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Experimental evaluation of several strategies for
human motion based transparency control

Nathan&l Jarrass, Jamie Paik, Viviane Pasqui, and Guillaume Morel

Abstract

Human interactive robots continue to improve human qualitiife with their
diverse applications. Their field includes, but is not leito, haptic devices, force
feedback tele-manipulation, surgical co-manipulatioedioal rehabilitation, and
various multi-degree of freedom robotic devices where thmdn operator and
robot are often required to simultaneously execute tasttsaliaborate with a spe-
cific share of forces/energy. More than tuning mechanicsigte the robot control
enhancement with a force sensor, is the key for increasagsparency (i.e the
capacity for a robot to follow human movements without anynan-perceptible
resistive forces). With an ideal robot control, the intéi@t between robot and hu-
man would be extremely natural and fluid that the comaniprabf tasks would
seem to be achieved with a transparent aid from the robotsikah, the classical
force feedback control in certain cases still seems inseiffi@s is often limited by
various factors (noise, bandwidth limitation, stabil&gnsor cost..etc). Our experi-
ments are focused on evaluating the performance incredsems of transparency
of controller by using human motion predictions. We evatusdveral ways to use
predictive informations in the control to overcome pregesmsparency limitations
during a simple comanipulation pointing task.

1 Introduction

Our goal in this paper is so to study comanipulation betweehwanan operator
and a robot configured in a transparent mode, minimizingefrexchange at the
interface. This kind of transparent robot control perfonc@index that applies no
resistance to a zero-resistance experiment is rightfallgd transparency. This per-
formance index is severely affected by friction, momenneftia and system band-
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width. Our ideal situation where no forces are exchangeddsst robot and human
operator, can appears strange and quite disconnected &anapplication but in
fact, this kind of transparency mode could be really useafudl lot of domains like
haptic, rehabilitation, or basic comanipulation, wheregses forces are needed to
be applied only at certain times and we need to be sure ndeictlhaé operator move
the rest of the time. Indeed the early use of robotics in riéitetion field should not
make us forget that robots- like orthosis for upper limb @litation- are presently
mostly not enough transparent to be really sure not to digiatient, to be precisely
aware of applied forces on his body and to use the robot as aofveneasuring
patient movement characteristics [1]. Surgery robots ¢smr@quire high level of
transparency in order, for example, to confine a tool in a ddfirolume and to pre-
vent any distortion of surgeon’s motion. Indeed reachirmgpévels of transparency
could be a great mean to seriously evaluate robot applieg$obecause being able
to effectively generate zero forces at the interface isfpwboapabilitie for a system
to produce a precise strengh.

But in any cases, friction and inertia, which are unavoidabimit the overall sys-
tem bandwidth and its transparency. The most popular soltiti this problem is to
include a force sensor mounted at the precise place whergpieency is needed
(usually between the wrist and the end effector for a seraipulator) and to im-
plement force feedback control. Force feedback controhalito cancel quite easily
the static joint friction phenomenon. However, it suffemsm several limitations :
stability, drift, bandwidth limitations. In addition to sirete control problems and
sensor noise, dynamics between actuators and force seirastieally limits force
controller performances [2]. Bandwidth limitations are tihajor problem of these
controllers [3], which in turn address the antagonisms efdlsign such as rigid-
ity vs inertia and friction. Moreover, to ensure robustnasd stability, the control
gains of robotic systems interacting with human, are géiydmaited. Indeed sta-
bility criterion like the passivity one [4] severely limitse performance of force
controlled robotic systems.

Research works concerning overcoming force control bagithiwimitations with a
new approach based on predictions of the subject’s intenae@ment are appear-
ing. The control principle is to overcome the force closexplbandwidth limitations
with a feedforward loop fed with predictive informations.

