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Abstract

Stroke is a debilitating disease that has afflictednillions of people throughout the world.
Assisting physiotherapists in post-stroke activitis to conduct rehabilitation therapies, scientific
community has presented a new type of man-machinatelligent systems i.e. exoskeleton based
exercisers. These devices help the patients havingurological disabilities to partially or fully
regain their motor performance by applying forces b the affected finger phalanx and
preventing unsuitable motion patterns. The exosketens because of their wide range of sensory
capabilities have replaced traditional assessmentf cstroke patients. This article reviews
developments in robotic prosthetics and exoskeletsn The primary design requirements of
these devices are identified. Highlighting the autbrs’ research achievements in this domain, a
collection of exoskeleton-based hand rehabilitatiodevices has been then presented with a brief
description about their mechanical designs. Finallyan overall view of research in this domain
is commented.
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Introduction the wearer [4]. These devices apply kinaesthe&édifack
at the finger level to imitate the grasping coriaawith

Hands being intricate and multi-fingered body @aetthe reference to real or virtual objects. From physb@sign

chief organs for physically manipulating objectsan  perspective, these devices are composed up ofnekter

environment including grasping. It is one of thémary ~ mechanical linkages and are attached to the patieabd

elements to have an independent life. Due to thei@t single/multiple contact points. As predicted by

complex hand structure, humans are capable of makirfehabilitation experts that around 2024, peoplé use

more precise and finer movements than other cresatur fashionable and portable exoskeleton robots tordote

The high level of dexterity is achieved through ptew  With objects in society [5].

sensorimotor mechanisms utilizing visual informatand

the physical structure of the hand. So, humans cahhis mini review is arranged as follows: Important

modulate grasp forces and precisely position object requirements to design a rehabilitation device thaze
exoskeleton are explained. Author's contribution in

The major reason of hand disability round the glabe rehabilitation community is then briefly mentioned

stroke [1]. Rehabilitation therapy may be necessary followed by state-of-the-art survey of the existing

post-stroke treatment so as the hand to regainsiisl  rehabilitation devices. Finally, the conclusions drawn.

capabilities and normal functions [2]. Physiothéstgp . . o

usually conduct these therapy exercises in manoaem De€sign requirements of a rehabilitation

or sometimes employ passive devices to facilitat€Xxoskeleton device

rehabilitation. Recent trend is to execute altéveat

therapies using assistive devices or active robmtiad The overall research problem is to address the woéed

exoskeletons to considerably improve the medicahaving a system that combines performance with

outcomes [3]. The primary objective of such a handtrgonomics and comfort-ability with the provisiohtbe

exoskeleton device is to impart superhuman strentgth kinaesthetic force feedback for a wearer [6]. Thiasee
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inter-related factors that are performance, ergéc®and Hexosys-1 [9] is a novel device for rehabilitatiohthumb
comfort-ability can be mapped to force levels, devi and index finger. The device can exert perpendicula
mass/inertia and its range of motion (ROM), mectrani forces on finger phalanges with extremely highecdo

complexity and easiness in removal/donning. levels going beyond any existing hand exoskeleton
rehabilitation device. The actuators of the deviese
Force levels been selected as a result of maximum force levels

An effective rehabilitation device must be capabfe exertion capabilities of a human hand while linkdths
exerting adequate force levels on the amputeegef® A have been chosen based on multi-objective optiizat
Study on human hands of various sizes and ageggrogriteria [10]. Kinematics, collision avoidance afattors
conducted by Igbadt al. [7] reported that maximum force |ike perpendicular impact force (PIF) and globaitiepy

exerted by a human finger can be in the order bf. 45 index (Gll) form the basis of device optimization.
] Experimental results to demonstrate the efficacythef
Mass/Inertia device are reported in [11,12]. In addition to feha

The mass of the rehabilitation exoskeleton must bgation, the device also finds potential in motassistance
minimized so as to enhance portability, comfortigbi [13] Figure 1 illustrates the fabricated prototype
and energy optimization. Low mass/inertia also rsffe

advantage in terms of safety, which is the primary
requirement for any device directly attached toithman
wearer. This requirement dictates careful selecdn
actuators with optimum power/weight ratio.

Complexity

A less complicated design essentially improvesbdity
and lessens cost. The complexity of the mechanssen i
function of number and arrangements of joints, prop
choice of number of degree of freedom (DOF), type o
sensors and actuators selected and link lengths.

Comfort-ability

A rehabilitation device may have to be used forptewf
hours of continuous operation. This probable fact
necessitates having a comfortable device thus g Figure 1. HEXOSYS prototype
fatigue and offering ease in device donning andoreh

HEXOSYS-II [14], on the other hand, is a four-finge
ROM rehabilitation device developed with a focus orlizewy
Typically, workspace of a healthy human hand can ba lightweight device. Results of experiments to soea
considered as a reference for ROM of an exoskeletomverage force levels exerted by a human hand gopetda
based rehabilitation device. on actuator selection while optimization procedtoe

select link lengths of the device attempts to match
To derive the design requirements in a more amalyti exoskeleton and finger workspaces [15]. The dewglop
way, Igbal [8] conducted series of experiments @isin prototype of HEXOSYS-II is shown in Figure 2.
appropriate sensory equipments to evaluate humad ha
strength in terms of maximum and average forceldeve
natural ROM and stiffness range. Results of these
experiments constituting design requirements of a
rehabilitation exoskeleton device are detailed.hWitese
features as target research objectives, lgbal. [9-15]
proposed various novel rehabilitation devices fbe t
hand. The two most popular devices in rehabilitatio
community, the hand exoskeleton system (HEXOSYS)-I
and HEXOSY S-II are discussed below

Hexosys-| and hexosys-1 |

While both of these devices are portable, direistedr
and underactuated, their underlying mechanism,
optimization criteria, physical features and medten
parameters are different.

