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Abstract: Exoskeleton robotics has ushered in a new era of modern neuromuscular rehabilitation
engineering and assistive technology research. The technology promises to improve the upper-limb
functionalities required for performing activities of daily living. The exoskeleton technology is
evolving quickly but still needs interdisciplinary research to solve technical challenges, e.g., kinematic
compatibility and development of effective human-robot interaction. In this paper, the recent
development in upper-limb exoskeletons is reviewed. The key challenges involved in the
development of assistive exoskeletons are highlighted by comparing available solutions. This paper
provides a general classification, comparisons, and overview of the mechatronic designs of upper-limb
exoskeletons. In addition, a brief overview of the control modalities for upper-limb exoskeletons is
also presented in this paper. A discussion on the future directions of research is included.

Keywords: upper-limb exoskeleton; exoskeleton review; neuromuscular rehabilitation; assistive
technology; human-robot interaction

1. Introduction

Upper limb exoskeletons are electromechanical systems which are designed to interact with
the user for the purpose of power amplification, assistance, or substitution of motor function [1].
These devices are usually anthropomorphic in nature, as they mechanically interact with the human
upper-limb musculoskeletal structure. They share broad areas of application, e.g., power amplification
in an industrial environment [2], neuromuscular impairment compensation [3,4] or post-stroke
rehabilitation [5,6], and support for disabled people in their activities of daily living (ADL) [7].

The early idea of exoskeleton was dated back to the late 19th century, but the first successful
prototype, called Hardiman, appeared in the 1960s [8]. Hardiman was initially developed for military
purposes to enhance the strength and performance of the wearer. It was operated in a master—slave
configuration with several hydraulic actuators. In this configuration, two overlapping exoskeletons
were implemented. The inner exoskeleton was supposed to follow the human motion that can be
eventually used to drive the hydraulic actuators of outer exoskeleton. The device remained at the
prototype level due to its relatively high weight and complexity. Afterward, an upper-limb exoskeleton
with an idea of physical human-robot interaction (pHRI) was presented by Kazerooni et al. [9].
pHRI permits a direct transfer of mechanical power without using any master—slave system. In the
meantime, University of Tsukuba started working on the development of hybrid assistive limb (HAL)
and that was commercialized later [10]. HAL was initially developed to support disabled people in
ADL, but later versions were also developed for industrial applications.

In the last two decades, the upper-limb exoskeletons used for services and rehabilitation have
attracted a lot of attention from the biomedical and engineering sectors. The technology is becoming
important as a potential solution for physically weak or disabled people [11]. Systems have been
developed to improve the performance and strength of the wearer, e.g., Ekos Vest [2] and FORTIS [12].
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Giving high utility and growing demand for upper-limb exoskeletons, the technology is still
challenging in the area of mechanism designs, controls, and human-robot interaction. Mechanical
design and kinematic analysis are the most crucial issues in developing an ergonomic exoskeleton
system. A number of research articles have reviewed upper-limb exoskeletons, particularly for services
and medical applications. In addition, performance and effect of these systems are issues being studied
extensively. The development in hardware systems of active upper-limb exoskeleton robots was
presented in Reference [13] by considering the pHRI [14,15].

A study on the development of upper-limb hybrid exoskeletons in combination with the functional
electrical stimulation (FES) was reported by Stewart et al. [16], which mainly focused on post-stroke
rehabilitation and patient monitoring. Islam et al. [11] made a review to identify the technological gap
between the commercially available robotic exoskeletons and research prototypes used for post-stroke
rehabilitation. However, given the extensive studies on the upper-limb exoskeletons, very few articles
have reported the exoskeleton’s design addressing complex anatomical movements at the shoulder
and wrist joints of the arm and hand as a whole (general hand opening and closing).

It is well understood that exoskeleton robots are highly nonlinear mechatronic systems, and
different engineering methods have been used to improve the physical human-robot interaction
(pHRI). The interaction between human and the robotic exoskeletons is affected fundamentally by
the following: 1. Mechanisms are designed by considering sophisticated biological features and
activities for improved pHRI. 2. Mode of actuation and transmission need to be selected in a systematic
way by taking in account the compliance/stiffness factor. 3. The selection of the control method also
influences the pHRI. Up to this day, review articles are rarely dedicated to the state-of-the-art researches
with these three issues. Thus, to review the performance correlation between the aforementioned
three elements for exoskeleton applications and the way they contribute toward improved physical
human-robot interaction is the main contribution of this article. For this purpose, a comprehensive
review on upper-body exoskeletons is presented. Moreover, the article analyzes the key challenges
involved in commercialization of research prototypes and compares them with the available market
solutions, upon which some new research problems in mechanical design, actuation, and control
strategy along with possible direction for future development are identified. The paper discusses first
the human upper-limb anatomy and design difficulties involved in the development of an exoskeleton
robot. Afterwards, the mechanical design of upper-limb exoskeletons is presented, which is followed
by the control strategies, actuation and power transmission, and exoskeleton design modeling. In the
end, possible challenges and future aspects on the upper-limb exoskeleton robots are described with
conclusion.

2. Upper Limb Anatomy and Design Challenges

The purpose of an exoskeleton is to replicate the kinematics and dynamics of human
musculoskeletal structure and to thus support the limb’s motion, which is challenging with the
existing mechanisms and mode of actuation. Due to the complex anatomical structure, there is not a
unanimous kinematic model available for the human upper limb in the biomechanics literature [17]
that could help us to design exoskeletons. Moreover, the exoskeleton’s design parameters heavily
depend upon the targeted application. Thus, it is required to analyze the human upper-limb anatomy
to design the exoskeleton by considering the end user application.

The human upper limb consists of complex skeletal structure, as shown in Figure 1A which
includes shoulder complex, elbow complex, wrist joint, and fingers. The shoulder consists
of four articulations (called glenohumeral articulation, acromioclavicular, sternoclavicular, and
scapulothoracic) formed between three bones including clavicle (or collarbone), scapula (or shoulder
blade), and humerus (or upper-arm bone) [18]. The glenohumeral joint is commonly referred as a
ball socket joint, formed between the articulation of humeral head and glenoid cavity [19]. Most
of the studies have only considered the glenohumeral joint to model a three degrees of freedom
(DOF) shoulder mechanism [20]. However, the glenohumeral joint has an instantaneous center of
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rotation (COR) that changes with the movement of human upper limbs. Thus, it is highly required
to accommodate the effect of the dynamic center of rotation while modeling exoskeleton shoulder
mechanism. For this purpose, several approaches have been reviewed in Reference [21] to model the
shoulder joint. The primary movements for the shoulder complex are shoulder abduction/adduction,
internal /external rotation, and shoulder flexion/extension.
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Figure 1. Anatomy of the human upper limb: (A) upper limb segments and (B) shoulder, elbow, and
wrist skeletal structure.

The elbow joint is a synovial compound joint consisting of humeroradial joint and humeroulnar
joint [22] shown in Figure 1B. The humeroradial joint is also referred to as a ball socket joint
formed between humerus (in the upper arm) and the radial in the forearm. However, its close
resemblance with the humeroulnar joint and the proximal radiaulnar articulation constrains the joint
movements from 3-DOF to 2-DOF [23]. In general, the elbow joint allows forearm extension/flexion
and supination/pronation. Most of the exoskeletons found in the literature have modeled the elbow
joint only for 1-DOF flexion/extension.

A wrist is a joint to connect the forearm with the hand. It is comprised of eight carpal bones
with several soft tissues to reinforce the joint, shown in Figure 1B. The wrist joint possesses two
degrees of freedom movements, which are wrist flexion/extension and radial /ulnar deviation [24].
Wrist motions are generated about an instantaneous center of rotation [25]. However, the range of
motion for the instantaneous center is too small and can be ignored, and the rotation axes for the
flexion/extension and ulnar/radial deviation are assumed to be coincident [13]. Several exoskeletons
have been developed to support the wrist joint based on the assumption that the wrist movement is
generated about a fixed center of rotation.

3. Upper Limb Exoskeletons

Upper limb exoskeletons are designed to operate in parallel with the human upper limb and are
attached to the human arm at multiple locations. This requires a robot to adapt to different arm lengths.
Figure 2 shows a general classification of upper-limb exoskeletons depending on degree of freedom,
type of actuation, supporting joints, and applications. However, the authors have classified the
exoskeletons into two main categories such as exoskeletons for motion amplification and exoskeletons
for medical rehabilitation. Furthermore, the commercially available exoskeletons and the research
prototypes are compared and discussed by highlighting the key challenges involved in the mechanical
design, control algorithm, and pHRI modeling.
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Figure 2. Classification of upper-limb exoskeletons.

In this article, 69 different types of systems have been reviewed as shown in Tables 1-3. Of them,
the latest development in the upper-limb exoskeleton technology that have considered the advanced
biomechanics of human upper limb in the design phase are discussed in detail while a comprehensive
review of other systems can be found in References [13,26-29].

3.1. Exoskeletons for Motion Assistance

This category of exoskeletons is designed to assist the user in motion amplification or
augmentation, where it can be used to assist the users for motion amplification [7,30-37]; helps to
reduce the burden while working in a harsh industrial environment [38,39]; or supplements the
physically weak individuals in their activities of daily living. So far, many new systems have been
developed and tested during past few years. However, only a few systems with limited range of
motion amplification applications have been successfully commercialized while others remain as
research prototypes.

The following section describes the latest development in the exoskeleton design technology.

3.1.1. EksoVest

Ekso-BIONICS presented a design of a passive upper-body exoskeleton called EksoVest.
Two different mechanisms (namely moment generation and hinge mechanisms) are used in the
EkosVest that reduce the load and fatigue level of the operator working on the shop floor as shown
in Figure 4C. The exoskeleton partially supports the load carried by the user, especially for overhead
tasks. Kim et al. [2] has evaluated the performance of EksoVest by simulating an overhead work
environment. It has been observed that the vest reduces the shoulder abduction ROM by 10% and
increased the center of pressure velocity in the anteroposterior direction by 12% [2]. Moreover, it has
significantly reduced the spine loading specifically during the overhead drilling activity.

