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1. Introduction  
 

Because of their inherent motor and sensory requirements, hand 
exoskeleton technologies for rehabilitation and assistive 
engineering have not progressed as rapidly as the exoskeleton 
robots and devices for lower and upper limbs that have become 
popular over the last decade. These requirements have inspired 
considerable developments in robotic hands in terms of their 
degrees of freedom, weight, size and dexterous manipulation 
capabilities. At the same time, enhancement of hand functions using 
exoskeleton technologies for those who have lost or weakened hand 
capabilities because of neuromuscular diseases or aging has become 
an important issue, because hand functionality is a dominant factor 
in living an independent and healthy life. 

From the viewpoint of rehabilitation after a stroke, it is 
important for the patient to take intensive and continuous 
therapeutic exercise for successful rehabilitation. It is shown that 
recovery from a brain injury is greatly influenced by the 
sensorimotor experience after the injury.1 Highly repetitive training 
can also help to recover the motor function.2,3 However, 
conventional therapy for stroke rehabilitation requires manual 
interaction with physical therapists that make the procedure 
labor‐intensive and raise the costs. Also, the quantitative evaluation 

of the patient’s performance and progress is difficult with manual 
therapy. The efforts to overcome the inefficiency of conventional 
therapy have been realized by robotic rehabilitation. It has been 
shown that robotic repetitive movement training might be a more 
effective treatment, especially for patients who have difficulty in 
performing unassisted repetitive motion.4 These robotic 
rehabilitation systems can provide effective repetitive training for 
rehabilitation without significantly increasing the costs. The robotic 
system can also be used to evaluate the progress quantitatively. 
These advantages make the use of hand exoskeletons for 
rehabilitation applications look promising. 

Even after an intensive rehabilitation process, hand function 
may not be recovered fully. In fact, up to 66% of hemiplegic stroke 
patients have not regained the function of the paretic arm when 
measured 6 months after the stroke, while only 5% to 20% of 
patients show complete functional recovery.5-8 Hand exoskeletons 
can be used to assist the patients who have suffered permanently 
lost or weakened hand function. 

Also, people whose work requires the exertion of a forceful and 
repetitive hand gripping action are exposed to a high likelihood of 
developing a musculoskeletal disorder. Therefore, to prevent such 
work-related musculoskeletal disorders, it is important to reduce the 
physical burden on these workers. Hand exoskeletons can be used 
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to assist the hand function by amplifying the hand gripping force or 
automating the motion. Applicable areas include heavy industry, 
construction, military, and logistics. 

In the following section, the biomechanics of the hand are 
discussed and the requirements for the exoskeleton devices are 
presented. In Section 3, hand exoskeletons for rehabilitation and 
assistance applications that have been developed or are under 
development are introduced. Actuator technologies and intention 
sensing methods are discussed in Sections 4 and 5, respectively. 
Finally, Section 6 summarizes the article and briefly discusses the 
challenges facing hand exoskeleton development. 

 
 

2. Hand Biomechanics 
 

2.1 Anatomy of the Hand 
Because a mechanism of a hand exoskeleton is closely coupled 

with a hand when it is worn, developing the hand exoskeleton 
requires an understanding of hand anatomy and biomechanics for 
ensuring safe and effective operation. Specifically, considering the 
DOF (degree of freedom) and ROM (range of motion) of each joint 
is important for the design of mechanically safe structure. In 
addition, the hand movement is complexly related to the intrinsic 
and the extrinsic muscles as well as the connective tissues. 
Therefore the systematic knowledge helps achieving proper 
functions for rehabilitation and assistance. 

 
2.1.1 Bones and Joints 

The bones of the hand are naturally grouped into the carpus, 
comprising the eight bones which make up the wrist and root of the 
hands, and the digits, each of which is composed of its metacarpal 
and phalangeal segments. The five digits are named as follows from 
the radial to the ulnar side: thumb, index finger, middle finger, ring 
finger, and little finger. Each finger ray is composed of one 
metacarpal and three phalanges, except for the thumb (which has 
two phalanages). There are 19 bones and 14 joints distal to the 
carpals, as shown in Fig. 1. The carpal bones are arranged in two 
rows, with those in the more proximal row articulating with the 
radius and ulna. Between the two is the intercarpal articulation. 
Each finger articulates proximally with a particular carpal bone at 
the carpometacarpal (CMC) joint. The CMC joint of the thumb is a 
sellar joint, exhibiting two degrees of freedom: flexion and 
extension, and abduction and adduction. The CMC joints of the 
fingers are classified as plane joints with one degree of freedom, 
while the fifth CMC joint is often classified as a semi-saddle joint 
with conjunctional rotation.9 The next joint of each finger links the 
metacarpal bone to the proximal phalanx at the 
metacarpophalangeal (MCP) joint. MCP joints are classified as 
ellipsoidal or condylar joints with two degrees of freedom,10 which 
again permit flexion, extension, abduction, and adduction 
movements. In MCP joints, the metacarpal heads fit into shallow 
cavities at the base of the proximal phalanges.11 The proximal 
interphalangeal (PIP) and distal interphalangeal (DIP) joints are 
found between the phalanges of the fingers; the thumb has only one 

interphalangeal (IP) joint. They are both bicondylar joints with 
subsequently greater congruency between the bony surfaces, and 
have one degree of freedom. The transverse diameters of the IP 
joints are greater than their antero-posterior diameters and the thick 
collateral ligaments are tight in all positions during flexion, contrary 
to those in the MCP joint.12 Although the IP joints are frequently 
modeled and assumed as having single axis of rotation for 
simplicity, in fact they do not remain constant during flexion and 
extension.13 

The different shapes of the finger joints result in varying DOF 
at each joint. Also, the orientation of the thumb and the unique 
configuration of its CMC joint provide this digit with a large range 
of motion and greater flexibility.14,15 The wrist is extended 20° in 
neutral radial/ulnar deviation at the resting posture. The resting 
posture is a position of equilibrium without active muscle 
contraction. The MCP joints are flexed approximately 45°, the PIP 
joints are flexed between 30°and 45°, and the DIP joints are flexed 
between 10° and 20° at the resting posture. Flexion of the MCP 
joints is approximately 90°, and the little finger is the most flexible 
(at about 95°), while the index finger is the least flexible (at about 
70°).16 The extension varies widely among individuals. For PIP and 
DIP joints, flexion of about 110° and 90° occurs. Extension beyond 
the zero position is regularly observed and depends largely on the 
ligamentous laxity. 

 
2.1.2 Muscles 

Dexterous movements of the hand are accomplished by the 
coordinated action of both the extrinsic and intrinsic musculature. 
The extrinsic muscles originate from the arm and forearm, and they 
are responsible for flexion and extension of the digits. The intrinsic 
muscles are located entirely within the hand, and they permit the 
independent action of each digit.17 There are nine extrinsic muscles, 

Fig. 1 Bones and joints of a human hand 
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and three muscles among them - the flexor digitorum superficialis, 
the flexor digitorum profundus, and the flexor pollicis longus - 
contribute to finger flexion. Five extrinsic muscles contribute to the 
extension of the fingers, while one extrinsic muscle (abductor 
pollicis longus) contributes to the abduction of the thumb. The 
dorsal interossei (DI) and palmar interossei (PI) are groups of 
muscles arising between the metacarpals and attached to the base of 
the proximal phalanges or to the extensor assembly. The interossei 
flex the MCP joint and extend the PIP and DIP joints. They are also 
effective abductors and adductors, and produce some rotations of 
the MCP joint. Because of this interaction between the extrinsic and 
intrinsic musculature, the actions of the PIP and DIP joints are 
functionally coupled. 

