@'PLOS ‘ ONE

OPEN 8 ACCESS Freely available online

Another Lesson from Plants: The Forward Osmosis-Based
Actuator

CrossMark

click for updates

Edoardo Sinibaldi'*, Alfredo Argiolas’?, Gian Luigi Puleo’, Barbara Mazzolai'*

1 Center for Micro-BioRobotics@SSSA, Istituto Italiano di Tecnologia, Pontedera, Italy, 2 The BioRobotics Institute, Scuola Superiore Sant’Anna, Pontedera, Italy

Abstract

Osmotic actuation is a ubiquitous plant-inspired actuation strategy that has a very low power consumption but is capable of
generating effective movements in a wide variety of environmental conditions. In light of these features, we aimed to
develop a novel, low-power-consumption actuator that is capable of generating suitable forces during a characteristic
actuation time on the order of a few minutes. Based on the analysis of plant movements and on osmotic actuation
modeling, we designed and fabricated a forward osmosis-based actuator with a typical size of 10 mm and a characteristic
time of 2-5 minutes. To the best of our knowledge, this is the fastest osmotic actuator developed so far. Moreover, the
achieved timescale can be compared to that of a typical plant cell, thanks to the integrated strategy that we pursued by
concurrently addressing and solving design and material issues, as paradigmatically explained by the bioinspired approach.
Our osmotic actuator produces forces above 20 N, while containing the power consumption (on the order of 1 mW).
Furthermore, based on the agreement between model predictions and experimental observations, we also discuss the
actuator performance (including power consumption, maximum force, energy density and thermodynamic efficiency) in
relation to existing actuation technologies. In light of the achievements of the present study, the proposed osmotic actuator
holds potential for effective exploitation in bioinspired robotics systems.

Citation: Sinibaldi E, Argiolas A, Puleo GL, Mazzolai B (2014) Another Lesson from Plants: The Forward Osmosis-Based Actuator. PLoS ONE 9(7): e102461. doi:10.
1371/journal.pone.0102461

Editor: Tobias Isaac Baskin, UMass, United States of America
Received December 5, 2013; Accepted June 19, 2014; Published July 14, 2014

Copyright: © 2014 Sinibaldi et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the European Community’s 7th Framework Programme under the Grant Agreement No. 293431 of the PLANTOID project
(www.plantoidproject.eu; http://cordis.europa.eu/fp7/ict/fet-open/). The funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* Email: edoardo.sinibaldi@iit.it (ES); barbara.mazzolai@iit.it (BM)

Introduction
I =¢iMRT, (1)

The question of how plants move in the absence of muscles has
attracted the interest of many scientists in both past and current
times [1-6]. From a biological perspective, the physiology of plant
movement is central to the understanding of plant development
and plant movement in response to environmental stimuli such as
light and gravity [7]. Moreover, an understanding of these non-
muscular movements could hold potential for developments in
applied sciences and engineering, especially for the creation of
novel biomimetic actuation strategies that are characterized by
high energy efficiency and low power consumption [8-10].

where M is the molarity of the osmolytes in solution, R=8.314 ]
K™ "mol™" (the universal gas constant), T is the absolute
temperature, and i denotes the Van’t Hoff coefficient, depending
on the degree of osmolyte dissociation. Finally, ¢ represents an
empirical factor (often close to 1), which is introduced to enhance
the accuracy of Eq. 1 by considering the non-ideal behavior of
osmolytes [13]. Furthermore, solvent flux across a semi-permeable
osmotic membrane is given by:

From a physical viewpoint, plants can be considered highly
complex hydraulic systems with a high level of compartmental-
ization, even at the microscopic level [11]. Plants are able to
modulate their internal pressure in a selective way, by virtue of a

i]=SOMO(0M(6AH—AP), (2)

where ¢ is the flux across the membrane, Soy is the osmotic

finely regulated turgor-based strategy. Indeed, as a sort of “natural
hardness”, turgor pressure (AIl) generated by water flux is
sustained by an osmotic pressure difference: AIT=ITy —IT;, where
Iy and II; respectively represent the osmotic pressures (also called
osmotic potentials) outside and inside the cell [12].

Osmosis is the chemo-physical phenomenon based on solvent
transport involved in this mechanism and is normally described by
equations strongly related to the chemical nature of osmolytes, i.e.,
the solute responsible for osmotic pressure differences. At a first
approximation, the osmotic potential IT can be modeled through
the classical Van’t Hoff equation [13]:

PLOS ONE | www.plosone.org

membrane surface, ooy is the osmotic membrane permeability
and ¢ is an osmolyte rejection coefficient (=1 for an ideal
membrane). AIT and AP respectively denote the osmotic pressure
difference and the pressure difference between the two sides of the
osmotic membrane. According to Eq. 2, it is possible to define
forward osmosis when o¢AIl>AP and reverse osmosis when
oAl <AP [14]. In addition, AIT can be generated by several
physical mechanisms, including direct control over the osmolyte
concentrations (an example given by solute and solvent injection),
electric fields (electro-osmosis), and chemical reactions able to
modify osmolytes concentrations.
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In plants, osmosis acts through the coordinated action of a
multitude of simple cell-level units, relying on four main elements:
an osmotic membrane, a compliant structure also acting as
transducer, a rigid structure, and an available osmolyte able to
build up the osmotic power reservoir and to be efficiently
transported to all plant tissue regions. Indeed, water distribution
“osmotically pumped” by osmolytes in the microscopic compart-
ments of plant tissue is responsible for the turgor distribution along
the plant organism. At the plant cell-level, this turgor is built owing
to the stiff plant cell wall, which is made of highly organized
cellulose microfibrils embedded in a pectin matrix [15]. Plants
transform the isotropic stress produced by turgor pressure into
directional movements at the cellular, tissue and organ level,
thanks to the inhomogeneity and anisotropy of the cell wall, tissue
and organ textures [4,15].This is achieved by coupling the
compliant compartments involved in the osmotic process with
suitably rigid structures, such as lignin-rich and dead tissues
organized into metastable spring-like systems, or by directing the
osmotic flux through a strict biochemical mechanism involving
active osmotic enhancers and suppressors (e.g., the auxin
mechanism, special osmotic metabolism, and osmotic agent active
transport) [4]. Furthermore, it is worth noting that plants evolved
to exploit an impressive variety of osmolytes: inorganic electrolytes
(mainly potassium nitrate, sodium chloride, and sodium hydrogen
phosphates) from the soil [16], carbohydrates (glucose, fructose,
sucrose and other trace present carbohydrates) obtained by
photosynthetic internal processes, and amino acids and peptides
present in the cytosol environment [17]. Finally, the osmolyte
concentrations can be controlled by an electro-osmotic mechanism
triggered by an action potential [18] or environmental changes
(e.g., moisture, light and metabolic modifications) that affect the
osmotic potential, possibly in a purely passive way [19].

Plant movements can be classified into several categories, such
as nastic (movements independent of the spatial direction of a
stimulus) or tropic (movements influenced by the direction of a
stimulus), active (movements produced by live plants that activate
and control their responses by moving ions and by changing the
permeability of membranes based on potential actions) or passive
(movements mainly based on dead tissue that can undergo
predetermined modifications when the environmental conditions
change), and reversible (movements specifically based on reversible
variations in the turgor pressure) or irreversible (movements that
can happen only once) [20]. An additional classification has been
recently proposed [21], which exploits the timescale for water
transport through plant tissue in order to distinguish between
purely water-driven movements (growth, swelling/shrinking) and
those that use mechanical instabilities to amplify the capacity to
move.

