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Euglenoid-inspired Giant Shape Change
for Highly Deformable Soft Robots

K. M. Digumarti', Andrew T. Conn? and Jonathan Rossiter!:3

Abstract—Nature has exploited softness and compliance in
many different forms, from large cephalopods to microbial
bacteria and algae. In all these cases large body deformations
are used for both object manipulation and locomotion. The
great potential of Soft Robotics is to capture and replicate these
capabilities in controllable robotic form. This paper presents the
design of a bio-inspired actuator capable of achieving a large
volumetric change. Inspired by the changes in body shape seen
in the euglena Eutreptiella spirogyra during its characteristic
locomotion, a novel soft pneumatic actuator has been designed
which exploits the hyper-elastic properties of elastomers. We call
this the Hyper-Elastic Bellows (HEB) actuator. The result is a
structure that works under both positive and negative pressure
to achieve euglenoid like multi-modal actuation. Axial expansion
of 450% and a radial expansion of 80% have been observed,
along with a volumetric change of 300 times. Further, the design
of a segmented robot with multiple chambers is presented which
demonstrates several of the characteristic shapes adopted by the
euglenoid in its locomotion cycle. This work shows the potential
of this new soft actuation mechanism to realise biomimetic soft
robotics with giant shape changes.

Index Terms—Soft Material Robotics, Biologically-Inspired
Robots, Flexible Robots

I. INTRODUCTION

EPHALOPODS are able to deform their bodies in order

to squeeze into extremely small holes, to manipulate
objects of different shapes and even to open bottles and jars
[1]. Smaller organisms such as bacteria and algae are also
able to deform their bodies to overcome the challenges of
their environments. The ability to drastically change body
shape is particularly attractive in future robots and would
be extremely useful in traversing cluttered environments or
squeezing through tight spaces. Example scenarios include
negotiating collapsed rubble for search and rescue and over-
coming uneven terrain. Invasive medical procedures for en-
doscopy are equally demanding. In this paper we consider
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the problem of replicating the giant body deformations of
soft-body organisms in a soft robot. We take inspiration
from the shape-changing capabilities of the Euglena family
of microorganisms and present an artificial body unit that can
be used to develop multi-segment soft robots that show giant
actuation and which can exploit the benefits of this actuation
in locomotion and manipulation. We call this unit the Hyper-
Elastic Bellows (HEB) actuator.

A. Bioinspiration from Euglenoid Movement

Euglenoids are soft-body single-cell microorganisms com-
monly found in fresh waters that typically have one or more
flagella. See fig. 1 (top). Depending on their environment
they may utilise their flagella to swim or exhibit a slower
characteristic type of locomotion called euglenoid movement
in which the cell undergoes a drastic change in shape. It is
this second form of motion that we address in this study.
These body changes range from an elongated rod-like form
to a spherical shape, with a wide range of intermediate shapes
[2]. Shown in fig. 1 (bottom) are outlines of the cell obtained
from video recordings made by the Euglenoid Project [3]
of the organism Eutreptiella spirogyra when exhibiting eu-
glenoid movement. A thorough analysis of the shape including
methods of modelling in presented in [4] and [5] . In [6],
measurements were taken along the length of E. fusca and
the shape of the cell was approximated by a mathematical
function. The analysis showed a contraction in length of about
37% in the longitudinal direction and a near doubling of radius
during rounding, or balling, of the cell.

Chloroplast Nucleus Stigma Flagellum

/

— & T —

Fig. 1. (Top) Schematic of euglenoid. (Bottom) Different cell shapes exhibited
during euglenoid movement. The cell can transform from a slender elongated
rod-like form to a rounded up ball-like form, showing a drastic change in
shape.

B. Biomimetic Soft Actuation

Several soft robotic actuator technologies exist that could
be used to reproduce the high strains seen in euglenoids. The
prominent technologies are briefly reviewed here.

