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Introduction

any aquatic life forms are
equipped with natural tools for high
maneuverability, environmental sens-
ing, and capturing or escaping from
target or prey, respectively. These char-
acteristics improve survival and well-
being in often harsh or predatory-rich
environments. The employed mecha-
nisms are commonly unique to a select
few natural creatures, which attributes
to the survival of very different species
in the same environments. Researchers
have long aspired to mimic these natural
traits by designing robotic mechanisms
and advanced materials to create new
technologies in marine operations (Ball,
1999, 2001, 2002; Bar-Cohen, 2006;
Shahinpoor & Kim, 2004a, 2004b;
Bhushan, 2009; Bandyopadhyay
et al., 2008). Examples of these devel-
opments include robotic devices such as
artificial muscles (AMs), fish-fin-like
underwater propulsors, full bioinspired
underwater vehicle designs, and even
intricately structured, soft, artificial

ABSTRACT

lonic polymer-metal composite artificial muscles have received great research
attention in the development of robotic manipulators, advanced medical devices,
and underwater propulsors, such as artificial fish fins. This is due to their unique
properties of large deformation, fast dynamic response, low-power requirements,
and the ability to operate in aquatic environments. Recently, locomotion of biological
cells and microorganisms through unique motion of cilium (flagellum) has received
great interest in the field of biomimetic robotics. It is envisioned that artificial cilia can
be an effective strategy for maneuvering and sensing in small-scale bioinspired ro-
botic systems. However, current actuators used for driving the robots are typically
rigid, bulky in mechanism and electronics requirements producing some acoustic
signatures, and difficult to miniaturize. Herein, we report biomimetic, wirelessly
driven, electroactive polymer (EAP) microfibers that actuate in an aqueous medium
when subjected to an external electric field of <5 V/mm, which can be realized to
create cilia-based robotic systems for aquatic applications. Initial development and
manufacturing of these systems is presented in this paper. The EAP fibers are fab-
ricated from ionic polymer precursor resin through melt-drawing process and have
a circular cross-section with a diameter of 30—70 pm. When properly activated and
subjected to an electric field with switching polarity, the EAP fibers exhibit cyclic
actuation with adequate response time (0.05-5 Hz). The experimental results are
presented and discussed to demonstrate the performance and feasibility of bio-
mimetic cilia-based microactuators. Prospective bioinspired applications of the
artificial muscle cilia-based system in marine operations are also discussed.
Keywords: artificial muscles, ionic polymer-metal composite, electroactive fibers,
artificial cilia array

skin substrates (Deng & Avadhanula,
2005; Zhou & Low, 2012; Yu et al.,
2004; Fish et al., 2008; Kamamichi
et al., 2006; Kim et al., 2005, 2007,
2011; Palmre et al., 2012; Yim et al,
2007; Shen et al., 2013; Guo et al.,
2006, 2007; Najem et al., 2012;
Lauder & Madden, 2007; Ball, 1999;
Wen et al., 2014).

One such natural system that has
been investigated for prospective bio-
mimetic marine applications is cilia
and flagella of mammalian cells for micro-
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flow control and microlocomotion
mechanisms (Zhou & Liu, 2008; Oh
et al., 2009; den Toonder & Onck,
2013). Cilia and flagella are micro-
tubular protrusions from the surface
of many eukaryotic cells and are of
two main types: motile, those capable
of moving independently, and non-
motile cilia (Satir & Christensen,
2007, 2008). They are found in cells
in nature and play a critical role in
health and well-being, often function-

ing as mechanisms to move cells or



objects through a flow channel, such as
in the case of human windpipe, brain
ventricles, and Fallopian tubes, as
examples (Enuka et al., 2012), in case
of motile cilia. Nonmotile cilia, found
in many cells in nature, typically oper-
ate as a sensory system. However,
motile cilia and nonmotile cilia are
structurally similar, and both can func-
tion as signaling devices (Satir &
Christensen, 2007, 2008). As sensory
organelles, these transfer information
of extracellular signals to control several
cellular processes (Satir & Christensen,
2007). Thus, sensory information
from cilia is thought to be coupled to
motile cilia for feedback environmental
sensing and control (Satir & Christensen,
2007, 2008). These characteristics have
made cilia organelles a promising can-
didate for bioinspired device develop-
ment in microfluidics and marine
operations. The prospective applica-
tions of a simple, surface-mountable
microartificial cilia environmental sen-
sory and control system range from
near-surface flow control of underwater
vehicles to advanced medical operations
in drug delivery systems.

