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A methodology to quantify alterations in human
upper limb movement during co-manipulation with
an exoskeleton

N. Jarrass, M. Tagliabue, J. Robertson, A. Maiza, V. Crocher, A. R&wgmi, G. Morel

Abstract—While a large number of robotic exoskeletons have to map the robot design features and performances to its
been designed by research teams for rehabilitation, it remains clinical effectiveness. Assessing the robot’s perforneais;
rather difficult to analyse their ability to finely interact with a by itself, a difficult problem due to the interactive nature
human limb: no performance indicators or general methodology o s -
to characterize this capacity really exist. This is particularly of the device: simply I|§t|ng engineer-world .scores, sueh a
regretful at a time when robotics are becoming a recognized Maximum force, bandwidth or range of motion is of course
rehabilitation method and when complex problems such as informative regarding the robot’s capacities, but it seems
3D movement rehabilitation and joint rotation coordination insufficient in the quantification of how well the device can
are being addressed. The aim of this paper is to propose ainteract with a subject.

eneral methodology to evaluate, through a reduced set of simple . . o . . .

igndicators, the abili?yyof an exoskéleton Qt’o interact finely and in g ,TW(_) important features can be 'de”F'f'e‘?' to d|st|ngwsh-bdha .

controlled way with a human. The method involves measurement Itation erOtS bet\_’\/_een each other in view of comparing their

and recording of positions and forces during 3D point to point Interaction capacities.

tasks. Itis applied to a 4 DoF limb exoskeleton by way of example. Considering first the mechanical design, manipulandure-typ
robots, based on the end effector approach in which the

Index Terms—Exoskeletons, rehabilitation, physical Human- human-robot interaction occurs at the hand are to be distin-

Robot interaction (pHRi). guished from multi-contact devices, which present an inter
esting perspective for robot therapy. Exoskeletal and imult
. INTRODUCTION contact devices, have received growing interest in recent

A. Context years, including in the field of rehabilitation [9]. The main

differences between an exoskeleton and a manipulandum are
H]e kinematic redundancy and the presence of multiple conta
points between the device and the patient’s limb. There are a
number of exoskeletons under development for rehabditati
urpose with various objectives, joint designs and actsato

developing over the past decade [4] and is expected to bri r a recent and exhau_stlve overview, see [10]). Th_ree_ of
hem are under evaluation for shoulder-elbow coordination

benefits over traditional rehabilitation methods, mostly aa aining in healthy subjects and stroke patients. The iPAM

result of the large number of movement repetitions Whicg‘D rehabilitation robot is composed of two pneumatic robots
i i i . H - .
can be provided by robotic devices [5]. However, rececontrolllng the forearm and the upper arm [11]. The ArMin

clinical systematic reviews, including several robot desi . . . . . .
failed to demonstrate clear benefits of robot therapy ov{aorb ot [12] is a haptic robot with semi-exoskeleton kinercs

traditional rehabilitation methods [6], [7], [8]. Unquizstable Wt four active (shoulder and elbow) and two passive degree
proof of clinical benefit is still lacking in the literaturdlost of freedom. The T-Wrex is a passive device which provides

; . g . .. gravity compensation [13], [14].
importantly to the robot designer, it is currently impossib A second crucial characteristic of a rehabilitation rotmits
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The potential of robotics for the rehabilitation of the uppe
limb of patients with post stroke hemiparesis is now we
recognized [1], [2], [3]. Robotic technology can enablelyar
intense and motivating rehabilitation and assist thetapigio
face a growing number of patients. Robot therapy, has b



