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Toward the control of tensegrity mechanisms for
variable stiffness applications: a case study
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Abstract. Cable-driven tensegrity mechanisms can be considered to control at the same time posi-
tion and stiffness. Adequate control solutions have however not been proposed yet. This paper thus
focuses on the development of an original control strategy using a tension distribution algorithm
adapted from related work on cable-driven mechanisms. The algorithm is being used to modify
the mechanism configuration together with its stiffness through the level of prestress in the system,
which constitutes a step toward the exploitation of such mechanisms for variable stiffness appli-
cations. Simulations show encouraging results on the stiffness variation capacity of the presented
mechanism.

Key words: Tensegrity mechanism, cable-driven mechanism, tensegrity modeling and control,
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1 Introduction

A tensegrity mechanim is a self-stressed system comprising a set of compressed bars
in a set of tensioned elements [10] that can be either cables or springs. Actuation of
the mechanism allows for device reconfiguration and such kind of mechanism has
been demonstrated to be of interest in applications ranging from mobile robotics [9]
to manipulators [1]. Besides, so-called tensegrity systems have been considered for
variable stiffness applications [3], as the stiffness along specific directions can be
dramatically modified through the level of prestress within its components. In this
case, elastic cables or springs are preferred in order to bring compliance to the
system around a fixed configuration. Introducing tensegrity mechanisms in which
both the configuration and the stiffness can be controlled seems of great interest for
robotic applications where variable stiffness is desired. This paper is thus focused
on the control of such tensegrity mechanisms, an aspect which has not been yet
investigated in the literature.

The modeling of tensegrity mechanisms is complex, as the tensions in the cables
or springs have to remain positive, and static conditions must be taken into account
as shown in [4]. Cable-actuated tensegrity mechanisms therefore interestingly share
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Actuators

Fig. 1 Cable-driven planar tensegrity mechanism.

properties with cable-driven robots. A cable-driven robot is composed of a plat-
form connected to the base by cables which lengths are modified in a coordinated
way to control the platform pose. As a cable can only be tensioned, unidirectional
constraints exist, contrary to classical parallel manipulators in which the kinematic
redundancy can be managed through bidirectional constraints [6]. In this paper, we
propose to take advantage of recent developments in the control of cable-driven
robots to develop a control strategy of tensegrity mechanism for variable stiffness
applications.

The analysis we perform is divided into two steps. First, the position control
of cable-actuated tensegrity mechanisms is investigated. An original controller is
proposed based on so-called tension distribution algorithms [7]. Second, a stiff-
ness modulation strategy through cable prestress is proposed. This strategy is im-
plemented on an original planar cable-driven tensegrity mechanism. Thanks to the
architecture of the mechanism, meaningful simulations results related to the config-
uration and stiffness control are obtained.

In section 2, the considered system is presented together with its modeling. In
Section 3, a description of the control strategy is provided before introducing con-
trol behavior through simulation in section 4. Conclusions and future works are
developed in section 5.

2 System description and modeling

2.1 Description

The considered system is depicted in Fig. 1. It is composed of one static and three
moving bars of length L, articulated in four pin joints A, B, C and D. The resulting
parallelogram linkage is actuated by two cables attached in C and D and passing
through A and B. The system is indeed a tensegrity mechanism as the three bars
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are compressed by two tensioned actuated cables. As a parallelogram linkage, this
system exhibits one degree of freedom. The mechanism configuration is represented
by the angle 6.

Two linear springs of stiffness k are integrated along each cable to bring com-
pliance to the system. The resulting angular stiffness of the end-effector BC is de-
noted Kyg. The distances AC and BD are respectively denoted /; and /; and can be
computed as

I} =2Lcos(6/2) n
I, =2Lsin(6/2)

The lengths of the cables, denoted g; and g5 (see Fig. 1), are controlled by two
actuators of angular positions o and o through pulleys of radius R. In the follow-
ing q = [q1,92]", & = [a1, 0] and therefore q = —Ra.