3.1.2. AAU Upper Body Exo

Bai et al. [40] presented a four-DOF upper-limb exoskeleton with a novel shoulder mechanism for
assistive applications. The unobtrusive feature of this exoskeleton is the double parallelogram (DPL)
spherical mechanism, which was designed to support 3-DOF shoulder GH movements. This DPL
mechanism consists of two revolute joints connected via a passive DPL mechanism (as shown in
Figure 3D) to achieve the workspace of a spherical joint with a remote center of rotation. However,
singularity-free large workspaces, lightweightness, compactness, and achieving high stiffness values
were the special design considerations for the mechanism development. Hence, a simple human
biomechanical model was used in Reference [7] to describe the ROM for human shoulder movements to
analyze the kinematics, singularities, and manipulability for the DPL mechanism in detail. Dimensional
analysis was also conducted to find the design parameters with the maximum range of motion.
Moreover, an admittance control was implemented for control shoulder and elbow joints.

The exoskeleton structure with the DPL mechanism can actively support the shoulder
extension/flexion and shoulder abduction/adduction, whereas the shoulder rotation was kept passive,
which limits its use for several applications.
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Figure 3. Upper-limb exoskeleton research prototype: (A) parallel actuated shoulder exoskeleton
adopted from Reference [41], (B) cmpliant robotic upper-extremity eXosuit (CRUX) adopted from
Reference [42], (C) upper-limb exoskeleton for inferno adopted from Reference [43], (D) UB-EXO
developed by Aalborg University [40], (E) compact 3 degrees of freedom (DOF) scissors linkages
for upper-limb exoskeleton adopted from Reference [44], (F) NESM adopted from Reference [45],
(G) Stuttgart Exo-Jacket adopted from Reference [46], and (H) CAREX 7 adopted from Reference [47].

3.1.3. Five-DOF Wearable Upper-Limb Exoskeleton

Sui et al. [32] presented a 5-DOF exoskeleton, aimed to provide assistance in ADL. The exoskeleton
supports five degrees of freedom movements for the upper-limb torso, where three degrees of freedom
and two degrees of freedom are given to the shoulder and elbow, respectively. It allows the wearer to
maintain a wide range of motion. To solve the power-to-weight limitations of exoskeleton movement,
a gravity balance method was introduced to reduce energy consumption. A novel cable-driven
mechanism has been used that helps to reduce the total weight to 4.2 kg.

To quantify the reliability of this wearable device, the trajectory tracking performance and the
motion assistance level were evaluated. The motion assistance level was evaluated using the surface
electromyography (sEMG) sensor band. However, the reliability of this system using sEMG in self
drinking, self-feeding tasks, and other ADLs needs to be proved.

3.1.4. CAREX-7

Cui et al. [36] proposed a 7-DOF cable-driven arm exoskeleton that can support the user in
providing dexterous manipulation, including translation and rotation. Four custom design orthotic
cuffs are used to attach CAREX-7 on the user’s upper limb, as shown in Figure 3H. Based on the
“assist-as-needed” paradigm, a novel wrench-field controller is designed to regulate a force or torque on
the hand for assisting its dexterous manipulation. CAREX-7 is a cable-driven upper-limb exoskeleton
where the actuators are used to remotely control the arm movements and helps to achieve a light
weight and low inertia design properties. CAREX-7 makes use of the human skeletal structure as the
underlying mechanical system, and lightweight cables are used to actuate cuffs attached to the human
upper limbs. The cable-driven architecture can accommodate possible joint misalignment between the
human upper limb and exoskeleton and reduces the chances of injuries to the human subject during
robot-aided rehabilitation [36]. CAREX-7 is still in the phase of its design improvement, where an
adaptive orthosis is required for improved pHRI, which helps to reduce the relative motion between
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the human arm and exoskeleton. Beside, a self-identification algorithm is required to improve the
exoskeleton model, which is expected to be considered in the later studies as reported in Reference [36].

3.1.5. 6-REXOS

Gunasekara et al. [37] proposed a 6-DOF upper-limb exoskeleton (called 6-REXOS) for supporting
users with weak neuromuscular impairment. 6-REXOS is equipped with three motion generation
units to supplement forearm and wrist movements with four active rotational DOFs and two passive
translational movements. Two flexible couplings are attached to the elbow and wrist joint to support
the translational movements that help to enhance the kinematic redundancy and to preserve the axes
alignment between both joints. The significance of the kinematic redundancy has been evaluated based
upon several parameters including manipulability index, singularity analysis, and condition number.
Moreover, a kinematic model of a human arm was developed to analyze the mutual compatibility of
both systems.

It has been noted that the introduction of the kinematic redundancy improves the maximum
and minimum manipulability index by 21.13% and 22.25%, respectively [37]. Furthermore, it is
concluded that adding kinematic redundancy to the 6-REXOS through a flexible coupling improves
the manipulation, which guarantees a comfort motion assistance.

3.1.6. Stuttgart Exo-Jacket

Ebrahimi et al. [46] proposed an exoskeleton for motion assistance in industrial applications by
considering the ergonomical aspects. Stuttgart Exo-Jacket was specifically designed for the installation
of 32 kg of cable in the cable duct of transportation buses. Hence, the exoskeleton was designed to
actively support the extension and flexion of the shoulder and elbow joint. Based on these requirements,
the human upper-body dynamics was analyzed from the mechanical design perspective. However,
it was noted that the micro-misalignment caused by the non-coincident center of rotation between
human arm joints and exoskeleton joints is a critical issue. The ill effect of this issue was minimized
while directly installing the drives at joint location, as shown in Figure 3G.

Moreover, a mechanical and a gas spring mechanism, mounted on the back of the user, help to
bypass the applied forces on the human elbow and shoulder joints. The Stuttgart jacket also has a
passive lower-extremity module, which helps to ground the applied forces on the upper-limb module.
The technical features of Stuttgart Exo-Jacket was selected based on the ergonomical analysis of the
task and environment.

Table 1. Upper limb exoskeleton prototypes for motion assistance.

Main

Exoskeleton Supported Degrees of Control Type of References
Name Movements Freedom Actuators
Input

AAU Upper Shoulder (EF, AA,IE), 3-Active Maxon .
body Exo. Forearm (EF) 1-Passive FSR DC motor Bai et al. [7]
Upper limb Shoulder (EF, AA, IE), 6-Active Force/Torque DC motor Yu et al. [30]
exoskeleton Forearm (EF) Sensors

Shoulder Abduction, . . )
CRUX Forearm (EF, PS) 3-Active Joystick DC motor Lessard et al. [42]
Wearable Cable driven
upper limb Shoulder (EF IE, AA), 5-Active Joint angle mechanism Sui et al. [32]

Elbow (EE, PS)

exoskeleton using BLDC
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Table 1. Cont.

Main
Exoskeleton Supported Degrees of Control Type of References
Name Movements Freedom Actuators
Input
EC Motor
Stuttgart Shoulder (EE, AA), 3-Active F S with Ebrahimi et al.
Exo Jacket Elbow (EF) 9-Passive OTCe Sensors Spring [46]
mechanism
Shoulder (EF),
ULEL Forearm (EF), 3-Active EMG BLDC Madani et al. [48]
Wrist (EF)
Cable driven Joint ]
Soft Elbow (EF) 1-Active omtangle Cable driven Jarrett et al. [49]
control
exoskeleton
Upper limb Shoulder (EF, A4, IE), . . Montano et al.
. Forearm (PS), Elbow  6-Active Joint angle Servo motor
robotic Exo. . [33]
(EF, humeral rotation)
Forearm (EF, PS), 4-single DOF McDonald et al.
MAHIEXOL ™ \iist (EF, rotation) ~ 2-Multi DOF  *MC BE motor [50]
Upper limb Shoulder (EE, AA), A . )
exoskeleton Forearm (EF, PS) 3-Active Joint angle DC motor Sharma et al. [34]
String actuated ~ Shoulder (EF), A String Wahyunggoro et
exoskeleton Elbow (EF) Z-Active EMG actuated al. [35]
Upper limb Shoulder (EF), A
exoskeleton Elbow (EF) 2-Active Load cell DC motor Khan et al. [51]
Upper limb Shou}der (AA, EE, 3-Active - DC motor Rosales et al. [52]
exoskeleton rotation)
Upper limb Shoulder (AA, EF), . Impedance Mahdavian et al.
exoskeleton Forearm (EF) 3-Active control Servo motor [53]
Upper limb Shoulder (AA, EF, Impedance
pp rotation), 4-Active p Maxon EC90  Sutapun etal. [54]
exoskeleton control
Forearm (EF)
Shoulder (EF, AA,
rotation), Elbow (EF), . . Cables driven .
CAREX -7 Wrist (EF, AA, 7-Active Joint angle by motor Cui et al. [36]
rotation)
Elbow (EE,
redundant), Forearm 4-Active Gunasekara et al.
6-REXOS (PS), Wrist (EE, UR, 2-Passive PRI BE motor [37]
redundant)
Upper limb Elbow (EF) 1-Active EMG DC motor Beigzadeh et al.
exoskeleton [55]
Forearm (EF, PS), . Admittance Frameless .
MAHI Wrist (RU, EF) 5-Active control DC motor Fitle etal. [50]
Shoulder (EF, AA . Pneumatic .
BONES rotation), Elbow (EF) 4-Active Force control actuators Klein et al. [57]
Forearm (EF, PS), . Sliding mode
ExoRob Wrist (EE, RU) 4-Active control Maxon EC-45  Rahman et al. [58]
Force
ABLE Shoqlder (EF, AA, 4-Active feedback Screw—?al?le Garrec et al. [59]
rotation), Elbow (EF) control transmission

Abbreviations: AA: Abduction & adduction, EF: Extension & flexion, IE: Internal & external rotation, PS:
Pronation & supination, RU: Ulnar & radial movement/deviation, Op/Cl: Opening & closing, MCP: Meta
carpophalangeal movement, PIP: Proximal interphalangeal movement, DIP: Distal interphalangeal movement.
EMG: Electromyography, sSEMG: Surface electromyography, EEG: Electroencephalography, FES: Function
electrical stimulation, phRI: Physical human robot interaction, FSR: Force sensitive resistors, BCI: Brain
computer interface.
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3.1.7. Robo-Mate Exoskeleton

Stadler et al. [60] developed Robo-Mate for the purpose of power amplification in the industrial
environment, as shown in Figure 4E, where it was used to assist the user in lifting and transporting
different objects over a short distance. The mechanical design of Robo-Mate is modular, which can
assist at various levels of activities. It consists of three modules, namely the trunk module, a passive
arm, and an active arm. The trunk module was designed to prevent the user’s lower back from
excessive compression forces.