Taking inspiration from nature, are actuators based on
hydrostatic skeletons. Purely mechanical examples include
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the SoftWorm [7] and the CMMWorm [8]. These designs
are mechanically complex and require large structures to
accommodate large actuators. In contrast, the Meshworm
presented in [9] is completely soft and flexible. It uses coiled
shape memory alloy actuators [10] and can handle large strain.
However, these actuators have a slow actuation-relaxation
cycle. Their antagonistic arrangement results in limited stroke
length. Another tendon based design is presented in [11]
which uses nylon cables for actuation. The soft actuator
inspired by the tentacle structure of an octopus [12] is based
on the principle of a muscular hydrostat. Active cannula
robots have also been explored in [13]. These designs are
capable of exhibiting bending and twisting motions, but are
not well suited for large volumetric change because of the
tight integration of muscle-like actuators and hydrostatic
structures needed to deliver significant forces.

Origami inspired structures have been used for designing
worm like robots [14] and soft actuators [15]. Expanding
structures using shape memory polymers have also been
developed [16]. Such actuators could be used to achieve
local deformations. However, their design and control is
not straightforward. Soft active materials such as dielectric
elastomers (DE) have been used in a worm like robot [17].
Though large strains have been reported in DE literature [18],
they are not sufficient enough for this study.

A different approach to realising soft robot actuators is the
use of pneumatic chambers [19]. These have been used in
many applications ranging from micro scale actuators [20] to
macro scale robot locomotion [21]. Ease of fabrication makes
them a popular choice. Another approach that is easy to
fabricate is based on granular jamming [22]. This technique
has been used in [23] to design a soft robot that moves
by changing stiffness of individual sections. This concept
could be extended to euglenoid-like shapes. However, it is
not clear if this actuation produces the desired amount of
strain in the material to show a drastic change in shape.
Additionally, the ability to modulate stiffness is not, at present,
seen as a requirement in a robot that mimics euglenoid motion.

Exploiting the ease of fabrication, benefits of rapid
expansion [24], minimal control and repeatability of
actuation, we concentrate on soft fluidic actuators. We have
designed a novel bellows-like pneumatic device that captures
and separates the two key features of euglenoid motion:
axial extension and contraction, and radial expansion. This
is termed the Hyper-Elastic Bellows (HEB) actuator. A
soft elastomeric folded structure forms the basic shape of
the chamber, which changes shape as the internal pressure
varies. The hyper-elastic property of elastomers is exploited
to achieve a linear expansion followed by a huge change
in volume when a positive pressure is applied. The folded
structure has also been designed to collapse to a minimum
configuration under vacuum. Hence the device functions both
under positive and negative pressure, and can exhibit both
radial and axial expansion.

Visually, the design appears similar to that of [25], a flexible
manipulator for surgery. However, that design aimed to con-
strict radial expansion. In contrast, we exploit unconstrained
expansion in radius to deliver greater activation sophistication.
A second relevant design is presented in [26], where the aim
was to induce a curvature in the actuator by constraining
one side of the bellows. Radial and axial expansion were not
considered in isolation in that study.

II. PRINCIPLE OF OPERATION

T

Fig. 2. The four states of actuation. S2 is the neutral state of the actuator when
both internal and external pressure are equal. Upon application of vacuum, the
structure contracts axially to S1. When inflated, the membrane first stretches
axially (S3), then balloons out (S4). An extremely large change in volume is
observed from S1 to S4.

Traditional bellows are designed to actuate only along the
axial direction. There is negligible change in radius. The
materials and the geometry of the design maximise uniaxial
actuation whilst minimising radial expansion. While this is
desired behaviour for many engineering solutions it is less
attractive for capturing euglenoid motion, where both axial
and radial strains are large.

