Imposing joint kinematic constraints with an upper limb exoskeleton
without constraining the end-point motion
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Abstract— One of the key features of upper limb exoskeletons since they offer the opportunity to interact at the jointdev
is their ability to take advantage of the human arm kinematic  with a patient [7]. This shall provide means to help patients
redundancy in order to modify the subject's joint dynamics  yacoyering not only end point (hand) motion control, bubals
without affecting his/her hand motion. This is of particular - . .
interest in the field of neurorehabilitation, when an exosk&ton acceptablgoint SynChron'_Zat'onlt IS '”de?d often observed
is used to interact with a patient who suffers from joint motions ~ ON Many post stroke patients that the kinematic redundancy
desynchronization, resultinge.g. from brain damage following  of the arm is not solved properly by the central nervous
a stroke. _ ) _ system, leading in pathologic postures of the limb during
In this paper, we investigate this problem from the robot motions [8], [9]. Correcting the so-calleynergiesbetween
control point of view. A first general controller is derived which . S . . e .
uses viscous force fields in order to generate joint torques arm joints is so essential. A synergy '_S a coordination dyrin
counteracting any velocities that are perpendicular to a gien ~movement and could be expressed in several spaces : mus-
set of constraints. In order to minimize energy dissipation a  cular activity, joint velocities or joint torques. Bernstg10]
second controller is proposed that still uses viscous fordéelds,  explained the existence of synergies as a solution for motor
but in a way that the mechanical power dissipated by the visass control system to resolve redundantye co-ordination of a
control is null at any time. This controller does not impose ay . .
trajectory to the hand and the robot only moves in response to movement is the er’CeSS of mfiSter'ng redundant degregs of
the forces generated by the patient. freedom of the moving organ, in other words its conversion
This approach is experimented on a 4-DOF exoskeleton with to a controllable system
a healthy subject. Results exhibit the basic properties oftte | the literature, research in developing upper-limb rabot
controller and show its capacity to impose an arbitrary chogn o gpjjitation exoskeletons, with the capacity of 3D inter
joint constrain for 3-DOF pointing tasks without constraining - L. . ! . -
the hand motion. action at joint level, primarily focuses on design. Diffete
technologies are used. SUEFUL 7, a 7-DOF exoskeleton
. INTRODUCTION [11] and the 4-DOF Delaware exoskeleton [12] are actuated
o ] . by cables, whereas some others like Rupert [13],[14] or
Neuro-rehabilitation is one of the developing applicasionihe 7.pOF "Soft-actuated” exoskeleton [15] used pneumatic

for interactive robotic devices. Indeed, following a s&ok ,uscles. ARMin [16], [17] and ABLE [18], the 4-DOF
which is widely stated as the most common cause of complex skeleton used for the experiments in this paper, are
disability, brain damages may appear and induce MotQkiivated electrically.

troubles. In this case, pharmacology is of very little helpregarding the control aspects, literature provides swisti

Rather, physical therapy involving repetitive motor eX®#6 5t adapt end-point controllers to the joint space problem
is largely recognized as the only possible option. Therapy,, example, impedance control was originally used for
efficiency depends on its intensity and reactivity after thespapilitation on a planar manipulandum, which guides the
accident [1], [2]. This is why robotic assistance, prov@lin patient's hand around a predefined trajectory in [19]; it
the ability of finely controlling forces and movements in a5 lately applied to assisting the shoulder joint motions

repet.itive manner, has be_en considered in the past years agghks to an exoskeleton in [20]. Another type of joint
possible way to help a patient better recovering motorcﬂ)ntrspace impedance control (force fields) is proposed within

capabilities. Usefulness of robotip systems in rehahi'dita_ the ARMin project in [17], where the nominal trajectory
has been shown by several studies [3] [4]. Pioneer devicgs, cajculated from the minimum jerk criterion [21]. This
such as the MIT Manus [5], have already been used Q&g research is motivated by the need of defining ecologic

clinical therapies. Their benefit, in complement of claakic ,ovements at both the end-effector level and the end-point
rehabilitation, has been proven. These pioneer works haygq|.

