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ABSTRACT

In this paper, a cable-driven planar parallel haptic interface is pre-
sented. First, the velocity equations are derived and the forces in
the cables are obtained by the principle of virtual work. Then, an
analysis of the wrench-closure workspace is performed and a ge-
ometric arrangement of the cables is proposed. Control issues are
then discussed and a control scheme is presented. The calibration
of the attachment points is also discussed. Finally, the prototype
is described and experimental results are provided.

Keywords: haptic interface, parallel mechanism, cable-driven
mechanism, planar mechanism.

1. INTRODUCTION

Cable-driven parallel mechanisms have attracted the attention of
several researchers over the past decades. The main advantages
of this type of mechanism are large motion ranges, low inertia,
low cost and robustness in case of interference [1]. Cable-driven
parallel mechanisms have the potential to overcome several of the
drawbacks of conventional mechanisms. Among others, they can
produce large accelerations over a large workspace. Also, they
have a small inertia. These advantages lead to a broad variety of
potential applications. Hence, several groups of researchers have
been working on cable-driven robots. For instance, cable-driven
mechanisms have been studied in the context of applications such
as a virtual sports machine based on a wire-driven system [2],
a planar cable-suspended haptic interface [3], a high-speed ma-
nipulator using parallel wire-driven robots [4] and an air vehicle
simulator [5]. In [6], it was proposed to use two cable-driven
parallel mechanisms sharing a common workspace to design a
locomotion interface. The concept is illustrated in Fig. 1. In this
concept, the user’s feet are attached to two moving platforms that
are controlled using cables. Since the motion of a cable-driven
mechanism involves low inertia, large accelerations can be pro-
duced, thereby allowing an accurate reproduction of the major-
ity of sensations felt during natural walking on uneven terrains,
stairs, sandy ground, etc. Also, the cable-driven mechanisms
have a large workspace and a high bandwidth, which are ideal for
a locomotion interface. However, cable mechanisms also have
some drawbacks, including the unilaterality of the cables which
leads to the necessity of having n+1 cables to suitably constrain
n degrees of freedom (DOFs).

This paper aims at providing an experimental validation of the
concept underlying the locomotion interface based on cable-
driven parallel mechanisms. In order to simplify the initial ex-
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Figure 1: Concept of locomotion interface based on cable-driven
parallel mechanisms.

perimental work, a planar 3-DOF architecture of mechanism is
chosen, as illustrated schematically in Fig. 2. Moreover, in order
to limit the forces involved, the platform of the prototype of hap-
tic interface is manipulated with the hands. Although the 3-DOF
cable-driven parallel mechanism developed in this work is mainly
intended as a proof of concept of the locomotion simulator, it can
also be considered on its own merits as a potential planar 3-DOF
haptic interface.

The rest of this paper is structured as follows: Section 2 presents
the kinematic model of the mechanism. Section 3 introduces
the dynamic model and presents the equations used to compute
the forces in the mechanism. Section 4 determines the wrench-
closure workspace of the mechanism and shows the workspace of
the mechanism. Section 5 presents the control algorithm used for
the prototype, the latter being described in Section 6. Finally, the
kinematic calibration of the prototype is discussed in Section 7
and a description of the experiments performed with the mecha-
nism is provided in Section 8.

2. KINEMATIC MODELLING

Geometric Model

Consider a rigid body — the platform to be manipulated by the
user of the haptic interface — moving in a plane and constrained
by n cables attached to the platform and to actuated reels located
on the fixed base. The ith point of attachment on the platform is
noted Vi while the corresponding attachment point on the base is
noted Pi. The position vector of point Pi is defined by vector pi

expressed in the fixed reference frame O − XY , attached to the
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Figure 2: Planar three-degree-of-freedom cable-driven parallel
mechanism.
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Figure 3: Kinematic model of the ith cable of the mechanism.

base, whereas the position vector of point Vi is defined by vector
vi expressed in the mobile reference frame C − xy, attached to
the platform and having its origin C at the centre of mass of the
end-effector. The position of point C in the fixed frame is defined
by vector c, while the orientation of the moving frame relative to
the fixed frame is given by angle φ (Fig. 3). Finally, vector ρi is
defined as the vector connecting point Pi to point Vi and hence
one has

ρi = c + Qvi − pi (1)

where Q is the rotation matrix from the fixed frame to the moving
frame, written as

Q =

[
cos φ − sin φ
sin φ cos φ

]
. (2)

