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Stiffness and Transparency of a Collaborative
Cable-Driven Parallel Robot

Marceau Métillon, Camilo Charron, Kévin Subrin, St€phane Caro

Abstract The subject of this paper is about the relationship between the stiffness and
the transparency of Cable-Driven Parallel Robots (CDPRs) used as human-machine
interfaces in object comanipulation tasks. An index quantifying the transparency of
a CDPR is first introduced. The stiffness of the robot is determined in simulation
which parameters have been experimentally identified. Particular attention is paid
to the effect of the Moving-Platform pose and cable tension management on CDPR
stiffness. Then, the relationship between the stiffness and the transparency is anal-
ysed. Finally, the transparency index is traced throughout the constant-orientation
static workspace and throughout the cable tension feasibility polygon for a given MP
pose.
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1 Introduction

A CDPR is a particular type of parallel robot. A Moving-Platform (MP) is connected
to a rigid base frame using cables. The cables are coiled around motorized winches
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which control the cable lengths therefore translating and orientating the MP. Cable
routing is made from the winches to the anchor points on the MP via exit points
located on pulleys attached to the base frame. CDPRs are advantageous for industrial
applications such as intra-logistics manipulation [4], large scale 3D printing [1],
manipulation of large and/or heavy parts [14] and search-and-rescue operations [11].
When an external wrench is applied to the MP, cables exhibit an elastic behaviour
and the MP tends to move further from its static equilibrium pose. The stiffness
analysis of a CDPR is crucial to predict the MP displacement due to an external
wrench resulting from its weight or a collision with its environment. Several papers
deal with CDPR stiffness analysis [2, 16] for CDPR design [3] or control [5, 13].
In the field of Human-Robot Interactions, the interaction transparency has different
meanings depending on the nature of the interaction. Considering non-physical
interactions between a human user agent and a robotic agent, the transparency
describes the reciprocal knowledge of the other agent intentions [10]. Considering
physical Human-Robot Interactions (pHRI) in the field of bilateral teleoperation,
the transparency index is defined as the system capacity of rendering the interacting
environment impedance [9]. In the field of comanipulation, where the robotic system
is granting a manipulation assistance to the user, the transparency of the interaction
denotes the capacity of the robot to moves in the direction desired by the user [8].
This definition is used in this paper to characterize the transparency. The paradigm
of pHRI involving a human user and a CDPR is considered as shown in Fig 1(a).

(a) Human user interacting with a CDPR (b) Transparency

Fig. 1: Physical Human-Robot Interaction with a Cable-Driven Parallel Robot -
LS2N, Nantes, France

The MP is equipped with a handle that the user grabs and exert wrench onto to infer
motion intention. A force/torque sensor mounted between the MP and the handle
measures the wrench exerted by the user. An admittance control strategy converts
the measured wrench into a desired acceleration of the MP for the robot to servo [7].
As the user is exerting wrench on the MP the latter is subject to displacements that
can affect the wrench measurement therefore impacting the motion direction of the
robot thus affecting the transparency. Works have been done on the link between
stiffness and transparency in teleoperation paradigms [15] but to the best of the
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authors knowledge, no study has been conducted on the effect of the stiffness of a
CDPR on its transparency when used as a human-robot interface in a comanipulation
task. As a consequence, this paper deals with the analysis of the effect of: (7) the cable
tension distribution and the MP pose on the CDPR stiffness; (i7) the CDPR stiffness
on its transparency when used as an interface in a human-robot comanipulation task.
Section 2 describes the stiffness models of the CDPR under study. Section 3 presents
the results on the stiffness analysis. A novel transparency index is introduced and
analysed in Section 4 as well as the effect of stiffness on transparency. Conclusions
and future work are drawn in Section 5.

2 CDPR stiffness modelling

From [2] and [13], the Cartesian stiffness matrix of a CDPR can be expressed as:

K=K, +K, (1)

with K, being the active stiffness matrix and K, being the passive stiffness matrix.
The passive stiffness matrix is dependent on the MP pose and the cable elasticity
so that:

mn bu.b T bu TbbT
Z ki [bb b T hf)t_h b ThbT @
i=

where k; is the i-th cable elasticity, “u; is the unit cable vector denoting the i-th
cable direction and ?b; is the cross-product matrix of the anchor point vector b;
expressing the coordinates of the MP anchor points in the base frame. The cable
elasticity is given by k; = ES/l; where E is the Young’s modulus of the cable
material, S is the cable cross-sectional area and /; is the uncoiled cable length from
the winch to the MP anchor points.

