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Abstract—Cable interferences and collisions can lead to
unpredictable behavior when a human physically interacts with a
cable-driven parallel mechanism through its mobile platform.
This paper presents an interactive control approach to prevent
two cables in interference from folding onto one another, and
thus preserve the cable-mechanism geometry. In this approach,
the controller generates a repulsive force to prevent the cables
from crossing. Therefore, the task is executed within the cable-
driven parallel mechanism’s geometric limits. The repulsive force
applied by the controller is derived from the gradient of the
minimum distance between any pair of cables of the parallel
mechanism. In turn, this minimum distance between cables is
computed from the Karush-Kuhn-Tucker conditions of the
associated optimization problem. The approach was tested and
validated on a parallel mechanism driven by seven cables.

Keywords—Cable driven parallel mechanism (CDPM); Cable
interferences; Physical human-robot interaction (pHRI); Karush-
Kuhn-Tucker conditions (KKT); Admittance control; Force
control

1. Introduction

ARALLEL mechanisms are used in industrial applications

requiring high load carrying capacity, high velocity, or
precise positioning. Their closed kinematic loops generally
allow for low inertias and high stiffness, payloads, speeds, and
accelerations. A comparison between serial and parallel
manipulators is presented in [1]. Nevertheless, one major
disadvantage is the workspace limitation [2]. In the family of
parallel mechanisms, cable-driven parallel mechanisms
(CDPMs) allow for larger workspaces and can produce large
accelerations [3]. The design of these mechanisms differs from
that of standard parallel mechanisms: the rigid limbs are
replaced by cables fixed to reels. Moreover, the systems are
easier to implement than many standard parallel architectures
[4, 5]. One drawback of CDPMs is the interference between
cables that may occur during mobile platform movement [6,
7]. As in other parallel mechanisms, the CDPM is composed of
closed kinematic chains. The mobile platform pose (point-
position and rotation) is determined by controlling the cable
lengths, generally by means of servomotors. CDPMs are
widely used in various fields such as physical interactions and
haptics [8-10]. The main objective of this paper is to devise
and validate an intuitive, interactive control to avoid cable
interferences in a CDPM dedicated to human-robot physical
interaction (pHRI).

Section 2 of this article reviews the state of the art in cable-
interference management. Sections 3 and 4 discuss this paper’s

1Ramy Meziane and Martin J.-D. Otis are with Department of Applied
Sciences at the University of Quebec at Chicoutimi, Canada.
Email: meziane.ramy@gmail.com

primary contributions: an admittance controller that prevents
interference between cables during human-robot collaboration.
Experiments performed on a seven-cable parallel mechanism
show encouraging results, which are reported and discussed in
section 5. Section 6 concludes.

2. Related work

Research in the field of CDPMs has become a highly
interesting  topic. Many studies address workspace
determination [11-16] and the distribution of tension among
cables [17-21]. Others have focused on developing algorithms
to detect interferences between cables [22] and between cables
and the mobile platform [23]. In our work, we focus on the
interference plane between two cables, since allowing cables
to cross would cause the haptic rendering to deteriorate during
physical interaction (due to inaccurate force feedback,
vibrations, or stick-slip motion). The following section reviews
prior approaches to interference management.

2.1 Interference management

Interference between cables could occur during mobile
platform movement. Most methods proposed in the literature
enable detection and avoidance of interferences. For instance,
this was suggested in [24], which proposes a design of a cable-
driven locomotion interface for rehabilitation. The interference
is detected via minimal distance computation between two
lines, which includes cable sagging and cable radius
parameters. However, in some cases, the result is excluded
since the solution is outside the physical dimensions. Another
method of avoiding the contact point is to release one of both
interfered cables from an active actuation state [25], allowing
one cable to fold. The released cable is then considered a joint
failure, as the cable is cut, without affecting the controller.
However, this solution can reduce the size of the workspace.
Managing interference between cables generates a point (the
interference contact point) simulating a pulley which modifies
the manipulator geometry when both cables are folded on each
other. Since the mechanism moves, the interference contact
point between the two colliding cables also moves, and the
workspace size is modified [7]. To avoid collision between
cables, the authors in [26] present a method based on the
separating axis theorem. This theorem provides a sufficient
condition for collision avoidance, but despite its elegance, this
condition is not necessary. This method may indicate
interference even when there is none, which would
unnecessarily limit the workspace. Although these approaches
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allow the interference to be avoid, the latter approach may not
be suitable for physical interaction with humans. Usually, the
mobile platform’s trajectory is modified in order to avoid
contact between two cables, and in some cases, the working
space may also be limited. But during physical interaction
where the CDPM is used as a collaborative handle, the
trajectory depends on human actions and is considered a
setpoint. In the literature, there are only a few studies where
collisions between cables are permitted. For example, [27]
proposes a method that allows collisions between cables in
order to increase the workspace but the cables can still be
crossed. This situation can cause unpredictable behavior
depending on the mechanism geometry and cable dimensions.
Indeed, the control could be disturbed for a brief time, since
the cables in contact can generate significant frictions and then
vibrations. As a result, the mechanism produces sudden
displacements once the friction overcomes. Therefore, this
situation may be dangerous to the operator in the case of a
physical interaction. In [28], the authors present an approach
based on admittance control where contact between a robot
limb and the environment is allowed. The collaboration task is
performed within the limits of the robot kinematic
possibilities, by eliminating a column in the Jacobian that
corresponds to the contact point position. The robot motion is
adapted but can still move following an optimal trajectory with
the contact as a constraint. This approach is also applied in a
parallel mechanism [29] where an algorithm selects a cable to
be released when interference occurs. Results demonstrate that
the method is conclusive. However, this method could limit
the workspace for our mechanism. In general, two cables are
required to pull the mobile platform upwards and allow
vertical displacements. If one of these two cables is released,
movement may be compromised. In our work, we propose a
new way to manage the contact point and prevent cables from
crossing during physical interaction.