 
2.1.3 Tendons and Ligaments 

As a digit moves, each tendon slides a certain distance. This 
excursion takes place simultaneously in the flexor and extensor 
tendons.18 The relationships between the excursions of the finger 
tendons and the angular displacements of the MCP, PIP, and DIP 
joints have been reported to be both linear and nonlinear.19 The 
excursions are larger in the more proximal joints. Also, the 
excursion of the flexor tendons is larger than that of the extensor 
tendons, and the excursion of the extrinsic muscle tendons is larger 
than that of the intrinsic tendons. 

There are a number of important extracapsular and capsular 
ligaments that support and stabilize the hand. The most important 
extracapsular ligament is the transverse intermetacarpal ligament 
(TIML). It attaches to and runs between the volar plates at the level 
of the metacarpal heads across the entire width of the hand. The 
capsular collateral ligaments provide important joint stability to all 
of the finger and thumb joints. The MCP joint ligaments have dual 
attachments: bony and glenoid. The glenoid portion arises from the 

metacarpal head and attaches to the volar plate, while the collateral 
portion arises from the metacarpal head and attaches to the base of 
the phalanx. In contrast, the PIP and DIP joint collateral ligaments 
attach completely to the bones. The collateral ligaments of the PIP 
and DIP joints are concentrically placed and are of equal length;20,21 
therefore, these ligaments are maximally taut throughout their range 
of motion. 

 
2.2 Requirements of the Hand Exoskeleton 

One of the most important requirements of any device that 
interacts with humans is safety. Because the exoskeleton devices 
move under close contact conditions with the wearer, any 
malfunction can be seriously harmful to the user. Mechanical 
designs should therefore consider the possibilities of unpredicted 
erroneous operation of the device controller when the device is 
actively actuated. Limits to the range of motion can be set using a 
mechanical stopper or corresponding structural designs so that the 
exoskeleton cannot force the wearer’s body to move in an excessive 
range of motion. 

The coincidence of the center of rotation is a primary concern in 
the mechanical design of hand exoskeletons. When the user wears a 
hand exoskeleton with rigid linkages, the linkage structure should 
be designed to have a center of rotation that coincides with the 
rotational axis of the human body joint. Otherwise, the difference in 
the rotational axes may cause a collision between the user’s hand 
and the device, resulting in damage to the user’s hand. 

The most intuitive method is to build the exoskeleton’s center 
of rotation to coincide with that of the wearer.22 However, this 
requires an additional space to locate the mechanism at the side of 
the finger, making it difficult to build a multi-fingered structure. 
Otherwise, a remote center of rotation can be adopted. There are 
various applicable mechanisms for the remote center of rotation for 

 
(a) Direct matching of joint centers22 (b) Linkage for remote center of rotation23 (c) Redundant linkage structure24 

 
(d) Tendon-driven mechanism25 (e) Bending actuator attached to the joint26 (f) Serial linkage attached to distal segment27

Fig. 2 Mechanisms for matching the center of rotation or eliminating the need for precise alignment 
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this purpose.23,28,29 However, the consideration of the coincidence 
of the rotational axis can be disregarded when a flexible or 
underactuated structure is adopted. For example, a linkage structure 
with redundant degrees of freedom can be used.24 In this 
mechanism, the number of DOFs of the linkage structure 
connecting the adjacent finger segments is 2 while that of human 
finger IP joint is only 1. The redundancy is eliminated by the 
constraints given when attaching the device to the user’s hand. A 
tendon-driven mechanism mimicking the actuation of the actual 
human hand can also be used for the actuation of the hand 
exoskeleton.25,30 Soft pneumatic actuators directly attached to the 
joint of a glove work in the same way.26 In these cases, where the 
flexible or underactuated structure is adopted, the wearer’s hand 
actually provides a skeletal structure for the motion of the 
exoskeleton device. In addition, a serial linkage mechanism which 
is attached only to the distal segment of the finger also does not 
need the alignment of joint axis.27 Fig. 2 shows the mechanisms 
described for matching the center of rotation or bypassing the 
problem. 

Also, especially for the exoskeletons for assistance applications, 
building a lightweight exoskeleton device and supporting 
components must be considered a high priority. The power 
transmission method and actuation mechanism must also be 
considered with the structure as dominant factors in the design. 

In addition to the factors described, the method for sensing the 
user’s intended motion is also a critical consideration and is closely 
coupled with the device design. This will be further discussed later 
in the paper in a dedicated section for intention sensing methods. 

 
 

3. Review of Hand Exoskeletons 
 
Several research groups have developed hand exoskeletons for 

rehabilitation and assistance applications. The rehabilitation 

exoskeletons provide exercise for the patients to help recovering 
motor function of hand. The rehabilitation exercise can be either 
passive movement driven by the exoskeleton or active movement 
against the resistive force given by the exoskeleton. Therefore the 
use of sensors and actuators is not mandatory but depends on the 
specific functions that are needed. On the other hand, the assistive 
exoskeletons acquire the user’s motion intention and assist the user 
performing the action. This functionality makes it necessary to be 
equipped with sensors and actuators. 

The hand exoskeletons can be classified using various criteria, 
such as actuator type, power transmission method, degrees of 
freedom (DOF), intention sensing method, and control method. 
According to these criteria, hand exoskeletons can be classified as 
shown in Fig. 3. Among them, the type of actuator is selected as a 
major criterion for classification in this paper. Table 1 shows the 
passive exoskeleton. Table 2 and Table 3 show the rehabilitation 
exoskeletons driven by electric actuators and pneumatic actuators, 
respectively. In the same manner, Table 4, Table 5, and Table 6 
show the assistive exoskeletons driven by electric actuators, 
pneumatic actuators, and shape memory alloy, respectively. 

 
3.1 Exoskeletons for Rehabilitation 
3.1.1 Driven by Passive Actuator 
3.1.1.1 HandSOME31 (Fig. 4(a)) 

The Hand Spring Operated Movement Enhancer (HandSOME) 
is a passively operated device for giving an extension moment to 
the finger joints so that it compensates for the finger flexor 
hypertonia caused by a stroke. It is designed to follow the normal 
kinematic trajectory of the hand during pinch-pad grasping, 
providing an extension torque profile that best compensates for the 
finger flexor hypertonia. A 4 bar linkage mechanism was designed 
for the thumb and finger parts to coordinate the natural grasping 
motion. The attachment point of the spring can be changed to adjust 
the torque profile. 

