The core component of algorithm is lying behind the idea
that the proper motion of the limb from starting point to
end point is described within the boundaries of the virtual
tunnel. In case, the limb motion trajectory goes beyond the
boundaries of virtual tunnel, such movement is considered
to be improper. The efficacy of this algorithm has been
tested and verified using 7 DOF upper-limb assistive device
by performing several sets of experiments. In order to help
elderly in self-feeding tasks, Lei et. al. has proposed amethod
for 7 DOF exoskeleton which is based on AAN approach
in the form of phase-dependent trajectory planning, where
the feeding process is divided into several various subtasks
or phases. Smooth and natural motion is ensured with usage
of a redundancy resolution technique called ‘‘Sensorimotor
Transformation Model (STM)’’ [90].

Another common problemwhich elderly usually encounter
is tremor [91], [92]. Specifically, tremors are common disor-
ders which usually occur in the upper extremities. Tremor is
considered to be the periodic unintentional motions of differ-
ent body parts which causes discomfort in performing ADL
such as water drinking, handling some objects while eating,
writing and the others [93], [94]. Usual EMG based, AAN
control implemented in exoskeletons may receive wrong
input commands due to tremor and therefore generate erro-
neous motions. Therefore, Kiguchi et al., have developed
an AAN control method for a 7 DOF upper limb assistive
exoskeleton which suppresses tremor [95]. The vibration due
to tremor is reduced by the application of the pseudo-inverse
matrix’s null space together with the location of hand and
tool. Moreover, by conducting set of experiments the effec-
tiveness and feasibility of the proposed tremor suppression
control method has been verified. Hayashi et al., has proposed
an AAN control algorithm based on torque optimization
control method for 7-DoF upper limb exoskeleton which
comprehends human elbow movement intention through the
application of pseudo-inverse matrix’s null space [96].

In order to provide precise movement tracking of an
exoskeleton, usual trajectory tracking control laws need
larger output impedance. Also, controlling the trajectory
of the joint results in the stiffness of an exoskeleton [97].
Impedance control cause users to feel less inertial forces
during the usage of assistive exoskeletons by providing
required assist-as-needed motions and allowing exoskele-
tons to actively follow human movements [98]–[100]. EMG
based AAN impedance control was integrated in the 7 DOF
upper limb assistive exoskeleton (presented in Table 1) by

Kiguchi et al. The experimental results suggest that this
approach can be adapted to any user [71]. The drawback of
impedance control is that it can affect the system stability
when the mechanical impedance value is large [101].

A 7 DOF upper limb exoskeleton named SUEFUL-7 has
utilized an AAN impedance-based control which helps to
simulate and generate the upper limb movement anatomical
trajectory. The impedance control is used in conjunction with
muscle model oriented control approach [76], [102]. Other
technical parameters for SUEFUL-7 are presented in Table 1.
AAN algorithms based on admittance control methodology is
applied to drive 3 DC motors in the upper limb exoskeleton
developed by Huo et al. The proposed system was examined
on healthy individuals and the model for detecting movement
intentions of the user has been also incorporated [61]. In the
work done by Ivanova et al., assistive 7 DOF upper limb
exoskeleton has been introduced [72]. The system is mounted
on wheelchair and intended to support shoulder, elbow and
wrist movements of elderly population. Application of admit-
tance control algorithm in the mechanism allowed to reach
high maneuverability like anatomical upper limb motion of
the human.

The conventional trajectory tracking control algorithm
developed for the upper limb assistive robots has a stan-
dard architecture. It utilizes a proportional-derivate (PD) or
proportional-derivative-integral (PID) control law to guide
the human limb on predefined trajectories without consider-
ing the intent of user. All these trajectory tracking control
algorithms based on PD and PID control laws developed
for these upper limb assistive exoskeletons summarized in
Table 1.

V. DISCUSSION AND FUTURE PROSPECTIVE
Majority of elderly people are experiencing restricted move-
ment abilities in their upper limbs, which brings challenges
and difficulties in the performance of usual ADL like; dress-
ing, self-feeding, self- caring and other housework activities.
In order to promote good quality of life for ageing population,
automated solutions should be realized in terms of wearable
robotics, which will allow elderly people to stay independent.
Due to the muscle deterioration which happens with ageing,
upper limb robotic exoskeletons can be helpful in performing
various movement tasks such as handling, moving, carrying
and holding different things. This paper presents comprehen-
sive review of currently existing assistive robotic exoskele-
tons for upper limb which can be used by older group of
people.Moreover, the technological insight in terms of DOFs,
actuation type, embedded sensors, control architecture and
type of assistive motions they provide has been thoroughly
described. Majority of currently existing robotic upper limb
exoskeletons are dwelling in research and development and
have not entered the commercialization phase. Moreover, the
majority of presented assistive systems are bulky, heavy and
are not designed for practical usage during the daily life
activities at home. Taking into consideration that target group
who needs assistive devices are weak and having physical
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capability problems, heavy exoskeletons may cause faster
muscle fatigue. In order to reduce the weight exerted on the
upper limb by these exoskeletons, batteries and actuation
systems can be placed proximally. Thus, demanding remote
actuation, which can be realized through the application of
Bowden cables, hydraulic or pneumatic type of actuation.

