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Abstract—When developing robotic exoskeletons, the design biomechanics literature due to complex geometry of bone
of physical connections between the device and the humansurfaces [9]. For example, different models are used for the
limb it is connected to is a crucial problem. Indeed, using an shoulder-scapula-clavicle group [10].

embedment at each connection point leads to uncontrollable Di ies bet the t i tic chains th

forces at the interaction port, induced by hyperstaticity. In Iscre.panCIeS etween he two |nem.a IC chains thus Se_em
practice, these forces may be large because in general thethan ~ Unavoidable. Because of the connections between multiple
limb kinematics and the exoskeleton kinematics differ. To ope loops, these mismatches generate kinematic incompatibili
with hyperstaticity, literature suggests the addition of passive The resulting hyperstaticity would lead, if the connected
mechanisms inside the mechanism loops. However, empirical hqqies were rigid, to the impossibility of moving and to the

solutions proposed so far lack proper analysis and generdaji. f trollable int | f | fi
In this paper, we study the general problem of connecting two appearance or non-controflable internal iorces. In peact

similar kinematic chains through multiple passive mecharéms. however, rigidity is not infinite and mobility can be obtathe
We derive a constructive method that allows the determinatin of thanks to deformations. When a robotic exoskeleton and a

all the possible distributions of freed Degrees of FreedomoFs)  human limb are connected, these deformations are mosy likel
across the different fixation mechanisms. It also providesdrmal to occur at the interface between the two kinematic chains. d

proofs of global isostaticity. Practical usefulness is illstrated to the | tiff fh ki d i diaa th
through two examples with conclusive experimental resultsa © € IOW SUTINESS OF human Skin and tissues surroundiag

preliminary study made on a manikin with an arm exoskeleton Pbones [11].
controlling the movement (passive mode) and a larger campgn  Solutions found in the literature to cope with this problem

on ten healthy subjects performing pointing tasks with a trans-  vary. In the first approach, compliance can be added in
parent robot (active mode). order to minimize generated forces. Pneumatic systems were
Index Terms—Wearable robotic structures, exoskeleton, fix- thus added to introduce elasticity in the robot fixations and
ations, kinematics, hyperstaticity, isostaticity conditon, biome- adaptability to variable limb section [12].
chanics. The second approach consists of designing the exoskeleton
in such a way that adaptation to human limb kinematics is
|. INTRODUCTION maximized. Two methods can then be employed: adaptation

Exoskeletons are being desianed by researchers for a r(():apability of the robot serial chain can be increased (byrapd
_ EX0S S are being desigr y rese: sforag a‘gjustable length segments) or redundancy can be exploited
ing number of applications, ranging from military applicais

[3] to rehabilitation [4], [5] Thg Iat_ter method ﬁncludgs adc_iing p.assive_or. a_lctive DoF

For years, research ,has. focused mainly on technologiserla"ym th.e_robot kinematic chain to a]lgn active joinea to_

aspects (r;lctuators embedment, energy..) and followe e human joint axes [13]. These solutions t_end _tq compmicat
' ' h& structure and its control. Moreover their ability towsol

paradigm defined in [6]'an exoskeleton is an external struc—the problem of hyperstaticity has never been proved fogmall

tural mechanism with joints and links c_orrgspondin_g to th_osrhe last approach is different and involves adding passive
of the human body’In other words, designing the kinematic oF to connect the two kinematic chains one to the other.

of an exoskeleton generally consists of trying to replica o . . . .
9 y ying P uch a principle is common in mechanism theory: passive

h_“”_‘a”_ limb kinematics. This cr_eates a numb_er of advantagB%F are usually added to reduce the degree of hyperstaticity
similarity of the workspaces, singularity avoidance [7hee

to-one mapping of joint force capabilities over the worlema This was proposed back in the 1970s in the context of passive

i ; T orthoses, [14], [15]. More recently, this principle was dier
However, this paradigm suffers from a major disadvantage dfﬁe design of a one degree of freedom active device in [11].
to the impossibility of precisely replicating human kindina

with a robot. Indeed two problems occur: morphology draT-O the authors’ knowledge, this was the first study in robotic
fically varies between subjects and, for a given subjed, t xoskeleton design explicitly evoking the problem of hyper

o : : 2~ staticity in force transmission and proposing to add passiv
joint kinematics are very complex and cannot be imitat y brop 9 P

) 2 o ) oFs. However, in [11], force transmission was analyzeg onl
by conventional robot joints [8]. Actually, it is impossil in a plane, thus neglecting the off-plane forces arisingnfro

. . RSN
to find any consensual model of human kinematics in ﬂ%ﬁe unavoidable lack of parallelism between the human limb

This work has already been partly presented at ICRA2010 dayi Plane and the eX_03k3|et0_n plane. Furth_ermore, the Smm rel
RSS2010 [2]. on explicit equations derived for a particular mechanism.



In contrast, the constructive method proposed in this pafgetweenZ, 1 and %, on the robot side, there is an active
applies to a general spatial problem, which is fully formedl mechanismR;, the connectivity of which is denoted hy.
and then solved thanks to a set of necessary and suffici8imilarly, betweensz_1 and 24 on the human side, there
conditions for global isostaticity (Section Il). In Secl,Ithe is a mechanisnH; of connectivityh;. Note that due to the
method is applied to the ABLE exoskeleton, a given activeomplexity of human kinematicdy is not always exactly
4DoF arm exoskeleton. In Section 1V, experimental resulkhown. Literature from biomechanics provides controarsi

illustrate the practical interest of the approach. data on this point. For example, the elbow is often modeled
as a one DoF joint, but in reality a residual second DoF can
Il. GENERAL METHOD be observed [17].