The movements associated with mechanical instabilities are
faster than the water-driven ones, and a suitable boundary
between the two categories is provided by the fastest timescale for
swelling. However, a separate treatment is needed for unicellular
movements (water flow at the cellular level) and multicellular
movements (water flow at the tissue level), since the permeability
associated with water transport slightly varies depending on the
lengthscale [4]. On the one hand, the fastest cell swelling is
associated with the so-called cell relaxation time 7.y, defined as
follows [4]:

R
Teell = T P (3)

/4

where R denotes the mean cell radius (obtained from the volume-
to-surface ratio), L, is the cell membrane conductivity, and &
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The Forward Osmosis-Based Actuator

denotes the bulk modulus of the cell, which reflects both the elastic
properties of the cell wall and the geometry of the cell. On the
other hand, the fastest tissue swelling is associated with the so-
called poroelastic time 7,, defined as follows [4,21]:

r’WLz
Ty B 4)

where 7,, denotes water viscosity, L indicates a typical tissue size
(defined as the smallest macroscopic moving part), k is the Darcy
permeability of the porous tissue, and E denotes the elastic Young
modulus of the tissue. These two timescales set the fastest possible
water-driven processes in plant cells and tissues and thus can be
used as guide for designing osmosis-based actuators in a
biomimetic approach.

In this work, we considered active and reversible osmosis-based
movements as source of inspiration. Amongst the unicellular
examples, the most famous is provided by the opening and closure
of the stomata, which are small pores on the surface of the leaves
that control the leaf transpiration and gas exchange with the
atmosphere. In most plants, the stomatal complex consists of two
kidney-shaped guard cells that flank a central pore (Figure 1A).
The pore opens when the turgor pressure inside the guard cells
increases (up to nearly 5 MPa) owing to accumulation of solute,
while it closes when turgor decreases, since the two guard cells are
pressed together by the surrounding cells. The stomatal movement
is purely water-driven, and the bending of the guard cells
originates from the large asymmetry in wall thickness and the
mechanical anisotropy of the cellulosic network [4]. Amongst the
multicellular rapid and active movements, let us mention the
following examples: Dionaea muscipula (Venus Flytrap), Utricularia
(bladderwort), Stylidium debile, and Mimosa pudica (Figure 1B-E). In
all of them, movements are activated by touch stimuli (thigmot-
ropism), with the exception of Mimosa pudica, which also closes its
leaves in response to light (phototropism) and heat stimuli
(thermotropism). Moreover, a stimulus-motion phase (e.g., leaf/
trap closure) is systematically followed by a reset phase required to
recharge the actuation machinery. The stimulus-motion phase is
associated with mechanical instability [22], even if the mechanisms
at the microscopic level by which the plant actively overcomes the
instability threshold are still debated [6]. Conversely, the reset
phase is water-driven and occurs over longer timescales, namely
hours to days for Dionaea muscipula [19], 20-60 min for Utricularia
[23,24], nearly 10 min for Stylidium debile and Mumosa pudica [19].
Moreover, it takes hours to also reset the movement of Drosera [19],
a carnivorous plant that wraps its prey for killing and digestion
through glandular tentacles (Figure 1F).

We further focused on unicellular movements, by addressing a
single compartment actuator that mimics the water-driven
movement of a giant plant cell, both for simplicity and because
it can provide a fundamental unit for more complex osmosis-based
actuation systems. The main aim of this study was to develop a
low-power-consumption, forward osmosis-based actuator that is
capable of generating suitable forces during a characteristic time
on the order of a few minutes. Such an actuator does not currently
exist: the only prior art is represented by a miniature osmosis-
driven, irreversible piston mechanism that combines drug release
and mechanical actions (less than 10 N) to produce bone
distraction over nearly 200 h [25]. On the other hand, the
achievement of the pursued actuator is very appealing for
developing many bioinspired robotics systems, since the integra-
tion of power-cheap yet effective actuation strategies is an issue.
However, due to the founding character of this study, we did not
address actuator reversibility, in order to focus on relevant aspects
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Figure 1. Examples of osmosis-based movements in plants. (A) Stomata guard cells. (B) Dionaea muscipula leaf traps. (C) Mimosa pudica
leaves. (D) Stylidium debile flower, with protruded column. (E) Utricularia inflata door traps. (F) Drosera capensis tentacles (with caught prey). Credits:
(A,D) www.wikipedia.org; (C) www.wordpress.com; (E) http://calphotos.berkeley.edu; © Barry Rice 2006.

doi:10.1371/journal.pone.0102461.g001

of the osmotic process while tackling technical issues in an
incremental manner.

For completeness, let us mention that the osmotic principle has
been considered for actuating several artificial systems. For
mnstance, electro-osmotic pumps have been developed for micro-
fluidic [26] and lab-on-chip applications [27]. Moreover, electro-
osmosis has been used for driving protein transporters (extracted
from plant cell membranes) across the artificial membrane of
micro-actuators [28], as well as for steering the tip of a
mechatronic system inspired to the plant roots apices [10] for
the purpose of soil exploration and monitoring. In contrast,
forward osmosis has been used in fewer artificial systems that
operate through direct osmolyte concentration control. Most of
them have been developed in the biomedical context, particularly
as miniature pumping systems able to achieve a constant drug
release rate over a prolonged time period [29]. Furthermore, the
use of chemical reactions to control osmolyte concentrations has
also been described in a few conceptual works, especially for
continuous flow systems in which the osmotic pressure differences
are caused by biochemical [30] or catalytic reactions [31]. Finally,
some additional examples of plant-inspired actuation devices have
been recently developed [32-34], which exploit a mechanism very
close to forward osmosis, namely the diffusion/evaporation of
solvent through membranes or polymer networks.

Hereafter we report the design, fabrication and experimental
assessment of the novel osmotic actuator based on plant-inspired
forward osmosis. In more detail, we first present two actuator
concepts, and we provide some estimates for their performance,
including the timescale. Once selected the actuation concept
involving bulging deformations, actuator design and fabrication
are briefly discussed, together with the experimental protocols (free
bulging tests and actuation force measurements) used for its
assessment. Results are then reported, regarding in particular the
achieved dynamics and force rates, also in relation to model
predictions. Furthermore, we discuss the performance of the
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osmotic actuator, in particular by comparing its timescale with
that one of a typical plant cell. Finally, we discuss other
performance indicators (such as power consumption, maximum
actuation force, energy density and thermodynamic efficiency),
also in relation to existing technologies, in order to highlight the
potential for effective exploitation of the proposed technology.