Recently significant attention is given to the development
of soft exoskeletons which involve innovative textiles making
them more user friendly and convenient to be used. Improve-
ment in motion of upper limbs for holding and grasping
tasks can be realized through such devices. In comparison to
usual hard exoskeletons, soft ones have many benefits over
the hard exoskeletons, such as light weight, ability to wear
and interaction with clothes, making it less visible. Soft ones
can be produced in different sizes considering people with
different anthropomorphic sizes. In addition, they do not have
constraints on joints due to the non-rigid structure. Therefore,
interference with natural body motions will be more compli-
ant. The actuation system of soft robots is inspired from the
biological muscle movements. Both cable-driven electrome-
chanical actuators and pneumatic ones have demonstrated
their ability to have positive impact on the limbs’ movement
assistance. Due to the lower weight and size, less energy
will be needed to run the system. Undoubtedly, the soft
exoskeletons can provide assistive torques, however, such
devices also possess some drawbacks. Since, they do not have
rigid structure, the battery and actuation placement can be
problematic.

The development of control systems for these upper limb
assistive exoskeletons also present significant challenges in
the form of providing customized assistance depending on
the needs of individual human subject. The sensing mech-
anisms utilized for the development of these control sys-
tems are not capable enough to determine the intent and
required level of assistance of human subject. Consequently,
the robot provided assistance is not adapted fast enough in
real time, which may result in unwanted motions of the
human subject in the form of collisions. There is a strong
need to develop the sensing systems and accompanying con-
trol algorithms which are capable enough to estimate and
adapt the amount of robotic assistance required in real time.
This will further enhance the utility and acceptability of the
robotic upper limb assistive exoskeletons among the ageing
population.

Currently, the field related to the development of assis-
tive wearable robots for elderly to perform ADL is in high
demand, and it is subject to increase with the growth of
elderly population around the world. It is essential for govern-
ments and various research groups to invest into such projects
related to the construction and integration of such devices.
The further development of this field will have far reaching
socio-economic benefits.

REFERENCES
[1] Ageing and Health. World Health Organization, Geneva, Switzerland,

Oct. 2018.

[2] World Population Ageing, Department of Economic and Social Affairs,
New York, NY, USA, 2017.

[3] R. Lee and Y. Zhou, ‘‘Does fertility or mortality drive contemporary
population aging? The revisionist view revisited,’’ Population Develop.
Rev., vol. 43, no. 2, pp. 285–301, Jun. 2017.

[4] (2010). Transformersmovie. [Online]. Available: http://www.
transformersmovie.com/

[5] T. Seene and P. Kaasik, ‘‘Muscle weakness in the elderly: Role of sar-
copenia, dynapenia, and possibilities for rehabilitation,’’ Eur. Rev. Aging
Phys. Activity, vol. 9, no. 2, pp. 109–117, 2012.

[6] M. Vidt, ‘‘Characterizing upper limb muscle volume and, strength in
older adults: A comparison with young adults,’’ J. Biomech., vol. 45,
pp. 334–341, May 2011.

[7] L. Larsson, H. Degens, M. Li, L. Salviati, Y. I. Lee, W. Thompson,
J. L. Kirkland, and M. Sandri, ‘‘Sarcopenia: Aging-related loss of muscle
mass and function,’’ Physiol. Rev., vol. 99, no. 1, pp. 427–511, Jan. 2019.

[8] V. Santilli, ‘‘Clinical definition of Sarcopenia,’’ in Proc. Clin. Cases
Mineral Bone Metabolism, 2014, pp. 177–180.

[9] J. F. Amaral, F. C. Alvim, E. A. Castro, L. A. Doimo, M. V. Silva, and
J. M. Novo Jánior, ‘‘Influence of aging on isometric muscle strength, fat-
free mass and electromyographic signal power of the upper and lower
limbs in women,’’ Brazilian J. Phys. Therapy, vol. 18, no. 2, pp. 183–190,
Apr. 2014.