This paper exploits the unique
properties of an in-lab designed AM
microtransducer to develop a working
cilia-based microactuator array for ma-
rine applications. An AM is a multi-
functional, smart polymer whose
electromechanical properties can be
controlled, resulting in reproducible
actuation and sensing capabilities
(Shahinpoor & Kim, 2001; Kim &
Shahinpoor, 2003; Shahinpoor &
Kim, 2004b). Like biological muscles,
the AM technology exhibits large mo-
tion, good force, fast response, good
efficiency, long cycle life, and silent
operation. Recent research on the loco-
motion of biological cells and micro-
organisms has identified the importance
of cilium (flagellum) and its unique

motion for propulsion and maneuver-
ing (Satir & Christensen, 2007, 2008).
However, recent man-made attempts
at mimicking the motion of cilium
using traditional actuators have yielded
limited success, and often the designs
are bulky (Zhou & Liu, 2008; Oh
et al., 2009; den Toonder & Onck,
2013). On the contrary, the AM tech-
nology is an excellent candidate for
realizing the complex oscillatory mo-
tion of cilium for the development of
efficient and highly maneuverable
underwater actuator and sensor sys-
tems for marine applications.

The current state-of-the-art AM
technology is limited to creating thin
strips or cantilever-style actuators due
primarily to difficulties associated
with material processing. Recent
advances in AM materials processing
work and research have resulted in
AMs that can produce forces on the
order of tens of gram-force for a stan-
dard sample of 1-cm wide by 5-cm
long by 1-mm thick. However, the
manufacturing of slender rod-like
AMs with sectored electrodes has
been challenging (Kim et al., 2015).
Additionally, these devices require
two or more separated electrodes per
sample to actuate. Herein, the authors
report a new electrodeless electroactive
polymer (EAP) microactuator that
actuates wirelessly by low external elec-
tric field and is capable of AM maneu-
verability. It is an ionic type EAP
actuator with no built-in surface elec-
trode layers. The new electrodeless
EAP actuator consists of only one sin-
gle perfluorinated EAP material. Due
to its simple structure, the electrodeless
EAP actuators are simple to fabricate
into a variety of shapes and can be eas-
ily miniaturized to microscale, which is
needed for the development of small
bioinspired robotic systems such as
artificial cilia or flagella. Our group

has successfully demonstrated fabrica-
tion of AM with different geometries,
including rod-shaped AMs that can
undergo bending actuation and sensing
in multiple directions and microactuator
fibers that have been expanded into
prototype AM cilia arrays (1 x 20).

AM Fibers

Ionic polymer-metal composite
(IPMC) transducers, made from an
ionomer-based EAP, which have been
used successfully as 3D microsensors
in previous works (Feng & Tsai,
2011; Stalbaum et al., 2015), are a
strong motivation for this study for
development into the cilia-like AM
microactuator array due to their unique
and well-suited properties. These de-
vices exhibit fast dynamic response,
high spatial resolution, and low elec-
tronics and mechanisms requirements
and are best suited for operation in
aqueous environments (Shahinpoor
& Kim, 2001; Kim & Shahinpoor,
2003). Additionally, they are silent
in operation, are low in power con-
sumption, and can be designed to op-
erate in different fluid environments
(Bar-Cohen, 2004). Furthermore,
they can operate as actuators or sensors
(Alici et al., 2008, Pugal et al., 2010)
and have been designed into self-
sensing actuators (Punning et al., 2007;
Kruusamie et al., 2010; Ko et al., 2009).
These characteristics make this type of
AM a good material candidate for this
research with a strong existing techni-
cal groundwork. However, IPMC
electrode plating is a cumbersome pro-
cess, and these devices require sepa-
rated electrodes per sample to actuate.