Materials and Methods

Starting from an analysis of osmotic actuation in plants [35],
our actuator consists of four main elements: a reservoir chamber
(RC), an osmotic membrane (OM), and an actuation chamber
(AC) featuring both a rigid boundary and a compliant boundary.
The latter is also used to transduce the actuation force.
Furthermore, the driving osmotic potential is provided by the
initial concentration of osmolytes in the AC, which draw water
(our working solvent, chosen for its simplicity and environmental
compatibility) from the RC. In more detail, let us preliminarily
introduce the two concepts sketched in Figure 2: the one in
Figure 2B was directly used to design the actuator, while that one
in Figure 2A was recalled when analyzing some of its
performances. These concepts are thoroughly modeled in Files
S1 and S2, where the corresponding osmotic actuation dynamics
and performance are quantitatively analyzed. Nevertheless, key
model results are concisely reported below, so as to highlight the
model-based approach adopted for designing and characterizing
the actuator, besides allowing for an almost self-contained
presentation.

In Figure 2A the osmotic actuation work is gathered/
transduced through the elastic deformation of an external load,
namely a piston with surface area S, and stiffness kgz, so that the

pressure p in the AC satisfies the relation p—pey; =(kEL/S§)A v,

where p,y; denotes the external pressure, and AV =V —V} is the
AC volume increment caused by the water flux (Vy being the
initial AC volume). Differently, in Figure 2B the osmotic actuation
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Figure 2. Osmotic actuator concepts. Solvent flows from the reservoir chamber (RC) to the actuation chamber (AC) through the osmotic
membrane (OM), and actuation work is gathered/transduced either (A) through the elastic deformation of an external (piston-like) load, or (B)
through the bulging deformation of a disk-shaped portion of the actuation chamber boundary. The developed actuator is based on the concept in
(B), since it is more closely related to the plant cell model inspiring this study. (Additional symbols are discussed in the main text.)

doi:10.1371/journal.pone.0102461.g002

work is gathered/transduced through the bulging of an elasto-
meric disk with surface area Spp and stiffness kpp, such that
P—DPex=kppAV3. The latter relation, which is classically
introduced when considering small bulging deformations of an
elastic membrane [35,36], can be also adopted for the bulging at
hand, see File S2. Let us remark that we designed the actuator
based on the bulging concept since it more closely derives from the
plant cell model inspiring our study. In this regard, let us remark
that kpp accounts for both the material (elastic) and geometrical
properties (thickness and surface area) of the bulging disk, so that
the actuator volumetric stiffness V(dp/dV’) depends on both the
elastic and the geometrical properties of the compliant AC
boundary, together with the AC size. This aspect is fully consistent
with the plant cell model. Indeed, the cell bulk modulus
e=V(dp/dV), which was already introduced in Eq.3 and which
characterizes how changes in cell volume are related to changes in
turgor pressure, depends on both the elasticity of the cell wall and
on the cell geometry [4].

Relevant performance indicators for the considered osmotic
actuation concepts are detailed in Files SI and S2, vyet
approximate expressions are reported in Table 1, for ease of
presentation. They are more accurate for AV < < V), as occurring
e.g. for stiff enough external loads or bulging disks. In more detail,
we provide relevant estimates for actuation timescale, maximum
force, initial force rate, peak power, power density, actuation work
(i.e. energy stored through the displacement of the compliant AC
boundary), energy density, and thermodynamic energy efficiency.
As for the latter quantity, xg denotes the solute molar fraction;
moreover, IIy represents the osmotic potential associated with the
iitial solute concentration (all the other symbols were previously
defined).

The timescale #, of the pursued osmotic actuator is provided by
Eq.13. It should be noticed that such a timescale depends on the
OM permeability, on the AC size (basically through the OM
surface area), on the stiffness kpp of the movable AC boundary
(based on both elastic and geometrical properties of the bulging
disk), and on the initial solute concentration. It is worth observing
that the AC volume-to-surface ratio does not directly affect this
timescale, differently from what happens for plant cells, because in
our concept water only flows through the OM, which is assumed
to behave like a rigid boundary, while the AC boundary
displacement is only associated with the bulging disk. We therefore
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split the permeability and the compliance characteristics of the AC
boundary, differently from the plant cell model where the cell wall
can simultaneously serve to both functions. We started the
actuator design by targeting a typical size around 10 mm, since
it should permit to achieve characteristic actuation times on the
order of a few minutes, according to the preliminary estimates in
[35]. Then, based on some preliminary design choices, Eq.13 was
used to assess whether the considered elastomeric disks were
suitable to achieve the sought timescale. Actuator design and
fabrication are concisely presented below (a detailed discussion is
reported in File S3), together with experimental methods used to
measure selected performances, namely the actuation timescale
and the initial force rate.

Actuator design and fabrication

Sodium chloride (NaCl) was preliminarily chosen as osmolyte,
for the following reasons: it is perfectly dissociated in water; NaCl
water solutions are indefinitely stable and permit osmotic pressure
differences on the order of several MPa (effectively usable for
many actuation tasks); manufacturing technology to produce
osmotic membranes suitable for operation with NaCl is known,
optimized and reproducible; NaCl is inexpensive, easily available,
and produces no dangerous waste.

Moreover, AISI 316 stainless steel was chosen as main structural
material, due to its enhanced corrosion resistance in chloride-
containing environments, while Plexiglas was chosen for the RC
part not in contact with the AC, to facilitate visual inspection.
Moreover, a semi-permeable forward-osmosis membrane specif-
ically designed for operation with NaCl was purchased from HTI
(Hydration Technology Innovations, Scottsdale, AZ, USA), with
water permeability ooy =3-10""" m s7' Pa™', rejection coeffi-
cient ¢ in the range 0.95-0.97 (thus close to the ideal case), and
very low performance degradation due to NaCl fouling. We also
fixed Sppr =100 mm?, and a 5 mm diameter hole for the bulging
disk protrusion (so that Sgp 20 mm?). Then, we identified two
commercially available elastomers, namely AT 31 F rubber
(SIGAP, Brescia, Italy) and Viton (Camthorne Industrial Suppli-
ers, Stoke on Trent, UK), for the bulging disk. These elastomers
were selected out of a larger set of initial candidates, based on the
following preliminary assessments. They showed suitable strength
and minor inelastic behavior under standard stress-strain tests
(Instron Model 4464, ITW Test and Measurement Italy S.r.l.,
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Table 1. Actuator performances, for both the work transduction concepts (elastic external load, disk bulging).

Performance indicator®® Elastic external load

Bulging

Timescale [s] o= Ss,z,
ELPOM%OM

Maximum force [N] Froax =11 S,

Initial force rate [N s~ ']

P keroSomdom

Sy
Peak power [W] SomromIly
Pln('lX ~ 4
Power density [W m~3] Somoom I}
T
Work (stored energy) [J] S2112
Wa L
2kEgL
Energy density [J m 2] 82115
7™
Thermodynamic energy efficiency [-] N 1
" Ze Vol
S%H(]

(5) 1 (13)

R ————————————=
3S0M0(0MH(2)/3]€};/5

(6) Finax * 10 Spp (14)
() Fy=0 (15)
@) Somoon T} (16)
Pmax X f
(9) SOMOLOMH% (17)
HpR ="
4V,
(10) Hg/3 (18)
iy
(11) ng/3 (19)
Hw = 1/3
AVok gp
(12) . 1 20
- 43V In x5
o3
0

general expressions are reported in Files S1 and S2.)
doi:10.1371/journal.pone.0102461.t001

Pianezza, Italy; tests repeated in triplicate; data recorded with
Labview 8.6, National Instrument, Austin, TX, USA, and
processed with Matlab, Mathworks, Natick, MA, USA). More-
over, once fixed a 1 mm thickness for the disk, samples with a
10 mm diameter (large enough to be glued to the AC body)
showed no leakages during preliminary bulging tests. In addition,
the stiffness coefficient kgp was evaluated through an indentation
test (same equipment as above), in particular by measuring the
force F, needed to produce a hemispherical bulge with volume

v, =252 / (3IT'2) (sce Files S2 and S3 for details). Then, Eq.13

was used to estimate the corresponding actuation timescale 7., by
assuming a 1 M NaCl solution (IIp~x5 MPa). It turned out
f.~2 min for both elastomers, in agreement with the targeted
timescale, so that we considered bulging disks made of both
materials.

