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Abstract—A crucial problem in developing robotic exoskele- similar chains that are not perfectly identical, hyperstaticity
tons lies in the design of physical connexions between the devicepccurs. This phenomenon leads, if rigid models are used,
and the human limb it is connected to. Indeed, because in general to the impossibility of moving and the appearance of non-

the human limb kinematics and the exoskeleton kinematics trollabl iblv in nite) int | f | o
differ, using an embedment at each connection point leads to controllable (possibly in nite) internal forces. In praee,

hyperstaticity. Therefore, uncontrollable forces can appear athe  though, rigidity is not in nite and mobility can be obtained
interaction port. To cope with this problem, literature suggests to thanks to deformations. When a robotic exoskeleton and a hu-

add passive mechanisms at the xation points. However, empiric_al man limb are connected, most ||ke|y’ these deformationsiocc
solutions proposed so far suffer from a lack of proper analysis gt the jnterface between the two kinematic chains, caused by

and generality. . . . .
In this paper, we study the general problem of connecting two the low stiffness of human skin and tissues surrounding the

similar kinematic chains through multiple passive mechanisms. bones [7].
We derive a constructive method that allows to determine all Solutions found in the literature to cope with this problem

the possible repartitions of freed DoFs across the different are of two kinds. In a rst approach the exoskeleton design
xation mechanisms. It also provides formal proofs of global ¢an pe thought in such a way that adaptation to human
isostaticity. Practical usefulness is illustrated through an example limb kinematics is maximized. Robotic segments with ad-
with conclusive experimental results. X : .
justable length were thus developed, and pneumatic systems
|. INTRODUCTION were added to introduce elasticity in the robot xations and
More and more exoskeletons are being designed by mmaptability to variable limb section [8]. This minimizeset
searchers for a growing number of applications, ranginghfrokinematic differences, but drastically increases the derity
military applications [1] to rehabilitation [2]. of the device, leading to weight increase, stiffness litiotzs,
For years, research has mainly focused on technologieat. Furthermore, again, it seems that perfect matchingyat a
aspects (actuators, embedment, energy...) and followednstant is yet out of reach.
paradigm de ned in [3]"an exoskeleton is an external struc-The second approach consists in adding passive DoFs to
tural mechanism with joints and links corresponding to thosconnect the two kinematic chains. This was proposed back
of the human body” In other words, designing the kinematicsn the 1970s in the context of passive orthoses, [9], [10].
of an exoskeleton generally consists of trying to repliche The same principle was recently proposed for a one degree of
human limb kinematics. This brings a number of advantagdeeedom device in [7], but the force transmission is analyze
similarity of the workspaces, singularity avoidance [4iiee only in a plane, and relies on explicit equations derived for
to-one mapping of joint force capabilities over the workema a particular planar mechanism. It thus suffers from a lack
The major drawback of this paradigm is that, in fact, humaot generality and the author neglects all the off-plane dsrc
kinematics is impossible to precisely replicate with a tobothat unavoidably arise from the unmodeled lack of paraiheli
Indeed two problems occur: morphology drastically varidsetween the human limb plane and the exoskeleton plane.
between subjects and, for a given subject, the joints kitiema Rather, the constructive method proposed here applies to a
is very complex and cannot be imitated by conventional robgeneral spatial problem, which is properly formalized dmeht
joints [5]. In fact, it is impossible to nd any consensualsolved thanks to a set of necessary and suf cient conditions
model of the human kinematics in the biomechanics liteeatufor global isostaticity (Section II). In Section lll, the thed
due to complex geometry of bones interacting surfaces. Herapplied to ABLE, a given active 4DoF arm exoskeleton. In
example, different models are used for the shoulder-seapubection IV, experimental results illustrate the practio#érest
clavicle group [6]. of the approach.
Discrepancies between the two kinematic chains thus seem
unavoidable. Because of the connexions between multiple
loops, it generates kinematic compatibility problems.eled, The main question addressed in this paper is: given a
when connecting two-by-two the links of twkinematically proposed exoskeleton structure designed to (approxiyatel

