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ABSTRACT

This paper presents the design of a wearable uaer
exoskeleton that can be used to assist and traimavements
of stroke survivors or subjects with weak muscukatuln the
last ten years, a number of upper-arm training wevihave
emerged. However, due to their size and weighty tinge is
restricted to clinics and research laboratoriesr Pnoposed
wearable exoskeleton builds upon our extensive arebe
experience in wire driven manipulators and desigh
rehabilitative systems. The exoskeleton consistthife main
parts: (i) an inverted U-shaped cuff that reststhon shoulder,
(i) a cuff on the upper arm, and (iii) a cuff dmetforearm. Six
motors, mounted on the shoulder cuff, drive thdscoh the
upper arm and forearm, using cables. In order sesEsthe
performance of this exoskeleton, prior to use omdms, a
laboratory test-bed has been developed where xoiskeleton
is mounted on a model skeleton, instrumented wétssrs to
measure joint angles and transmitted forces tostimulder.
This paper describes design details of the exoskeland
addresses the key issue of parameter optimizatioachieve
useful workspace based on kinematic and kineticeisod

Keywords: Arm Exoskeleton, Cable Driven, Rehabilitative
Device, Optimization, Orthotic systems

INTRODUCTION

A vast number of people are affected by arm comattidue to
degeneration of muscles that result in profound aleus
weakness or impaired motor control such as, pespifering
from muscular diseases like Spinal Muscular Atrop&A),
Duchenne Muscular Dystrophy (DMD) and Limb Girdidey
have problems in lifting the arms against gravity]. [

Consequently, they are not able to perform varetivities of
daily living (ADL) independently. External mechaaisupport
can provide assistance to movement of the arm adexquate
motor control is lacking, this would greatly impewthe
handling capability in people with functional detfsic However,
none of the existing exoskeleton designs have ttengial to
be lightweight and easy to be worn continuouslym8awell-
known designs to evaluate and treat upper extrefuitgtions
for post-stroke rehabilitation of patients emplayimobotic
technology are ARM [2], MIME [3] and MIT-MANUS [4].
However, none of these were meant to be portabbpost
devices. Since then, there has been continuous sidirigterest
in developing upper limb exoskeleton for traininghda
assistance. In the recent years, new developmentsuch
devices are keenly pursued. A 7-dof powered exeskelwas
developed as a therapeutic and diagnostics devicéitfman
power amplifications [5]. However, this device hasrigid
mechanical structure which can only lend itself faaining
purposes. Wearability and continuous use as a sugpuice is
not possible; most existing/recent exoskeletonisuiatier this
category [6-9]. To make exoskeletons lighter andanakle,
some clever designs are reported with cable bagsimss,
however, the final system still appeared to be yuith
actuators and controllers [10, 11]; other desigesawimited to
modeling and simulation [12, 13].

The challenging problems in exoskeleton designoanseight,
power, size and functionality to be achieved withower-
burdening either the components or the user. Egstiectric
powered elbows can attain about 12.2 Nm of lifthiy elbow’s

own motor mechanism at speeds of about 2 rad/s, [14]

however, if such devices are to be externally pedehen it
should be able to run for a whole day from the saoeer
source without needing to be replaced or rechaagetdshould
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be contained within the body to be portable. Culyesuch a
versatile power source is not available which meidwas the

mechanical components need to be designed in suety @ahat

they require least torque and can reach every gorgtion.

This paper presents design of a wearable, cabledri
exoskeleton that can be worn and operated in aalat@y and

considers parameters optimization of the exoskeleto

maximize the operating workspace based on its kitiem
model.

DESIGN DETAILS AND EXOSKELETON KINEMATICS
Our initial design based on these criteria is devedl in

Solidworks" (Fig. 1). The design is inspired by the actuation

mechanism of the natural arm to make it light weighd
wearable. However, it not intended to provide fulhctional
capability to the natural arm, since the design adgmited
number of actuators. The cable driven exoskeletonthe
current laboratory set up, is fitted to a skelem. The
exoskeleton has two cuffs for the upper and forearmd an
inverted U-shaped shoulder cuff over the scaputeulsier
blade) holding the motors. The cuffs have a chamseetion
which holds circular tubes that can be inflatedateti for
sufficient grip on the contact parts. The cuffsoalsave
attachment points for the cables. The exoskeletas 6 small
motors, 4 for the shoulder joint and 2 for the albpint; a
minimum of n+1 cables are required to achiemalegrees of
freedom [15]. The shown skeleton emulates the mobtb
human arm with three rotational joints at the sHeuland a
revolute joint at the elbow. This has been achieysd
especially designing the shoulder joint which pde& the
useful range of anatomical motions. The skeletos ddorce
torque sensor at the shoulder joint and encodereash
rotational axis to obtain force and motion data iryr
experimentation.