Conventionally, IPMC material
consists of an ionic polymer mem-
brane, typically Nafion material,
chemically plated on both surfaces
with conductive metal layers, typically
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of Pt or Au, that serve as conductive
electrodes. To enable an electroactive
capability, the ionomer membrane is
solvated with an electrolyte, typically
Li* or Na' ions in water solution.
When a DC voltage (<5 V) is applied
to the electrodes, the hydrated cations
migrate toward the negatively charged
electrode, leading to internal pressure
change, which, in turn, causes a bend-
ing of the IPMC toward the positive
electrode. The electromechanical per-
formance of an IPMC is highly depen-
dent on the electrical conductivity,
flexibility, and surface morphology of
the electrodes (Shahinpoor & Kim,
2000; Shen et al., 2014, 2015). The
electrode structure determines the ad-
sorption of electrolyte ions at the
electrode interface (accumulated
charge) that is directly proportional
to the electromehanical deformation
of the material. As such, the electrodes
have many critical design requirements
that pose several engineering chal-
lenges in terms of performance,
manufacturing, and scalability. Also,
due to the presence of electric potential
and liquid electrolytes, the choice of
suitable electrode materials is restricted
to electrochemically stable (inert) mate-
rials. Therefore, noble metals (such as
Pt or Au), carbon nanotubes, carbide-
derived carbons, and other carbon
derivatives are used for electrodes.
Herein, the authors report a new
AM for biomimetic applications, an
electrodeless EAP microactuator that
actuates wirelessly by low external elec-
tric field (<5 V/mm). It is an ionic type
EAP actuator similar to the IPMC but
with no built-in surface electrode
layers. Hence, it is simply called an
EAP actuator. As opposed to traditional
trilayer IPMC actuators with surface
electrodes that comprise different mate-
rials and require complex manufactur-
ing processes, the new electrodeless

EAP actuator consists of only one single
perfluorinated EAP material. Due to its
simple structure, the electrodeless EAP
actuators are simple to fabricate into
variety of shapes and can be easily min-
iaturized to microscale, which is needed
for the development of small bio-
inspired robotic systems such as artifi-
cial cilia (or flagellum). It is envisaged
that artificial cilia can be an effective
strategy for locomotion and maneuver-
ing of next-generation miniature
underwater robotic and microfluidic
systems (Zhang et al., 2006; Edd
et al., 2003). However, the existing
smart actuator technologies face chal-
lenges in downscaling to microscale
due to their complex structure and
manufacturing process and electrical
conductivity issues related to miniatur-
izing the surface electrodes. For in-
stance, down-scaling a trilayered
polymeric composite actuator requires
much thinner and more flexible elec-
trodes than in case of metallic Pt or
Au electrodes and can become problem-
atic due to loss in mechanical robust-
ness, which is required to maintain
electrical conductivity and durability.

FIGURE 1

To demonstrate the feasibility of
our new electrodeless EAP fiber micro-
actuators for small-scale bioinspired
robotic applications, an AM cilia
fiber array system is developed. The
electrodeless fiber EAP microactuators
are fabricated from a perfluorinated
precursor resin of Nafion through
melt-drawing process. By careful control
of the drawing conditions, cylindrical
fibers with a diameter size down to
30 pm are successfully produced.
These microfibers, when converted to
electroactive form by a simple chemi-
cal treatment and subjected to an aque-
ous medium, display controllable
electromechanical actuation in re-
sponse to low external electric field
(<5 V/mm). The prototype cilia array
is capable of different aquatic motions
such as flapping, bending, and oscilla-
tion when driven wirelessly by differ-
ent external electric fields.

Fabrication of Cilium-Inspired,
Electroactive Fibers

The electroactive ionomer fibers
were fabricated from Nafion precursor
resin through a melt-drawing process

Fabrication of cylindrical electroactive ionomer fibers by melt-drawing process.

