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ABSTRACT

This paper presents a quantitative study on the effects of angle variation-disposition of actuators on the
compliance of a class of Deformable Hybrid Serial-Parallel Manipulators (DHSPM). Although compliance
is desired to achieve a secure and stable maneuverability, high stiffness is good to provide precision and
reject perturbations. Thus, the compromises between compliance and stiffness can have different profiles
along the degrees of freedom of deformable robots. The study is based on the simulation of the model of
the robot derived from computational mechanics (Finite Element Method) and is conducted on a DHSPM
with antagonistic actuation. We show that antagonistic actuation predominantly increases stiffness in
torsion when activated and that by changing the orientation of the actuator it is possible to increase
compliance in one direction while decreasing it in another. Finally, we provide guidelines for the design
of soft robots having a parallel structure such as deformable hybrid serial-parallel manipulators.

Keywords: Soft Robotics; Design Theory; Simulation.

ANALYSE DES EFFETS DE CHANGEMENTS DE DESIGN SUR LA COMPLIANCE DE
ROBOTS DEFORMABLE HYBRIDE SERIE-PARALLEL

RESUME

Cet article présente une étude quantitative sur ’effet qu’apportent des variations de 1’orientation des
actionneurs de manipulateur hybride série-paralléles déformables (DHSPM) sur leur compliance. Méme si
la compliance est désirée afin d’obtenir une maniabilité stable et sécuritaire, la rigidité permet d’obtenir de
la précision ainsi que de rejeter les perturbations. De ce fait, les compromis qui sont fait entre la rigidité et
la compliance peuvent avoir différents profils dépendamment du degré de liberté observé. L’étude est
effectuée par simulation d’un modeéle en élément fini du DHSPM ayant de I’actionnement antagoniste. |l
est démontré que 1’actionnement antagoniste augmente principalement la rigidité en torsion alors que le
changement d’orientation des actionneurs peut entrainer une augmentation de rigidité dans certains degrés
de liberté tout en la réduisant sur d’autres. Finalement, nous proposons des lignes directrices afin d’aider
a concevoir des robots déformables ayant une structure paralléle tel les manipulateur hybride série-
paralléle.

Mots-clés : Robotique Déformable; Théorie de Conception; Simulation.
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1 INTRODUCTION

Compliance is an increasingly desired property in many robotic applications. Indeed, compliance is
usually desired whenever there are robot-human interactions involved such as in minimally invasive
surgery [1-3] or human-machine material handling [4]. Multiple research works have thus been carried
out to achieve compliance in traditional robotics such as using active compliance where the controller is
used to reduce the stiffness when the robot interacts with its environment [5] or to develop mechanisms
that would allow passive compliance at the manipulator joints as proposed by [6-8]. Although these
methods can reduce the stiffness, they are still based on traditional robots which were designed for rigidity
and precision while performing repetitive tasks in controlled environments. These robots are thus not
completely suited for use in a highly changing environment with human presence. An alternative to adding
mechanisms on manipulators or to use the controller to increase the compliance is to use soft robots. Indeed,
soft robatics is an increasingly popular field due to the intrinsic ability for deformation of the system and
it is believed that soft robots could replace their rigid counterparts whenever they are involved in a working
environment with human presence.

Design of soft robots is still in its infancy, and has mainly focused on prototype actuators and grippers
[9-13]. Although some of the designs are functional, they remain not fully suited for commercialization.
Promising designs are soft continuum manipulators, which are robots often inspired by biological agents
such as elephant trunks and octopus tentacles [14-16] and tendrils [17], and offer a suitable alternative to
their rigid counterparts for robot-human interactions applications due to their compliant nature. Indeed,
robots such as the FeTCh [18] are hybrid serial-parallel manipulators that use soft actuators instead of the
typical hydraulic rigid ones. Although multiple prototypes exist, the design of such devices is still an open
topic in the robotics community since there are no formal design guidelines to follow.

This lack of formal guidelines can be related to the difficulty of extracting the properties of such
manipulators as there are no analytical models that can be employed due to the nonlinear behavior of the
deformable parts. Indeed, analysis, modelling and control of soft robots is usually achieved through using
finite element method (FEM) [19,20]. Furthermore, the design process of soft robots, being mobile robots,
grippers, or manipulators is still highly a trial and error process to obtain the desired properties as almost
no studies have been carried out to analyze the behavior of these systems under various working conditions.
Thus, to improve the design process of soft robots, it is required to better understand how the compliance,
which is the principal desired characteristic for soft robots, is affected when making design changes. This
will help in relying less on multiple trial-error loops and thus accelerate the development of soft robots for
their use in tangible applications.