identified a crucial feature that the robotic device shdtbiof For all these previous controllers, a drawback lies in the

the ability of fine interaction with the patient. In partiauthe necessity of defining a desired trajectory prior to the move-
motivation, interest and intention in patient’s movemearts ment, which is somehow contrary to the need of respect-
fundamental for the recovery [6]. Among possible robotig,y jntended movement from the patient. Indeed, it seems
devices, exoskeleton structures are of particular interegeferable to implement a controller where the final goal of

) ) ) ! the movement is not known in advance. Furthermore, these
The authors are with Institute of Intelligent Systems andodics . ..
(CNRS - UMR 7222), University Pierre & Marie Curie, Paris,afce  different exoskeleton control modes do not explicitly take
crocher, sahbani, norel @sir.fr into account the arm joint coordination problem.



To overcome these difficulties, an original controller isB. Torque control

propolsed. in the present paper, aiming at.corre_cting joint The proposed control law is developed in joint space.
coord|nat|on without constr_amlng_hand mo_uon. Firstlyet It is assumed that the device is torque-controllable i.e. th
force f|e!d§ used are exclusively viscous (pmt forces deipe .otrol input to the system is vector, € R" regroupingn
only on joint velocities). Th_erefore, there is no need _foy anjoint motor torquesr,,.,i € {1,..,n}. Note that position
pre-cpmputed _refere_nce trajectory_and the controlllerlelpu controlled devices, where the control input is a position
reactive tq patient’s mtended_ motions. Note th.a_t.m orader t_ ector, exhibit low backdrivability, and are not well suite
ease motions when the patlent motor. capabnlt!es are st 1hao type of applications targeted by this work.

'"_“”'t_ed’ _the programmed wscous_forcg f|eld_ is optionallyno In order to be able to apply on exoskeleton joints a torque
dissipative. Secondly, the force field itself is computasirir command, it is essential to eliminate perturbations duéo t

the explicit formulation of joint space kinematic consirtai robot dynamics. Indeed the robot arm has its own weight and

which, to our knowledge, is not featured by any otheg.yaiors exhibit friction. At its lowest level, the coritkaw
exoskeleton controllers proposed so far. is composed of three different terms:

Section |l details the proposed approach and the control A ) . lculated f
algorithms while Section Ill describes the first experinagnt * 7 grawty_ _compensanon torque,, calculated from
joints positions and robot elements masses;

results obtained on a given exoskeleton, called ABLE [18]. - :
« A friction compensation torque, calculated from

joints speeds and actuators viscosity identification;
« A commanded torque..

A. Kinematic constraints The motor torquer,, is the sum of these three torques :

Il. PROPOSED APPROACH

Models used in the literature for the human arm kinematics T =Tg + T + T (2)
include from 7 to more than 10 joint DOFs depending .
whether or not they include the mobility of the scapulads shown on Fig. 1.
Therefore, whatever the hand task, there is always an ifinit
number of solutions for the arm joint movements. In this
paper, we are focused on the control of an exoskeleton,
i.e. a robotic system attached to the arm, which kinematics
approximates those of the human arm. We will nat¢he
number of active joints of the exoskeleton, andhe number
of independent kinematic parameters involved by the task to
be performed. For example, if the subject is asked to point
a given location in space with a rod, without any constraint Fig. 1. The control loop with the three different torques.
on the orientationyn will be equal to 3.
Whenn > m, the task is redundant also from the exoskeleton
point of view. Assume that the exoskeleton is in a completely
transparent mode, that is it has the capability of not regjst C. Elastic vs viscous fields

to any intended motion of the subject. When the subject Mainly two kinds of force fields can be used for imposing

perfprmia t?]Sk’ tle. exoskellgzton fmot|0n 'g thfen equa(lj_tq thk?nematic constraints: elastic fields and viscous fieldghin
mot|on.t at the SUt I?Ct would perform under free con loNase of elastic fields, the joint torqueis computed by:
In particular, the joint synchronization algorithm used to

solve the redundancy is produced by the subject’s Central T=—k(q—q) , (3)
Nervous System. We consider in the next that we want the

robot to affect these natural synergies. It is assumed tiigt t Whereqq is a reference joint position. Integrating the con-
can be express by imposifig< n — m scalar constraints to Straints given by Eq. (1) into this type of controller is
the robot joint velocity vectofy € R™. classically done when computingy: given an initial value
More precisely, the different constraints are defined asta s@init for @ and a final value for the task function €

of C* scalar constraintg;(q) = 0 that can be grouped in a R™, one can first interpolate fox and then solve for the

Gravity compensation

Robot

v

Qe

Friction compensation [€— d/dt —

vector functionF : R" — R!: inverse kinematics by explicitly integrating Eq. (1). Thss
. suitable for conventional robot control, but it requires an
fi(a) a priori knowledge on the task trajectosy(¢t). We here
: want to implement a reactive controller without any a priori
Fa)=| fiq | =0, 1) knowledge on the motion intended by the patient.