The passive arm is a spring-loaded four-bar chain parallelogram structure with a gravity
compensation effect. The passive arm has an adjustable mechanism connected with one end of
the spring inside the parallelogram structure that helps to adjust the level of assistance required by the
user.

Due to the modular design of Robo-Mate, the mode of assistance can also be changed from passive
to active depending upon the user requirement, where the spring can be replaced with wire. By adding
the cable and by removing the front and upper link of the parallelogram structure, it can transform to a
triangular shape mechanism which is serially connected with a rear parallelogram assembly. Moreover,
a brushless DC motor EC-i40 with a worm gear assembly is used to drive the cable, mounted at the
trunk end of the module. The whole assembly was made from aluminum, and it weighs approximately
2.3 kg excluding battery pack. Safety and risk analyses were also considered in the design procedure,
which make this product mature enough and able to be used in the automotive industry [61].

3.1.8. Compliant Robotic Upper-Extremity eXosuit (CRUX)

Lessard et al. [31] proposed a soft exosuit for upper-limb rehabilitation, shown in Figure 3B. The
study has identified the drawback of classical rigid body exoskeletons and their inability to comply
with natural human body movements in a flexible way [62]. Thus, it is highly required to design a
flexible and compliant exoskeleton that can conform to the nonlinear musculoskeletal structure. Based
on these requirements, a tensegrity design of upper-limb exoskeleton was proposed and a cable-driven
mechanism was used to transmit the power mechanically. These cables were routed on the base layer
of the exoskeleton and used to directly supplement the human arm with 6 micro motors mounted
on the backplate. The routing path of cables was carefully chosen so that they can supplement the
influential muscle group of the human upper limb.

Later, the design of CURX was improved by introducing some extra safety features such as
motors that were limited to never apply more than 88.3 N forces. A set of inertial measurement units
(IMUs) was also used to avoid any harmful configuration achieved by the exoskeleton robot, e.g., any
IMU-sensed angle pair with more than 40 degrees in difference would stop the motors. However, there
is no comprehensive study measuring the effectiveness of CRUX for the active assistance [42] and the
design needs some additional degrees of freedom to adopt actual human biomechanics.

3.1.9. Soft Extra Muscle (SEM) Glove

The SEM glove, developed by BioServo technologies [4], shown in Figure 4], has provided a
viable solution for improving grasping capabilities. The properties of the fabric and textile design were
considered for proper functioning of the glove that can efficiently transfer the forces and torques to
the fingers. Based on the biomechanical analysis, the closing of a hand was analyzed and a special
cable-driven transmission system was designed for the glove-closing mechanism. The cables were
routed from the side of the fingers and passed through the distal phalanx. The criteria for cable routing
on the glove was carefully considered in such a way that they can maximize the equal distribution
of the forces on the fingers. The provided solution was very close to the biological solution in its
kinematic and dynamic properties, but the glove is not able to support opening of the palm. Moreover,
three tactile sensors and force sensors are inserted inside the distal phalanx and palm of the glove,
respectively. These sensors provide real-time feedback for controlling human grasp by providing
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adjustable servoing. The device is successfully commercialized and available in the market. It can only
supplement the user in grasping an object but is not capable of supporting the hand opening function,
which limits its use for rehabilitation applications.

Table 2. Upper-limb exoskeleton prototypes for medical rehabilitation.

Main
Exoskeleton Supported Degrees of Control Type of References
Name Movements Freedom Actuators
Input
Upper bod Shoulder (EF, AA, IE Trajectory
pp y rotation), 2DOF for . tracking with SEA  based Kim et al. [6,63,
Exoskeleton . 7-Active .
Harmon Shoulder girdle impedance actuators 64]
Y Elbow (EF, PS) control
Spastic elbow
and wrist Elbpw (EF) 2-Active Joint angle DC Maxon Nam et al. [65]
Wrist (EF) motor
Exoskeleton
Shoulder (EF, AA,IE  4- Active Brushless .
NESM rotation), Elbow (EF)  8-Passive EMG DC motor Accoglietal. [66]
Parallel . .
actuated Exo for Shoulder pitch and 2-Act1\./e Force sensors ~ DC motor Hsieh et al. [41]
. yaw 4-Passive
shoulder joint
Parallel Shoulder (EF, AA,
actuated rotation), 3-Active .
shoulder 2-DOF Passive Slip 2-Passive Joint angle DC motor Hunt etal. [67]
exoskeleton joint at shoulder
NEURO-Exos . . Maxon
elbow module Elbow (EF) 1-Active Joint angle DC motor Crea et al. [68]
Upper arm Shoulder (AA, EF), A . .
exoskeleton Elbow (EF) 3-Active Joint angle Cable driven Shao et al. [69]
Gravity .
Shoulder EF, AA, IE 4-Active . Brushless
balanced Elbow (EF, PS) 1-Passive Joint angle Servos Wu et al. [70]
exoskeleton
Wearable elbow . . .
exoskeleton Elbow (EF, PS) 2-Passive Joint angle SMA Copaci et al. [22]
Wearable . Twisted string  Hosseini et al.
robotic device Elbow (EF) 1-Active EMG actuation [71]
Robotic wrist Forearm (PS) . . Brushed
exoskeleton Wrrist (EF, rotation) 3-Active Joint angle DC motor Pezent etal. [72]
Active elbow . . Maxon .
orthosis Elbow (EF) 1-Active Strain gauge DC motor Ripel et al. [73]
EAsoftM Elbow . (Z_Pass%ve 2-Passive Visual based =~ Pneumatic Oguntosin et al.
DOF) Wrist (2-Active .
exoskeleton 2-Active control actuator [74]
DOF)
Passive physio Shoulder (AA, EF,
therapeutic rotation), Elbow (EF), 7-Passive Joint angle - Naidu et al. [75]
exoskeleton Wrist (PS)
Forearm (PS, EF), . Impedance Brushless DC .
WOTAS Wrist (RU) 3-Active control motor Ruiz et al. [76]
3-DOF Shoulder End-effector
HEnRIiE Elbow (EF), 5-Active velocity DC motor Mihelj et al. [77]
Wrist (EF, AA) control
Under actuated
Hand Under actuated 4-Active Joint angle DC motor Sarac et al. [78]

exoskeleton

hand (EF)
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Table 2. Cont.

Main
Exoskeleton Supported Degrees of Control Type of References
Name Movements Freedom Actuators
Input
The eWrist Wrist extension 1-Active sEMG DC motor {;a(l)r;belet et al.
Finger (MCP, PIP, 3-Active for Shape
ASR Glove 8 e Y Force sensor memory Hadi et al. [80]
DIP) each finger
alloy
FEX Palm (Op/Cl) 4-Active Force sensors  DC motor Sale et al. [81]
Portable  hand 4 X Fingers (EF) 4-Active Joint angle DC servo Bianchi et al. [5]
Exo motor
BCI powered 3 X Fingers pinch At
exoskeleton Grip (Op/Cl) 1-Active EEG DC motor Bundy et al. [82]
Spring assisted .
hand Hapd Grasping, Not Given Joint angle Springs Butler [83]
Wrist (PS)
exoskeleton
Spring-assisted .
Fingers (EF), . . ,
exoskeleton Thumb (EE, AA) 3-Passive Joint angle - Perry et al. [84]
module
, Sandoval et al.
ExoK’ab 2016 Palm (Op/Cl) 6-DOF Force sensors  DC motor [85]
NMES-Robot . . Linear
hand Grasping Fingers EMG actuator Rong et al. [86]
Haptic robotic . . Pneumatic Hartopanu et al.
glove Grasping All Fingers FES drive 187]
Hand  motion Kawasaki et al
assist robot for Wrist and fingers 18-DOF - - (58] '
therapy
Hand Grasping, 6-Active Admittance CBfglveien Ferguson et al
exoskeleton pointing & pincer 6-Passive control with BLDC [89]
Myoelectric .
Hand Hand (Op/Cl) S_ACtIV.e EMG Servo motor Abdallah et al.
10-Passive [90]
Exoskeleton
Robot-assisted i (rp) 1-Active EMG ) Hu et al. [91]

wrist

3.2. Exoskeletons for Medical Rehabilitation

The second type of exoskeleton is used for rehabilitation of physically impaired patients suffering
from post-stroke paralysis, amyotrophic lateral sclerosis, or other physical or cognitive impairments.
Additionally, these devices are also employed to provide therapy consistently for a longer period,
irrespective of the fatigue level and training skill of physiotherapists. For example, Amendo, a 5-DOF
robotic exoskeleton [92], ALEx [93], and Dynamic arm support [94] are already developed and
commercially available in the market.

The exoskeletons reviewed in this section are either mounted on a mobile/stationary platform
and can not be carried by the users independently or can be used only in the clinical settings under
appropriate supervision. For these exoskeletons, compliant actuation and selection of an optimal
control algorithm are main concerns. Some latest developments in this technology are described in the
following section.