Therefore, in this paper we focus on providing insights about the compliance of deformable hybrid
serial-parallel manipulators (DHSPM) when subject to design modifications. We first provide a larger
background on the general characteristics of DHSPM. Then we provide the methodology that was
employed to analyze the compliance of the manipulators. Finally, we present the results of the analysis and
we provide insights on how to attain desired properties.

2 DEFORMABLE HYBRID SERIAL-PARALLEL MANIPULATORS

2.1 Pressure Actuated Sections

This paper mainly focuses on the design of a deformable hybrid manipulator similar to the FeTChMK1
which is shown in Fig. 1. These robots are composed of three (or more) deformable pressure actuators
(either air or liquid) rigidly connected in parallel and similar to a Stewart platform, which are then
combined to form a serial-parallel manipulator. Such a manipulator benefits from some of the typical
properties of rigid hybrid manipulators such as increased workspace compared to parallel robots, better
control/accurate motion, and improved rigidity compared to serial robots [21].
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(b)
Fig. 1. FeTCh Deformable Hybrid Serial-Parallel Manipulator (a) Real Implementation (b) FEM Simulation

Motion of the deformable robot is induced by silicon accordion-like pressure actuator. The accordion
shape allows for the elongation of the cavity when pressurized; this type of behavior is called extensor.
This behavior is in contrast with the Mckibben actuator (artificial muscle) [22,23] which shortens when
actuated.

As mentionned earlier, the soft actuators are rigidly connected in parallel. This has many benefits such
as easing the fabrication process or by allowing a more accurate FEM to be created for the control of the
robot. Moreover, deformable manipulators are simple structures with few components compared to their
rigid counterparts as there is no need for mechanical joints (such as spherical joints) that would allow the
effector to rotate since the deformable components allow for such motion. Indeed, it is shown in Fig.2 (a)
and (b) how a section (parallel robot) deforms from its orginal position when pressure is applied in the
cavity of an actuator.

(a) (b)
Fig. 2. FEM of a manipulator section (a) unactuated (b) with left inflated actuator.
2.2 Antagonistic Actuation
Another way of actuating soft robots other than pressure is by using cables. By combining both cable

actuation and pressure actuation it is possible to obtain antagonistic actuation. This has many advantages
such as increasing the number of controllable degree of freedom of the manipulator, and potentially
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controlling the stiffness of the robot. Indeed, the pneumatic actuator works only in extension while the
cable works in compression. Thus, combining these two actuations can help increasing the robot’s stiffness
(as it will be shown in section 5.2) as they are working against each other. In the case of the DHSPM,
antagonistic actuation can be achieved by adding cables to each individual section from the robot’s base
to the section’s end, or to the whole robot by only connecting the base to the end-effector, which is shown
in Fig. 3. Although both methods for connecting the cables have the same controllable degree of freedom,
a manipulator like the one in Fig.3-(a) would have more degree of actuation and potentially a larger
workspace.

Base Effector
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Fig. 3. Connection of cables for antagonistic actuation (a) for each sections (b) single cable from base to effector
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3 DESIGN MODIFICATIONS FOR DHSPM

3.1 Orientation of the Actuators

There are multiple factors that can influence the compliance of soft robots. Changing the material or
thickness of the membrane (as in the case of pressure actuators as shown in Fig.4) would necessarily
modify the properties of the manipulator. However, there are certain limitations that should be accounted
for when doing so. First, the fabrication of these robots is still a highly artisanal process (silicon casting,
3D printing) and thus limitations exist regarding the usable materials and the maximum/minimum
dimensions. Furthermore, because finite elements are usually used to model the robots, there are also
limitations regarding the dimensions as the meshing process for the FEM might result in an inaccurate
model, or a too computationally heavy one. Therefore, in this paper we explore design variations of the
DHSPM section by changing the orientation of the actuators and analyze the effect on the compliance.
This analysis is based upon the assumption that a functional and realizable actuator has first been designed
for the desired robot size. By using a standard actuator during the analysis, we are also trying to solve one
of the problem raised by [24] which states that soft robotics lack standardized components such as in rigid
robotics, which leads to difficult knowledge transfer between finalized projects and new designs.
Therefore, throughout the analysis of different section designs, the same actuator, shown in Fig. 4, is used.
Furthermore, it is worth noting that the actuators used in this paper are made of Dragon Skin 10 Silicon
[25].
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Fig. 4. () pressure actuator dimensions, (b) cross section of the actuator, dimensions are in mm.