In this work, we proposed viscous force field based control
: law. Nevertheless, it is quite possible to combine viscos a
fila) elastic fields. In our case, the applied torque is defined by :

wherel € {1,..,n — m} is the number of constraints. T=-Kq 4)



whereK € R™*" is a viscosity matrix. Note thaK is not  will be induced. In our casey is computed in order to obtain
necessarily constant, nor diagonal. In the next section, w energy dissipation. For that :
show how this control law is computed in order to impose

constraints defined by Eq. (1). (Ter +72)" =0 . (13)
D. Explicit integration of kinematic constraints into vises ~ Solving equation (13), we obtain :
fields , .
Loang e N
Assume that the exoskeleton is moved by the subject. At 0if (lall*—4qJI*F (q) =0)
a given time, the joint velocity isj. If F(¢) = 0, then the o= IR _ (14)
resistive torque shall be null, because the subject’s motio —Tar—qitrg Otherwise

satisfies the constraints. In any other case, the velocdil sh
be corrected. Namely, we shall find the velocity correction
8¢ such that: Te2s

F(q+0q) =0 . ®) Te=—k[JTF(4) - ea (- ITF(q)] . (15)
Assuming small corrections, we obtain :
F(q+4q) - F(q) = Jiq , (6)

whereJ is the jacobian matrix oF(q), defined as :

In order to modulate the amount of encouraging torque
a coefficient € [0, 1] is set. The final controller is thus:

F. Linear case

In the particular case of linear constraink) could be
expressed as:

ofi .
3= (25 ™ Cq =0 (16)
P aqj l
, . . with C € R**™_ In this case, sincd = C, equations (11)
In order to satisfy EqQ. (5), we have to compdtgsuch that: and (12) became :
—-F(q) =Jéq , 8
@ =dod © ra = ~KC*Cq ; (17)
Among all the possible solutions, it seems interesting ta-co
pute the smallest one (having the smallest norm), because Teo = ka (I — C*C) q , (18)
this will minimize the exoskeleton correction. This cotien
could be formulated as : where:
6q=—-J"F(q) , 9) 0if (@'CTCq - [4||? =0)
whereJ ™ is the pseudo-inverse of the jacobian matrix : o= oo ) ) (19)
—a&—1— otherwise
Jr g (JJT)fl . (10) q"CTCa—lall

] ] ] and finally, the applied torque is the sum=®f and . :
Finally, applied torques on the controller are given by :

Te1 = k6 = —kITF(Q) (12) e=—k[CTC+ea(I-CTO)q . (20)
In order to illustrate the velocities projections and the
Obviously, this torque will be null whel'(g) = 0. In other calculated torques, Figure 2 presents a simple case where
cases, when a torque, # 0 is applied, we have in general 2271 :113andhr_r|z :i' ;I'he constraint matrix chosen here
75, q < 0, meaning that the exoskeleton dissipates energy. R = [~1 3] while € = 1.

order to avoid energy dissipation, an additional component
to the control torque is introduced in the next paragraph.

wherek is a scalar viscosity factor.

QT2

E. Non dissipative viscous fields

The main idea is to add a torque that encourages motions
satisfying the constraints. A second torque, notesl is
introduced. The objective is to amplify the part of the
velocity that satisfies the constraint, namély— J*F(q)).

