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Abstract:

In this paper, we describe the design and analysis of
a Soft Cubic Module (SCM) with a single internal pneu-
matically actuated chamber. The actuation chamber’s
shape, size and, orientation have been evaluated to real-
ize a soft robotic actuator which can be further employed
for the development of modular soft robotic systems.
SCM can be easily manufactured through the molding
process and it is composed of single soft material, the
silicone polymer. Its external shape allows utilization of
this module as a single block actuator as well as makes
it easy to combine multiple SCM modules to build multi-
unit soft robotic systems. We consider it as our first tool
to investigate whether the SCM scheme is sufficient to
build soft robots which would be able to perform certain
given tasks in various configurations like a soft gripper,
bio-mimetic crawling mechanism or multi-axis manipula-
tor. So far, the results obtained are encouraging in order
to further develop and employ the SCM design scheme,
focusing on its further geometrical optimization for both
standalone configuration and assembly of multiple mod-
ules to realize novel, economic and easy to fabricate soft
robotic systems.

Keywords: Soft actuator, pneumatic actuation, soft
robotic mechanism, Modularity, Scalability

1. Introduction

Soft pneumatic actuators (SPAs) have gained huge
popularity and are being employed in the field of soft
robotics during the last decade to realize a variety of
hyper-elastic robotic innovations. In the developed
soft robots [1], SPAs not only provide actuation means
for the system but also craft and represent the main
body part of its robotic structure. Frequently, such ac-
tuators are made of at least two parts having different
stiffness characteristics: materials with different elas-
ticity are employed in a certain combination to lim-
it and utilize the interacting strains in an optimized
manner in order to achieve a desired mechanical re-
sponse to produce actuation or manipulation.

One of the most famous SPA is described in [2]. This
actuator is made of two parts: a pneumatic chamber
composed of EcoFlex 00-30 and a layer of polydimethyl-
siloxane (PDMS). The latter is stiffer than the former

and provides longitudinal inextensibility to one of the
faces of the actuator. As a result, the actuator performs
planar bending and can be used as a finger to grasp
an object or as aleg for a crawling robot [3]. Based on
this principle, soft hands and orthoses (e.g., [4, 5]) have
been developed; other examples of SPAs with relatively
inextensible layers can be found in [6, 7].

In some works, rather than using such layers (or, in
some cases, in addition to them), the strain of part of
the elastomeric matrix is limited by recurring to fib-
ers: in [4, 8], sewing thread is wound along a double
helix on the soft body of the SPA to avoid ballooning
effect. In [9] the fiber plays a major role: it is wound
on the external surface following a helicoidal path,
whose angle determines the mechanical behavior of
the actuator; how the authors demonstrate, SPAs hav-
ing different fiber angles can be properly combined
in series, to build a soft snake able to move through
a pipeline. In another work [10] the SPA consists of
a soft cylindrical component made of EcoFlex 00-30,
with three longitudinal channels. In order to reduce
the ballooning effect, an accordion-like structure is
embedded in the body of the actuator. Such structure
is made of a silicone rubber whose hardness is higher
than the one of EcoFlex 00-30 and therefore provides
additional stiffness.

So far, the combination of several materials to build
SPAs has turn out to be a winning choice; however, it
introduces complications in the fabrication process.
Another convenient approach is the development of
blocks or units to build modular soft robots: in [11],
inflatable and non-inflatable units are provided with
screw thread connectors to allow easy assembling
and disassembling of soft mechanisms. The units de-
scribed are made of several materials.

Soft pneumatic actuators (SPAs) have been recog-
nized as one of the basic building block in the field of
soft robotics in the last decades. Electro-pneumatic or
electro-hydraulic elastomeric actuators were initially
employed in the 1980’s to realize biomimetic mech-
anisms [11-14]. Pneumatic artificial muscles (PAMs)
or McKibben’s muscle were also used to develop soft
prosthetic and rehabilitation systems [15-21]. Some
latest designs for the bio-inspired soft mechanisms
have been reported in [22-25]. SPAs facilitate actu-
ation as well as serve as a part or body of the main
actuator or the soft robotic structure (26).

In the work presented in this paper, we also adopt
a modular approach, but we aim at developing SPAs
made of only one material. We introduce a soft cubic



Journal of Automation, Mobile Robotics and Intelligent Systems

VOLUME 13, N°1 2019

module ‘SCM’ having a single internal chamber, and
we show its deformation under actuation. The point
of interest on the actuating face of the SCM is the point
where the maximum deformation occurs which is to
be utilized for the application of the SCM. The SCM
has been evaluated as a single unit soft actuator and
has been employed as asoft vacuum gripper [27].
Furthermore, thanks to the external cubical shape of
the SCM, several cubes can be arranged to configure
multi-unit soft systems. At the current stage, we pres-
ent the design of the SCM and its internal actuation
chamber. A discussion on the potential of the present-
ed module follows, as well as a critical analysis of the
limitation of the current work. We conclude by briefly
introducing future works aimed at the development
of more efficient and effective modules and modular
soft robots employing this scheme.