Nafion® PFSA resins: Drye:

8 . = :

Melt-drawn Mafion fiber collected
argund the glass beaker:
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Digital micrascops images:
Difberent sizes [diam. 311, 226, 167 um):

Fiber drawing under heat press:

y —

Circular hole
diam. = 0.6 mm

Activation of the fibars:

= Hydrolysis process to
conwvert =50.F 1o 50K form
= Acid conversion in 1 M H,50,
solution at 65 °C



(Figure 1). First, the inactive perfluori-
nated precursor resin in the sulfonyl
fluoride (-SO,F) form was placed in
a custom-made extruder die and pre-
heated. As a perfluorinated precursor
resin, Nafion polymer does not have
the ion exchange capability and is
thermoplastic and can be easily melt-
processed into variety of shapes. The
custom extruder die assembly (shown
in Figure 1, top center) was preheated
to 240°C and slightly pressurized ini-
tially to generate polymer flow through
the die. Then, the exiting polymer
thread was drawn with uniform speed
and collected around a rotating glass
drum. Compared to conventional
fiber extrusion, the drawing process
significantly reduces the diameter size
of the fiber as it exits from a die and
induces the molecular orientation of
polymer chains, increasing the degree
of crystallinity and tensile strength of
the fiber. Fibers with different dimen-
sions were created by varying the draw-
ing speed and collector drum distance
from the die.

The obtained cylindrical Nafion
fibers had to be activated by a chemical
treatment to enable the cation exchange
capability. Table 1 describes the activa-
tion process by which the Nafion
precursor was converted to “active”
sulfonic acid (-SO3zH) form. The
first step was the hydrolysis process in
hot aqueous potassium hydroxide

(KOH) and dimethyl sulfoxide

TABLE 1

Activation process of ionomer cilia fibers.

FIGURE 2

Experimental setup used for measuring the displacement of electroactive ionomer fiber under
external electric field.

(DMSO) for 1 h to convert the
(-SO,F) functional groups into sulfo-
nate groups (-SO3K). Next, the poly-
mer was converted to sulfonic acid
(-SO3H) form by treatment in a
bath of H,SOj solution. Finally, the
polymer fibers were cleaned in deion-
ized (DI) water to remove the acid
residues.

Experimental Methods

A cylindrical Nafion fiber fabricated
by melt-drawing process was sus-
pended in 0.1 M LiCl aq. solution be-
tween two parallel graphite electrode
plates (Figure 2). The distance be-
tween the electrodes was 10 mm, and

Procedure Amount Temperature Time

1 Soak in KOH (15%), 350 ml 95°C 1h
DMSO (30%)

2 Soak in HpS04 350 ml 75°C 3h

3 Soak in DI water 350 ml 75°C 45 min

4 Soak in new DI water 350 ml 75°C 45 min

Probe holding

Graphite
electrodes

the effective length of the fiber was
42 mm. The bottom end of the fiber
reached slightly lower than the elec-
trodes to allow access to the laser
beam for displacement measurement.
A small piece of tape was attached to
the fiber tip, serving as a target for a
laser beam. A laser displacement sensor
with National Instruments/LabView
DAQ system was used for measuring
the fiber tip displacement under AC
square-wave input of 5 V at frequen-
cies from 0.1 to 1 Hz.

Results and Discussion
Figure 3 shows the fabricated EAP
microfibers in different diameter sizes
—32 pm and 55 pm produced by
melt-drawing process using a 175-um
and 210-pm diameter die, respectively.
The fabricated ionomer fibers have a
smooth surface morphology and circu-
lar cross-section. The thickness of the
melt-drawn fibers is highly dependent
on the die size and drawing speed. To
downscale the diameter size of the EAP
fibers, the die size was significantly
reduced. Table 2 shows the size range
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FIGURE 3

Digital optical microscope images of the fabricated EAP microfibers in different sizes.

of the fibers produced with different
dies. With the smallest 175-um die,
EAP fibers in diameter of 2545 pm
were successfully created.

To demonstrate electromechanical
actuation of the new actuators, an indi-
vidual EAP fiber in cantilever configu-
ration with a free-length of 42 mm was
suspended between two graphite elec-
trode plates with a distance of 10 mm
and immersed in 0.1 M LiCl aqueous
electrolyte solution (Figure 2). The
electric field was applied to the (exter-
nal) graphite plates to wirelessly actuate
the fiber. Figure 4 shows the measured
voltage and displacement responses in
time for the EAP fiber microactuator
under an external field of 5 V AC
square-wave at 0.1 Hz and 1 Hz. It
can be seen that the fiber exhibits
repeatable cyclic actuation perfor-
mance with adequate response. Unlike
IPMC actuator that bends toward the