[10] M. Daly, ‘‘Upper extremity muscle volume and, functional strength after
resistance training in older adults,’’ J. Aging Phys. Activity, vol. 21, no. 2,
pp. 186–207, 2013.

[11] D. Seidel, ‘‘Patterns of functional loss among older people: A prospective
analysis,’’ Hum. Factors, vol. 51, no. 5, pp. 669–680, 2009.

[12] R. Akagi, ‘‘Muscle volume compared, to cross-sectional area is more
appropriate for evaluating muscle strength in young and elderly individ-
uals,’’ Age Ageing, vol. 38, no. 5, pp. 564–599, 2009.

[13] E. Fuller-Thomson, ‘‘Basic ADL disability and functional limitation rates
among older AMERICANS from 2000-2005: The end of the decline,’’
J. Gerontol. Biol. Sci. Med. Sci., vol. 64, no. 12, pp. 1333–1336, 2009.

[14] R. A. R. C. Gopura, D. S. V. Bandara, K. Kiguchi, and G. K. I. Mann,
‘‘Developments in hardware systems of active upper-limb exoskeleton
robots: A review,’’ Robot. Auto. Syst., vol. 75, pp. 203–220, Jan. 2016.

[15] H. S. Lo and S. Q. Xie, ‘‘Exoskeleton robots for upper-limb rehabilitation:
State of the art and future prospects,’’ Med. Eng. Phys., vol. 34, no. 3,
pp. 261–268, Apr. 2012.

[16] R. A. R. C. Gopura and K. Kiguchi, ‘‘Mechanical designs of active upper-
limb exoskeleton robots: State-of-the-art and design difficulties,’’ inProc.
IEEE Int. Conf. Rehabil. Robot., Jun. 2009, pp. 178–187.

[17] J. M. P. Gunasekara, R. A. R. C. Gopura, T. S. S. Jayawardane, and S.
W. H. M. T. D. Lalitharathne, ‘‘Control methodologies for upper limb
exoskeleton robots,’’ in Proc. IEEE/SICE Int. Symp. Syst. Integr. (SII),
Dec. 2012, pp. 19–24.

[18] N. Rehmat, ‘‘Upper limb rehabilitation using robotic exoskeleton sys-
tems: A systematic review,’’ Int. J. Intell. Robot. Appl., vol. 2, no. 3,
pp. 283–295, 2018.

[19] T. Proietti, V. Crocher, A. Roby-Brami, and N. Jarrassé, ‘‘Upper-limb
robotic exoskeletons for neurorehabilitation: A review on control strate-
gies,’’ IEEE Rev. Biomed. Eng., vol. 9, pp. 4–14, 2016.

[20] M. A. Gull, S. Bai, and T. Bak, ‘‘A review on design of upper limb
exoskeletons,’’ Robotics, vol. 9, no. 1, p. 16, Mar. 2020.

[21] Y. Shen and P. W. J. Ferguson Rosen, ‘‘Upper limb exoskeleton systems-
overview,’’ in Wearable Robotics, J. Rosen and P.W. Ferguson, Eds.
New York, NY, USA: Academic, 2020, pp. 1–22.

[22] M. R. Islam, ‘‘Chapter 9—Exoskeletons in upper limb rehabilita-
tion: A review to find key challenges to improve functionality,’’
in Control Theory in Biomedical Engineering, O. Boubaker, Eds.
New York, NY, USA: Academic, 2020, pp. 235–265.

[23] S. Sirawattanakul and W. Sanngoen, ‘‘Review of upper limb exoskeleton
for rehabilitation and assistive application,’’ Int. J. Mech. Eng. Robot.
Res., vol. 9, no. 5, pp. 752–758, 2020.

[24] A. Gupta, A. Singh, V. Verma, A. K. Mondal, and M. K. Gupta,
‘‘Developments and clinical evaluations of robotic exoskeleton technol-
ogy for human upper-limb rehabilitation,’’ Adv. Robot., vol. 34, no. 15,
pp. 1023–1040, Aug. 2020.

[25] T. Desplenter, ‘‘Rehabilitative and assistive wearable mechatronic upper-
limb devices: A review,’’ J. Rehabil. Assistive Technol. Eng., vol. 7,
Dec. 2020, Art. no. 2055668320917870.

[26] S. D. Forro and J. B. Lowe, Anatomy, Shoulder and Upper Limb. Treasure
Island, FL, USA: StatPearls, 2020.