1. Soft Cubic Module (SCM)

1.1. Geometrical Design of the SCM and its Internal
Actuation Chamber

SCM is the fundamental building block of this de-
sign scheme with an internal pneumatic actuation
chamber. As the name suggests, SCM has a cubic shape
while its actuation chamber or cavity resides beneath
one of the surfaces of the cube, which is the actuating
face of SCM. To design the internal actuation cavity,
different shapes have been considered and analyzed
at various orientations inside the silicone cube in or-
der to achieve an effective deformation and respec-
tive resultant forces. The produced deformation can
be utilized further to achieve the required actuation
of a particular SCM which may be employed as a soft
system in a standalone configuration, or in the combi-
nation of two or more SCM blocks.

Spherical, ellipsoidal and cylindrical profiles of
the internal actuation cavity (Fig. 1), with varied po-
sitions and orientations have been simulated for stat-
ic hyper-elastic behavior of the actuated SCM in ‘Creo
Parametric 3.0 M 130’ to validate their respective per-
formance in terms of effective deformation and the
resulting von-mises stress to ascertain the stress dis-
tribution on the module. Although the SCM module
has proven scalability characteristics, let’s consider
a 30x30mm cube for the purpose of demonstration and
analysis. The spherical chamber with 12mm diameter is
touching the center of the cube under the actuating face
with minimum 2mm surface thickness. The ellipsoi-
dal chamber, with major and minor diameters of with
24mm and 12mm respectively, is oriented between the
faces of the SCM orthogonal to the actuating surface at
45° to the z-axis. The cylindrical chamber is positioned
under the actuating face with minimum 2mm surface
thickness around and at the top of the chamber.

Increasing trends of output load set and the out-
put stress and produced deformation against applied
pneumatic pressure have been observed. Selected
set of results for 1kPa to 3kPa applied pressure have
been presented in Fig. 2 and Fig. 3. It is evident from
the results that increasing the effective actuated area,
against the selected surface being actuated, increases

the output stress and the deformation. This scenario
is best possible to achieve employing cylindrical pro-
file with the highest actuation chamber surface area
affecting the actuating surface of the SCM. In the case
of spherical and ellipsoidal shapes, either the pro-
duced stress is being absorbed by the material itself
or the large deformations on all surfaces of the cube
at higher pressures affect the stability of the SCM.
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Fig. 1. SCM with cylindrical, spherical and ellipsoidal
actuation chambers: For load testing, SCM subjected
to fully constrained bottom plate whereas a rigid plate
simply attached to the top actuating surface of SCM
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1.2. Design Studies and Analysis of Actuation Cavities
Deformation against Applied Pressure

SCM design is being considered to make it a stan-
dalone stable unit, which can further be integrated
into multiple unit configurations. Furthermore, to
generate actuation, SCM needs to be capable of gen-
erating effective deformation at least on one surface
of the cube. This deformation, like along z-axis or-
thogonal to the actuating surface, should be sufficient
enough to exert forces on the interacting surface,
whether it is some external body or another integrat-
ed SCM unit.

Based on the considered profiles and orientations
of the internal actuation chambers of SCM, the output
load set and produced deformation suggest that the
chamber should have a maximum interacting surface
area to the corresponding actuating face of the SCM
in order to achieve the maximum deformation on the
target actuating surface. Furthermore, since the SCM
is composed of a hyper-elastic material, spherical and
ellipsoidal shapes will have a variable thickness of the
actuating surface due to their curvature. Furthermore,
soft material around the actuated chamber absorbs
the pressurization effect which affects the promulga-
tion of effective deformation and output loads at the
required face of the SCM. These intuitive evaluations
of the simulations suggest that the actuation cavity
needs to be in the proximity of the target face of the
SCM as well as should have a maximum possible sur-
face area of the chamber in contact with the actuating
surface to impart maximum deformation and forces.