We then defined the actuator geometry, by designing two
modules: one devoted to the RC, the other hosting the AC and
including the OM and the elastomeric disk (that provided part of
the AC boundary). The AC module is shown in Figure 3. It
features, in particular, two supporting grids (Figure 3C.E) that
sandwich the OM to contain its deflection (to prevent performance
loss, see [35]); their size was defined also based on finite element
analysis (Abaqus 6.11, Dassault Systemes, Velizy-Villacoublay,
France). A 12x12x2.5 mm working volume resulted for the AC.
Channels for the osmotic solution loading/flushing were also
designed (Figure 3A,D), based on commercially available fluidic
connectors. Furthermore, a cylindrical slot (10 mm diameter,
1 mm height) was foreseen for the bulging elastomer (Figure 3E),
to be glued to an annular surface (Figure 3B) adjacent to the
cylindrical hole allowing for bulge protrusion. The wall thickness
for the annular surface was 0.5 mm (Figure 3E), so that the bulge
protrusions could be visually detected for bulge profiles higher
than 0.5 mm. Potential leakages were prevented through an O-
ring seal, whose slot is visible in Figure 3B,D,E. Sealing was
achieved by fastening the OM sandwiching grids through
precision screws (slots and passages shown in Figure 3A,B,C). A
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3D view of the considered module also featuring the fastened grids
is shown in Figure 3F; a flange is also shown, which was
introduced for proper interfacing with the RC module, consisting
of a steel plate and a Plexiglas box (Figure 4). The plate features an
O-ring seal, and slots for the fastening screws used to seal
(Figure 4A); additional screw holes were added to the lateral
surface to connect the actuator to any external supports. The
Plexiglas box features holes for water loading/flushing, and allows
for visual inspection thanks to the slot in the steel plate (Figure 4A).
An exploded view of the main components of the actuator is
shown in Figure 4B.

As regards fabrication, laser cutting (COy VERSAlaser VL
52.30 system, Laser&Sign Technology, Sidney, Australia) was
used for the RC Plexiglas components, subsequently glued to one
another and to the steel plate through bi-component epoxy glue.
The same laser-cutting machine was exploited for profiling the
OM and for the elastomeric disk, which was subsequently glued to
the main body of the AC module with polychlorobutadiene glue.
Furthermore, YAG laser cutting (SL 800 HS, LPKF Laser &
Electronics, Garbsen, Germany) was used for the OM sandwich-
ing grids. Finally, the AISI 316 stainless steel parts were fabricated
using a CNC 5 axis micro-milling machine (HSPC, KERN-
Microtechnic, Eschenlohe, Germany).

Actuator performance assessment

Let us preliminarily recall that, although we foresaw AC
flushing in view of multiple actuations, in this study we did not
address actuator reversibility, to contain the device complexity;
hence, the performance of a single activation was deliberately
mvestigated. The height of the bulging protrusion versus the time
was measured during free bulging tests, by varying the initial solute
concentration in the AC. The main aim of these tests was to
measure the actuation characteristic time. Moreover, the force
exerted by the actuator versus the time was recorded through a
load cell, for several values of the initial solute concentration.
These tests were not primarily meant to measure the maximum
achievable force (because in a specific application it clearly
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Figure 3. Design details of the actuation chamber module. (A,B) 3D views of the actuator module hosting, in particular, the actuation
chamber. (C) Top view of an osmotic membrane sandwiching grid, also showing the passing-through holes for the fastening screws. (D) Section
showing the interface for the loading/flushing connectors. (E,F) Section and 3D view of the main body of the module, also featuring the sandwiching
grids. The bulging elastomeric disk is sketched in (E), for ease of illustration. Dimensions are shown in mm.

doi:10.1371/journal.pone.0102461.9g003

depends on the actuated load as well), even if were interested in
reference force values. They were rather aimed to measure the
dependence of the initial force rate on the solute concentration, so
as to gain further confidence in the actuator characterization, and
thus on its potential performance.

The characteristic time of the bulging actuator was defined as
the time interval needed to obtain a hemispherical bulge (since the
characteristic length for bulge protrusion was implicitly set by the
size of the corresponding hole). In light of the adopted sizes, the
bulge was hemispherical when the protrusion height was equal to
2 mm. The OM was preliminarily prepared by removing its
vegetable-based glycerin protective layer by soaking it in deionized
water for 30 min. After glycerin removal, care was taken to
prevent the OM from drying out or freezing. Then, the OM was
sandwiched between the dedicated grids and fastened to the AC

module, taking into account the flux directionality. The AC was
then filled with an NaCl water solution with the desired molarity;
such solutions were prepared in advance to achieve perfect
solution conditioning, and then stored in the fridge to avoid
biocontamination. AC loading was performed via manual syringe
injection (for simplicity, the fluidic connectors were not used for
such basic tests), and sealing was achieved through proper screws.
Care was taken during the loading of the osmotic solution to
prevent the formation of visible bubbles in the AC, whose
compressibility could negatively affect the actuator performance.
Moreover, sealing was carefully performed so as not to induce any
preload. Once the actuator was placed on a dedicated support
having a millimeter-scale grid on the background, distilled water
was injected into the RC, and the resulting bulging was optically
recorded (HDR-CX220E, SONY, Tokyo, Japan). Video frames

O-ring A NaCl OM + 11 water B
slot Steel solution sandwiching
Plate grids

bulging
disk

Plexiglas
box

RC module

Figure 4. Design details of the reservoir chamber module and actuator assembly. (A) 3D view of the reservoir chamber module. (B)

Exploded view of the main components of the actuator.
doi:10.1371/journal.pone.0102461.g004
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were then extracted and processed through Matlab (Mathworks,
Natick, MA, USA), and the bulge protrusion height was detected
by manual image processing (image resolution over 28 pixel/mm).
For each of the considered elastomers, 2 NaCl concentrations
(1 M and 2 M) were considered, and all tests were carried out in
triplicate. Video recording was stopped a few minutes after
obtaining the sought hemispherical shape for the bulge. All tests
were carried out at room temperature (25°C).

As regards force rate measurements, once prepared the actuator
as described above, it was tightly and rigidly fixed to a dedicated
support, which hosted a load cell with maximum capacity of
500 N and a maximum system error tolerance of 1% (LLB250,
Futek Advanced Sensor Technology Inc., Irvine, CA, USA). In
particular, coupling was such that the bulging disk and the load
cell sensor were initially put in contact, while avoiding any
preloads. Force measurements were collected with the test and
measurement software Sensit (Futek Advanced Sensor Technology
Inc., Irvine, CA, USA) with 1 acquisition per second and
processed with Matlab (Mathworks, Natick, MA, USA). For each
of the considered elastomers, NaCl concentrations of 1 M and
2 M were considered, and all tests were carried out in triplicate.
Despite being interested in the initial build-up of the actuator
force, recordings were prolonged over 10 min. All tests were
carried out at room temperature (25°C).

