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Abstract— The design of a robotic exoskeleton often focuses A major drawback of the exoskeleton paradigm is that,
on replicating the kinematics of the human limb that it is in fact, human kinematics is impossible to replicate with a
connected to. However, human joint kinematics is so complex robot. Two problems occur: morphology drastically varigs b
that in practice, the kinematics of artificial exoskeletons fails to h bi d f . bi he ioi i ..
reproduce it exactly. This discrepancy results in hyperstaticity. the subject and, for a given sy _JeCt' the joints 'nemams '
Namely, uncontrolled interaction forces appear. very CompleX and cannot be imitated by conventional robot
In this paper, we investigate the problem of connecting an joints [2]. In fact, it is impossible to find any consensual
exoskeleton to a human member while avoiding hyperstaticity; to model of the human kinematics in the biomechanics liteeatur
do so, we propose to add passive mechanisms at each connectiog e to complex geometry of bones interacting surfaces. For

point. .
First, analyzing the twist spaces generated by these fixation pas- example, different models are used for the shoulder-seapul

sive mechanisms, we provide necessary and sufficient (:onditionsC|_<':‘ViCIe QVOUP[_3]- o
for a given global isostaticity condition to be respected. Then, we Since human limb models are only approximations, exoskele-

derive conditions on the number of Degrees of Freedom (DoFs) tons are imperfect. This generates kinematic compatibilit
to be freed at the different fixations, under full kinematic rank problems. Indeed, when connecting two-by-two the links

assumption. . - . .
We finally apply the general methodology to the particular case of of two kinematically similar chains that are not perfectly

a 4 DoF shoulder-elbow exoskeleton. Experimental results allow identical, hyperstaticity occurs. This phenomenon leafls,
to show an improvement in transparency brought by the passive rigid models are used, to the impossibility of moving and

mechanism fixations. the appearance of non-controllable (possibly infinitegiinal
forces. In practice, though, rigidity is not infinite and niliti
can be obtained thanks to deformations. When a robotic
Whatever the particular use they are designed for (augmeexoskeleton and a human limb are connected, most likely,
ing human force capabilities, helping a patient during araeu these deformations occur at the interface between the two
physical rehabilitation, haptic or master device, etbg,major kinematic chains, caused by the low stiffness of skin, &ssu
purpose of exoskeletons is to transmit forces to the cordecSolutions found in the literature to cope with problem are of
human limb. Designing these physically connected devicesgo kinds.
faces a rather challenging set of constraints: adaptatiit Firstly the exoskeleton design can be thought in such a way
kinematics variations between human subjects is requirddat adaptation to human limb kinematic is maximized: rabot
large force capability is desirable over a large workspacgegments with adjustable length were developed, pneumatic
simultaneously transparency (i.e. capability of applyimm- systems were added to introduce elasticity in the robot fix-
imal forces in resistance to the subject's movements) is afions and adaptability to variant limb section [4]. All fee
high importance. Designing the kinematics of an exoskaletapproaches add to the exoskeleton complexity while they are
consists of trying to replicate the human limb kinematidsisT not formally proven to solve the hyperstaticity problem. No
brings a number of advantages: similarity of the workspacegiantification is shown.
singularity avoidance [1], natural feeling of the conneati Secondly, keeping the exoskeleton structure unchangesl, on
with human subject. If the kinematics of the human limb ancan add passive DoF at the connections between the robot anc
the exoskeleton are the same, there is a one-to-one mapyhg limb. Indeed, in closed chain mechanisms, adding joints
between the joint torques exerted by the robot and the joista way of deceasing the degree of hyperstaticity. Several
torques applied to the human subject, whatever the joimttempts can be found in the literatur@]([[?]) but remain
configuration. mostly empirical with no formal statement on the degree of

I. INTRODUCTION



hyperstaticity.

Rather, thanks to basic theory of mechanisms, we consider
in this paper the general problem of limb-exoskeleton conne
tions and derive a formally proved set of conditions (Sectjo

In Section II, the method is applied to ABLE, a 4 active DoF
arm exoskeleton. In Section Ill, the experimental setup for
the fixation evaluation is described and finally in Section IV
results of preliminary evaluation of these isostatic fiaas are
presented and discussed.

