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ABSTRACT

Rehabilitation is the only way to promote recovery of lost
function in post-stroke hemiplegic subjects, leading ttepen-
dence and early reintegration into social and domestic lifie
particular, upper limb rehabilitation is fundamental togain
ability in Activities of Daily Living (ADLs). Robot-aidectha-
bilitation is an emerging field seeking to employ leadingead
robotic systems to increase patient recovery in the reftabil
tion treatment. Even though the effectiveness of robotiathy
is still being discussed, the use of robotic devices caresms
therapists’ efficiency by alleviating the labor-intensaspects of
physical rehabilitation, and can produce a reduction ireti@ent
costs.

This paper presents a comparison between different pla-
nar robotic devices designed for upper-limb rehabilitation
chronic patients. A planar configuration of the workspacedie
to straightforward mechanical and control system desigm a
allows to define very simple and understandable treatmeat ex
cises. Also, the graphical user interface becomes verytiveu
for the patient, and a set of Cartesian-based measures qfahe
tient's performance can be defined easily.

In the paper, SCARArobots such as the MIT-Manus, Carte-
sian robots and cable-driven robots are considered and com-
pared in terms of inertial properties and force exertion abjp-
ities. Two cable-driven devices, designed at the Robotds L
of the Department if Innovation In Mechanics and Management
University of Padua, Italy, are presented for the first tinTehe
first robot employs four driven cables to produce a planacéor
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on the end-effector, whereas the second one is based onea thre
cable configuration plus a linear actuator to obtain betteeall
robot performance.

INTRODUCTION

Recent research in Europe and in the U.S. show that brain
injury is one of the most increasing health diseases of the la
decade [1,2]. Only in the U.S. there are 7000 new cases
each year [3] while in Europe there are 200 to 300 new stroke
cases per 10000 every year [4]. This is alarming when viewed
in terms of current U.S. and Europe demographic trends,twhic
show that individuals over 65 years are the fastest gronagg s
ment of our population [5]. In conjunction, the public h&alt
cost increase causes many rehabilitation centers to dod
therapist-to-patient ratios, with heavy reliance on otigpé re-
habilitation [2]. These treatment philosophy is in contragh
recent reports suggesting that recovery of post-strokiengatis
maximized in the first days after injury, when patients reeei
one-on-one, repetitive therapy. Many post-stroke surgiare
affected by upper and lower limb hemi-paresis causing an in-
correct behavior: the patient usually tends to overusedhs-|
affected limb and under-use the impaired limb. Repetitracp
tice of skilled tasks are thought to be particularly benafitd
stroke survivors due to the fact that they cause neurolbgica
remapping and brain plasticity [6, 7].

These are the key issues that encouraged the development
of robotic devices for rehabilitation therapy in the receast
[8]. The rehabilitation goal is to promote recovery of logih¢-
tion, leading to independence and early reintegrationsotoal
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and domestic life. The use of robotic devices in rehabiditat
can provide high-intensity, task-specific upper limb tneant,
consisting of passive, active-assistive or active higblyetitive
movements. Another important goal of post-stroke rehtlidin

is the conservation and progressive increase of motorbdipa
To achieve this aim, it is necessary to continue the treatisfen
ter hospital discharge with constant medical care. Tedugyol
can now permit the delivery of robot-aided neurologicaktah
itation treatment in a safe, reliable, effective mannerinited
number of clinical trials has been conducted so far, withtpes
but modest results for chronic patients [9, 10]. There isesom
evidence that better results may be obtained in the sule-acut
phase [11, 12], but this point needs to be further investidjat
the next future.