An experimental rig was developed based on the ealnovdel
as shown in Fig. 2 which uses a plastic skelettarfiaced with
these sensors. As seen, this uses a total of thfése- first cuff
sits on the shoulder, one cuff wraps around theeuppm, and
the third one goes on to the forearm. The arm mot®
controlled by cables attached to the cuffs that direen by
motors mounted to top of the shoulder cuff. Theigype has
been machined from aluminum. One of the main objestof
the experimental exoskeleton is to track the amgpésition
and velocity of the arm while executing motion seage
together with the force and moment componentseaskioulder
joint. The natural ball-and-socket joint of shouldethin the
skeleton does not have fixed axes of rotation. Tllspresent
difficulty in accurately tracking each axis of rttes since
encoders cannot be mounted independently. Thisashigved
by designing a new shoulder joint which has thristirgttive
axes of rotation corresponding to the natural aat-socket
joint.

Figure 1. Model of the exoskeleton on a skeletom ar

The novel features of our exoskeleton design aeit (is
modular and can be easily adjusted with optimizachmeters
(ii) it is light weight, cable driven, self-contad, and portable
and (iii) it can be optimized for global tasks aslivas specific
tasks. On the flip side, it is difficult to achiepesitive tension
in all the cables over its workspace using a mimmmumber of
actuators. However, once satisfactory performan€ethe
exoskeleton is achieved in terms of range of motam
reaction forces at the shoulder joint, it can bst@mized much
like a wearable jacket which can be tested on huaremand
clinically evaluated for regular use.

Due to the very nature of cable driven systemsciwiosan only
apply pulling forces, it is necessary to keep thsigh modular
to accommodate adjustments in motor mounting arfileca
attachment points so that tension in cables camirepositive.
In order to achieve this, the shoulder cuff de$iga been made
with various tracks and groves to permit motor@faent at
different radial ) as well as angular position¥/) as shown in
Fig.3. In addition, due to the size of motors arftygical
constraints of the design to accommodate six moborghe
shoulder cuff, use of radial fins have been madehvban hold
motors on either sides of the plate. The motors @an be
flipped by 90° on the radial fins to further all@djustments on
the cable attachment points (as shown by therfistbor on the
left hand side in Fig. 3). Up to two motors candigced on a
fin, which provides flexibility in achieving optimed
workspace for the arm. Flexibility in motor placemevas
paramount in shoulder cuff design since the motandd be
placed at their ideal locations for different gedmee and
inertial parameters of the arm to maximize the wpdce. The
main question is how to optimize these parametens f
maximizing the workspace, this requires kinematic&imic
model of the exoskeleton to be developed.
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Figure 2. Exoskeleton fitted on a plastic arm vaidiole driven
cuffs

Figure 3. Shoulder cuff design with adjustable mplacement

The kinematic parameters of the exoskeleton arnslaog/n in
Fig. 4 and the DH-parameters are listed in TableThe
exoskeleton has four links and it provides 4 DOFa(3the
shoulder and 1 at the elbow). As seen in the figBoely 1 is
the cross bar holding the arBody 2 is the U-link connecting
the cross bar to the arBpdy 3 andBody 4 are the upper and
lower arms, respectively.

Link/Parameters a; | o; | d; | 6;
1 09| 0|6,
2 09| 0|6,
3 0|90 |d;| 63
4 a;| 0| 0|6,

Table 1. DH-parameters of the exoskeleton arm

Figure 4. Parameters for kinematic modeling

WORKSPACE OPTIMIZATION

In order to assist the motion of the arm, it netedse actuated
through cables connected to the cuffs. The designg a cable
driven  parallel mechanism for which  workspace
characterization is essential [16, 17]. Ideallye #xoskeleton
should be able to perform all reaching tasks umgayvity and
inertial loads of the arm. However, due to unilatgroperty of
cables to only pull and for the given architectutezan only
achieve a subset of all reachable locations. lerotéords, the
exoskeleton will have a static and dynamic workspsmaller
than the reachable workspace. The dynamic modethef
exoskeleton was developed using Lagrangian formomat

D(a)d+C(q,9)q+g(a) = I(a)" T(t) @)

where q=(6,,6,,6,,6,)" are the generalized coordinates,

D(q) is the (4x4) inertia matrix,C((,q)is the vector of

nonlinear centripetal termg(q) is the vector of gravity terms,
J(q) is the Jacobian relating the cable attachmenttgoand
T(t) is a six dimensional cable tension vector. Due to
complexity of the dynamical model, we only provide
functional form of the equation here. Detailed nmedeere
developed in Maplé and MATLAB™ and are being used in
MATLAB for numerical simulation with the form of Eq1).

