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Abstract—This work introduces a hand exoskeleton that allow
full range of motion and can exert bi-directional brces on the
finger phalanges. The link lengths and structure ofthe
proposed mechanism have been emerged as a result
kinematics-based optimization criteria. It is an urder-actuated
mechanism allowing 4 DOF/finger with one active dege. The
selection of the actuator has been based on humarard
capabilities to accomplish common daily life actidies. An
initial un-actuated finger prototype has been develped to
analyze the mechanism functionality and to confirmthe
optimization results. Results have demonstrated thiahe device
covers the complete operational range of motion cd human
hand.
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l. INTRODUCTION

Thanks to revolutionary trends in multidisciplinaayeas
of mechatronics and computing, realistic exoskeleto

devices do exist. They are devices aiming to treimsmﬁna”y

kinaesthetic feedback at the level of the fingeoider to
emulate the constrains imposed by grasping of alistuor
remotely manipulated objects. Exoskeleton basetesys
combine machine power and human intelligence t@ecd
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haptic devices are used because they provide more
flexibility in terms of operator's freedom. Howeurey can
simulate fixed forces only when employed with augrded
device.

Considering the domain of rehabilitation, theraphy
procedures are usually required to regain the nlohaad
strength and capabilities. In past, such proceduvese
executed manually by physiotherapists. Occasiorsathple
passive assistive devices have been employed toinaid
rehabilitation. However technological revolution sha
evolved robotic hand exoskeletons that may be used
rehabilitation to improve the medical outcome.

This paper is structured as follows: Section Illaks the
related work while Section Il highlights brief dgs details
including goals and device mechanism. Section \isle
with the design optimization of the proposed dewvidele
Section V introduces design requirements, Sectidn V
presents the details of preliminary and final pryte, and
Section VII comments on the conclusion.

II.  RELATED WORK
The development of a hand exoskeleton device ierg v

human operator's capabilities as well as maChi”%hallenging endeavor, which has been targeted byyma

intelligence. Therefore, such systems have gréahyoved

research professionals. A multi-phalanx hand exesie

to acquire the performance level which has not beeggnsisting of four fingers that was able to exercés on

possible otherwise. They are always designed a&xtmnal
mechanical link structure and find potential apgiicns in
various areas including haptics, Virtual RealityRjVand
rehabilitation.

As the field of haptics evolved, the application fofce

each phalanx of each finger was developed at PERGRO
[1]. Few years later, researchers at Keio Univengtlized
a three fingers non-isomorphic device actuated dmsiye
clutches [2]. Springer and Nicola at the Universiy
Wisconsin have presented a 1-finger prototype zinij a

feedback techniques in VR has become more demandin9|anar four-bar linkage. They analyzed the hapfiece

Haptic interfaces have proven to be extremely ushfting
the interaction of users within virtual environment
Exoskeleton robotic devices make use of the hagise to
enhance the presence impression by reproducingotiitact
forces on the wearer hand. Thus the use of suctersys
improves the interaction with the virtual environthend
increases the dexterity of the operator with theusl
objects. Such interfaces can be classified intaigted and
portable devices. Grounded devices can only simdiatd
objects because they limit the range of the opesato
freedom of motion. For pseudo-natural interactigrustable
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perceived by the user [3]. A 2-finger hand exoskele
intended for VR grasping simulation, having 3 Degfef
Freedom(DOF)/finger and 4 for the thumb has been
developed by Stergiopoulos [4]. Lelieveddal. proposed a

4 DOF portable wearable haptic interface with actand
passive multi-point feedback for the index fingemaster-
slave configuration [5]. Another hand exoskeleton
developed at PERCRO intended for haptic interaction
virtual environment has 3 DOF/finger and can exert
controlled forces on the finger tips [6]. A undettsated 2-
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finger hand exoskeleton has been conceived by nesers
at IIT. It consists of an optimized Revolute-Revehlu
Revolute (RRR) mechanism and can provide forceldeve
(45N) beyond any existing system. The main optatidn
criteria are Global Isotropy Index (Gll) and Pergienlar
Impact Force (PIF) factors. The proposed system lmn
used for tele-operation, VR, Human-Robot-Interactio

PIP Joint

(HRI) [7]. O

The present Hand EXOskeleton SYStem (HEXOSYS) is & HEXOSYS chain
an effort to combine good salient features present ngerip | Finger chain
individually in the existing hand exoskeleton desig Fig. 1. Kinematic model of the proposed device