multilink segments and the redundancy of the motor systemas validated in this way using a PID driving a loaded robot
as evidenced by kinematic regularities or invariances sufdrearm. Gopura et al [30], evaluated the capacity of a rédot
as the smoothness of the endpoint kinematics [18] and ttiisplace the passive upper limb of health subjects. Kigandi
presence of inter-joint synergies [19]. The effect of humddyanage [31], evaluated co-manipulation tasks by assgssi
neural constrains on human robot interaction is only beégmn the effect of assistance provided by an exoskeleton during
to be explored [20] as well as the importance of humameaching tasks in healthy subjects. Rosen et al. [32] dpeelo
robot cooperative control for rehabilitation and trainif&j], a more complex evaluation technique for their power amplifie
[22], [23]. In addition, due to the fact that neuro-rehdhtion structure including human arm moment and load moment,
addresses issues relating to motor learning, the machimeschanical moment gain, mechanical work ratio and muscles
must allow patients to express whatever movement they cactivation ratio. However, none of these approaches irchrd
without hindering or suppressing any motor capability [24Experimental evaluation where scores are attributed tesish
The great advantage of exoskeletons for rehabilitatiornés tperforming tasks under robotic assistance. To the authors’
possibility to control the segments of the upper limb andthknowledge, iPAM is the only multi-contact rehabilitatiosbot
directly influence movement synergies, e.g. shoulder elbdhat has been evaluated through comparison between natural
coordination which is known to be perturbed following seokand assisted movements, [11]. The authors assessed peak
[25]. Improving shoulder elbow coordination may improveleviation of the hand trajectory from a hypothetical ideal
function, thus impacting on the daily lives of patients [26] straight-line trajectory, the position of the hand in 3D and
It is thus very important that an exoskeleton should exhikibe transverse plane and cyclograms of shoulder-elbowomoti
transparency. As has been suggested in [24], the robot migstonclude on the limited impact their robot has on subjects
be able to 'get out of the way’ if the patient is capable ofVe suggest that this approach is highly pertinent, because
making the movement. In this situation the robot is passivietakes into account the kinematic redundancy of human-
and thus must not perturb the patient's movement. Equatly fimbot system due to the fact that the arm has more DoFs
evaluation purposes, if the robot is to measure the pasierthan those necessary to perform the reaching task. An asalys
movement capacity, it must influence the movement as litt@sed solely on endpoint parameters could give an incoemplet
as possible. picture of the kinematic consequences of the pHRI. However,
In co-manipulation, transparency relates to the abilitythed in addition to the kinematic redundancy taken into accoynt b
robotic system interacting with a human who is movinfl1], a multi-contact human-robot system is also charéaxdr
voluntarily, not to resist the intentional motion, and aglsu by dynamic redundancy which must be considered. Indeed,
to allow natural, unperturbed movement. From an engingerithe number of force and torque components which can be
point of view, this comes down to applying a null force angroduced at each fixation point (6) is larger of those diyectl
this is a good indicator of the ability of the system to geteeracontrolled by the device (4). Thus in order to fully investig
precisely controlled forces. Indeed, any residual forcat thpHRIs, it appears very important to include an evaluation
is applied to the subject’s limb during voluntary movemerdf performance in terms of all the force components. For
will act as a bias when non zero forces need to be applial these reasons, we propose a methodology consisting of
by the robot on the subject. Because human movementaishree-level evaluation of human-robot interactions:perrat
often performed with low limb impedance/stiffness, it igywe trajectory generation, joint rotations and dynamic int&om.
sensitive to perturbations [27]. Even small interactiorcés We chose to carry out this evaluation with the robot in
could completely alter the coordination of the movement. transparent mode for the reasons described in the Context
section. The evaluation consists of comparing simple paint
movements made by healthy subjects with and without the
device connected to their limb, through a set of performance
Despite the importance of a fine control of interactiomdices representing the three levels of analysis. Thisatkt
between the patient and the robot in the rehabilitationexdnt ology is described in Section II, together with a simple
there is a lack of performance indicators or methodologxperiment to obtain force and kinematic data. This data
allowing objective evaluation of pHRIs, especially for tiul is used to calculate the different performance indicators.
contact devices [28]. Namely, apart from the evaluation &ection Ill, we apply this methodology on healthy subjects
mechanical and control performances, which are generalljth a 4 active degrees of freedom (DoF) arm exoskeleton.
available in the literature (see [10]), no generally addpte- This exoskeleton, called ABLE, was developed with great
teria exist to directly evaluate alterations in human moeeim attention paid to the reversibility (or mechanical trarrspay)
parameters caused by the mechanics of the robot or its ¢tontssue [33]. Results are presented in Section IV and a digxuss