3.2.1. Upper-Body Exoskeleton for Rehabilitation (Harmony)

Kim et al. [2] developed an upper-body exoskeleton intending to achieve advanced kinematic
and kinetic properties for upper-limb rehabilitation. The robotic exoskeleton consists of five degrees of
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freedom shoulder mechanism and one degree of freedom elbow and wrist mechanisms actuated by
series elastic actuators (SEA). By keeping in view the complex shoulder anatomical movements, a new
mechanism was designed by combining a revolute joint and parallelogram mechanism to support
the girdle movement. In this mechanism, a revolute joint is used to support the shoulder elevation
and depression movement, and the parallelogram mechanism facilitates shoulder protraction and
retraction. Moreover, this parallelogram mechanism is then connected to a virtual ball socket joint
assembly. This ball socket joint supports the three degrees of freedom upper-arm movements by
preserving the center of rotation inside the GH joint.

Another unique feature of the exoskeleton design lies in the development of new forearm
supination and pronation mechanism. This mechanism consists of a parallelogram assembly and a
transmission that supports forearm supination and pronation. A study conducted in Reference [95] has
presented the kinematic compatibility of the shoulder mechanism over a wide ROM. The anatomical
compatibility was quantified by measuring the residual forces in the interaction port during the
coordinated shoulder movements.

3.2.2. Parallel Actuated Shoulder Exoskeleton

Hsieh et al. [41] has proposed a parallel actuated shoulder mechanism shown in Figure 3A.
It consists of two spherical mechanisms, two slider crank mechanisms, and a gravity balancing
mechanism. The actuators are designed in a way that they are always kept side-by-side to each
other. This method ensures not only superior inertia properties but also compactness and less weight.
An adaptive mechanism with a passive joint is introduced to compensate for the exoskeleton-limb
misalignment in case of variable physiological parameters of the user. Further, linear series elastic
actuators (SEA) have been used to obtain accurate force and impedance control at the exoskeleton-limb
interface.

The exoskeleton was designed to be mounted on a stationary platform, which limits its use for
several other applications. Beside, the compatibility of the proposed design has to be investigated by
considering shoulder GH movements, which can affect the ROM for the human upper limb.

3.2.3. 5-DOF Parallel Actuated Shoulder Exoskeleton

Hunt et al. [67] presents a five degree of freedom parallel actuated shoulder exoskeleton.
This shoulder exoskeleton is comprised of a three degrees of freedom spherical parallel mechanism
(SPM) and a 2-DOF passive slip interface. The SPM consists of three parallel linear actuators coupled
to the shoulder joint using a three-DOF tie-rod joint. Further, the shoulder joint is connected to the
human upper arm via a passive slip interface, which can support 1-DOF translational slip and 1-DOF
rotational movement. This slip interface increases system mobility and prevents joint misalignment due
to the translational motion of the user’s glenohumeral joint from introducing mechanical interference.
The parallel architecture presented in the study [67] offers a low-inertia solution, which is vital for the
better performance of wearable devices.

3.2.4. NEUROExos

Lenzi et al. [96] proposed a portable robotic elbow exoskeleton named NEUROExos.
This exoskeleton was designed for the rehabilitation of a typical type of motor disorder called
spasticity. The initial design of NEUROEXxos was developed with the aim of solving two critical issues.
These issues include the localization and distribution of interaction points between the exoskeleton
and human arm. The localization issue was resolved by introducing an adaptive mechanism for the
elbow joint. This adaptive mechanism consists of two major assemblies, that includes double-shell
structured link-based assembly and a 4-DOF adjustable passive mechanism.

A 4-DOF adjustable mechanism was used to preserve the alignment between the human elbow
joint axis and robotic exoskeleton, and the double-shell structure assembly was used to fixate the
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human arm with the exoskeleton structure. NEUROExos was driven by a remotely located Bowden
cable-based transmission unit.

In a later version, bio-inspired morphological characteristics were introduced by adding the
compliance in the mechanical design using nonlinear elastic elements and custom-made torsional
springs [97]. NEUROExos was developed by carefully analyzing the neuro-scientific motion
requirement, and later, it was used in several experimental studies to cure neurological disorders [68].

3.2.5. EAsoft Module for Neuro-Rehabilitation

Oguntosin et al. [74] described the design of an active exoskeleton built with the soft modules
(EAsoftM). Integrating the 3D-printed exoskeleton with passive joints to compensate gravity and with
active joints to rotate the shoulder and elbow joints resulted in an ultra-light system that could assist
planar reaching motion by using visual servoing. The EAsoftM can support the reaching motion with
compliance realized by the soft materials and pneumatic actuation. In addition, a vision-based control
has been proposed for precise control over the target-reaching motion within the millimeter scale.

3.2.6. Cable-Driven Upper-Limb Exoskeleton

Shao et al. [69] presented an optimal design of three degrees of freedom cable-driven upper-arm
exoskeleton. To achieve an optimal design challenge, a study was conducted by keeping in
mind the major limitation of modeling the cable-driven mechanisms and the way it impact the
rehabilitation performance. For this purpose, two promising configurations of the cable-driven
upper-arm exoskeleton are proposed upon analysis of the working conditions. Global force indices are
defined to evaluate the force applied to the human arm by the exoskeleton to improve the system’s
safety and comfort. Optimum design was obtained with projected force indices. However, due to
the complex human biomechanics and the limited design options, it is always difficult to define a
comprehensive relationship between design parameters and exoskeleton performance.

3.2.7. Upper-Limb Exoskeleton for Rehabilitation

Wu et al. [70] proposed a gravity-balanced exoskeleton for active rehabilitation training of
the upper limb. The kinematic structure of the exoskeleton is described and optimized to enable
natural mode of interaction with the user and to avoid singular configurations inside the workspace.
The gravity balancing of the human arm and mechanism is achieved through a hybrid strategy making
use of auxiliary links and zero free-length springs to balance the effect of gravity over the range of
motion. The balance errors resulting from the variation of anthropomorphic parameters are also
analyzed.

3.2.8. Active Elbow Orthosis

Ripel et al. [73] presented the design of a motor-powered rehabilitation device, called Active
Elbow Orthosis (AEO). The device was initially designed for the elbow joint but can be easily modified
for other joints as well. AEO determines the motion activity of the user using a strain gauge and utilizes
this measurement to control the actuator that drives the forearm part of the orthosis. User activity level
is related to a free arm measurement obtained through a calibration procedure prior to the exercise.
A control module offers several types of exercises mimicking physiotherapy. The device was verified
by tests on a number of patients, resulting in an extended range of elbow-joint movements.
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Figure 4. Commercially available upper-limb exoskeletons: (A) Skelex [98]; (B) Egrosquelettes by
GOBIO-robot (Gobio is the brand of Europe Technologies that promotes exoskeletons) [99]; (C) EksoVest
by Ekso Bionics [38]; (D) Modular Agile eXoskeleton (MAX) by SuitX [100]; (E) Robo-Mate [60] (image
courtesy of Robo-Mate, Zurich University of Applied Sciences); (F) MyoPro Orthosis by Myomo, Inc. [101];
(G) Alex exoskeleton by Kinetek Wearable Robotics [102]; (H) Hand and Arm tutor by MediTouch [3];
(I) Exo glove poly [103]; and (J) Soft extra muscle glove by BioServo [4,104].

3.2.9. eWrist

Lambelet et al. [79] developed the eWrist, a wearable one degree of freedom powered exoskeleton
which supports wrist extension training. This device operates on a principle of assist-as-needed
basis, which means that it can only enhance motor activity but cannot replace it. Stroke patients
may not have the ability to produce overt movements, but they might still be able to produce weak
muscle activation that can be measured via surface electromyography by combining force and surface
electromyography-based control in an assist-as-needed support strategy. The purpose of this training
device is to enhance the activity of the wrist extensor muscles for ADL, thereby driving cortical
reorganization and recovery.

3.2.10. Under-Actuated Hand Exoskeleton

Sarac et al. [78] presented an adaptable under-actuated hand exoskeleton which can support
the user in grasping different objects with variable geometric parameters. The grasping tasks are
improved by allowing only the normal transmission of the forces on the finger phalanges. The absence
of the tangential forces allows the device to be attached to the user’s finger in an easy and comfortable
manner for operation. Furthermore, the finger size adjustability can be ensured by the linkage-based
design. Under-actuation assures the automatic adjustability of the device for the grasping objects while
preventing posture control of the finger phalanges. The disadvantage of the under-actuation approach
is suggested to be overcome by utilizing an additional potentiometer on the device in order to estimate
orientation of the finger and the pose analysis of the mechanism during operation.

3.2.11. Advanced Service Robot (ASR) Glove

Hadi et al. [80] presented a novel lightweight hand exoskeleton robot, which is called an advanced
service robot glove. The glove is operated via a tendon-based shape memory alloy (SMA) mechanism,
which can be utilized for both rehabilitation exercises and motion amplification for people with hand
disability. To realize the proposed glove, after the conceptual design of the robot, the kinematics and
force analysis of the system are elaborated analytically and verified using an experimental prototype
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of this device. The study shows that the proposed system can flex and extend fingers in their range
of motion: angular movements of 80° , 90° , and 70° can be generated at the distal interphalangeal,
metacarpophalangeal, and proximal interphalangeal joints, respectively. Moreover, ASR glove can
provide an effective grasping force of 40 N at the distal phalanx of each finger. However, to study the
durability of the systems considering the SMAs, the precise control of fingertip force, robot motion
speed analysis, and evaluation of the fatigue effect are challenging tasks for this type of glove.

Table 3. Commercially available upper-limb exoskeleton systems.