Figure 2. Hexosys-I1 prototype
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State-of-the-art thumb while the other flexes the four fingers & fame

In the last two decades, researchers have purawvedas time. The sensory system consists of two potentierae
hand exoskeleton rehabilitation devices. They can bmounted on the pulleys of the servos for position
broadly categorized into (i) continuous passive mras  recording. The system has been reported as cumberso
(CPM) (ii) active exoskeletons. in donning and removal.

CPM Unlike the above two exoskeleton systems, Sabanci

These exoskeletons incorporate passive force feidba€*0Skeleton [20] is based on rigid link mechanigrne
in the control loop by applying forces to the weare Main objective was to realise a system for assistaf
based on scheme of energy removal from the humafi’@er motion throughout its natural ROM in a
machine interface. Notable examples include WaveFlec00rdinated fashion while limiting the tension éndons
CPM and HIT CPM. The former is a commercial Within acceptable range. This has been achieveagusi
anatomic rehabilitation exoskeleton that offersstreke  four bar linkage mechanism with actuation in direct

patients to have a complete composite fist [16}.dach driven mode and transmission using capstan. The
finger phalanx, a sophisticated attachment perthies coordinated movement of finger phalanxes has been

finger to follow a natural trajectory. The light ssg  €nsured with compliant springs. The sensory system
balanced and portable design allows continuousafise CONSists of an optical encode located with the moto
the device for longer period of time while easingss Potentiometers positioned at joints coinciding e
removal and donning is ensured by use of the fingdPt€rPhalangeal (PIP) and distal interphalange#Y@and
attachment clip. HIT CPM, proposed by &wal. [17]is  [orce sensing resistors (FSR) mounted on each
a tendon driven mechanism for rehabilitation of chan €X0OSkeleton segment. The system can measure finger
injuries. The main goal of this research was tdizea movement, interaction forces and muscle activities

palm-free design having capability to exert fordges Simultaneously.

both directions while flexing and extending. _
Hong Kong exoskeleton [21] is a rehabilitation devi

Active exoskeletons having complete five fingers offering 2 DOF motion

Active exoskeletons function by application of fesc €ach finger. The main objectives were to realise

through energy addition into the human-machindightweight, portable and an intention driven hand
interface. The primary benefit of the control based exoskeleton. The first two objectives have beesdttio

active components is construction of any force sgas ~ chieve by mechanical design of the system while to
since such a control is inherently generatominent 2achieve the last objective, the exoskeleton is pipd
examples of active exoskeletons are developed bYith electromyography (EMG) sensors to detect the
researchers at Dartmouth Medical Centre USA, Ruolite ~ Patient’s intention to open or close the hand. Tiaed

di Milano Italy, Sabanci University Turkey, Hongkgn takes 4 seconds to go from complete extension to
Polytechnic University and KAIST Korea. complete flexion. The system offers flexibility t@rms of

accommodation of different hand sizes. The systenot

Dartmouth exoskeleton [18] is one of the earliesP@ckdrivable and it takes around 5 minutes to puthe
rehabilitation glove conceived in early 1990s. Thain  device after the knuckle lengths for the particuiser
objective was to realise a system based on humad hahave been adjusted.
anatomy that can produce pseudo-natural movements.
Finger extension has been achieved using springs tAIST exoskeleton [22] is a 1 DOF rehabilitation
attain the default position of the hand as fullyeexded. device for stroke patients training to perform wtigs
Finger and thumb flexion has been accomplishe@f daily living (ADL). The primary aim was to dewg a
through five cables connected to motors in a wapso System that can realise various grasp types inufudi
to imitate the tendons natural placement. Poterdters  lateral, cylindrical and pinch grasps. This has rbee
have been used as sensory elements. attained by using a novel mechanical design that ca
move four fingers and the thumb simultaneouslyuith f
Milano exoskeleton system [19] is a 2 DOF handROM during grasping. A designed four bar linkage
rehabilitation device that is composed of a glowe a  structure has imitated the path of fingertip movaetne
plastic supporting structure that reduces loadingtfee  while grasping. A cable mechanism is responsible fo
fingertips and guides the patient fingers. Theayshas driving the thumb movement. The direction of thumb
been designed to be adaptable and is actuated @y twnovement can be changed freely based on the sHape o
servomotors mounted on forearm at palmar side. Twobjects under grasp by adding a passive revolumé @
wires used to transmit the maximum force are joiteed carpometacarpal (CMC) joint of a thumb. The
the fingertips at one end and rolled up to thegysllof  exoskeleton assists patients to grasp objects ukiag
the servos to the other end. One wire is usedetotfie  impedance control scheme.
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Other examples of exoskeleton-based rehabilitatiothus making their social life pleasant and less
devices include hand-wrist assisting robotic deviceumbersome. These devices can also facilitate
(HWARD) [23], hand mentor pro [24], hand exokeletonphysiologists in understanding working of the human
(HANDEXOS) [25], hand exoskeleton rehabilitation body.

robot (HEXORR) [26] and handspring operated

movement enhancer (HandSOME) [27]. Acknowledgement
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