B. Existing evaluation methods

limitations. on the methodology is proposed in section V.
Mechanical approaches use the device bandwidth as a anteri
for evaluating performance. If the bandwidth of the exoskel II. METHODOLOGY

ton is smaller that of human movement, it is considered
that robot will alter human movement or perception [Q]A
Other approaches consist of applying a load to the robot orWe suggest that transparency should be evaluatéaotatly
fixing it to a subject and evaluating its ability to follow aactive modethe subject performs the movement actively and
trajectory. A reduced version of the IKO exoskeleton [2%he robot only follows without exerting active forces. Iristh

. General description of the experiments



mode, a robot can be qualified as transparent if the interactiwhich will be used in the Performance Indicéd) presented
forces applied on the human arm are null (or very low) artuklow.

the trajectories appear kinematically equivalent to momets

carried out without the robot.

We propose a comparison of movement parameters recor@edPerformance indices description

during a simple pointing task performed by healthy subjects 1) Performance indices based on end-point trajectories:

with and without the exoskeleton. Pointing movements goe "Se chose to analyze 4 kinematic indices which inform us

resentative of movements used during 're'habllltatlon 88SSi o1t different characteristics of the endpoint trajector
and are easy to setup and to analyze. It is important to pasiti

the targets in such a manner as to ensure that the subject has Pli: Movement durationsimply corresponds to the time

to explore different regions of the workspace, thus invugvi taken to carry out the required movement and gives
different joint rotations. an indication of the ease of moving under different
Another important aspect is to allow a few minutes of free conditions.

training so that the subject can feel comfortable and safie wi Pl1 = tend — finit (1)

the device since initial movements may be perturbed by the

neweness of the experience. A good indicator that the subjec Wheretini andteng have been identified as the first and
is ready to perform the experiment is when he/she feels safe the last frame, when the endpoint velocity is greater than
and when the movements between two targets are qualitativel 5% of the peak pointer velocity.

repeatable. o Ply: Velocity profile symmetryTime of acceleration, di-
vided by total movement time indicates how the velocity
B. Measurements profile is altered. Perfect symmetry gives 0.5, while if

the index is small, more time is spent in deceleration,
indicating possible problems with the regulation of ireerti
of the system,

We propose both an analysis of kinematics and of interac-
tion forces between the robot and the subject.

1) Kinematic parameter measurementa: Codamotiof® N
system was used to record the displacement of 6 optical pl, = 2cc it 2)
markers placed on the subject's arm. For the calculation tend — tinit
of joint angles, we chose the rigorous formalism of the wherety is the frame when the peak of velocity occurs.
ISB shoulder group [34]. Analysis was focused on shoulder, pl;: Smoothness analysihe jerk metric (average rate
elevation and elbow extension. of change of acceleration during a movement) is defined

as
2) Force measurementgor force recording, we chose to

fit the exoskeleton with one F/T (Force/Torque) sensor per o 1 /tend Kdgx)2 <d3y> 2+<d32)z| dt (3)
fixation point between human arm and the robot. These sensors > tong— tinit i dt3 dt3 dt3
have to be placed serially in the fixation mechanisms chain.
Specific care has to be taken for the processing of F/T data. In where [x,y,Z are the recorded endpoint (hand) coordi-
order to evaluate equivalent moments applied by the robot on nates. Large values fdtl; indicate that many corrections
the arm segment, moment components read at the sensor centerare made during the movement which would mean that
should be calculated at the center of the upper limb segment the subject had difficulty in guiding the robot. To avoid an
to which it is connected (see Fig.1):@ is trﬁsensor center effect of execution time on this parameter, the trajectory
and G the upper limb segment center, wiG = dZ, then of the hand was always resampled at 200 frames before
moment at poinG shall be computed by: computing the jerk.
— — = — o Pls: Trajectory curvature.The maximum deflection of
Mg = M, My, M| =Mc —CGAR the hancjj patr?from a straight line joining the initial and
with R = [Fx, Fy,F2J'. In practice,d is a constant distance final positions shows if the hand is deviated from its
estimated from where, on average, the upper limb segment hatural path. If a large deviation is observed during co-
is centered. manipulation with a robot, as compared to free motions,
this suggests problems related to friction or inertia on
particular axes or robot stiffness and damping structure

