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A methodology to design kinematics of fixations between an dmbsis
and a human member

Nathan&l Jarrass and Guillaume Morel

Abstract—The design of robotic orthoses focuses strongly avoidance [9], natural feeling of the connection with human
on replicating kinematics of human limb. However, often so- subject. If the kinematics of the human limb and the orthosis
phisticated mechanisms which attempt at reproducing complex 5.q the same, there is a one-to-one mapping between the joint
kinematics of human joints fails in adapting to geometrical t t,db h bot and the ioint t licioet
variations of subjects sizes and eccentricities. One major that orques exe_re y the robo an_ . EJOIn_ Oqu_leS app_l 0
arrises from this mismatching is an occurrence of hyperstaticity human subject, whatever the joint configuration. This adlow
induced by the uncontrolled interaction forces. to avoid force transmission variability over the workspace
In this paper, we take the point of view of statics to investigate that is observed when, for example, two separate external

the force transmission problem, which is required for a fine mechanisms are connected to the two segments of an arm
force control. The main result of this study focuses on designing [10] '

fixations between the orthosis and the human limb that provide . ) ) . .
additional degrees of freedom. The method involves two steps. A major drawback of the orthosis paradigm is that, in fact,
Firstly, a set of possible solutions with respect to the isostaticity human kinematics is impossible to replicate with a roboto Tw
criterion is derived. Then, among these possible solutions, a setproblems occurs: morphology drastically varies from a scibj
of design rules considering physiological aspects of transmitting 1, another and, for a given subject, the joints kinematics is
forces to human limbs is used to select a preferred configuration. L .
As an example, the method is applied to an existing 4 active DOF VEY complex and can not be 'm'tated t?y conventional robot
arm orthosis. joints [11]. In fact, it is impossible to find any consensual
model of the human kinematics in the biomechanics liteeatur
|. INTRODUCTION Human joint movements result from the complex geometry
Whatever the particular use they may be designed fof bones interacting surfaces, with a relative bone motion
(boosting human force capabilities, helping a patient rayri produced through a complex set of mechanically distributed
a neurophysical rehabilitation, etc.), the major purpo$e actuators. They are difficult to identify non invasivelynee
exoskeletons is to transmit forces to the connected hum@mly the motion of the skin can be directly observed. For
limb. Designing these physically connected devices facesexample, human arm structure is very hard to reproduce:
rather challenging set of constraints: adaptability teekiatics different models exist for the group shoulder-scapulaicle,
variations between human subjects is required; a largee forith at least 5 DOF [12]; the elbow joint, often modeled by a
capability is desirable over a large workspace; simultasgo simple pivot, is in fact close to an helical axis rotationnjpi
transparency (i.e. capability of applying minimal forces ithe localization and nature of the prono-supination joiatyv
resistance to the subject’'s movements) is of high impoganérom a model to another.
Indeed, the device should not disturb the intentional nmoticAll these unavoidable modeling uncertainties for the human
of the subject during all the phases where assistance is hats lead to approximate models and then to imperfect
required [1], which is of critical importance in a rehatsitibpn exoskeleton copies, which in turn generates kinematic com-
program where patients suffer from low motor capabilitiegatibility problems. Indeed, when connecting two-by-te t
[2]. These characteristics are often hard to conciliatéiwin  links of two kinematically similarchains that are not perfectly
single device. identical, hyperstaticity occur which results, if rigid oels
For several years, researchers have worked on the primarg used, to the impossibility of moving and the apparitibn o
technical problems raised by these challenges: actuatdrep controllable (possibly infinite) internal forces. Iraptice,
power transmission, embedded energy. The first results tbough, rigidity is not infinite and assembly mobility can be
these works are remarkable: new actuators [3] or embedd#tained thanks to deformations. When a robotic orthosis and
technologies[4] came out of the rich design activity in thig human limb are connected, most likely, these deformations
domain (for an overview, see [5]). Active powered exoskel@ccur at the interface between the two kinematic chainskiha
tons are now available for rehabilitation [6], for militaryto the low stiffness of skin, tissues, and eventually addal
applications [7] or even for assisting construction woski@]. compliance provided at the fixations level by using elastic
Designing the kinematics of an exoskeleton consists ofgyyi straps or pneumatic systems [13]. Additionally, in someesas
to replicate the human limb kinematics. This brings a nunwnmodeled redundancy of the human limb structure helps
ber of advantages: similarity of the workspaces, singiarireducing the hyperstaticity degree. Deformations induaed
the interface level are thus reduced thanks to an internabmo
N. Jarrasé and G. Morel are with University P. et M. Curie, ISIR (Instit of the patient, but this motion is uncontrolled and may be
des Systmes Intelligents et de Robotique) CNRS - UMR 7222)). 4 place . . el L
jussieu, 75005 Paris - France. Telephone: +33.1.44. 27151, tndesirable, e.g. in rehabilitation applications. Forrepke,
jarrasse@sir.fr, norel @pnc. fr the majority of existing arm exoskeletons possesses a ball