2.2 Admittance controller

In physical interaction, a mechanism is used as a
collaborative robot. The trajectory depends on human actions
and could be considered as a setpoint for the controller.
Generally, there are two kinds of interactive control:
impedance and admittance. From the dynamic model,
impedance control receives the displacement as an input and
generates output force. By contrast, admittance control
receives the measured forces as an input and generates
displacements at the output. Impedance control is used in
systems with low inertia and limited friction against the
admittance. Admittance control is used in systems with high
inertia and where friction is an important factor. Therefore, the
mechanism can be very robust, capable of displaying high
stiffness and forces [30-33]. These two controllers are widely
used in various applications [34], both jointly in hybrid models
[10, 35] and independently. For example, [8] proposes
generating a virtual force to guide the operator’s hand in the
workspace by way of a virtual spring with force feedback.

Another approach, presented in [9], proposes an admittance
controller that simulates smooth surfaces and borders in a
virtual environment to avoid collisions with objects during
collaboration. It is applied to a cable-driven mechanism and
consists in computing the desired force. The latter is
determined according to resultant force between the applied
force and the one generated by the virtual environment. It is
based on a spring model and a damping coefficient for
ensuring system stability. Since the generated force intensity is
constant, one drawback of this approach is that the user could
become uncomfortable. To avoid this situation, a new method
is proposed using an admittance controller. This seems to be a
suitable solution since the CDPM studied contains
considerable friction in the motorised reels.

2.3 Contributions

In this paper, we present a new method to prevent cables
from crossing and folding during human-CDPM physical
interaction. The solution allows the user to perform the
collaborative task wuntil the limit of the mechanism’s
kinetostatic capabilities. A virtual interference force is
computed and introduced in the controller to enable near-
contact or contact between cables without crossing or folding.
So, during the collision, a virtual force is only felt by the user
(the person constraining the motion) on the interference plane.
When two cables are in interference, the force vector pushes
the mobile platform in the direction that most increases the
distance between the interfering cables. This direction is
determined by a gradient vector. The magnitude of the force
increases as the distance to cable collision decreases. This
variation is set as a logistic function where it depends on the
distance. Then, this force is added with the user ones and the
result is converted to velocity with an admittance model.
Moreover, a method with Karush-Kuhn-Tucker (KKT)
conditions is used to compute the minimum distance between
each cable. Our strategy and experimental results are described
and illustrated in the rest of the paper.

3. Modeling the interference between cables

The CDPM (see Fig.l1), is composed of seven cables
connecting servo-actuated reels to a mobile platform.

Figure 1: 3D drawing of the CDPM.



Each cable is attached at a different point on the mobile
platform, which allows complete control of its point-position
and orientation in space. In order to control the moving
platform, we must first compute the kinematic equations and
Jacobian, then define the control scheme. The inverse
kinematics allow us to compute the cable length required to
reach a given mobile platform pose. This could easily be
defined from the loop-closure equation for each actuated limb.
In this section, we present the kinematic analysis of the
CDPM, define the admittance model, and present a new
method— based on the Karush-Kuhn-Tucker condition—for
computing the distance between each cable. The following
statements apply to this entire study:

e  Our analysis does not consider the cable masses.

e We assume the cables are always in tension and are
modeled as straight-line segments in the geometric
analysis (without sagging).

e  We assume the platform moves in pure translation in
space.