The general idea developed in this paper is so to exploitlabégmdwidth low level
controller in combination with a feedforward compensatmsdd on a human motion
prediction. Several ways to use prediction exist and nede tevaluated: One is to
use a stiffness control feeded with the predicted trajgaienerating an impedance
around it, and the other is to use a computed torque feedfdrwa

Our experimental controller so combine a joint position pemsator, a feedforward
trajectory tracking, and a direct force feedback term. Apezimental platform was
then set up to evaluate this controller and the differenploombinations. Recall
that our aim is not to predict movement, but to understand twouse this predic-
tion at the control level. With this aim, a specific experir@mprotocol was de-
fined (see Section 3). First, we record several movementssabpect repeatedly
to realize a free planar reaching task; an averaged datxtsatted from the free
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reaching tasks is then used as a prediction during the @a@spy experiment. The
transparency experiments consist for a given human suinjeepeating the same
movement while being attached to a robot, while several ¢coations of the three
control strategies are combined. Meanwhile, transparisreyaluated (i.e. the force
magnitude at the interface is measured). The averagedimgrgal results obtained
with a limited number of subjects are presented and compar8dction 4. Finally
in Section 5, we discuss about the impact of introducing humation prediction
into transparency control and about the further experirf@rgndorsing and gener-
alizing these first results.

2 Technical Approach

To derive a general control structure for a transparentact&e robotic device, we
start from the trajectory of predicted movement of the humperator. The initial
time of this movement, t0, is also known. When the real motibthe operator
is denoted gr(t), for a perfect motion or the robot preditti® thus characterized
by qq(t) = g, (t) whereq,(t) is the robot joint trajectory. Furthermore, the robotic
device is supposed to be governed by the following dynaneigahtion :

Im+J"(q)Fed = H(q)d+b(q,q) +9(q) + % , @)

Having the dynamic equation, we applied three control etfias to increase the
transparency of the system. The first is a force feedbackadihiat uses a joint-
level torque compensator whefg, is used to map the measured for€g; into

a joint equivalent as the reference to the force minimizaperformance during
the experiments. The second is a trajectory control, foctvitihe robotic device is
programmed to precisely follow the desired trajectqgyt) with a joint position
compensato€p.The third strategy that is implemented is a feedforwargetary
tracking wherd m(qq, 04, fq) is the estimation of the torque that the actuator shall
produce in order to follow the desired trajectory.

[m1=—Cs [3'(q) Fed] . 2
Im2=Cp[da(t) —q(t)] - 3)
3 = Fm(dd, 4, Ga) (4)

Note that possible realization of the torque feedforward is

Fm(dd,Gd, Ga) = H(da)Ga -+ b(qd, Ga) +8(qa) + 17 (5)

Again, with a perfect prediction and a perfect torque ediiona one getgy(t) =
gq(t) = qr(t). Moreover, with this approach, in contrary to the first ®ggt a small
discrepancy between the predicted and real motions wilpraduce high forces at
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the interface. This is why we expect this approach to progiddetter feeling of the
transparency.

In the rest of the paper, the controller will be a weighted sirthe three strategies
described in Equations (2), (3) and (4):

[m=a1lm1+ 02lm2+ aslm3, (6)

wherea; € [0,1], fori € {1..3}. Tuning the parametexs is a way of applying the
different strategies, alone or in combination.

Desired Force
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Movement

External
Prediction

b
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Fig. 1 Three strategies controller

3 Experiments

3.1 General approach

A combination of three control strategies is tested withanpt manipulation task.
For the task execution, we used a commercial haptic deviesal fitith a custom
made handle mounted with position and force sensors. Aégopming the same
simple point-to-point movement, the result are collectdafveraging and filtering
to synthesize a movement model of the subject trajectong iodel is later used
as a prediction for the transparency experiment.