The design presented here is a soft HEB actuator that,
when inflated at low pressures works in a similar manner
as conventional bellows, expanding axially. In contrast to
conventional bellows however, the material and design of
the actuator are chosen such that when it inflates to higher
pressures, the structure starts to expand radially. Due to the
elastic nature of the material, the chamber now expands out
like a balloon. This ballooning phase can be seen in fig. 2
(S4). In this way a slowly increasing pressure causes the
actuator to transition from its rest shape, first to an elongated
shape and then to a spherical shape.

The elasticity of the material and the bellows design also
ensures that it returns to its original shape when deflated.
When pressure in the fully inflated state is released the balloon
shrinks and returns first to an elongated bellows shape. As all
pressure is released it returns to its original length with all
folds intact. Now a negative pressure can be applied to the
actuator which causes the structure to compress axially and
to collapse to a minimal-length configuration in which it is
entirely folded. See fig. 2 (S1). In this way we can describe
the actuator as having 4 states:

S1 Minimal length axially-compressed state (L < Lr, R

= Rr, P < Pa),

S2 Rest bellows state (L = Lr, R = Rr, P = Pa),

S3 Axially expanded state (L > Lr, R = Rr, P > Pa),

S4 Ballooned state (L > Lr, R > Rr, P > Pa),
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where Lr is rest length, Rr is rest radius, Pa is atmospheric
pressure, L is current length, R is current radius and P is
current pressure of the actuator. By exploiting these four states
we can design multi-segment soft robots that mimics the giant
shape changes of euglenoid motion.

III. METHODS
A. Fabrication

The HEB actuator was fabricated by casting silicone
elastomer in a 3D printed mould, made up of two halves and
a central core. A sealed cap containing ports was affixed to
one end for attaching inlet and outlet tubes. The material
used was Dragon Skin 10 SLOW (Smooth-On). The other
end of the chamber was cast separately and bonded to the
main structure using an adhesive, Sil-Poxy (Smooth-On).

At rest (state S2), each chamber measures S0mm in length
with an inner diameter of 30mm and outer diameter of 45mm.
Thickness of the wall is 2mm throughout. Bellows half angle
was chosen to be 38.66°, similar to that of commercially
available rubber bellows. See fig. 3. The particular design
has four folds spanning the entire length. Other configurations
were examined, including designs with more corrugations for
the same length, but these resulted in actuators that did not
expand or contract as effectively. Designs with other possible
corrugated shapes are presented in [27] but were not fabricated
in this study.

50

Fig. 3. Design and dimensions of the HEB actuator. On the right is a
comparison of the actuator and pump size with that of an English penny.

B. Experimental Set-up

Fig. 4 shows the experimental setu-up used to measure axial
and radial elongation and compression of the actuator. One
chamber with two ports was suspended from a rigid support.
A micro pump (KPM14A, Yujin Electric), with a maximum
dimension of 46mm and volumetric flow rate of 1.16ml/s,
was connected to one of the ports to inflate or deflate the
chamber. The other port was connected to a pressure sensor
that measured the difference in pressure between the inside of
the chamber and the atmosphere. A laser displacement sensor
(KEYENCE LK-G152) was positioned below the chamber
pointing upwards at its base. This measured the change in
length in the axial direction. Actuation of the chamber was
also recorded on video (Canon G9 camera). Expansion in the
radial direction was measured through processing video frames
at 1s intervals. The width at the widest point of the actuator
was extracted on each frame. Ten trials were recorded for
each of the inflation and the deflation phases. The results are

presented below. Volumetric change was measured separately
using a syringe.

Pressure sensor ——»

Reference ruler ——

Camera — & )

Fig. 4. The experimental set-up used to measure axial and radial change in
dimension of the HEB actuator.

C. Finite Element Analysis

A finite element analysis (FEA) of the expansion of a single
fold of the bellows with varying half angle, 6 (see fig. 5)
was performed. The model had the same wall thickness and
diameter values as the HEB prototype. A second order reduced
polynomial model was used for the constitutive relation based
on material data from [28]. Fig. 5 shows strain in the axial
direction as a function of internal pressure. As the half angle
increases, the transition from axially expanded state (S3) to
ballooned state (S4) occurs at a lower pressure. The FEA
model provides a basis for optimization of the structure for
different goals which shall be considered in a future work.