SCARA devices

The most famous example of planar rehabilitation robot is
the MIT/Manus [13, 14] whose first prototype was made in the
early nineties at the Massachusetts Institute of Techiyoldge
mechanical structure of this robot is composed of a direiged
five bar-linkage SCARA mechanism, that provides two transla
tional degrees of freedom in a planar workspace. The Human
Machine Interface of MIT/Manus consists in an LCD panel lo-
cated in front of the patient, where the therapy exerciseps r
resented. A sample exercise consists in moving a coloret&cir
(the End Effector) to a target position inside the workspdde
commercial version of the MIT-Manus is the InMot©Bfby In-
teractive Motion Technologies, Inc. (Cambridge, MA). A gan
prototype, named Braccio di Ferro [15], was built in the Nxaip

Several mechatronic systems have been developed toof the Department of Informatics, Systems and Telecomnaunic

achieve the recovery of the upper limb function. Two différe

types of devices can be defined. The first are the Exoskeleton-

like machines, which are wearable bio-mechatronic systhaats
follow the patient’s limb movement. This type of machine is
very complex because the therapy exercise can be directly de
fined in patient joint space and a separate control for differ
joints should be implemented in order to restore the natul
tor control strategies. The second type are the Operatidaal
chines, in which the contact between the patient and theplyer
device is obtained only at the end-effector of the robot. fhiee-
apy exercise is programmed in the Cartesian space or inlé¢ ro
joint space, and the patient interacts with the robot foitmga
trajectory in the operational space. The aim of this papéo is
compare, from a mechanical point of view, different exarajpie
the second type of machines. In particular, the planar devde-
signed for the treatment of chronic patients will be inwgestied.

PLANAR ROBOTIC SYSTEMS FOR REHABILITATION
There are many good reasons to choose a planar workspac
(WSP) for a rehabilitation robot. First of all, the planar eon
figuration leads to straightforward mechanical and corgys-
tem design, and allows to define very simple and understdmdab
treatment exercises. Also, the graphical user interfacernes
very intuitive for the patient. Finally, a set of Cartesiaased
measures of the patient’s performance can be defined etsily,
obtain a score for the exercise and a measure of patienwviwol
ment in the rehabilitation treatment. The main drawbackf t
choice is probably that the patient’s shoulder is not trdine

much as in 3D exercises, and this may lead to lower gains in pa-

tient recovery. This problem can be partially overcome ling
the workspace of the robot.

Planar haptic devices for upper limb rehabilitation can be
classified into three main groups: SCARA robots, Cartesian
robots and wire-based robots. Several different protayzve
been developed so far; for the purpose of this work, fouedght
devices will be analyzed.

e

tions at University of Genova, Italy. This device is very gam

to the MIT-Manus, but there are some differences in mechani-
cal design (the ability to tilt the planar workspace), mgiower
(steady hand forces are nearly three times greater), ahdalir
environment (Simulink-based).

Cartesian devices

Another way to obtain a planar workspace is to employ
Cartesian devices. The first prototype of such a device for re
habilitation is named MEMOS [16,17] and is currently unaerg
ing clinical trials at Fondazione S. Maugeri, Veruno (NQJy.
One recent evolution of this device is the CBM-Motus [18] @i
was developed at the Biomedical Robotics and EMC Laboratory
University Campus Bio-Medico, Rome, Italy. The kinematic
structure of the CBM-motus is based on two identical square
modules connected by a double prismatic joint. Each module
consists in six pulleys (all with the same radius) and twdtted
belts. Workspace vertexes are the pulleys themselves,hend t
boundary is formed by the belts linked to the pulleys. Inside
workspace, that is 5@0mx 500mmin size, there are two bars.
Each bar is connected to a module that allows the motion in a
single direction X andy). The bars slide through a compound
prismatic joint to which the end-effector is connected. tBel
motion is controlled by two DC brushless motors. The mechan-
ical design was built up to achieve high back-drivabilityaeye
workspace and a minimum interaction force oN6O'he HMI is
similar to those of the MIT-Manus.