 
Fig. 3 Classification of hand exoskeletons according to the various criteria 
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Table 1 Rehabilitation exoskeleton driven by passive actuator 
Reference Force transmission DOF Note 

HandSOME (Brokaw et al.)31 Linkage 1 Exert extension torque for compensating finger flexor hypertonia
 
Table 2 Rehabilitation exoskeletons driven by electric actuators 

Reference Force transmission Active DOF Intention sensing method Note 
WaveFlex (Otto Bock)32 Linkage 1  CPM 
Kinetec Maestra Portable Hand 
CPM (Patterson Medical)33 Linkage 1  CPM 

Mulas et al.34 Cable 2 EMG Active control 
Tong et al.35 Linear actuator 5 EMG CPM / Active motion 
HEXOSYS (Iqbal et al.)36 Linkage 2  Underactuated 
HEXORR (Schabowsky et al.)37 Linkage 2 Torque sensor CPM / Active motion 
HANDEXOS (Chiri et al.)38,39 Cable, crank-slider 5  Underactuated 
Wege et al.24,40 Cable 20 EMG electrode Active motion 
Ueki et al.41 Linkage 18 Joint angles of healthy hand Self-motion control 
iHandRehab (Li et al.)42 Cable 8 Force sensor CPM / Active motion 
Sarakglou et al.43 Cable 7  Virtual reality exerciser 
AFX (Jones et al.)44 Cable, linkage 3   
IntelliArm (Ren et al.)45 Linkage 1 for hand  Passive / assistive 

 
Table 3 Rehabilitation exoskeletons driven by pneumatic actuators 

Reference Force transmission Active DOF Intention sensing method Note 
Hand Mentor (Kinetic Muscles)46 Linkage 1  Passive / assistive 
HWARD (Takahashi et al.)47 Linkage 3  Assistive 
Wu et al.48 Cable, linkage 2 Force sensor Assistive 

 
Table 4 Assistive exoskeletons driven by electric actuators 

Reference Force transmission Active DOF Intention sensing method Note 

Martinez et al.49,50 Cable 3 FSR Underactuated 
Passive extension 

OHAE (Baker et al.)51 Cable 3 FSR Underactuated 
Hasegawa et al.52,53 Cable 11 EMG Finger tracking for back-drivability 

In et al.30 Cable attached to glove 1 EMG Underactuated 
Passive extension 

In et al.25 Cable attached to glove 1  
Underactuated 

Passive extension, 
Differential mechanism 

Shields et al.54 Cable, linkage 3 Force sensors Passive extension 
SkilMate (Yamada et al.)55 Steel belt 3 Joint angle Equipped with tactile sensor at fingertip
Benjuya et al.56 Flexible shaft 1 EMG  

 
Table 5 Assistive exoskeletons driven by pneumatic actuators 

Reference Force transmission Active DOF Intention sensing method Note 
DiCicco et al.57,58 Cable, linkage 2 EMG Passive extension 

Sasaki et al.59 Directly attached to glove 6 Expiration switch or tactile sensor Underactuated 
Passive extension 

Kadowaki et al.26 Directly attached to glove 6 Flexion angle or EMG Underactuated 

Tadano et al.60 Directly attached beneath the 
finger linkage 5 Force sensor Underactuated 

Passive extension 
Takagi et al.61 Linkage 3 Bending sensor Passive extension 
Toya et al.62 Directly attached to glove 4 Estimate from movement pattern Passive extension 
Moromugi et al.63 Linkage 1 Muscle hardness sensor  

 
Table 6 Assistive exoskeleton driven by shape memory alloy 

Reference Force transmission Active DOF Intention sensing method Note 
Makaran et al.64 Linkage 1 Sip-and-puff switch or EMG Passive extension 
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(a) HandSOME31 (b) HandEXOS38,39 

 
(c) Wege et al.24,40 (d) Ueki et al.41 

Fig. 4 Some of the hand exoskeletons for rehabilitation 
 

3.1.2 Driven by Electric Actuator 
3.1.2.1 WaveFlex32 

The WaveFlex (Otto Bock, Germany) is a commercial 
continuous passive movement (CPM) device for physical therapy of 
the hand. An electric motor is used for actuation. This device 
achieves a full range of motion (ROM) of flexion and extension 
using a drive bar and finger attachments to assist the fingers 
through a natural path for a grasping motion. The WaveFlex is 
portable and lightweight, enabling it to be worn for extended 
periods of time, and is adjustable for different finger lengths using 
the attached finger clips. The WaveFlex is also able to measure the 
interaction force. When the interaction force exceeds a certain 
threshold during motion, the ‘reverse-on-load’ function controls the 
device to move in the reverse direction to prevent overloading of 
the user’s fingers. The user can also use this device to exercise the 
thumb. However, it is not possible to move the thumb 
simultaneously with the other fingers. 

 
3.1.2.2 Kinetec Maestra Portable Hand CPM33 

The Kinetec Maestra Portable Hand CPM (Patterson Medical, 
USA) is a commercial CPM device for hand rehabilitation. It 
incorporates a bilateral Alumafoam splint for attachment of the 
device to the user’s forearm. Flexion and extension movements are 
made via a drive bar to which the 4 fingers other than the thumb are 
connected together. The drive bar is actuated using an electric motor. 
The device can provide hyperextension and full flexion for the 
fingers, but thumb movement is not involved. 

 
3.1.2.3 Mulas et al.34 

A device developed by Mulas et al. is actuated using two 
electric motors that drive wires to flex the thumb and the other 
fingers. Extensions are performed using springs. Unlike the CPM 
devices, this device is controlled based on an electromyography 
(EMG) signal to start the movements according to the user’s 
volition. When the EMG signal exceeds a certain threshold, the 
flexion movement is initiated. 

3.1.2.4 Tong et al.35 
Tong et al. presented a hand exoskeleton which consists of 5 

finger assemblies where each finger has 1 active DOF actuated by a 
linear actuator, causing coupled movement of the MCP and PIP 
joints. 

The device has 4 modes of operation: 1) CPM, 2) EMG-
triggered motion, 3) continuous EMG-driven motion, and 4) free-
running. In the second mode, the device starts flexion or 
extension motion when the corresponding EMG signal exceeds a 
certain threshold. In the third mode, the movement continues as 
long as the user’s effort exists. The fourth mode selects flexion or 
extension of the device according to a comparison of the EMG 
signals from the two muscles that represent flexion and 
extension. 

 
3.1.2.5 HEXOSYS36 

Iqbal et al. proposed the Hand EXOskeleton SYStem 
(HEXOSYS), which actuates 2 fingers for rehabilitation. Each 
finger is driven by using an underactuated linkage driven by an 
electric motor. The linkage structure adopted in this device is a 
three-link planar underactuated mechanism having a single 
attachment point. A custom-made force sensor is integrated into the 
connecting link. 

 
3.1.2.6 HEXORR37 

The Hand Exoskeleton Rehabilitation Robot (HEXORR) 
developed by Schabowsky et al. consists of two modular 
components; one is for the fingers, while the other is for the thumb. 
The finger module is built with a four-bar linkage that is capable of 
providing coupled rotations of the MCP and PIP joints. Each 
module is driven by an electric motor and the user’s movement 
volition is sensed using a torque sensor. 

This device has three modes of operation: 1) CPM, 2) active 
unassisted movement, and 3) active force assisted movement. In the 
second mode, the device compensates for the weight and friction of 
the device itself, while rejecting unintentional movement 
commands. The third mode provides assistance for extension 
movements. 

 
3.1.2.7 HANDEXOS38,39 (Fig. 4(b)) 

The hand exoskeleton developed by Chiri et al. has 5 
independent modules for the fingers. Each module is composed of 3 
links for the phalanges, where the center of rotation of each 
connection is matched with the corresponding joint of the human 
finger. The flexion and extension of the MCP joint is driven by a 
slider-crank-like mechanism, while the PIP and DIP joints are 
driven by Bowden cable transmissions. The 3 joints of each finger 
are underactuated because they are driven using a single actuator 
unit. 