The later could be seen as an orthogonal projection of
the velocity on the orthogonal direction of the constraint.
Teocould be then expressed as follows :

Ter = ka (q — JF(q)) (12)

where o is a scalar modulation. Clearly, large valuescof ~ Fig- 2. Representation of the projections in the case’of [-1 3].
would lead to instability because a large positive feedback




[1l. EXPERIMENTAL VALIDATION The subject is installed in the exoskeleton and is asked to

To validate this control mode, we will experimentallyPoint a target with a rod attached to his arm, in front of
demonstrate the ability of the exoskeleton ABLE to impose RiMm. materialized by a point on a rod, eight times for each
joint speed coordination to a healthy subject while keeping'l‘)de- Each pointing starts at a fixed reference point beside
unchanged the main characteristics of the endpoint movéle Subject torso. The reaching target is placed in front of
ments. If the control allows to change a natural coordimatiohim, about 20 cm under and 30 cm left from the starting

of a healthy subject, it can correct the joint coordinatién oPOINt. . _ .
a patient. The protocol takes place in four steps with a different caintr

modes for each :

A. ABLE_ 1) In a first step, only gravity compensation is activated
ABLE is a 4-DOF exoskeleton developed by CEA-LIST on the robot controller. We measure during this move-
[18]. All the four DOF are actuated by a motor and a ment, like in the four modes, the exoskeleton joint

screw-cable mechanical transmission. Optical increnkenta angle values, speeds and interaction forces at the two
encoders mounted on each joint enable the calculation of  contact points.

joint positions and joint speeds by derivation. From the joint velocity data, we calculate the lin-
The three first axes are concurrent and correspond to the ear regressions between the different joint velocities
three rotations allowed by the gleno-humeral joint: taken two by two, and select one among them. We
1) Axis 1 is the shoulder abduction/adduction thus identify the matrixC. In these experimentg’
2) Axis 2 is the internal/external rotation is chosen with two null components, which means
3) Axis 3 is the shoulder flexion/extension. that the addressed synergy concerns only two joints.
The fourth axis is the elbow flexion/extension. Experiments with more general constraint using PCA
analysis are also investigated and conducted but not
Link to presented in this work.

the base

L"JSJEQ;?.&Z?:"‘,\\’,?., 14 2) During the second step the control law (20) is used
i D e with the identified constraint matri€. The gaink is

~ set to 1 Nm.s/rad. The coefficieatis set to 0 (only
R i ot the dissipative torque is applied). The subject is asked
TS to perform the same pointing task.

3) During the third step, the same task is again performed
by the subject but matrixC coefficients are slightly
changed. The coefficientis still set to 0. The subject

Fig. 3. ABLE exoskeleton and its kinematics. is asked to perform the same pointing task.
4) The fourth step is identical to the thrid one, except
The exoskeleton is connected to the human arm through  thatk = 0.4 Nm.s/rad and = 0.8. This mode aims to
two fixations, one being mounted on the arm above the elbow  show the possibility of reducing the power dissipated
and the second one — on the wrist, as shown on figure 3. At by the control law. The subject is asked to perform the
each fixation point, four passive DOFs are added to avoid  same pointing task.

hyperstaticity [22]. Thanks to two six-axis force/torqB&x) C. Results

sensors (one ATl Nano 43 and one ATI Nano 36), interaction”

forces can be measured at each attachment point_ During the fiI‘St pl‘OtOCOl Step, When the Subject iS asked to

The control law (20) is implemented on a real time controllefmake the movement without any constraint, joint velocities

using a PC104 with an endowed 3 channel joint board, undafe measured. The natural coordinations between jointdspee

RTLinux operating system. The control loop runs at 1 kHAr® shown on figure 4. They are computed, as all the data

and data (joint positions/speeds/torques, and torquesfo Presented in this part, only for the reaching movement and

from sensors) are recorded for post treatment at 100 Hz. hot for the back-to-home movement.

A conventional gravity and friction compensation is imple- As explained in part Ill-B, we are interested in one

mented using only joint encoder measurements. It shall B@ear coordination between two joint speeds. Thus a linear

clear that this compensation is only partial. In partiw|a,regression is calculated for each coordination and the most
static dry friction, for a null joint velocity, is not compen linear coupling is chosen for the other steps. In this case
sated, whereas only the dynamic friction can be fed to tH8€ coupling between axes 2 (shoulder internal rotation)

low level controller. and 4 (elbow extension) is chosen. The value computed
by regression is then set to the constraint maix Here
B. Protocol C=1[00.7501].