joint shoulder, while the human glenohumeral joint centédowever, this device is passive and the force transmission
is not fixed. If hyperstaticity results from the fixation ofeth capability is not within the scope of the study.

orthosis to the arm, most likely, the human subject will usddding passive DOF between the robot and the human limb,
the motion of the scapula to adapt the glenohumeral center increasing the adaptability of the robot geometry are
position in such a way that interaction forces will be linditén  parts of the solution but a careful consideration of the dorc

a rehabilitation system, this may be drastically inappedpr transmission problem for active orthoses is missing in the
In order to quantify forces which can occur from the discrepiterature to our knowledge. In this paper, we consider a
ancy between robot and human kinematics, we presentedgeneric problem of coupling an orthosis with a human limb
Fig. 1 the result of a simple simulation case, where physiday adding passive DOF at the interface between the strigture
and geometrical parameters where chosen to be of the saie provide design criteria allowing to solve the problem of
order of a real situation. Based on the work published in [14jorphology compatibility, misalignment errors but alsoct®

to study a 1 DOF problem, we compute forces generated tsgnsmission by removing hyperstaticity. As a result, tesign
constraints and deformations when connecting two 2 DQfethod can be associated with simple force control, where th
chains with the same kinematic structures but with littler number of independent forces to be controlled, distribotest

in the axis alignment and members length. Two fixations atiee human limb, equals the number of orthosis actuator.
considered. The deformations in the model are localized Hte paper shows in Section Il the general design approach.
the fixations level thanks to springs which stiffness wasseho Then, in Section Ill, the general method is applied to ABLE,
from the estimation of the limb tissues stiffness in [14QWe a 4 active DOF arm orthosis, comparing different possible
1 presents the simplified kinematic model and a force leveblutions for isostatic coupling with a human arm.

graph for the cnemis fixation for angular variation at the
hips 1 and cnemigB3, with a 2 cm positioning misalignment
between the orthosis and leg axes. The main question addressed in this paper can be defined
as follows: given a proposed orthotic structure with thedixe
geometric parameters, conceived to replicate a human limb
kinematic model, how to connect it to the human limb while
avoiding uncontrollable forces at the interface, even ia th
case of discrepancies between the model and the real arm
kinematics? The answer takes the form of a set of passive
frictionless mechanisms used to connect the robot and the
subject’s limb that allows to avoid hyperstaticity.

Il. GENERAL METHODOLOGY

A. Removing hyperstaticity

A1 . . . o :
Linear Force generated on fixation n°2 We consider two different serial chains with multiple cou-

plings as illustrated in Fig. 2. One is representing an human
Fig. 1. Model of constraints forces appearance due to moder and limb H and the other the robot structure

hyperstaticity in the cnemis fixation
H serial chain R serial chain R serial chain

Complex joint
kinematic (multi DOF)

The maximal amount of force applied at the fixation is about
15N and thus cannot be neglected. To cope with this problem, .,
several studies have been conducted in order to improve the
orthoses structure and the interaction quality: robotiprsents 2 ()

[ Fixation joint (multi DOF)

nHi, nHi, nLi: number of
joint DOF

with adjustable length were developed, pneumatic systems L)
were added to introduce elasticity in the robot fixations and e Y oL GTATIC CASE STUDY
adaptability to variant limb section [13]. Another way of £ - &l € Gsotaticiy research)
thinking the design of orthosis, is to create serial stmectu
not inspired by the human limbs. The recommended solution " 2 nLn g nRn L

