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But de la présentation

Présenter des outils pour la conception et la recon�guration des robots
parallèles entraînés par câbles.

• espace de travail

• synthèse automatique

• étalonnage
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Un pantographe entraîné par câbles
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Impression 3D de grands objets
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Machine haptique à trois degrés de liberté
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Machine haptique à six degrés de liberté
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Machine haptique avec grandes rotations
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Modèle géométrique d'un RPEC

l2i = ‖ai − p− bi‖22

δl = WT δs
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Bilan des forces à l'e�ecteur d'un RPEC

Wt = we
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L'e�et des limites de tension

T : t ≤ t ≤ t We : Aewe ≤ be

T Wt

We

W

w1

w2

ρ: robustesse
de l'équilibre
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t3

condition d'équilibre: We ⊂ Wt
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L'espace des torseurs faisables d'un RPEC
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Sommaire de la méthode proposée pour visualiser
l'espace des torseurs faisables

Quelques conclusions:

• méthode polyvalente

• le calcul de ρ est la seule di�culté

• l'interpolation pour visualisation se fait par des méthodes classiques

• l'indice ρ a une signi�cation claire

Piste d'amélioration:

• ra�nement de la mise en oeuvre du calcul de ρ

• application à d'autres domaines
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Aparté: la synthèse de prises robotiques



4 - L'espace de travail des RPEC 15/35

Aparté: la synthèse de prises robotiques
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Interférence entre les câbles i et j
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La région d'interférence entre les câbles i et j

aij

bij

Pij L

C−
ij

C+
ij

dj = 1

di = 0

di = 1

dj = 0

C+ij = {p ∈ R3|p = aj − bi + α(aj − ai ) + β(bj − bi ), α, β ≥ 0},
C−ij = {p ∈ R3|p = ai − bj + α(aj − ai ) + β(bj − bi ), α, β ≤ 0}.
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Application numérique: les régions d'interférence
dans six orientations di�érentes
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Arachnis: Analysis of Robots Actuated by Cables
with Handy and Neat Interface Software

Robot and Cable Parameters 

Posture Parameters 

Task Parameters Plot Workspace Save Simulation 
Data 

Cancel Simulation Simulation 
Progress 

Section specific help data Checkboxes for choosing plot type 
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Dé�nition du problème

• recherche des positions optimales des points d'attache

• espace de travail ellipsoidal prescrit en translation

• orientations constantes Qk , k = 1, . . . , q

• contraintes d'équilibre de l'e�ecteur

• contraintes d'évitement d'interférences câbles-câbles

• contraintes d'évitement d'interférences câbles-arêtes

• contraintes sur les positions des points d'attache
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Espace de travail ellipsoïdal

We = {p ∈ R3 : (p− p0)TΠ(p− p0) ≤ κ2}

• maximiser κ pour maximiser
l'espace de travail

• lorsque κ = 1, on atteint
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Problème d'optimisation avec objectif et contraintes
algébriques
maximiser κ,

sous contraintes Wk,ε(pε)tk,ε = 0n,

pε = p0 + κ(pε,0 − p0),
tk,ε ≥ 0m,

1Tmtk,ε = 1,

µT
i,j,kadj(Hi,j,k)µi,j,k − 4hi,j,kdet(Hi,j,k) ≤ 0,

− µi,j,k − 2hi,j,k ≤ 02,

ηT
i,o,kZ

a
i,o,kηi,o,k − 4det(Ni,o,k)(c

Tηi,o,k + ni,k) ≤ 0,

−D−1(ηi,o,k − 2zi,o,k) ≤ 03,

a ≤ ai ≤ a,

b ≤ bi ≤ b,

sur κ, ai , bi , pε, tk,ε,µi,j,k et ηi,o,k .
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Ordinogramme de l'algorithme
requis du RPEC:

Wp,a,b
B,a,b

B
,p0,Q0,

n,m,f ,q,nb,mr,ms.