2.2 Kinematic and static modeling

As a tensegrity composed of deformable springs, this system is submitted to self-
equilibrium constraints that have to be considered together with the kinematic
ones [4]. Using the same energetic approach than in [2], the equilibrium equation is
expressed as

U

26
with U the potential energy assumed to be fully stored in the springs. The angular
stiffness Ky is computed using the second derivative of U with respect to 8 so that

=0 2)

9*U
Ko = =57 3

The two cables are used to control the configuration of the parallelogram, so we
consider q as the articular variables. The system is kinematically redundant, i.e.
each configuration can be reached with different levels of prestress. It also means
that Eq. (2) can be satisfied for different values of Ky. Two variables are required
to fully represent the system state, namely its configuration 6 and its angular stiff-
ness Ky. In the following, we thus designate the vector X = [G,Kg]T as the opera-
tional variables, as they are the variables to be simultaneously modified for a given
task. Eq. (2) and (3) lead to the so-called Forward Static Model, i.e. the expression
of X with respect to q:

6 = 2arctan(q2/¢1)
KL gitd; 4)

2
\at+ 43

Ko =
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Fig. 2 Control strategy.

The first equation in (4) can be retrieved using the virtual work principle that
gives a relationship between the cable tension set F = [Fj, F>]” and the torque I”
applied on the output bar BC (see Fig. 1):

Lsin(0/2)F; — Lcos(6/2)F, =T Q)

that can be noted

WF =T (6)

with W = [Lsin(6/2), —Lcos(0/2)]. The equilibrium is reached when I = 0, and
then the first equation in (4) can be retrieved from (6) knowing that F; = k(l; — ¢;)
for the i-th spring. The reader should notice that two forces are used to generate a
single torque. This redundancy, specific to cable-driven systems, means that a given
torque can be generated for several couple of forces i.e. for several levels of prestress
within the system. This specificity in the mechanism modeling is the starting point
of the strategy we propose in order to reconfigure the system while controlling its
prestress and thus its stiffness.

3 Control strategy

3.1 Tension distribution algorithm

The system position has to be controlled while ensuring that the tension set F re-
mains in the user-defined positive interval bounded by Fyi, and Fiyax. In this paper,
we propose the control strategy depicted in Fig. 2 adapted from [8]. An external loop
controls the reference configuration 6* using a position controller that generates a
virtual torque I, to be applied to the system. This torque is used as an input to the
tension distribution block that solves

WF* = I, subjected to Fiyin < F* < Fax (7

The inner loop then uses a tension controller to feed the actuators with the velocities
@. It can be proved from [7] that the solution to Eq. (7) is of the form

F" = W+R+Nw)~ (8
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where W™ denotes the Moore-Penrose pseudoinverse of W, Ny a basis of W
nullspace, and A a scalar to be chosen so that the inequality in Eq. (7) is satisfied,
namely that

Fmin - W+R < NWA < Fmax - W+Fv (9)

which is equivalent to

ﬂvmin < A < ﬂvmax (10)

The existence of a solution to Eq. (7) depends on the value of the torque I, to be
applied. The feasibility of I is verified and its value is saturated accordingly using
the approach of [5] to ensure the existence of a solution set. Then using the approach
described in [7], the set A = {4 |Adpin < A < Ayax b can be computed.

The second term of (8) corresponds to the level of prestress within the system.
This latter does not modify the current equilibrium configuration of the system as it
is chosen within W nullspace, so that it generates no torque I'" on the end-effector.
The modulation of A within A has thus a direct impact on the stiffness of the system
and no influence on the system configuration. This property is at the center of the
stiffness modulation strategy.

3.2 Stiffness modulation through prestress

In existing applications such as described in [7], the tension distribution algorithm is
only used to provide a single feasible solution to Eq. (7) among the infinite number
of solutions in A. The scalar A can be chosen as the center of gravity of A, which
has been proved to be continuous along continuous trajectories [7]. In that case, it
means that A = (Ayax + Amin) /2, so that the level of prestress is chosen as far away
as possible from the upper and lower bounds of F*.