This model was used for static workspace evaluatign
settingd = 0, § = 0. In the first step, this model was used for

shoulder workspace evaluation. Parameter optinoizatvas
performed to see if useful workspace exists, fbe,tension in
the cable remains positive for the range of motigthin the
useful workspace. Later, this technique was extgridewhole
arm parameter optimization. The above equationsstatics,
can be written in the general form,

AT=B, @)
Where,
A= |_a1 a,.... a6]D R*® Here,A=J(q)" and

B=9(q).
B=|V, V2...V4]T 00 R*is the vector of gravity terms
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— T 6x1 - .
T= [T1 T,... T6] [0 R”is the cable tension vector and 4-DOF Arm Optimization

The solution for cable tension is given by: *l
T = TB + N (A)m ’ (3) For the given arm configuration find cable

structure matrix 4 and potential term B
Ae R™ BeR™

whereT = AT(AAT)™ is the pseudoinverse of matri,

N(A) is the null space of matri& andm modulates tension in 1
cables [18] Mo feasible solution exists

Test for new configuration AT=E
To simplify the workspace computation of the whaten, Eq. Ter™

(2) is split into shoulder and elbow matrices asvah in EqQ. I
(4). The symbol ‘U’ is used represent the additafnuseful
elements of two unequal vectors. The elbow degféeedom

Split into shoulder and elbow joints

represented by Eq. (5), uses the last componertieguof (2). srovrprr | EVAE = Mepoy
Initially, positive tension is ensured in the elbgables using l l

Eqg. (5), this gives elbow cable tensioks(Tg). Then, Eq. (6) is

used to ensure positive tension in the cablesHershoulder 45 € R¥T Ap € R*
joint, as shown in Eq. (7). If positive tensiomist possible for T (T Ty e R™ T T, Ty e R™

the elbow cables, it records this as an infeasdiohe position
and the program moves to a new test point. The eviaoin
optimization process is shown in the flow chary.F. This
technique has been used throughout to charactdfire

‘ A4, 5T, + A(4,5)% T, = B(4)

workspace and for exoskeleton parameter optimizatio T, = T.B, + M A l
Find s for all Ta=0 Set one of Ts, Te=0 and find the
T. T. =B 4 other to be positive, if both are
AS S U AE E ( ) positive select the least
TEZ
Where, _ NO TF

« Feasible Solution

A, OR* T (T,,....T,) OR*, Ts20
A OR™ T_(T,,T,) DR —
L B, =(B- 4, T)e R¥
A4, 5)T, + A(4,6)T, = B(4) 5)
ASTS_: (B-ATe) =B © Figure 5. Flow chart of optimization process, theole arm is
Ts =TsBs + N(Ag)m (7 split into shoulder and elbow joint cables, inifapositive

tension is ensured in the elbow cables this reguiteupling at
— . the shoulder where positive tension conditions #nen
wherelis pseudoinverse o\ and satisfied.

Bs =(B-AT,)OR™

Tl nll
(A) SHOULDER PARAMETER OPTIMIZATION '|72 n,,

|+ m=0 (8)
For the shoulder joint alone, Eq. (2) has a smaille, i.e.Ais T3 Ny
a (3x4) matrix,B is a (3x1) vector and is a (4x1) vector. T n
SinceA is nonlinear containing many trigopnometric funogo 4 4
it is hard to get analytical solution for positicable tension
using the pseudoinverse. Hence, this is done neailgriby The feasible regiorF of m is described by the common
modulating the null-space parameterThe feasible solution of  interval bounded by four linear inequalities asvshan Figure
m is characterized by a convex region boundednhbinear 6. Herep; is the solution point when each component of E}j. (8
inequality on the parametet With one extra cable, for a 3-dof IS an equality. IfF, is empty, the tension constraints cannot be

joint, the four linear inequalities im are given by Eq. (8). met.
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Figure 6. A sketch of a feasible region for for a 3-dof
shoulder joint driven by four cables

As discussed earlier, there are many variablefiénshoulder
cuff design that may be considered for maximizirdge t
workspace keeping the cable tension positive ferrdnge of
arm motion. However, some of these parameters tab@o
changed due to physical limitations of the desigulue to the
constraints in operating range. Most problems ofstained
nonlinear multivariable function are best
evolutionary methods, whereby, a problem with a lEna
number of independent variables is solved firsttiBgation
problems also benefit from good starting guesdewpler cost
functions and less stringent termination critedaréduce the
computation time— this improves the execution @ficy and
can help locate better local minima. With this imd) only the
angular spacing between the attachment points @shbulder
and upper arm cuffs were initially considered fptimization.
Fig. 7 shows the initial setting of the attachmgoints with the
reference axis for each cuff. As can be seen, therea large
number of variables responsible for performance tioé
exoskeleton e.g. angular attachment angles on uffe (¥,
W,), radial positionsrg, r;) and axial positions along/(axis)
the arm. The following are the initial settings fahe
exoskeleton range of operation.