We analyze the effect of changing the orientation for both inward (degree-In) and outward position
(degree-Out) where we define the degree-In orientation of the actuator being oriented towards the center
of the DHSPM section. Models of sections with different orientation are shown in Fig.5 . We will refer to
the design variations as follows: value-Deg-orientation. Thus, a section having 10 degrees inwards
orientation will be referred as “10DegIn” and the one with 10 degrees outwards as “10DegOut”.

Fig. 5. (a)-(c) side view of a 0Deg, 30DegOut, 20Degln manipulator section (d)-(f) isotropic view of 0Deg,
30DegOut, 20Degln manipulator section

Furthermore, each of the sections were designed such that the centroid of the actuators laid on a circle
of 55mm radius around the y axis as it shown in Fig. 6.
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Fig. 6. Actuator positioning around the y axis

3.2 Number of Cables in Antagonistic Actuation

Antagonistic actuation can be used to control the stiffness of the manipulator, making it stiffer or more
compliant by having the cables act against the pneumatic actuators. The intuitive design would be to use
the same number of cables as pressure actuators to have a complete antagonistic effect. However, there is
not any increase in controllable degree of freedom from adding one or three cables for the sections of the
currently studied DHSPM. Indeed, the pressure actuators allow for positive translation along the vertical
axis (y-axis in this case) and rotation around the other two (x/z) while the cables only enable negative
translation along y. It is not possible to achieve x/z translation if the actuators/cables are not inclined from
the y-axis. Furthermore, it would not be possible to achieve rotation around the y axis if only three

pressure actuators and cables are used in configurations similar to the ones in Fig. 5. However, having
three cables increases the workspace of the robot as well as improves its control compared to zero or one
cables, as shown in Fig. 7. In the case of the FeTCh manipulator, the cables are located opposite to each
actuator and apply a moment to the rigid vertebrae, which in turn, allows for greater bending angles.
Nevertheless, because of the disposition and width of the actuators, the force applied by the cables also
introduces undesired behaviors such as on the shearing of the section (i.e there could be displacement of
the effector along the x/z axes, but this motion would be a result of the robot's deformation and would not
be controllable). Thus, we investigate if increasing the number of cables is beneficial for increasing the
stiffness of a DHSPM, even if this, in turn, increases the complexity of the design.

(a) (b) ()

Fig. 7. Tracking of an object (sphere) for (a) cable-less section, (b) section with center cable, (c) three cable section

4 MEASURING THE COMPLIANCE OF A SECTION

Behavior of the DHSPM is dictated by the behavior of the sections it is composed of. Although soft
robots are non-linear entities, it is possible to assume linear behavior in the deformation of soft actuators
that are comprised between two rigid section as it is shown in [26]. Thus, we focus on the analysis of a
single section of the manipulator. As mentioned previously, analysis of soft robots is achieved numerically
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and in this paper, we use the SOFA framework [27] with its Soft Robots plugin [28] for simulating the
deformable robots. The FEM of an actuator is created using CGAL [29] and each of the actuators are
constituted of 3550 tetrahedra. Furthermore, during the simulation the cables (when antagonistic actuation
is used) are considered rigid in tension.

The compliance, which is defined as the inverse of the stiffness and denoted by K™, is measured
through simulation. The FEM initially results in a sparse stiffness matrix being built. We inverse and
condense the sparse matrix to a 6x6 compliance matrix by applying a wrench at the effector of the robot’s
model and retrieving the displacement to build the condensed matrix. This process is similar to methods
that have been substantially used for analysis of rigid serial, parallel and hybrid manipulators where an
exact model is difficult to obtain [30-32]. However, in this paper we use the FEM instead of the real robot.

As mentioned earlier, we assume that there is a linear behavior for small displacement/force between
two rigid sections. This assumption allows for the comparison of the condensed compliance matrices,

K™, of the various designs, which will be used to better understand the effect of actuator orientation and
antagonistic actuation in the compliance of these systems around home configuration. In fact, Eq. (1) is
equivalent to the result of simulation, where an example of simulation measurement is shown in Fig. 8.