3.1 CDPM Kinematics

The mechanism structure is decomposed to vectors, as
shown in Fig. 2. Frame A corresponds to the mechanism base
referential, and Frame B corresponds to the mobile platform’s
center of mass. To facilitate comprehension, we will write the
vectors and matrices in bold font. The parameters are defined
as follows:

ol

=[5 o b <[]

with i =1...7 . For each cable, the loop-closure equation is
defined in (1):

lo:[[ = [p+1b; =2, (1)

where p, is the vector representing the cable, a; and bl. are
the position vector of reel A; and of the attachment points on

the mobile platform B, respectively. Note that in order to

simplify the equations, the rotation matrix is not included,
since only translations are considered.

Moving
platform

Figure 2: Kinematic modeling.

The loop-closure equation associated with the i cable is
defined as:

p?pi:pl.z:|:p+bi—ai]T|:p+bi—ai]. 2)

In order to compute the instantaneous kinematic
relationships and determine the mechanism’s Jacobian, we
differentiate with respect to time. By applying on the seven
joints and factoring p, the result is given in matrix form:

q=Jx, €)

X the vector of Cartesian velocities. J is a matrix where each

column corresponds to the three Cartesian coordinates (X, Y,
Z):

[p+b,-a] |
Py

Joa =

[p+b;-a; }T
Py

From these equations, the geometric model of the seven-
cable mechanism and its kinematics have been defined. The
following section presents the control law used on the cable
mechanism for physical interaction with the operator.

3.2 Admitance Control

The second-order ordinary differential equation for our
dynamic system is represented as

Fy=MX-X))+C(X -X)+K(X -X,), 4)

where F),; is the force applied by human operator, M is the

virtual mass, C is represents the virtual damping, and K is
the virtual stiffness. Acceleration, velocity, and position
setpoint are respectively named X,X,X ; and X, X, X,
respectively represent the initial acceleration, velocity, and
position. The initial values and the stiffness K are assumed to
be zero, in order to simulate a free movement in space. Indeed,
the position, velocity, and acceleration followed by the CDPM
are directly determined by the human operator. The differential
equation is thus simplified as follows:

Fy =MX +CX . (5)

Generally, the trajectory of the CDPM can be defined either
by a desired position, speed, or wrench. Here, since an
admittance control is preferred, the velocity control should be
used. The desired velocity can be written in the Laplace
domain as



F;(S) = MSX(S)+CX(S). (6)

Applying the Laplace transform to equation (3) and replacing
in (6) leads to

1 )
wsic )

q4(8)=J

From this equation, the desired velocities are obtained as a
function of the force applied by the operator. However, the
cables may cross during physical interaction, leading to
unpredicted behavior of the CDPM. The next section discusses
the mathematical modeling of interferences between two
cables.

3.3 Minimum distance computation between cables

Several mathematical formulations are described to
geometrically determine the interference contact point [36].
One formulation is based on computing the distance between
two straight lines, which consists in determining the
perpendicular to these two lines. First, it is necessary to
geometrically define the interference and the vector equation
of the distance between two cables. The interference can only
occur if the cables are coplanar, so a condition must be added
to verify whether an intersection occurs inside or outside the
cable lengths. For instance, since the cables are considered
straight lines on a plane, they can intersect at infinity when p;

and p; are parallel. To avoid this situation, we follow the

approach taken in [37] and introduce two non-dimensional
variables d; and d; , where CB; =d,p; and CB,=dp; .

1

These conditions are applied and illustrated in Fig. 3, where

d; is the distance vector between the two cables. The closed-

loop equation between two cables is as follows:

d;=dp,~d;p,~b;+b . (3)

For the closest points to remain on both cables, the following
conditions must be applied:

0<d;<land 0<d,;<1. 9)

The coefficients depend on the cable length. When d; and d

admit the upper limit value (equal to 1), the maximum lengths
of the i and j cables are considered in this situation. In other

words, the distance between these two cables corresponds to
the distance between the two reels, and hence the distance is
determined in a bounded plane. Once the geometrical
equations are formulated, the next step consists in computing
the minimum distance from these equations according to the
conditions. The solution to this problem could be formulated
as an optimization problem with inequality constraints. Our
solution is to minimize the Euclidean norm of d; in equation

(8) while satisfying the inequality constraints introduced in
equation (9). Such an optimization problem can be solved with

either nonlinear programming methods or by directly solving
its associated Karush-Kuhn-Tucker (KKT) conditions. This
method is widely used to solve nonlinear optimization
problems [38, 39]. The idea is to introduce multipliers in order
to increase the constraints in the main objective function, and
thus to seek the local minimum of the function with an
analytical approach. These multipliers enable an optimization
problem to be solved with equality and inequality constraints.
Since the conditions in our case correspond only to inequality
constraints, the problem is formulated as follows:

minimise“dij “2 ,

subject to:

Figure 3: Vector formulation of the distance between two cables.