The active stiffness matrix is dependent on the MP pose, the cable lengths and
the cable tensions so that:

BT R buT) bBT

S 'Y
K,=- Ti i (3)
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i i

where 7; is the i-th cable tension.



4 Marceau Métillon, Camilo Charron, Kévin Subrin, Stéphane Caro

3 Analysis of factors influencing stiffness

In this section, the influence of the MP pose and tension distribution on CDPR
stiffness is carried out in simulation in order to further analyse the impact on the
transparency. The CDPR considered is the CRAFT prototype, located at LS2N,
Nantes, of size 3.75 m x 4.34 m x 2.78 m. The prototype is equipped with eight
motorized winches which have lower and upper cable tensions capacities 7,,;, and
Tmax €qual to O N and 100 N, respectively. The cables used are synthetic cables
VECTO70LE composed of 8 braids of Vectran® fibres!. The cable diameter is 0.7
mm. The cable elasticity was experimentally determined using a Universal Tensile
Machine during a stress—strain analysis experiment. The identified elasticity is found
tobe ES = 17318.1 N.

To assess the evolution of the stiffness for the CRAFT prototype, the displacements
of the MP under an external wrench are determined and compared. The external
wrench is the wrench exerted by the user and is expressed as wy, = [fj, my,]" with
f, = [-1500]" N and m;, = 05. The human operator exerts a pure force fj, at point P
being located on the handle. The small-displacement screw 6X = [5p ¢]' of the MP
due to force exerted by the human operator is the following:

65X =K 'w, 4)

with 6X being the displacement of the MP in term of translation and orientation so
that 6X = [6p ¢]" with 6p = [6px 6py 6p]T and @ = [ox @y ¢x]".

3.1 Influence of the MP pose on the manipulator stiffness

From Eq. (2) and Eq. (3), both the passive and active stiffness matrices are dependent
on the unit cable vectors u;, therefore, the stiffness of the robot varies depending of
the pose. Here the influence of the pose on the stiffness is simulated. The constant
and null orientation Static Workspace of the robot is determined using the Capacity
Margin index [6]. Then, the static workspace is discretized and the robot stiffness is
computed at each point. In this scenario, the cable tension distribution considered
corresponds to the barycentre of the cable tension feasibility polygon of each pose
considering the static equilibrium of the MP [12]. The displacement of the MP under
the external wrench exerted by the human user is computed using the matrix K at
each pose.

Figure 2 shows the influence of the MP pose on the robot stiffness. Figure 2(a)
shows the translational displacement of the MP §p, along x; axis and Fig. 2(b)
shows the MP rotational displacement ¢, around y, axis. It can be seen that the
robot stiffness decreases when the MP altitude is increasing and when the MP moves
away from the vertical centreline of the workspace.

! Acquired from Corderie Lancelin, https://www.lancelin.com/en/
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(a) Translational displacement along xj, (b) Rotational displacement around y;,

Fig. 2: Displacement of the MP subject to an external wrench through the manipulator
static workspace

3.2 Influence of the cable tension distribution

The static equilibrium of the MP is written as

Wt +wy +w, =03 ®))

where W is the pose-dependent wrench matrix associated to the MP, T being the
cable tension vector, wy, being the wrench applied by the human user on the MP and
w, being the gravity wrench.

The number of cables of the CDPR under study is larger than its number of degrees
of freedom. Therefore an infinite number of cable tension sets exists to ensure the
static equilibrium of the MP. It can be seen from Eq. (3) that the cable tensions
have an influence on the overall robot stiffness. In this section the influence of the
cable tension distribution is studied. The methodology to compute the cable tension
feasible polygon detailed in [13] is used hereafter. The cable tension feasible polygon
Ay is the convex polytope of A = [4; A>]7 that satisfies the static equilibrium of the
MP and the cable tension limits so that:

Ap={2€R* | Tmin < T0+NA < Trax} (6)

with 79 = =W (wg + wj,), N = null(W) being the null space of the wrench matrix.
Tmin and T4 are the lower and upper bound cable tension vectors, respectively. To
study the influence of the cable tension distribution, the space A was numerically
obtained for a given MP pose of the MP, in this case p = [1.87 2.15 0.5]" m.
The feasible polygon is then discretized and the displacement of the MP under the
external wrench is computed for each discrete point. Figure 3 shows the influence of
cable tension distribution on the robot stiffness. Figure 3(a) shows the translational
MP displacement dp, along x;, axis and Figure 3(b) shows the MP rotational dis-
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placement ¢, around y; axis. The robot stiffness is maximized along x; axis and
around y,, axis for A = [35.54 —41.9]".
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(a) Translational displacement along x;, (b) Rotational displacement about y;,

Fig. 3: Effect of the cable tension distribution on the MP displacement subject to an
external wrench.