VOLUME 8, 2020 178999



A. Kapsalyamov et al.: State-of-the-Art Assistive Powered Upper Limb Exoskeletons

[27] J. A. Leal-Naranjo, ‘‘An experimental characterization of human arm
motion,’’ Tech. Rep., 2016.

[28] D. C. Boone and S. Azen, ‘‘SP Normal range of motion of joints in male
subjects,’’ J. Bone Joint Surg., vol. 61, no. 4, pp. 756–759, 1979.

[29] B. Morrey, L. Askew, and E. Chao, ‘‘A biomechanical study of normal
functional elbow motion,’’ J. Bone Joint Surg., vol. 63, pp. 872–877,
Jul. 1981.

[30] J. Yoon, J. Ryu, and K.-B. Lim, ‘‘Reconfigurable ankle rehabilitation
robot for various exercises,’’ J. Robot. Syst., vol. 22, no. S1, pp. S15–S33,
2006.

[31] L. E.Wpi, ‘‘Functional ranges ofmotion of the wrist joint,’’ J. Hand Surg.,
vol. 16, pp. 409–419, May 1991.

[32] J. L. Pons,Wearable Robots: Biomechatronic Exoskeletons. Hoboken, NJ,
USA: Wiley, 2008.

[33] A. Kapsalyamov, P. K. Jamwal, S. Hussain, and M. H. Ghayesh, ‘‘State
of the art lower limb robotic exoskeletons for elderly assistance,’’ IEEE
Access, vol. 7, pp. 95075–95086, 2019.

[34] J. C. Perry, J. Rosen, and S. Burns, ‘‘Upper-limb powered exoskeleton
design,’’ IEEE/ASME Trans. Mechatronics, vol. 12, no. 4, pp. 408–417,
Aug. 2007.

[35] K. Homma and T. Arai, ‘‘Design of an upper limb motion assist system
with parallel mechanism,’’ in Proc. IEEE Int. Conf. Robot. Autom., 1995,
pp. 1302–1307.

[36] D. Sasaki and T. M. N. Takaiwa, ‘‘Development of active support splint
driven by pneumatic soft actuator (ASSIST),’’ Robot. Mechtron., vol. 16,
pp. 497–502, May 2004.

[37] S. Christensen, ‘‘AXO-SUIT—A modular full-body exoskeleton for
physical assistance,’’ in Proc. 4th IFToMM Symp. Mechanism Des.
Robot., 2019, pp. 443–450.

[38] S. Bai, S. Christensen, M. Islam, and S. Rafique, ‘‘Development and
testing of full-body exoskeleton AXO-SUIT for physical assistance of
the elderly,’’ Proc. 4th Int. Symp. Wearable Robot., Pisa, Italy, Oct. 2018,
pp. 180–184.

[39] Q. Gu, ‘‘System design of vertical motion support device for upper limb
disability,’’ in 17th Proc. Int. Symp. Distrib. Comput. Appl. Business Eng.
Sci., 2018, pp. 339–341.

[40] Y. Kuriyama, K. Yano, andM. Hamaguchi, ‘‘Trajectory planning for meal
assist robot considering spilling avoidance,’’ in Proc. IEEE Int. Conf.
Control Appl., 2008, pp. 1220–1225.

[41] W.-K. Song and J. Kim, ‘‘Novel assistive robot for self-feeding, in robotic
systems-applications,’’ Control Program., pp. 43–60, Oct. 2012.

[42] T. F. Tang, S.-H. Chong, R. Mohd Nor, and K. Sato, ‘‘Practical control
strategy for positioning control of pneumatic artificial muscles driven
stage: Improved NCTF control,’’ IEEE Access, vol. 7, pp. 85513–85524,
2019.

[43] J. L. Emken and R. D. J. Benitez Reinkensmeyer, ‘‘Human-robot cooper-
ative movement training: Learning a novel sensory motor transformation
during walking with robotic assistance-as-needed,’’ J. Neuroeng. Reha-
bil., vol. 4, p. 8, Dec. 2007.

[44] J. L. Patton, M. E. Stoykov, M. Kovic, and F. A. Mussa-Ivaldi, ‘‘Eval-
uation of robotic training forces that either enhance or reduce error in
chronic hemiparetic stroke survivors,’’ Exp. Brain Res., vol. 168, no. 3,
pp. 368–383, Jan. 2006.

[45] C. Ott, A. Albu-Schaffer, A. Kugi, and G. Hirzinger, ‘‘On the passivity-
based impedance control of flexible joint robots,’’ IEEE Trans. Robot.,
vol. 24, no. 2, pp. 416–429, Apr. 2008.