Therefore, the minimum distance computation consists in
determining the optimal values of the coefficients d; and d Iz

According to the KKT theorem [40], we introduce the
Lagrange multipliers, 4, with 4; >0 and i=1,...4 , which
are associated with each constraint. Consequently, the

Lagrange function with only inequality constraints is defined
such that:

L(dl.,dj,/l)=f(dl.,dj)+/1rh(dl.,dj), (11)

with f(d,.d;)= min“dl_.j “2 = mind,p; ~d;p; ~b, +b] .
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1
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The equation system—grouped and simplified with all
conditions—is presented in (12), along with the optimal

solution, d; =d,"and d;= dj* , as follows:
OL(d;.d ;. 1)

T *
=2p; (dipi —dp;
d; =d; (@)

1 1
~b;+b, )= 4

+4,=0

OL(d;,d ;. 2)

— 907 —d*
o =20 (dp; ~
J

d;=d; (b)
12
_bi +b]) ( )
A3ty =0 ©
b d )| =A(=d)=0
Aohtdid )| = A =0
1 ] (e)
A3h(d;.d ;) . =A(=d})=0
7ld; =d, S
®
Ahdp|y g =MD =0

The problem could be solved using an analytical method.
For the reader to better understand, the solution was divided
into two steps: first, determine the coefficients d; and d; for

each pair of cables; and second, develop an algorithm that
computes the minimum distance. So, for step one, we proceed
from (12). The Lagrange multipliers are activated and
deactivated to generate the different possibilities that d; and

d; admit. However, A; and A, could not be activated

J
simultaneously, since d; accepts only one value. Even A3 and
A4 cannot be enabled together. The problem is solved in nine
different cases, which are presented as follows:

e Casel: d; and d; are found within the solution that

is defined by the inequality constraints. In other
words, 0<d; <1 and 0<d;<l. The Lagrange

multipliers are free A;

; =0 . From equations (12.a)

and (12.b) we obtain:
PiP; PP, [d;]__ p/b; 0
T T B T ’
PPy PP dj _ijg/

with: b;; =b, -b ;.

Case 2: d; is at the upper limit of the inequality
constraint and d; is free. Thus, 44 =1 is active and
A =4, =0 are deactivated. A3 =0 is deactivated

because the latter cannot be activated with A4 . From
equations (12.a) and (12.f), the coefficients are

determined as follows:
o PP Riby
' o, (14)
d ; =1

Case 3: d; is located at the lower limit of the
inequality constraint and d; is free. Therefore,
A3 =1 is active, and 4; =1, =0 deactivated as well

A4 =0. The problem can be solved from equations
(12.a) and (12.¢):

"oplp; . (15)

dj:O

Case 4: d; corresponds to the upper limit of the
inequality constraint and &; is free. This implies

Ay =1 is active and A3 =44 =0 deactivated. By
simplifying equations (12.b) and (12.d), we find

d: =1
T T 16
! PP,
Case 5: d; is located at the lower limit of the
inequality constraint and d; is free. Hence 4; =1 is
active and A3 =44 =4, =0 is deactivated. From

(12.b) and (12.c), we have

d; =0
. —pibij . (17)
Y

Case 6: d; is at the upper limit of the inequality
constraint and d ; is at the lower limit. This implies
that 4, =1, A4 =1 are active, and 4, =0, A3 =0

are deactivated. The solution lies in equations (12.d)
and (12.¢) such that



d’ =1
* 18
d;=0 (18)

e Case 7: d; is located at the lower limit of the
inequality constraint and d ; is at the upper limit. So
A =1, A4 =1 are active, and 4, =0, A3 =0 are
deactivated. According to equations (12.c) and (12.1),

we obtain
dl.* =0
* 19
d; =1 (19)

e Case 8: d; and d Ji correspond to the upper limit of

the constraints. Hence, 4, =44 =1 is active and
A =43 =0 is deactivated. The solution is obtained
from equations (12.d) and (12.f), where

d’ =1
x_ 1 20
d; =1 (20)

The distance d;; corresponds to the distance between
the two reels 4; and 4;.
e Case 9: d; and d; correspond to the lower limit of
A=X4=1 is
Ay =44 =0 1is deactivated. Equations (12.c) and

the constraints. activated and

(12.e) are used to determine the solution:

d’ =0
* 21
d;=0 2D

The distance d; corresponds to the distance between
the two points B; and B; .