4 Transparency

From [8], the transparency index describes the capacity of the robot to follow the
human intention in terms of desired displacement. The user desired motion direction
relies in the force direction. For the CDPR used as an assistive device, the force
exerted on the sensor induces a desired acceleration of the MP based on the force
direction. The transparency index y is expressed as:

M= V-,E fhn (7)

with v,, being the unit vector of the MP translational velocity vector and f;,, being
the unit vector of the human force f;,. From Eq. (7), 4 amounts to the cosine of
angle 6 = £(v,, f,) between vectors v, and £,

It should be noted that the CDPR stiffness affects the transparency index when
used in comanipulation, especially when using an admittance control strategy based
on wrenches applied on the MP. The parameters used in this section are depicted in
Fig. 1(b). Equation (4) denotes the displacement of the MP under the external force
due to the pose-dependant robot stiffness K. X’ denotes the new MP pose after small
displacement. Due to this displacement, the force measurement in ¥, is distorted
due to the small rotational motion of the MP. The expression of the force measured
in the sensor frame considering the displacement of the MP is obtained as:

f, =" R, f, ®)
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with ”Rpr being the rotation matrix from frame ¥, = (O,Xp,Yyp,2p) and Fpr =
(P',Xp,Yp, Zp) Where X/ =b R, xp, ¥y, =b R, y, and z,, =b R, zp.

Using the measured force as seen by the sensor, the admittance controller defines
a desired Cartesian speed set-point for the robot to reach t = [v, w]T, with v =
[vx vy v,]" and @ = [wy wy w,]" being the MP translational velocity and angular
velocity respectively. In this specific case only translational motions are generated
using the admittance and angular velocity are kept null so that w = 03. The speed
set-point t is then used in the robot controller to compute the cable speed set-point i
using the kinematic forward Jacobian matrix A (X) such as:

i=AX)t )

In order to compute the transparency as the dot product of the unit vectors of the
velocity and the force applied on the MP, it is necessary to determine the effective
velocity of the MP by taking into account that the robot controller does not have
prior knowledge of the MP displacement. Therefore, the force measured and the
cable speed defined using the admittance controller will not lead to the correct robot
motion. The MP velocity is obtained using the kinematic forward Jacobian matrix
corresponding to the displaced pose A(X’) and the cable speed set-point issued by
the controller 1 as:

t' = AT(X)i (10)

with AT(X") being the pseudo-inverse of the matrix A (X’) and t’ = [v’ ’]" being the
MP twist accounting for the MP displacement under external wrenches. Therefore,
the transparency index u’ accounting for the CDPR stiffness can be defined as:

&=V (1)

where v, is the unit vector of the MP linear velocity vector, v'.

The results on the stiffness analysis carried out in Sec. 3 are used to compute
the transparency index throughout the manipulator workspace. It is then possible to
apprehend the influence of the MP pose and the cable tension distribution on the
transparency index. It should be noted that index y’ is bounded between -1 and 1.
In order to have an index bounded between 0 and 1 and have a better assessment
of the effect of the orientation error of the MP on the human user’s feeling, a novel
transparency index, named v’, is expressed as:

v = Tkt (12)
with k being a scaling factor to be tuned based on the task and the CDPR performance.
v’ is bounded between 0 and 1. The higher v’, the better the transparency of the
comanipulation task. Figure 4 shows the effect of the MP pose and cable tension
distribution on transparency with a scaling factor k = 500. Figure 4(a) shows that the
cable tension distribution has a negligible effect on the transparency. Due to the cable
tension limits, the cable tension distribution offers a small range of controllability
of the stiffness and therefore a small range of controllability of the transparency.
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Figure 4(b) shows that the lower the MP, the better the transparency and that the MP
pose has a preponderant effect on the transparency over the cable tension distribution.
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(a) Influence of the cable tension distribution (b) Influence of the MP pose

Fig. 4: Influence of stiffness on transparency

5 Conclusion and future work

In this paper, the stiffness of the CDPR prototype CRAFT was analysed and com-
pared based on MP pose and cable tension management. The displacement of the
MP under an external pure force was studied and its impact on the robot transparency
was investigated. A novel transparency index was introduced and it turns out that
the transparency of the CDPR is clearly a function of its stiffness. The higher the
robot stiffness, the better the transparency. Future work will focus on additional ele-
ments influencing the robot stiffness such as couplings between the motor gearboxes
and the winches. The transparency analysis will be extended to multiple wrenches
exerted by a human-operator on the MP and control solutions towards transparency
improvement. The effect of the communication time from the force sensor to the
robot control bay on the transparency will also be investigated.
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