Programme de synthèse
automatique

Ellipsoïde prescrit We (κ = 1)

ι = 1

Solution initiale

Géométrie du RPEC choisie au hasard
aι,r,b

B
ι,r
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vι,0

Programme d'optimisation locale:

méthode de point intérieur (fmincon)

v∗

vι,f , f(vι,f )

ι = ι+ 1
ι ≥ ms ?non

oui

minι(f(vι,f ))

v∗, f(v∗)

Convergence ?
non

oui

ι = ι+ 1

v?, f(v?)

Fin

1
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Exemple: synthèse d'un RPEC pour un appareil
d'IRM
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Sommaire des résultats d'optimisation
Essai ι κι,f Nb d'itérations Temps (s) Message d'arrêt

1 −−− 500 5 572.7 Solution rejetée
2 −−− 500 5 528.8 Solution rejetée
3 −−− 500 7 162.3 Solution rejetée
4 −−− 500 8 214.9 Solution rejetée
5 0.3982 1 274 13 747.1 Minimum local trouvé
6 0.6913 10 000 86 412.2 Nombre max. d'itér. atteint
7 0.8942 5 149 38 190.0 Minimum local trouvé
8 −−− 500 7 285.7 Solution rejetée
9 −−− 500 4 970.9 Solution rejetée
10 0.4933 1 523 12 112.8 Minimum local trouvé
11 −−− 500 6 808.3 Solution rejetée
12 −−− 500 6 660.3 Solution rejetée
13 −−− 500 4 459.3 Solution rejetée
14 −−− 500 4 453.7 Solution rejetée
...

...
...

...
...

64 0.9835 2 601 18 325.4 Minimum local trouvé
...

...
...

...
...

100 (?) 1.0880 301 2 675.8 Minimum local trouvé
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Détail des essais ι = 64 et ι = 100

essai 64 (κ64,f = 0.9835) essai 100 (κ100,f = 1.0880)
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Comparaison des espaces de travail
essai 64 (κ64,f = 0.9835) essai 100 (κ100,f = 1.0880)
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Sommaire de la méthode de synthèse proposée

Quelques conclusions:

• la méthode prend en compte l'équilibre et les interférences

• la méthode permet de ra�ner des essais initiaux

• la méthode semble plus performante avec l'intuition du concepteur

• les temps de calcul sont de l'ordre des heures et des jours

Quelques pistes d'amélioration:

• espace de travail polyédrique (et non ellipsoïdal)

• espace des torseurs faisables (limites de tension et de forces et
moments extérieurs)

• algorithme d'optimisation globale plus sophistiqué

• intégration à Arachnis
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Conclusion

À mon avis, on peut...

• ...prédire où peuvent aller les petits RPEC

• ...améliorer un concept initial de RPEC

• ...étalonner un RPEC avec une précision moyenne

• ...contrôler les déplacements et forces appliquées d'un RPEC

À mon avis, il reste des progrès à faire pour...

• ...prédire où peuvent aller les très grands RPEC

• ...générer un RPEC avec peu d'intervention humaine

• ...étalonner un RPEC avec une très bonne précision

• ...contrôler les déplacements et forces appliquées d'un très grand
RPEC
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Questions

?
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L'étalonnage géométrique des RPEC

An Admittance Control Scheme for Haptic Interfaces Based on
Cable-Driven Parallel Mechanisms

Alexis Fortin-Côté, Philippe Cardou and Clément Gosselin

Abstract— This paper presents a cable-driven parallel mech-
anism as a haptic interface and its underlying control method.
This human-sized, three-degree-of-freedom mechanism has a
tetrahedral architecture, four cables and evolves in three-
dimensional space. A brief review of the kinematics of the
mechanism is presented. Also, an admittance control law
coupled with a closed-loop velocity controller is proposed. The
control method is then refined by introducing adaptations for
smooth surfaces and sharp edges. This control method is then
validated by experimental results. Furthermore, the geometry
of the mechanism is identified by a method that does not require
any other sensor than the motor encoders.