Cable-driven devices

A planar workspace can be easily obtained with cable-driven
devices. Two examples of such robots for neurorehabditedire
the Sophia-3 and the Sophia-4, developed by the Mechasronic
Team at the Dept. of Innovation in Mechanics and Management
(DIMEG), University of Padua, Italy. The first rehabilitati
robots designed at DIMEG are the NeRebot [19] and the Mari-
bot [20]. These cable-suspended robots have a 3D workspace
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and were designed to join the standard rehabilitation gyeira
the sub-acute phase. On the contrary, the planar devices wer
tailored to the rehabilitation treatment of chronic patéen

The mechanical design of Sophia-8tiing Operated Pla-
nar Haptic Interface for upper-Arm rehabilitatigrderives from
a previous prototype named the FeRiBa3 [21], a generalgserp
table-top haptic display. Fig. 1 shows the schematic laypdut
Sophia-4. The machine is made up of a planar surface on which
the end-effector can be moved. The aluminum hand-bar grip
(end-effector) has two degrees of freedom. The force onritle e
effector is obtained by stretching four nylon cables by nseafn
DC motors. One end of each cable is fixed to the center of the
grip, the other end is directly keyed to a direct-drive pubdter
passing through an entry point. The entry-points are desigo
spin around a vertical axis to maintain constant cable fengh-
less the end-effector is driven in the direction of the epuwint.

The trapezoidal workspace was shaped to favor patient
movements during robot therapy, avoiding collisions wité ta-
bles. The dimensions of the workspace were calculated @onsi
ering the dimensions of patient’s body [22], the distanda/ben
the trunk of the patient and the haptic device, and the maximu
isotropic force to be exerted in the workspace. The workspac
can be easily re-drawn by simply changing the dispositicihef
four entry-points on the planar surface. In this case, therob
system needs only to be taught with the new coordinates of the
entry-point positions.

The second planar rehabilitation device is the Sophia&g, th
came up as an evolution of Sophia-4. Mechanical design was
reviewed to achieve better performance indexes in the whole
workspace and to reduce the risk of cable-patient intemfere
As shown in Fig. 2 the basement structure is similar to the one
of Sophia-4. The main difference consists in using a moving
motor-pulley block to substitute the two motors close topihe
tient. Workspace size remains unchanged, while humarecabl
interference is drastically reduced. The Sophia-3 employs
DC motors, three directly linked to the cables and one used to
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Figure 1. SOPHIA-4 TOP VIEW.
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Figure 2. SOPHIA-3 TOP VIEW.

control the moving motor-pulley block, which carries thetoro

of the moving cable. The entry point of this cable is moved in
such a way that the cable itself remains always orthogortakto
translation axis [23].

PERFORMANCE EVALUATION
With the aim of comparing these different designs of pla-
nar robots, several performance indexes have been coedjder
which are typically applied to the design of industrial npani
lators. Examples of such parameters can be easily founckin th
literature, as they are often utilized in combination to staunct
a cost function to be minimized in the design optimizatiookpr
lem. A basic classification separates kinetostatic indéxas
the dynamic ones. Several parameters are specificallyadilo
to non-redundant manipulators, and hence cannot be apgplied
parallel robots or wire-based system with redundant aictuat
Kinetostatic parameters based on the pseudo-inverse of the
Jacobian matrix are often used to evaluate the performasfces
a manipulator. By mapping through this matrix the unit hyper
sphere of joint velocities into the operational-space viglecity
manipulability ellipsoidis derived: it expresses the ease of arbi-
trarily changing the position and orientation of the enféebr
in a given configuration. A manipulability measure has been i
troduced (Yoshikawa, [24]) which is proportional to the wwole
of the ellipsoid, while a measure of the kinematic isotrofy o
the mechanism has been derived form the inverse of the Jaco-
bian condition number. Thanks to the velocity-force dyahin-
other ellipsoid, called théorce manipulability ellipsoidcan be
derived. The principal axes are the same of the previous-elli
soid, while their lengths are the reciprocal of the previonss.
Unfortunately, this duality does not hold for parallel mani
ulators with actuation redundancy (PMAR): this is also theec
of cable-driven manipulators. For those manipulators, 8t Kt
al. proved how the velocity ellipsoid is no longer the feéesib
ellipsoid having the maximum area, and the Jacobian camditi
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number does not reflect kinematic isotropy. Different irekeare
presented, based on the (actual) ellipsoid with maximura are
belonging to the operational velocity polytope [25]. Sinly,
force exertion capabilities cannot rely on the Jacobiarditimm