____ Sub-mechanism
(multi DoF)

Robot body

ri, I ,h,number of joint DoF

STATIC CASE STUDY

I[I. GENERAL METHODOLOGY

The main question addressed in this paper is: given a pro-
posed orthotic structure designed to (approximately)icafs
a human limb kinematic model, how to connect it to the human

limb while avoiding the appearance of uncontrollable ferceBetween.%’- L and ., on the robot side, there is an active
1— I )

at the interface? The answer takes the form of a set of paserSchanisti which connectivity is denoted;. Similarly

frictionless mechanisms used to connect the robot and t@&ween%ﬂ L and.2# on the human side, there isamecha;’lism
: e i ; i iI— i ,

subjects limb that allows to avoid hyperstaticity. H; of connectivityh;. Note that, due to the complexity of hu-

A. Problem formulation man ki.nematicmi. is not a]ways exactly Ifnown, and Iitgratur.e

from biomechanics provide controversial data on this point

We consider two different serial chains with multiple COUE . example, the elbow is often modeled as a one DOF joint,

plings as illustrated in Fig. 1. One represents an human "rBBt in reality a residual second DOF can be observed [6].
H and the other the robot structuRe Our goal is to design mechanisns with i € {1,..,n} in

Fig. 2. Studied problem with a fixed human limb

- such a way that on one side, all the forces generated by the
" (multi DoF) exoskeleton on the human limb are controllable and on the
O Body other side, there is no possible motion for the exoskeleton
fi I hynumber of oint Do when the human limb is still. We shall thus consider in the

next that the human limbs are virtually attached to the base
body Zy. This represents the worst case for mobility, when the
" ; subject does not move at all. The resulting overall mechanis
Human serial chain H‘—‘ | M Robot serial chain deplCted In F_Ig' 2,1s denOte$1' .
h T ‘ T A proper design for the passive mechanidmshall guaranty
P ’" that, in the absence of any external forces, both:

TYPICAL CASE STUDY V| e 1 . n7 Sn-l-I — {0} a.nd (Za)
Fig. 1. Schematic of two serial chains parallel coupling

Yiel---n, SWi_o={0} , (2b)
The base body of the exoskeleton is supposed to be attached
to a body of the human subject. This common body is denoteghereSiT; is the space of twists describing the velocities of
%o = Ho. The robot and the limbs are supposed to b@pot body; relative toZ in S, andSW;_g is the space of
connected throughm fixations. Each fixation mechanisin;  \rench statically admissible transmitted through thehain
for i € {1,..,n} is a passive kinematic chain which connectgy the reference body?, (the blocked arm), i.e. the space
a human body# to a robot bodyZ;. MechanismsLi of the forces (forces and moments) resulting from a possible
are supposed to have possess a connectiyitirecall that hyperstatism appearing whe reaches the equilibrium.
connectivity is the minimum and necessary number of joiftigyation (2a) expresses the fact that the mobility of anptob
scalar variables that determine the pose of lthechain [5]. body connected to a human limb should be null, which is
Typically, L; can be a nonsingular serial combinatiorjoéne required since the human member is supposed here to be
DOF joints. The fixation can be an embedment(0) or can  stj||. Moreover, Eq. (2b) imposes that, considering the lgho
liberate several DOF, such that: mechanism, there can be no forces of any kind exerted on
Vie{l,..n}, 0<Ii<5 . Q) the human limb. Indfaed, since the actuators are supposed to
apply a null generalized force, the presence of any force at
Indeed choosingj > 6 would correspond to complete freedonthe connection ports would be an uncontrollable force due to
between s and %; which would not make any practical hyperstaticity.
sense in the considered application where force transmnissirherefore, Eq. (2) is referred in the nextglsbal isostaticity
is required. condition.