Il. GENERAL METHODOLOGY



replicate a human limb kinematic model, how to connect iitext that the human limbs are virtually attached to the base
to the human limb while avoiding the appearance of uncohedy Rq. This represents the case, when the subject does not
trollable forces at the interface? The answer takes the fdrmmove at all. The resulting mechanism, depicted in Fig. 2, is

a set of passive frictionless mechanisms used to connect tiemoteds,.

robot and the subject's limb that allows to avoid hyperstbti
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A. Problem formulation

Robot body

We consider two different serial chains with multiple cou-
plings as illustrated in Fig. 1. One represents a human limb
H and the other the robot structuRre
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Fig. 1. Schematic of two serial chains parallel coupling

whereS T, is the space of twists describing the velocities of
The base body of the exoskeleton is supposed to be attachatubt bodyR; relative toR g when the whole mechanisi®,
to a body of the human subject. This common body is denotisdconsidered and™W_,, o is the space of wrenches (forces
Ro Ho. The robot and the limbs are supposed to bend moments) statically admissible transmitted througtLth
connected through xations. Each xation is a mechanist; chain on the reference bod, when the whole mechanism
fori 2 f1;::;ng consisting in a passive kinematic chain whicl$, is considered.
connects a human body; to a robot bodyR;. Mechanisms Equation (2a) expresses the fact that the mobility of anyptrob
L; are supposed to possess a connectiVityRecall that body connected to a human limb should be null, which is
connectivity is the minimum and necessary number of joinéquired since the human member is supposed here to be
scalar variables that determine the geometric con guratid = still. Moreover, Eqg. (2b) imposes that, considering the leho
the L; chain [11]. Typically,L; will be a nonsingular serial mechanism, there can be no forces of any kind exerted on
combination ofl; one DoF joints. The xation can be anthe human limb. Indeed, since the actuators are supposed to
embedmentl(= 0) or can release several DoFs, such that: apply null generalized forces, the presence of any force at

. the connection ports would be an uncontrollable force due to
8i2fl:;ng; O I 5 : Q) h C :
yperstaticity. In the next Eq. (2) is referred as thlebal

Indeed choosingj 6 would correspond to complete freedontsostaticity condition

betweenH; and Ri which would not make any practicalg conditions on the twist space ranks
sense in the considered application where force transnissi
is required.

BetweenR; 1 and Rj, on the robot side, there is an activ
mechanismR; which connectivity is denoted;. Similarly,
betweerH ; ; andH ; on the human side, there is a mechanis
H; of connectivity hj. Note that, due to the complexity of
human kinematidy; is not always exactly known, and literature
from biomechanics provides controversial data on this tpoin
For example, the elbow is often modeled as a one DoF joint,
but in reality a residual second DoF can be observed [12].
Our goal is to design mechanisnhs with i 2 f1;::;ng in
such a way that on one side, all the forces generated by the
exoskeleton on the human limb are controllable and on the Fig. 3. Recursive structur§ of the system

other side, there is no possible motion for the exoskeleton

when the human limb is still. We shall thus consider in this the connectivity of5 ;. In this conventionSy represents a

At rst, one can notice the recursive structure of the consid
ered system: if we namg the sub-mechanism constituted by
ethe bodieR g to Rj, the chainRg to Rj andLg to Lj, we can
r%epresems recursively fromS i, as in Fig. 3, wheram; ;

S; sub-mechanism




zero DoF mechanism. Using this recursive representatien doreover, since ifA and B are two vector subspaces &f

can establish the following proposition: anddim(A) + dim(B) > dim(E), thenA\ B 6 f0g, Eq. (3b)
Proposition 1: The conditions (2) are equivalent to : imposes that:
8i21 n; dim(Ts ,+ Tr,+ T,)=6 and 3a i1
M5 3+ T L) (32) 8i21 nm mq+r 6or:q(j+r)+rn 6 (8)
8121 n; dimTs ,\ Tr)=0 and (3b) =1
dim(Ts,)= 0 ; (3c) Finally, the last condition (3c) leads to:

where Ts, = SJ'TJ- is the space of twists describing the
velocities ofR j relative toR o, whensS; is considered isolated

from the rest of the mechanism (then it is different fror;), _ _
T, is the space of twists produced I — i.e. the space Notice that (9) provides the total number of DoFs to be freed

of twists of R; relative toR; 1 if they were only connected for the mechanisns,, while (7) gives the minimal value (to

throughR;, T, is the space of twists produced by i.e. the Prevent from hyperstaticity in the sub-mechanisgg} for |
space of twists oR | relative toR o if they were only connected @nd (8) provides the maximal one (to prevent from internal
throughlL;. mobility in S;). N