Starting signal LED

_______ Trajectory deviated by robot structure
,,,,,,, Natural human trajectory

Fig. 2 Left: Simple point-to-point movement. Right: 3D view of the déamand of the experimental
setup
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A specific apparatus was used in order to focus subject ettean the start signal
and the start and end areas and for the robot availabilityabe known by the
subject and so not to hinder the experimental results: Asisgeigure 2, an opaque
surface was installed hiding the hand of the subject. Inraiaallow the subject to
see his/her hand position through the opaque surface paadhe table and the
robot, a laser pointer is placed inside the handle and pogespot on the surface.
Starting and ending locations are always visible over tlagop surface throughout
the experiment. For all the tasks, no particular speed vsirlcted so that the test
results display that of the most natural human wrist movemath a handle. The
experiments were performed with a random combination ottherol configura-
tions.

3.2 Experimental setup

The experimental campaign was performed with a Virtuoseipogator from Hap-
tion, which has a three active degrees of freedom and a jgagsist possessing
three rotation axes intercepting at poilit The handle is mounted on the end ef-
fector extremity. Between the handle and the effector, eef@ensor is installed in
order to measure the force exerted by the subject on the estwbinversely. This
measured force is used to compute the control law (2) wherdabobian is com-
puted at pointV.

The 6-axis force/torque(F/T) sensor is an ATl Nano43 Tranedallowing us to
reconstruct the 3 forces and 3 torques components. Theeénamnalso fitted with a
magnetic position and orientation sensor (Minibird, Asien Technology), which
is installed under the force sensor, the fixed magnetic entitting placed under the
table. It provides position and orientation measuremerasl®0Hz frequency and
compute speed of the handle during the experiments. It altbescontroller to learn
movement characteristics of the subject during the prexgx@ntal part, but is not
used during the transparency tests. As the experiment dialfow level-forces, a
particular attention has been given to minimize frictiohislis why the lowest part
of the handle was designed with an air cushion system, indngoge of reducing
friction between the handle and the table, in case the stdff@ngly pushes against
the sliding surface.

3.3 Three experimental phases

The experiments were cut in three different phases: Twegperimental step and
the concrete controller combination evaluations. Durimg pre-experiments, the
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subject is first asked to perform the same movement from Hré atea to the end
area (marked up over the opaque surface by 3cm diametezgjirdlhis is repeated
five times in a row. Five attempts are enough to extract géfeatures of the sub-
ject movement, as it was experimentally verified that hgadthbjects performing
free upper-limb movements produce quite repeatable mmtion

Data are filtered and then interpolated from 100Hz recordiimam data rate of the
minibird sensor) to a 1kHz data trajectory compatible wité ¢ontrol loop clock.
Another important data extracted is the reaction time ofsihigiect (the time laps
needed by a subject to initiate the movement after the visaa signal is turn on).
Indeed, the "anticipation” is done by reinjecting a recatddaracteristic move.
It is thus important to perfectly synchronize when the scibgarts to move and
the point of the recorded motiayy starts. The knowledge of that reaction titge
is made during the learning phase and allows us to syncleanlzot anticipation
with the subject move during the evaluations experimeri¢gargé 3 shows the result
for a representative subject. experiments. The seconéxgrerimental step consist

speed (cmis)
speed (cm/s)

e
time (s)

Fig. 3 Graphics of measured and interpolated speeds for the same simuiégpbint movement
for one subject

in computingfm. Instead of sorely calculatintj11 with equation (5) and a model
parameter identification that will lead to imprecision, wecidled to use a simple
experimental method which had the double advantage of goecision and no
model requirement.

Once the trajectorygq(t) is available, the robot end-effector extremity is placed
on the start area with a standard PD position controllerEsg8). Then the recorded
interpolated average trajectory is fed to the robot colgraDuring the robot move-
ment, the motor currents are recorded. In fact, during tkieement, the position
control loop calculates the necessary torques to applytt@tars to move the robot
structure along the human subject trajectory. The regutiintput islm, which will
be used as an open-loop feedforward signal to realize thqgtien feature of the
controller.
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4 Resaults

During the experiments we used a PD compensator for thaqosibntroller which
was tuned manually to provide satisfactory trajectorylirag, and a Pl compensator
for the force control loop, which was tuned manually to perfestably and fast
enough in the whole workspace. For each subject, we evaliatieraction forces
on the handle for a simple point-to-point movement watix 0 or 1,a,= 0 or 0.2
or 1, andas= 0 or 1, as depicted in Figure 4. The experiments were peddrima
random order.