[46] M. G. B. Atia, O. Salah, B.Medhat, and K. Ibrahim, ‘‘Design and analysis
of low cost upper limb exoskeleton,’’ in Proc. 12th Int. Conf. Comput.
Eng. Syst. (ICCES), Dec. 2017, pp. 80–84.

[47] F. Xiao, Y. Gao, Y. Wang, Y. Zhu, and J. Zhao, ‘‘Design of a wearable
cable-driven upper limb exoskeleton based on epicyclic gear trains struc-
ture,’’ Technol. Health Care, vol. 25, pp. 3–11, Jul. 2017.

[48] Y. Ieki, T. Itami, K. Yano, Y. Kobayashi, R. Yamamoto, T. Aoki, and
Y. Nishimoto, ‘‘Angle of elbow joint control to exert maximum torque
in an upper limb operation-assisting robot,’’ in Proc. 25th Medit. Conf.
Control Autom. (MED), Jul. 2017, pp. 1065–1070.

[49] T. Latt, ‘‘Towards an upper-limb exoskeleton system for assistance in
activities of daily living (ADLs),’’ in Proc. Int. Conv. Rehabil. Eng.
Assistive Technol., 2014, pp. 1–4.

[50] M. Hong and S. J. Kim, ‘‘KULEX: ADL power assistant robotic system
for the elderly and the disabled (Abstract for video),’’ in Proc. 10th Int.
Conf. Ubiquitous Robots Ambient Intell., 2013, pp. 121–122.

[51] K. Kiguchi and K. Y. K. Hayashi, ‘‘Design of a 7DOF upper-limb power-
assist exoskeleton robot withmoving shoulder joint mechanism,’’ inProc.
IEEE Int. Conf. Robot. Biomimetics, 2011, pp. 2937–2942.

[52] M. R. Islam, C. Spiewak, M. H. Rahman, and R. Fareh, ‘‘A brief review
on robotic exoskeletons for upper extremity rehabilitation to find the gap
between research porotype and commercial type,’’ Adv. Robot. Autom.,
vol. 6, no. 3, p. 2, 2017.

[53] S. K. Manna and V. N. Dubey, ‘‘Comparative study of actuation systems
for portable upper limb exoskeletons,’’Med. Eng. Phys., vol. 60, pp. 1–13,
Oct. 2018.

[54] B. Ninhuijs, ‘‘Overview of actuated arm support systems and their appli-
cations,’’ Actuators, vol. 2, pp. 86–110, May 2013.

[55] A. S. Niyetkaliyev, S. Hussain, M. H. Ghayesh, and G. Alici, ‘‘Review on
design and control aspects of robotic shoulder rehabilitation orthoses,’’
IEEE Trans. Human-Mach. Syst., vol. 47, no. 6, pp. 1134–1145,
Dec. 2017.

[56] D. Ragonesi, S. Agrawal, W. Sample, and T. Rahman, ‘‘Series elastic
actuator control of a powered exoskeleton,’’ inProc. IEEEEng.Med. Biol.
Soc., Aug. 2011, pp. 3515–3518.

[57] U. A. T. Hofmann, T. Butzer, O. Lambercy, and R. Gassert, ‘‘Design and
evaluation of a Bowden-Cable-Based remote actuation system for wear-
able robotics,’’ IEEE Robot. Autom. Lett., vol. 3, no. 3, pp. 2101–2108,
Jul. 2018.

[58] X. Cui, W. Chen, and X. Jin, ‘‘Design of a 7-DOF cable-driven arm
exoskeleton (CAREX-7) and a controller for dexterous motion train-
ing or assistance,’’ IEEE/ASME Trans. Mechatronics, vol. 22, no. 1,
pp. 161–172, May 2017.

[59] L. Randazzo, I. Iturrate, S. Perdikis, and J. d. R. Millán, ‘‘Mano: A wear-
able hand exoskeleton for activities of daily living and neurorehabilita-
tion,’’ IEEE Robot. Autom. Lett., vol. 3, no. 1, pp. 500–507, Jan. 2018,
doi: 10.1109/LRA.2017.2771329.

[60] R. Natividad, ‘‘The exosleeve: A soft robotic exoskeleton for assisting in
activities of daily living,’’ Tech. Rep., 2018.

[61] W. Huo, ‘‘Control of a rehabilitation robotic exoskeleton based on inten-
tional reaching direction,’’ in Proc. Int. Symp. Micro-NanoMechatronics
Hum. Sci., 2010, pp. 357–362.

[62] K. Kong and M. Tomizuka, ‘‘Control of exoskeletons inspired by ficti-
tious gain in human model,’’ IEEE/ASME Trans. Mechatronics, vol. 14,
no. 6, pp. 689–698, Dec. 2009.