Results

Figure 5 shows the osmotic actuator. In more detail, Figure 5A
shows the micro-milled body of the actuation chamber module,
with a glued bulging disk. The laser-cut osmotic membrane is
shown in Figure 5B, along with one of the two sandwiching grids,
while the corresponding assembly is shown in Figure 5C, as
fastened through the chosen micro-screw configuration. Figure 5D
then shows the actuation chamber module assembly, also featuring
the loading/flushing connectors. Finally, Figure 5E depicts the
actuation chamber module (without connectors) and the reservoir
chamber module fastened to each other, while the complete
actuator is shown in Figure 5F.

<€ om
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The Forward Osmosis-Based Actuator

The results of the free bulging tests are shown in Figure 6, while
an exemplificative bulging dynamics is shown in Video SI1. In
particular, Figure 6A depicts the details of the experimental set-up,
while Figure 6B reports bulge protrusion versus the time. The
hemispherical bulge shape (corresponding to a bulge protrusion
height of 2 mm) was achieved in 4-5 min for the 1 M NaCl
solutions, and 2-3 min for the 2 M solutions. We therefore
succeeded in achieving the targeted actuation characteristic time.
To the best of our knowledge, this is the fastest response of any
forward osmosis-based actuator that has been reported in the
literature to date [25,29]. It should be noted that we observed
similar trends for both elastomers, although the Viton elastomer
exhibited a stiffening behavior after reaching the hemispherical
bulge shape. This was not surprising because Viton is a silica
perfluorinated polyisoprene composite whose mechanical behavior
at higher strains can suffer from instabilities related to phase
separation. This implied slightly longer characteristic times
compared to those of the AT 31 F rubber, which achieved a
hemispherical bulge in either 4 or 2 min depending on the initial
molarity (yet this did not weaken the achieved result). The
measured protrusion heights in Figure 6B start from 1 mm
because optical effects occurred when the bulge first came out of
the actuation chamber, also due to the reflection of light by steel.
These effects worsened the quality of the corresponding images,
thus rendering the image processing less straightforward.

Remarkably, we were able to also predict the bulge dynamics,
using the theoretical model detailed in File S2 (from which Eq.13—
20 originate in the case of small bulging deformations). The
predicted trends are marked by solid lines in Figure 6B: they do
not start from the axes origin because it takes time for the bulge to
protrude out of the external surface of the actuator. They are in
excellent agreement with the experimental results for the AT 31 F
elastomer: its characteristic time was accurately predicted
(approximately 4 min and 2 min for the 1 M and 2 M solutions,
respectively), and its bulge height trend was also predicted (with a
maximum discrepancy for the 1 M solution at /=4 min and for
the 2 M solutions at =2 min, respectively equal to 0.10 mm and
0.13 mm). Very good agreement was also achieved for the Viton

B C

Figure 5. The assembly and components of the osmotic actuator. (A) Micro-machined body of the actuation chamber; the bulging
elastomeric disk and the O-ring seal are also visible. (B) Laser cut osmotic membrane and sandwiching grid. (C) Assembly of the actuation chamber
module, (D) also featuring the fluidic connectors. (E) Osmotic actuator assembly (F) also featuring the fluidic connectors.

doi:10.1371/journal.pone.0102461.g005
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Figure 6. Free bulging tests results. (A) Part of the experimental set-up used for the bulging tests; (inset) exemplificative bulge (2 M NaCl
solution, AT 31 F elastomeric disk). (B) Bulge protrusion height versus time. Experimental measures (in triplicate) and theoretical model predictions

are both shown.
doi:10.1371/journal.pone.0102461.9g006

elastomeric disk because the observed stiffening only marginally
affected the initial part of the deformation. Indeed, the model
highlighted the fact that the first part of the bulge dynamics was
mainly ruled by the initial solute concentration, so that
dV /dt=~SomcomIloVy/ V. This explained the very similar initial
trend for both elastomers, and the fact that the characteristic time
roughly scales with the initial salt molarity. These results
strengthened our confidence in the model-based approach used
for designing the actuator.

The results of the force measurement tests are shown in Figure 7:
for each elastomer (AT 31 F, Viton) and for each molarity (1 M,
2 M), the force averaged over the performed triplicate experiments
is reported versus the time. In particular, the forces recorded
during the first 3 min are shown, because we were specifically
interested in the initial force rate. In consideration of the set-up
used for such measurements (Figure 7A), we expected the force
trend to be ruled by the sensor stiffness. Indeed, the sensor stiffness
was much greater than that of the elastomeric disk for small
bulging, independently of the disk material. The obtained results
confirmed this expectation. It was straightforward to define an
average force trend that depended only on the solute concentra-
tion (see the inset in Figure 7B). To quantitatively assess the
measured behavior of the actuator, we considered the load cell as
an external elastic load opposing bulge formation, so as to apply
the model detailed in File SI, including Eq.5-12. Based, in
particular, on Eq.7, the initial force rate should be proportional to
the solute concentration; hence, we expected the ratio of the initial
force slopes to be 2. We therefore estimated the initial force rate by
linearly fitting the first 15 s of the measurements (based on the
estimate in File S1, the associated error is around 1%), and we
obtained 1.96, in excellent agreement with the model predictions.
These results further corroborated our model-based approach
used for designing the osmotic actuator.

For completeness, let us mention that the measured force
increased during the observation time. For the AT 31 F
elastomeric disk, it reached 15 N and 23 N for the 1 M and
2 M NaCl solutions, respectively. For the Viton disk, it reached
14 N and 20 N, respectively. These figures seemed to be
consistent with the fact that Viton stiffening, as observed during
the previous free bulge tests, bore an incrementally larger fraction
of the osmotic pressure load. As anticipated, we were not

PLOS ONE | www.plosone.org

specifically interested in measuring the maximum value of the
actuation force, because it can be significantly affected by the
specifically actuated load. However, the measured values suggest-
ed that our actuators can deliver a few Newtons on a minute
timescale and tens of Newtons over several minutes.

Discussion

We successfully designed and fabricated a forward osmosis-
based actuator with a typical size of 10 mm and a characteristic
time of 2-5 minutes, which can produce forces above 20 N and
thus usable for several actuation tasks. Moreover, our actuator
exhibits low power consumption, high energy density, and
remarkable efficiency, as quantitatively detailed below.

As regards timescale, our actuator is the fastest osmotic actuator
developed so far [25,29]. Moreover, Figure 8A highlights that the
achieved timescale is very close to the relaxation time of an ideal,
giant plant cell with the same typical size as the actuator.
Furthermore, the actuator timescale is not far from the one of
typical plant cells, such as the stomata shown in Figure 8A. Indeed,
it is remarkable how our device and actual plant cells can get to
comparable timescales starting from different values of the
involved physical quantities, as reported in Table 2. In the
considered table, the actuator volumetric stiffness is associated
with the hemispherical bulging; based on the estimate of kpp,
such a stiffness can be approximated as
3(Vo+Vkgp Vix3(14+Vy/V.)(F./Spp), with F.x14-19 N
for the considered elastomers (see File S2 for additional details).
It should be noted that the resulting actuator volumetric stiffness is
very close to a typical cell bulk modulus, e.g. ex~30 MPa [6].
These considerations fully support the pursued bioinspired
approach.