The demonstration can be found in Appendix A. Thanks to these .three last necessary condltlor!s, we are able
Remarkably, conditions (3) involve the space of twists genéo cg!culate the_dlfferent possible solutions for disttibg the

ated byR; andL; when taken isolated, which is of great heltdditional passive DoFs over the structure:

for design purposes. In the next, we convert these condition the possible choices fdi are such that5 11 6 rg.

into constraints on the connectivities= dim(Tg,) and |; = for each choice of,, the possible choices fds are such
dim(T,). To do so, we suppose that kinematic singularities are that5 12 12 r1 rz2 la.

avoided. In other words, summing the subspaces of twists wilhis leads to a tree that groups all the admissible comhinstti
always lead to a subspace of maximum dimension given tfo |;, as illustrated in Fig (4).

dimensions of individual summed subspaces. This hypathesi
will lead to determine how many DoFs shall be included
in the passive xation mechanismk;. Of course as it is
usual in mechanism design, when a particular design isynall
proposed, it will be necessary to verifg posteriori the g 60705 58061558 &r07y 5 8ndrs 55 :
singularity avoidance condition. \ |

n
my=0o0r: § (Ij+r))= 6n (9)
=1

Iy 6-r4 15 CRRRRREE e 5
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C. Conditions on connectivities i 6 Bj-3ri2l
At rst, let's compute the connectivity of5. One has:

Fig. 4. Tree of possible solutions for the number of passiveDim add at
TS = TLi\ (TRi + TS 1) ; 4 every xation point

which directly results from the space sum law for serial ohai £ thi Il th ib| binati ¢ L
and the intersection law for parallel chains (see [13])__Fuput0 this t_ree, allt € possibie com Inations o colnnaums
thermore, since for any vector subspadeand B, dim(A)+ for the xations are given. Of course, the selection among

dim(B) = dim(A + B) + dim(A\ B), one gets: these sc_JIutions is to be mad_e depen_ding on the exoskeleton
_ _ _ kinematics. Generally speaking, an important aspect to be
m = dim(T;)+ dim(Tg; + T ;) dim(Ty; + Tr;+ Ts ;)  considered is the force transmission: through any linear or
= dim(Ty,)+ dim(Tg,) + dim(Tg, ,) dim(Tg,\ Tg ,) rotational DoF that is not freed by the xation mechanism, a
; . force or a moment will be transmitted to the human limb,
dlm(TLi + TRi + TS 1).

which is surrounded by soft tissues. Therefore, typically,
If condition (3) is respected and under full rank asumptiolansmitting moments arourfl would lead to locally deform
one gets: the tissues which in turn can generate discomfort. The next
m=li+ri+m 1 6 (5)  section illustrates, on a concrete spatial example inagltwo
Finally, usingmg = 0, this recursive equation simpli es to: ~ Xations, how to integrate this kind of considerations ireth
: design of xation mechanisms.

= 8(+rp) 6 : 6
m=ga(lj+rj) 6i: (6) 1. APPLICATION TO A GIVEN EXOSKELETON

=1 . I
Therefore, from Eq. (3a), noticing that any vector subspacé" ABLE: an upper Im_]b exoskgleton for rehabilitation
A,B andC of a vector spac&, dim(A+ B+ C) dim(A)+ ABLE (see Fig. 5) is a 4 axis exoskeleton that has been
dim(B)+ dim(C), it is necessary that: designed by CEA-LIST [14] on the basis of an innovative

i screw-and-cable actuation technology ([15]). Its kineosat

8i21 n m 1+ri+li 6 or: Zj+ry) 6 (7) is composed of a shoulder spherical joint composed of 3
=1 coincident pivots and a 1 DoF pivot elbow. The forearm,



way of achieving global isostaticity. Degrees of Freedom fo
\ L1 have to be chosen complementary to thos&®ofin order
to satisfy the full rank assumption. Sin¢® is a ball joint
that generates three independent rotational velocitieanar
its centerM1, L1 must generate three independent velocities