For the finger module, 3 force sensors are mounted on the 
surface of the inner side of each of the three palmar shells to 
sense the interaction force. The linear slider for MCP rotation is 
equipped with strain gauges to measure the force transmitted by 
the driving cable. 
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3.1.2.8 Wege et al.24,40 (Fig. 4(c)) 
The hand exoskeleton developed by Wege et al. actuates each 

joint via a Bowden cable driven by an electric motor. Bidirectional 
movement is supported by the use of two pull cables for each joint, 
diverted by a pulley on both ends. Only one motor is used for each 
joint, which introduces some slackness when compared to a 
solution using one motor for each direction. The motion is applied 
through a leverage construction on each finger attachment. 

This device is controlled by EMG signals. Each finger rests in 
its relaxed position when no muscle activation is measured. 
Depending on the muscle activation, a linear force is calculated and 
the fingers are moved as if acting against a constant friction. The 
movements of the MCP, PIP, and DIP joints are performed in a 
coupled motion. 

 
3.1.2.9 Ueki et al.41 (Fig. 4(d)) 

Ueki et al. proposed a hand exoskeleton for hemiplegic patients. 
The device is capable of 18 DOF motions: 3 DOF for each finger, 4 
DOF for the thumb, and 2 DOF for the wrist. For each finger, 3 
electric motors assist the flexion/extension of the MCP and PIP 
joints and the abduction/adduction of the MCP joint. For the thumb, 
there are 3 motors for flexion/extension and one for opposition. The 
wrist motion is performed using 2 motors. 

The device is controlled to reproduce the movements of a 
healthy arm. A data glove is used to measure the joint angles of a 
healthy arm and the hand exoskeleton mimics the measured joint 
motion. 

 
3.1.2.10 iHandRehab42 

The iHandRehab proposed by Li et al. aims to satisfy the 
requirements for both active and passive movements for hand 
rehabilitation. This device has finger modules for the index finger 
and thumb. The index finger part consists of the MCP (2 DOF), PIP 
(1 DOF), and DIP (1 DOF) modules, and the thumb consists of the 
CMC (2 DOF), MP (1 DOF), and IP (1 DOF) modules. All actuated 
joints are driven by cable transmissions. To realize bidirectional 
movement, two cables were used for each joint motion. 

This device can operate in passive, active, and assisted modes. 
In the active modes, a force control scheme is implemented to exert 
a resistive force on the user’s fingers. Force sensors are used to 
measure the interaction forces at the fingertips. The assisted mode 
switches from the active mode to the passive mode during the 
exercise. 

 
3.1.2.11 Sarakoglou et al.43 

Sarakoglou et al. developed a hand exoskeleton to provide 
physiotherapy regimes in an interactive virtual environment. This 
device provides facilities for hand motion tracking, recording and 
analysis as well as the ability to execute both occupational and 
physical therapy exercises. It provides 7 active DOF: 2 for each 
finger except for the thumb (1 DOF). The device is actuated by 
pulling cables driven by electric motors located at the motor site. To 
measure the interaction forces, force sensors are also installed at the 
motor site. 

This device can be used for virtual reality based physical 
exercise, where a patient performs physical and occupational 
therapy exercises by interacting with a number of virtual simulated 
exercises that are designed in a game-like fashion. 

 
3.1.2.12 AFX44 

Jones et al. proposed the Actuated Finger Exoskeleton (AFX), 
which has 3 active DOF for the index finger joints: the MCP (1 
DOF), PIP (1 DOF), and DIP (1 DOF), actuated by a cable 
mechanism driven by electric motors. The three rotational joints of 
the exoskeleton are aligned with the flexion/extension axes of each 
joint of the user. The exoskeleton structure is therefore located at 
the side of the finger. This device is capable of operating in position 
control mode or torque control mode. 

 
3.1.2.13 IntelliArm45 

Ren et al. developed a whole arm exoskeleton with a hand part 
actuated by four bar linkages and electric motors. One active DOF 
was designed to drive the hand to open/grasp at the MCP and thumb 
joints in a synchronized opening/closing motion of the hand. An 
electric motor is used to provide hand opening and closing training. 

Passive movement and active assistive exercise are provided 
with this device. The active assistive exercise mode can improve 
voluntary neuromuscular control by using games with a gripping 
task. 

 
3.1.3 Driven by Pneumatic Actuator 
3.1.3.1 Hand mentor46 

The hand mentor is a commercial hand rehabilitation therapy 
system produced by Kinetic Muscles Inc. (USA). It is a 1 DOF 
device that provides a controlled resistive force to the hand and 
wrist. The applied force can oppose flexion or assist extension of 
the hand. It incorporates sensors that monitor the position of the 
wrist and fingers during flexion/extension motions, as along with 
force sensors to measure the force applied to the hand by the 
compliant air muscle actuator. The device incorporates surface 
EMG recording electrodes in contact with the patient’s muscles and 
an EMG level display. 

 
3.1.3.2 HWARD47 

The Hand Wrist Assistive Rehabilitation Device (HWARD) 
developed by Takahashi et al. is a 3 DOF (1 for fingers, 1 for thumb, 
and 1 for wrist) pneumatically actuated system that exercises 
flexion and extension of the hand as well as wrist movement. The 
device can simultaneously flex and extend the fingers, including the 
thumb, about the MCP joint. Wrist flexion and extension is also 
performed. This device can assist with grasping and releasing 
movements while simultaneously allowing the user to feel real 
objects during therapy. Three double-acting cylinders are used to 
drive the device. 

 
3.1.3.3 Wu et al.48 

Wu et al. developed a hand exoskeleton with 2 active DOF 
(flexion/extension of the MCP and PIP joints of the fingers, 
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excluding the thumb). This device provides the assistive forces 
required for finger training. To enable bidirectional movement at a 
finger joint with a pneumatic muscle, a PM-TS actuator consisting 
of a pneumatic muscle and a torsion spring is applied. In this 
configuration, the torsion spring provides the extension of the 
pneumatic muscle. 

The purpose of the control scheme used in this device is to 
provide controllable, quantifiable assistance specific to some 
particular patients by adapting the level of assistance provided. 

 
3.2 Exoskeletons for Assistance 

Various works have been conducted for applications in hand 
function assistance. The purpose of most of these devices is to help 
the disabled. However, some of the devices were developed to help 
astronauts, because moving fingers while wearing a space suit glove 
is difficult because of the stiffness of the glove itself and the 
pressure difference. 

 
3.2.1 Driven by Electric Actuator 
3.2.1.1 Martinez et al.49,50 

At the College of New Jersey, a power-assisted exoskeleton has 
been designed to help the pinching and grasping motion of people 
with decreased hand functionality caused by disease. Martinez et al. 
designed an under-actuated cable-driven exoskeleton with active 
flexion and passive extension mechanisms. There are three actuated 
fingers: the thumb, index and middle fingers. The middle finger 
motion acts in conjunction with that of the ring and small fingers. 
For each finger, flexion is performed using a linear actuator, while 
extension is performed by a spring. Aluminum bands are located at 
the circumferences of the phalanges, forming a linkage with 
connecting structures between the bands. Force sensing resistors 
(FSR) installed inside the actuated fingers measure the flexion 
forces for control of the device. 

 
3.2.1.2 Orthotic Hand-Assistive Exoskeleton (OHAE)51 

Baker et al. introduced a project to develop a hand exoskeleton 
with an active extension capability, unlike the previous exoskeleton 
designs49,50 described above that used springs to extend the fingers. 
This device has three actuated fingers: the thumb, index and middle 
fingers, driven by cables attached to a glove. Aluminum bands and 
carbon fiber rods sewn into the glove build a skeletal structure for 
finger movement. There is a linear actuator for each finger, which 
pulls the cable in bidirectional motion to flex and extend the finger. 
The motion intention of the user is sensed by two force-sensing 
resistors (FSR) attached at the dorsal and ventral sides of the distal 
link of each actuated finger. The FSRs are intended to measure the 
contact forces caused by the user’s finger movement. 