B. Conditions on the twist space ranks would change the dimension of the combined space of twists.

We can notice the recursive structure of the considerd¥e Will assume, in the next, that such singularities aredaaji
system: if we name§ the sub-mechanism constituted by th&vhich is of course to be verified a posteriori when considgrin

bodies %o to % and the chaingo to r; andlo to I;, we @& particular design. _ . _
can represen§ recursively fromS_1, see Fig. 3. In this This assumption allows to derive a relationshipandl; and
ri. One has:

Ts =T;N (Tri +T371) (7)

This last equation directly results from the space sum law
for serial chains and the intersection law for parallel obai
see ([7]). Furthermore, since for any vector subspBcéd,
dim(A) 4 dim(B) = dim(A 4+ B) +dim(ANB), one gets:

S, sub-mechanism

Fig. 3. Recursive structur§ of the system m = dim('ﬁi) +dim(Tri +T371) — dim(Tli + T, +T371)
convention,S represents a zero DoF mechanism. Using this ~ — d'm(-ﬁi)er'm(Tri) +dim(Ts_,) —dim(T;, N Ts_,)
recursive representation of the studied mechan@neasily —dim(Tj; + T, +Ts_,)
leads to establish the following proposition: = li+ri+m_-1—6

Proposition 1: The conditions (2) are equivalent to :
Viel--on, dim(Tg ,+ T, +T,)=6 and (3a) i
Viel-.n, dimT,NT,)=0 and  (3b) m:;('i“i)*e" (8)

Sincemy = 0, this recursive equation simplifies to:

dim(Tg,) =0 , (3c) The conditions (4),(5) and (6) can thus be written as

whereTs, = SiTj is the space of twists describing the velocities '

of robot body%; relative to%, in S (then it is different from viel-n, j;(li +rj) 2 6 (9a)
SWTJ-), Ty, is the space of twists produced By —i.e. the space ‘

of twists of %; relative to.%,_1 if they were only connected . i1 _ _ _ .

troughR;, Tj, is the space of twists produced by thechain Viel-n, gl(ll +rj)+ri <6 (9b)

i.e. the space of twists of7; relative to% if they were only
connected through;. [ ] i(l' 4rj)=6n (9c)
The demonstration can be found in the appendix. & b

In order to make these necessary and sufficient conditions &]‘
any help for the design df;, it is required to derive a set of
conditions on the connectivitids (the number of DOF). This
is done in the next.

lobal isostaticity will be reach if we are able to find axis
configurations preventing from the appearance of geonadtric
particularities (that will badly impact the kinematic etjoas
system rank) for the; chain that verify the three conditions
C. Conditions on connectivities (9).
Firstly, one has: One can notice that (9c) points out the total number jof
for the S, mechanism, while (9a) gives the minimal value (to
(3a)=Viel---n, m_1+ri+1i>6 (4) prevent from hyperstaticity in the sub-mechanisg} for ||
and (9b) provides the maximal one (to prevent from internal
mobility in the ;).
Thanks to these last equations, we are able to calculate
the different possible solutions for distributing the dutdtial
passive DOF at fixations over the structure:
Bb)=Viel---n, m_1+r <6 (5) e the possible choices fdg are such that 511 > 6—rj.
e for each choice ofy, the possible choices fos are such
that 5> 1, >12—r1 —ro—15.
e for each choice of; andl,, the possible choices fdg
etc.
) This iterative reasoning leads to a tree that groups all the
admissible combinations fdy, as illustrated in Fig (4).
At this stage, it is important to notice that Eq. (4,5,6) eg® Out of this tree, many solutions are feasible from the pofnt o
only necessary conditions dn my andr;. These conditions view of mechanism theory but are not adequate for a correct
are not sufficient since any particular configuration of thesa transmission from an exosqueletton to a human member. This
that would decrease the rank of any kinematic equatiorgfor is why additional considerations are required to help the

with my = dim(Tg). This condition comes directly from the
fact that, from any vector subspacAsB and C of a vector
spaceE, dim(A+B+C) <dim(A)+dim(B) +dim(C).
Secondly:

This condition come from the fact that iA and B are
two vector subspaces & and dim(A) +dim(B) > dim(E),
themA N B # {0}.
Finally:

(3c)=m,=0



Iy 61y Ty 5 appears [10]. This alteration is mainly due to a lack of
l, 6% Ty b 57, 6, - b : synchronization between the arm joints: synergies seeneto b
Iy €nte s fnbr B 5 fabn B énin s s perturbed even with an great transparency (low inertia and
‘ : friction phenomenons).

L |

e 6j->ri-yl

B. Fixations design for ABLE
Fig. 4. Tree of possible solutions for the number of passiveé Boadd at . . .
every fixation point In this section, we apply general method proposed in Sec.

Il to ABLE. Firstly, since ABLE comprises an arm and a

designer in selecting the appropriate DOFs for the fixations ™™t Able orthosis
These are illustrated in the next section on a particulamexa Shoulder

Ball joint
ple.