Based on the confidence we gained in the underlying modeling
approach, let us compute the actuator performance, e.g. in the
case of an external elastic load. This is consistent with many
implementations, such as any triggering mechanisms to be
osmotically released, also in analogy to the stimulus-motion phase
of the above described plant movements. Let us then assume a
stiffness kg7 ~10°-10° N m ™! for the external load; lower values
are consistent e.g. with the stiffness of a steel helical spring having
a winding diameter of the coil that fits with S, as in Figure 2A,
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doi:10.1371/journal.pone.0102461.9g007

i —k_ =10° ——k_ =10* ——k_ =10° [N/m]
Osmotic Actuator EL EL EL
Fastest cell swelling © 20 2
— g cell o _ B C
106 .E
N I I ) S
E A > 15 215
10° 3 ] [ %
3 © ()
F =10 = 1
4 [0}
10 3 o 8
C O X
10° — 5 S
r T k| Qo5
C [=
102 -
0 0
= 10 E OSolutezmolal‘:;t [M]6 0 2 4 6
o 3 y Solute molarity [M]
= 10° | u Nitella 20
§ 3 m Pollen tube E
- m S ium ( ing) 5 —
¢ 107k = Ocdogonium “e S
= E m Stomata k3] =45
= o O Osmotic Actuator = Y
10 E m Chara (relaxation) > 5
3 u Arthrobotrys brochopaga (fungus)| | ‘g O
3 m Zoophagus insidians (fungus) c = 10
107 m A.dactyloides (fungus) o [0)
E ! Dactylaria brochopaga (fungus) N >
a4 B Utricularia (trapdoor) 3 2
10° m Pilobolus b o 5
3 M| m Sporangium (closing) c LI:J
B Ll
10
107 10° 10° 10*  10® 107 5 5 ) 5 oO 2 2 5
Cell radius R (m) Solute molarity [M] Solute molarity [M]
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Table 2. Main physical properties of a typical plant cell, and of the osmotic actuator.

Compliant

Compliant boundary @ Membrane
Typical boundary @ Young modulus permeability Osmolyte Volumetric
size [m] thickness [m] [MPa] Ims 'Pa] concentration [M] stiffness © [MPa]
Plant cell 107°-10"* 1077-10"° [37] ~10° [38] 107 2-10""" [4] 0.5 (KCI), 1 (sucrose ) [39] 1-50 [4]
[4’21](a)
Osmotic 1072 1073 ~10 (AT 31 F), 310713 1-6 (NaCl) ~25 (AT 31 F), 35
actuator 102 (Viton) @ (Viton) ©

@Cell membrane for the plant cell, bulging disk for the actuator.

®)Cell membrane for the plant cell, osmotic membrane for the actuator.
©Cell bulk modulus for the plant cell, volumetric stiffness for the actuator.
@See File S3.

©See File S2.

doi:10.1371/journal.pone.0102461.t002

while higher values are considered for the sake of illustration.
Selected performance trends are then shown in Figure 8B-E, as a
function of the NaCl initial concentration. These curves practically
span the whole solubility range, since the maximum achievable
NaCl concentration is 6.14 M (brine). The force rate trend shows
that the osmotic actuator can provide forces well above 10 N in a
few minutes (as experimentally recorded). Moreover, low power
consumption is obtained across the whole solubility range (the
peak power is on the order of 10~ '~1 mW), as targeted, while the
corresponding energy density is on the order of 1-10 ] cm™>.
Finally, thermodynamic efficiencies up to 20% can be achieved; in
particular, efficiencies above 10% can be reached already at 2 M
when the external load is not too stiff. Further performance
estimates as a function of the actuation chamber volume or the
external load stiffness can be easily obtained from the scaling laws
derived in File S1; quick estimates can be also obtained through
the approximate expressions in Eq.5-12. For instance, both the
energy density and efficiency are expected to increase when the
actuation chamber volume is decreased.

It is worth noting that, based on the computed performance, the
osmotic actuator can challenge a muscle-based actuation strategy,
at least at the considered lengthscale. Indeed, even if the efficiency
of the mammalian skeletal muscle reaches 40% [40], its output
power at the cubic centimeter scale is approximately 0.2 mW,
while its corresponding maximum force and energy density are
approximately 0.35 N and 1072107 J cm ™ ?, respectively [40].
Moreover, despite its potential advantages, including the fact that
the working mechanism of muscle is well understood and that its
performances are largely scale-invariant [41], it is very challenging
to effectively resort to muscle-based, hybrid actuation systems [42].
Conversely, the osmotic actuator bypasses the complexity of actin-
myosin-like structures by simply exploiting the osmotic potential in
a suitably designed actuation chamber, in close analogy to the
plant model. Furthermore, the bulk materials of our osmotic
actuator fulfill the molecular simplicity criterion and do not lead to
significant temperature variations during activation, which can be
detrimental for performance.

Moreover, in order to further assess the application potential of
the osmotic actuator, let us consider its performance in relation to
that of existing actuation technologies that could be implemented
on the same lengthscale. Relevant performance indicators are
reported in Table 3, where the osmotic actuator aims to compete
with low-power-consumption technologies. However, a direct
comparison amongst the considered indicators might be prone to
naccuracies, since their definition is often loosely reported in the

PLOS ONE | www.plosone.org
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cited references (a typical case is that of energy efficiency), and
they are often evaluated in a broad set of working conditions. In
particular, it is not straightforward to account in a comprehensive
manner for supplementary energy expenditures needed to actually
operate the considered actuators. For instance, electric energy is
needed to simply keep the shape of conductive polymer-based
actuators, while pumping work is required to operate pneumatic
actuators as well as for the remote operation of the osmotic
actuator, namely to load/flush the actuation chamber. Neverthe-
less, the proposed forward osmosis-based actuation strategy might
provide a means for simplification with respect to other
technologies, since the actuation power is generated by the mere
contact between two solutions.

However, several technical aspects must be further addressed to
completely characterize the osmotic actuation strategy. For
instance, the behavior of the osmotic membrane under high
pressures and solute concentrations should be better assessed, as
for mechanical damage, permeability degradation, and membrane
polarization effects. Furthermore, chemical instabilities potentially
arising in concentrated solutions, which could produce solute
precipitation and subsequent performance degradation, also must
be assessed. In addition, further miniaturization is not trivial, and
leakage prevention must be systematically achieved, such that the
effective integration of the proposed osmotic actuator in a
miniature device might pose further issues. Finally, we are aware
of the fact that the present design can be hardly compared to
reversible actuation systems, and we make no strong claims on
regard. However, we beg to remark that the osmosis-based device
described in [25] is not reversible (while reversibility is only
mentioned in the patents [30,31], whose concept has not been
implemented so far). Nonetheless, a first step towards multiple
actuations could be achieved by depleting the initial osmotic
potential through successive steps. In particular, a predefined
number of actuation shots could be achieved by designing the
system in such a way that each shot is also used to set the osmotic
potential for the next one. Anyway, it seems reasonable to
speculate on a more refined embodiment of the proposed osmotic
actuation in light of specific applications, and this will be addressed
in a subsequent study.