init

forearm axis Y\

/ 1 — problems.
""""""" W Y max dp(t
. J ply = —Me(t) @)
H P(tend) - P(tin)
Fig. 1. Reconstructing forces and torques applied on limimfoomponents H (W*W) X (P(tend)fm) ” . .
read by the sensor whered,(t) = is the instan-

[Piend P

—

The sensors provide data on a set of force and torque com- (@N€OUS distgnce 9f th_e Y?Ctmsmonm? poirke),
ponents(Fy, Fy, Fz, My, My, M) at each interaction point from the straight line joinind(tin) and P(tena).



2) Performance indices based on joint rotationghe YXY arm and the ulna axis for the forearm) where as the X
convention used produces angles for orientation of theaelev = and Z axes generate a transverse cut of the limb.
tion plane and shoulder internal/external rotation whicé a
linked due to the two rotations around the same axis and Plo = (Mear(|A)))/n (6)
cannot be separately interpreted in an anatomo-functivagl .
[34]. Therefore, we will only focus on two angles in this pape with A€ {F, Fy, Fy My, My, Mz}
shoulder elevation and elbow extension.

« Pls: Final joint angles.The angles of the DoF calculatedD. Statistical analysis
at the instant when the pointer touches the target. If angle

differ from the no robot condition, this may indicatet SRepeated measures ANOVA were carried out for each of

problems on particular axes he kinematic Pls with condition (robot / no robot), targét (
T . ' targets) and movement (5 repetitions) as independentrfacto

° ;Ig' "r]'r?”:; r::gem(?:]'moﬂwono'(r?tlgﬁlwlzge dcﬁlrfu'?;idnggeeyvhen significant effects were found, a Newman-Keuls post
ximu inimum Jol g unng Vhoc test was applied in order to evaluate the effect of camdit

ment and subtracted the min from the max to obtain UE)% each target. The results on the ANOVA will be presented

tot_al_range .Of motion, this parameter gives an |nd|cat|05|0th in terms of value of the probability distribution furmet,
of joint motion throughout the movement. F, and p-value

« Pl7: Cyclogram of the shoulder angular velocity accord-
ing to elbow angular velocityThis index indicates alter-
ations in joint synchronizations. These types of graphs Ill. APPLICATION TO THE EVALUATION OFABLE
are commonly used for posture coordination and gait
analysis [35]. Cyclograms are generally created fro
angular positions, but we prefer to use angular velocity
for several reasons. Firstly, velocity allows to bypass the
reference problem of the positions. Namely, a velocitk. ABLE, a 4 DoF upper limb exoskeleton
cyclogram always begins and ends (&0). Secondly, ABLE (see Figure 2) is a 4 axis exoskeleton that has

it allow implified representation of th lerati \ . ) .
atiows a simp ed representation of the accelera .ogeen designed by CEA-LIST based on innovative actuation
variations, and thus on smoothness of angular motlotré.Chnolo [36]. Its degrees of freedom are composed of a
Thirdly, velocity analysis allows to quickly evaluate the ology : 9 . P
Hhencal shoulder arrangement made with 3 coincident axes

d|ffergnt moverr_1ent phases be_cause the velocity SIénd a 1 DoF elbow pivot. The forearm is not actuated.
describes a flexion or an extension.