Company Product Application Reference
Passive parallelogram
RoboMate arm Assistance e e Stadler et al. [60]
Active parallelogram power amplification
arm
GOBIO Ergosquelettes Assistance www.gobio-robot.com [99]
Ekso Bionics EksoVest Passive Assistance https://eksobionics.com/
eksoworks/ [38]
SARCO Guardian XO Assistance www.§arcos.com/products/
guardian-xo/ [39]
Assistance (Reduce force .
SUIT X MAX at back shoulder) www.suitx.com [100]
Assistance (Industrial tool ~www.rb3d.com/en/
RB3D Hercule Exoskeleton handling) exoskeletons [105]
BioServo Iron hand & SEM glove  Assistance/rehabilitation = Nilsson et al. [4]
. eyas www.rehab-robotics.com/
Rehab-Robotics Hand of hope Post stroke rehabilitation index.html [106]
FOCAL meditech Dynamic arm support Rehabilitation Meditech dynamic [94]

. . ey www.wearable-robotics.
Kinetek ALEx Arm Assistance/rehabilitation com/kinetek [102]
MediTouch ArmTutor Rehabilitation Carmeli et al. [3]

Motorika Medical ReoGO Therapy HS\;xiv.motorlka.com/reogo
. www.rehatechnology.com/

REHA Technology ~ Armotion Therapy en/products,/armotion [108]

Tyromotion AMENDEO Hand Therapy tyromotion.com/en/ [109]

BIONIK InMotion Arm Therapy Robot et al. [110]

Myomo MyoPro Orthosis Therapy www.myomo.com [101]

3.2.12. Hand Exoskeleton for Post-Stoke Patients

A 3D-printed hand exoskeleton was proposed for post-stroke rehabilitation by Abdallah et al. [90].
EMG signals were used to estimate the required muscle force for the hand motion, and the designed
mechatronic system detects the intention of hand opening or hand closing from the stroke subject.
Based on an embedded controller and five servomotors, the low-cost robotic system is able to drive in
real time three degrees of freedom for each finger. The experimental tests with-post stroke subjects
showed that the designed hand exoskeleton architecture has a positive effect on the motion finger
range and mainly in the hand ability to perform some simple tasks.


www.gobio-robot.com
https://eksobionics.com/eksoworks/
https://eksobionics.com/eksoworks/
www.sarcos.com/products/guardian-xo/
www.sarcos.com/products/guardian-xo/
www.suitx.com
www.rb3d.com/en/exoskeletons
www.rb3d.com/en/exoskeletons
www.rehab-robotics.com/index.html
www.rehab-robotics.com/index.html
www.wearable-robotics.com/kinetek
www.wearable-robotics.com/kinetek
www.motorika.com/reogo
www.rehatechnology.com/en/products/armotion
www.rehatechnology.com/en/products/armotion
tyromotion.com/en/
www.myomo.com
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3.2.13. Spring-Assisted Hand-Opening Exoskeleton Module for Functional Rehabilitation

Butler et al. [83] proposed data-driven design parameters to enhance the functionality and to
improve the assistance profile of the ArmAssist-2.0 hand module. Improvements include adjustable
linkages for different users, new joint locations to more accurately represent biomechanics of the
hand, and a more impairment-appropriate torque profile to assist in hand opening, adjustable
through interchangeable springs. It showed that the final assembled device fits comfortably in
the hand with noticeable improvements in joint locations, adjustability, and the force profile for
the metacarpophalangeal joint. However, there is a challenge with the extension of the proximal
interphalangeal joint due to the nature of rapidly changing moment arms and multiple springs in
series.

3.2.14. Spring-Assisted Exoskeleton Module for Wrist and Hand Rehabilitation

Perry et al. [84] reported on the development of exoskeleton, which enables training of the
fingers and thumb in grasp and release tasks. The design has been made as an add-on module for use
with the ArmAssist arm rehabilitation system. Variable-position springs and adjustable link lengths
provide adaptability to fit a variety of users. A few structural components were machined from
aluminum or steel to produce a functional prototype with sufficient strength for direct evaluation. The
design includes independent and adjustable assistance in finger and thumb extension using various
width elastic bands and measurement of user grasp/release forces in finger flexion/extension, thumb
flexion/extension, and thumb adduction/abduction using low-profile force-sensitive resistors.

Tables 1 and 2 summarize the upper-limb exoskeleton research prototypes for motion assistance
and rehabilitation respectively. Only a few are successfully commercialized and deployed by users,
while others are research prototypes and try to address more complex issues. The MIT-MANUS
exoskeleton for upper-limb rehabilitation [111] is an example that helps the patient regain motor
function. There are also other different modules, namely InMotion robotics, developed. These modules
are now available in the market and are being used in more than 20 countries for a neuro-rehabilitation
purpose. ALEx [93] developed by the Kinetek wearable robotics is a 6-DOF active exoskeleton used
for post-stroke rehabilitation. Table 3 lists available commercial upper-limb exoskeletons.

4. Control Strategies

There are three main robotic-mediated control strategies for assistive devices [28], as shown in
Table 4. These are assistance, correction, and resistance [112]. Assistance implies that the robot is
supporting the weight of the impaired limb and providing forces to finish the assignment. If the
patient is not creating any effort, the task completion can still be accomplished depending on the level
of assistance provided by the robot. Correction mode implies the rehabilitation scenario in which the
robot acts only when the patient makes wrong movements. It will then force the impaired limb to
perform the actual movement which was supposed to be performed by the patient. The resistance
control is that the robot restricts the movement. It mostly increases the complexity of the task for the
patient to make them learn and improve their capability to correct errors in movement. Assistance
helps a patient in the completion of the task, whereas correction does no such thing; rather, it only
corrects when something goes wrong. Mostly, the rehabilitation process is not focused on one strategy;
instead, it is focused on a combination of these strategies [113]. Most of the existing exoskeleton
controllers use a combination of assistive and corrective controllers. Resistive controls can be used in
the exoskeletons for tremor suppression for exercises.
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Table 4. Control strategies used in the recent exoskeleton robots.

Sr. Assistive Mode Corrective Mode Resistive Mode

Passive control
L a. Passive trajectory tracking Tunneling
b. Passive mirroring
Partially assistive control
2. a. Impedance/admittance
control

No control development for
exoskeletons

4.1. Assistive Mode

There are two types of assistive control modes: passive control mode and partially assistive mode.
These modes are also used as a hybrid in some cases. The only difference between the passive and
partially assistive modes is the participation of the patient. Therefore, if the patient is not participating,
then both these modes will behave similarly without any difference.

4.1.1. Passive Control

A reference trajectory represents a suggested path by which the controlled variable should
converge on the set-point in a specified manner. The easiest way to control an exoskeleton is to control
its motion rigidly along a certain reference trajectory with the help of the position feedback control.
For neuromuscular rehabilitation, this technique is used in the early stages of the process because,
at that time, the impaired limb is not responding and the only movement it can do is passive, that is,
with the help of the robot. This makes the feedback control system all the more important so that it
must be properly calibrated to not hurt the user when an error in its trajectory is made. The reasons
for errors can be frequent muscle contraction. As a solution, mechanical checks to avoid errors like
elastic straps or serial mechanical fuses can be introduced [114].

a. Passive trajectory tracking This can be achieved with the help of many different techniques.
The simplest of these techniques is the use of proportional integral derivative feedback control, which
regulates the position of the force along a specified trajectory [115,116]. Diverse techniques exist for
characterizing reference trajectories. For passive techniques, these references are regularly made by
recording the therapist contributions regarding the subject limb joined to the exoskeleton amid a
teaching stage. In this stage, the robot set in a transparent mode (generally accomplished by embracing
a feed-forward term to make up for the gravity and the dynamics of the robot) to restrain any protection
from performing movements. Once recorded, the exoskeleton is prepared to replay the trajectory with
its feedback controller [117].

b. Passive mirroring This category of passive control can be used for the exoskeletons that
are intended to support both human arms simultaneously. It involves the synchronous passive
mimicking of the movement and behavior of a healthy limb. It is employed in a master and slave
configuration [118]. A healthy limb is considered the master, and the exoskeleton is considered the
slave; they are synchronized so that the exoskeleton can mimic the behavior of the healthy limb and
then later behave like that independently as well [119,120].

4.1.2. Partially Assistive Control

Passive motions for stimulating neuroplasticity are found to be inadequate and limited at best
since the user is not participating in performing the task [120]. On the other hand, assistance is
required to diminish disappointments towards the start of the treatment, in this way keeping up
subject motivation, intensity of the therapy, and trust in utilizing the impaired limb and keeping away
negative reinforcement [121]. If the result of the therapy is positive and the patient is going to regain
their motor capability, then at that very moment, the control of the movements must be shared between
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the patient and the robot [122]. There has to be built-in mechanism in the robots that must allow the
motor movement of the patient, no matter how little when they are recovering, without suppressing it.

a. Impedance/admittance control Real-time adaptability between the robotic exoskeleton and
contact forces is required to improve the interaction between two bodies. To achieve this objective,
impedance control is referred to as the most appropriate control technique [123]. Impedance control is
a model-based force controller with position feedback. Bai et al. [40] used an impedance control for a
4-DOF upper-limb exoskeleton to improve human-robot interaction that helps to regulate the user
manipulation and traction forces.

MIT-Manus [124] employed impedance control to improve robot compliance. This technique is
widely used in robotic exoskeletons to improve the pHRI, and it has been observed that this method
is quite effective in the case of lightweight (i.e., cable-driven systems) and back drivable systems
whereas impedance control may have some technical complexities: the impedance control parameters
should not be constantly fixed. Different impedance parameters tend to affect robot compliance. For
example, low impedance is less likely to force the user to move beyond their limits while ensuring
safer interactions and vice versa. Hence, an adaptive method is required that guarantee the dynamic
performance of the exoskeleton robot [125].

Kiguchi et al. [126] proposed an adaptive EMG-based impedance control technique for upper-limb
exoskeletons. The proposed method was used to estimate the joint torque based on the EMG signals
and is adaptable to variable users. A neuro-fuzzy matrix modifier is used to update the impedance
parameters. Similarly, SUEFUL-7 [127] uses the upper-limb posture and EMG activity level to update
the impedance parameters in real time. The purpose of adaptability is to estimate joint torques correctly
and to then update the impedance parameters accordingly for physical human-robot interaction. For
exoskeletons that lack back drivability, admittance control is a better option.