In this paper, our idea is to modulate the choice of 4 in A to modify the level of
prestress and thus the stiffness. Around an equilibrium configuration (i.e. I, = 0),
the first term of Eq. (8) vanishes and it becomes

F* =NwA (1D

where Ny = [~Lcos(8/2),—Lsin(8/2)]" is a basis of W nullspace. As F; = k(I; —
gi) for the i-th spring, Eq. (11) can be combined with Eq. (4) and (1) to give

LZ
Ko = = (A+2K) (12)

The stiffness Ko can thus be explicitly controlled through A using the tension
distribution algorithm. This constitutes an original use of the algorithm in order to
modify the stiffness of the mechanism at a fixed configuration through a prestress
modulation.
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4 Simulations

In the following, the behavior obtained with the proposed approach is analyzed
through a trajectory tracking simulation. In addition, the stiffness modulation is as-
sessed to provide a first insight of the system ability to be controlled in position and
stiffness simultaneously. We choose L = 70 mm, k = 0.27 N/mm and R = 8.4 mm as
consistent values and to ensure future experimental validations. Thanks to the par-
ticular arrangement of the elements within a tensegrity mechanism, important loads
can be supported using only slender and lightweight components. The weights and
inertia within the system are therefore neglected. The control scheme of Fig. 2 is
implemented in Matlab Simulink (The Mathworks, Inc.) in which the tensegrity
mechanism is represented by its static model. The dynamics of the system as well
as those of the actuators are neglected. These assumptions are justified by the tra-
jectories to be tracked in the simulation, which exhibits low accelerations.

4.1 Trajectory tracking

The simulated trajectory aims at demonstrating the reconfiguration capacity of the
system, as well as the impact of the configuration on A. For didactic purposes, we
also show the impact of the tensions bounds on the system behavior. The trajectory
is chosen accordingly as commented in the following.

The simulation results are illustrated in Fig. 3. During the first 20 s, the mecha-
nism is driven from 6* = 90° to 0* = 45° with constant bounds on F* of 4 N and
10 N. For the next 5 s, the upper bound is linearly increased to 20 N for 0* = 45°.
During the last 5 s, both bounds on F* and 6* are fixed, so that neither the configu-
ration nor the tensions are modified by the algorithm.

The cable tensions are equal at 8* = 90° thanks to the symmetrical arrange-
ment of the cables, and they are equal to (Fuax + Finin)/2, the center of gravity
of the feasible tensions. Between 0 and 20 s, A shrinks as the cables tensions get
closer to their bounds. The limit of the tension distribution for these bounds is met
at 45° where F| = Fy,,y and F> = Fy;,, and A is then reduced to a single value. Fi-
nally, when F,, is increased from 10 to 20 N, the tensions continuously adapt to
the new bounds thus keeping the same configuration for different tension sets.

These results show the ability of the system to track a trajectory in 68, but also to
reach the same configuration for different tension sets.

4.2 Stiffness modulation

In order to demonstrate the stiffness modulation ability of the system, the angle is
set to a constant value: 6* = 90° for the first test and then 8* = 75°. The scalar A
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is imposed so that Ky lineary goes from 0.5 to 1 Nm/rad during 5 s (see Eq. (12)).
The results are depicted in Fig. 4.

As already noticed in the previous simulation, the cable tensions are equal all
along the modulation for 8 = 90°. This is no more the case for 6 = 75°. In both
cases, A is kept in A so that the cable tensions remain between the preset bounds
(here between 4 and 20 N). It should be noticed that for this particular mechanism,
the results may be counter-intuitive as the stiffness is increased when the prestress
decreases in the cables. These simulation results show the original use of the ten-
sion distribution algorithm coupled with Eq. (12) to provide a stiffness modulation
through a variation of the prestress within the mechanism.
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Fig. 3 Simulation on a trajectory tracking between 6* = 90° to 8* =

45°. (a) Reference and current
angle ; (b) Evolution of A and A ; (c) Evolution of the cable tensions and their bounds.
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Fig. 4 Simulation of a stiffness linear variation between K¢ = 0.5 and 1 Nm/rad during 5 s for (a)

6 =90° and (b) 6 = 75°. Top graphs represent the evolution of A and A, bottom ones the evolution
of the cable tensions and their bounds.
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S Conclusions and perspectives

In this paper, a novel control strategy for cable-actuated tensegrity mechanisms is
proposed. Existing works on cable-driven robots are exploited to design an adapted
control strategy. This strategy is implemented on a 1-DOF tensegrity mechanism
which state is defined as its configuration together with its stiffness about its DOF.
Using an original adaptation of the tension distribution algorithm, both the con-
figuration and the stiffness can be modified. Simulations notably show encouraging
results on the stiffness variation capacity of the system. These results clearly empha-
size the potential of this mechanism and the control strategy for variable stiffness
robotic devices.

Further works will be carried out on the experimental validation of these results
as well as on the development of alternate control strategies for further applications.
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