Note that indices PI5 and PI6 do not provide any intrinsi~

intersubject variability due to anatomical differenceswsen """
subjects. Indeed, the subjects have to touch the targels yigdn e o
a pointer, the length of which was adjusted for every subjersi e

ofthe BHOULDER

to maintain a constant distance between subject elbow &

Adduction of the

) SHOULDER »)
end-effector. L

3) Performance indices based on interaction forc@&iree  omeesow
indices were used to quantify the amount of force producc _.
by the robot. .. Fig. 2. ABLE 4 axis exoskeleton actuated by screw-and-cabtaators
« Plg: Force and moment averaged norms at the fixation
This index describes the amount of exchanged force at t
points of interaction (distributed along the arm) average
over the subjects and for each target.

The proposed methodology was applied to evaluate an
isting arm exoskeleton.

LE DoFs are shown in Fig.2 and mechanical characteristics
the following table. Most of the robot's technological

3N (Mear(” EH ) Joint Axis1 AXis2 AXis3 Axis4
Plgt = ———F——— Abd/Add. | Int/Ext Rot. | Flex/Ext. | FIex/Ext.
(5) _ Shoulder Elbow
~ ’ Amplitude 110 deg.
Plo — z(Mear(HMH)) Motors DC Faulhaber type
8t = n Transmissions Ball-Screw and Cable (SCS)
— — Speed >1m/s
where FH = /R +FR}+F2 HMH = /MZ+MZ+M2  ~Joint torque 18 Nm 18 Nm T3Nm | 13 Nm
andn is the number of Subjects_ Equiv. effort in hand 50N 50N 50N 50N

« Plg: Mean of each force and moment component absoriginality comes from its actuation and transmission sys-
lute value for each sensoilhis index allows a better tem, which is based on a patented Screw-and-Cable system
understanding of the force interaction phenomena, K8CS) [33]. The hardware characteristic of ABLE makes it
presenting the results along each axis. In accordanceato excellent platform for physical rehabilitation theegpilts
the ISB convention, the Y axis of the sensor is orientaghturally compliant joints ensure safety when using theotob
parallel to the human limb axis (the humerus axis for ther patients with physical disability.



B. Experimental Setup A Codamotiof® system was used to record (200 Hz sampling
1) Device control: It is essential to make the ABLE aSrate) the position of active markers placed on th.e subjedt an
transparent as possible, in order to limit the residual gor@/SO On the robot (for data control) as shown in figure 3. Only
level, which may appear due to hyperstaticity, inertia ar f results relg’qve to the subjects W_|II be described h_ere.
tion. As ABLE is only fitted with optical encoders, we do not WO conditions were tested: without robot (subjects made
have access to an acceleration signal. The transparerfuysis {"ovements without wearing the exoskeleton) and with robot
achieved by an experimentally identified gravity compeingat (SUPjects made movements with the exoskeleton). Subjects
for all axes. The robot controller architecture is based on"4re allowed to practice moving with the robot for 5 minutes
PC104 board with two endowed 3 channel axis controllers. REOT t0 recording. Five movements were recorded to eaeh tar
runs the compensation open loop control law at 1kHz usinggst' Subjects were instructed to move as naturally as dessib
real time operating system (RTlinux). to touch the target.
The controller was also fitted with two Analog and Digital /0 .
PCI cards (a National Instrument model 6034E and a Sensory
526) which were used for acquiring the readings of the two
F/T sensors during the movement every millisecond. Note tha
F/T data is not used in real time at the controller level, hsea
they are installed only during the characterization phase.