number: more appropriate indexes can be derived from the op-

erational force polytope. In [26], for instance, the samihars
suggested the use of the maximum feasible isotropic opeti
force. Actually, the maximum isotropic force had alreadgre
adopted as a manipulability index for wire-based robotspnea
vious work by P. Gallina, G. Rosati et al. [21].

As far as mass properties and dynamic behavior of manip-

Selected indexes

Starting from the previous considerations, the maximum
isotropic forceig, the GIE euclidean norfiA|| and the condi-
tion numberk (A) have been selected. These performance in-
dexes have been used to compare the following robots: MIT-
Manus (SCARA type), CBM-Motus (Cartesian type), Sophia-3
and Sophia-4 (wire-based type).

The maximum isotropic force has been chosen to assess the
kinetostatic performances. lIts value can be very usefuttfer
control of such robotic systems, since the forces the patiéh
exert during the therapy cannot be determined in advance. In

ulators are concerned, two aspects have to be investigated aaddition, this parameter can be easily computed both fartsob

least: inertial properties and acceleration performardethe
end-effector. Th&eneralized Inertia EllipsoidGIE) approach
was first introduced by H. Asada [27] for the design of serial
manipulators with only translating end-effector (EE). ThiE is
derived from the quadratic form associated with the tasicep
kinetic energy matrix, and represents the extension ofrtbgia
ellipsoid of a single rigid body to a series of rigid bodiesy B
drawing a vector connecting the center of the ellipsoid toiatp
on its boundary and taking the inverse of its square root, @ me
sure proportional to the generalized moment of inertia gl
same direction is obtained: thus the maximum moment ofiaert
is to be expected along the minor axis of the ellipsoid. Sthee
GIE varies depending on the pose of the end-effector, thergen
alized moment of inertia depends also on the configuratidneof
manipulator. From the observation of the task-space enuafi
motion it is clear that inertial properties depend also omic&o
lis and centrifugal non-linear contributions. Those citniions
arise from the changes of the inertial tensor with configonat
thus, if the changes in shape and orientation of the GIE are co
siderable over the working space, large nonlinear forces ta
be expected, conversely, if the GIE is isotropic, such feme
not present.

For a generic manipulator with both translational and rota-
tional degrees of freedom, the previous analysis wouldltr@su
a poorly significant mixture of mass and inertial propertiée
overcome this issues, O. Khatib [28] proposed a decompasiti
of the task-space kinetic energy matrix into three submexri

Yoshikawa et al. [29] introduced tH2ynamic Manipulabil-
ity Ellipsoid (DME), which is a common tool to determine the
ability of a manipulator to produce arbitrary acceleratimen
the arm is staying still, for a given set of torques at joints.

Clearly, the most desirable acceleration capabilities are
those isotropic and uniform over the whole workspace. Otikha
and A. Bowling developed a method to investigate the accel-
eration capabilities of manipulators, called thiépsoid expan-
sion model This approach allows to evaluate how joint torque
constraints affect end-effector isotropic linear and dagaccel-
erations and velocities [30—32]. The acceleration peréooe
measures derived from these results have been used insidé a ¢
function for an optimization procedure.

with rigid links and for wire-based ones.