Ty
I1l. APPLICATION TO A GIVEN EXOSKELETON o ‘ Robot ’@ r
A. ABLE: an upper limb exoskeleton for rehabilitation e =1 @ @
Robot
ABLE (see Figure 5) is a 4 axis exoskeleton that has  p= & forearm

been designed by CEA-LIST on the basis of an innovative fs=s
actuation technology ([8]). Its kinematics is composed of a

h;=3

ABLE CASE STUDY STATIC CASE STUDY
Fig. 7. Schematic of the ABLE and human arm coupling
forearm, we choose to use two fixations, one for each arm

body (See Fig 7). The total number of passive DoF to be
added is given by (equ. (9¢)):

n=2 n=2
lezlz—Zr,-:lZ—(3+1) =l1+12=8 (10)
=1 =1
Fig. 5. ABLE 4 axis exoskeleton actuated by screw-and-cabtaators Morevoer, for the first fixation, the hyperstaticity avoidan

shoulder spherical arrangement made with 3 coincident axcgsnstramt 's (equ. (9a) and (9b)):

and a 1 DOF pivot elbow. The forearm, terminated by a 6-r<li<6 = 3<;1<5.
handle, is not actuated. Its kinematics is sketched in Eigur

6. Most of the technological originality of ABLE comes from!n the case of only two fixations, since the total number
of DOFs is fixed, the tree of possible solutions consists of

parallel branches wherg is chosen between 3 and 5 and

Linkto the base

i B > I2 =8—11, which gives three couples fdf1,12): (3,5), (4,4)
FooiomR by and (5,3). It can be verified that these three couples vefify o
mgggﬁfgg;n/ the constraints.
. [ [Gont [ o ) == 4] The derivation of the complete catalog of all possible
i - J [ Lo=1] o Oumes 0 0| arrangements among the three proposed distributions éor th
E.re';iﬂ[msm/\/'// :*i 99% (?993 g g passive DOFs does not _fit in the. format of the paper. We
%:i = 354 | 0 Oue | 357mm | 0 hgre focus on three possible solutions that are represémted
Figure 8.
Fig. 6. Kinematics of ABLE The solutions (a) and (b) correspond ft# = 3) and

(I =5). This choice is somehow intuitive, because we have
its actuation and transmission system, which is based onj & 6 —ri for i = 1,2, which mean that each subsyst&ns
patented Screw-and-Cable system (SCS) [9]. The hardwamdependently chosen to be isostatic, resulting in a glgbal
characteristic of ABLE makes it an excellent platform forsostatic system. However, Solution (a) shall be rejected
physical rehabilitation therapies. Its low joint stiffisesind because the selected freed DOF (a ball joint at the fixation
naturally compliant joints ensure the safety when using thpeint P;) lead to a lack of rank for the closed chain equations.
robot for patients with physical disability. Unfortunatel Indeed, there is a possible internal motion that is a ratatio
first experiments shows us that without paying attenticaround the axis joining? to the center of rotation of the
to the fixations by simply connecting arm and forearmobot shoulder. Rather, Solution (b), which uses for thedre
middle areas to the orthosis using medical straps, whi€fOF atP; two rotations perpendicular to the arm axis and
induce hyperstaticity, an alteration of natural movementse translation along the arm axis should be used. Indeed, it



Robot Arm

Fig. 8. Schematic of possibilities for coupling ABLE to an humam. Case

(a): ball joint alone af; and ball joint on 2 slides &®; case (b): Universal Fig. 10. Fixation simplification and realization
joint + 1slide (in red) aP; and ball joint on 2 slides &®; case (c) Ball joints

with slides (in red) at bott?, and P..

functional) ball-joint mechanism allowing the subject arm

can be verified that for Case (b) the closed loop kinemafot to be fully surrounded, which eases the installation and
equations for bott§; and S, are of full rank. increases the freedom sensation. We have also placeddke sli