After determining all cases, the second step corresponds to
the computation of d;; for each value d; and d; . The

optimum corresponds to the minimum value computed. Figure
4 illustrates the method of distances computation for all the
pairs of cables.

First, two cables are selected to determine the coefficients
for each of the nine cases. These coefficients are then validated
with the constraints formulated in (9). In the case where the
constraints are satisfied, the next step consists in computing
the distance according to equation (8). The minimum distance
is then selected. In the case where the constraints are not
satisfied, no solution is considered for this cable pair. Once the
distance is determined, the algorithm considers another cable
pair for a new computation.

Initialization

—>+

Coefficients computation for
all cases (d;and d))

\4
No solution

Selection
ofiandj
cables

I Distance calculation dj; |

7y Minimum Selecting of d;;

End of cables
selection

Figure 4: Algorithm for distance computation

The next section discusses the strategy allowing the operator
to continue the task of interaction in the optimal solution by
preventing the crossing between the cables.

4. Adaptive control for interference management

In this section, we propose an approach that generates a
virtual wall in the direction of the interference plane (see Fig.

3) perpendicular to P;; . This requires generating a virtual

force Fj, that is added to the admittance controller for

displaying the desired force to the user. The setpoint is defined
as

Fd ZFH +Fint7 (22)

where Fj represents the force of the sensor, and F,

represents the interferences. Figure 5 illustrates the
interference force that is (virtually) generated and introduced
to the controller. The admittance model (presented in section
3.2) converts the desired force into joint velocities. A threshold
is applying on velocity, acceleration and by using a virtual
wall on the position in order to ensure the operator safety. The
virtual wall is created at the boundary of the CDPM
workspace, which is inside the overall structure. From cable
lengths, the mobile platform position is evaluated with the
forward kinematics and presented to the interference
management block. In the case where the distance between the
cables is above a preselected threshold, the generated force is
zero. A small minimum distance is imposed in order to
account for modeling errors, e.g. perfectly straight cables and
cable cross-sections.
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Figure 5: Control scheme for physical interaction with interference management.

When the distance is below this minimum, the force vector
F;.; is computed. At this point, the cables could come into

contact with one another, but they are prevented from crossing
and folding. This section deals with three topics: first, the
method by which the force vector direction is obtained;
second, the method of determining vector intensity; and third,
the real-time algorithm.

4.1 Interference force direction determination

The goal is to allow a displacement while preventing any
crossing or folding of a pair of cables. To this end, a force is
applied to prevent the cables from crossing—i.e., to move the
cables beyond the plane of interference. The operator should
feel this artificial reaction force preventing him or her from
moving the CDPM platform in a direction normal to the plane
of interference. In contrast to the forces generated by a haptic
spring model, the operator should be able to move on the
interference plane without passing through it. Consequently,

F;,¢ depends on the distance vector between the two cables
dy
Since certain trajectories could cause cables to cross, it is

necessary to evaluate the mobile platform variation at each
instant. The vector p could inform us about the direction of

and should be directed towards the positive direction.

the platform. So, the gradient could be used to indicate the
variation of d ; with respect to the vector p, which is defined

as follows:
v, - @
y ap

In order to determine the gradient, the vector dij is
developed according to equation (8). The parameters d; and
d , along with the vectors p; and p ,, all depend on p. The

derivative with respect to p on both sides of the equation

could be expressed as follows:

ody [ dpip;~dpip;—by'p; od;
op d, o
, (24)
T T T
djpjP;—dipiP;+byp; %Hi
dij ap y
with
d? d? d.d .
_| 4 I P s
pij_[di}pi+ ol U il URL)
ij ij ij

d.—d.
+| 2L ! b,
dlj y

1

and % could admit different forms
op op

depending on the KKT cases determined previously. However,

to formulate a general expression, only a solution for the case

one described by (13) is defined. Therefore, by deriving from

(13) and transforming into a matrix, we obtain

The expressions

od; |
66;1 ) (Mij)élxﬁ |:’Yij:|6><l ’ )
P loa
where
i |:piTpi:|>< Ls _|:piij:|>< s
M; = ;
L s [0 X1

(dj)(pi +pj)_(2di)pi +b;

() (P +p;) (24 )0, -y

b
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b;=b,-b,,
and I, 5 correspond to the identity matrix of size 3. The

gradient general form is expressed with equations (24) and
(25). It is also necessary to determine the unit vector, because
the change of direction generated by the gradient could
produce rough movements for the user. Hence the gradient
vector is divided by its norm as follows:

ad;;

0
VF; =P

ad,;
op
After determining the direction of the vector, the next step is to
compute the force intensity.