I. INTRODUCTION

With virtual reality becoming more and more prominent
with CAVE-style environments and wearable commercial
devices like the occulus rift [1], arises a need to physically
interact with these virtual worlds. Some devices providing
force feedback and haptic rendering are already available to
consumers, e.g., the PHANToM [2] and Falcon (by Novint
inc). Both of these devices use rigid-link robots to transmit a
force to the user. Another kind of device is the Maglev 200
(by Butterfly Haptics, LLC), which, as its name implies, uses
magnetic fields to transmit haptic rendering to the user. All
these solutions work for their respective domains but suffer
from a common drawback: their limited workspace.

This is where a cable-driven parallel mechanism (CDPM)
as that illustrated in Fig. 1 can provide an advantage relative
to conventional mechanisms. CDPMs are known to possess
a large workspace and a low inertia, two traits of a good
haptic feedback mechanism. CDPMs are currently used in
commercial applications like the Skycam [3] and as a control
module for a radio telescope [4], for example.

The advantages mentioned above have also led researchers
to use them as haptic interfaces. Several research initiatives
addressed the development of haptic CDPMs, beginning
as early as 1989 [5]. Most reports concentrate on the
architecture and components of the CDPMs. Among the
pioneering designs, we find the SPIDAR [6], a spatial haptic
device that generates forces on the user’s finger, but little is
shown of the control laws that must have been used. Also,
Gallina [9] presented the Feriba-3: a planar three-degree-of-
freedom haptic interface sliding on compressed air to limit

*This work was supported by the Natural Sciences and Engineering
Research Council of Canada (NSERC) and by the Canada Research Chair
program.

The authors are with the Laboratoire de robotique, Département de génie
mécanique, Université Laval, Québec, Canada, G1V 0A6
alexis.fortin-cote.1@ulaval.ca and

philippe.cardou@gmc.ulaval.ca and
gosselin@gmc.ulaval.ca

Handle

F/T
sensor

Fig. 1: Photograph of the CDPM used in this work.

friction. More work, [7], [8], followed up on those initials
research, but did not concentrate either on the control law.
Nevertheless, we could infer that they relied on an impedance
control scheme, meaning that the authors had to mitigate
the effects of friction to obtain a good rendering. Williams
[10] worked on a planar device and also used an impedance
control law without a force sensor. Morizono et al. [11]
used an impedance scheme with force feedback on each
string to control the wrench applied by a sport simulating
device. In this paper, we rely on an admittance control
scheme, as it seems better suited to render contacts with hard
surfaces. Such an approach to haptic rendering is explained
by Carignan and Cleary [12], but not for a CDPM. Gosselin
et al. [13] worked on an admittance control scheme for a
planar CDPM, but used closed-loop position feedback as
opposed to velocity feedback, which is used here.

Furthermore, it is desired to take advantage of the re-
configuration capabilities of CDPMs in order to adapt their
workspace to different virtual environments. This requires
that the mechanism be able to determine its geometry effi-
ciently, i.e., that it calibrates itself. Miermeister and Pott [14]
expose a method of for the calibration of these devices with
force sensors. Borgstrom et al. [15] use a self-calibration
method without force sensor to determine the initial lengths
of the cables but not the position of the anchor points. This
paper presents a method of calibration without force sensor

2014 IEEE International Conference on Robotics & Automation (ICRA)
Hong Kong Convention and Exhibition Center
May 31 - June 7, 2014. Hong Kong, China

978-1-4799-3684-7/14/$31.00 ©2014 IEEE 819

• On veut estimer plus
précisément ai et l0,i ,
i = 1, . . . ,m

• Si possible, on veut éviter
d'ajouter des capteurs ou
gabarits de référence

• La stratégie est d'utiliser la
redondance de mesure des
longueurs de câbles

• Ce travail est une
application expérimentale
du travail rapporté dans [1]