[63] R. Ronsse, ‘‘Human-robot synchrony: Flexible assistance using adaptive
oscillators,’’ IEEE Trans. Biomed. Eng., vol. 58, no. 4, pp. 1001–1012,
May 2011.

[64] T. Lenzi, ‘‘Proportional EMG control for upper-limb powered exoskele-
tons,’’ in Proc. IEEE Eng. Med. Biol. Soc. Conf., Oct. 2011, pp. 628–631.

[65] J. Rosen, ‘‘A myosignal-based powered exoskeleton system,’’ IEEE
Trans. Syst., Man, Cybern. A, Syst. Humans, vol. 31, no. 3, pp. 210–222,
May 2001.

[66] T. D. Lalitharatne, ‘‘Toward EEG control of upper limb power-assist
exoskeletons: A preliminary study of decoding elbow joint velocities
using EEG signals,’’ in Proc. Int. Symp. Micro-NanoMechatronics Hum.
Sci., Nov. 2012, pp. 421–424.

[67] C. A. Cifuentes, ‘‘Evaluation of IMU ZigBee sensors for upper limb
rehabilitation,’’ in Converging Clinical and Engineering Research on
Neurorehabilitation, J. Pons, D. Torricelli, M. Pajaro, Eds. Cham,
Switzerland: Springer, 2013.

[68] O. Salah, ‘‘Sit to stand sensing using wearable IMUs based on adaptive
neuro fuzzy and Kalman filter,’’ in Proc. IEEE Healthcare Innov. Conf.
(HIC), 2014, pp. 1–8.

[69] M. Atia and K. O. I. Salah, ‘‘Experimental study of upper limb exoskele-
ton control based on IMUs sensory system,’’ Tech. Rep., 2019.

[70] P. N. Kooren, J. Lobo-Prat, A. Q. L. Keemink, M. M. Janssen,
A. H. A. Stienen, I. J. M. de Groot, M. I. Paalman, R. Verdaasdonk, and
B. F. J. M. Koopman, ‘‘Design and control of the active A-gear:
A wearable 5 DOF arm exoskeleton for adults with duchenne muscular
dystrophy,’’ in Proc. 6th IEEE Int. Conf. Biomed. Robot. Biomechatronics
(BioRob), Jun. 2016, pp. 1–8.

[71] K. Kiguchi and Y. Hayashi, ‘‘An EMG-based control for an upper-
limb power-assist exoskeleton robot,’’ IEEE Trans. Syst., Man, Cybern.
B. Cybern, vol. 42, no. 4, pp. 1064–1071, Aug. 2012.

[72] G. Ivanova, S. Bulavintsev, J.-H. Ryu, and J. Poduraev, ‘‘Development
of an exoskeleton system for elderly and disabled people,’’ in Proc. Int.
Conf. Inf. Sci. Appl., Apr. 2011, pp. 1–5.

[73] J. Rosen and J. C. Perry, ‘‘Upper limb powered exoskeleton,’’ Int. J. Hum.
Robot., vol. 4, no. 3, pp. 529–548, Sep. 2007.

179000 VOLUME 8, 2020



A. Kapsalyamov et al.: State-of-the-Art Assistive Powered Upper Limb Exoskeletons

[74] E. E. Cavallaro, J. Rosen, J. C. Perry, and S. Burns, ‘‘Real-time myopro-
cessors for a neural controlled powered exoskeleton arm,’’ IEEE Trans.
Biomed. Eng., vol. 53, no. 11, pp. 2387–2396, Nov. 2006.

[75] J. Webb, Z. G. Xiao, K. P. Aschenbrenner, G. Herrnstadt, and C. Menon,
‘‘Towards a portable assistive arm exoskeleton for stroke patient reha-
bilitation controlled through a brain computer interface,’’ in Proc. 4th
IEEE RAS EMBS Int. Conf. Biomed. Robot. Biomechatronics (BioRob),
Jun. 2012, pp. 1299–1304.

[76] R. A. R. C. Gopura, K. Kiguchi, and Y. Li, ‘‘SUEFUL-7: A 7DOF
upper-limb exoskeleton robot with muscle-model-oriented EMG-based
control,’’ in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., Oct. 2009,
pp. 1126–1131.

[77] G. R. Johnson, D. A. Carus, G. Parrini, S.Marchese, and R. Valeggi, ‘‘The
design of a five-degree-of-freedom powered orthosis for the upper limb,’’
Proc. Inst. Mech. Eng., H, J. Eng. Med., vol. 215, no. 3, pp. 275–284,
Mar. 2001.