~
P
|m|

15 6=21.8"

Strain in axial dimension (AL/L,)

0 10 20 30 40 50 60
Pressure [mbar]

Fig. 5. Axial strain as a function of internal pressure, obtained from finite
element analysis of the expansion of a single fold of the bellows, with varying
half angles, 6. As the angle increases, transition from the axially expanded
state (S3) to the ballooned state (S4) occurs at a lower internal pressure. Inset
shows a sectional view of the 3D model used for FEA.

IV. RESULTS
A. Inflation Phase

During the inflation phase from state S2 to S4, when air
is pumped into the chamber, two distinct behaviours are
observed. First, the bellows extend, resulting in a quick linear
change in length. See the steep section of the length change
curve in fig. 6, labelled S3. This initial period lasts for a
relatively short time (7s). There is a slight but negligible
change in radius to accommodate the extension of the folds.
Internal pressure increases linearly as seen in fig. 7. Once the
bellows fully extend, the second behaviour is observed. This
is the ballooning state, S4. There is comparatively gradual
increase in length and simultaneous increase in diameter (fig.
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6). The pressure increases slightly, but has a flatter profile
indicative of ballooning (S4, fig. 7). Radial and axial expansion
as functions of internal pressure are shown in fig. 8.
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Fig. 6. Mean change in length and diameter of the chamber as a function of
time during inflation. The upper and lower curves for each plot represent one
standard deviation from the mean. The actuator starts in the neutral state (S2).
As the actuator is extending (S3), there is a steep increase in length and no
significant change in diameter. Once the folds are fully extended, both length
and diameter start to increase in the ballooning state (S4).
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Fig. 7. Mean internal pressure (above atmospheric pressure) as a function
of time, measured over ten trials of inflation. The upper and lower curves
represent one standard deviation from the mean. The beginning of the curve
where there is a linear increase in pressure corresponds to the period in which
the bellows are extending (S3). The later part corresponds to the ballooning
period (S4).

B. Deflation Phase

Starting from the rest position (S2), as air is pumped out of
the chamber, no change in radius was observed. The bellows
contract in length to state S1 and the trend is linear as can be
seen in fig. 9. Fig. 10 shows the change in internal pressure.
A sudden drop in pressure towards the negative side indicates
that the actuator has fully compressed. Fig. 11 shows the
contraction in length as a function of pressure. As read from
right to left on the horizontal axis, a small negative pressure
(less than 80mbar) is sufficient to cause the structure to attain
a minimum configuration (length of 20mm when folds of the
bellows are fully compressed, see S1 in fig. 2).

60 T T T T T T

change in quantity [mm]

210 I I I I I I
0 10 20 30 40 50 60 70

pressure above atmospheric pressure [mbar]

Fig. 8. Mean change in length and diameter as a function of internal pressure
computed over ten trials of inflation. The upper and lower curves for each
plot represent one standard deviation from the mean.

contraction [mm]

time [s]

Fig. 9. Mean contraction as a function of time measured over ten trials of
deflation (S1). The upper and lower curves represent one standard deviation
from the mean. A linear decrease in length is observed as the structure
compresses to its minimum configuration.

pressure below atmospheric pressure [mbar]

time [s]

Fig. 10. Internal pressure (below atmospheric pressure) as a function of
time during deflation (S1), measured over ten trials. The upper and lower
curves represent one standard deviation from the mean. A sudden drop and
high negative pressure indicates that the structure has reached its minimum
configuration at 80mbar.
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Fig. 11. Mean compression as a function of internal pressure computed over
ten trials of deflation. Reading from the right on the horizontal axis, the curve
indicates that only a small change in pressure (80mbar) is required to reach
a fully compressed state, starting from the rest state. The upper and lower
curves represent one standard deviation from the mean.