Fig. 8. Simulation of the compliance measurement in SOFA

[6p. 6P, 6p, 64 80 Sy | =K*[F, F, F, M,M, M, )

with [ 5p, 5p, 5p, |=Ap being the change in position along the principal axis and [J¢ 66 5y] = Ar

being the change in orientation. However, it is not possible to extract the full compliance matrix from the
simulation if a single wrench is applied. Thus, to build the compliance matrix, we apply multiple wrenches
to the FEM in order to compute each column i of the compliance matrix by measuring the resulting

displacement vector [Ap Ar]T such as shown in Eq. (2).
[Ap,” Ar" T =K (onehot, (i) -a,)" @)

where onehot,(i) is the function that return a vector with 1 at the element i and 0 otherwise (ex:
onehot,(2) =[010000] ), and &, is a scaling factor for the wrench which value should be chosen to
ensure linear behaviour. It is to note that in this paper, a, was chosen after trial-error through the
simulation and resulted in a =a, =a, =1[N] and a, =a, =a, =0.05 [Nm]. The resulting vectors

[Api* Ar] ]T are temporary values directly extracted from the simulation which need to be descaled, as
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shown in Eq. (3), in order to be used to fill the compliance matrix. These steps are similar to multiplying
K™ by the identity matrix.

[ap, ar] =[ap; ar’] /4 3)

5 RESULTS

5.1 Effect of Actuator Orientation on the Compliance

Different methods can be used to analyze the compliance of a system through the compliance/stiffness
matrix such as using the trace, by computing the determinant, or by finding the eigenvalues [33]. However,
in this paper we carry out a more detailed analysis by providing the diagonal elements of the compliance
matrix. Using these results better help in understanding the effect of the design modification as some
modifications might result in an increased stiffness in a specific direction and reduced it in another.
Furthermore, we also provide results of the compliance with different internal pressure values as it would
necessarily affect the results, especially if antagonistic actuation is used. The results from the simulation
for different internal pressures of the actuators are shown in Fig. 9.
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Fig. 9. (a)-(c) Compliance in displacement along x,y,z respectively. (d)-(f) Compliance in rotation around X,y,z
respectively. In (b), 10DegOut overlaps 0Deg, and 20DegIn overlaps 10Degln

As it can be seen in Fig. 9, the compliance is only slightly modified when the actuators are pressurized
if no antagonistic actuation is used. Furthermore, the results also show that the main advantage of changing
the orientation of the actuator is to gain stiffness in “shear”, which is obtained by inward orientation.
However, changing the orientation, both inward and outward increases the compliance in torsion along the
non-vertical axes. These findings constitute interesting design guidelines for this type of actuators.

5.2  Effect of Antagonistic Actuation on the Compliance

As mentioned previously, antagonistic actuation has the potential to increase the stiffness of a soft robot.
We use the same process as the analysis from the change in orientation to obtain the results regarding the
effect of using one cable in the center or three cables (as it was shown in Fig.7). These results are shown
in Fig. 10.

As it can be seen in Fig. 10, adding a single cable in the center of the actuator does not seem to have a
positive effect on increasing the stiffness of the manipulator section as it might have been expected. This
is the result of the center cable acting as a pivot point, especially for rotations around the y axis. However,

adding 3 cables does significantly reduce the compliance (as seen in Fig. 10, specially 10d and 10f ) and
thus could be used whenever a stiffer section is desired, such as the base of the manipulator.

Furthermore, it is possible to significantly rigidify the structure of the robot by combining both change
in orientation and antagonistic actuation. Indeed, by using a 30 degree-In section with three cables should
increase both the “shear” stiffness, which was just slightly improved for the parallel section with
antagonistic actuation, and the non-vertical axis torsion stiffness.
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6 DISCUSSION AND CONCLUSION

Soft robotics still lack standardized components to support faster development and to reduce the
variability of trial-error based design process. In this paper, we demonstrated how it is possible to extract
the properties, such as the compliance, of deformable robots through simulation. Moreover, we showed
that it is possible to control the properties of deformable hybrid serial-parallel manipulators by changing
the orientation of the soft actuators or through antagonistic actuation. Indeed, these design modifications
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can be used to obtain properties for the robot without necessarily designing multiple actuators.
Furthermore, the result of the analysis could lead to new control algorithms for active stiffness, which
would be similar to the rigid robots algorithms for active compliance. This would be achieved by having a
minimum pressure in the actuator to rigidify the structure using antagonistic actuation. Moreover, the
compliance analysis can be extended to design displaying similar patterns where multiple actuators are
connected in parallel, such as in walking robots or soft grippers. Finally, some design guidelines can be
drawn from the current analysis. If greater shearing stiffness is desired, it is required to orient the actuators
inwards. Antagonistic actuation with 3 cables should be used whenever increased stiffness in torsion is
desired. Finally, the only advantage of using antagonistic actuation with a central cable is if larger rotation
angle is desired, such as in the case of a 6 actuators Stewart platform that allow rotation around the
symmetry axis, as the central cable increases the compliance.
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