Figure 7. Cable attachment points and optimizaiarameters
as shown with respect to the local coordinate framnd the
sense of rotation on the plane of cuffs.

solved by

Range of shoulder joint angles (refer to Fig. 4):

~80<6, <80, 10< 6, <170, ~60< 8, <60

W, is the angular orientation (in degrees) of the eabl
attachment points (1, 2, 3, 4) as shown on the Ildeocuff.
This is with respect to the local coordinate fraamel the sense
of rotation starting at an angl&’( =0) on the plane containing
the shoulder cuff. These are given %=[30; 60; -60; -30].

W, is the corresponding angular orientation of the cable
attachment points on the upper arm cuff giverithy[135; 45;
-45; -135]. The cuff's radii arelg=0.1m andr1=0.05m. The
shoulder cuff is placed at the reference plane rfpeshift along
Yo axis) and upper arm cuff is located at 0.15 m @ldre arm.
With these settings, the model calculates the dalpision and,
if negative, attempts to make it positive using thedulatorm
in Eq. (8). Figure 8 shows the qualitative workspéar a unit
arm connected to the shoulder joint, higher thercaiap order,
better is the workspace feasibility. The workspasehemi-
spherical about the shoulder joint (at the origih the
coordinate frame), clearly the workspace is smatid a
discontinuous at this setting.

{-in o
AIEaER W
A LT

Fig. 8 Feasible workspace (qualitative) at inifetting

In order to maximize the feasible workspace, thedeho
formulation is subjected to the MATLABNnincon optimization

function; this is designed to solve nonlinear pamgming

problems such as computation of continuous trajextofor

control [18]. The lower and upper bounds (LB & UB) a

sample attachment point on the shoulder cuff iswshdn

Figure 9 for optimization. Only angular position§ cable

attachment points were considered here, this hgipast

convergence of optimization process as well asliti@es

flexibility in physical assembly of components ohet
exoskeleton. The objective function is to minimthe number
of infeasible points in each run.

Wi tower=[ 15; 45; -75; -45]
Y, upper=[ 45; 75; -45; -15]
Y, lower=[ 90; 0; -90; -180]
Y, upper=[ 180; 90; 0; -90]
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Figure 9. Upper and lower bound of an attachmeirttpm the
shoulder cuff

Figure 10 shows the optimized result for the aboage which
offers the following angles (rounded to the closagtger) for

cable attachment points for the given joint anglege. It can
be clearly seen that the workspace has signifigantproved.

Once the optimized solution is obtained, effectcbinge of
radial position of the attachment points is evatdatt has been
found that it has marginal effect on the workspaslaghtly

improves with the increasing radius.

Y. opmimizen=[ 15; 75;
Y, opmimizenp=[ 158; O0;

- 46;
- 15;

- 15]
-180]

Fig. 10 Optimized workspace due to joint motion the
shoulder.

(B) WHOLE ARM OPTIMIZATION

Based on the formulation in Figure 5, optimizatifor the
whole arm was carried out with the following initgettings.
Range of joint angles on shoulder and elbow ishasva (refer
to Fig. 4), this adequately covers range of motimnearry out
most ADLs.

-70<6, <70, 10<6,<100, -20<H,<20,-70< 8, <90

Angular orientation (in degrees) of the cable ditaent points
on the shoulder cuff aré/,=[ 30; 60; -60; -30; 75;
-75] . Due to the operational requirement of the elbowtjoi
the plane containing the elbow cables must be pelipelar to

the joint axis at all time. As a result, angulataebhment of
elbow cables on upper and lower arm are fixed aotd n
subjected to optimization. This is given (with mefece to the
local frame) by¥, g gow=[ 90; -90] and ¥5=[ 180; O0].
Therefore, angular orientation (in degrees) of tbable
attachment points on the upper arm cuff #e[ 135; 45;
-45; -135]. The cuff radius at shoulder, upper arm and
forearm arey=0.1m;r,=0.05m;r,=0.05m respectively and the
length of upper and forearm are 0.3m and 0.25m.sHoeilder
cuff is placed at the reference plane and the uppdrlower
arm cuffs are located at 0.15 m along their respecirms
from the preceding joint. Due to the design comstsa
following are the lower and upper bound set ondtientation
of the cable attachment points. Figure 11 showswwkspace
of the exoskeleton at initial setting and the ojtad
workspace is shown in 12.