As far as inertial capabilities are concerned, the GIE eu-
clidean norm and condition number are used as performance pa
rameters. This is mainly due to the effect of the end-effecto
inertial properties on thhaptic transparencyf the system (i.e.
the fidelity with which virtual object properties are pretszhto,
and perceived by the human operator [33]). Robotic systéims u
lized in rehabilitation are essentially haptic devicesgcsithey
interface the patient to a virtual environment (i.e. theatsh-
tation game) via the sense of touch, by applying forces and/o
motions to the user. Clearly, the ideal haptic interfaceukhbe
perfectly transparent, which implies the constant eqaived be-
tween transmitted impedance and task impedance. In particu
for rehabilitation robots, a large transparency is degréb al-
low a better transmission of assistive forces. Moreoveuythér
improvement has to be expected when the robotic assistance i
not required: since the patient perceives a little impedatite
tasks are accomplished just as if the arm were free to movein t
working space.

Haptic transparency depends both on the dynamic proper-
ties of the mechanical system and on the control architectur
The former, in turn, depends on inertial characteristicsatel-
eration performances. For a given configuration, the maximu
actuation torques restrict the set of allowable end-effeatloc-
ities and accelerations. However, for our applicatiors #gpect
is negligible. Conversely, the isotropy of the end-effeatertial
properties (i.e.k (A) = 1) is a primary concern for robots that in-
teract with humans, as the same inertial impedance shotédtbe
in every direction. Thus, by analyzing the inertial tengpeater
relevance has been imputed to inertial properties, whiledp-
erational velocities justify the neglection of non-liné2oriolis
and centrifugal terms.

COMPARISON OF INERTIAL PROPERTIES
MIT-Manus

The dynamics of MIT-Manus has been derived by first divid-
ing its mechanical structure into two serial mechanism:fitisé
semi-manipulator controls orientation of lil through motor
1, while the orientation of linkyg is indirectly controlled through

Copyright (© 2008 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



motor 2, connected to linka, both motors are located at the
base of the robot (Fig. 3). Friction is neglected and the iitefiy
rigid links are assumed . The Newton-Euler equations haga be
written for each semi-manipulator and successively coathio
obtain the dynamic model in the joint space:

T=DwiT (@) @+ CmiT (9.0) ¢

Dt — ki1 krSCOS((PZ_(Pl)}
kr3COS(@2 — ¢1) kr2 , 1)
Conrr — o krasin(wchl)(pz}
ki3sin(gz — 1) @1 0

wherek = [krl ke krg]/ is a vector of constant parameters, given
by:

ki1 = lg1a+ l1s + 02 + dZ5myp + 12, (Mg + MeE) ;
k2 = lg2a + lG2s + d5xMpa + 025 Ms + | 25 MeE+

+12, (Mya -+ Mpg + Meg) — 2l2a (dogMps + 1 28MeE) ;

k3 = —dialoama+

—l1a (—dosmpg — logMeE + 124 (Mg + MeE)) ;

()

Estimations of the useful link lengthg, (I2s —124) and of vec-
tor k can be found in [34]:11a = 0.46m, (I2g —124) = 0.44m,

k = [0.3189 00938 01262]’. Matrix Dyt is the joint-space
kinetic energy matrix. The task-space kinetic mafxjyt is ob-

tained fromDy 7 and the Jacobian matrdgT:

Awvit :JMTTDr_‘]MllT )
—l1asindy — (125 — I24) SiNd>
l1acospr  (Izg —I2a) COSP2

(3)

Ivit =

CBM-Motus
Following the dynamic model presented in [18], CBM-
Motus has been treated as a Cartesian robot with two prismati

Figure 3. MIT-MANUS SCHEMATIC TOP VIEW.

jointsd; anddy. Thus, the Jacobian matrix is trivial, and deriva-
tion of Acpw is straigthforward:

D _ ml—Hml/Rz 0
CBM 0 m2+|m2/R2 (@)

Jeem = I2
T 1
Acem = JegyDPeemIcgy = Deem

wherem;; andly; are the total translating mass the total moment
of inertia pertaining to each degree of freedom Bnrd 25mm is
the radius of the pulleys. The estimated values for the diao
components of the mass matrix alegw,(1,1) = Acewm,2,2) =
2.59Kkg.