V. DISCUSSION

The results show that the length of the soft pneumatic ac-
tuator more than doubles during the inflation phase (S2—S4).
During the deflation phase (S2—S1) the structure compresses
to its minimum possible configuration. This amounts to a total
change in length of 450%. In the radial direction, there is 80%
increase in diameter during expansion. The overall volumetric
change from the fully compressed state to the expanded state
was close to 300 times the minimum volume. The low standard
deviation observed in all parameters, displacement, radial
expansion and internal pressure suggests that the shape change
is highly repeatable and readily controllable by adjusting the
internal pressure accordingly.

Comparison with Other Classes of Actuators

diameter

L7 d, length
4 — Standard Bellows Actuator
. = = |deal Balloon Actuator
’ ===+ McKibben Actuator
“=* HEB Actuator

Fig. 12. Comparison of different classes of actuator showing the relationship
between diameter and length during actuation. All actuators are assumed to
have an initial length of [, and diameter d,.

The conceptual relation between diameter and length for
different classes of actuators is shown in fig. 12 and for the
HEB design presented here in fig. 13. The HEB actuator
is compared to standard bellows, an ideal balloon [29] and
McKibben actuators. When actuated from an initial length of
l, and diameter d,, a standard bellows actuator changes in
length with negligible change in diameter. This is represented
by the nearly horizontal line in the figure. An ideal balloon

80
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Fig. 13. Relation between diameter and length for the actuator design
considered in this study. Internal pressure is indicated by the colour of the
data point. Initially there is no change in diameter as the actuator elongates
axially. This is followed by the ballooning state in which a large radial and
axial expansion is observed.

actuator shows a linear relationship between its diameter and
length. In a McKibben actuator, the diameter increases as it
is pressurised causing a decrease in length. The HEB actuator
presented here demonstrates a state of expansion in length with
no change in diameter (S3) followed by a state in which both
length and diameter increase (S4). Thus, it belongs to a class of
actuators whose behaviour lies in between that of the standard
bellows and ideal balloon actuators. Design parameters such
as dimensions, the angle of the bellows, shape of the folds and
their density would influence the point of transition between
states and the steepness of change in diameter with change in
length.

VI. APPLICATION

To demonstrate the potential of the HEB actuator module
in realising sophisticated soft robots with euglenoid-like
locomotion, a multi-segmented robot was fabricated by
bonding together three actuators. Internal connections
between the actuator chambers through a set of tubes allow
individual control over their expansion and contraction. The
cross section is shown in fig. 14. External valves and pumps
direct the flow of air. Fig. 15a shows different shapes that
the robot can take by moving fluid between its segments.
As can be seen, the shapes closely resemble those of the
euglenoids in fig. 1. The similarity can be quantified in
terms of percentage change in length and radius. Another
qualitative measure is the number of inflection points on
the curve that represents the body of the robot. Note the
ability to balloon one segment while axially compressing the
others, thus maintaining a constant robot length. Many other
activation schemes are possible with this robot.

Fig. 15b demonstrates compliance of the soft body of the
robot when it expands between stainless steel rods. Further
tests with the three-segment robot will examine details of
locomotion such as efficient patterns of fluid movement and
whether or not a closed volume system is preferable.
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Fig. 14. Schematic of the robot showing multiple chambers and tubing to
control flow. Sufficient slack is provided within each chamber to allow for
expansion. The ports are connected externally through pumps and valves.

Fig. 15. a. Different shapes of the three segment robot. These closely resemble
the ones exhibited by euglenoids, fig. 1. b. Robot expanding between stainless
steel rods R1-3 (marked in red). Compliant nature of the soft body allows it
to bend around the obstruction.