. . . . .. Our goal is to design mechanisnis with i € {1,..,n} in
The main question addressed in this paper is: given fch a way that all the forces generated by the exoskeleton on

proposed exoskeleton structure designed to (approxm)ate[ie human limb are controllable and that there is no possible

replicate a human limb kinematic model, how can we Corlner%totion for the exoskeleton while the human limb is still. We

Ittr;(l)lz;tr)]li r}g?;:n !T?h\évh::?e?f\; %g;n%:;e;nppe::igﬁg oz#giggﬁall thus consider next that the human limbs are virtually
S ! ’ Sw S ached to the base bod¥. This represents the case when

of a set of passive frictionless mechanisms used to conn cé subject does not move at all. The resulting system, tipic

the robot and the subject’s limb that allows the avoidance o Fig. 2, is denoted by,

hyperstaticity.
A. Problem formulation Sub-mechanism
(multi DoF)
Let us consider two different serial chains with multiple Robot body

couplings as illustrated in Fig. 1. One represents a huma
limb H and the other the robot structure

5, | Connectivities
i bis

Sub-mechanism
(multi DoF)
Body
5, I, by, connectivities
Ha(hy)
Hs (1)
H'—l(h . . . - .
0 Fig. 2. Studied problem with a fixed human limb
Human Robot 9 P
serial chain Hi(n, serial chain

In order to study the mobility of such a complex multi-loop
mechanism, scalar mobility indexes obtained by countirg th
number of loops, the number of individual DoFs and the num-
ber of rigid bodies cannot be applied. Rather, mobility gsial
has to be performed by exploiting a more general method from

Assuming that the base body of the exoskeleton is attacrfgg theory of mechanisms. A number of approaches can be

; : qound in the literature, from linear transformations [18]Ltie
o the body of a human subject and that this common bOaY ebra [19]. For this study, analyzing the rank of the space
is denoted%, = 5%, we will consider that the robot and 9 ) Y, yzing P

the limbs are connected through fixations. Each fixation of twists and wrenches, as proposed in [20] was found to be

. ; . o . convenient and efficient.
's a mechanisnl; for i € {1,.,n} consisting in & PaSSIVE A proper design for the passive mechanidmshall guarantee
kinematic chain which connects a human bod§ to a prop 9 b 9

robot body %;. MechanismsL; are supposed to exhibit athat’ in the absence of any external forces, both:

Fig. 1. Schematic of two serial chains with parallel couplin

connectivityl;. Recall that connectivity is the minimum and Viel-.n, ST = {0} and (2a)
necessary number of joint scalar variables that deternhiee t , s,
geometric configuration of thiej chain [16]. Typically,L; will viel--n "W, 0={0} , (2b)

be a non-singular serial combinationlpbne DoF joints. The \whereST; is the space of twists describing the velocities of
fixation can be an embedmerit £ 0) or can release severalgpot bodyZ%; relative to %, when the whole mechanis,
DoFs, such that: is considered and"W_, o is the space of wrenches (forces
Vie{l..n}, 0<li<5 . @ and_ moments) statically admissible transmitted througrL_th
chain on the reference bod¥,, when the whole mechanism
Indeed choosing > 6 would correspond to complete freedon$, is considered.
between % and %; which would not make any practical Equation (2a) expresses the fact that the mobility of anyptob
sense in the considered application where force transmnissbody connected to a human limb should be null, which is
is required. a required condition since we are assuming that the human



member is still. Moreover, equation (2b) imposes that, cotwists will always lead to a subspace of maximum dimension
sidering the whole mechanism, there can be no forces of agiyen the dimensions of individual subspaces. This hymithe
kind exerted on the human limb. Indeed, since the actuaters will lead to determine the number of DoFs that will be
applying null generalized forces, any force at the conoectiincluded in the passive fixation mechanisins Of course as
ports would be uncontrollable due to hyperstaticity. Intleet it is usual in mechanism design, when a particular design is
Equation (2) is referred to as tlghobal isostaticity condition finally proposed, it will be necessary to verilyposteriorithe
singularity avoidance condition.
B. Conditions on the twists space ranks
At first, one can notice the recursive structure of the consi@. Conditions on connectivity

ered system: le§ be the sub-mechanism constituted by the ¢ first, let us compute the connectivity &. One has:
bodies#, to %;, the chaindkg to R; andLg to L;. The system
S can be represented recursively froB;, as in Fig. 3, Ts=Tu,N(Tr +Ts ) » (4)
stoh?(ra(?)?;;énltss tzezgfonrgggvgegﬁr‘“ls' n:n G@;;ﬁﬂ\i/ser;gzz’rsiv\\/gich directly results from the space sum law for serial obali

' and the intersection law for parallel chains (see [20]).-Fur
thermore, since for any vector subspageandB, dim(A) +
dim(B) =dim(A+B) +dim(ANB), one gets:

sub-mechanism_ S; m = dim(Ty)
h —  dim(T,,) +dim(Tr, +Ts,_,) —dim(T,, + Tr, + Ts,_,)
= dlm(TLl) + dlm(TRl) + dim(Tgil) - dim(TRi ﬂTgil)
fdim(TLi JrTRi +T371).

Fig. 3. Recursive structurg§ of the system
If condition (3) is respected thedim(Tr; N Ts_,) = 0 and

representation one can establish the following propasitio dim(T.; 4+ Tr, +Ts_,) = 6. Therefore, under full rank assump-

Proposition 1: The conditions (2) are equivalent to : tion, one gets:
Viel---n, dim(Tg_,+Tr;+T;)=6 and (3a) m=l+r+m. (5)
Viel-n dimTs ,NTr)=0 and (3b) Finally, usingmg = 0O, this recursive equation simplifies to:

|
dim(Ts,) =0 , (3¢) m="3(j+r)—6i . (6)
where Ts; = SiTj is the space of twists describing the =