EECN, N,

is to add degree of freedom (active or passive) inside the
chain between the active joint matched to human ones [15].
These added DOF in the chain are mainly used to overcome Fig. 2. Schematic of two serial chains parallel coupling

the misalignment problems of rotations axis, and create sel

aligning structures. This drastically increases the #tinec The human limb is supposed to be composed sEgments,
complexity and the control problems. In [13], a new desigeach of them being connected to a robot link;; represents
approach to create ergonomic orthotic devices is propdsedthe number of DOF of thé" fixation between the two chains,
consists of a set of rules that should be respected during thieile nR; represents the number of active DOF of the robotic
design. A 9 DOF ergonomic orthosis, adaptable to morphmechanism (joint) between tiie— 1) andit” fixation, where
logical variations and offering a large workspace is pregos the fixation O is the rigid embedment between the two chain

TYPICAL CASE STUDY



bases. In order to study the hyperstaticity of the systei®, Choosing appropriate passive DOF for the fixations
we shall consider a fixed human limb with infinite rigidity,

as illustrated on the right part of Figure 2. Each of the We propose now a set of design rules more dedicated to

embedments provides 6 static unknowns. while each ohth fine human-robot interaction. We have in mind applications
ents provi e wns, Wh Sike arm robotic rehabilitation of an hemiparetic patient,
robot active joints allows to contralR; variables. Therefore, where sensitivity and pain are exacerbated and where a fine

:];V:ﬁear\g:jo?'?r?gIg;;grnflﬂgr?;?a??uvr\:gg? (;’:':Jr:: ;gsgfnsjrg{gntrol of small interaction forces is necessary. Thesesrul
’ S S e mainly governed by physiological reasons.
that should be added to provide isostaticity is: ya y phy 9

n n Rule 1 Instead of moments at the fixations points only
ZlnLi =6n— ZnRi (1) pure forces should be transmitted.
i= i<

Here, what we call the fixation point is the poiRt where
the wrench expressing the interaction between the robot and
the human at the'" fixation will be expressed. Roughly
representing thé™™ human limb by a straight lineD;, P
H’g to be chosen belonging tDj, see rule 4. Transmitting
moments at a fixation point is undesirable for two reasons.
First, transmitting a torsion around; would generate large
deformations of the muscles thus involving a large fiber
SnRisYnLi6i elongation.
Also, applying directly this moment through a tight fixation
is in fact a transmission by friction that can generate high
Step 1: Considering joint 1 ~Step 2: Considering joint 2 Step i: Considering joint i tangentlal forces on the Skln, and thUS, paln. AS I||USd'aIE
Fig. 4, it is often possible to use a couple of forces applaed t
two segments in order to create a torque around a limb axis.

closed loop chain constituted by the base 0, the first rOb:%r):tterms of local deformations of the skin and muscles, it is

joint and the first fixation. This sole loop is not required ® b ghly preferable. Note that the solution sketched in Figs 4
isostatic, since it is connected through the next limbs heiot
kinematic constraints. Rather, we only need to ensure kit t
loop is not hyperstatic, namely:

In order to determine how to distribute the additional passi
mobilities among the fixations, one further consider thebpro
lem in an iterative way, considering first the proximal fixati
as illustrated in Figure 3. More precisely, we consider t

nR1+nL1-6

nR2

Fig. 3. Robot serial chain study and iterative calculation

nL; >6-nR; 2

If no kinematic constraint were added through the rest of besres j '
the orthosis, then the mobility of the first closed loop chain

would bem; = nL; +nR; — 6. In this case, the hyperstatic-
ity avoidance constraint for the second chain would write
nL, > 6—nR,—ms. Generalizing for théh fixation, we have:

Fig. 4. lllustration of rule 1 : Splitted forces instead ofdoes

not possible at full extension, where the two segment axes ar
aligned, but, again, singularities are supposed to be adoid
in this paper.