The study is realized with one male right-handed healthy Comparison between results for mode 1 and 2 (figure 4
subject (age:25). The proposed protocol aims to show tlend 5) indicates that the coupling between axes 2 and 4 is
ability of the controller to impose a joint speed constraint now perfectly linear with very little dispersion, while thest
the subject. of the 2 by 2 velocities maps is roughly unchanged.
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Fig. 4. Joint speed coordinations in free pointing mode. Fig. 6. Joint speed coordinations in non-natural imposedtipg mode
with & = 1.0 ande = 0.0.
. _Mode 2 .
Joint speeds 1 - 2 Joint speeds 1 - 3 Joint speeds 1 - 4 Mode 4
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Fig. 5. Joint speed coordinations in natural imposed pontnode with . . o . . L
k—1.0 ande = 0.0. Fig. 7. Joint speed coordinations in non-natural imposedtipg mode

with £ = 0.4 ande = 0.8.

Speed coordinations computed for mode 3 and 4 are shovg

respectrllvelybon f|gurde_f§ ;md b7 For these modes, constraigl, s 45 shown on figure 9. It is important to specify that the
vector has been modified to beco@uodiiea = [0 1 0 3]. g piact s free to choose the movement duration and the stops
The coordination gradient is thus three time much as for th§, ation at each point. He is simply asked to mark a clear
natural one. o stop. It explains the difference of time scale. Similarle w
During step 3, a non natural synergy is imposed byan ghserve on figure 10 that wrist (end-point in our case)

the system. As expected, the subject seems to have M@igactories is not significantly modified by the coordinati
difficulties to respect the non-natural coupling. Obseyvin .qnstraint during the different modes.

the interaction force averaged along the motion, as shown on
Fig. 8, it appears that the exoskeleton applies to the subjec IV. CONCLUSION AND PERSPECTIVES

arm more resistive forces to impose the non-natural cogplin The original control law presented in this paper allows

Moreover we see that the force levels are similar for nog, impose speeds coordination through viscosity conggain

constralned movements (mode 1) and for natural 'mpos'\n’/ﬁthout constraining end-point motion. Experimental fesu
coupling mode (mode 2).

Moreover the mechanical power dissipated by the control
law during movement i = Tch- For each control mode, :\Izlean of force levels from arm and forearm sensors gx10” Mean of power dissipated
P mean is presented on figure 8. For the first modeis
zero and scP is null. During the second step the torque usel
to impose the natural coordination is logically small and s
P is small too. For the two non-natural coupling steps it i<
interesting to notice that, when tleescalar modulating the
second control torque is 80%, the dissipated energy islglea
reduced.

Although forces applied on the subject arm by the ex- =~ T mees e o

o§kel_eton are n_]ore important to apply a npn-natural COOFig. 8. Mean of force levels and mean of power dissipated dshesontrol
dination, the wrist speed level (corresponding to the robetode.

Hd-effector) is not significantly modified during the diffat

10|
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Fig. 9. Norm of the wrist cartesian speed for each control enod

(7]

Wrist trajectories for each control mode
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Fig. 10. Wrist trajectory for each control mode. X-Y and X-ibjections. [12]

show that, thanks to redundancy, this control provides ¢o tH13]
4-DOF exoskeleton the ability of imposing a joint coupling
relationship to a human arm without disturbing the hand
trajectory and velocity. Notably, starting and stoppingnp®
of the hand trajectory are not imposed. Moreover the eneré’;/‘]
dissipated by the control can be reduced down to zero.
We believe that this kind of robotic control can provide an
interesting tool for neurorehabilitation. After measigricur- [15]
rent pathologic synergies of a patient, a correction, ddfine
in agreement with a therapist, could be applied by the robot.
Helping and correcting effects of the system are tunable
thanks to the: scalar modulating the second torque. [16]
Future investigations will imply a larger number of subgect
to evaluate more preciselyande value effects in the whole [17]
workspace. Moreover, we are studying the use of PCA, on
arm joint speeds, to express a coordination between all the
joints controlled by the exoskeleton. The important nespst (18]
is to conduct experiments with hemiparetic patients sunfger
from pathologic synergies. An open problem is to design an
appropriate set of correction constraints from obsernatio (19]
on a given patient.
[20]
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