$ iy 9 A d | at point M. For example, three non coplanar translations
% Oies could be used foli. However, in this case, the xation
%-& | O 90° would transmit a null forcej.e. a pure couple. This seems
' &' * | Ospes90° undesirable due to the torsion of the soft tissues that itldvou
>( Oares | 357 create around?, at the level of the attachment to the limb.
One could thus think of using fok; a ball joint around
Fig. 5. Kinematics of ABLE P, but in this case, the full rank condition would not be

respected, because; anq L1 would both generate the same
rotation aroundy = +1—M;P;. Finally, a preferred solution

terminated by a handle, is not actuated. Details on thistroho kMiPk L )

can be found in [14]. IS to choose forL; two pivot joints perpendicular to the
arm main axiszym, and one translation joint collineagm

B. Fixations design for ABLE (see 8 for further de nition ofR, Zym andZsgrearm). IN this

In this section, we apply general method proposed in S&&se. two forces perpendicular#gm and one moment around

Il to ABLE. We proceed in three steps: “Zarm Can be exchanged between the exoskeleton and the arm

throughL 1. Moreover, since5; is isostatic, one hasy = 0.
Human Limb Able orthosis Thereforel , needs to be designed in order to be kinematically

Shoulder
Ball joint
hy=3

complementary tdR,, which is a pivot of axigMy;2) (See
Appendix forz, de nition). In other words,L, must generate
independently 2 rotations perpendicularzoand 3 velocities
at pointM,. A natural solution is to choose a ball joint around
P, and two translations in a plane perpendicularzio The
resulting overall design is noted (a) and represented inFig

Wrist
Ball joint
3=3

ABLE CASE STUDY STATIC CASE STUDY

Fig. 6. Schematic of the ABLE and human arm coupling

compute the tree of possible values fopr
choose among them a preferred solution by examinit
force transmission properties and kinematic compleme
tarity
verify the full kinematic rank which is reported in Ap-
) pen(.JIIX B. ) Fig. 7. Considered possibilities for coupling ABLE to an hum@m. Case
Firstly, since ABLE comprises an upper arm and a forearrt): ball joint alone aP; and ball joint + 2 slides ak,; case (b): Universal
we shall use two xations (See Fig 6). The total number dgint + 1slide atP, and ball joint + 2 slides aP,; case (c) Ball joints with
. S . slide at bothP, and P,.
passive DoF to be added is given by Eqg. (9):

n=2 n=2 Case b: { = 4 and L = 4. Note that in this caseS; taken
o _ 0 o _
alj=12 arj=12 (3+1 ) h+l2=8  (10) jsoiate is a 1 DoF mechanism, while orfly is isostatic. We

=1 =t _ . consider solution (a), for which one DoF must be addeld to
Moreover, for the rst xation, Eq. (7) and (8) give: and one must be removed frobp. Concerningl 1, keeping
6 11 Ik 6 ) 3 1, 5: freed the 3 DoF liberated for the isostatic solution (a)e&ms

preferable to choose, for the extra freed DoF, the rotation

Since the total number of DoFs is xed, the tree of possiblaroundz;. Indeed, this will cancel the local tissue torsion due
solutions consists here of three parallel branches whei® to moment transmission arourd. As a result,S; is now
chosen between 3 and 5 ahd= 8 ;1. Possible couples for a 1 DoF mechanism consisting of a pivot aroufid;;z;).
(I3;12) are (3,5), (4,4) and (5,3). Hereafter, these three optioB®ncerningL », the DoF to be removed from the solution (a)
are analyzed in order to choose a preferred design amaigll not degrade the dimension ©f + Tg, + T_,. It seems
them. preferable to keep the freed three rotations ardgnand only