As already stated, another aspect to optimize the
size and placement of the actuation chamber is the sta-
bility and portability of the SCM unit. This aspect im-
plies to the feature of this cubic module to be portable
on flat surfaces and a convenient approach to develop
multi-unit configurations joining required faces of the
cubes. Spherical and ellipsoidal shapes with various
dimensions and orientations, eventually affect all the
faces of the cube. This would be resulting in the insta-
bility of the cube as well as make it difficult to utilize
SCM in a modular multi-unit configuration effectively.
Whereas the cylindrical chamber deforms the nearest

surface of the cube in such a way that the opposite face
remains at normal state providing at least one surface
for stability. This behavior is helpful in utilizing the
SCM in majority of its multi-unit configurations. In this
purview, the cylindrical actuation chamber as shown in
the Fig. 4 has found to be the most appropriate profile
satisfying design and required output performance for
the development of SCM. Cylindrical profile design is
further discussed here in detail.

1.3. Cylindrical Actuation Chamber Configuration

Cylindrical actuation cavity is considered and val-
idated based on simulations analysis and the devel-
oped silicone polymer modules. The flat surface of
this cylindrical actuation chamber is oriented parallel
to a face of the SCM underneath the 2mm thickness of
the outer surface which is the actuating surface. The
central axis of the cylindrical chamber is coincident
with Z-axis which is one of the principal axes of the
cube; from now, this axis will be denoted as axis ¢. This
orientation of the actuation cavity has been found to
be the most appropriate against applied pneumatic
pressure. Outline of the side view of the SCM is shown
in Fig. 4. The dimensions are reported in Tab. 1.

1.4. Material

Alow-cost silicone polymer “SILICON MIX” pro-
vided by “ITALGESSI Srl” has been utilized to develop
the designed SCM. This silicone can be used at room
temperature. It has two components to mix them
together: silicon (A) and catalyst (B). For our exper-
imentation in the current study, a brick-red colored
material with Shore A hardness 4 has been employed.
The current modules have been developed with a mix
of 4:1 ratio of components A and B. The material usu-
ally takes 2 to 3 hours to cure at room temperature.

Fig. 4. Side view of the SCM. The soft actuator with its
internal actuation chamber in cylindrical shape with
height h and diameter D

The material, silicone polymer with Shore A hard-
ness 4, has been tested for its tensile strength. Test
results have been further used in Ansys Work-
bench 17.1® environment, in order to obtain a ma-
terial behavior, using Arruda-Boyce model, with the
consideration of initial shear modulus p = 12.37kPa,
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Tab. 1. Dimensions of the SCM with cylindrical
actuation chamber

Dimension Description Value (mm)
L edge of the cube 30mm
D diameter of the chamber 27mm
h height of the chamber 6mm
t thickness of the top layer 2mm

limiting network stretch AL = 1.602 and incompressi-
bility parameter D1 = 0.

1.5. Fabrication of SCM

SCM module is developed in two parts: the major
part which includes the main body volume and the ac-
tuation cavity, and a covering square layer for the cham-
ber. 3D printed molds of using PLA thermoplastic has
been used for molding of the silicone polymer Fig. 5.

Fig. 5. Molds and respective molded parts to build the
SCM. 3D printed molds and the molded silicone

1.6. Actuated Configuration

The deformation of a single actuated SCM, with cy-
lindrical actuation chamber as described, exhibits the
deformation of the chamber’s corresponding face and
secondarily the edges of side faces Fig. 6.

Fig. 6. SCM actuation. Normal (a) and actuated
configuration (b)

The point on the actuated face with maximum dis-
placement occurs along axis ¢ denoted by dt. Along

the edges of the four side faces of the actuated face,
a smaller deformation takes place which depends
upon the height of the internal chamber. This maxi-
mum displacement (ds) occurs orthogonal to { and to
the face. This is due to the minimum wall thickness
at center of the edge. The points undergoing the dis-
placements dt and ds are exhibited in Fig. 7 and 8, re-
spectively.
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Fig. 7. Directional deformation (dt). dt along ¢,
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Fig. 8. Directional deformation (ds). ds orthogonal to
Z axis in system of reference of simulation environment.
A quarter of the SCM is shown

Due to the symmetry conditions, the computation
is performed on a quarter of the SCM. The mesh is en-
tirely tetrahedral; the load applied is a uniform pres-
sure equal to 3kPa; as a constraint condition, the bot-
tom face of the SCM (which stores no strain energy,
being far from the actuated zone) is fully constrained.
All the simulations that we have performed on the
SCM take into account both material non-linearity
and the effect of large displacements.
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By means of the finite element simulations, we
have observed that the ratio r = dt /ds depends on the
value of the applied pressure. Both dt and ds increase
when pressure increases (see Fig. 9); however, their
ratio is not constant and presents its maximum be-
tween 1kPa and 1.25kPa, as reported in Fig. 10. This
means that increasing the pressure over 1.25kPa re-
sults in an enhanced effect of the deformation at the
sides of the module, although the main displacement
is provided along ( at any pressure value.

d [mm)