[78] F. Martinez, I. Retolaza, A. Pujana-Arrese, A. Cenitagoya, J. Basurko,
and J. Landaluze, ‘‘Design of a five actuated DoF upper limb exoskeleton
oriented to workplace help,’’ in Proc. 2nd IEEE RAS EMBS Int. Conf.
Biomed. Robot. Biomechatronics, Oct. 2008, pp. 169–174.

[79] M.H. Rahman, T. K. Ouimet,M. Saad, J. P. Kenne, and P. S. Archambault,
‘‘Development and control of a wearable robot for rehabilitation of elbow
and shoulder joint movements,’’ in Proc. 36th Annu. Conf. IEEE Ind.
Electron. Soc., Nov. 2010, pp. 1506–1511.

[80] D. Naidu, R. Stopforth, G. Bright, and S. Davrajh, ‘‘A 7 DOF exoskeleton
arm: Shoulder, elbow, wrist and hand mechanism for assistance to upper
limb disabled individuals,’’ in Proc. IEEE Africon, Sep. 2011, pp. 1–6.

[81] H. Kobayashi and K. Hiramatsu, ‘‘Development of muscle suit for upper
limb,’’ in Proc. IEEE Int. Conf. Robot. Autom., 2004, pp. 2480–2485.

[82] J. L. A. S. Ramos and M. A. Meggiolaro, ‘‘Use of surface electromyog-
raphy for human amplification using an exoskeleton driven by artificial
pneumatic muscles,’’ in Proc. 5th IEEE RAS/EMBS Int. Conf. Biomed.
Robot. Biomechatronics, Aug. 2014, pp. 1–8.

[83] S. Balasubramanian, R. Wei, M. Perez, B. Shepard, E. Koeneman,
J. Koeneman, and J. He, ‘‘RUPERT: An exoskeleton robot for assisting
rehabilitation of arm functions,’’ in Proc. Virtual Rehabil., Aug. 2008,
pp. 163–167.

[84] R. Wei, S. Balasubramanian, L. Xu, and J. He, ‘‘Adaptive iterative learn-
ing control design for RUPERT IV,’’ in Proc. 2nd IEEE RAS EMBS Int.
Conf. Biomed. Robot. Biomechatronics, Oct. 2008, pp. 647–652.

[85] K. Anam and A. A. Al-Jumaily, ‘‘Active exoskeleton control systems:
State of the art,’’ Procedia Eng., vol. 41, pp. 988–994, Dec. 2012.

[86] P. K. Jamwal and S. M. H. Hussain Ghayesh, ‘‘Robotic orthoses for gait
rehabilitation: An overview of mechanical design and control strategies,’’
Proc. Inst. Mech. Eng., H, J. Eng. Med., vol. 234, no. 5, pp. 444–457,
2020.

[87] T. Yan, ‘‘Review of assistive strategies in powered lower-limb orthoses
and exoskeletons,’’ Robot. Auton. Syst., vol. 64, pp. 120–136, May 2015.

[88] L. Zhang, ‘‘Assistive devices of human knee joint: A review,’’ Robot.
Auton. Syst., vol. 125, Mar. 2020, Art. no. 103394.

[89] Y. Hou and K. Kiguchi, ‘‘Virtual tunnel generation algorithm for
perception-assist with an upper-limb exoskeleton robot,’’ in Proc. IEEE
Int. Conf. Cyborg Bionic Syst. (CBS), Oct. 2018, pp. 204–209.

[90] L. Lei, A. W. Tech, C. Kuah, R. Marimuthu, R. Muruganandam, and
W. T. Latt, ‘‘Phase-dependent control of an upper-limb exoskeleton for
assistance in self-feeding,’’ in Proc. IEEE Int. Conf. Rehabil. Robot.
(ICORR), Aug. 2015, pp. 457–463.

[91] T. A. Zesiewicz and R. A. Hauser, ‘‘Phenomenology and treatment of
tremor disorders,’’ Neurol. Clin., vol. 19, no. 3, pp. 651–680, 2001.

[92] B. Hellwig, ‘‘A longitudinal study of tremor frequencies in Parkinson’s
disease and essential tremor,’’ Clin. Neurophysiol., vol. 120, no. 2,
pp. 431–435, 2009.

[93] M. Critchley, ‘‘Observations on essential (heredofamial) tremor,’’ Brain,
vol. 72, no. 2, pp. 113–139, 1949.