Experiment# [T T2 34 5 718 9
o oO[1Joq1 0 1 [l 1
ot oJofjJrJ1rjJoz]Jo2Jo]Jojo2
i3] 0OjJojJo]J]oO [ 0 111 1

TABLE 1
GAINS USED FOR THE 9 EXPERIMENTS

Fig. 4 The different tested combinations

In the following figures the mean for the ten evaluated subjetthe planar force
norm, f =, /f2+ f)? are presented and analyzed. Our references during the ex-

periments, in terms of the magnitude of forces at the intemagort, are shown
in Experiment 1, where the null current is applied on the tahoing the move,
so that only the residual friction of the haptic device tbgetwith its inertia are
felt and in Experiment 2, where force feedback controllarded aloned;=1 and
a2 = az = 0). We show in Figure 5 the norm of the planar force mean whsch i
observed during these two experiments.

rce (N)
)

1 / Y N
i . bl

05 1 15 2 05 1 15
Time (s) Time (ms)

Fig. 5 Left: Norm of the force at the interface during point-to4poimovement with null current
(EXP1) and force feedback controller alone (EXP2). RigtdriN of the force at the interface for
Experiments 3 and 4

As expected, force feedback control provides a better lgviehnsparency by lim-
iting the forces during the experiment mainly the averagedievel. Regardless of
the level of exchanged forces, we can observe a force pehk atdrt of the move.
Indeed, the beginning of the motion requires sudden largeegoto initiate move-
ment and the force feedback controller is finally slow to tehe to its bandwitdh
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limitations. In spite of the level of performance obtainedtbhe reversible haptic
device and a low level force feedback controller, these éxynts lead us to think
that we can continue minimizing the interaction force byhgdrajectory prediction
in the controller.

The first way to exploit this predictive information is to useigid joint position
compensatord>=1). We thus performed two experiments.Experiment 3 ire®Ilv
the trajectory controller alonexg=1 andai = az = 0) while Experiment 4 simul-
taneously uses position and force control by setting- a, = 1 andaz = 0. As we
can observe in Figure 5, the use of a rigid joint position cengator alone leads, as
expected, to large forces at the interface at the beginrfitigeamotion. The small-
est discrepancy between the prediction and the real magimhto large forces. Of
course, the force controller added in Experiment 4 comgendar this effect, but
the result of this experiment, when compared to Experimevii@re force feedback
is used alone, shows that usiog = 1 is of no interest. The use of force feedback

Exp. 5 (12=02)
Exp. B (02=02 a1=1)

e MM ’\\MWNWWA; e

05 1 [ 2 o
Time (ms)

Force (N)

Fig. 6 Right: Norm of the force at the interface for Experiments 5 &nteft: Norm of the force
at the interface for Experiments 7 to 9

control allow a minimization of the average force level, the rigidity of the joint
position compensator minimize the dynamic response oéfteedback loop.

As we supposed that this is mostly due to the rigidity of thetaaler, we there-
fore proposed to run two new experiments similar to Expentsi& and 4 whilex,
was set to 0.2. The results for Experiments 5 and 6 are plait€ibure 6. When
compared to the results of Experiments 1 and 2, respectiely emphasize a clear
decrease of the peak force. In Experiment 5, minimized gaifitise joint position
compensator allow a better tolerance to small time-lagspeatld errors but due to
robot low but constant impedance, the average force leaglistportant after the
motion end. This can be easily explained by the fact thatlgmoaltion errors often
appears at the end of the move. Adding the force feedbackeirEfperiment 6,
allow once more to minimize - even if it has a weak dynamic -ftiree exchanged
average level. We have here a controller which stifnesgsaccording to motion
prediction : When the predicted motion is a stop, the rigidityull due to the effect
of the integrative term of the force feedback controller.