TABLE 2

positive electrode (anode), the EAP
fiber deflects toward the negative
electrode (cathode). This can be
explained by the fact that Nafion is a
cation exchange polymer that can
only pass or conduct cations but is
nontransparent to anions. Since the
Nafion membrane (fiber) does not
have a charged electrode boundary at
the surface as in case of IPMC with
surface electrodes, the cations (Li")
of the electrolyte migrate through
the ionic polymer under the imposed
electric field. This results in a cationic
current in the polymer that draws the
fiber along toward the negative (exter-
nal) graphite electrode. At the same
time, the anionic current of Cl™ ions
toward the opposite electrode (anode)
has no effect on the fiber as the anions
are unable to freely move. Further-
more, the voltage-dependent dis-
placement curves are different than

Die sizes used for downscaling the size of cylindrical EAP fibers.

Die diameter size (pm)

Fiber diameter range (pm)

610 200-300
310 70-100
210 30-55
175 25-45
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conventional IPMC actuators, as can
be observed in the voltage-displacement
curve in Figure 5, displaying large
hysteresis.

The same experiment was also con-
ducted in ultrapure deionized water
(resistivity 18.2 MQ cm). In this case,
the actuation would only rely on Li*
ions inside the ionomer fiber that
balance the fixed anionic functional
groups (-SOj37), which are present
due to previous exposure to LiCl elec-
trolyte. However, even at much higher
electric fields (>10 V/mm), the fiber
exhibited minimal actuation and the
response was hesitant. Conducting
the experiment in an electrolyte solu-
tion (NaCl or LiCl, 20.1 M) reduced
significantly the required potential
and produced much larger/stronger
displacement response. Thus, the actu-
ation of EAP fiber is driven by the
transport of cations (or cationic cur-
rent) through the ionomer fiber, as
illustrated in Figure 6a. Figure 6b
shows the actuation schematic of a
conventional IPMC for comparison.
In application perspective, actuating
the fibers in electrolyte salt solutions
would be very convenient as the EAP
fibers are intended for use in under-
water applications where typical salinity
of seawater is ~0.5-0.6 M (NaCl).
Therefore, the prepared EAP fibers
would be further investigated in ma-
rine environment (NaCl solution) in
the future.

Preliminary 2D finite element
physics-based modeling in COMSOL’
Multiphysics 5.2 of a Nafion EAP fiber
immersed in a 0.1-M LiCl solution
was performed based on the physics
discussed above. The results show
good agreement for fiber tip displace-
ment using governing physics as
shown in Figure 6b as a simplified
illustration, using the Poisson-
Nernst-Planck equations for diffusion



FIGURE 4

Applied voltage and measured displacement response of a cylindrical EAP fiber microactuator
at 5-V AC square-wave at 0.1-Hz (left) and 1-Hz (right) operating frequencies in 0.1-M LiCl aq.

solution at 10-mm electrode spacing.
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and charge density within the polymer
membrane and primary current distri-
bution physics for the electrolyte solu-
tion. The primary difference to
modeling of conventional IPMC actu-
ators is in the additional electrolyte
physics, utilizing the primary current
distribution physics module. Addi-
tionally, there are no electrodes or elec-
tric current physics at the Nafion fiber
surface. The electrodes are instead
100 mm” surface area electrodes sepa-
rated by 10 mm to correspond with

FIGURE 5

Displacement response versus applied volt-
age for a cylindrical EAP fiber microactuator
at5V AC square-wave at 0.1 Hz operating fre-
quency in 0.1 M LiClaq. solution at 10 mm elec-
trode spacing.
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experimental data of Figure 4. Utiliz-
ing the Nernst-Planck (1a) and Pois-
son’s (1b) equations as follows:

%+V - (~-DVC—zuFCV$) =0 (la)
2y P _F(C—C)

Vg =L (1b)

FIGURE 6

where C'is the cation concentration in
the polymer membrane, D is the
diffusion coefficient of Li" ions in
the polymer membrane, z is the
charge number, F is Faraday’s con-
stant, ¢ is electric potential in the
polymer membrane, p is the charge
density, ¢ is the effective dielectric
permittivity value, and C, is the
anion concentration, which is main-
tained fixed to the polymer backbone.
The mobility can be written as u =
DI(R - T), where Ris the gas constant
and 7'is the temperature.