4.2. Corrective Mode

This control method is used when the user is not executing the movement correctly. If the user is
not participating, then this technique will no more support the user.

Tunneling

Tunneling comprises making virtual channels for the end-effector or the joints of the exoskeleton
in which the subject moves: once he/she leaves the channels, the input control takes them again into
the channel as though a spring impedance was connected from the limb to the focal point of the virtual
channel. Moreover, to keep the subject from stalling out amid the movement, a supporting force
toward the channel is by and large included. Along these lines, burrowing procedures can be viewed
as an impedance control with a focused no action zone, i.e., one can consider the supporting power
field as an assistive term and the spring damper-like power toward the focal point of the channel as a
remedial term.

In Reference [128], a channel was applied on an end-effector position where a force feedback
scheme is adopted based on the desired velocity of human upper limb. Gravity torque and friction
compensation were also considered in the control input. Further, sub-trajectories have been defined
inside the trajectory tracking algorithm and it updates the tunneling direction as the user achieved
the subtask. The method has been evaluated on several healthy and disabled people, and the results
showed the significance of this control paradigm specifically in providing therapy. The same technique
was evaluated clinically on 77 post stroke patients, and function motor score was reported higher as
compared to users undergoing conventional therapy [129]. A similar approach was used by Cui et
al. [36] to restore the neuromuscular dysfunction.

5. Actuation and Power Transmission

An appropriate torque is required to drive the exoskeleton. There are three primary means
to actuate an exoskeleton, electric motors, hydraulic/pneumatic actuators, and linear actuators.
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The selection of actuators in the exoskeleton design is important because it tends to increase the
weight of the structure, but it also depends upon the targeted application. Thus, it is highly required
to select an actuator that can have a high power-to-weight ratio and can produce high torque with
precise movement.

Electric actuators are mostly adopted due to their straightforward approach to store electrical
energy, and they are fairly capable in providing greater controllability using advanced motion
control [40,46,130,131]. A few researchers [132] contend that electric actuators are as quite substantial,
contrasted with their pneumatic counter part, and that their impedance is too high to be in any way
utilized as a part of rehabilitation applications. In any case, a moderately high power-to-weight
proportion of pneumatic actuators is accomplished by ignoring the heaviness of the power source.
Including a flexible component in the arrangement with the actuator may likewise alleviate the high
impedance of electric motors. This idea became a benchmark for the development of Series Elastic
Actuators (SEAs) [133]. SEAs reduce inertia and user interface to provide a precise and stable force
control, resultantly improving the safety of the subject. However, this principle is not always true as
the elastic energy stored in the spring can be suddenly released during an impact or mishandling of
the device and can cause unexpected reaction forces [134].

Hydraulic actuators are powered by hydraulic pressure. They can produce greater torque as
compared to the electric and pneumatic actuators [11]. The system is relatively complex considering
the maintenance of pressurized oil under pressure to prevent leakage. The system also requires more
space to accommodate oil pipes and conduits. Commercially available hydraulic systems are also
heavy; therefore, only specially designed hydraulic systems are required in rehabilitation robotics.
Due to its capability to provide high power, some studies have considered the hydraulic actuator in
their work [116,135].

Pneumatic actuators are powered by compressed air. Special compressors or containers with
compressed air are required for power. They have lower impedance and weigh less than electric
actuators. They are low maintenance and can be stopped under a load without compromising patient
safety. Moreover, they are less prone to hazardous and humid environments [136]. A few studies have
considered the pneumatic actuators in their systems [114,137]. However, the biggest drawback is their
limited precision and accuracy. Due to this reason, the number of exoskeletons that use pneumatic
actuation are fairly limited. A pneumatic system requires pneumatic pressure; therefore, exoskeleton
robots using pneumatic actuators are mostly stationary platforms, so their service area becomes limited.
In some cases, there is a need to install a compressor for the users.

All types of actuators have their own advantages and disadvantages. There are also few systems
which use a combination of these systems.

6. Exoskeleton Design Modeling

Robotic exoskeleton and the human limb are two separate dynamic systems. To ensure a safe
and compliant interaction between these two systems is a principal challenge. Several engineering
solutions have been proposed to improve the interaction between human upper limb and exoskeletons
by introducing new mechanisms, modes of actuation, and control techniques [138]. On the other hand,
a comprehensive musculoskeletal model is required to study analytically the effect of upper-limb
exoskeleton that leads to evaluating and possibly optimizing the robot design.

Attempts have been made to understand and model the human musculoskeletal structure [139].
A few multibody-modeling tools for the purpose of musculoskeletal analysis are also available that
include AnyBody Modeling system [140], Virtual Interactive Musculoskeletal system (VIMS) [141],
OpenSim [142], and MB Dyn [143]. These tools can be used for the kinematic and dynamic analysis of
the human musculoskeletal system and facilities access to the relevant biological data such as reaction
forces of the musculoskeletal system [144].

Pay virtue of the modeling software, studies have been conducted to improve pHRI through
human musculoskeletal modeling. For example, Zhou et al. [145] proposed a user-centered design
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optimization technique for robotic exoskeleton via biomechanical simulation. In this study, a human
musculoskeletal system was modeled as a multibody system. In the multibody modeling of a
musculoskeletal system, the human joints and bones were modeled as mechanical joints and rigid
links respectively, whereas the muscles exerted the force on the system. This musculoskeletal model
was then used to simulate the arm motion and muscle reaction forces. Furthermore, this model allows
to simulate the nonfunctional muscles as well as helps in redefining their functional capabilities. Thus,
the response of the human upper limb to the robotic exoskeleton was calculated in terms of muscle
activity, and a design approach was evaluated for the robotic exoskeleton. Moreover, the design
parameters for the robotic exoskeleton were optimized using a genetic algorithm. This optimization
approach demonstrated the effectiveness of robotic exoskeleton for supporting the user in the selected
activities that involve slow manipulations.

Troste et al. [146] presented a framework for analyzing the human-robot interaction to optimize
the design parameters for upper-limb exoskeleton using musculoskeletal modeling and an analysis
tool called Anybody modeling system. This modeling system was used to analyze the level of
assistance provided by the exoskeleton to the musculoskeletal model under different loading conditions.
Moreover, the Anybody modeling system was used to obtain the dynamic equilibrium equations
by considering the applied forces/torques as a measured input. These equilibrium equations were
found redundant and were solved as an optimization problem to calculate the muscle and joint forces.
Furthermore, the study proposed that the adjustable gravity compensation for upper-limb exoskeleton
have a potential to adjust partial muscle activation and internal reaction forces.

Zhang et al. [147] proposed a human-robot interaction modeling approach for hand exoskeleton.
In this study, the hill muscle model and hand physiological structure were considered to model the
muscle movements. Based on the statical analysis, the interaction between the exoskeleton and hand
were studied. Moreover, a physiological cross-sectional area method was used to solve the redundancy
problem and eventually leads to calculating the muscle forces and Hill muscle model parameters
optimally. The proposed technique can provide the quantifiable muscle parameters that can be further
used in the controller design to improve the human-robot interaction.

Shao et al. [69] developed an optimal design of a cable-driven upper-limb exoskeleton by
considering the forces exerted on the arm model. The study investigated the optimization of the
design parameters by considering the workspace requirement as well as studied the effect of forces
acting on the human arm by a robotic exoskeleton. For this purpose, two force indices were defined to
analyze the comfortable and safe interaction between the two systems. Firstly, the local arm forces
were modeled, which help to analyze the forces exerted on the human upper limb under the action of
gravity. Secondly, two global force indices were considered to investigate the performance of robotic
exoskeleton in the entire workspace. The study demonstrated that the biomechanical modeling is
essential to design an exoskeleton that can support the user without hindering the ROM.

Jensen et al. [148] have presented a passive upper-extremity orthosis that uses a musculoskeletal
model to optimize the stiffness of the springs. The solution provides partial support to human upper
limbs against gravity for an internally rotated glenohumeral joint.

7. Possible Challenges in Upper-Limb Exoskeleton Development

The exoskeleton technology has proven its significance in different areas of applications, as
explained previously. However, there are still many challenges and open research questions that require
attention. Some of the general design parameters directly associated with exoskeleton development
are mentioned below, whereas the later section will cover more complicated issues with some open
research questions.

7.1. Kinematic Compatibility

Exoskeleton design should be kinematically compatible with the variable anthropomorphic
parameters of the end-user. The proper alignment between the exoskeleton and the anatomical joints of
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the wearer is still challenging. Particularly, the exoskeleton mechanism, which supports the shoulder
and wrist joint, has to be kinematically a spherical joint [149]. It is required to replicate the actual
shoulder and wrist movements that help to overcome the misalignment issues and to ensure the
biomechanical compatibility of the design. Castro et al. [44] proposed a 3-DOF scissor mechanism
for the shoulder joint. The kinematic analysis of this spherical mechanism and motion capture data
validation have been used to verify 3-DOF reachable workspace. The mechanism was tested on the
passive exoskeleton, while the integration of the actuator can make it more complex and can limit
the workspace. Similarly, a DPL mechanism presented in Reference [7] supports 3-DOF shoulder
movements, but the shoulder internal/external rotation was kept passive, which limits the use of
this mechanism for other applications, i.e., rehabilitation and therapy. Both mechanisms [7,44] are
not able to support shoulder elevation/depression and protraction/retraction. Kim et al. [6] has
presented a mechanism to actively support the COR of the glenohumeral joint during the shoulder
girdle movements. Further, a quantitative study was carried out to analyze the kinematic compatibility
of the shoulder mechanism by measuring the forces in the interaction port during coordinated shoulder
movements, which was rarely reported by the other researchers [2]. Hunt et al. [67] has presented a
novel five-DOF parallel actuated shoulder exoskeleton, where the principle of three-DOF spherical
parallel mechanism was used to actively support glenohumeral shoulder movements. Additionally, a
two-DOF passive slip mechanism was introduced to support the user’s upper limb and prevents joint
misalignment caused by shoulder protraction and retraction.