velocities of%; relative toZo, whens; is considered isolated Now that an expression fony has been obtained, it is possible
from the rest of the mechanism (then it is different fréri;), to convert Eq. (3) into conditions oh andr;. First, from
Tr, is the space of twists produced i — i.e. the space Equation (3a), noticing that any vector subspate® andC
of twists of % relative toZ,_1 if they were only connected of a vector spacd, dim(A +B + C) < dim(A) +dim(B) +
throughRy, T, is the space of twists produced by i.e. the dim(C), it is necessary that:
space of twists aof7; relative to%, if they were only connected i
throughlL;. B Vviel---n, m_y+ri+lj>6, or: Z(Ij +rj) >6.i (7)
The demonstration can be found in Appendix A. =1
Physigal interp_retation can be obtain_e_d by observing Fig. _|§Ioreover, if A and B are two vector subspaces & and
Equation (3a} imposes that the mobility for the open Ch_alﬂm(A)erim(B) > dim(E), thenANB # {0}, Equation (3b)
S_1—Rj—L;is 6. Otherwise, the closed loop sub-mechanls%poses that:
S represented in Fig. 3 would be hyperstatic. This condition
will impose a minimal mobility to be recursively added to
the system. Equation (3b) imposes that, when the hatly
is still, there is no possible motion fa%,_;. Otherwise, the ) o »
system would exhibit too much mobilitye. an uncontrolled Finally, thanks to the recursive application of mobilityvee
motion would be observed for at least body_; in the global tion to each partial chain, the last condition (3c) leads to:
system. This condition will impose a maximal mobility to be n
recursively added to the system. Finally, Equation (3c)isgs my=0or: % (lj+rj)=6n 9)
that the last robot body cannot move, which is trivial. =1
Remarkably, conditions (3) involve the space of twists geneNotice that (9) provides the total number of DoFs to be freed
ated byR; andL; when taken isolated, which is of great heldor the mechanisng,, while (7) gives the minimal value (to
for design purposes. In the next subsection, we converethggevent from hyperstaticity in the sub-mechanisg} for ||
conditions into constraints on the connectivities- dim(Tg,) and (8) provides the maximal one (to prevent from internal
andl; =dim(T;). To do so, we suppose that kinematic singunobility in S;).
larities are avoided. In other words, summing the subspaicesThanks to these three last necessary conditions, we are able

i—1
Viel---n, m_1+ri<6or: Z(Ij+rj)+ri§6.i (8)
i=



to calculate the different possible solutions for disttibg the
additional passive DoFs over the structure:

e the possible choices fdi are such that 517 > 6—r;.

surfaces should not be too large, so as not to completely
cover the whole limb and especially some muscular
areas where important volume variation occurs during

e for each choice ofy, the possible choices fds are such
that 5> 1o >12—r1—rpo—I1.
This leads to a tree that groups all the admissible comhinsti
for Ij, as illustrated in Fig. (4).

Fig. 5. Tissue deformation and the feeling of applied pressan be high

Iy 6-r4 Torqooee 5 with small contact surfaces badly positioned

N~ < N > movement. In order to maximize the force transmission
from the robot to the human, fixations should be also
: : : : : S positioned on high stiffness areas with low sensitivity
= ———— 5 — tissue. Several studies have been done on localizing

6] Zr.ZI. these specific human body areas. For example, on the
arm, the wrist is a good place to fix a splint and limit
discomfort [7].

ly 677145 5y 615 5. .5 5y 655 By dry - 5.5

Il 6'rj

Fig. 4. Tree of possible solutions for the number of passie&$to add at
every fixation point
« Forces applied alongd\ must be avoided. The human

Out of this tree, all the possible combinations of connéigtiv body structure is made of ball-joints and segments, and
for the fixations are given. Of course, the selection among gg the translations along limb main axis directions are
these solutions is to be made depending on the exoskeleton not among the possible movements to be assisted. If this
kinematics. DoF is not released, hyperstaticity will directly generate

force along this axis when the serial chains will move
D. Choosing appropriate passive DoF for the fixations (See Fig. 6). Moreover, directly applying these kinds of

Considering human kinematics and the three aspects of forces through a tight fixation leads to a transmission by
interaction (kinematic, static and physiological) simpliows
us to choose the distribution and the nature of the passive
DoF fixations.
Firstly, from the kinematic point of view, the rank analysis
should help in the choice of the DoF to be freed. It is
generally easy to determine the DoF that will increase the
kinematic rank of the system and the ones that will not
impact it. Velocities of the considered human limbs that are
not compatible with the robot kinematics (or that can not be
controlled by it) has to be allowed, and thus the fixation DoF
compatible with these velocities should be freed.
Secondly, considering the force transmission, the knogvéedpig. 6. Release of translations along limb segment main aréwent
of the forces that have to be controlled by the robot actsatdyperstatic force from occuring
allows the determination of the fixation DoF that should not
be freed in order to keep the control on the human limb. friction that can generate high tangential forces on the
Finally, human physiology imposes constraints, espaciall ~Skin, and thus, pain or at least discomfort.
human tissues. The human member’s segments can generaly Moments around an axis perpendicular&oshould be
be approximated by solids of revolution. To transmit foroas carefully applied: as illustrated in Fig. 7, applying such a
such segments, fixations must therefore surround the member moment results in the concentration of the stress applied
These fixations convert forces and moments generated by the to the limb tissues at two opposite points. The local forces
robot into pressures applied through the surface of splints May be rather high since the dimensions of the parts in
Specific considerations have to be taken into account inrorde contact with the limb shall remain small for ergonomic
to preserve human tissues from high pressures. Considering Purposes and to keep constant contact stiffness. Moreover,
the limb segment as a solid of revolution with axs
four kinds of stresses can be applied by the robot: forces
perpendicular ta\, forces alongd, moments around the axis
perpendicular t&A and moment around.

/]

Appearance of uncontrollable No uncontrollable hyperstatic
forces due to hyperstaticity i
¢ J

/ forces along member axis

. . . . _Fig. 7. Using a couple of forces instead of moments to limiess
« Forces perpendicular th can be applied, but interactioncgncentration

surfaces need to be large on the human body in order to
minimize the contact pressure level. Nevertheless, these it is often possible to use a couple of forces applied to two



. . . Human limb ABLE exoskeleton
segments in order to create a torque around a limb axis.

In terms of local deformations of the skin and muscles,  sioude

it is highly preferable. T
« Moments around limb main axis should not be transmit-

ted. Indeed, transmitting a torsion around segment maing,,

axis would generate large deformations of the muscles,"“’;;; !

thus involving a large fiber elongation (see Fig. 8). Also,

Wrist
ball joint
hy-3

P

Fig. 10. Schematic of ABLE and human arm coupling

=

) » ) . i Firstly, since ABLE comprises an upper arm and a forearm,
Fig. 8. Transmitting moments around the limb axis involvagé tissue . . .
deformations we shall use two fixations (See Fig 10). The total number of
passive DoF to be added is given by Equation (9):

once again, applying this moment directly through a tight n=2 n=2
fixation is a transmission by friction. =12— Z ri=12—-(3+1) =I1+1>=8 (20)
=1

lj
=

In the next section, all these rules are applied, for the séke
illustration in a particular example. Moreover, for the first fixation, Equation (7) and (8) give:

6-r; <1 <5 = 3<1;<5.