However, for the practical realization, Solution (c) wapke after the ball-joint mechanism in the kinematic chain, itsu
This solution involvesl; = I, = 4 freed DOFs. It is less @ Way that the direction where no force can be transmitted is
intuitive than the previous choice becauge taken alone, is @ways the main direction of the human limb, no matter the
a loop with I; +r;, = 7 kinematic constraints, therefore thedmount of discrepancy appearing between ABLE links dimen-
robot armB; connected through 1 to Hy has one degree of sion and the subject arm dimensions. Two of these isostatic
freedom even iH; is unmoving. However, when the wholefixations were built in AB'S With a rap'id prototyping machirje
system is considered, there is no mobility for the exoskeletand the use of low profile linear guides (for the translation
if the human arm is kept still. DoF). They were both fitted with one force sensor between
Solution (c) has the following advantage over solution (bj€ base and the 4 joints (ATI Nano43 6-axis Force/Torque
with solution (c), generating a moment to the human argensor) allowing us to reconstruct the 3 forces and 3 torques
around the arm axi¢D) is obtained by applying to oppositeCOMPonents aby and P respectively). _ _
pure forces perpendicular (®) at pointsP; and Py; rather, For these experlme_nts,_ the fixations were al_so equped with
with solution (b), it is directly transmitted to the uppemar & removable metallic pin trough z_;\II the flxatlon, allowing us
through the fixationL; (transmissible moment & around to quickly lock the passive DoF without detaching the subjec
(D)). This is illustrated in Fig. 9. Applying directly this from the exoskeleton. This lock allows us to obtain a clagsic
moment through a tight fixation is in fact a transmission by
friction that can generate high tangential forces on the,ski
and thus, pain. Note that the solution sketched in Fig. 9 s no

Fig. 11. The two fixations on the exoskeleton

Fig. 9. Transmitting a moment around the upper arm axis withtisolyb)

(tefty and (c) (right fixation with no passive DoF and to compare the behavior of

esubject attached to ABLE with or without fixations. These
aligned. In this case, the singular avoidance conditionois pixations were mounted on the 4 DoF Able exoskeleton at

verified. This is not a problem in practice because ABLE gpecmc positions:

equipped with a range limit a few degrees befor full extemsio ® The arm fixation is placed near the elbow, just under the
triceps, in an area where the arm section do not vary too

o o much during the elbow flexion/extension.
C. Fixations realization e The forearm fixation is placed near the wrist for the same
To free three rotations and a translation at every fixation reasons, and because the forearm section at this place i
point, we un a ball joint mounted on a slide. We have not round and allow to block the forearm to force the use
transformed the standard ball-joint into a reduced (buly ful of the fixation prono-supination DoF without strapping

possible at full extension, where the two segment axes



firmly the tissues.

The possible motions left by the passive fixations have the
following ranges:

DoF Arm Fixation | Forearm Fixation
Rotationl 60° 120
Rotation2 20° 20
Rotation3 360 360°
Translation 20mm 20mm

IV. EXPERIMENTAL EVALUATIONS

Two experimental campaigns were realized to quantify the Fig. 12. Complex 3D following task
hyperstatic forces level reached during a comanipulatibn o

an arm inside a robotic exoskeleton. At the same time, the ]
interaction improvement that such isostatic fixations diowa t0ld by a sound when the contact between the wire and the
will be studied. stem is lost. This exercise allows to study the impact of the

Healthy people were so asked to perform particular movesneﬁf"sfSive DoF fixatiqns on ge'neral moves because it needs the
with their arm connected to the Able exoskeleton througftPiect to use all his arm joints to be completed. _
the previously designed fixations. Exchanged force level Bgfore recording the trajectory and force data, the subject

the interfaces were recorded, allowing us a transparewey |eWas asked to perform the exercise several times in order to
quantification. learn how to use the exoskeleton and not to observe learning

phenomenon during the recorded three movement repetition.
A. Control

We need to make the Able exoskeleton the more transparent_ . . . .
we can, in order to quantify the force level due to hypersitsti _Th'_s campaign was held on 18 healt_hy naive subjects.
alone. Compensations were thus deployed on the robot, %rlmmpal results are presented below. In Figure 13, wetquot
the SUbjeCt to perform natural unperturbed movements. The Forces/moments average norm on the fixations (mean on 18 subjects)
robot controller architecture is based on a PC104 board with ‘ ‘ ‘ ‘
two endowed 3 channel axis controller. It runs at 1kHz the
control law thanks to a real time operating system (RTlinux)
As the Able exoskeleton is only fitted with optical encoders, §
we have do not have access to an acceleration signal. The 36
transparency is thus achieved by an experimentally idedtifi z
gravity compensation for all axis and also by compensating f
the residual dynamic dry friction compensation. This raald |
friction compensation has been developed in order to blead t ll
friction phenomenons on all axis, and so on not to lead stibjec 1 , ! .
to do non-natural moves because of feelings differences on Force Arm Torque Am Force Forearm - Torque Forearm
every joints. . Fig. 13. Forces/torques average norme on the fixations (me&B8 eubjects)