Case a: 1 = 3and b = 5. In this case, botls; taken isolate one translation along the forearm aZigyearm Indeed, again,
and S, are isostatic, which corresponds to the most intuitivihis choice avoids any torsion aroum. Furthermore, it is



shown in Appendix B that singular con gurations of this solu gg;ﬁ ORI P o the Timb &S) Armg';'(’)‘a“o” Foreaggo':'xa“o”

tion, noted (b) and represented in Fig. 7 are easily idehtea [Rotation2 ¢ to the imb axis) 90 90

and far away from nominal conditions of operation. Rotation3 (around the limb axis| 110 110
Case c: | = 5 and b = 3. Similarly to solution (a), this L[ Transiation 100mm 100mm

combination will necessary lead to transmit at least ongidar TABLE |

moment arounet;gearm, as illustrated in Fig. 7 (solution (c)).
Therefore, the nally preferred solution is (b).
Note that with solution (b), generating a moment to the human

: : : ; at P, and P, respectively.
upper arm aroung, , is obtained by applying opposite pure . . L
forces perpendicular tam at Py and t0Zsoearm at P (see For the experiments presented in the next section, in oader t

compare the forces involved with and without DoF liberation
the xations were also equipped with removable metallic
pins, allowing us to quickly lock the passive DoF without
detaching the subject from the exoskeleton. These xations

Fig. 8. Transmitting a moment around the upper arm axis withtisslyb)
(Ieft) and (c) (right) o

Fig. 8). Interestingly, this reproduces the method used by / o
physical therapists to assist patients in generating nater

rotations of the shoulder without torsion to the tissue. As a
price, the full extension con guration, whekl;, P, and P, Fig. 10. The two xations on the exoskeleton
are aligned, is singular, as detailed in the Appendix B. This

con guration can be easily avoided by limiting the range otvere mounted on the 4 DoF ABLE exoskeleton. Arm xation
the elbow extension. is placed near the elbow, just under the triceps. Forearm

. . xation is placed near the wrist. Thermoformable materials
C. Fixations realization were also used to create two splints perfectly adapted tahum
The two xations mechanisms are nally identical. Theymorphology. These splints are serially connected to the las
shall generate three independent rotations and one tt@msla xation body. Wrist splint was speci cally created to lock
along the limb. The mechanism used to realize this functigRe wrist exions which are not studied here. Only passive
pronosupination is allowed.

IV. EXPERIMENTAL RESULTS
A. Experimental setup

An articulated mannequin was used for the experiment.
Its arms possess 5 passive DoFs (a ball joint shoulder, a
pivot elbow and a pronosupination). Analyzing the intei@act
force and torque variations at the interfaces during theesam
movement with isostatic xations and without (locked case)
Fig. 9. Fixation simpli cation and realization (rear and fitp will allow us to evaluate their impact on preventing the
appearance of uncontrolled forces but also to quantify them
consists of three successive pivot joints which axis cdiaci roughly.
and one slider whose axis is parrallel to human limb (see Figne mannequin was thus placed in the exoskeleton and at-
9). tached through the fwo xations. The thermoformable sglint
The xations were dimensionned differently: one to allowallow to avoid any looseness in the xation and increase the
forearm pronosupination and the other not to collide witbontact stiffness (no foam needed).
arm tissues. As a result, possible motions left by the pass®during the experiments, the exoskeleton imposes a coettoll
xations have the ranges de ned in Table I. trajectory, with a constant speed, to the mannequin arm. The
These xations were both tted with one force sensor placedxperiment consists in a serie of six simple point-to-point
on the base (ATl Nano43 6-axis Force/Torque sensor) alpwimovements (with a limited range of motion) to the same
us to reconstruct the three forces and three torques comimonearget but reached with different joints movements (thanks



q
Fig. 13. Allowed forces ( F2+ Fy2 ) norm on the two xation (mean for
the six movements)

Fig. 11. Mannequin connected to the ABLE exoskeleton

hyperstatic forces have to be interpreted. Indeed, duedo th
mnnequin arm smallness (see Fig. 11) and it body suface
rigidity, hyperstatic force level is higher than the one urieg
é’&””g a comanipulation between the exoskeleton and a human
subject.