Velocity Equations

Taking the norm of both sides of eq.(1) one obtains:

ρ2
i = (c + Qvi − pi)

T (c + Qvi − pi) ,

ρ2
i = cT c + 2cT Qvi − 2cT pi + vT

i vi

−2pT
i Qvi + pT

i pi (3)

where ρ2
i stands for the square of the norm of vector ρi. Differ-

entiating eq.(3) with respect to time and dividing by 2 throughout
leads to

ρiρ̇i = cT ċ + (Qvi)
T ċ + cT Q̇vi − pT

i ċ− pT
i Q̇vi

with

Q̇ = φ̇EQ, E =

[
0 −1
1 0

]
,

and thus

ρiρ̇i = (c + Qvi − pi)
T ċ + (c− pi)

T EQviφ̇. (4)

The velocity equations can therefore be written in matrix form as

Aρ̇ = Bt (5)

where vectors ρ̇ and t are defined as

ρ̇ =
[

ρ̇1 ρ̇2 · · · ρ̇n

]T
, (6)

t =
[

ẋ ẏ φ̇
]T

, (7)

where matrix A is a diagonal matrix whose ith diagonal entry is
ρi, namely

A =


ρ1 0 0
0 ρ2 0

. . .
0 0 ρn

 (8)

and where matrix B is defined as

B =

 bT
1

...
bT

n

 (9)

with

bT
i =

[ (
c + Qvi − pi

)T (
(c− pi)

T EQvi

) ]
. (10)

3. DYNAMIC MODELLING

From the principle of virtual work, one can write

−fT δρ = eT δx (11)

with

fT =
[

f1 f2 . . . fn

]
eT =

[
Fx Fy τ

]
=

[
(mẍ− rx) (m(ÿ + g)− ry) (Iφ̈− rφ)

]
where fi is the tensile force in cable i while Fx, Fy , and τ are
the forces and torques applied by the cables to the end-effector.
δρ and δx are respectively the virtual changes in the length of
the cables and the virtual generalized displacement of the end-
effector. m and I are respectively the mass and the moment of
inertia (about the centre of mass) of the end-effector and the ex-
ternal wrench applied by the user to the platform, noted r is given
by:

r =
[

rx ry rφ

]T
(12)

where rx, ry and rφ are respectively the force component in x,
the force component in y and the torque. In the above, it is as-
sumed that the xy plane is a vertical plane and that gravity is
acting in the negative direction of the y axis.

From eq.(5), we have

δρ = A−1Bδx . (13)

Substituting in eq.(11), we obtain

−fT A−1Bδx = eT δx. (14)
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Since the latter equation must be valid for any Cartesian virtual
displacement δx, one finally has

Wf = e (15)

where
W = −BT A−T . (16)

Equation (15) relates the forces in the cables, f , to the dynamic
conditions and external forces and torques on the platform, all
contained in vector e.

In the application considered here, i.e., in the context of a haptic
device, the platform must be fully constrained in order to be ca-
pable of applying arbitrary forces and torques to the user. There-
fore, given the unilaterality of the forces in the cables, the num-
ber of cables must be larger than three. Hence, matrix W has
more columns than rows and the linear system of eq.(15) gen-
erally admits infinitely many solutions. The classical minimum
norm solution of eq.(15) cannot guarantee that all force compo-
nents (cable tensions) are positive. The problem to be solved can
rather be written as

minfT f s.t. Wf = e and fi ≥ 0, ∀i (17)

Solving this problem is achieved through the use of quadratic pro-
gramming [7, 8]. This method allows the determination of the
minimum-norm vector of forces in the cables — if it exists —
while satisfying a set of equality constraints (equilibrium equa-
tions) and a set of inequality constraints (cables in tension).

4. WORKSPACE

In [9], a method was proposed to determine the wrench-closure
workspace of cable-driven planar parallel mechanisms. The
wrench-closure workspace is defined as the set of configurations
(poses) of the platform for which the latter can resist any exter-
nal wrench while maintaining the cables in tension. Within this
workspace, the mechanism is fully constrained, can produce ex-
ternal forces and torques of arbitrary direction and magnitude and
is singularity-free. Therefore, the determination of the wrench-
closure workspace is an important criterion in the design of a
cable-driven parallel mechanism.

It was shown in [9] that the wrench-closure workspace of a pla-
nar cable-driven parallel mechanism is a bounded open set whose
boundary can be described by portions of singularity curves of
sub-mechanisms obtained by keeping only three of the cables.
An algorithm was also proposed in order to automate the deter-
mination of the wrench-closure workspace.