Sophia-3 and Sophia-4

The dynamic models for Sophia-3 and Sophia-4 have been
derived by using theforce-closure equationo combine the
Cartesian dynamic model of the end-effector with the dyrami
equations of the actuators subsystems [35]. The torquéresu
to turn thei-th pulley shaft is:

émi emi
Ti = firpi+lpi— +bi— 5
i il pi pi kri { kri ( )
and the torque required at théh motor shaft is:
Ti .. .
Tmi = W + ImiBmi + PmiOmi (6)
1

where fj is thei-th cable tensionyp; is thei-th pulley radius,
ki the reduction ratio of thé-th gearbox. I, and Iy are the
moment of inertia of thé-th pulley and of the-th motor respec-
tively, while b; andby,; are the viscous damping coefficients. By
substituting Eqn. 5 into Egn. 6, and solving fpy the following
expression is obtained for tlh cable tension:

fi=— <|mikri_ + Ii) Omi — <bmikri_ + bi> Omi+ ?Tmi (7)

roi kK rpi ki pi

Now, using the reverse kinematics formulas, e@ghcan be ex-
pressed as a function of the end-effector posi¥on

O = = (Loi (%, X)) ®

pi

whereLg; is the length of cablé when the end-effector lays in
the origin of the reference frame. By successively taking th
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reifmm] | 23 || Jmilkgm?] | 3.0e-5
Kei 1 || Jpilkgm?] | 15.75e-6
meg[kg] | 0.5 || Mo[N] 2

Table 1. SOPHIA-3 AND SOPHIA-4 MODEL PARAMETERS.

time derivative of Egn. 8, expressions fé,t;“ and 6, are de-
rived. These expressions can be substituted into Eqn. 7aland
the components can be combined in a single vectorial express

0X dt ox
whered, B andK; are diagonal matrices, containing the constant
parameters of Eqn. 7. Since cables can only pull, Eqn. 9 ladds
long as each component bfs non-negative. However, we can
take advantage of actuation redundancy and choose apgtepri
Tm, SO that cable tension are always maintained above a given
minimum valuefnin. The Cartesian dynamic equations for the
point-mass end-effector are given by:

— BMJX+ KiTm

I ©)

F = mgeX (10)

If the right-hand sides of Egn. 10 and Eqgn. 9 are substituted i

the force-closure equatiofr & A (x)f), the Cartesian dynamic

equations of the system are derived:
AX)X+N(X,X) =AX)KiTm (11)

where A (x) is the configuration-dependemstructure matrix

A (x) is the mass matrix anll (X,x) the vector of centrifugal
and friction contributes:

A(X)=[Vv1 ... vm]’
A(X)= rrEElz—s-A(x)Jag—xm

12)
N (%,X) = A (X) (J%%WW

90m

Hrx)

vj is the unit vector directed along tinth cable, pointing toward
the corresponding ground link connection point.

In order to computé\ (x) for Sophia-4 and Sophia-3, the values
in Tab. 1 have been used.

Results
Figures 4 and Fig. 5 respectively illustrate the values of
[IAmiT|| @and k (AmiT) throughout the workspace of the MIT-

y [mm]

|
-800

Figure 4. ||AmiT ||[kgl, MAXIMUM MASS PERCEIVED AT THE END-
EFFECTOR OF THE MIT-MANUS THROUGHOUT THE WORKSPACE.

y [mm]

-800

-600 -400 400 600 800

Figure 5. ISOTROPICITY OF THE INERTIAL PROPERTIES OF THE
MIT-MANUS: K (AwT) RATIO BETWEEN THE MAXIMUM AND THE
MINIMUM MASSES PERCEIVED AT THE END EFFECTOR.

d1 € [0;1] and (92— ¢1) € [0;11/2]. The contour lines have a
semicircular shape and show more favorable values neaiathe p
tient (bottom side of the workspace). The perceived mask is a
ways greater than.8kg. When motors are idle and the robot is
driven by external forces applied at the end-effector, moasets
that do not require variations of the elbow joint are much- eas
ier, the gap between radial and tangential movements bacomi
more pronounced near the base of the device. Thus, the robot
inertial properties are quite anisotropic.