[1] J. A. Dit Sandretto, D. Daney, M. Gouttefarde, et C. Baradat,
Calibration of a fully-constrained parallel cable-driven robot, INRIA,
rapport technique RR-7879, 2012.
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Modèle géométrique d'un RPEC

(l̂i − l0,i )
2 =

(ai − pj − bi )T (ai − pj − bi )

• supposons m câbles et n
poses de l'e�ecteur

⇒ m · n équations

⇒ 4m + 3n − 6 inconnues
(ai , l0,i , pj) OA1

ai

Am

p

P

B1

bi li

· · ·

· · ·

Ai

Bi

Bm

n ≥ 4m − 6
m − 3

permet de résoudre le système d'équations
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Application d'une méthode de moindres carrés

minimiser
n∑

j=1

m∑
i=1

(
(l̂i − l0,i )

2 − (ai − pj − bi )T (ai − pj − bi )
)2

sur ai , l0,i , i = 1, . . . ,m, pj , j = 1, . . . , n

As an indication of the accuracy of the calibration, a plot
of the value of a model parameter as a function of the number
of points used in the calibration is shown in Fig. 3.

A minimum of n = 10 points is necessary to perform
the calibration as per (7), for m = 4. It can be seen that
the function plateaus for a number of points n of 30 . For
n ≥ 30, the observed standard deviation is approximately
0.01 m for this parameter, and can reach up to 0.03 m for
others. Fig. 4 shows the quadratic mean of the residuals of
(8), which also reflects the impact of the number of points n
on the solution accuracy and also plateaus around n = 30.

It is also pointed out that the residual error for n = 10 is
not zero, which may seem erroneous at first glance. This
is correct, however, and indicates that there is no exact
solution even when the system contains as many unknowns
as equations. Given a mechanism roughly the size of a 2 m
cube, we obtain approximately one to two percent error on
the positioning of the anchor points.
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Fig. 3: Coordinate y of an anchor point as a function of the
number of points used in the calibration.
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Fig. 4: Quadratic mean of the residual error to the least
squares problem for the mechanism as a function of the
number of points used in the calibration.

IV. CONTROL

Two classes of control schemes can be used in the control
of haptic devices as described in [17]. Impedance control is
the most widely used of these two classes, because it does
not require a force sensor. An impedance control law takes

a displacement as input and outputs a force. The second
class of control schemes are called admittance controllers.
They use the opposite principle, taking forces as inputs, and
supplying displacements as outputs. Admittance control was
chosen here since the additional force feedback alleviates the
inconveniences caused by friction, which has a great impact
on the quality of an impedance control.

A. Control Scheme

Furthermore, a velocity controller is used instead of a
position controller because the resulting haptic rendering has
proven superior in previous experiments. While a closed-loop
control over the velocity of the actuator does not replicate
exactly the intended model, it is less sensitive to external
parasitic forces than a position controller. The opposite can
be said of a closed-loop position control. It replicates the
exact intended behaviour of the model but any physical per-
turbation generates erratic movements due to the controller
trying to catch up with the model. An unexpected collision
into a physical object, exceeding the actuator capabilities or
leaving the workspace are examples of physical perturbations
that greatly degrade haptic rendering if closed-loop position
control is used and such situations may be very difficult
to avoid. All these perturbations still have an effect when
velocity control is used, but are less problematic because they
do not result in unstable movements of the user platform.
Humans seem far more sensitive to instability errors than to
velocity errors.

A force control feedback is another approach to haptic
control that could have been used. We discarded it because its
mass and damper virtual model need acceleration estimates,
which are too noisy when derived from encoder measure-
ments.