 
3.2.1.3 Hasegawa et al.52,53 (Fig. 5(a)) 

Hasegawa et al. have developed an exoskeleton to assist with 
hand and wrist functions. The device has a total of 11 active DOF: 
three for the index finger, three for the middle-ring-small finger 
combination, two for the thumb, and three for the wrist. Although 
the authors adopted a cable-driven mechanism mimicking human 

finger motion driven by tendons, there is a difference in that their 
device controls each joint independently. This method is used to 
simulate the compliance variation of a human finger according to 
the grasping force exerted to maintain grasping stability. 

The authors proposed a ‘dual sensing system’ and a ‘bioelectric 
potential-based switching control algorithm’ to enable small 
resistance to movement while providing force augmentation only 
when the user exerts a relatively large grasping force. The finger 
joint angles and the bioelectric potential are measured to control the 
device. The grasping force is estimated from the bioelectric 
potential measured by surface electrodes on the lumbrical muscles. 
When the estimated grasping force is below a certain threshold, 
meaning that the force assistance is not required, the device controls 
the motors to keep the wires slightly relaxed, regardless of the 
finger posture. The motor control commands are generated by 
calculation of the required wire lengths based on the joint angles 
measured from the exoskeleton. This behavior results in low 
resistance during unassisted finger movement. However, if the 
estimated grasping force becomes significantly large, indicating that 
the user needs force assistance, the control mode of the exoskeleton 
is switched to the other mode, which controls the grasping force. 
Using this mode, assistance is given to the index finger while the 
thumb maintains its current posture.  

  
3.2.1.4 In et al.30 

In et al. proposed a glove-type hand exoskeleton to assist 
disabled people. This device adopts an underactuated cable-driven 
mechanism attached to a glove. Because there is no rigid linkage, 
the wearer’s hand becomes the linkage structure for operation of the 
exoskeleton. A cable exerts a flexion force on each finger, while the 

 
(a) Hasegawa et al.52,53 (b) In et al.25 

 
(c) Shields et al.54 (d) DiCicco et al.57,58 

 
(e) Kadowaki et al.26 (f) Tadano et al.60 

Fig. 5 Some of the hand exoskeletons for assistance 
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extension force is provided passively by a spring. All of the 
actuated fingers are driven by a single motor. However, the tendon 
excursions which occur during the finger movements are different 
for each finger because of the differences in the moment arms. 
There are therefore stacked pulleys with different diameters at the 
output shaft of the motor, providing suitable amounts of tendon 
excursion for each finger. An electromyography (EMG) signal is 
used to control the device in a simple on-off manner. The device 
exerts a flexion force when the EMG signal exceeds a predefined 
threshold. 

 
3.2.1.5 In et al.25 (Fig. 5(b)) 

After the preceding work30 described above, In et al. developed 
another hand exoskeleton, adopting a differential mechanism for 
multi-finger underactuation to substitute for the stacked pulleys 
with different diameters that were used in the previous model. Like 
its predecessor, this device uses the user’s own hand as a supporting 
structure for finger movement, because there are no rigid linkages. 
The flexion motions of the three actuated fingers are performed 
using a motor, and the extension motions are performed using 
extension springs. 

The differential mechanism enables the device to grasp an 
object with a three-dimensional surface securely with only one 
actuator by adjusting the movement of the fingers. The key parts of 
the proposed differential mechanism are U-shaped tubes located at 
the fingertips and between the fingers. The tubes at the fingertips 
move with the fingers, while the tube between the fingers maintains 
its position. When a spooler attached to a motor pulls the cable for 
finger flexion, the total exposed length of the flexor cable is 
shortened, and this causes the flexion of the fingers. When there is 
no external resistance, the actuated fingers are flexed almost evenly. 
However, if one finger is blocked by an obstacle, the U-shaped tube 
of the obstructed finger cannot move any further. On the other hand, 
shortening of the flexor cable results in faster flexion of an 
unobstructed finger. 

  
3.2.1.6 Shields et al.54 (Fig. 5(c)) 

Space suits and gloves are stiffened by the pressure difference 
when they are exposed to the vacuum of space during 
extravehicular activities (EVA). Because it is difficult for astronauts 
to move against this stiffness, space suits have caused reduced 
dexterity and increased fatigue. To overcome this problem, some 
devices have been developed. 

Shields et al. proposed a hand exoskeleton for an EVA glove. It 
has three actuated fingers (index, middle, ring-small), with one 
DOF for each finger. The links for each finger form four-bar 
mechanisms to allow the joints to rotate about remote centers that 
are coincident with the joints of the wearer’s fingers. The motions 
of the two joints for each finger are coupled together. This device 
exerts a flexion force generated by motors via a cable-driven cam 
mechanism, while the extension is performed using a passive force 
provided by the stiffness of the space suit glove. The user’s 
intention to flex the glove is sensed by force sensors mounted inside 
each fingertip. The control of the device is performed in a simple 

on/off manner with two threshold levels that classify the operation 
modes into flexion, stop, and extension modes. 

  
3.2.1.7 SkilMate55 

Yamada et al. proposed a design for a powered hand assistance 
device for space suit gloves. Three fingers are actuated using the 
device: the thumb, index, and middle fingers. The largest joint for 
each finger is actuated by an ultrasonic motor to flex or extend the 
joint. The device is composed of inner and outer parts 
corresponding to master and slave devices, respectively. The outer 
part is controlled to follow the motion of the inner part. The joint 
angle of each actuated finger is measured using an encoder attached 
to the inner part. 

Because of the importance of tactile information in 
manipulation, this device is designed to be equipped with tactile 
sensors and tactile display elements to provide the wearer with 
tactile information in the form of vibration. 

 
3.2.1.8 Benjuya et al.56 

Benjuya et al. developed a myoelectric hand orthosis for spinal 
cord injury patients at the C5-6 level. This device has one actuated 
DOF at the MCP joint for flexion/extension of the coupled index 
and middle fingers. A DC motor is located on a forearm band, 
transmitting power to the fingers through a flexible shaft. The 
flexible shaft has a worm gear at the distal end so that the shaft 
rotation drives a spur gear of a finger piece, to which the index and 
middle fingers are tied. The pinching force is controlled in a manner 
proportional to the amplitude of the EMG signal from the forearm. 

 
3.2.2 Driven by Pneumatic Actuator 
3.2.2.1 DiCicco et al.57,58 (Fig. 5(d)) 

DiCicco et al. developed an orthotic hand exoskeleton for 
quadriplegic patients with C5/C6 injuries. With this device, a 
pinching motion is performed by the index finger while the thumb 
is fixed in an opposed posture. This system has 2 active DOF for 
the index finger: one for MCP flexion/extension, and the other for 
coupled PIP/DIP flexion/extension. The flexion of the PIP and DIP 
joints is controlled using a cable located at the volar side of each 
finger band. These cables are pulled by a pneumatic cylinder acting 
in compression. The flexion of the MCP joint is performed by a 
linkage mechanism driven by a pneumatic cylinder acting in 
extension. Pressurized air is supplied to the pneumatic cylinders 
simultaneously. For extension of the joints, springs are mounted at 
the joints to exert a passive extension force. 