Y Lower=[ 15; 45; -75; -45; 60; -90]
qjl_UPPER:[ 45, 75, - 45, - 15, 90, - 60]
Y, Lower=[ 90; 0; -90; -180]
Y, ueper=[ 180; 90; 0; -90]
Feasible Point count=3341
03-
02+
0.1
o 0~
é, 0.1~
’E 0.2+
* 034
0.4 -
05 -
5 ns 06
Uoas PR 0 oz .
ArmY, meters Armi, meters

Figure 11. Exoskeleton workspace in initial setting

Feasible Point count=8350

0.3+
0.2
0.1 -

0-
0.1

0.2+

ArmZ, meters

0.3+
0.4
05+

-D.!13s
0a 06

u]
05 0z
470z o

AmmY, meters Armi, meters
Figure 12. Exoskeleton workspace after optimizatioed-
feasible, black-infeasible points), 8390 feasilbinfs achieved

out of 10000 possible points compared to just 384ig. 11.
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As seen in Fig. 12, the workspace has improvedifgigntly

and the number of feasible points count increassu 3341 to
8390 (out of 10000). The center of the workspadedated at
the origin of the coordinate frame. The infeasibténts (black
dots) are mostly seen at the top of shoulder jdints is

intuitively agreeable since the cable driven armil \Wave

singular configuration at these locations. The roation

gives the following orientation angles (roundedthe closest
integer) for cable attachment points for the giyeimt angle
range.

Y, optimizenp=[ 15; 75; -75; -45; 90; -60]
¥, opmimizep=[ 180; 0; 0; -180]

The cable attachment points are shown graphicalBigure 13
from initial to an optimized condition. The top hice is the
initial setting of the exoskeleton represented ly keft hand
line diagram — central red line is the extended amd black
lines represent the cuffs. The optimized configorats shown
in the right hand line diagram which can be reidcback into
the original model for the intended application.eTéffect of
change of radial position of the cable attachmeuwintp is
further studied on the optimization result and canyt to the
shoulder optimization it has been found that therkspace
improves with decreasing radius.

i

Figure 13. Optimization results for cable attachtmpaints
from initial to final configuration, the top platshows the
model in initial configuration represented by tledt hand line
diagram. The optimized arrangement is shown irritfte hand
line diagram going back to the new model settingtreé (red)
line is the arm in extended position and the oefir{black)
represent the cuffs.

CONCLUSIONS

In this paper, optimization and design of a cabigeth upper
arm exoskeleton were presented. Our design is atetivfrom
tendon-based natural arm by using a cable drivemallpl

mechanism. However, cable based parallel manipglato
require additional motors for the same number afrees-of-
freedom, since cables can only transmit power msiten. This
motivates optimizing the design parameters to mepdnthe
workspace with a limited number of actuators. I Heeen
shown that optimization technique used in this pape
significantly improved the workspace. Initially, eth
optimization was applied to the shoulder jointsb&quently,
whole arm optimization was carried out based ons thi
technique. This was performed in two steps, fivstleating the
elbow joint and then bringing the coupling of tHbaosv cables
to the shoulder joints. One important differencéaeal in these
two optimizations is that in the case of the sheulgint, the
workspace improves by increasing the cuff radiusengas, for
the whole arm workspace improves with decreasirdjusa
This behavior is consistent with the arm where memdons
connect to a small region around the scapula, vhiearm is
still able to reach a range of locations. Howeweth limited
number of actuators, the designed exoskeleton tabeo
functionally compared to a natural arm, which hasame
number of tendon-muscles combined. The optimization
technique was further applied to specific caseaativities of
daily living and it was found that the workspace ¢e further
optimized for a specific purpose than a generahapation for
the full motion range. This fits in very well witbur modular
design which can be easily tailored and optimizedspecific
applications. The presented design offers a prqgtioposition
for training and assistance utilizing minimum ofsgarces.
Further to validate the exoskeleton compliance &itatomical
arm movement and assess the load bearing capatilityiman
subjects it is currently being evaluated with asserinterface.
The paper has shown that a lightweight wearablesleteton
can be realized on a cable-driven manipulator tet be
conveniently used for training and assistance.
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