Il. A PPLICATION TO A GIVEN EXOSKELETON Since the total number of DoFs is fixed, the tree of possible

A. ABLE: an upper limb exoskeleton for rehabilitation solutions consists here of three parallel branches wheig
chosen between 3 and 5 ahd=8—1;. Possible couples for
pl,lz) are (3,5), (4,4) and (5,3). Hereafter, these three options
re analyzed in order to choose a preferred design from among

ABLE (see Fig. 9) is a 4-axis exoskeleton that has be
designed by CEA-LIST on the basis of an innovative scre
and-cable actuation technology [21]. Its kinematics anma-co
e ool Case a3 and s 5. n i case,boy taken slone

' and S, are isostatic, which corresponds to the most intuitive
way of achieving global isostaticity. Degrees of Freedom fo
L1 must be chosen complementary to thoseRafin order
to satisfy the full rank assumption. Sin€® is a ball joint
that generates three independent rotational velocitiearar
its centerMy, L; must generate three independent velocities
at pointM;. For example, three non coplanar translations could

be used forL;. However, in this case, the fixation would

Link to the base
Internal - Extornil/’/”

rotation of the

SHOULDER I
FLexion -

Extension of the
SHOULDER

Abduction -
Adduction of

Joint | g, 0, Ay

=

the SHOULDER o] oo ] 0 Otmes 0 0 | transmit a null forcei.e.a pure couple. This seems undesirable

‘;“ELEJ“/ A 102 | 90 | O N 0 0 | due to the torsion of the soft tissues that it would create
= // 253 | 90" | Oymed0" | O 0 | aroundP; at the level of the attachment to the limb. One
= o] 0 Omes | B7mm | 0 | could thus think of using, fot.1, a ball joint aroundPy, but

in this case, the full rank condition would not be respected,
becauseR; and L; would both generate the same rotation

aroundz; = —2—M;P;. Finally, the preferred solution is
l%o [M1Py| . . .
0 choose forL; two pivot joints perpendicular to the arm

main axis Zyrm, and one translation joint collined;m. In
this case, two forces perpendicularZg, and one moment
B. Fixation design of ABLE aroundZym can be exchanged between the exoskeleton and
. ] the arm through_;. Moreover, since5; is isostatic, one has
In this section, we apply the general method proposed i — 0. ThereforeL, needs to be designed in order to be
Sec. Il to ABLE. We proceed in three steps: kinematically complementary tB,, which is a pivot of axis
« build the tree of possible values far (M2,Z). A simple solution is to choose a ball joint around
« choose a preferred solution among them by examinifyy, and two sliders whose support vector generate a plane that
force transmission properties and kinematic complemeis-perpendicular to the velocity generatedPatby the elbow
tarity pivot joint at (M2,Z). The resulting overall design is noted
« verify the full kinematic rank which is reported in Ap-(a) and represented in Figure 11.
pendix B. e Case b: | =4 and b = 4. Note that in this case$; taken

Fig. 9. Kinematics of ABLE

terminated by a handle, is not actuated. Details on thistro
can be found in [22].



Robot Arm

P Transmitted

Forces/Torques

Case (a): (3+5) Case (b): (4+4) M2 Case (c): (5+3)

Fig. 11. Three options for coupling ABLE to a human arm. Cagethe 3 DoF upper arm fixation mechanism combines one walgint and one slider
while the 5 DoF lower arm fixation mechanism includes one jo@it and two sliders; case (b): both the 4 DoF fixation medras combine one ball joint
and one slider; case (c): symmetrically to case (a), the 5 @mger arm fixation mechanism combines one ball joint and twers while the 3 DoF lower
arm fixation mechanism includes one universal joint and digers Arrows in red represent the forces and moments thatb@atransmitted through the
passive fixations, which are complementary to the passive Do

alone is a 1 DoF mechanism, while orBg is isostatic. We Interestingly, this reproduces the method used by physical
consider solution (a), for which one DoF must be addedto therapists to assist patients in generating internal iootatof

and one must be removed frolrp. ConcerninglL 1, keeping the shoulder without torsion to the tissue. As a price, the
freed the 3 DoF liberated for the isostatic solution (a), full extension configuration, whekll;, P, andP, are aligned,
seems preferable to choose the rotation aragridr the extra is singular, as detailed in Appendix B. This configuration
freed DoF. Indeed, this will cancel the local tissue torsiole corresponds to the human limb singular configuration and can
to moment transmission arourdl. As a result,S; is now be easily avoided by limiting the range of the elbow extemsio
a 1 DoF mechanism consisting of a pivot aroufM;,7;). a few degree before full extension.

ConcerningL », the DoF to be removed from the solution (a)

will not degrade the dimension dfs, +Tr, + Tp,. It seems C. Fixation realization

preferable to keep the freed three rotations ardgnand only

one transiation along the forearm ass Indeed, again, this erate three independent rotations and one translatiomy &fhen

ph0|ce avo_|ds any tor§|on arourﬁﬁ._Furth.ermore, |t.|s ShOV_V” limb. The mechanism used to create this function consists of
in Appendix B that singular configurations of this solution,

noted (b) and represented in Figure 11 are easily idengfiabl
and far away from nominal conditions of operation.
e Case c: | =5 and b = 3. Similarly to solution (a), this
combination will necessarily lead to transmit at least one
torsion moment aroun#, as illustrated in Figure 11 (solution
(c)).

Finally the preferred solution is (b) because it does not
involve the application of any torsion.
Note that with solution (b), generating a moment to the human
upper arm around,y, is obtained by applying opposite pure
forces perpendicular &y, atP; and toZ; atP, (see Fig. 12). Fig. 13.

The two fixation mechanisms are identical. They will gen-

Fixation simplification and realization (rear amdnt)

three successive pivot joints the axes of which coincide and
one slider whose axis is parallel to the human limb (see Fig
13).