Another controller based on a PC104 board with two Analague unlocked and red locked
and Digital I/O PCI card (Sensory 526) is used for acquiring
the readings of the F/T sensors during the exercise every 5ine represents the force and torque norm mean during the

V. RESULTS AND DISCUSSIONS

O =N WhHh OO N®O© o
N e e T T

(RTAI real time operating system). experiments, for the two sensors, averaged across theseight
i subjects(the torque is computed at the rotation center of
B. Experimental setup the fixation). We can observe a decrease in the interaction

During all the experiments, we assume the exoskeletonfarce level by 25% for the arm fixation and by 20% for the
be "transparent” due to the gravity and friction compersati forearm. If we observe the mean of each force and moment
Analyzing the interaction force and torque variations a thabsolute value for the sensors (Figure 14), we can more
interfaces during the same movement with isostatic fixatioprecisely analyze the phenomena. One particular phenameno
and without (locked case) will allow us to evaluate their&@op is the arm torques measured around the Z axis that seem
on preventing for the appearance of uncontrolled forces atwd stay at a very low level during the experiments. These
thus, on the general transparency level but also to quantiBduced decreases of some components can be linked with a
them roughly. phenomenon observed during these experiments: a push-pull
The subject is asked to follow a metallic wire with a complephenomenon between the part because of the usury of the
shape with a metallic stem from one end to another ampthstic parts. We cannot quantify the phenomenon impact,
inversely. The system is "electrified” so that the subject fut it has surely lead to decrease the performance of these



« the limited workspace of the passive DoF (notably for the
translation),

« the appearance of uncontrolled and undesired contact
point during the movement, leading to a partial read of
the exchanged force level on the sensors

Theses hypothesis will be verified in future experimental
campaigns.
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Beside these quantitative results, all the subjects meesdio
they feel more comfortable with the passive DoF released. An
interesting campaign should be perform in the future to fit
the subject with motion capture sensors and record the task
movement with the robot (and the two fixations states) and

Fx Fy Fz Nix My Mz without. Comparing the trajectory realized by the free arm
Fig. 14. Mean of each force and moment absolute value for theseémsors. to the Or_'es_ followed V\_/hen ConneCte_d to _the ro_bOt_COl_JI_d help
Blue unlocked and red locked to quantitatively describe the benefit of isostatic fixasian
the "task space” rather than in the "force space”: balancing
the forces data with a coefficeint describing the path vianat
fixations. with and without the fixations liberated could help to obtain
Although these preliminary mixed results appears promgisinrealist results.
we realize that the task was too endpoint oriented to force
the subject to perform the same trajectory (same speed and
path). Only the start and end areas are really constrained|n this paper we presented a methodology aimed at design-
so the subject can completely transform or adapt -evérg the kinematics of fixations between an exoskeleton and
unconsciously- his arm trajectory. This path alterationsth a human member. The provided solution avoids hyperstaticit
limits our comparison between the two fixations modes. but also adapts to large variations on the human limb gegmetr
without requiring a complex adaptable robot structure.nkisa
to this method, we prototyped isostatic fixations protosyfoe
A. Discussions a 4 DoF exoskeleton and experimentally verified their benefit

_ . — .__on minimizing uncontrollable hyperstatic forces at the lanm
Our preliminary and simple fixations, even mechanlcally