VII. CONCLUSIONS

A novel solution for achieving multi-modal actuation and
large volumetric change in biomimetic soft robotics has been
presented. This is achieved by designing a custom pneumatic
bellows-like actuator with soft elastomer materials that ex-
hibits four distinct states, depending on internal pressure. The
actuator both extends and contracts axially and can, in a high
pressure state, balloon out radially. We characterise actuation
in extension and compression in terms of pressure and axial
and radial displacement. To demonstrate the potential of this
versatile actuator and suitability for euglenoid-like biomimetic
soft robots we fabricated a three-segment robot that shows the
large body deformations of the euglenoid. The giant volume
changing soft actuator presented has the potential to deliver
a wide range of soft robotic devices suitable for operation
in challenging scenarios including those found in disaster
zones, medical procedures and environmental monitoring and
remediation.

REFERENCES

[1] T. Hunt, “Ozy’s record jar-opening skills.”
http://www.stuff.co.nz/marlborough-express/news/national-
news/9603939/0zys-record-jar-opening-skills. Accessed: 10.09.16.

[2] T. Suzaki and R. Williamson, “Euglenoid movement in euglena fusca:
evidence for sliding between pellicular strips,” Protoplasma, vol. 124,
no. 1-2, pp. 137-146, 1985.

[3] “The euglenoid project.” http://euglena.msu.edu/index.shtml.

[4] M. Arroyo, L. Heltai, D. Milldn, and A. DeSimone, “Reverse engineer-
ing the euglenoid movement,” Proceedings of the National Academy of
Sciences, vol. 109, no. 44, pp. 17874-17879, 2012.

[5] M. Arroyo and A. DeSimone, “Shape control of active surfaces inspired
by the movement of euglenids,” Journal of the Mechanics and Physics
of Solids, vol. 62, pp. 99-112, 2014.

[6] T. Suzaki and R. E. Williamson, “Cell surface displacement during
euglenoid movement and its computer simulation,” Cytoskeleton, vol. 6,
no. 2, pp. 186-192, 1986.

[7]1 A. S. Boxerbaum, K. M. Shaw, H. J. Chiel, and R. D. Quinn, “Contin-
uous wave peristaltic motion in a robot,” The international journal of
Robotics Research, vol. 31, no. 3, pp. 302-318, 2012.

[8] A. D. Horchler, A. Kandhari, K. A. Daltorio, et al., “Worm-like
robotic locomotion with a compliant modular mesh,” in Conference on
Biomimetic and Biohybrid Systems, pp. 26-37, Springer, 2015.

[9] S. Seok, C. D. Onal, K.-J. Cho, et al., “Meshworm: a peristaltic soft

robot with antagonistic nickel titanium coil actuators,” IEEE/ASME

Transactions on mechatronics, vol. 18, no. 5, pp. 1485-1497, 2013.

S. Kim, E. Hawkes, K. Choy, M. Joldaz, J. Foleyz, and R. Wood, “Micro

artificial muscle fiber using niti spring for soft robotics,” in Intelligent

Robots and Systems, 2009. IROS 2009. IEEE/RSJ International Confer-

ence on, pp. 2228-2234, IEEE, 2009.

V. Vikas, E. Cohen, R. Grassi, C. others Sozer, and B. Trimmer, “Design

and locomotion control of a soft robot using friction manipulation and

motor—tendon actuation,” IEEE Transactions on Robotics, vol. 32, no. 4,

pp. 949-959, 2016.

M. Cianchetti, A. Licofonte, M. Follador, et al., “Bioinspired soft

actuation system using shape memory alloys,” in Actuators, vol. 3,

pp. 226-244, Multidisciplinary Digital Publishing Institute, 2014.

D. C. Rucker, B. A. Jones, and R. J. Webster III, “A geometrically

exact model for externally loaded concentric-tube continuum robots,”

IEEE Transactions on Robotics, vol. 26, no. 5, pp. 769-780, 2010.

C. D. Onal, R. J. Wood, and D. Rus, “An origami-inspired approach

to worm robots,” IEEE/ASME Transactions on Mechatronics, vol. 18,

no. 2, pp. 430-438, 2013.