The fixations were dimensioned differently: one to allow
forearm pronosupination and the other not to collide with
arm tissues. As a result, possible motions left by the passiv
fixations have the ranges as shown in Table 1.

These fixations were both fitted with one force sensor placed
on the base (ATI Nano43 6-axis Force/Torque sensor), allow-
Fig. 12. Transmitting a moment around the upper arm axis safotion (b) iNG US to reconstruct the three force and torque components
(left) and (c) (right) at P, andP; respectively).




DoF Fixation

Rotationl (L to the limb axis) 360°

Rotation2 (L to the limb axis) 9rr

Rotation3 (around the limb axis) 110°

Translation 100mm
TABLE |

RANGE OF THE PASSIVEDOF FIXATION

For the experiments presented in the next section, in ooler t
compare the forces involved with and without DoF liberation
the fixations were also equipped with removable metallispin
allowing us to quickly lock the passive DoF without detach-
ing the subject from the exoskeleton. These fixations were

Fig. 15. A manikin connected to ABLE: the shoulder centerd tre elbow
axes are significantly mismatched

(left picture).

Analyzing the interaction force and torque variations a th
interfaces during the same movement with the fixation mech-
anisms freed or locked will not only allow us to evaluate the
impact on preventing the appearance of uncontrolled forces
but also to quantify them roughly.

The manikin was thus placed in the exoskeleton and attached
with the two fixations. The thermoformable splints allow the
avoidance of any looseness in the fixation and increase the
contact stiffness (no foam needed).

During the experiments, the exoskeleton imposes a coatfoll

mounted on the 4-DoF ABLE exoskeleton. Arm fixation iérajectory, with a constant speed, to the manikin arm. The
experiment consists of six simple movements that all end in

laced near the elbow, just under the triceps. Forearm dixati . . .
P J b @e same 3D point for the end effector, but with a different

is placed near the wrist. Thermoformable materials were al .

used to create two splints adapted to human morpholo ym postqre (recall that the exoskgleton pqssesses4;m dts

These splints are connected to the last fixation body. Thet wrl erefore is redundant for a 3D point reaching task). Tlm'ar

splint was specifically created to lock the wrist flexionsjath was rt_ea_ched_ at a constant and low sp_ee;d (0.05 m/s) no rder

are not studied here. Only passive pronosupination is atlbwtO limit inertial forces. Due 'FO the rigidity of the manlkl_n_

surface, the movement amplitude on every exoskeleton joint

was limited to 15° in order to limit the forces that appear
IV. EXPERIMENTAL RESULTS during experiments. Indeed, when the exoskeleton is caedec

A. Preliminary evaluation on manikin (passive mode) to a human limb, thanks to skin and muscle deformations,

1) Experimental setupAn articulated manikin was usedthe hyperstatic force level applied on the human kinematic
for the experiment. Its arms possess 5 passive DoF (3 rogati§tructure (the bones) is reduced, but with this plastic kiani
at the shoulder, a pivot elbow and pronosupination that wigges forces can appear.
not used during experiments) and is thus adapted to our 4 Dbfe use of a manikin controlled by an exoskeleton allows a
exoskeleton. However, several discrepancies can be asseerfect repeatability during the experiments. This is espn-
between the robot kinematics and those of the manikin.Ifirsttative of co-manipulation cases where the robot generates a
the manikin’s elbow is not a perfect ball joint as the threesax controlled motion during robotic rehabilitation or movembe
of rotation do not exactly coincide at one point. Secondtyg, t assistance for impaired people.
manikin’s elbow also suffers from backlash. Most imporgnt  2) Results and discussion®rincipal results are presented
the manikin’s forearm length (approx. 290 mm) is signifibant below. In Fig. 16, we plotted the incompatible force absmlut
shorter than the distance between the shoulder’s centehandvalue (alongZzm and zf) and mean moment averaged norm
elbow pivot point on the robot side (357 mm). Therefore, aturing the experiments for the two sensors, averaged across
illustrated in Fig. 15, the distance between the robot derid  the six movements (moments are computed at the rotation
center (red spot) and the manikin shoulder center (greet) spzenter of the fixation). We can observe on the arm fixation
reaches a few centimeters. Moreover, a large misalignmentdecrease in the incompatible forcB)(and torques by
between the two elbow axes (dashed lines) can be obserapgroximatively 95%. For the forearm fixation, approxima-
in the picture on the right, whereas the axes approximatdiyely 96% decrease can be observed for the incompatible
matched when the manikin was initially installed on the itobdorce and moment components. Figure 17 presents the norm

Fig. 14. The two fixations on the exoskeleton
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‘ ‘ ‘ 1) Transparency (active modelt is essential to make the
or I el |00 exoskeleton as transparent as possible, in order to limait th
5l Jo1s residual force level, which may appear due to gravity, iaert

| | 5 and friction. Here, transparency is understood as the dgpac
r—‘r—" = | == ==l

for the robot, to not apply any resistive forces in reaction
e to intentional movements of the subject. Compensationg wer

thus deployed on the robot. As ABLE is only fitted with optical
encoders, we do not have access to an acceleration signal.
Fig. 16. _Averaged absolute value of the incompatible foFzeand moments  Transparency is thus achieved by an experimentally idedtifi
norm /(M2 +MZ +M2) on the two fixations (mean for the six movementsigravity compensation for all axes and also by compensating f
the residual dynamic dry friction compensation. This reald
friction compensation has been developed in order to blead t
of the componentsH, and F, perpendicular to the humanfriction phenomena on all axes, and so as not to lead subject
limb axis) corresponding to the components allowed to kg make non-natural movements because of joint discomfort.
transmitted by the passive fixations. An important decreasez) Task and subjectsDuring all the experiments, we as-
(up to 30%) of the level of the forces that the exoskeleton ig;me the exoskeleton to be "transparent” due to the granily a
allowed to apply on the arm is observed with the passive DQfiction compensation. Ten voluntary subjects were inedlin
fixations. However it still remains small compared to thesongpig experiment. In order to exploit the robot's DoF, paigti
observed with the hyperstatic forces. Note that the deereggoyements were made towards four targets positioned in
different parts of the workspace, allowing us to analyze the
interactions between the subject and the robot when differe

m, 0
Fx Arm Torque Arm Fx Forearm Torque Forearm
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- 1 axes of motion were involved. Three lines were drawn on the
z+ [F 1 ground from the starting position, one in the para-sagittate
ar == 1 and the others at 45both sides of the first line. The targets

were marked on poles which were placed 50 cm from the
starting position on each of the three lines. The targetttieig

was positioned at the level of the exoskeleton elbow axis for
Fig. 17. Allowed forces(/(FX2+Fy2)) norm on the two fixation (mean for targets 1-3 and target 4 was positioned above target 2, the
the six movements) height was equal to the horizontal distance between targets