- . bot interface.
limited, helped to reduce the hyperstatic uncontrolled a ese first results show that hyperstatic constraints leaabt
undesired interaction force level up to 25 per cent comparg

lassic rigid fixati What is i s th gligible uncontrolled force appearance at the interfdoe
to classic rigid fixations. at is important is that oug, knowledge, this is a first experiment showing that benefit

approach seems to be. consistent. Beside the I|berat|on| erestingly, the addition of passive degrees of freedamhz
DoF alqng the human limb advaqated by several researciihe through light, compact an unexpensive mechanisms. In
teams, it Is really the hyperstat!cny phenomena we studi case of ABLE, it is estimated that the passive mechanism
j[hat IS t_argeted. Indeed, we ach|_eve t(.) even more _reduce St is about one 30th of the overall robot cost. In that sense
interaction force level by alao Ilbaratlng Ll rotauan DOI:the reduction of 20 to 25% of the force magnitude resulting
yvhat proves th‘f"t reaching isostaticity in the coupling “&om the installation of the device brings a worthy benefit.
Improve interaction. Current work consists of fabricating better quality fixato

) S exhibiting less friction, to run a new campaign under better
This method allows to design fixations that preserve hum@Qperimental conditions.

mobility. These fixations, if they were perfectly isostagiod
with any friction (and that gravity and firction compensatio ACKNOWLEDGMENTS

were ideally perfect), will lead to the disappearance of M This work was supported in part by the A.N.R. (Agence
forces and torques (Fx, Mx, My and Mz in our case), onlyationale de la Recheche ) with the projet BRAHMA

allowing the transmission of the desired forces on the ABLEBjoRobotics for Assisting Human Manipulation) PSIROB
exoskeleton case. Alas, in our experiment, even if the lefrel oopg.

the 4 other interaction forces/torques is reduced (seel3g.
it stay still important even with the passive added DoF. More APPENDIX
than the fact that it is very difficult to ask subject to perfior  Demonstration of Proposition 1
the same joint trajectory with a varying robotic configuvati 1) Conditions (3) are sufficient([(3) = (2)].
several other explanations can be formulated to explain the Equation (3c) naturally requires condition (2a) on the
system performance limitations: velocities to be respected for= n: $Tg, = {0}. Fur-
« the plastic realization of the fixation, thermore, if we suppose th&T; = {0}, then body%, 1

N and N/cm
(SN

o =N

VI. CONCLUSION



2)

is linked to a fixed body through two sub-mechanisms
S_; andR. So

ST =91TaNT, = Ts.,NT, ={0}

thanks to hypothesis (3b). We thus have a recurrens] van der helm, Veeger, and Pronk HG. M. Geometry parameters

relation:
ST ={0} =% T-1={0} .

This relation is true foii = n (because of (3c)). There-
fore, it is trueVi € 1.--n. Condition (2a) is thus verified
Viel---n, thanks to hypothesis (3b) and (3c).
Consider now Eq. (3a). Far=n, it writes:

dim(Ts, , +Tr, +T,) =6.

[7] K.J. Waldron.

Considering the loop?g — %n_1 — %n — %o in Fig. 3
and the kinemato-static duality principle, we have:

dim(>™Wn o) +dim(Ts, , + Tr, +T,) = 6.

So dim(SW,_,0) = 0, requiring that condition (2b) is [10]

verified for i = n. Assume now that (2b) is verified
for Vj €i+1---n. Writing equilibriums for bodies%,
Pn-1, .- Zi+1 successively shows that all the forces are
null in the entire mechanisn¥;, which is defined as the
complementary to; in .. This leads to:

W0 = Wi _o.

In this case, condition (3b) which implies thaW,,_.o =
{0} also implies that (2b) is verified fdar In summary,
we know that, according to (3a):
« (2b) is verified fori = n,
« if it is also verified forVj €i+1.--n, it is also
verified Vi
It is thus verifiedvi € 1---n.

Conditions (3) are necessary3) = (2)|.
Firstly, if condition (3c) is not verified, then obvisouly
(2a) and (2b) neither, because then

S"Tn = TSn 7£ {0}
If (3b) is not verified, then

E”, (Tri QTS_l) 7é {0}7

and even ii is fixed, it exists a possible move f@r—1),
i.e. S T_; # {0}. Conditions (2a) and (2b) are thus not
verified.

If (3a) is not verified, i.e. that

Ji, dim(Tg , + T, +Tj;) <86,

thenSW; # {0}. We have two solutions:

o SWi_o =5 Wi_o and so onW;_q # {0} and
condition (2a) is not repected,

o dj >, (&Wjﬂo # {0} and then once again condi-
tion (2a) is not respected.

In conclusion (3a), (3b) and (3c) are necessary.
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