Three control strategies are applied for control of the device. 
First, a binary control algorithm with a simple on/off method based 
on the EMG signal acquired from the biceps of the contralateral 
arm can be used. With this control mode, the finger is flexed when 
the signal level from the contralateral biceps exceeds a certain 
threshold. The flexed posture is maintained while the signal level 
remains above the threshold. Second, a method which controls the 
air pressure continuously relative to the measured EMG signal from 
the contralateral biceps is applied. Finally, a natural reach and pinch 
algorithm which uses the EMG signal from the ipsilateral biceps is 
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used. With the third control mode, the user does not have to 
concentrate on straining their contralateral arm to control the device. 

  
3.2.2.2 Sasaki et al.59 

Sakaki et al. developed a wearable power assisted device for 
grasping functions. The device has five fingers actuated by 
pneumatic rubber muscles. Each pneumatic muscle is attached 
directly to the glove, eliminating the usage of a linkage structure. 
Each finger, except for the thumb, has one active DOF for 
flexion/extension, while the thumb has 2 active DOF for 
flexion/extension and for opposing motion. 

A curved type rubber muscle is used for the flexion of each 
finger, including the thumb, while two linear type rubber muscles 
are used for the opposing movement of the thumb. The curved type 
tuber muscle is composed of a lengthwise expandable rubber tube 
with an inelastic fiber tape attached to the side of it. Pressurization 
of the rubber tube makes the rubber muscle bend. The difference 
between the linear type rubber muscle and the curved type rubber 
muscle is the absence of the fiber tape. Therefore, when pressurized, 
the linear type rubber muscle is extended in the axial direction. 

One of the operating methods for the device is on/off control 
using an expiration switch. When the pressure provided by the 
user’s mouth exceeds a certain threshold, the device is activated for 
grasping. The other operating method is contact force control using 
a tactile sensor installed at the index fingertip. The pressure of the 
supplied air is feedback-controlled by this method. 

 
3.2.2.3 Kadowaki et al.26 (Fig. 5(e)) 

Kadowaki et al. developed a power-assisted glove for those who 
have a weak hand grasping force. The actuated DOF are the same 
as for its predecessor, described above.59 This device also adopted 
pneumatic rubber muscles as actuators. The differences between 
this device and that of the former work are the types of pneumatic 
muscles used and the operating method. 

Two types of pneumatic rubber muscles are applied: one is a 
sheet-like curved rubber muscle, and the other is a spiral rubber 
muscle. The former has a role in the flexion of each finger while the 
latter makes the opposing motion of the thumb. Because the sheet-
like curved rubber muscle has two lengthwise expandable elements 
located in parallel, the bending direction can be controlled by 
selecting the element to be pressurized. Both the extension and the 
flexion are therefore actively performed. The spiral rubber muscle 
consists of an expandable rubber tube and a cloth which is 
stretchable in the oblique direction. This makes the spiral muscle 
twist when it is pressurized. 

The glove is controlled by means of finger posture, measured 
using a data glove or an EMG signal acquired from the forearm 
muscles. With a data glove equipped with bend sensors, the device 
can be controlled using the motion of the glove. For the EMG-based 
control case, the grasping motion commences when the signal level 
exceeds a certain threshold. 

  
3.2.2.4 Tadano et al.60 (Fig. 5(f)) 

Tadano et al. developed a hand exoskeleton actuated by 

pneumatic artificial rubber muscles. Although the device has a total 
of 10 DOF comprising 2 DOF for each finger, they are 
underactuated, with one active DOF for each finger. A contracting 
pneumatic rubber muscle is attached under a bi-articular linkage 
mechanism for each finger for flexion. 

At the fingertip part of each finger, a balloon sensor is installed 
to sense pressure exerted by the user. The pressure values sensed by 
the balloon sensors are applied to grasping force control of the 
device. The device amplifies the grasping force in proportion to the 
sensed pressure. 

  
3.2.2.5 Takagi et al.61 

Takagi et al. developed a grip aid system using pneumatic 
cylinders. It has three actuated fingers: the thumb, index, and 
middle fingers. Each finger is equipped with a pneumatic cylinder 
at the dorsal part of the finger so that extension of the pneumatic 
cylinder causes the flexion of the corresponding finger. The linkage 
mechanisms for the index and middle fingers cause coupled MCP-
PIP joint motion. 

A bending sensor attached to the small finger measures the 
flexion angle of the small finger. The sensed bending angle can be 
used for control of the device. 

 
3.2.2.6 Toya et al.62 

Toya et al. developed a power-assisted glove which is 
controlled based on the estimated grasping intention extracted from 
the initial movement patterns of the finger joint angles. The device 
assists all 5 fingers. Each finger has 2 active DOF, apart from the 
thumb, which has one active DOF. However, the MCP joints of the 
index, middle, ring, and small fingers are actuated together. The PIP 
joints of the index and middle fingers are also actuated 
simultaneously. In the same manner, the PIP joints of the ring and 
small fingers move together. Only the actuation of the thumb is 
isolated. Therefore, the actual number of actuated DOF is 4. The 
actuation is performed using pneumatic soft actuators that bend 
when pressurized air is supplied. 

Unlike other hand assisting exoskeletons, this device performs a 
predefined motion from 3 grasping motions according to a 
classification result from analysis of the initial motion of the fingers. 
The three principal grasping motions applied are a power grip, a 
precision grip, and a tip pinch. For control of the device, four angle 
sensors are installed in some of the joints. The angle sensor 
locations are determined based on the analysis of the initial 
movement patterns of the finger joint angles for each grasping 
mode. A pattern classification method is applied to the measured 
angles to distinguish the movement patterns and to predict the 
grasping mode. 

 
3.2.2.7 Moromugi et al.63 

Moromugi et al. developed a hand exoskeleton actuated by a 
pneumatic cylinder for assisting with grip force. The device has an 
actuated index finger with 3 links, where the links are connected 
together by sublinks so that the motion of the pneumatic cylinder 
causes synchronized motion at the joints. On the extension of the 
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cylinder, the exoskeleton performs a gripping motion toward the 
fixed thumb. The user’s intention of motion is sensed using a 
muscle hardness sensor attached to the forearm. The muscle 
hardness sensor measures pressure while providing a mechanical 
indentation on the skin. When the muscle under the sensor is 
activated, the hardness increment of the muscle causes elevation of 
the measured pressure. 

 
3.2.3 Driven by Shape Memory Alloy 
3.2.3.1 SMART Wrist-Hand Orthosis64 

Makaran et al. developed an exoskeleton type hand orthosis to 
help the grasping function of quadriplegic patients. The device has 
one actuated finger which rotates around the MCP joint axis. A 
shape memory alloy (SMA) actuator is used as an actuator for the 
flexion of the finger. Extension is performed by a spring. Because 
the SMA used has high electric resistance, heat generation by 
passing an electric current through it is a possible method of 
operating the SMA actuator. 

The device is controlled by using a sip-and-puff switch or an 
EMG signal. They can be used as commands for on/off operation 
with appropriately defined thresholds. 

 
 

4. Actuator Technologies 
 
Different types of actuators have been developed to actuate 

hand exoskeletons for assistive and rehabilitation purposes. In this 
section, the conventional exoskeleton actuators (electric motor and 
pneumatic actuator) and the smart material actuators (shape 
memory alloy and electroactive polymer) are introduced, and their 
characteristics are briefly summarized. 