2) Task: Ten voluntary subjects were involved in this
experiment. In order to exploit the robot's DoFs, pointing
movements were made in a standing position to four targets &
positioned in different parts of the work space allowing us Mg
to analyze the interactions between the subject and the robo
when different axes of motion were involved. Three linesaver
drawn from the Start'”g p03|t_|on, onein _the para-saglﬂmhp Fig. 4. Subject pointing to different targets wearing exaston.
and the others at 45either side 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 targethteig
was positioned at the level of the exoskeleton elbow axis for
targets 1-3 and target 4 was positioned above target 2, the End-point analysis: RIto Ply

height was equal to the horizontal distance between targetsor the calculation of kinematic parameters relating to the

IV. RESULTS

1-2 and 2-3 (see Fig 3 and 4). hand trajectory, the 3D trajectory of the markers was snembth
using a zero-phase forward and reverse digital filter at 5 Hz.
z [ Robot . . .
I 1 Subject This reduced noise related to the recording system.
X y Tafge“‘\ L) T4 Horizontal plane
Target 1 1200 m T T4
T2
Target 2 |} E 3 m T3
600 =
£
Target 3' 500 ’
tmml 4000 o0 ]
O [mm]
Starting point ——  NoRobot ——  Robot
Sagittal plane Frontal plane
200 T4 T4
E L
Fig. 3.  Schematic of the Codamoti8h markers positions during the ° P m N
experiments (In red, markers on the arm, in blue markers on thet i s ) S B
green markers on the targets)
. . . . . . €
The starting point was standardized with the elbow in maxi- o
mum extension, the humerus vertical and the forearm in mid ™

prone position. The SUbjeCtS rested their backs againSt the 5. Trajectory of the pointer for subject 1 in the threeditions (the
support of the robot and_ a Iarge belt was used FO pre\_/{#ﬁée ﬁﬁovement repetitions have been averaged). The blueslimesents the
trunk movement and a splint was used to prevent wrist motioNo robot” condition, the red "With the robot” one

both of which would confound analysis of shoulder and elbow

angles. A pointer was fixed to the splint. Visualization of the path of the endpoint under the différen
Ten healthy volunteers naive to the study were included ¢@nditions gives, in Fig. 5, a qualitative impression of the
male and 1 female). They were all aged between 22-30. Theffect of the robot on the human movement. It is obvious
gave informed consent according to ethical procedures. that the interaction with the robot deviates the hand fran it



natural path particularly in the horizontal and frontal ra. 50
From the results in Fig.6, that are averaged over the 10
subjects and the five repetitions, it is evident that the tobo
alters the kinematics of the hand trajectoBl;: execution
time is longer with the robotH(1,9) = 27.59, p < 0.01). i
Pl, indicates that the deceleration phase was proportionally o 0
longer with the robot suggesting that the movement was
affected by additional inertia and perhaps the friction was
overcompensated-(1,9) = 30.16, p < 0.01). Pl3 shows that
endpoint path tended to be more curved for Targets 1 to 3
with the robot as shown in Fig 5, and less curved for Target
4, but no statistically significant effects were found. Hina
Pl4 indicates that jerk was significantly higher with the robot
(F(1,9) =17.73, p < 0.01) suggesting that the subject made
more movement corrections in this condition. For each OjemeFig. 7. Pls andPlg: Final joint angles and Angular range of motion for the

Pls the effect of the robot interaction was similar for atbets. two considered angles (shoulder elevation and elbow eitenRed: with the
robot; Blue: without

50

D /ﬁ%

40

I Ny

Elbow Range (deg)

10

Shoulder Range (deg)

] : '
: \/ :

T3 T4 ™ T2 T3 T4
Target

Elbow Final Angle (deg)

Shoulder Final Angle (deg)

— i %0.44 T T T
B oo velocity is altered (movement with robot is faster or slower
= 14 [ .
g 2 088 [ A drift of the cyclogram from one of the four quadrants to
§ 1 EO.SZ
& ‘ Target 1 Target 2
T T2 T3 T4
Target 100 Velbow< 0 Velbow> 0 100
o2 [ 50 Vshoulder> 0 [Vshoulder> 0 50 \
oo ° [ i 0 \/ 0
§ooa E 4 [ -50 Velbow < 0 Velbow > 0 -50
E r\r\/I -100 Vshoulder< 0 [Vshoulder< 0 -100
E e ‘ ’ -100 -50 0 50 100 -100 -50 0 50 100
m T2 T3 T4 T T2 T3 T4 Target 3 Target 4
Target Target
» 100 100
ks
Fig. 6. Pl to Pls: Mean and standard deviations for the 4 kinematic Pl 5, 50 E 50 @
related to pointer trajectory. (Red: with the robot; Blugthwut) g 0 0
5
T .50 -50
=}
B. Joint rotations analysis: Blto Pl; 5 -100 -100
1) Pls and Pk: Final joint angles and Angular range of -100 50 0 50 100  -100 -50 O 50 100
motion: As illustrated in Fig. 7, both range of elbow motion Velbow (degreg's)