The general control scheme used for this mechanism is
shown in Fig. 5. Forces measured by the sensor and applied
by the virtual environment are driving the physical model.
This mechanical model of the virtual environment prescribes
a Cartesian velocity for the platform to follow the virtual
object. The Jacobian matrix J transforms this Cartesian
velocity into joint velocity which is given as a command to
the low-level controller Gc, which is a closed-loop controller
on articular velocity as displayed by the feedback of ρ̇ in Fig.
5. The forward kinematics are used to feedback the Cartesian
position to the Jacobian and the virtual environment. It is
noted that, unlike in many other control schemes devised for
cable driven mechanisms, the controller proposed here does
not require the management of internal cable tensions.
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Fig. 5: Block diagram of the control scheme.
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Évolution de la valeur RMS des résiduels

As an indication of the accuracy of the calibration, a plot
of the value of a model parameter as a function of the number
of points used in the calibration is shown in Fig. 3.

A minimum of n = 10 points is necessary to perform
the calibration as per (7), for m = 4. It can be seen that
the function plateaus for a number of points n of 30 . For
n ≥ 30, the observed standard deviation is approximately
0.01 m for this parameter, and can reach up to 0.03 m for
others. Fig. 4 shows the quadratic mean of the residuals of
(8), which also reflects the impact of the number of points n
on the solution accuracy and also plateaus around n = 30.

It is also pointed out that the residual error for n = 10 is
not zero, which may seem erroneous at first glance. This
is correct, however, and indicates that there is no exact
solution even when the system contains as many unknowns
as equations. Given a mechanism roughly the size of a 2 m
cube, we obtain approximately one to two percent error on
the positioning of the anchor points.
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number of points used in the calibration.

IV. CONTROL

Two classes of control schemes can be used in the control
of haptic devices as described in [17]. Impedance control is
the most widely used of these two classes, because it does
not require a force sensor. An impedance control law takes
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They use the opposite principle, taking forces as inputs, and
supplying displacements as outputs. Admittance control was
chosen here since the additional force feedback alleviates the
inconveniences caused by friction, which has a great impact
on the quality of an impedance control.

A. Control Scheme

Furthermore, a velocity controller is used instead of a
position controller because the resulting haptic rendering has
proven superior in previous experiments. While a closed-loop
control over the velocity of the actuator does not replicate
exactly the intended model, it is less sensitive to external
parasitic forces than a position controller. The opposite can
be said of a closed-loop position control. It replicates the
exact intended behaviour of the model but any physical per-
turbation generates erratic movements due to the controller
trying to catch up with the model. An unexpected collision
into a physical object, exceeding the actuator capabilities or
leaving the workspace are examples of physical perturbations
that greatly degrade haptic rendering if closed-loop position
control is used and such situations may be very difficult
to avoid. All these perturbations still have an effect when
velocity control is used, but are less problematic because they
do not result in unstable movements of the user platform.
Humans seem far more sensitive to instability errors than to
velocity errors.

A force control feedback is another approach to haptic
control that could have been used. We discarded it because its
mass and damper virtual model need acceleration estimates,
which are too noisy when derived from encoder measure-
ments.

The general control scheme used for this mechanism is
shown in Fig. 5. Forces measured by the sensor and applied
by the virtual environment are driving the physical model.
This mechanical model of the virtual environment prescribes
a Cartesian velocity for the platform to follow the virtual
object. The Jacobian matrix J transforms this Cartesian
velocity into joint velocity which is given as a command to
the low-level controller Gc, which is a closed-loop controller
on articular velocity as displayed by the feedback of ρ̇ in Fig.
5. The forward kinematics are used to feedback the Cartesian
position to the Jacobian and the virtual environment. It is
noted that, unlike in many other control schemes devised for
cable driven mechanisms, the controller proposed here does
not require the management of internal cable tensions.
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Fig. 5: Block diagram of the control scheme.
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Sommaire de la méthode d'étalonnage testée

Quelques conclusions:

• simple et facile à mettre en oeuvre

• ne requiert ni capteur supplémentaire ni gabarit de référence

• o�re une précision qui semble limitée au centimètre

Quelques pistes d'amélioration:

• automatiser le choix de la trajectoire d'étalonnage suivie par
l'e�ecteur

• utiliser un gabarit de référence

• utiliser des capteurs externes pour améliorer la précision (caméra 3D,
appareil de poursuite laser)
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