4.2 Interference force intensity determination

In order to avoid an uncomfortable situation for the user, it
is necessary to gradually adapt the force intensity. We propose
progressively decreasing this intensity as the distance between
the cables increases. This force could be generated by a haptic
spring model (or a more complex model). But in that case—
since this model works with penetration in the interference
plane—the two cables could potentially fold over each other,
which is undesirable. Thus it is better to generate this
progression with a logistic function, as follows:

F
aj; u

ij = ’
d +dl
1+ exp{— b(dlj - U 2 ]:|

where F,, corresponds to maximum force generated, 4, and

(26)

d; are respectively the maximum and minimum eligible
distances. The parameter b acts on the curve steepness. It is
computed according the distance d,, , d; and the conditions
that are represented as follows:

a;=F,~¢ 0<d; <d,
when :
a; =¢

is

27
dj >d, @7)

with ¢ representing the allowable variation of the function.
From the conditions formulated in (26) and (27), we obtain

2 ln{Fu_E}
p—_— L & 1

dl _du

Once the vector direction and intensity are determined, F;

(28)

is computed according to the equation

F, =a;VF;, 29)

where a;; corresponds to the force intensity computed from

(26), and VF;; corresponds to the gradient vector norm.

However, in the case where several cables are in interference,
F;,; is defined as the vector sum of the forces generated by

each pair of cables:

(30)

The magnitude of Fj, is limited to the maximum force

predefined in (26), even if several cable-cable interferences are
simultaneously active. The interference management bloc is
run in a real-time algorithm presented in the next section.

4.3 Interference management algorithm

Figure 6 illustrates the real-time implementation of the
adopted strategy. First, the distance between each pair of
cables is computed from the algorithm shown in Fig. 4. In our
case, the CDPM includes seven cables. These may be
combined in 21 cable combinations, as shown below:

o {(1,2), (1,3),(1,4),(1,5), (1,6), (1,7), (2,3), (2,4),(2,5), (2,6), (2,7),
i,j)=

(3.4).(3,5).(3,6).(3,7),(4,5),(4,6).(4,7).(5.6), (5,7). (6,7)

Initialization

ri

Distance computation
between cables

Assessment of Force
Intensity

v

Computation of the
interference forces
resultant

Figure 6: Real-time algorithm for interference management.

Next, the distances are computed and compared to the
maximum permissible distance d, . If d;; <d, , the force
intensity is computed according to the conditions defined in
section 4.2. The proposed control strategy is implemented and
validated through experiments, as described in the following
section.

u >

5. Experimental results

The experiments were performed on the seven-cable CDPM
introduced in section 3 and illustrated in Fig. 7. The CDPM

|



structure forms a box of 5.1 m (length) by 3.2 m (width) by 3.1
m (height). The reel positions are presented in Table 1. In this
mechanism, a minimum distance is required to avoid collisions
between cables. This distance must consider the cable
diameters, the size of the tension limiters that connect the
cables to the moving platform attachment points, and modeling
errors. In each experiment, the virtual mass and damping of the
admittance control are set to values of 6.25 kg and 6.25 Ns/m,
respectively. A handle is connected to the end-effector through
a force sensor. This enables measurement of the force applied
by the operator on the moving platform and allows for physical
interaction between the operator and the CDPM, as described
in the control scheme of Fig. 5.

The force sensor is a Variense FSE103, which can sense
forces up to 100 N in the direction of the axis of the handle and
up to 80 N in the transverse directions. A sliding average filter
is applied in order to eliminate temporary fluctuations and
mitigate transient peaks in the signals. The control and
sampling frequency is 500 Hz, giving a new force

measurement every 2 ms. The various algorithms, as well as
the admittance control, were implemented on Simulink and
compiled with RT-LAB in order to run a real-time controller.

Figure 7: Global view of the cable-driven parallel mechanism
(CDPM).

Impending cable interferences in the experiments are
converted into interference force intensities according to the
logistic function shown in Fig. 8. The permissible distance was
set at d; =5 cm. For this example, the maximum distance,

force, and variation are respectively d, =6.1 cm, F,, =2N,

and &£=0.1. It should be noted that the mobile platform is
designed to avoid the cables’ interference in translation
displacements. Thus, in order to validate the strategy, the
attachment points are reversed, and the logistic function
parameters are selected for each experiment. The interference
management strategy is first validated without physical
interaction and with a single interference between cables 1 and
3. This means that positions of cables 1 and 3 are reversed on
the attachment points of the mobile platform.