Transmitting a moment around an axis perpendiculdditis

(4) also to be avoided. As illustrated in Figure 5, applying such

nLi > 6— (NR;j +mj_1) 3

with
{ mi_1+nLi+nRj—6 ifi>0
mj =
mog=0

Note again that if only fixations 1 toare placed, a positive —

mobility (uncontrolled movement) can be obtained for itte Q&

body. However, according to Eq. 1, it is guaranteed that the

overall system is isostatic; thus, it does not move. Foll@ui rig. 5. |iiustration of rule 1 : Tissue deformation and pressare less
these last equations, we are able to calculate iteratitedy important with pure forces transmission than with moments

different options for distributing the additional passD®F at

fixations over the structure. We can build a tree of all pdesiba moment results in the concentration at two opposite points
solutions fornL;. In order to choose among these possiblef the stress applied to the limb tissues. The local forceg ma
set of solutions, we developed a set of rules considering the rather high since the dimensions of the parts in contact
particularities generated by the fact that forces and mdsnewith the limb shall remain small for ergonomy purposes.

are being applied to a human limb.



Rule 2. Forces need to be transmitted perpendicularly to
the limb axis.
Reciprocally, a passive degree of freedom should be added
alongD;. This is simply due to the fact that the human body
structure is made of ball-joints and segments, and so that
translations alondd; directions are not among the possible
movements to be assisted.

Rule 3. SettingnL; = 6 should be avoided.
The_ main reasfon is the will to COpY human ac_tua‘tor%ig. 7. ABLE 4 axis exoskeleton actuated by screw-and-cabtaators
distributed architecture and thus to split fixation points a
along the human limb (see Figure 6). The goal is to favor

collocation of the robot actuator and the human joint igpherical arrangement made with 3 coincident axes and an
order to ease, e.g. force control. The interaction qualijbow. The forearm, terminated by a handle, is not actudtsd.
level will be enhanced if we limit the stiffness loss due tQinematics is sketched in Figure 8. Most of the technoldgica
important displacement of strain through soft tissues réhaioriginality of ABLE comes from its actuation and transmissi

and control loss due to hlgh number of actuated DOF |eadi§gstem, which is based on a patented Screw-and-Cable system
to singularity. (SCS) [3]. The hardware characteristics of ABLE make it an
excellent platform for physical rehabilitation therapits low

joint stiffness and naturally compliant joints ensure théety
when using the robot for patients with physical disability.
Unfortunately, first experiments shows us that without pgyi
attention to the fixations by simply connecting arm and fore-
arm middle areas to the orthosis thanks medical strapshwhic
induces hyperstaticity, a clear natural movement altemati
appears. This alteration is mainly due to a desynchrowizati
phenomenon between the arm joints: the synergies seems to
be perturbed even with an important measured transparency

Fig. 6. lllustration of rule 3 : Distributed fixations allowketter interaction (low inertia and friction phenomenons) and felt by subjects
quality level

Passive DOF
fixation

Rigid fixation
Passive DOF
fixation

Link to the base

Internal — External

Rule 4. Interaction surfaces need to be large on the humai g
body, outspreaded one from each other and positioned Creon-exenson

ofthe SHOULDER

dimmed sensitive areas. Apduttion -

Joint iy Q A d;
Fourth and last rule concerns the limitation of contact gues ~ siies s [ [oor] 0 | owe [ 0 [0
by interfacing large surface instead of small contact oint &t // o B
Some considerations for the positioning along the limb sec é > 304 ] 0 Ounes | 357mm | 0
ments of the fixations should also be added. In order to
maximize the force transmission from robot to human, high Fig. 8. Kinematics of ABLE

stiffness areas with low sensitivity tissue (feebly inraed).
Several studies have been done on localizing these spegificapplication of our methodology

human body areas. For example, on the arm, the wrist is aTo avoid the problem partly due to the fixations in our

good place to fix a robot and limit discomfort([9]). Fixat®n ; . .
should also be fitted with high density foam insertion 0?valuat|ons, we apply the proposed approach to this partic-

; . . . ular structure. Firstly, rather than controlling the hunaam
inflatable devices to provide adaptation capabilities te ﬂ%hrough only one fixétion point, rule 3 a dvisge us to fix every

varying section of the limbs during movement. Moreove . L
ying . g fﬁuman segment to a robot one, in order to distribute the $orce
one should also maintain length large enough between tw

o . a%ng the arm. Thus we choose to study a two fixations system
fixations, in order to allow the robot to generate torques@lo . "
T ; (See Fig 9). The total number of passive degrees of freedom
D; with limited forces (see Figure 4). .
to be added is:
I11. A PPLICATION TO THE ORTHOSISABLE 2 2