Primary current distribution phys-
ics are used in the electrolyte domain.
With the equation for electrolyte
potential given as

Q

—A¢, = o (2)

where ¢ is the electrolyte potential, Q
is the electrolyte charge, and o, is the
electrolyte conductivity. A Dirichlet
boundary condition is applied at the

lllustration of actuation mechanism of an electrodeless EAP fiber in electrolyte solution under an
imposed electric field (a), with a schematic of the actuation mechanisms of a traditional IPMC for

contrast (b).

(a) [(b)
o
i EAP fiber :
! ! IPMC
= actuator
o ol C Localized
E o — " E swelling
2 kot ' 3 near negative
o _ °’ electrode
E s_'; j— S ‘é
Electrolyte
solution
— —y — [ -, L
Net cationic current Deformation direction
Legend: (%) Li* ions & H,0  © Fixed anion @ Mobile cation g%‘} Hydrated cation
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TABLE 3

Parameter values used in COMSOL® Multi-
physics simulations.

Parameter Value

D 7e-11 [m?/s]

F 96485.3415 [s A/mol]
R 8.31 [J/(mol K)]

T 293 [K]

Ca 1,200 [mol/m?]

£ 2 [mF/m]

O, 3 [mS/cm]

Pp 2,000 [kg/m®]

a 1.5e-7 [V/m]

electrolyte-polymer interface. Table 3
provides the parameter values used in
simulations.

Similar to conventional IPMC ac-
tuator modeling, a linear elastic mate-
rial model with Newton’s second law is
utilized to solve deformation in the
polymer fiber. With Newton’s second
law given as

2
Py ng; -V -6=F (3)
where p, is the polymer density, # is
the displacement vector, o is the stress
tensor, and F is the body force vector,
where the component of F across the
bending direction of the Nafion fiber
is assumed to be proportional to the
charge density within the polymer,
that is

F.=ap (4)

where a s the force-coupling coefficient,
which is experimentally calibrated.
Simulation results for a 200-pm di-
ameter, 40 mm long, EAP fiber sub-
merged in LiCl electrolyte exposed to
a 5-V, 1-Hz AC square wave, with

FIGURE 7

Finite element simulations of an EAP fiber in electrolyte solution as actuated by a 5-V, 1-Hz square
wave applied to electrodes spaced 10 mm apart with comparison to experimental results (left) and
a close-up of the mesh used for simulations on the free-end of the fiber (right).
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04
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100 x100 mm surface area electrodes
spaced 10 mm apart, are shown in
Figure 7. A comparison to experimen-
tal results is included for the same op-
erating conditions. These results show
good agreement with experimental
data, indicating the model adequately
captures the underlying actuation
physics. Mesh refinement was
performed up to 250,832 domain
elements showing less than 2 % solu-
tion change. A close-up of the final uti-
lized mesh at the free-end of the EAP

fiber is shown in Figure 7.

Development of a Prototype
Biomimetic Cilia Array

The fabricated cylindrical ionomer
fibers were used as artificial cilia for de-
signing a prototype cilia array. The
biomimetic AM cilia array system
was fabricated on a soft and flexible
polydimethylsiloxane (PDMY) sili-
cone elastomer substrate. The PDMS
substrate was prepared using Sylgard’
184 silicone elastomer (Dow Corn-
ing). The PDMS prepolymer mixed
at a 10:1 weight ratio of elastomer to
hardener was cast into a mold and
cured at room temperature for 48 h
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to obtain a flexible rubber-like
substrate layer.

For accurate placement of cilia fi-
bers, an array of holes with diameter
of 50 pm was predrilled into the
PDMS layer using a CNC milling ma-
chine. Figures 8a and 8b show micros-
copy images of the drilled holes. The
melt-drawn ionomer microfibers were
then planted into the PDMS sub-
strate under a digital microscope
using 29-gauge hypodermic needle.
The process of fixing cilia fibers in the
substrate is illustrated in Figures 8c, 8d,
and 8e. First, a needle with an ionomer
fiber was inserted along the predrilled
hole and pushed slightly through the
substrate. Then, the tip of the fiber
was temporarily clamped while pulling
out the needle, leaving the ionomer
fiber securely fixed in a PDMS sub-
strate. Figures 8f and 8g show the pro-
totype AM cilia array system consisting
of 20 fibers in row with 1-mm spacing
in between. The diameter size of the fi-
bers used in this prototype ranges from
70 to 90 pm, and free length is 8 mm.
The substrate dimensions are 3.6 mm
(W) x 2.4 mm (H) x 23 mm (L).