[94] E. D. Louis and B. L. F. Ford Barnes, ‘‘Clinical subtypes of essential
tremor,’’ Arch. Neurol., vol. 57, no. 8, pp. 1194–1198, 2000.

[95] K. Kiguchi and Y. Hayashi, ‘‘Upper-limb tremor suppression with a
7DOF exoskeleton power-assist robot,’’ in Proc. 35th Annu. Int. Conf.
IEEE Eng. Med. Biol. Soc. (EMBC), Jul. 2013, pp. 6679–6682.

[96] Y. Hayashi, R. Dubey, and K. Kiguchi, ‘‘Torque optimization for a 7DOF
upper-limb power-assist exoskeleton robot,’’ in Proc. IEEE Workshop
Robotic Intell. Informat. Struct. Space, Apr. 2011, pp. 49–54.

[97] N. Hogan, G. Kwakkel, S. Wood-Dauphinee, H. J. M. Hendriks,
P. J. Van derWees, and J. Dekker, ‘‘Motions or muscles? Some behavioral
factors underlying robotic assistance of motor recovery,’’ J. Rehabil. Res.
Develop., vol. 43, pp. 605–618, Aug./Sep. 2006.

[98] S. Oh, E. Baek, S.-K. Song, S. Mohammed, D. Jeon, and K. Kong,
‘‘A generalized control framework of assistive controllers and its applica-
tion to lower limb exoskeletons,’’ Robot. Auto. Syst., vol. 73, pp. 68–77,
Nov. 2015.

[99] S. Hussain, S. Q. Xie, and P. K. Jamwal, ‘‘Adaptive impedance control of
a robotic orthosis for gait rehabilitation,’’ IEEE Trans. Cybern., vol. 43,
no. 3, pp. 1025–1034, Jun. 2013.

[100] A. Kapsalyamov, ‘‘Brain-computer interface and assist-as-needed model
for upper limb robotic arm,’’ Adv. Mech. Eng., vol. 11, no. 9, 2019,
Art. no. 1687814019875537.

[101] D. A. Lawrence, ‘‘Impedance control stability properties in common
implementations,’’ in Proc. IEEE Int. Conf. Robot. Autom., Apr. 1988,
pp. 1185–1190.

[102] J. E. Bobrow and B. W. McDonell, ‘‘Modeling, identification, and con-
trol of a pneumatically actuated, force controllable robot,’’ IEEE Trans.
Robot. Autom., vol. 14, no. 5, pp. 732–742, Oct. 1998.

AKIM KAPSALYAMOV received the B.Sc. degree
in robotics and mechatronics from Nazarbayev
University, Astana, Kazakhstan, in 2015, and
the M.E. degree in industrial engineering from
Tsinghua University, China, in 2018. He is cur-
rently pursuing the Ph.D. degree with the Univer-
sity of Canberra, Australia. His research interests
include assistive robots, robotic mechanisms, and
mechatronics.

SHAHID HUSSAIN received the B.Sc. degree
(Hons.) in mechatronics and control engineering
from the University of Engineering and Technol-
ogy Lahore, Lahore, Pakistan, in 2007, and the
M.E. and Ph.D. degrees in mechanical engineering
from The University of Auckland, Auckland, New
Zealand, in 2009 and 2013, respectively. He is cur-
rently anAssistant Professor with the University of
Canberra, Canberra, ACT, Australia. He has pub-
lished more than 50 articles in reputed journals.

His research interests include robot-assisted rehabilitation, compliant actu-
ation and optimization of robots, human-robot interaction, biomechanical
modeling of musculoskeletal systems, and nonlinear control of dynamic
systems.

PRASHANT K. JAMWAL (Senior Member,
IEEE) graduated (Hons.) from I.I.T., India.
He received the Ph.D. degree from The University
of Auckland, New Zealand. He held a Postdoc-
toral Fellowship position with The University of
Auckland. He is currently with the School of Engi-
neering and Design Sciences, Nazarbayev Univer-
sity, Nur-Sultan, Kazakhstan. He has developed
medical robots for rehabilitation, surgical appli-
cations, and development of improved algorithms

for cancer data analytics. United Nations acknowledged the robotics projects
as one of the top 20 innovative projects in the world. He has led many
government funded research projects, including a prestigious World Bank
Grant. His research interests include artificial intelligence, multiobjective
evolutionary optimization, bio-mechatronics, and robotics. He is a member
of many the IEEE societies, including the Robotics and Automation Society.
He received many awards, such as the best paper awards, the Best Digital
Solution Award for Medical Robots, the Asian Universities Alliance (AUA)
Scholars Award, and so on.

VOLUME 8, 2020 179001