A. Presentation of the ABLE upper limb orthosis Izlnl‘i = 12*;”% =12-(3+1)=8 ®)

ABLE (see Figure 7) is a 4 axis orthosis that has beelrh - : . e
. X ) . ““The hyperstaticity avoidance constraint is, for the firsatiion:
designed by CEA-LIST on the basis of an innovative actuation yp Icity avol it :

technology ([16]). Its kinematics is composed of a shoulder nLy; >6-nR;y = nL1>3. (6)



Robot Arm ,

Human Arm

Case 3: Ball joint alone (P1)

Case 2: 2 rotation DOF joint (P2) Ball joint on 2 slides (P2)

Case 1: Ball joints with slides (red)

Fig. 10. Schematic of possibilities given by the solutioretfer coupling ABLE to an human arm. From left to right: CasenL 1= 4,nL2 = 4), Case 2
(nL1=6,nL2=2), Case 3ifL1=3nL2=5)

Human Limb Able orthosis Able orthosis to rule 1) and the translation along the member axis (acogrdi

to rule 2). We thus choosel 1 =nL, =4.
Applying rule 4 leads us to put in place the fixation on specific
nR1 surfaces with a reduce muscular mass between skin and bone
allowing an important contact stiffness and a limited ditane
variation during flexion-extension cycles. First fixatioill\lwe
nR2 placed on the arm near the elbow joint and the other one on the
forearm near the wrist joint. In order to limit the crushirige
fixations will be not placed too near of the limb joint, becaus
skin sensitivity is increased near these areas [17]. Naié th
STATIC CASE STUDY force control problem specm_cny is as follows:
ABLE CASE STUDY (Isotaticity research) « a 4 actuated DOF robotic system to control.
« an human arm with 7 or 9 actuated DOF (depending

Fig. 9. Schematic of the ABLE and human arm coupling on the consideration of the scapula mobility), which is

similar to an 4 actuated DOF system when observed

through the passive joint fixations we add.
« a 6-axis forceftorque (F/T) sensor at the two fixation point

Shoulder
Ball joint
OO
[Ha|

Elbow
Pivot joint
nH>

Wrist
Ball joint
nH3

Fixation 2

Four different choices are thus possible fdr; each of them
leading in one possible choice foL, thanks to Eq.5. The

different solutions are listed below in the table I: Severa_{dding' a ball joint and a slide at the two fixation points

nL2=2 | nL2=3 | nL2=4 | nL2=5 | nL2=6 P, and P; between force sensor and fixation area, lead to
”ti:i oK ?(K § a reduction of the external force/torque matrix column that
nLl1= . .
155 OK X X < evolve from a(12x 1) to a(4x 1) d|m§n5|on_(only two forces
nL1=6 | OK X X X X can be generated at each connexion point) and so on to a
TABLE | virtual reduction ofJ" making the system force controllable
CATALOG OF SOLUTIONS and stable. We can thus write that
Fext—» 1 FXext—» 1
M (P1) F
L . . . . [T T ext—1(F1) | _ ;¢ Yext—1
passive fixations kinematics solutions can be seen on Figure T = [71072] - F =Jr'" Fx - @)
ext—2 ext—2

10. Choosing 6 DOF on a fixation leads to the liberation M ext2(P2) FYext o

of the segment, and so on a loss of control. Whatever,

rule 3 advises us to have several fixations. Liberating 5 or

6 DOF at this fixation point leads to a limited control of o o

the arm coordination and to an orthosis only connected afrd Fixations realization

comanipulated by the forearm. This should have an effect onTo free four rotations at every fixation point, we firstly
the force concentration leading to pain. Ideally for thetfixa choose to add a ball joint with a hole on a linear guide. This
of an human limb, considering our design paradigm (the fist solution has quickly been improved. Due to the space and
rules enunciated before), we should chooke> 4, in order to weight limitations (and to avoid interaction with the trgnk
liberate the rotation to prevent moment appearance (aicgprdwe transform the standard ball-joint into a simplified ydtyfu



functional ball-joint mechanism eliminating the discomiiog DOF fixations to experimentally evaluate the viability and
strapping. We also place a linear guide inside the balljoistability of our design approach.

Fig. 11. Fixation design
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