As far as CBM-Motus is concerned\cgy is diagonal and
independent of end-effector location, so thAicgy| = 2.59kg
within the entire workspace (a square having a sigec50mm).
Furthermore, since the mass-matrix is a scalar matrix,dhetr
is isotropic (i.e. the same mass is perceived at the endteffan
every direction) and (Acgm) = 1.

Figure 6 and Fig. 7 shoWAs_4|| andk (As-4): the dynam-
ics of the end-effector is slightly influenced by the preseat
the pulleys, since the eccentricity of the GIE is lower tha® 1
and the perceived mass is lower thabreg inside the most
part of the workspace. The inertial properties of Sophigegre-

Manus. The workspace area has been estimated assuming thasented in Fig. 8 and Fig. 9, show improved results both in serm

6
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Figure 6. ||As_4/|[kg], MAXIMUM MASS PERCEIVED AT THE END-
EFFECTOR OF SOPHIA-4.
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Figure 7. K (As_4), ISOTROPICITY OF THE INERTIAL PROPERTIES
OF SOPHIA-4.
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Figure 8. ||As_3/|[kgl, MAXIMUM MASS PERCEIVED AT THE END-
EFFECTOR OF SOPHIA-3.
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Figure 9. K (As_3), ISOTROPICITY OF THE INERTIAL PROPERTIES
OF SOPHIA-3.

of maximum perceived mass and in terms of inertial isotropy,
ing || As_4]| < 1.35mgg ande < 1.2 in a significant region of the
workspace.

Hence, the Cartesian device shows better results than the
SCARA robot in terms of inertial isotropy. Nonetheless, ldite
ter presents a lower perceived mass. The wire-based roivets g
the lowest perceived masses, while keeping an almost gotro
behaviour. Furthermore, if a reference area of the worlksgac
considered, the level of anisotropy and the maximum peeceiv
mass are approximately constant (Tab. 2).

COMPARISON OF FORCE EXERTION CAPABILITIES

To assess force capabilities, the value of the maximum
isotropic forceir must be computed over the workspace of each
robot. In general, two methods can be used to compute the max-
imum isotropic force of a-DOF manipulator driven byn actu-
ated joints. The first one consists in mapping ittkdimensional
hypercube representing the allowable joint torques ineaotbher-
ational force space, thus obtaining thdimensional set of forces
that can be exerted at the end-effector. The radius of tigesar
hypersphere contained inside this set gigeOn the other hand,
one can think of mapping the timedimensional hypersphere into
the joint space, and expanding the resulting set until itliea
the boundaries of the hypercube. While both methods can be ap-
plied to non-redundant manipulators, only the first oneiepb
parallel cable-driven robots.

MIT-Manus

For the MIT-Manusn = m = 2, hence the hypersphere re-
duces to a circle whose equation B F = a2. As long as the
robot does not lay in a singular configuration, the Jacobian m
trix J is full rank: thus, by inverting the equation of kinetostati
T = J"F and substituting foF inside the previous expression,
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the equation of the joint-space ellipse is derived:
TKT=a (13)

whereK = (JTJ)*l. Sincem = 2, the set of allowable joint
torques is a rectangle, centered in the origin of the axes,
with vertexes in(£Timax +T2max). The maximum isotropic
force is the maximum value @fthat corresponds to a joint-space
ellipse entirely contained inside the rectangle. Thussit#ring
the symmetries, only two values afmust be checked, which
correspond to the conditions of tangency with two adjacigletss
of the rectangle:

Tmax1

K2
a1 = Tmax1|/ Ku1 — g2 = 2

Kfz Tmax2
82 = Tmax2\ | Koz — Kii — (8—I2a)

ig = min(al, az)