On the other hand, several studies [41,84,150] have proposed spherical mechanisms to replicate
the 3-DOF shoulder and wrist movements, but most of them have considered the shoulder and wrist
joints as a ball socket joint. This consideration is not able to provide optimal solution against designing
a mechanism which could accommodate the effect of instantaneous center of rotation for shoulder and
wrist joints.

Hand exoskeletons are uniquely qualified to perform a variety of useful functions. Thus, a
compact mechanism that could be attached to the human hand and that could move synchronously
with the fingers joints is required. However, the main design challenge lies in the development of a
thumb mechanism, which is considered as the most complex part, and the kinematic model for its
movements are still being defined [151]. Till now, a variety of soft, underactuated, quasi-passive and
a combination of passive and active mechanisms have been developed by considering the end-user
application. Based on the application, it is common practice to keep some DOFs passive. Given the
size of a hand, it seems impractical to develop a mechanism that could actively control the individual
joint movements without the overlapping [27].

7.2. Workspace Limitation

Wearable exoskeletons are not able to provide a wide range of motion in comparison to the
human upper-limb torso [7]. For example, References [7,44] have presented the new mechanisms to
assist three-DOF shoulder glenohumeral movements and to also maintain the instantaneous COR
in supporting several ADLs. Since the mechanisms supporting shoulder GH movements only tend
to reduce the actual upper-limb workspace but the effect is acceptable in some applications, so far,
several studies have tried to address this limited workspace challenge in their design by considering
shoulder girdle movements at the cost of complex and heavier mechanism [2,67]. It is observed that
the desired envelop and volume of workspace depend upon the target applications. For this purpose,
it is mandatory to analyze the mutual ROM for the human arm and exoskeleton to achieve the desired
workspace, which can be done by analyzing the kinematic and dynamic model of both systems.
However, the wide ROM can only be achieved at the cost of a complex and heavier mechanism.

7.3. Singularity Problem of Mechanical System

It hinders the smooth manipulation of the exoskeleton together with the human upper limb.
Singularity is a major issue that arises when two joints of an exoskeleton are aligned with each other.
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As a result, the exoskeleton loses one degree of freedom, and it needs infinite torque to move the
exoskeleton out of a singular configuration [11]. This issue can be resolved with two approaches.
One is to include possible situations in the control strategy [41] of the exoskeleton. Lee et al. [152]
has reported that, when the exoskeleton encounters a singular configuration, the exoskeleton gets
unstable, possibly starts vibrating, or can collide with the nearby objects. To resolve this issue, a
model-based force controller was developed, and the inverse jacobian was replaced with jacobian
pseudo inverse using singular value decomposition (SVD) method. Since there was a possibility
that SVD returns a large value near singular configurations and makes the system unstable, this was
resolved by implementing a damp least square method with SVD. The other approach is to incorporate
the possibilities in the design of the exoskeleton by applying mechanical constraints.

7.4. Discomfort and Misalignment

The comfortability level of wearable exoskeletons need to be quantified, but no standards are
available yet, which is one of the biggest issues. In an ideal situation, the physiological joints should be
well aligned with the exoskeleton. However, this alignment is specifically difficult to attain for shoulder,
wrist, and thumb/fingers joints. The physiological joints are not behaving like conventional mechanical
joints; rather, they are unique with their complex constructions. As an outcome, the rotational joint
axes tends to change their place amid movement. Moreover, connections of exoskeletons on human
limbs are not inflexible, implying that slippage between the exoskeleton and the human appendage can
happen while performing the task. This offset is responsible for misalignment between the exoskeleton
and human physiological joints, which cause undesired reaction forces and torques in the human joint.
Varghese et al. [153] attempted to resolve this issue by considering the experimental data for variable
stiffness profiles and optimized the mechanical design of hand exoskeleton. This optimized design
has ensured the uniform pressure distribution over the hand dorsum. References [7,44,51,59,154]
have already tried to overcome the joint misalignment issues by considering the complex human
biomechanics. Most of the active exoskeletons supporting shoulder and elbow movements found in
the literature are not portable due to the high power-to-weight ratio. Thus, it is quite difficult to design
an active lightweight upper-limb exoskeleton with existing actuators [155].

7.5. Human—Robot Interaction

The essential part in the control of active exoskeletons is the acquisition of human intent [156,157].
The user intention can be identified by measuring interactions between the human and exoskeleton.
The decision-making is performed via a cognitive process which depends on the information perceived
from the surrounding through various senses such as visual [158], tactile, and auditory.

The cognitive process of the musculoskeletal system is influenced by the robotic exoskeleton
while driving human joints. This is referred to as human-robot interaction (HRI) [156]. From a control
aspect, the wearer and the exoskeleton robot as a human-robot cooperation system form a closed
loop system. Depending on the measurement method of the HRI, the exoskeleton is either based on a
cognitive human-robot interaction (cHRI) or a physical human-robot interaction (pHRI).

The cHRI-based control systems are commonly used to harness the electric signals from the
central nervous system (CNS) to the musculoskeletal system of humans and to use them as inputs
for the exoskeleton control. The human intent is thereby identified before the occurrence of the actual
motion of the wearer and the required torque/velocity /position for the motion of human joints can be
predicted [159]. On the other hand, the pHRI-based control system measures the force or change in a
position as a result of the movements by the human musculoskeletal system, used as a control input to
the exoskeleton robot. According to the author’s opinion, pHRI and cHRI can be measured directly.
For example, the data collected from EMG/FSR sensors can be processed to classify the different
types of upper-limb movements that can be later used to control the robot. However, the accurate
measurement of cognitive or physical interaction depends upon the user’s condition and selection
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of the muscle group. Some of the common challenges involved in measuring these techniques are
highlighted in the later section, and for a detailed review, readers are refereed to References [160,161].

The SUEFUL-7 [127] uses cHRI-based control, which consists of a 16 Electromyography (EMG)
sensors. These sensors are used to record the user intention and provide a reference torque to each
joint. Further, impedance control is used to ensure compliance of the exoskeleton. The main problem
with this concept is the utility of EMG sensors. Although they are good at identifying the prior motion
intention, the placement of (16 EMG) sensors are quite cumbersome since they have to be placed with
a special adhesive on the skin surface and require a lot of time. For this device, it is only intended to be
used occasionally (1-2 hours at a time).

The ABLE [59] uses a pHRI-based control system that depends upon a position-force feedback
control principle. The torque of a given actuator is a combination of gravity compensation torque and
a reaction torque proportional to the error signal. Due to the low friction and efficient back-drivable
transmission, the force sensors or load cells are not required to control the ABLE [156]. A simple
control strategy is used for the Titan Arm, where a joystick controls the electric motor and ratchet
system in an open-loop control. This limits the use of the exoskeleton, which requires one arm to be
free for the control.

Similarly, Yun et al. [154] developed a novel EMG-driven hand exoskeleton (called Maestro) for
users with spinal cord injury. Three different locations were selected to mount the EMG sensors for
data recording, i.e., flexor digitorum superficialis (FSD) for fingers flexion, extensor digitorum (ED)
for fingers extension, and palm to detect thumb abduction and flexion. The recorded data was then
measured and processed. Later, an artificial neural network was used to classify the EMG signal into
five different classes. The five classes consist of three different types of grip poses, extension, and
relaxation. The purpose of classifying the relaxation is to maintain the other targeted hand postures
consistently. Hence, the user does not need to generate the EMG signals for a longer interval of time to
maintain the desired posture, which is highly required for better physical human-robot interaction.

7.6. Sensing and Estimation

Sensing and estimation are important features for designing a robotic exoskeleton system. At
the lower level, proprioceptive sensors are used to estimate the state/physical properties of the
robotic exoskeleton (such as joint position, velocity, acceleration, and motor torque) via feedback
control. Nowadays, integratable proprioceptive sensor modules are widely available in the market
for almost all kinds of electrical actuators and can correctly estimate the robot properties. At a higher
level, exteroceptive sensors are used to define the task-oriented interpretation of sensor data and
allow the integration of sensor information across space and time to facilitate planning. Many, but
not all, exoskeletons use exteroceptive sensors such as force sensitive resistors, load cells, EMG,
and EEG. References [161-163] have used force-sensitive resistors (FSR) to estimate the different
arm movements for exoskeleton control. Reference [164] has used FSR sensors for the payload
estimation of robotic exoskeleton. Moreover, force sensors including FSRs and load cells are being
used to measure the interaction pressure over the whole contact area between the upper limb and
exoskeleton [48,50,55,79,165,166]. Besides, several studies have proposed neural/muscular sensing
and shown its significance for exoskeleton control. As such, HAL is the only commercial exoskeleton
that uses EMG data as a control input, but several research prototypes have used EMG sensors for
control input [71,86,90,91]. Brain and neural signals have yet to be used in any commercial application,
but researchers in multiple groups have proposed using EEG sensors for high-level spinal cord
patients [82].

8. Discussion and Future Directions

In this article, we have reviewed 16 commercially available systems, as shown in Table 3 and
the 53 research prototypes presented in Tables 1 and 2. While research has been conducted in several
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directions of robotic exoskeletons such as mechanical design, controls, and human-robot interaction,
with great progress made, there are some issues which require further research.