Anyway, Experiment 5, is also good clue that the transpgrean be increased
through low stiffness position tracking when no force sensavailable.
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As rigidity seem to be the major problem of the previous adlfér combina-
tions, we also evalute an other way to use predictive inftiona with the use use
of a feedforward torque resulting from the desired trajgcto assist subject mo-
tion. Three experiments were finally performed: feedfoohalone (Exp. 7), feed-
forward plus force feedback control (Exp. 8) and feedfodmyalus force feedback
control plus low stiffness trajectory tracking (Exp. 9).9ré#s for these three exper-
iments are given in Figure 6.

Experiment 7 tend to show that when the feedforward termesl atone, the opera-
tor badly reacts to the robot open loop activity, which le@dsther large interaction
forces. Even if force control is used in conjunction with feedforward term, the
force level stay too important as obeserved in Exp. 8. Thditjgadded by the joint

compensator in Exp. 9 seen not to be enough to compensatadiredtion of the
subject to open loop torques. This can appear strange bertadgoints need to be
precised to understand the phenomenon and at the same tinmeqperspective

the conclusions emanating from these experiments:

e The problem of robot structure that seem not to be enougd taallow high
bandwidth force control .

e In our experiments, the 3 DOF passive wrist seem to badly diniee results.
Indeed during the experiments, some subjects seem to reeicthigher trans-
parency level with feedforward tracking coupled to forcedieack control. This
can also be show in [5]. A kind of non-linearity in the transgion of the torque
due to the uncontrolled wrist sometime appears in theseitionsl and it could
badly impact experiments.

In Figure 7,the graphs summarize the results of the ninerewpats, clearly shows
that the peak forces are minimized for Exp. 6.

1 2 3 4 5 6 1 8 0o

Fig. 7 Peak force and average force during the nine experimentedden evaluated subjects

5 Conclusions and Outlook

Finally quite interesting observations are extracted ftbencurrent results (Figure
7). The coupling of low stiffness joint position compeneatifed with predictive
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trajectory and force feedback control seems rewarding rimgeof transparency,
with a real efficiency at the beginning of the move. Theseltesead us to think
that the controller could use two strategies along a trajgct

1. The beginning and the ending of the motion requires laogeek to initiate and
stop movement which is difficult to compensate by using fdeszlback alone.
Thereforee the addition of a limber joint position compéosproduces the best
transparency.

2. In the middle of the trajectory, very little forces are de@, human haptic sen-
sibility is thus enhanced. Even a little desynchronizati@tween the applied
anticipation and the real movement may be disturbing to tifigest. Moreover,
the acceleration is small which limits the force error dutheobandwidth limita-
tion. Therefore during this second phase, the force feddbaems to be enough
to maximize transparency at the interface.

Thus, it could be interesting to use time varyimgt) in order to maximize the pre-
dictive strategy at the beginning and the end of the motiod,rainimize the effects

during the rest of the movements.

If joint position compensation with a low stiffness couplih a force feedback

control allow better transparency than force loop alone ube of feedforward tra-
jectory tracking should theoretically give as good resaltewing to cancel the

problem of rigidity in the control, main source of forces he tinterface and so
of weak transparency level. Some first exploratory expeantsienade on rigid two

DOF robot have shown that feedforward was intrusting foreasing transparency
and lead us to evaluate the phenomenon on that 3DOF hapifaioe, chosen for
its better mechanical design. Therefore a new campaignpdrérentations need
to be done with a completely active robot or a blocked passigt, to concretely

evaluate the effect of feedforward tracking in human roht#riaction control.

We leave this to future investigations, which shall alsdude a statistical results
analysis based on a larger number of subjects.
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