In order to actuate the AM cilia
array by an external electric field, a



FIGURE 8

PDMS substrate with predrilled 50-um holes for placement of EAP microfibers (a, b), process of
fixing the ionomeric cilia fibers into a PDMS substrate (c, d, ), and digital optical microscope images
of fabricated prototype AM cilia array with 1-mm spacing in between artificial cilia fibers (f, g).

7
FOMS substrate  Pre-drilled hole

clamp device with six external elec-
trodes was designed (Figure 9). The
electrode assembly was fabricated
from acrylic glass, and electrodes were

FIGURE 9

made from Pt foil (thickness 0.001 in.).
The clamp device consists of three sec-
tions (pairs) of electrodes that can be
used to create a wave-like oscillation

Clamp device with six external Pt electrodes for actuating the cilia (1 x 20) array by external field
(a) and the artificial cilia array (1 x 20) mounted between electrodes and immersed in electrolyte

solution (b).

of cilia when sections are driven with
phase difference. Figure 9b shows
the prototype cilia fiber (1 x 20) array
mounted between the electrodes
and immersed in electrolyte solution.
The electrodes shown are spaced
3.6 mm apart.

The prototype artificial cilia array
was actuated by applying a 5-V AC,
0.5-Hz square wave input to alternat-
ing electrodes spaced 3.6 mm apartin a
LiCl electrolyte solution. Video was
collected at 30 frames per second.
Tip displacement measurements were
collected from the video at a rate of
10 Hz. The fibers show actuation dis-
placements of several millimeters for
the given case. Measured data and
photographs from time of maximum
displacements are shown in Figure 10.

Conclusions and

Future Studies

The developed cilia-based micro-
actuators are realizable and have been
successfully implemented in a proto-
type microfiber array for prospective
applications in underwater robotics
and microfluidics. The microactuators
can be wirelessly driven by low external
electric field. They operate with low
electronics requirements and can be
designed as alternating actuators and
sensors in different geometrical ar-
rangements. Fabrication techniques
as described are scalable up or down
to meet desired design criteria. Appli-
cation with microfibers acting as both
sensors and actuators is being investi-
gated for a full flow sensing and control
system. This type of microarray device
has many promising applications in
microfluidics, robotics, and general
marine operations. Problems such as
accurate environmental sensing, in situ
boundary layer and near-surface flow
measurement, and chaotic or turbulent
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FIGURE 10

Experimental results for a microfiber array actuated by separated electrodes at 5-V AC, 0.5-Hz
square wave input applied to electrodes spaced 3.6 mm apart. Still photograph from video at
times t=1.3s (a), t=1.8s(b), t=2.3s(c), t=2.8s (d), t=3.3 s (e), f=3.8 s (f), and measured
tip displacement measurements of an individual fiber of the array (g).

5,

Displacement {mm)

T

Wioltage (V)

Time ()

flow sensing and control can be ad-
dressed using this technology. This
can be applied to underwater vehicles
to improve handling and maneuver-
ability, medical operations in cell and
drug transport, and other capillary
flow or microfluidic problems. Upon
further development, this technology
can play a significant role in achieving
more advanced underwater robotic
systems. The newly developed proto-
type AM array of microfibers present-
ed above is crucial groundwork to
further developments of active mate-
rials as employed in microfluidics and
marine biomimetic studies.

Future work includes building an
understanding for cilium motion and
utilizing finite element modeling for
design optimization. Further develop-
ments will be done in attempt to repli-
cate similar motion to that of natural

32

cilium. This can be expanded into ar-
rays of cilia with phase shifts to move
similarly to how systems of cilia move
together. Natural cilia are able to pro-
duce consistent flow, locomotion, and
organism displacement control. The
ability to replicate natural cilia will
benefit robotics, such as in biomimicry
for artificial organs. Artificial cilia tech-
nologies of this type would be ideal for
certain microfluidics, flow sensing and
control systems, small organism loco-
motion, or similar application in bio-
medical devices.
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