(14)

Hence, for this manipulatoiig is configuration independent.
Since l1a > (Ios —12a), and the continuous stall torques are

Tmax]_ _ 786

e = o —17.86N

0.46 (15)

CBM-Motus

The same approach can be applied to the CBM-Motus. Ac-
cording to the model introduced in [18], the two degrees of
freedom can be treated as two equivalent prismatic joiratsh e
with a maximum allowable force equal to the ratio of the mo-
tor rated torque and the pulley radius, henég;ax = M/R:
2/0.025: 80N. The equivalent joint forces coincide with the
operational forces, since the latter are obtained from aheér
through a trivial mapping)=1,). As a consequence;cgwm is
the radius of the largest circumference centered in theéroaf
the axes and included inside a square With80N:

ircem = 80N (16)

Sophia-3 and Sophia-4

When actuation redundancy is involved, the previous ap-
proach cannot be applied. Nom is the number of cables
andn is the number of degrees of freedom of the end-effector.

and in order to computie s_4 andig s_3, it must be mapped into
the n-dimensional operational space through the structure ma-
trix A =J~T. A convex polytope is obtained in the operational
space: since = 2, it is actually a polygon, whose vertexes are
derived by calculating theonvex hullof the transformed cuboid
vertexes. The radius of the largest circumference is deiibye
calculating the minimum among the distances of each sideeof t
polytope from the origin.

For Sophia-3 and Sophia-4, pulleys with = 23mm are
keyed on the shafts oh identical brushless motors, each rated
to 2Nm of maximum continuous torque (Tab. 1). Thus, under
pseudo-static hypothesisinax = 86.96N. A minimum tension
fmin = 5N has been imposed on each cable.

M4 M3

250

Figure 10. CONTOUR PLOT OF igs 4[N] FOR SOPHIA-4, WITH
fmax = 87N AND fmin = 5N. THE MAXIMUM ISOTROPIC FORCE IS
GREATER THAN 60N INSIDE MOST OF THE WSP.

M2

: !
-100 0
X [mm]

I I L ) ) L
-300 -200 100 200 300 400

I
-400

Each cable tension is constrained by an upper and a lower Figure 11. CONTOUR PLOT OF if s 3[N] FOR SOPHIA-3. THE RE-

bound: fi € [fi min, fimax, the former required to keep the ca-
bles stretched, the latter due to motors rated torques.eTdrer,
the m-dimensional joint-space cuboid is defined Hypin fi max

DUCED NUMBER OF ACTUATORS YIELDS SMALLER i WITH RE-
SPECT TO SOPHIA-4. NONETHELESS, A STATIC FORCE GRATER
THAN 50N IS OBTAINED INSIDE MOST OF THE WSP.
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Results of the inertial properties and of the maximum isotropic éoower

Figure 10 and 11 illustrate the contour plotsigé 4 and the workspace of each robot. .
irs 3. Both plots are symmetric, but the reduced number of As a matter of fact, the Cartesian robot proved to have the
wires in Sophia-3 results in lower force capabilities: thiaw- best isotropicity of the inertial properties, even thougts pa-

back can be overtaken by mounting more performing motors. If rameter is still very close to unity for cable-driven robasswell.

the same statics workspace is analyzed, the most favoradsle a ~ The lowest values of the maximum mass perceived at the end-

are located near the top of the workspace for Sophia-3 and nea effector were achieved by cable-driven devices, thank$i¢o t

the bottom of the workspace for Sophia-4. However, the heigh simple and lightweight design that is typical for this kinfl o

of the fixed attachment points have been reduced in the former robots. These parameters are fundamental as far as the trans

device, so as to draw the favorable region closer to the ogrera  parency of the device is concerned. Finally, cable-drivest s
The results show that the Cartesian device possesses thetems are comparable to Cartesian robots in terms of maximum

best force capabilities, while the SCARA robot has the Idwes isotropic force available in the workspace.
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