 
4.1 Electric Motors 

Electric motors have been used successfully not only as 
exoskeleton actuators but also as prosthetic finger actuators, 
because they are easily available, reliable and easy to control. They 
can be categorized into DC motors and AC motors according to 
their electric power sources. The AC motor can further be classified 
as shown in Fig. 6. Synchronous motors using permanent magnets 
are classified into brushless AC (BLAC) motors and brushless DC 
(BLDC) motors, depending on the shape of the back electromotive 
force. More specifically, BLAC and BLDC motors have sinusoidal 
and trapezoidal back electromotive force shapes, respectively. The 
BLAC motor system is generally more expensive than the BLDC 
motor system.65-67 

The development of power electronics enables AC motors to be 
widely used as actuators. The source of the field flux in a 
synchronous motor can be changed from an electrically excited 
field winding to a permanent magnet by the use of a high-
performance reliable permanent magnet. The use of the permanent-
magnet synchronous motor (PMSM) can increase the torque and 
power density with improved efficiency compared to that of a 
synchronous motor with an electrically excited field winding.66 
Gopura et al.68 summarized many upper limb exoskeletons actuated 

with electric motors, and they showed a long list of DC or BLDC 
motors. The DC motor has been extensively used because of the 
simple structure of the motor itself, as well as that of its electronic 
drive; however, it requires regular maintenance because of the 
mechanical contact between the brush and commutator. The BLDC 
motor not only requires no regular maintenance but also has the 
advantage of high speed driving because it uses an electronic 
inverter instead of the brush and commutator. Also, a heavy 
armature rotates in the DC motor while a light permanent magnet 
rotates in the BLDC motor; the small inertia of the BLDC motor 
therefore enables rapid acceleration and deceleration.66,67 

To transmit the power of electric motors to each joint of the 
exoskeletons, transmission mechanisms such as cables, gears and 
linkages have been used.68 

 
4.2 Pneumatic Actuators 

Pneumatic actuators have been used in many exoskeleton 
applications.68 The air compressor used to generate the compressed 
air for pneumatic actuation is both bulky and noisy. The noise 
problem can be overcome by using pre-compressed air storage. 
However, the size of the pneumatic system cannot be easily reduced 
because of the air storage chamber volume. Pneumatic actuators 
therefore must be used for systems with lower mobility or their 
bulky parts must be placed in the user’s carrying case, such as in a 
wheelchair.58 Cylinders and pneumatic artificial muscles are widely 
used to transmit the power of compressed air into the 
exoskeletons.68 

The McKibben type pneumatic artificial muscle is made of a 
rubber inner tube covered with a shell braided by helical weaving. 
When the inner tube is pressurized, the muscle inflates and 
contracts.69 Another commonly used form of pneumatic artificial 
muscle is the bending type pneumatic muscle. Noritsugu et al. 
developed a pneumatic rubber muscle consisting of a rubber tube 
with a bellows sleeve.70 One side of the muscle was reinforced with 
fiber tape to generate a bending motion of the pneumatic muscle by 
supplying compressed air. To replace the fiber reinforcement of the 
bending type pneumatic muscle, Takashima et al. used a shape 
memory polymer (SMP) with an elastic modulus that varied with its 
temperature.71 In this pneumatic muscle with SMP, the bending 
direction could be changed by varying the heating area of the 
actuator. 

Fig. 6 Classification of electric motors 
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Fig. 7 Structure and bending mechanism of IPMCs. The positive 
and negative symbols represent cations and anions, and small 
circles represent water molecules 

 

 
Fig. 8 Structure and actuation mechanism of dielectric elastomer 

 
4.3 Electroactive Polymer Actuator 

Though the electroactive polymers (EAPs) are not widely used 
as actuators for exoskeletons, they are attractive actuators because 
of their muscle-like nature, such as light weight, flexibility and low 
power consumption. They can be classified into ionic type and 
electronic type EAPs. The ionic EAP generates deformations such 
as expansion, contraction or bending through movement of ions in 
response to voltage stimulations as low as 1-5 V. Ionic polymer-
metal composites (IPMCs), ionic polymer gels, conductive 
polymers and carbon nanotubes are ionic EAPs. This type of EAP 
has the advantages of low drive voltage, large bending displacement 
and natural bi-directional actuation, along with the disadvantages of 
slow response and a relatively low actuation force.72 Fig. 7 shows 
the typical structure and actuation mechanism of IPMCs. IPMCs 
consist of an ionic polymer membrane and two surface metal 
electrodes. When a low voltage is applied to the two electrodes 
(anode and cathode), cations in the polyelectrolyte move towards 
the cathode; the cathode side therefore swells while the other side 
shrinks, which results in the bending deformation.73 Bar-Cohen 
introduced a 4 finger gripper lifting a rock as a robotic application 
of IPMCs.74 Also, Deole et al. developed an IPMC microgripper to 
manipulate micro-sized objects.75 This IPMC actuator does not 
require a power transmission mechanism for hand exoskeleton 
applications because it generates a natural bending motion like the 
aforementioned pneumatic muscle. 

In contrast to the ionic EAP, the electronic EAP is driven by an 
electric field or by Coulomb forces. Dielectric elastomers, 
ferroelectric polymers and electrostrictive graft elastomers are types 
of electronic EAP. This type of EAP has the advantages of rapid 
response and a relatively large actuation force; however, it requires 
heavy components such as high voltage transformers and has 
potential problems related to safety issues and material breakdown 
because of the high actuation voltage.72,73,76 Fig. 8 shows the 

structure and actuation mechanism of a dielectric elastomer. The 
dielectric elastomer consists of a dielectric film with two surface 
electrodes. When a high voltage is applied to the two electrodes, the 
dielectric film becomes thinner, which results in its lateral 
expansion.73,77 Herr et al. introduced the application of a dielectric 
elastomer to act as a bicep on a full size skeletal muscle.78 This 
dielectric actuator needs a power transmission mechanism to be 
used for a hand exoskeleton because it yields a linear motion. 

 
4.4 Shape Memory Alloy Actuator 

The shape memory alloy (SMA) actuator utilizes the shape 
memory effect (SME), which indicates the property of recovering 
the original shape upon heating to a critical temperature when it is 
deformed in the low temperature phase.79 The materials that can be 
used as SMA include Ni-Ti and Cu-Al-Ni, but several other 
combinations exist. The SME occurs by the shift of crystalline 
structure between two phases, martensite and austenite. It is in 
martensite phase when the temperature is low. Heating above the 
transition temperature makes it recover the original shape with 
returning to the austenite phase.80 

Because of the unique property and the high power-to-weight 
ratio, they are being used for wide applications as both actuators 
and sensors. However, the high nonlinearity including hysteresis 
and saturation make the precise control of the SMA actuator 
difficult. 

 
 

5. Intention Sensing Methods 
 
For assistive hand exoskeletons, accurate sensing of the user’s 

intended motion is a primary concern. For the purposes of 
controlling a device or ergonomic evaluation, there have been 
various methods for detection of motion intention. The applied 
techniques range from direct measurement of contact force to 
estimation of the exerted force from biomechanical signals. 

The methods mentioned below contain not only methods that 
have already been applied to hand exoskeletons, but also those that 
have not been applied yet. The latter methods have either been 
adopted in other interactive devices or have potential for usage in 
hand exoskeletons. In fact, the intention sensing methods can be 
used as a general means of device control. 