Portability, Human hand compatibility, Optimization Table | lists HEXOSYS design goals and primary
Direct-driven, Back-drivability, Full range of moti, Light specifications while the DH parameters of the devire
mass, Low complexity, Provision of bi-directionatée and  presented in Table Il. Based on these, (1) staeoverall
so on. At the time of writing this paper, therenist any  transformation from end-effector to the base ofséeteton.
existing hand exoskeleton system reported in tteeakiure

that encompasses all of these mentioned featurasiingle TABLE |
device. This fact essentially puts the noveltyhia proposed HEXOSYSSPECIFICATIONS
system. It has been designed as a general purgssans v Direct drive
; : : : v' Optimized link structur
That is why instead of concentrating on the reaquéets of 7 Und uated  Revoll
a particular application, the device specificatitiase been MECHANICS nderactuate evorute
. . ) . Revolute (RR) mechanism
derived from a series of experiments with the hurand, - .
hus keepi h beneficial f ' v 4 DoFffinger (1 active
thus keeping the system beneficial for wide rande o v Low complexity
applications. Potential applications of this systeralude v Full range of motio
tele/virtual  presence, tele/virtual  manipulation dan v Light mass expect
rehabilitation. Trying to match the human hand ¢orc v Low volume
capabilities as well as natural workspace resulteda ERGONOMICS | v Variable hand siz
human hand compatible device. v" Portablt
v Palrr-free
v/ Easy removal and donni
Ill.  DESIGNGOALS & DEVICE MECHANISM v Bi-directional forces oupto
The human hand can be counted as one of the mo 8N
difficult systems to emulate with a mechatronicidevThis PERFORMANCE — Position and force feedbe
difficulty is mainly due to two reasons. First, the v" Upto 5 finger
unavailability of ample space for components plasenand
second is high number of DOF (4 or even more ire s TABLE Il
thumb). These pose a great challenge in terms sigule DH PARAMETERS OFTHE PROPOSEDDEVICE
requirements. Some obvious desired characteristisach a i | o1 | a1 | G 6
system are summarized below. Detailed desired remeints 1]0] 0] 0 0,
; 2 0 Ly 0 0,
of such a system are reported in [7]. s T o L o 5
() Low mass/inertia. 2
(ii) Unconstrained range of motion. _
(iii) Minimum complexity. 5123 65123 8 ilgl + 22512
(iv) Comfort. o = 1023 1023 . 1 1‘; 2512 o)
It is clear that the above requirements cannotatisfied 0 0 0 1

by solutions employing large number of actuatioritsun

trying to power most of the finger phalanges. Oppraach ~ where

to design the HEXOSYS is to use a less complicfitegr  Sizz = sin(6; + 6, + 65)
exoskeleton mechanism. The conceptual mechanisizs = c0s(61+86; + 63)
proposed in this work is shown in Figure 1. Thegén
exoskeleton system is a two links planar underaetl
mechanism which is attached to the user finger sihgle
point. A single actuation unit residing at the proal joint

The mapping from velocities in joint space to Csida
space (Jacobian matrix) is given by

i ; A Q2 Qg3
of the exoskeleton is used to power the device. ] = [a21 Ay, a23] @)
1 1 1
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where

Ay = —L15-L351
a1 = —LyS,
a;;3= 0

Ay = LG +L,y0,
Az = LGy

a,; =0

IV. DEVISE OPTIMIZATION

The kinematic performance of the proposed device is

essentially a strong function of proper choiceik lengths
and the link shape. This motivated us to carry aeant

optimization procedure during design of the HEXOSMS

find out the optimum values of exoskeleton linkgers The
primary optimization criteria is kinematics,

comparison with the next iterated link lengths ségure 3
shows the overall optimization strategy of HEXOSYS.

Hand Size Optimised length set

{Big, Medium, Small} {L1-1,L1-2,L1-3}
(a) Generate target points inside human finger work
space.
(b) Assume reasonable sets of HEXOSYS link
lengths.
(c) Check and store how many target points are
reachable by HEXOSYS without collision.
(d) Re-iterate (b-c) for all sets of link lengths.
\— (e) The set which maximizes the no. of collision-free
reachable points is the optimum set.
nd _;;Tge_r — Optimised angle
{index,middle,ring,thumb} (eﬁx}
Inputs Optimisation Algorithm Outputs

Fig. 3. Optimization strategy of HEXOSYS

For a medium hand size, in case of index fingee, th
optimized segments have been found to be L1-1=8dm,

finger 2=2cm, L1-3=2cm ané,e,=55.4°.The corresponding WS is

exoskeleton WorkSpaces (WS) matching and worst cadBustrated in Figure 4.

collision avoidance. Since the HEXOSYS is attactoethe
finger at the mid of the middle phalange, this pai
considered for matching WS.

To increase the collision-free reachable WS
HEXOSYS, the first link (L1) shown in Figure 1 hbsen
sub-divided into three segments (L1-1, L1-2 and3).las
illustrated in Figure 2.

Fig. 2. First link structure of HEXOSYS ensuringllision-free workspace

These segment lengths are adjustable depending
finger and hand size. Similarly the angle betweaest fwo

sub-segments6f,.y) is also variable but is fixed for a

certain finger and hand size. The objective of rajgation
algorithm is to find the optimum lengths of thedeet

segments and anglé{eqs). The optimization algorithm

takes the hand size and finger as inputs and divese
optimized values as an output.