R. V. Martinez, C. R. Fish, X. Chen, and G. M. Whitesides, ‘“Elastomeric

origami: programmable paper-elastomer composites as pneumatic actu-

ators,” Advanced functional materials, vol. 22, no. 7, pp. 1376-1384,

2012.

J. Rossiter, K. Takashima, F. Scarpa, P. Walters, and T. Mukai, “Shape

memory polymer hexachiral auxetic structures with tunable stiffness,”

Smart Materials and Structures, vol. 23, no. 4, p. 045007, 2014.

A. T. Conn, A. D. Hinitt, and P. Wang, “Soft segmented inchworm

robot with dielectric elastomer muscles,” in SPIE Smart Structures and

Materials+ Nondestructive Evaluation and Health Monitoring, p. 90562,

International Society for Optics and Photonics, 2014.

R. Pelrine, R. Kornbluh, Q. Pei, and J. Joseph, “High-speed electrically

actuated elastomers with strain greater than 100%,” Science, vol. 287,

no. 5454, pp. 836-839, 2000.

F. Ilievski, A. D. Mazzeo, R. F. Shepherd, X. Chen, and G. M.

Whitesides, “Soft robotics for chemists,” Angewandte Chemie, vol. 123,

no. 8, pp. 1930-1935, 2011.

K. Ogura, S. Wakimoto, K. Suzumori, and Y. Nishioka, “Micro pneu-

matic curling actuator-nematode actuator,” in Robotics and Biomimetics,

ROBIO 2008. IEEE International Conference on, pp. 462—467.

R. F. Shepherd, F. Ilievski, W. Choi, S. A. Morin, A. A. Stokes, A. D.

Mazzeo, X. Chen, M. Wang, and G. M. Whitesides, “Multigait soft

robot,” Proceedings of the National Academy of Sciences, vol. 108,

no. 51, pp. 20400-20403, 2011.

A. J. Liu and S. R. Nagel, “Nonlinear dynamics: Jamming is not just

cool any more,” Nature, vol. 396, no. 6706, pp. 21-22, 1998.

E. Steltz, A. Mozeika, N. Rodenberg, E. Brown, and H. M. Jaeger, “Jsel:

Jamming skin enabled locomotion,” in Intelligent Robots and Systems,

2009. IROS 2009. IEEE/RSJ International Conference on, pp. 5672—

5677, IEEE, 2009.

B. Mosadegh, P. Polygerinos, C. Keplinger, et al., “Pneumatic networks

for soft robotics that actuate rapidly,” Advanced Functional Materials,

vol. 24, no. 15, pp. 2163-2170, 2014.

M. Cianchetti, T. Ranzani, G. Gerboni, et al, “Stiff-flop surgical

manipulator: mechanical design and experimental characterization of

the single module,” in Intelligent Robots and Systems (IROS), 2013

IEEE/RSJ International Conference on, pp. 3576-3581, IEEE, 2013.

R. F. Shepherd, A. A. Stokes, R. Nunes, and G. M. Whitesides, “Soft

machines that are resistant to puncture and that self seal,” Advanced

Materials, vol. 25, no. 46, pp. 6709-6713, 2013.

G. Udupa, P. Sreedharan, P. Sai Dinesh, and D. Kim, “Asymmetric

bellow flexible pneumatic actuator for miniature robotic soft gripper,”

Journal of Robotics, 2014.

Y. Elsayed, A. Vincensi, C. Lekakou, et al., “Finite element analysis

and design optimization of a pneumatically actuating silicone module

for robotic surgery applications,” Soft Robotics, vol. 1, no. 4, pp. 255-

262, 2014.

D. Merritt and F. Weinhaus, “The pressure curve for a rubber balloon,”

American Journal of Physics, vol. 46, no. 10, pp. 976-977, 1978.

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.