(F(1,9) =178, p< Q.Ol) and _shoulder motioR(1,9) = Fig. 8. Pl;: Example of one subject velocity cyclogram during movement
729, p < 0.01) were increased in the robot versus no rob@i the four targets (Blue: without robot; Red: with robot)

condition.

Post hoc tests showed this was significant for elbow extesmother indicates a change in the movement and a new phase

sion for target 2 and for shoulder elevation for targets 2+klationship. In the example given here, during the movemen

suggesting that the robot particularly carries the uppen ato target 3, even if synchronization seemed to be preserved,

segment away from its natural trajectory. Analysis of final bigger flexion (negative elbow velocity) indicates a highe

angles showed that the elbow was significantly less extendgshmentation of the movement.

(F(1,9) = 214, p < 0.01) and the shoulder more elevated

(F(1,9) = 17.2, p < 0.01) in the robot condition compared , ,

with the no robot condition although post hoc testing showéd Nteraction forces analysis pland Pb

this was only significant for elbow extension for target 1. Analysis of this parameter is obviously limited by the fact
2) Pl;: Cyclogram of the shoulder angular velocity accordthat it can only be measured in the robot condition. However,

ing to elbow angular velocity:Fig. 8 presents the velocity it provides a quantification of the general residual, urmeelsi

cyclogram during movement to the targets of one subjeend uncontrolled forces acting between the subject and the

There exists several ways to analyze such a graph: if ttabot. Indeed the experiments are conducted with a robot in

overall shape is preserved but there is a scale factor betwea active mode, and theoretically no forces should be applie

the two conditions, then articular coordination is presdriaut on the upper limb on the component controlled by the robot.



Fig. 9 indicates the overall force level for every targetraged a typical problem due to the inability to adjust the exostale
over the ten subjects which appears higher on the forearm (upb lengths to the human limbs.
to 12N and 6N.cm) than on the upper arm (up to 8N and

V. DISCUSSION

10 ‘ i Target 1 | In this paper we have proposed a methodology for the
0 evaluation of pHRI, which we applied to the example of
a 4 DoF exoskeleton. This work was a pilot study which
20 ' ' ' Targ'et2 aime_d_, not to quantify the perturbations induped by_a
10" _ ] specific exoskeleton, but to focus on the necessity of using
0 a rigorous methodology to gain a deeper understanding of
20 . . . . physical human-robot interaction. In particular, the megd
10} i — Target 3 | methodology aims at evaluating the effect of interactiothwi
a multi-contact robot at three different levels of human onot
0 performance: endpoint trajectory generation, joint fote
20 ' ' i Tar 'et 4 and dynamic interactions. This required the use of a reteren
10-— i ﬁ g T condition without robot in order to quantify alterations in
0 movement parameters caused by the robot. The method

HFForearm can easily be transferred to different types of multi-conta
robotic devices in order to evaluate pHRI and to quantify

N
o

N, N.cm N, N.cm N, N.cm N, N.cm

HFUpper arm HMU pper arm HMForearm

Fig. 9. Plg: Forces/Moments average norm on the two fixations for the 4, . .

targets(Mean on 10 subjects) changes in performance when control laws are improved or
mechanical changes are made. However, for different roboti