4 Position (meters)
Al [-0.149 3.894 2.904]"
A2 [3.562 3.87 2.904]
A3 [0.064 4587 0.84]
A4 [3.439 4587 0.84]
AS [0.01 0.12 0.782]
A6 [3.385 0.12 0.782]
A7 [1.67 -0.08 29]

Table 1 : Cartesian positions of the reels.
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Figure 8: Example of a logistic function.

This first experiment, presented in section 5.1, allows us to
validate the computation of the repulsive interference force. A
second experiment, presented in section 5.2, involves physical
interaction between the operator and the mechanism using
feedback from the force sensor. Interference occurs between
cables 1 and 3 in this experiment. The third and final
experiment, presented in section 5.3, involves physical
interaction between the user and the robot, as well as two
simultaneous interferences among the pairs of cables 1-3 and
5-7. Finally, general conclusions from the three experiments
are drawn in section 5.4.

5.1 An experiment without physical interaction

Figure 8 presents the logistic function parameters used in
the first experiment. The mobile platform is located at the



coordinates p =[1.77 3.65 1.22]T in meters and the initial

distance between cables 1 and 3 is 57 mm. Figure 9 illustrates
the initial mechanism posture, with cables 1 and 3 in red. Since
the operator does not manipulate the mechanism, the resultant
force is equal to the sum of the interference forces. Once the
control law is applied, the mechanism is subjected to
displacements in the direction of the gradient. Once the
threshold distance between cables is reached, the interference
force becomes zero. Figure 10 shows that the produced
displacements increase the distance between the two cables.
Figure 11 depicts the force vectors recorded during the
displacements.
3

2.5

E
NE R
1
0.5
5
4
Y (m) 105 0 05 1 15 2 25 3 35 4
X (m)
Figure 9: Starting point of the experiment without physical
interaction.
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Figure 10: Evolution of Change in the distance between cables 1
and 3 over time.

We observe that at the beginning of the experiment, the
force intensity is at its maximum. It then steadily decreases
over time depending on the distance between the two cables.
There is a slight increase in the Y -component of the force
between 63 s and 64 s. One can verify that this increase in the
Y direction is compensated by more important reductions in
the absolute values of the X and Z components of the force.
The net result is a monotonically decreasing magnitude of the
interference force. One may also notice gaps in the series of

data points shown in these figures, which occur regularly every
2.2s.
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Figure 11 : Forces applied on the mobile platform during the
experiment without physical interaction.

These missing data are due to a flaw in the data acquisition
software, Simulink-RT-Lab, which needed to pause the data
recording after every 1000 samples in order to write these
samples in a file on the hard drive. These lost data represent
less than 10% of the total experiment data and their loss has
had no effect on the interference force computation or CDPM
displacements whatsoever.

5.2 An experiment with physical interaction and single
interference

At the initial point of the second experiment, the mechanism

mobile platform is positioned at p=[1.56 3.24 122]

meters. The distance between cables 1 and 3 is 61 mm.
Because the interference force is null at this distance, the
resultant force is practically equal to that picked up by the
sensor. The platform is moved across the workspace through
direct physical interaction with the user, with force
measurements being translated into displacements via the
admittance control scheme. When two cables get close enough
to breach the minimum distance allowance, an interference
force is produced and added to the force measured at the
moving platform. In this experiment, the minimum and
maximum permissible distances are 60 mm and 62 mm, while
the maximum force is F, =3 N . This force was set at a

relatively low value in an attempt to ensure user safety and
maximize the intuitiveness of the interaction. If the
interference force is greater than that applied by the user, the
mobile platform will repel the operator’s hand. Of course, the
trajectory should depend only on human actions until a certain
limit defined by the virtual wall and the interference plane.
Figure 12 presents two snapshots of the mechanism motion. Of



the three vectors stemming from the mobile platform—colored
blue, black, and red—the blue one corresponds to the
measured force (applied by the operator), black to the
interference force, and red to the resultant force. Figure 12 (a)

corresponds to the position p:[1.87 3.68 0.53]T meters.

The distance between the two cables is equal to 59 mm, which
is below the minimum distance allowed. Hence, in this case
the interference force intensity is at its maximum, F,, =3 N.

On the other hand, in Fig. 12 (b), the mobile platform position
isp= [1.3 3.68 I.OS]T meters and the distance between the

two cables is 60 mm. We can see in this figure that the
intensity of the interference force is smaller than that shown in
Fig. 12 (a), the vector lengths being proportional to their
corresponding force intensities.

Z(m)

(b)

Figure 12: Illustration of the second experiment with one
interference (a) at t = 76.86 s and (b) at t = 81.28 s.