- FIN
- EXO

of

L i H H i
4.5 5 55 6 6.5
x[cm]

Fig. 4. Plot showing the workspaces of finger Yrad exoskeleton (blue)
on optimized link lengths

i H L H
25 3 35 4

V. DESIGNREQUIREMENTS

To collect necessary data for selecting the émtpan
analysis of the most common daily life activitidsttoe hand
has been carried. Included in this analysis are the
experiments to measure average or maximum exeoted f
levels and the required range of motion. The dateeced

uptnom these experiments can then be mapped to |eavet
actuator requirements. Commercially available dgdae, a
load cell and fingertip force sensors have beed tseollect
data from small, medium and big hand sizes in wario
activities. Detailed design requirements have beentioned

in [8]. Figures 5-6 show results of force profiles
corresponding to interacting with a small and corateely

big object. The results of activities requiring eage force
levels demonstrate that we usually need 10-15N to

HEXOSYS link lengths have been iterated throughaccomplish many of our daily life activities. Aneth

reasonable range. Each set of link lengths is subjected
to traverse through the complete finger WS for gsial
Using inverse kinematics, the set of link lengthtlien
analyzed to see how many points inside the fing&; YNe
exoskeleton can reach without collision. For cilis
detection, equidistant points (0.5cm apart) on

HEXOSYS links and the rectangular envelopes suimgn
the finger centre of mass have been determined.
HEXOSYS link length set is considered as collisfioze if
all the points on the links reside outside the aegtilar
envelopes. Finally the collision-free WS is storéat
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experiment intended to measure the maximum foreelde
exerted by human finger revealed that the maximewels
can go up to 45N.

Rt. Thumb Rt. Index——  Rt. Middle
the T I
= [ S A = = | o /0 I s s
gl \ &
Al T e (N
~ 5 10 Tlm]es . 20 25 ~ 5 10 ijes . 20 25 3 b 5 mTlme [535 20 25
(a) (b) (©)

Fig. 5.Force profiles of taking a big object (cuprase of
(a) Small (b) Medium (c) Big hand sizes
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Fig. 6. Force profiles ohteracting a small object (writing with pencil)
case ofa) Small (b) Medium (c) Big hand si:

VI. DEVICE PROTOTYPE

Initially, an un-actuated fingeprototype made up ¢
ABS-plastic has been fabricated using a -tech in-house
3D printer. The purpose wa® tverify the optimization
results and analyze the befavof the selected mechanis
(RR). Both revolute joints can be moved passively witt
imposing any unrealistic constrainfBhe prototype can t

easily fastened and removed from the hand usiniggle: (© (d)
velcro clip. The CAD desigand snapshot of this initi Fig. 8. Complete flexiomxtension cycle depicting t full collision-
prototype has been illustrated in Figite free workspace coverage of an indinger

Revolute joint (active)

Link 1

The final prototype consists mainly of an actui
(Portescap 16G8320P) with its accessori (R16 Gear and
MR2 encoder)and a pair ¢ bevel gears (1:1). The use of
bevel gears by changing the orientation of motor a
permits the extension foneighboring hand finge. The
prototype is planned to provide position as wellfaxe
feedback. Figure 9 showAD view of the final prototype.
The prototype providefiexion, extension as well gpassive
abduction.

VIl.  CONCLUSION

We have proposed desigf a portable, direct-driven and
optimized hand exoskeleton sysi that has the capability to
provide the force levels necessary to accomplish com
daily life activities. The system design has beermged a:
a consequence of optimization studies to ee that the
device has complete range of motion as that of munaend.
Moreover, the data collected from the series ofeexrpents
on human hands paved the way to choose actuatdrally
an unactuated rapid prototype has been fabricate
confirm the optimization results. The final prototy,
captured using CAD tools is beiisent for fabrication and is
expected to be light weight and less volume

(b)
Fig. 7. The uractuated rapid finger prototy)

(a) CAD design (b) Prototyr Abduction-flexion connector Rot. shaft
Locklngpm Bevelgearpalr
soducionbearng — ¢ 2\ I Coupler
. e _age . in
With the initial prototype on the hand, tcollision-free ’ g Motorholder
reachable workspackas been observed by moving :__i i
finger from complete flexion to complete extensiéigure \ Mech Tock—" Ge—ar—_l
8(ad) gives illustration of one complete cycliThe /‘;,._‘_ F,Se';f;:‘st;‘%f;;—/ Motor ~

mechanism together with theptimized link lengths and
shape provide full range of motion without any doaists ekl .
as evident in Figure 8This confirms theoptimizaton ™= g E

Joint bearing

results presented in Section . Joint Spacer —//% Velcro clip
E il _/ Velcro fixation
ncoder assembly

Link 2

Fig. 9 CAD Design of final prototype (Exploded vie
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