6N.cm). applications such as orthopedic rehabilitation, differBiis

It is important to note that, since the low level robot conmay be relevant.
troller is designed to apply a zero torque, all the forceBhe results obtained by using a variety of Pls for each level
that appear arise from unmodelled phenomenons: robot jo@iitevaluation support our multiple approach to the evatunti
friction, robot inertia and interaction at the fixation dess of multi-contact robotic devices.
due to hyperstaticity and deformations induced by kinematDur findings highlight the complexity of these interactions
discrepancies between the robot and arm kinematics. Adetheéand the necessity of analyzing a variety of parameters.
effects are rather difficult to estimate a priori which jtiss Different conclusions could have been obtained from each of
conducting comanipulation experiments for quantificapon-  the individual parameters. For example, endpoint movement
poses. duration was increased with the robot, suggesting a slowing
The components decomposition presented in Fig. 10, allodgwn of the whole movement. On the other hand, joint
a better understanding of the physical interaction phemameangular velocities were increased with the robot (See Fig.
8) along with the joint range of motion, indicating that the

Upper Arm sensor Forearm sensor slowing of the endpoint movement was not related to a
g 10 10 general hindering of motion by the robot. Similarly while
z 5 Targetl g Target 1 analysis of the endpoint and joint rotation parametersdoul
z Upper Arm sensor 0 Forearm sersor have Ieaq to thg cqnclusmn that movement altergtlons were
= due to friction-inertia phenomena or to the action of the
Z 12 Target 2 13 Target 2 device motors, the analysis of the individu_al inter_actiomé _
0 0 components (See Fig. 10) shows that kinematic alterations

Upper Arm sensor Forearm sensor are also likely to be due to hyperstaticity and misalignment
5 10 10 of subject-robot joint axes.
Z 5 Jarget g 5 Target 8 The analysis of interaction forces and whole-limb kinewsati
z 0 Upper Arm sensor 0 Forearm Sensor is fundamental when the robot is to be used for rehabilitatio
£ 10 10 purposes. Training movements with a non transparent robot
Z g . .T_argetﬂf 5 -.- ITargetd, is likely to perturb the motor coordination of the patient,
= 0 0 not only from a biomechanical point of view, but also

through mechanisms of sensory-motor adaptation. The
Fig. 10. Plg: Mean of each force and moment absolute value for the uppg’renspry feedback produced Wh,en the patient mpves while
arm and forearm sensors (Mean on 10 subjects) wearing the exoskeleton could induce changes in sensory-

motor maps resulting in unnatural motor strategies. Indeed
IndeedF and F, are the forces transmitted from the subjedhe neurologically-impaired patients for whom these types
in order to displace the robot where&g My, My and M, of robots are conceived have sensory-motor integration
are not compatible with the robot motion and thus arise frodeficits. It is thus particularly important to minimize estal
hyperstaticity. Figure 10, for example, indicates a higicéo interferences which could influence motor learning proesss
level for theF, component (along the upper arm axis), which is



In the future, the methodology described here will be usetb]
to evaluate the quality of human-robot interactions in the
framework of iterative prototyping of the robot and of its
command laws. In particular, we recently developed a ngu;]
system of fixations allowing the release of some degrees of
freedom in order to reduce hyperstaticity and to adapt the
robot to the size of the human subject. The present method
will be used to test whether this new system improves tle]
quality of human-robot interactions. In addition, inndvat
command laws directed to the control of joint rotations args;
under development in order to target rehabilitation exe<xi
for hemiparetic patients, focusing on shoulderelbow coor-
dination. The present method will be used to evaluate the
effects of these new commands in healthy human subjects aungl
perform fine adjustments before investigating the concept i
hemiparetic patients. It would be also interesting to datee
the quantifiable improvement of the different Pl with theuatt [15]
changes in the subject perception of the robot. This study
would allows to focus further technological development 0H6]
the interaction aspects which appear to be more criticahfer
confort of the robot users. Finally, this method could belgas
adapted to other exoskeletons in order to gather comperaiiv
data on the human-robot interactions with different rabot ]
structures.
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