Nevertheless, in light of the achievements of the present work,
the osmotic actuator has potential impact on many fields,
including biorobotics. Finally, let us emphasize that such a novel
actuator stems from our model-based and bioinspired approach.
On the one hand, in fact, we properly encompassed key physical
aspects of water-driven actuation in plants; on the other hand, we
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pursued an integrated strategy by concurrently addressing and
solving design and material issues. Overall, such an approach
proved to be successful in extracting smart cues from the Plant
Kingdom.

Supporting Information

File S1 Actuator performance indicators, in the pres-
ence of an external elastic load. Simple analytical expressions
were derived to describe the dynamic performance of the actuator
when coupled with an elastic external load. These expressions
were used, In particular, to interpret the measured force rates and
to predict the relevant performance trends over the full NaCl
solubility range.

(PDF)

File $2 Free bulging dynamics of the osmotic actuator.
A simple theoretical model was introduced for describing the free
bulge dynamics; model predictions well matched the experimental
observations. Simplified analytical expressions were also intro-
duced to describe the dynamic performance of the actuator,
including in particular the timescale, for small bulging deforma-

tions.
(PDF)
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Video S1 Osmotic actuator free bulging. After providing a
schematic representation of the main components and assembly of
the osmotic actuator, this video shows the free bulging deforma-
tion of the actuator elastomeric disk, as obtained for a 2 M NaCl
solution. The characteristic time for such an actuation is 2 min.

(MP4)

Acknowledgments

The authors would like to thank N. Funaro and C. Filippeschi for their
technical support.

Author Contributions

Conceived and designed the experiments: ES AA GLP BM. Performed the
experiments: AA GLP. Analyzed the data: ES AA GLP BM. Contributed
reagents/materials/analysis tools: ES AA GLP BM. Wrote the paper: ES
AA GLP BM. Conceived the actuator: ES BM. Designed the actuator: ES
AA.

8. Burgert I, Fratzl P (2009) Actuation systems in plants as prototypes for
bioinspired devices. Philosophycal Transaction Royal Society London A 367:
1541-57.

9. Martone PT, Boller M, Burgert I, Dumais J, Edwards J, et al. (2010) Mechanics

without muscle: biomechanical inspiration from the plant world. Integrative &

Comparative Biology 50: 888-907.

Mazzolai B, Mondini A, Corradi P, Laschi C, Mattoli V, et al. (2011) A

miniaturized mechatronic system inspired by plant roots for soil exploration.

Mechatronics, IEEE/ASME Transactions 16: 201-12.

. Knipfer T, Frieke W (2010) Root pressure and a solute reflection coefficient close

to unity exclude a purely apoplastic pathway of radial water transport in barley
(Hordeum vulgare). New Phytologist 187: 159-70.

July 2014 | Volume 9 | Issue 7 | e102461



23.

24.

26.

27.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

. Bengough AG, Croser C, Pritchard J (1997) A biophysical analysis of root

growth under mechanical stress. Plant and Soil 189: 155-64.

. Atkins P, De Paula J (2006) Atkins® Physical Chemistry. Oxford, UK: Ed. University

Press.

. Cath TY, Childress AE, Elimelech M (2006) Forward osmosis: principles,

applications, and recent developments. Journal of Membrane Science 281: 70—

87.

. Baskin TT (2005) Anisotropic expansion of the plant cell wall. Annual Review in

Cell Development Biology 21: 203-22.
Steudle E, Peterson CA (1998) How does water get through roots? Journal of
Experimental Botany 49: 775-88.

. Fougere F, Le Rudulier D, Streeter JG (1991) Effects of salt stress on amino acid,

organic acid, and carbohydrate composition of roots, bacteroids, and cytosol of
alfalfa (Medicago sativa L.). Plant Physiology 96: 1228-36.

. Fromm J, Lautner S (2007) Electrical signals and their physiological significance

in plants. Plant Cell Environment 30: 249-57.

. Hill BS, Findlay GP (1981) The power of movement in plants: the role of

osmotic machines. Quarterly Review of Biophysics 14: 173-222.

. Joyeux M (2011) At the conjunction of biology, chemistry and physics: the fast

movements of Dionaea, Aldrovanda, Utricularia and Stylidium. Frontiers in life
science 5(3-4): 71-9.

Skotheim JM, Mahadevan L (2005) Physical limits and design principles for
plant and fungal movements. Science 308: 1308-10.

. Forterre Y, Skotheim JM, Dumais J, Mahadevan L (2005) How the Venus

flytrap snaps. Nature 433: 421-5.

Vincent O, Weikopf C, Poppinga S, Masselter T, Speck T, et al. (2011) Ultra-
fast underwater suction traps. Proceedings of the Royal Society B: Biological
Sciences 278: 2909-14.

Ulanowicz RE (1995) Utricularia’s secret: the advantage of positive feedback in
oligotrophic environments. Ecological Modelling 79: 49-57.

. Li Y-H, Su Y-C (2010) Miniature osmotic actuators for controlled maxillofacial

distraction osteogenesis. Journal of Micromechanics & Microengineering. 20: 1
8.

Piyasena ME, Newby R, Miller T]J, Shapiro B, Smela E (2009) Electroosmot-
ically driven microfluidic actuators. Sensors and Actuators B 141: 263-69.
Wang C, Wang L, Zhu X, Wang Y, Xue J (2012) Low-voltage electroosmotic
pumps fabricated from track-etched polymer membranes. Lab on a Chip 12:
1710-6.

Sudaresan VB, Leo DJ (2008) Modeling and characterization of a chemome-
chanical actuator using protein transporter. Sensors and Actuators B, 131: 384—

93.

. Herrlich S, Spieth S, Messner S, Zengerle R (2012) Osmotic micropumps for

drug delivery. Advanced Drug Delivery Reviews 64: 1617-27.

Cinquin P, Cinquin O (2005) Osmotic actuator and engine. US patent 0158841
Al

Lenouvel F, Durrieu V, Belgacem N, Cinquin P (2009) Chemical activation of
an actuator or an osmotic motor. US patent 0120082 Al.

Holmes DP, Crosby AJ (2007) Snapping surfaces. Advanced Materials 19: 3589~
3593

Lee H, Xia C, Fang NX (2010) First jump of microgel; actuation speed
enhancement by elastic instability. Soft Matter 6, 4342-4345

Villar G, Graham AD, Bayley H (2013) A tissue-like printed material. Science
340: 48-52.

Sinibaldi E, Puleo GL, Mattioli F, Mattoli V, Di Michele F, et al. (2013) Osmotic
actuation modeling for innovative biorobotic solutions inspired by Plant
Kingdom. Bioinspiration & Biomimetics, 8: 025002.

Timoshenko S, Woinowsky-Krieger S (1964) The theory of plates and shells 2nd
edition. New York, US: Ed. McGraw-Hill

Cosgrove DJ (2005) Growth of the plant cell wall. Nature Review: Molecular
Cell biology 6: 850-61.

Gibson LJ, Ashby MF, Harley BA (2010) Cellular materials in nature and medicine.
Cambridge, UK: Ed. University Press.