to arm redundancy). Target was reached at constant and
speed (0.05 m/s) to limit inertial forces. Due to the rigidit
of the mannequin surface, the movement amplitude on ev
exoskeleton joint was limited to a 15 maximum range of
motion in order not to destroy force sensors whose maximum V. CONCLUSION

allowable value is about 36N. Indeed when exoskeleton is, this paper we presented a methodology aimed at design-
connected to human limb, thanks to skin and muscles dgg the kinematics of xations between an exoskeleton and a
formations, the hyperstatic force level applied on the humg ;man member. Thanks to this method, we realized isostatic
kinematic structure (the bones) is reduced. xations for a 4 DoF exoskeleton and experimentally veri ed

The use of a mannequin controlled by exoskeleton allows §Qqir hene t on minimizing uncontrollable hyperstatic ées
obtain a perfect repeatability during the experimentssT8i 4t the human robot interface and thus on a ne control of

really representative of co-manipulation cases wheredhetr yhe interaction forces. These results show that the pravide

generates a controlled motion by applying forces, as duriagytion avoids hyperstaticity but also adapts to largétians
robotic rehabilitation or movement assistance for immhirgss e human limb geometry without requiring a complex

people. adaptable robot structure.

B. Results and discussions APPENDIX

Principal results are presented below. In Fig. 12, we plotte A pemonstration of Proposition 1
the undesired force absolute value and mean moment averaﬂf@onditions (3) are sufcientf(3)) (2)].
norm during the experiments, for the two sensors, averag@g nere suppose that conditions (3) are veri ed.
across the six movements (moments are computed at Hi&ause irS,, R; 1 is connected on one side Ry through
rotation center of the xation). We can observe on the arg | and on the other side 8 throughR; (see Fig. 3), one
has:

h i
8i2f1l::ing; T 1=51T ;\ Tr+>T ; (11)
which is a recursive relationship forT;. Recalling that, by
assumption"Ts, = f0g (condition 3c) andlg ,\ Tr, = fOg
(condition 3b), this recursive law trivially leads to (2a).
Furthermore, the kinemato-static duality principle apglito
the loop(Ro! Rj 1! R;j! Ry) in Fig. 3 writes:

Fig. ]@ Averaged absolute value of the undesired fgFgeand moments 8i2f1:ing; dim( WLt 0)+ d'm(TS 1t T, + T'—i) =6

norm  MZ+ MZ+ MZ on the two xations (mean for the six movements) o ) 12)
Thanks to condition (3a), this leads to:

xation a decrease in the undesired forcg)( level and 8i2f1:::ng; S'\/\/Li! o=10g : (13)

the undesired torques level by approximatively 95%. F S ; . - i
the forearm xation, an approximative 96% decrease can g%onsmenng again the systefdepicted in Fig. 3, and recall

observed for the undesired force and moment components.'r]ﬁ thatl; andR; are serial chains, one hai,2f 1:::ng:

Fig. 13, the norm of the component§, @ndF;)corresponding 81'\/\/Li! 0="S WL, =S WR;! i =S Wk i 1=f0g : (14)
to the components transmitted by the passive xations i . . . .
presented. The exoskeleton ability to transmit forces ® ttjfherefore, statically speaking, the multi-loop syst&m, is

subject is not altered. Note that the percentage of hypmstaiﬂéhri:f gnfetséaﬁevgﬁzgig:ﬁludedsmhan when isolated from
force level decrease achieved by the xations resultingnfro '

our methodology and the obtained numerical value of the 8i2f2:::ng; S\/\/Li N 0:S WL 4o



which, together with (13) recursiygly leadsjto conditiolm)2 ThusTg, + T, = sparfty;:::;tsg. De ning

2) Conditions (3) are necessary(3)) (2) .
Firstly, if condition (3c) is not veri ed, ther™ T, = Ts, 6 f0g.
In this case, (2a) is not satis ed.
Secondly, if (3b) is not veri ed, the®i; (Tr;\ Ts ,) 6 f0g.
Thanks to Eq. (11), this leads to:

9i2f1 ng, ™T; 16 f0g ; (15)
which directly contradicts (2a).
Thirdly, if (3a) is not veri ed, i.e.:

9i; dim(TS . T TRi + TLi) 6 ; (16)

then 9i; SW, , 6 f0g, meaning thatS taken isolate is
hyperstatic. Obviously, adding the rest of the mechanis
to build Sy, which consists of adding a parallel branch
to § betweenR( and R; will not decrease the degree of
hyperstaticity. Therefor6i; SﬂVVL“ , 6 f0g, which contradicts

condition (2b).