For purposes of simplicity and in order to limit possible mechan-
ical interferences, it was chosen here to use only four cables —
the minimum possible number — and to attach them by pairs
on the moving platform. Moreover, the attachment points on the
base are located on the vertices of a rectangle. This arrangement
of the cables simplifies the determination of the wrench-closure
workspace because the lines associated with the cables intersect
by pairs at the platform attachment points. Additionally, the fol-
llowing requirements were used for the usable workspace: the
workspace should be a rectangle measuring 1m in the x direction
and 30cm in the y direction. Within this rectangle, the orienta-
tion of the moving platform can be varied from −45o and 45o,
for any position.

Figure 4: Wrench-closure workspace for 3 different orientations
of the platform.

(1, 0.375)

(0.5, 0.15)

Figure 5: Wrench-closure workspace covering the desired range
of orientations.

Given the simplified architecture described above, it is rather easy
to determine the wrench-closure workspace for a given orienta-
tion of the moving platform. This is illustrated in Fig. 4, where
the wrench-closure workspace is shown for orientations of the
platform of −45o, 0o and 45o. Therefore, the wrench-closure
workspace covering the complete required range of rotation can
be determined as shown in Fig. 5. As a result, it can be seen that
for a platform having a length of 10cm, choosing the attachment
points on the vertices of a rectangle of 2m by 75cm provides the
desired workspace.

5. CONTROL

The moving platform of the mechanism is equipped with a
force/torque sensor that provides a measure of the interaction
wrench between the user and the platform. However, with
the current prototype, no direct measure of the forces in the
cables is available. Therefore, the prototype is controlled using
a position control algorithm in which the wrench measured by
the force/torque sensor mounted on the platform is used to in-
fer the intentions of the user and determine corresponding pre-
scribed platform poses. In other words, the prescribed pose of
the platform is updated based on the wrench measured by the
force/torque sensor. The prescribed pose of the platform is in-
cremented in the direction of the measured wrench with an in-
cremental magnitude proportional to the measured wrench. The
pose of the platform, noted s, is represented by a vector with three
components defined as:

s = [cT φ]T . (18)

Assuming that the acceleration of the platform is constant over a
given time step, the displacement (change of pose) of the platform
over a time step can then be written as:

si+1 = si + T ṡi +
1

2
T 2s̈i (19)

where si is the pose of the platform at the beginning of time step
i, ṡi is the time derivative of the pose of the platform at the be-
ginning of time step i, s̈i is the (constant) acceleration of the
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platform during time step i and T is the duration of one time step
(period), i.e.,

T =
1

ν
(20)

where ν is the control frequency (servo rate).

For a given acceleration vector s̈i, eq.(19) allows the computation
of the displacement (change of pose) of the platform which can
then be used as a prescribed pose in the control loop. The acce-
leration vector to be used in eq.(19) can be determined using the
dynamic model of the mechanism. Indeed, the generalized mass
matrix of the platform is written as

M =

[
m 0 0
0 m 0
0 0 I

]
(21)

and hence the dynamic model of the platform considered as a
free-floating body can be written as

r = Ms̈i (22)

where it is recalled that r is the external wrench applied to the
platform by the user and measured by the force/torque sensor.
In practice, in order to improve the sensitivity of the platform, a
friction force is added to eq.(22). Finally, the acceleration of the
platform is determined using:

s̈i = M−1(r + rf ) (23)

where rf is an additional term used to account for viscous friction
forces. This term is adjusted experimentally.

In the controller, eq.(23) is first used to compute the acceleration
vector s̈i. Then, this vector is substituted into eq.(19) to compute
the new prescribed pose of the platform, which is then controlled
using a standard pose feedback loop based on a PID controller.

The above scheme is used as long as the platform is not interfer-
ing with virtual obstacles. When interferences are detected, the
corresponding motions — motions that would bring the platform
inside the virtual obstacles — are inhibited. For instance, if the
platform is making contact with a virtual wall, motion towards the
wall is inhibited and the prescribed pose, computed using eq.(19)
is modified accordingly. This scheme allows the user to make
the platform slide along virtual obstacles without interfering with
them.