This is because the distance between the two cables is
slightly larger in the case of Fig. 12 (b). Figure 13 shows the
three forces acting on the mobile platform over a time interval.
The high-frequency variation of the measured and resultant

forces is the result of the operator generating a back-and-forth
motion of the end-effector along the X axis, and along the
interference boundary. Notice that the interference force
remains smooth, as it is a function of the end-effector
displacement, which also varies smoothly. The user feels a
virtual force directed towards the interior of the workspace
while avoiding contact between cables. Different measures of
the interference force are illustrated in Fig. 14.
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Figure 13: Forces applied during the second experiment.
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Figure 14: Interference force during the second experiment.

In this example, the force intensity is represented by the
vector length with a color gradation corresponding to different
measurements over time. The last measurement is indicated by
the vector with the darkest color. This darkest vector has a
short length which involved a small intensity of the
interference force vector.

5.3 An experiment with physical interaction and double
interference



Results of the third experiment are presented in Fig. 15. In
this experiment, two interferences occur simultaneously
between two pairs of cables. The CDPM position is

p= [2.22 3.22 1.03]T meters. The distance between cables

1-3 and 5-7 are respectively 59 mm and 61 mm. In this case,
the parameters of the logistic function are 57 mm for the
minimum distance, 62 mm for the maximum distance, and 2 N

for the maximum force £}, . Figure 16 shows the three forces

acting on the mobile platform over a time interval.

Z(m)

Y(m)
X(m)

Figure 15: Illustration of the third experiment with two
interferences at t = 95.35 s.
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Figure 16: Representation of forces applied on the mobile
platform during the third experiment.

After determining the force for each interfered cable from
(29), the resultant force interference is computed according to
(30). The next section discusses these experimental sequences.

5.4 Discussion of experimental results

As can be seen in Figs. 12 and 15, the vector (in black) that
corresponds to the interference force is oriented in the right
direction to prevent the cables from crossing. A video of the
second and third experiments is attached to this paper. It shows
the interference management method and demonstrates the
CDPM behavior during physical interaction. Crossed cables
can occur when the force applied by the user is greater than the
interference force computed through equation (30). In this
situation, the desired force (expressed in equation (22)) is
practically equal to the applied force (measured from the
sensor), because the interference forces are fixed and
predetermined beforehand. The solution would be to limit the
applied forces to avoid any discrepancy between these two
forces. However, this solution may limit the CDPM
capabilities in some of the applications involving physical
interaction with the operator, e.g., pick-and-place of heavy
payloads. This is best resolved by adjusting the force
according to the intended task.

The control strategy was implemented and validated on a
CDPM driven by seven cables. The experimental results show
our strategy is a functional solution for interference
management during the physical interaction between a human
and a CDPM. A potential problem with our proposed method
occurs when the interference force draws the mobile platform
away from the CDPM workspace. The gradient may yield a
direction for the repulsive force that pushes the effector
towards one of the workspace boundaries. Indeed, the mobile
platform movements are generally limited to the CDPM
structure as well as the maximum cable axis distortion that is
allowed to come out of the reels. The more the cables deviate
from their axes, the greater the friction. Thus, the gradient does
not consider this workspace limitation and could move
according one of axes X, y, or z towards this virtual wall. In
this situation, the effector remains blocked on this axis but
continues to have small displacements on the other axes. After
a while, these small displacements produce a new direction,
since the gradient vector is determined by deriving with
respect to the position p. One solution could be to extend our

proposed method of avoiding cable-cable interferences to the
problem of avoiding workspace boundaries. This would allow
the operator to navigate intuitively across the whole CDPM
workspace.

6. Conclusion

In this paper, a new control scheme is presented for
interference management during human-robot physical
interaction. The method, which is based on admittance control,
relies on a virtual interference force to prevent the cables from
crossing and folding. Thus, the user is forced to move on the
interferences’ plane without crossing it. The magnitude of the
interference force is determined by a logistic function and its
direction from a gradient vector. The minimum distance
between cables is computed from the Karush-Kuhn-Tucker
(KKT) conditions of the associated optimization problem. The



local minima are determined in each computation, and then the
global minima are selected. Indeed, finding all the zeros in the
KKT conditions equations ensures the local minima.

Future work includes finding ways to integrate the
workspace limitation when determining gradient, and
accounting for rotations of the moving platform in the
interference avoidance scheme. Finally, the proposed strategy
will integrate a safety interactive system introduced in [41]. In
this setting, the interactive safety system would be used to
switch between two types of human-robot interaction modes:
task sharing and physical interaction. In this final setting, we
will be able to evaluate the system with participants.
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