B. Singularity analysis for ABLE and the two propose$h

xation mechanisms

We study the mechanism depicted in Fig. Rk is a ball

=(0s"x" )" and = i = ( 0" y1" )"
1

we can easily show that

ttatats 9t = Aty to t3 tg ts te]

with det(A) = 2 Sincel; 6 0, t1 = fty;::;tsg is a basis of

RS if and only |f tr= ty;tastdtd is a basis ofRS. Let's
consider nowg; 2 R; i 2 f1;::;6g such that:

gty + &gty + aglz+ ayts + astd+ agtd= (17)

It is trivial to show thata; = ap = ag = 0, asd, = O, a6+

dy = 0 andas + asdx = 0 wherezym = o’ X1 + dyyp +

d, 6 0 thenag = a5 = a4 = 0. Therefore,t, and t; are
bases ofR8. Otherwise, there exists a non null combination
of g that veri es (17) which means thap andt; are not free
anymore. Condition (3a) is thus veri ed for= 1 if and only
if*Zarm:z1 6 0. This is equivalent tca; 6 5 and this is a
ingular value to be |av0|ded In the rest of the study we will
us consider thazarm 716 0.

Fori= 2, (3a) writesdim(Ts, + Tr, + T.,) = 6

joint which center isMy; L is composed of a ball joint which We know thatTs, = Tg,\ T,. Let's considett 2 T, andt®2
center isPy (with MiPy = 11:z andl; 6 0) and a slide along Tr,. One has:

(P1;zarm); R2 is a pivot joint which axis is(ll\/lz;xz); L
composed of a ball joint which center®s (with MaP, =

15:20
andl, 6 0) and a slide annng;'zforeamo.

In order to nd the singular con gurations of this system, we

use the necessary and suf cient conditions (3).

- — —
, ,Z2,M,, are not included in this plane
M, 2

:J—E’
a

S
Fixation 1~

Fig. 14. Kinematics of ABLE + its xations. The plane of the ga,
perpendicular te¢, is de ned byMi, P, and P, while M is off the plane.

1) Examination of Condition (3a)
Fori= 1, (3a) writesdim(Tg, + T_,) = 6

At point Py, velocities allowed byl belong to the vector Zy-Y2* Z1z:22,
subspaceT, = sparfty;ty;ts;tag and the velocities allowed

by Ry belong toTgr, = sparfts;ts;tag, with
t1=(x" 03")%;
to=(y1" 03N

t3=(z1" 03")"; ts=(x'
ta=( 03" Zarm' )T;

liy" )"
ts =( yj_T 1" )T

4
9(ai;az as;as) suchthat t= § ai t
i=1
9(adalal) suchthat t°= alts+ al ts+ ad t§19)

(18)

UsingI zam%:zl 6 0, one easily gets:

t=t% a;j=a)=as=al=al=0 : (20)
or:
t=t% t=astz=afts : (21)
In other words, at poinP;:
Ts, = Try\ T, = span(ftsg) = spar(f(z" 0s")'g) @ (22)

We know write twists at poin®. We get:Ts, = spar(ftzg),
R, = Spar(ftgg) andT_, = spar(ftg tio t11 t129), with:

t7=(z1" Isingixt")" ; tg=(x2" lay2")" ; tg=(x" 0"
tio=(y2" 0" ; tiu=(2"0)" ; t12=(0" Ztorearm)";

|

whereP,P, =: lzandq; := !\zl!; z measured around . Thus
Ts, + Tr, + T, = spar(fty;tg;to; tio; t11;1120). |
Stfppose 'rst that sigp = 0. Then, denotingz; = zx: % +
one gets:

t7= Zixtg + zZyytio + Zyt1n (23)