6. PROTOTYPE

A prototype of a 3-DOF cable-driven planar haptic interface was
built to demonstrate the feasibility of the concept and to test the
effectiveness of the proposed control scheme. Photographs of
the prototype are shown in Fig. 6. The prototype is driven by
four cables attached to the platform by pairs. The position of the
attachment points is as described in Section 4. The mechanism
is moving on a vertical plane. A force/torque sensor (shown on
the second photograph) is mounted on the platform and is used
to determine the interaction wrench that the user is applying to
the platform. The actuators are DC motors with encoders driving
spools on which the steel cables are wound. The complete set-up
is shown in Fig. 7.

7. CALIBRATION

In order to ensure a proper performance of the mechanism, the
position coordinates of the attachment points of the cables on the

Figure 6: Photographs of the prototype of the 3-DOF cable-
driven planar haptic interface.

fixed frame and on the platform must be calibrated. Indeed, it
is apparent from eq.(1) that errors on these position coordinates
will lead to errors on the cable extensions which may lead to poor
position control performances.

A simple and effective calibration procedure was used on the pro-
totype developed in this work. As shown in Fig. 6, a calibration
grid was pasted on the surface of the workspace. This grid was
used as a reference for the Cartesian pose of the platform. The
calibration procedure consisted in bringing the platform to a set of
m chosen poses and measuring the corresponding cable lengths
using the motor encoders. A calibration performance index was
then defined as follows:

η =

m∑
i=1

4∑
j=1

[
(ci + Qivj − pj)

T (ci + Qivj − pj)− ρ2
ji

]
(24)

where ci and Qi describe the pose of the ith measurement con-
figuration (pose), vj and pj are the position coordinates to be
calibrated and ρji is the measured length of the jth cable in the
ith measurement configuration. The calibration then consists in
solving the following optimization problem:

min
vi,pi,i=1,...,4

η2. (25)

This optimization was solved numerically using a nonlinear least
squares technique. Finally, upon convergence, calibrated values
for vi,pi, i = 1, . . . , 4 were obtained.
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Figure 7: Photograph of the complete set-up.

8. EXPERIMENTAL VALIDATION

Experiments were performed on the prototype described above.
The control scheme was implemented on a RT-LAB based real-
time controller. First, the position control of the platform was
tested — without using the force/torque sensor. The position was
observed to be very stable and the platform was stiff when resist-
ing to external forces and torques applied to the platform.

Then, the position control scheme was used to perform pre-
scribed trajectories with the platform. A trajectory planning algo-
rithm based on fifth order polynomials [10] was used to generate
smooth trajectories. A visual inspection of the trajectories reveals
that the platform can be positioned — and oriented — precisely
and that the motion between given points is very smooth.

Finally, the force/torque sensor was mounted on the platform and
the control scheme described in Section 5 was implemented. It
can be verified that the platform can be moved arbitrarily by a
user by exerting very little force on the force/torque sensor. In
the locomotion interface, this property is very important in order
to allow the user to move his/her feet in free space. Then, vir-
tual walls are defined in the controller (see Fig. 8) and it can be
observed that the user can very well feel the virtual walls when
moving the platform around. Sliding motions along the virtual
walls are also possible. The apparent stiffness of the virtual walls
is large, which is an important property for the locomotion inter-
face in which the user should feel sharp contacts when putting
his/her feet on the ground. A video demonstrating the experi-
ments described in this section is available at [11].

9. CONCLUSION

A cable-driven planar parallel 3-DOF haptic interface was pre-
sented in this paper. This mechanism was developed as a basic
proof of concept for a spatial locomotion interface. First, the
velocity equations of cable-driven parallel mechanisms were de-
rived and the principle of virtual work was used to determine
the forces in the cables. Then, a geometric arrangement of
the cables was proposed in order to ensure a sufficient wrench-
closure workspace. Control issues were then addressed. The con-
trol of the prototype developed in this work is based on the use of
the force/torque sensor to infer the intentions of the user and to
calculate corresponding prescribed poses. At the lowest level, a

Figure 8: Prototype of the 3-DOF cable-driven planar haptic in-
terface with virtual walls.

position control scheme is used. The calibration of the prototype
was also performed using a nonlinear least squares approach in
order to precisely determine the position of the attachment points
of the cables on the base and on the platform. Finally, the proto-
type was tested experimentally and qualitative results were pro-
vided. The prototype presented in this paper demonstrated the
feasibility of the use of a cable-driven parallel mechanism as a lo-
comotion interface. The results of this paper are currently being
extended to 6-DOF three-dimensional cable-driven mechanisms.
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