Fleurat-Lessard P (1988) Structural and ultrastructural features of cortical cells in
motor organs of sensitive plants. Biological Reviews 63: 1-22

Hunter IW, Lafontaine S (1992) A comparison of muscle with artificial
actuators. IEEE Solid-State Sensor and Actuator Workshop 178-85.

Pelrine R, Kornbluh R, Joseph J, Heydt R, Pei Q, et al. (2000) High-field
deformation of elastomeric dielectrics for actuators. Materials Science and
Engineering C 11: 89-100.

Shimizu K, Fujita H, Nagamori E (2013) Evaluation systems of generated forces
of skeletal muscle cell-based bio-actuators. Journal of Bioscience and
Bioengineering 115(2): 115-21.

Zupan M, Ashby MF, Fleck NA (2002) Actuator classification and selection-the
development of a database. Advanced Engineering Materials 4(12): 933-9.
Madden JD (2007). Mobile robots: motor challenges and materials solutions.
Science 318: 1094-7.

. Chou CP, Hannaford B (1996) Measurement and modeling of McKibben

12(1): 90-102.

Chou CP, Hannaford B (1994) Static and dynamic characteristics of McKibben
pneumatic artificial muscles. IEEE Robotics and Automation Proceedings 281
6.

PLOS ONE | www.plosone.org

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

~
o

76.

The Forward Osmosis-Based Actuator

. Chang T, Sun X (2001) Analysis and control of monolithic piezoelectric nano-

actuator. IEEE Transaction on Control Systems Technology 9(1): 69-75.
Jordan T, Ounaies Z, Tripp J, Tcheng P(2000) Electrical properties and power
considerations of a piezoelectric actuator. NASA/CR 209861.

Thrasher MA, Shahin AR, Mecklts PH, Jones JD (1994) Efficiency analysis of
shape memory alloy actuators. Smart Material Structures. 3: 226-34.
Nakamura Y, Nakamura S, Buchaillot L, H Fujita (1997) A three-dimensional
shape memory alloy loop actuator. Proceedings, IEEE., Tenth Annual
International Workshop on Micro Electro Mechanical Systems MEMS ’97.
262-6.

Benard WL, Kahn H, Heuer AH, Huff MA (1998) Thin-film shape-memory
alloy actuated micropumps. Journal of Microelectromechanical Systems 7(2)
245-251.

Fu'Y, Du H, Huang W, Zhang S, Hu M (2004)TiNi-based thin films in MEMS
applications: a review. Sensors and Actuators A 112: 395-408.

Madden JD, Vandesteeg N, Madden PG, Takshi A, Zimet R, et al. (2003)
Artificial muscle technology: physical principles and naval prospects. IEEE
Journal of Ocean Engineering 706-728.

Kusaka M, Taya M (2003) Design of ferromagnetic shape memory alloy
composites. Journal of Composite Materials doi: 10.1177/0021998302040565.

. Anjanaqqa MBJ (1994) A theoretical and experimental study of magnetostrictive

mini-actuators. Smart Material Structures 3: 83-91.

Bartlett PA, Eaton SJ, Gore J, Metheringham W], Jenner AG (2001) High-
power, low-frequency magnetorestictive actuation for anti-vibration applica-
tions. Sensors and Actuators A 91: 133-6.

Grunwald A, Olabi AG (2008) Design of a magnetostrictive (MS) actuator.
Sensors and Actuators A 144: 161-75.

Biso M, Ansaldo A, Futaba DN, Hata K, Ricci D (2011) Cross-linking super-
growth carbon nanotubes to boost the performance of bucky gel actuators.
Carbon 49: 2253-7.

Hollerbach JM, Hunter IW, Ballantyne J (1992) A comparative analysis of
actuator technologies for robotics. Robotics Review 2: 299-342.

Plante JS, Dubowsky S (2007) On the performance mechanisms of dielectric
elastomer actuators. Sensors and Actuators A 137: 96-109.

Lucking Bigue JP, Plante JS (2013) Experimental study of dielectric elastomer
actuator energy conversion efficiency. IEEE/ASME Transactions on Mecha-
tronics 18(1): 169-77.

Bell DJ, Lu T]J, Fleck NA Spearing SM (2005) MEMS actuators and sensors:
observations on their performance and selection for purpose. Journal of
Micromechanics and Microengeneering 15: 153-64.

Cianchetti M, Mattoli V, Mazzolai B, Laschi C, Dario P (2009) A new design
methodology of electrostrictive actuators for bio-inspired robotics. Sensors and
Actuators B 142: 288-97.

Cheng ZY, Bharti V, Xu TB, Xu H, Mai T, et al. (2001) Electrostrictive
poly(vinylidene fluoride-trifluoroethylene) copolymers. Sensors and Actuators A
90: 138-47.

. Kornbluh R, Pelrine R, Eckerle J, Joseph J (1998) Electrostrictive polymer

artificial muscle actuators. IEEE Proceedings International Conference on
Robotics & Automation Leuven, Belgium, 2147-54.

Huber JE, Fleck NA, Ashby MF (1997) The selection of mechanical actuators
based on performance indices. Proceeding of the Royal Society of London A
453: 2185-205.

Spinks G, Xi B, Campbell T, Whitten P, Mottaghitalab V, et al. (2005) In
pursuit of high-force/high-stroke conducting polymer actuators. Proceedings of
SPIE: Smart Structures and Materials: Electroactive Polymer Actuators and
Devices (EAPAD) 5759: doi: 10.1117/12.598407.

Kaneto K, Fujisue H, Kunifusa M Takashima W (2007) Conducting polymer
soft actuators based on polypyrrole films—energy conversion efficiency. Smart
Material Structures 16: 250-5.

Alici G, Punning A, Shea HR (2011) Enhancement of actuation ability of lonic-
type conducting polymer actuators using metal ion implantation. Sensors and
Actuators B 157 (1): 72-84.

Najem J, Sarles SA, Akle BA, Leo DJ (2012) Biomimetic jellyfish-inspired
underwater vehicle actuated by ionic polymer metal composite actuators. Smart
Material Structures 21: 094026.

Malone E, Lipson H (2006) Freeform fabrication of ionomeric polymer-metal
composite actuators. Rapid Prototyping Journal 12(5): 244-53.

Shahinpoor M, Kim KJ (2001) Ionic polymer—metal composites: 1. Fundamen-
tals Smart Material Structures 10: 819-33.

Priya S, Chen CT, Fye D, Zahnd J (2005) Piezoelectric windmill: a novel
solution to remote sensing. Japanese Journal of Applied Physics 44(3): 104-7.
Shenoy DK, Thomesn III DL, Srinivasan A, Keller P, Ratna BR (2002) Carbon
coated liquid crystal elastomer film for artificial muscle applications. Sensors and
Actuators A 96: 184-8.

. Paik IH, Goo NS, Jung YC, Cho JW (2006) Development and application of

conducting shape memory polyurethane actuators. Smart Material and
Structures 15: 1476-82.

Maitland DJ, Hill P, Lee AP, Creek W, Schumann DL, et al. (2000) Shape
memory polymer (SMP) gripper with a release sensing system. US patent
US006102917A.

July 2014 | Volume 9 | Issue 7 | e102461