5 1 1.5 2 25 ] a5 i
prassura [kFa)
Fig. 9. Directional deformations against applied
pressure. ds (solid line) and dt (dashed line) vs. internal
pressure inside the chamber of the SCM

e

’)/ \\

I'.E 1 '.5 ? ;:5 E 35 i§
prassuse [kPal
Fig. 10. Initial phase relationship “r= dt/ ds” between
directional deformations

2. SCM Design Evaluation Results

This current effort is a primitive presentation of
a targeted work to realize a scheme which will com-
pletely be based on design optimization. The aim is
to make this scheme modular and economical. The
initial results accomplished by the SCM are running
the notion: cubic shape makes it easy to be modular
in any orientation; single cylindrical inner actuation
chamber is easy to mold; connection for the pneumat-
ic line through the soft material is simple; pneumat-
ic actuation is simple; the material is convenient for
molding and capable of soft actuation. A supplemen-
tal advantage of this design is the use of single ma-

terial for the SCMs, which is easy to handle to use as
well as to discard avoiding hefty contamination to the
environment; this latter problem has been raised also
by other authors (see e.g., [28]).

As previously explained, the molding process and
maintenance of the SCM is convenient as well. Simply
the two-part mix silicone can be poured into mold
and leave for curing, without adding additional layers
of fabric, fibers, or any other content. The same mix is
useful for joining parts of the SCMs, modifying assem-
blies, and repairing fractured or punctured blocks.
With proper repairing, the blocks have the same
strength of actuation and output stress bearing capac-
ity. Another advantage, with essential care, is that the
joined SCMs can certainly be fragmented into basic
molded shape and then can be reused again for new
system development. This re-usability makes this ap-
proach cost- effective and environment friendly.

The current SCM design is using only one surface
for effective actuation while the remaining block is
thick flexible rubber. This structure is useful for sta-
bility of the SCM individually as well as in combina-
tion with others, by maintaining firm contact with
ground surface. This configuration is potentially use-
ful to design multi degree of freedom robotic systems
and manipulators.

This design scheme is considered as the first tool
to investigate its capacity to perform certain given
tasks in various configurations. Alongside its applica-
tion as a single unit gripper PASCAV: a Pneumatically
Actuated Soft Cubic Archetypal Vacuum gripper [27],
and a two-unit bio-mimetic crawling mechanism PAS-
CAR: a Pneumatically Actuated Soft Cubic Archetypal
Robot, this soft actuator has been employed to realize
a four degree of freedom robotic mechanism PASCAM:
a Pneumatically Actuated Soft Chewing Articulation
Mechanism (Fig. 11). The formation of this primitive
soft robotic four axis mechanism is being further con-
sidered to develop an equivalent mechanism similar
to the well-known Stewart platform, with advantag-
es of compactness, simpler kinematics design, easier
control, and lesser cost.

Fig. 11. SCM and respective developed applications
PASCAV, PASCAR and PASCAM



Journal of Automation, Mobile Robotics and Intelligent Systems

VOLUME 13, N°1 2019

3. Conclusion

This study presents the preliminary evaluation of
the geometrical configuration of the actuation cavity
or the chamber of a Soft Cubic Module (SCM) which is
under consideration to realize a pneumatically actu-
ated soft robotic actuator. The purpose of this scheme
is to design a soft actuator that can exhibit modularity
and scalability in order to further develop soft actua-
tion mechanisms.

The overall analysis and experimental results en-
courage towards exploration and implementation of
SCM to realize soft robotic mechanisms. It is antici-
pated that further studies on SCM will allow finding
the optimum value of the ratio ‘r’ for the specific soft
robot assembled using SCMs. While performing size
optimization (and eventually shape optimization)
on the internal chamber, the cubic of shape of the
module will be maintained, for the reasons that we
have mentioned. The cylindrical chamber profile is
under further evaluation for modification to achieve
improved results. The modified profile would poten-
tially be transformed into a convex disk shape which
can generate more force at the actuated surface of
the SCM cube than the cylindrical actuation chamber.
Furthermore, the ellipsoidal and arched horn shaped
actuation chambers are also under consideration to
achieve two axis deformations: one linear and the
other torsional.

Overall, this design scheme of SCM is helpful in
realizing a simple and cost-effective soft pneumat-
ic actuator which is modular and scalable. Another
important point of the work will be the use of sin-
gle material. The single block has wide application
range from a simple push button to the formation of
a bio-mimicking robotic mechanism. Archetypal ar-
rangements of the SCM have suggested a wide range
of possible mechanisms which are under considera-
tion for further design analysis and development. The
targeted soft systems, which are under considera-
tion for development based on this scheme, employ
single or multiple SCM units and include customized
actuation and manipulation systems as well as some
bio-mimetic configurations.
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