8.1. Ergonomic and Standardized Design

Most of the commercially available exoskeletons are task specific. For example, zero gravity load
and tool lift arm [99] can nullify the weight of a tool while working on the shop floor. Modular agile
exoskeleton (MAX) [100] is a passive solution, designed to support the wearer in a harsh industrial
environment. However, it minimizes the effect of gravity-induced forces on the shoulder joint. The
other available products used for therapy and rehabilitation such as hand of hope [106], arm tutor [3],
and InMotion arm [110] can only be used under clinical supervision, and they are limited in their
range of applications. Commercially available exoskeletons are not able to actively support the
shoulder GH movements, shoulder internal/external rotation, forearm supination/pronation, and
wrist movements, especially radial/ulnar deviation, since these movements are biomechanically
complex and special design efforts are required by considering a comprehensive musculoskeletal
model. Researchers have tried to address similar issues in their prototypes as discussed earlier. There
are very few studies that have critically analyzed and taken into account the effect of shoulder girdle
movement while designing a robotic exoskeleton that can support the 3-DOF shoulder GH joint.
For example, References [6,40,41,67,75] have investigated the effect of shoulder girdle movements
in designing an exoskeleton robot for the human upper limb. If the researches tried to overlook
this effect, which they have done in some classified applications, it tends to limit the safer ROM.
Similarly, most of the studies have modeled the elbow joint as the 1-DOF revolute joint that can
support forearm extension/flexion. However, in some of the applications, an exoskeleton mechanism
supporting forearm supination/pronation is also required, i.e., to accomplish eating/drinking tasks for
physically impaired users. The complex relative movements between the radial and ulna bones make
it difficult to develop a mechanism which can precisely replicate the forearm supination/pronation.
Few studies [6,22,33,34,50,58,70,72,167] have presented a design that can actively support the users in
executing forearm supination/pronation by taking into account the effect of radial /ulnar deviation.

Hand exoskeleton research is also a rapidly growing and evolving field, with many new systems
developed and studies published. The commercially available hand exoskeletons, i.e., SEM glove [4],
NeoMano [168], and Tendo [169], only support the palm closing.The available soft hand exoskeleton
solutions are not able to provide the desired motion because it is hard to design a soft mechanism
that could complement the intricate hand movements. Moreover, the interaction between the hand
and soft mechanism should be carefully modeled to analyze the reaction forces and their dynamic
compatibility while opening and closing the palm. Due to this reason, the soft hand exoskeletons are
not able to precisely follow the same trajectory as an actual limb. Additionally, to accommodate the ill
effects caused by the distal hyperextension, proximal hyperextension, spasticity, and inequilibrium,
grasping forces are the most prominent challenges in this area. Several publications have previously
reviewed hand exoskeletons, and the readers are referred to References [170-174] among others for
further information.

Existing exoskeletons have not been designed as long-term wearable devices. Therefore, it is
required to further improve the ergonomics of the design, which allows the user to wear an exoskeleton
for a longer interval of time.

8.2. Exoskeleton Design Modeling

It is not an easy task to mechanically supplement the natural upper-limb motion from outside
of the musculoskeletal structure. The human biomechanics for exoskeleton design could also be
beneficial for safe and compliant human-robot interaction. Thus, a more detailed musculoskeletal
model is required that allows researchers to include physical human-robot interaction to analyze,
evaluate, and possibly optimize the mechanical design. Furthermore, a compact design is required
to overcome the discrepancy between the rotational joint axis of mechanical and anatomical joints.
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For instance, the shoulder joint mechanism for exoskeleton robots has to be improved to generate
biomechanically similar shoulder movements. Attempts have been made to develop a compliant
shoulder mechanism [40,44] which can accommodate the dynamic center of rotation, as shown in
Figure 3D,E. However, the proposed solutions are limited in their range of application and require
more research to develop a compact and general purpose mechanism.

8.3. Compliant Joint and Actuation

Series elastic actuators (SEA), variable stiffness actuators (VSAs), and pneumatic actuators are
the compliant actuators. The selection of SEAs and VSAs are the most popular technique to introduce
compliance in robotic exoskeletons. The use of SEA and VSAs have shown promising results in term
of human-robot interaction by improving the safety and energy efficiency of the mechanism when
compared with the stiff actuators [175]. However, the selection of elastic elements for compliant
actuators is an open research problem. Theoretically, they can provide safe and comfortable interaction
between humans and robotic exoskeletons, but it is not always true as the energy stored in the elastic
element can suddenly be released and caused to generate unsafe reaction forces [176]. Hence, the
mechanical properties of the compliant element need to be considered carefully when designing an
exoskeleton robot. Based on these properties, the actuator’s bandwidth should be validated through
standardized experiments. Li et al. [133] proposed a novel reconfigurable revolute joint with adjustable
stiffness. The stiffness is variable between zero to a specified range, and its range is defined by the
design parameters and six different types of configurations of pins and an elastic element. In each
configuration, the joint changes its stiffness in three different modes. Firstly, with the small pretension
in the elastic element, the behavior of the joint is quite stiff; then, it shows the linear behavior; and
finally, with the increase in the pretension of spring, it gets soft. This design can be seen as a potential
solution as a passive compliant joint, or it can also be upgraded to build a compliant actuator [133].
Cempini et al. [97] presented a NEUROEXxos elbow module where a novel SEA-based actuation unit
was introduced to ensure comfortable pHRI. The joint uses a customized torsional spring as an elastic
element. High linearity and the repeatability of the torque deformation characteristic are the greatest
advantages of this SEA that have ensured improved physical human-robot interaction. Moreover, in
comparison with the SEAs, VSAs can offer a method of introducing an online stiffness modulation
which requires the integration of additional mechanisms and assemblies. The advantage of using
VSAs in upper-limb robotic exoskeletons are still to be shown [176]. Grosu et al. [177] have developed
a smart variable stiffness actuator, and it can be used for a variety of applications. The smart and
modular design offer independent control over torque tracking and actuator’s stiffness. Similarly,
some studies have proposed that the actively adjustable compliance can be used to overcome spasticity,
which is common in post-stroke patients [96,178]. Though the concept of using VSAs can provide
more natural interaction between the user and exoskeleton, it can be achieved at the cost of design
complexity and increased weight.

8.4. Performance Assessment

The recent progress in exoskeleton technology is dramatically increased during the past few years.
However, the effect of robotic exoskeleton on the human body is not well understood, including health
care impact, safety, ergonomics, etc. International organization for standardization (ISO) 13482 [179]
was developed to address the safety issues concerning robots. This standardization procedure can be
adopted for wearable robotics, but the robotic exoskeletons that can be used for medical applications
such as therapy and rehabilitation have not yet been considered in these standards. Besides, there are
no standard performance metrics and test methods upon which the robotic exoskeleton system can be
evaluated. Special test procedures need to be designed by considering the human-robot interaction
and safety. Bostelman et al. [180] has proposed some standard metrics that can also be adopted for the
human-robot interaction, i.e., navigation, perception, management of task, and manipulation. Besides,
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Reference [181] has proposed some additional metrics that can be used for performance assessment of
robotic exoskeletons such as

Duration and speed: Maximum time and sustainable speed to perform the set of designed tasks with
or without exoskeleton must be considered and compared.

Ergonomics: Measuring the comfort level while wearing an exoskeleton must be considered.

Pose uncertainty: It should provide a certain level of positioning accuracy and repeatability.

Others: Cost, range of use, environment, and ease of use.

8.5. Adaptive Control

The dynamics of the musculoskeletal structure, robotic exoskeleton, and estimation of muscle
forces must be considered while designing the control algorithm. To improve the efficiency of these
systems, an adaptive controller is required that can realize the wearer’s status and tune the robot
compliance. The ability to facilitate the user with different control modes is a difficult task because it
is crucial to adjust the exoskeleton assistance level for all users. Furthermore, the study is required
to improve the controllability by considering the biological signals, e.g., Force myograph (FMG) and
electromyography (EMG) signals to estimate the applied torque. Islam et al. [161] has developed
a FMG-based sensor that was initially used to estimate the upper-limb muscle contraction and
relaxation. Later, it was upgraded to estimate the human upper-limb joint angles [163]. Based
on muscle contraction and relaxation, the sensor data was processed to identify the joint angles
via support vector machine algorithm. This technique was adopted to estimate the payload for an
exoskeleton application in Reference [164], where the exoskeleton can provide physical assistance to
the human upper limb in carrying the heavy load. Similarly, Zhen et al. [162] have investigated the
minimum sampling frequency of forearm and wrist FMG for movement monitoring applications.

FMG data is not affected by the skin conditions and displacement of the sensor band slightly
away from the desired location, which is the major advantage of using this method over EMG. The
FMG-based technique to control the exoskeleton robots is only useful in specific applications such
as carrying heavy loads, but the idea of implementing this method for ADL and rehabilitation is
not possible. To overcome this issue [50,182,183], EMG signals can be used to estimate the required
assistance level in rehabilitation or assistive applications. Moreover, EMG based control methods are
not very effective in case of tremor or spasticity. Further research is required to suppress the ill effect of
tremor and spasticity for exoskeleton control. Thus, high-performance actuation and more intelligent
control techniques are also required to improve the pHRI.

9. Conclusions

Upper-limb exoskeleton systems have important implication value in motion assistance and
rehabilitation applications. The article has provided an extensive review on the current development
of upper-limb exoskeletons. Moreover, the authors have concisely reviewed some hand exoskeletons
by keeping in mind their future need of integration with upper-limb exoskeletons. For detailed
description on hand exoskeletons, readers are referred to other dedicated review articles as mentioned
earlier.

New challenges in the research and development of this technology were also identified and
discussed, focusing on the mechanical design, controls strategy, mode of actuation and power
transmission, and exoskeleton design modeling based on the human upper-limb anatomy. It is
noted that the mechanical design of these systems is still heterogeneous due to their broad applications.
So far, there is no standard criteria for the design and performance evaluation of robotic exoskeletons.
Therefore, more R&D is required for the design of novel mechanisms by considering the complex
human biomechanics, specifically for shoulder and wrist joints. Additionally, more research is required
to develop evaluation criteria for the control methods, which may lead to evaluating and comparing
the different studies.
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The physical interaction between humans and robots is also very important and has not been
addressed satisfactorily in most of the recently developed systems. Hence, a framework is required to
quantify the influence of robotic exoskeletons on the human upper limb to account for comfort and
compliant interaction.
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