. . ) .. 1-2 and 2-3 (see Fig 18 and 19).
in the level of hyperstatic force achieved by the fixations

resulting from our method and the obtained numerical val
of the hyperstatic forces have to be interpreted. Indeeel tau
the manikin arm smallness (see Fig. 15) and its body surfaceg
rigidity, hyperstatic force level is higher than it is dugia co-
manipulation between the exoskeleton and a human subject.
It is also important to notice that, even with the passive DoF
fixation, residual forces remain at the two fixation pointsab

2 N of force and 0.02 Nn of torque. This can be explained
by the residual friction in the fixation mechanism (which F/T sensor + i/sm"'“ﬂwi"*

A

—_— [ —
HE",(HU]);LLH)IUH()H the arm HEumpanhlvHun the forearm

[ Robot
[ Subject

@  Optical marker

Forearm

FIT frame Starting N 450

point

Passive DoF

small mechanical parts, especially the bearings, are e)((posZ fixation
to important loads) and by the fixation weight (approximatel

1509) that directly applies on the sensor according to af’fg)) DAS{ BT
posture.

Top view

Fig. 18. Schematic of the experimental setup
B. Evaluation on healthy subjects (active mode)

Since the evaluation of the fixations during a passivEhe starting point was standardized with the elbow in maxi-
mode interaction has illustrated their ability to minimitee mum extension, the humerus vertical and the forearm in mid
uncontrolled force level, an alternative experiment hasnbeprone position. The subjects rested their backs against the
conducted with healthy subjects based on a generic methagbport of the robot; a large belt was used to prevent trunk
dedicated to the quantification of alterations in human uppmovement and a splint was used to prevent wrist motion,
limb movement during co-manipulation with exoskeletonfoth of which would confound analysis of shoulder and elbow
The method was previously presented in [23]. angles. A pointer was fixed to the splint.

We propose a comparison of two performance indices déen healthy volunteers aged between 22 and 30, unaware
tailed in the method, calculated from records of forces amd what was being studied, were included (9 male and 1
movements obtained during simple pointing tasks performésimale). No particular care was taken to recruit subjectk wi

by healthy subjects attached to a "transparent” exoskelet® specific morphology adapted to the exoskeleton structure.
through fixations with and without the passive DoF freed. They gave informed consent according to ethical procedures



Subjects were allowed to practice moving with the robot f¢ ~ 2° ‘ 02
5 minutes prior to recording. Five movements were recordz 1o} et Jon B
to each target. Subjects were instructed to move as natur: o F}T rﬁi Fﬁi == o
as possible to touch the target. A few minutes of free trainir 0 o2
Target 2 e
z 10f 10.1 >
o = ==] Tﬁ- ==1 BN
20 T T 0.2
A Al T
o ) =] | ‘ =) o
20 T 0.2
> 10 i i Target 4 lox é
Lol =m Al o
HFUpper arr4‘ HMU pper arr% ‘ FForearmH HMForearm|

Fig. 19. A subject pointing to different targets wearing th@skeleton
9 ject p 9 9 9 Fig. 21. Incompatible force and moment averaged norm on #aidns

. . .averaged over the 10 subjeéis@nd the three momentdy, My, M). In red
allow the subjects to feel comfortable and safe with the @®Vviwith classical fixation; in blue with passive DoF fixations.

since initial movements may be perturbed by the newness
of the experience. A good indicator that the subject is ready
to perform the experiment is when he or she feels safe amderestingly, it can be noticed that the standard dewatio
when the movements between two targets are qualitativédy lower for the experiments with freed fixations as com-
repeatable. pared to experiments with locked fixations. We also noticed
3) Results:We first present the results obtained across thieat, when the subject’s forearm length (roughly estimated
40 trials for one single representative subject. Figuret®®s humerus length) strongly differs from the robot humerus
the average amount of force and moment appearing along egth (357 mm), then the forces tend to be large during
directions where they are not controllable, for one subjeeixperiments with locked fixations. This is logical from an
during every trial to each target (5 trials to 4 differenigieis engineering point of view, since, for hyperstatic systems,
under 2 conditions). The general tendency is that the anwiunthe level of force depend on stiffnesses and displacements:
force or moment is larger in the red bars (fixations lockedhth when the differences are large between the two kinematic
in blue bars (fixations freed). Also, for a given conditiordanchains, mismatches are larger and the forces that resuft fro
a given target, only small variations can be observed betwetiese misalignments through the tissue stiffness are rlarge
the 5 bars. This tends to show that the decrease of the fozge well. Meanwhile, for experiments with freed fixations,
level does not result from a learning phenomenon. Ratherttie amount of measured force did not seem to depend on

is effectively due to the passive fixations. the subject’'s kinematic parameters. Again, the fact that th
system is not hyperstatic anymore explains this obsenvatio
30 An experimental campaign with more subjects and selected

1°? £ morphologies would still be necessary to obtain statiijica

20
z ok nI|III Target 1 lo1 2 . . .
o Lomn || ﬂﬂﬂﬂm“l“ mﬁml““—o consistent results on the influence of _the subject’s.;.humerus
length on the level of forces observed in both conditions.
Joz ¢ Table Il reports the decreases in the level of the incomfeatib
Z interaction forces.