In this particular casdt7 :: t12g is not a basis, which identi es
a second singular con guration, whekl;, P, and P, are
aligned. In the rest of the study we will thus assume that this



singular con guration is also avoided, that is: ging 0.
De ning

t7 zZitg zZpyt A
© = (t7  Zixto Z1yt10 1212):(0TX1T)T
I'singy
t t
tg = (mlis) = ( o yZT)T
2
we get t7 ts tg t12 = B:[ty tg :: t12] with det(B) = Izsinql 6

0. Thust3 = ft; : t1og is a basis ofR if and only if t4 =
ft9 :: t,g is a basis oR®. Lets's consideb; 2 R; i 2 f 1;::;69

such that:
b1t9+ bgtg'l' batg + bgti9+ bstiy+ bgtio= 0 : (24)

It comes easily thaltz = b4 =bs=0 andb1t7+ b2t8+ bet12 =

1) ! zami:zl = O representing the case where the passive slide,

mounted parallel to the upper arm axis, is perpendicular
to the robot upper limb aX|s This case will never
appear since the angle betweeenm and Z1 reects
small discrepancies between the exoskeleton and human
kinematics, and remains smaller than a few degrees.

2) singy = 0 representing the case whevk, P, andP, are

aligned. This singular con guration can be avoided by
limiting the range of motion for the robot elbow to a
few degrees before full extension.

3) xl Y2 andzfOrearm coplanar. This con guration does not

'appear in practice, since in the nominal con guration,
xi is perpendicular to the plane generated Wy and

zforearm

0 which is equivalent thlxl + b2y2 + b6'zfo,ea,m_ 0. The Therefore, under normal conditions of operation, the ABLE
necessary and suf cient conditions to have a non-null étipl exoskeleton with its two xations never falls into a singula

b1; by; bg verifying the previous equation is timf; yz;'zforearm
are coplanar. This identi es a third singularity, which,aag
is supposed to be avoided in the rest of the study.
2) Examination of the condition (3b)
Fori= 1, sinceTs, = fOg, one directly getsdim(Tg,\
T|_1) =0
Fori= 2, itis necessary to verify thaim(Ts,\ T.,)= 0
Let's considert 2 T, andt®2 T.,. One has:

9a;12 R =
9alalalal2 R

(1]

(2]

(3]

t= aity

[4]
%= ado+ adio+ adis+ aduo

One easily shows that= t®is equivalent to:
I
ail smqlxl + adzforearm— 0
(arzix+ ad)X2+( 3121y+ a9)y2+( aizz+ ag)Zz =0

Since X1 is not colinear tozfOre e Ithe rst equation leads
to a; = a4 0. Similarly, sincef X2’ y»';, g forms a basis,
a?= af= af= 0. In conclusiondim(Ts,\ T.,) = fOg.

3) Examination of the condition (3c)

For the considered example= 2 and condition (3c) writes
dim(Ts,) = 0. SinceTs, =( Ts, + Tr,)\ T_,, we need to verify
that any vector that belongs to boffis, + Tr,) and T, is
null. Let's considert 2 (Ts, + Tr,) andt92 Ti,. One has:

9a;a22R
9al:;al2R

6]

(7]

(8]

El
(20]

t= ajty + aots
%= ado+ a0+ ady1+ ady2

(11]

Thereforet = t%is equivalent to:
dz I [12]
ail qulxl 32|2y2 + azZforearm= 0

(a1z1x+ ad+ a)x +( aiziy+ a?)yz +(aiz+ ag) = 0

The rst of these two equations leads @y = az = 32: 0
since it is supposed that',y»> andZserearm are not coplanar in [14]
order to avoid the third singularity, and gjn6 0 in order to
avoid the second singularity Therefore, the second equati
leads toa; = a = a4 0 becausé x2; Yo' zzg forms a basis. [15]
In conclusiont =1°) t= 0, ordim(Ts,) =

4) Summary.

In conclusion, we identi ed three singularities:

(13]

con guration.
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