 
5.1 Force Sensing 

One of the most direct methods of sensing a user’s intention is 
to measure the force exerted by the user at the interface. This 
method has been applied to several hand exoskeletons for assistance 
applications.49-51,54,59,60 The sensing is usually performed at the 
fingertip. Although it may obstruct the haptic sensation of the user’s 
finger by preventing the finger from contacting an object which is 
to be manipulated, it is the most reliable method for control of the 
grasping force. Also, obstruction of the haptic sensation is not a 
problem for assistive devices for EVA gloves. For measurement of 
the contact force, force sensing resistors (FSRs), pneumatic 
pressure sensors, and strain gauge sensors are predominantly used. 
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5.2 Motion Sensing 
The bending angle of the finger can be used as an input signal 

for a position controller to operate a hand exoskeleton.26,55,61,62 
However, because the bending angle of the finger should be 
induced by the user’s motion, hand exoskeletons of this type 
usually have a master-slave configuration. In this case, the master 
device is closely attached to the user’s finger to measure the finger 
posture. The slave device, which is the assistive hand exoskeleton, 
follows the posture of the master device when the movement of the 
master device occurs. The hand exoskeleton can also be controlled 
by a finger that is not assisted by the device.61 The initial movement 
pattern of the user’s finger can also be a triggering command for 
programmed grasping based on a pattern classification technique.62 
For measurement of the finger movement, a bending sensor or 
rotary encoder can be used. 

 
5.3 Breath Switch 

Though they lack intuitiveness compared to other control 
methods, breath switches such as an expiration switch or a sip-and-
puff switch are also reliable means of controlling the assistive hand 
exoskeleton.59,64 This method is especially useful for patients who 
have limited ability to control the device with their body motion or 
activation of their skeletal muscles. 

 
5.4 Surface Electromyography (sEMG) 

Electromyography (EMG) is a technique for evaluation and 
recording of the electrical activity produced by skeletal muscles.81 
In particular, surface electromyography (sEMG) is a noninvasive 
way to indirectly estimate the muscle activation level. The use of an 
EMG signal as a command for control of an exoskeleton also has 
the advantage of eliminating the time delay generated when the 
exoskeleton reacts to the human intention. This interface at a higher 
level of the human neurological system makes it possible to 
overcome the electro-chemical-mechanical delay which inherently 
exists in the musculoskeletal system.82 The time delay is the time 
between the activation of the neural system and the actual onset of 
movement of the muscles and the corresponding joints. When the 
EMG signal is used as a command input for device control, the 
controller can acquire the neural activation information and process 
it during the time interval. The collected EMG signal is processed 
for estimation of the user’s intention. The intention estimation, 
resulting in an estimated joint torque or muscle force, is performed 
using a suitable model to represent the behavior of the muscle 
according to the EMG signal. Studies have shown that the torque 
developed by the related muscles can be estimated from the EMG 
signal.83-85 

Specifically, the sEMG signal from the forearm muscles has 
been used for grip force estimation. Linear or nonlinear regression 
models can be used to estimate the grip force.86-88 Despite the 
simplicity of these regression models, they can estimate the grip 
force well. An artificial neural network (ANN) can also be used for 
the estimation.89 The ANN assumes the muscle models as a black 
box. This approach is useful because not all of the muscles related 
to the pinch force are located close to the surface, making the 

acquisition of the sEMG signal from these muscles difficult. Also, 
many muscles contribute to the pinch force generation,90 causing 
crosstalk of the signals from the active muscles.91,92 

However, using sEMG has some difficulties:93 Because the 
electrical potentials measured by sEMG are very weak, 
measurement requires careful electrode placement and excellent 
contact with the skin. The skin humidity and electrode location can 
also affect the measurement results greatly. 

 
5.5 Muscle Hardness 

The contraction of a muscle causes an increment in the muscle 
hardness. Acquiring the muscle hardness by measuring the pressure 
under a certain skin deformation caused by a mechanical 
indentation can thus be used as a command to control a device.63 
Also, the muscle hardness change results in an alteration of the 
natural frequency of the muscle. This change in natural frequency, 
measured while providing oscillation with a vibrating element like a 
piezoelectric material, can be regarded as a signal of muscle 
activation.94 

 
5.6 Mechanomyography (MMG) 

Mechanomyography (MMG) is a recording of the oscillations 
which reflect the mechanical activities of the contracting muscle 
caused by lateral dimensional changes of the active muscle fibers.95 
Because the MMG signal reflects the number of recruited motor 
units and their firing rates, it can be used to estimate the force 
exerted by the skeletal muscles.96 

The use of MMG has some advantages over EMG. The 
placement of the MMG sensor does not need to be precisely 
selected.97 Also, MMG is not influenced by changes in the skin 
impedance caused by sweat, because it is a mechanical signal.98 
However, the non-stationary characteristics99 and nonlinearity100 
make it difficult to use simple models for estimation of muscle 
force from MMG signals. Rather than adopt regression models, 
ANN was used to estimate the muscle force.101 

 
5.7 Photoplethysmography at Fingernail 

The change of fingernail color that occurs when a human exerts 
a gripping force can be used as a fingertip contact force sensor.102 
When the fingertip contact force increases, the blood flow at the 
fingertip is altered. This alteration of the hemodynamic state results 
in modification of the fingernail color pattern. The color pattern 
change is characteristically nonuniform along the length of the 
fingernail. These fingernail color patterns can be acquired by 
photodetectors receiving the light from arrays of micro LEDs 
reflected from the fingernail. 

 
5.8 Fingerpad Deformation 

When a fingertip is in contact with an object, the exerted 
gripping force causes deformation of the fingertip skin. This 
deformation can also be used as a contact force sensor.103 The 
sensor is designed to be mounted on a fingernail without disturbing 
the haptic sensation at the fingertip. The width of the fingertip is 
monitored using a strain gauge sensor. 
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5.9 Pressure Pattern (Force Myography) 

A cuff with arrays of pressure sensors surrounding the forearm 
can be used to register the distributed mechanical force caused by the 
activation of the muscles. The pressures on the sensors are generated 
by volumetric changes in the underlying musculotendinous complex. 
From this force myography (FMG), individual finger movements can 
be encoded at the forearm in form of images for the control of robotic 
and virtual hands for amputees.104-108 Grip force can also be estimated 
from the summed and rectified FMG signals of the forearm.109 

 
 

6. Conclusions 
 
With the advent of an aging society all over the world, there 

will be increased demand for the practical application of assistance 
and rehabilitation technologies. Among the various possible body 
parts, the hand may be the last endeavor for researchers because of 
the many degrees of freedom and the number of tactile sensors in 
the relatively small size of the part. 

Several research studies on hand exoskeletons have been 
introduced in this paper. A summary of the fundamental 
technologies and challenges in the current research has also been 
presented. It is promising that there are already some 
commercialized hand exoskeletons for rehabilitation applications. 
However, the development of assistive hand exoskeletons still has 
many challenges to be overcome for practical usage. 

It can be seen from our survey that most of the advanced work in 
this field has been done in recent decades and many of the outcomes 
have been demonstrated in a laboratory setting and in wired 
environments. Because not all of the technical components are well 
developed enough or packaged for use in daily life and in outdoors 
applications, a considerable amount of cooperative work and use of 
resources from medical technology, biomechanics, engineering, and 
product development are required. For outdoor use in particular, 
power source technologies and reliable wireless technologies must be 
resolved. In fact, ensuring the portability of the hand exoskeleton 
system is possibly the most challenging part of the development. 

This paper is intended to increase the focus on the hand 
rehabilitation and assistance device as an independent product and 
provide the list of challenges in this area to enhance such small and 
powerful devices. 
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