30
20

z : Target 2 |
o AT cocrramnnn ot o anmmn |,

30 Decrease %)| Fupper-arm | Mupper-arm | Frorearm | MForearm
‘ Target 1 42% 41% 32% 38%
= % M S - Target 2 26% 22% 27% | _40%
[ 1% Target 3 28% 27% 22% 21%
0 HHHHHIIII.I O - mem AN ﬂﬂﬂﬂ Inmo-nllls | 0 Target 2 1% 31% 26% 20%
30 ‘ TABLE I
o 20F 102 £ DECREASE IN THE LEVEL OF EVERY INCOMPATIBLE COMPONENTS WHEN
10- ﬂlllll Target 4 lo1 Z PASSIVEDOF FIXATIONS ARE USED
oo e = T A nemn-nlind |,
HFUpper armH HMUpper arm “FForearmH HMForearm”

Fig. 20. | InCOl;npatifble forche ah? moaﬁeztc??frm on the é::stg"ﬂ?a:ged_%f In order to statistically evaluate the difference betwéenttvo
one single subject for each trial to the ifferent targ trials witl B .
passive DoF fixations are in blue and with classical fixatiomed. Trials are conditions, repeated _measur?'.s ANQVA Wer_e Camed. ouF for
chronologically classified, from left to right. the force decrease with condition (with passive DoF fixation

/ without) and target (4 targets) as independent factorsetwh
Figure 21 represents the mean across the ten subjects, @ndignificant effects were found, a Newman-Keuls post hoc test

time-averaged force and moment norms. was applied in order to evaluate the effect of condition azthea
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target. The results on the ANOVA obtained are presented baltis method, we built isostatic fixations for a 4-DoF exoskel

in terms of value of the probability distribution functiondhd ton and experimentally verified their benefit on minimizing

p-value. uncontrollable hyperstatic forces at the human robot fater

In comparison with previous results obtained in the passiemd thus on a fine control of the interaction forces. These

mode experimentation with the manikin, the percentage mdsults show that the provided solution effectively limite

decrease of the incompatible force component level is lowével of uncontrolled forces generated by hyperstaticitgre

especially for the upper-arm fixation but still statistlgal in the case of large variations of the human limb geometry,
and without requiring a complex adaptable robot structure.

10 1%t Further work could focus on the study of the motion of the
- . - ¢ loosE Passive mechanisms during movements, whish is an indicator
] -

—

on how different are the human motion and robot motion.
0 0
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10 0.1 APPENDIX
Target 4 . -
ot {o.0sE A. Demonstration of Proposition 1
z . e
ﬁ—‘ 1) Conditions (3) are sufficien{(3) = (2)].
Er— o ‘ We here assume that conditions (3) are verified.
Because inS,, Zi_1 is connected on the one side %,

Fig. 22. Compatible force averaged norm on the fixations amest over through S_1 and on the other side t&7 throughR; (see

the 10 subject${, andF;). In red with classical fixation; in blue with passive —. .
DoF fixations. Fig. 3), one has:

o

compatible

Fupper-arm compatible

; ST ST ST
significant (F(1,10) = 28.16p < 0.01). Vie{l...n}, *Ti1= 1T|71ﬂ[TRi+ T'} - b

This can be explained by the fact that the human limb is mu
more flexible than the manikin limb. Therefore, hyperstgtic
induces lower forces. Interestingly, the force compatilith
the passive fixations is also reduced as shown in Fig.
(F(1,10) = 19.46p < 0.01).

No statistical significant effects of the nature of the taxgere
found in such results. Nevertheless, several explanatans Vi € {1...n}, dim(SW,_0)+dim(Ts_, +Tr +T,) =6 .

@hich is a recursive relationship férT;. Recalling that, by
assumptiontTg, = {0} (condition 3c) andls_, NTg, = {0}
condition 3b), this recursive law trivially leads to (2a).
%rthermore, the kinemato-static duality principle apglio
the loop (%o — Zi—1 — % — %) in Fig. 3 writes:

be formulated to explain the system performance limitation (12)
in active mode: Thanks to condition (3a), this leads to:
» a bad alignment between the center of rotations of the Vie{l..n}, SW. _o={0} . (13)

human joints and the fixations ball joint centers enhanced _ _ o
by the deformations of some parts of the fixation mectf=onsidering again the systefndepicted in Fig. 3, and recall-
anisms, ing thatL; andR; are serial chains, one ha#,c {1...n}:

« use by the subject of its upper limb redundant DoF that s _SW . _SWo . _SW. . . —
are not directly controlled by the robot (wrist and scapula Wm0 =7 Wi =2 Wi =7 Whisia = {0} - (14)
movements), that can completely modify the kinematitherefore, statically speaking, the multi-loop syst&m; is
sequence. in the same state when includedSnthan when isolated from

These hypotheses will be verified in future experimentdj€ rest of the mechanism.

campaigns. Vie{2..n}, SW,_, ,0="W_, 0,

which, together with (13) recursively leads to conditio)2
V. CONCLUSION . AR —

2) Conditions (3) are necessar&:%) = (2)}.
I'—Jﬁ’stly, if condition (3c) is not verified, thef T, = Ts, # {0}.
Iifithis case, (2a) is not satisfied.

In this paper we presented a method aimed at designi
the kinematics of fixations between an exoskeleton and
human member. A major result of the theoretical study lies : ; e .

Equations (7) and (8) that provide the minimal and maxim ﬁ;ﬁﬂglz’) Ilfzéi?tifnn(itl\)/etrg;se ?é;giﬂtlé.(TRi NT5.0) # 10}
mobility to be added to each chain, recursively, and lead, by ' '
summing up all the components, to Equation (9). Thanks to Jdie{l---n}, STy £ {0} , (15)
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which directly contradicts (2a). This equation is equivalent to :
Thirdly, if (3a) is not verified, i.e.: —
C aX{ +2oyi +857 = 0 (18)
A dim(Ts o, +Tr 1) <6 (16) 27 +as¥i +a6¥i = O
then 3i, SW, ,, # {0}, meaning that§ taken isolate is since (%7, yi,2) is a basis, (18) is equivalent to
hyperstatic. Obviously, adding the rest of the mechanism
to build S,, which consists of adding a parallel branch {a =& :-a3:0 _ (19)
to S betweenZ, and % will not decrease the degree of a4d; =0; as+asdy=0; as+aety=0;

hyperstaticity. Thereforéi, SWWLHO # {0}, which contradicts \whereZy.. = dxfl)+dy71>+dzfl>. If d,+ 0 then (19) implies
condition (2b). Vie {1---6}a =0 and ther; et 11 family are basis ofR6.
Otherwise, there exists a non null combination &f that

B. Singularity analysis for ABLE and the two proposegerifies (17). Condition (3a) is thus verified for= 1 if and

fixation mechanisms only if Z3.7 # 0. This is a singular value to be avoided. In

Let us take the mechanism depicted in FigureR3is a ball the rest of the study we will thus consider gtz £0.

joint which center isMy; L4 is_>composed of a ball jointwhose | Fqori — 2, (3a) writesdim(Ts, + Tr, +T.,) = 6.

centeAsz.Pl (with MiPy =11.7] andl, #0) and a i“c_je along e Know thatTs, = Tr, N Ti,. Let us considet € T, and

(P1,Zarm); Ry is a pivot joint whose axis i§M2,X2); Lo is t' € Tn.. One has:

composed of a ball joint whose c_e>nte|Pgs(with MoPs =1,.73 ! ’ y

andl, # 0) and a slide alongP., zf).

In order to find the singulargconfig)urations of this system, we (0, 02,03, 04) - such that t = i;ai t (20)

use the necessary and sufficient conditions (3). 3(al,a,ah,) such that t' =} ts+ aj te -+ ab t421)

| M %_’_' M2 are not included in this plane USIng 4.7 7& 0’ one eaSIly gets'
1
R N t=tea=m=aq=0;=0,=0 . (22)
1
(r1) or:
t=t'st=mtz=0ajtz . (23)

—
»
Fixation 1\ SN
~

In other words, at poinP;:

— % ~ .
M e
: NG Futon > Ts, = Tr, N, =spar({ts}) = span({(z’ 0s")'}) . (24)
R K p,_or% o .
N @K\ﬂ ~ We know write twists at poinB. We get:Tg, = spgr({t7}),
“\\ \ TRz = Spar({tS}) and TL2 = Spar({tg t10 t11 tlz}), with:
z tz7=(z" IsinB1x")" , ts=(X2" —lay2")" , to=(x" O")"
Fig. 23.  Kinematics of ABLE + its fixations. The plane of the uig, tio= (v»" O")" t11= (2" 0" tio= (0" "),
perpendicular tay, is defined byM;, P, and P> while My is outside the 0=_(2' 0)" , /11\( 2 0", ti2=(0"z)
plane. wherePP, —: 1Zand6; := (7, Z ) measured arourii. Thus
1) Examination of Condition (3a) Ts, + Tr, + T, = spar({tz, tg, to, tao,t11, t12}).

Suppose first that sh = 0. Then, denotingzi = z,.X5 +

o Fori=1, (3a) writesdim(Tg, + T ,) = 6. Zly~72>+zlz-f2>, one gets:

At point Py, velocities allowed byl ; belong to the vector
subspaceT, , = span{ty,ts,t3,t4} and the velocities allowed t7 = z1xto + Zyytio + Zpsta2 (25)

by Ry belong toTg, = spanfts, te,ts}, with In this particular cas€t; .. t12} is not a basis, which identifies

t1=0"03")", t3=(z2" 03")", ts=(x1" —lp.y1" )" a second singular configuration, whéwy, P, and P, are
th=(y1" 05), ta= (03" ' )", te=(yi' lp.xa" )" a_llgned. In th.e rest of 'Fhe study we will thus_, assume that this
2=("0) += 0"z 6= 01 lix') singular configuration is also avoided, that is: &igz 0.
ThusTgr, + Ti, = span{ty, ...,ts}. Defining Defining
tg—t tp —t t7 — z1xto — Z1yt10— Z1t
té:(GI 2):(03T XlT )T and té:(ll 5):(03T le )T7 t; _ (7 ZLXQI .ly10 1ZZI_2>:(0-r Xj_T)T ,and
1 1 sin6,
we can easily show that = (tlol— ts) _ Oy

L1 trt3ty '[é té =A [t1 to t3 ta t5 tg] ]
; ] we get[t; tg t .. t,] =B.[t7 tg .. tao] With det(B) = g1 #

with det(A) = 5. Sincels # 0, 11 = {t1,...t6} is a basis of o Thysr, — {t, . t;,} is a basis ofR® if and only if T4 =
RS if and only if T, = {t1,..,ts,t,t5} is a basis ofR®. Let us {t; .. t;,} is a basis oR®. Let us consideb; € R, i € {1,..,6}
consider nowg; € R, i € {1,..,6} such that: such that:

aqty + aoty + agtz + agts + a5'[é + aeté =0 a7 b1t§ + bzté + batg + bat10+ bst11 + bgt12 =0 . (26)
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It comes easily thatsz = by = bs = 0 andbat}, - botg +bst;, = 0 X1 is perpendicular to the plane generated ﬁyand
which is equivalent td1X{ + b3 +bszf = 0. The necessary Z.

and sufficient conditions to have a nog;ngll triplet b2,bs  Therefore, under normal conditions of operation, the ABLE
verifying the previous equation is that, V3, Zf are coplanar. exoskeleton with its two fixations never falls into a singula

This identifies a third singularity, which, again, is supp$o configuration.

be avoided in the rest of the study.
2) Examination of the condition (3b)
« Fori=1, sinceTs, = {0}, one directly getslim(Ts, N
TL;L) =0.
« Fori=2, itis necessary to verify thatim(Ts NT,_,) =0.
Let us considet € Tg, andt’ € T_,. One has:

da; R / t = o4ty
Jag,03,a3,a,€ R/ t'=agte+ aztio+ aztis + agtiz

One easily shows that=t’ is equivalent to:

a1l sinByXq + a4zt = 0
(anzix+ AR + (Grzay + O3) T3+ (Cuzaz + ) B = O

SinceX{ is not colinear toz{, the first equation leads @, =
a}, = 0. Similarly, since{X3,y3,7 } forms a basisa} = aj =
a; = 0. In conclusiondim(Ts, N T ,) = {0}.

3) Examination of the condition (3c)

For the considered example= 2 and condition (3c) writes
dim(Ts,) = 0. SinceTs, = (Ts, + Tr,) N T,, We need to verify
that any vector that belongs to boffis, + Tr,) and T, is
null. Let us considet € (Ts, + Tr,) andt’ € T.,. One has:
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