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Polymer MEMS Actuators for Underwater
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Abstract—Conventi-nal MEMS actuators are not suitable for
underwater applications such as cell grasping due to two main rea-
sons: 1) their required actuation voltage are typically higher than
2 V, which would cause electrolysis in water and 2) they have small
displacement/deflection due to their inherent driving principles. In
this paper, three-different types of novel polymer-based MEMS un-
derwater actuators developed in our laboratory are discussed: 1)
ionic conducting polymer films (ICPF) actuator, which actuates by
stress gradient induced by ionic movement due to electric field;
2) parylene thermal actuator, which actuates due to the induced
stress gradient across a structure made of different layers of mate-
rials with different thermal expansion coefficients; and 3) polyani-
line (PANI) actuator, which actuates due to its volumetric change
caused by a reversible electrochemical oxidation-reduction (redox)
reaction. All these polymer micro actuators can be actuated under-
water with large deflections and require less power input than con-
ventional MEMS actuators. The experimental results from charac-
terizing these prototype actuators are presented in this paper.

Index Terms—Cellular grippers, micro manipulation, micro
polymer actuators, polymer MEMS actuators.

I. INTRODUCTION

OTENTIAL applications for microrobotics with growing

interest are cell manipulation, cell isolation, and micro
injection (e.g., see [1]). For example, biologists usually use
pipettes for cell isolation prior to carrying out micro injection.
However, the functionality of this method is limited by the size
of the cells, i.e., the cells cannot be too small compared to the
pipette; otherwise, a bundle of cells could be drawn into the
pipette at once. In addition, the pipette cannot be used to rotate
individual cells, a function which is highly desirable during
a micro injection process. To address these problems, we are
currently developing an on-chip microrobotic gripper system
that can eventually be used to manipulate and isolate cells con-
trollably and enable localized cell probing and measurement.
We report in this paper several novel micro polymer-based
actuators that can be configured to form single-finger or
multiple-finger underwater robotic grippers for cell grasping
and manipulation.
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Although many MEMS actuators exist already they are all
hindered by one or more of the following factors when actua-
tion in biological fluids is required: small displacement, small
force output, large power consumption, large voltage require-
ment, and bioincompatibility. For example, electrostatic actua-
tors are inefficient in ion-rich fluid and their deflection is very
small [2]. Therefore, thermal actuators were considered by some
researchers to operate in solution-based environments. Thermal
actuators generally consist two structural layers with different
thermal expansion coefficients (“bimorph”). One of the layers
would be used as a heater to generate heat to induce thermal ex-
pansion of the two layers. Due to mismatch of the thermally-in-
duced strain, the structure could be made to bend as a function
of the heat generated. Even though thermal actuators can pro-
duce larger force and deflection than other types of MEMS ac-
tuators, they require higher power to actuate. G. Lin et al. [3]
demonstrated a two-layer thermal actuator (200 x 45 x 1.1 um
with polyimide/Au layers) that can operate in air with 7 V at

- 4 mA. However, to operate in liquid, it required over 100 V to

actuate and overheated the actuator. M. Ataka et al. [4] also fab-
ricated a thermal bimorph actuator (500 x 100 x 6 pm with
polyimide/Au layers) which rose up to 260°C for actuation in
water—a temperature that would definitely kill cells. Recently,
researchers have begun to look into other materials and mech-
anisms for underwater actuation. For example, Jager et al. [5]
and Smela et al. [6] have pioneered the usage of polypyrrole
polymers to fabricate micro aqueous actuators that can be driven
under 2 V. However, their actuators are limited to operation in
electrolyte solutions, which are not suitable for the survival of
many biological entities.

I1. ESTIMATION OF REQUIRED ACTUATION FORCE

Actuation in air and in water is very different physically.
Hence, an estimate of the required force to actuate an actuator
should be carried out to find the required force to deflect a struc-
ture in a liquid medium. The minimum force output of an un-
derwater actuator must exceed the sum of the fluid drag, gravi-
tational (weight) and the spring restoring force (bending stress
force) in order for it to actuate and grip a cell. Note that in a
liquid medium, capillary force (a surface force) between the ac-
tuator and the substrate is not a concern because of the absence
of air-liquid interface, which may only exist for actuators oper-
ating in air. Possible forces of interaction for a micro actuator
are depicted in Fig. 1.

As we have shown in [7], the most important force to over-
come for an actuator in water is the spring restoring force, which
depends on the structural material(s) used to make the actu-
ator. This force can be estimated using the linear bending beam
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Fig. 1. Tlustration showing various forces acting on an actuator operating in
a fluidic medium. Note that in a liquid medium, buoyancy force may also be a
factor.

TABLE 1
SPRING RESTORING FORCE FOR VARIOUS TYPES OF ACTUATORS (DIMENSION
OF ACTUATOR: WIDTH = 100 #tm, THICKNESS = 1pzm, LENGTH = 2 mm,
FULL DEFLECTION = 1.27mm). ALL MATERIAL DATA WERE
OBTAINED FROM [9], UNLESS OTHERWISE SPECIFIED

Typesof Actuator _ Weight  Flexura  Density  Spring
(nN) 1 (kg/m’)  Restorin
£=9.81m/  rigidity g Force
s ‘ED (nN)
(pNm?)
Single Crystal 475 135 2420 64458
Silicon
Polysilicon 457 142 2330 67641
Silicon Dioxide 52 0.62 2660 29444
Silicon Nitride 675 129 3440 616.73
Gold (Au) 38.06 0.67 19400 31831
Platinum (P 42.18 123 21500 584.90
Parylene C* 253 0.03 1289 1273
Nafion 387 0002 1970 0.80
Parylene/PUParyl 2632 029  ~sameas  128.69
ene Composite Pt
(:2/.6/.2)
Au/Nafion/Au 175 052 ~sameas  247.01
Composite Au
(21.6/2)
A 10um diameter  5.1pN Not Not Not
airbubblein  (buoyanc  applica  applicable  applicabl
water y force) ble e

*Material properties of parylenc product from Cookson Electronics [10]

theory. The actuation force required to deform a beam with a
spring constant k = 3E(wt®/12)/1° by a distance y is approx-
imated by Fy. . This is the force produced by the induced
stress of the beam by diversified principles. For a multiplayer
structure, the product of Young's modulus £ and inertia I must
be defined with respect to the torque neutral axis (e.g., see [8]).
The spring restoring force for actuators made of several different
materials is tabulated and given in Table I, which shows that the
spring restoring force for common MEMS materials is much
higher than the gravitation force (weight) of the actuator. The
equations to approximate the fluid drag force are provided in
[7]. Referring to that publication, we have concluded that the
spring restoring force is much more significant than the fluid
drag force and buoyancy force for an actuator operating in a

TABLE 1l
(COMPARISON OF PHYSICAL PROPERTIES OF VARIOUS MEMS
THIN FILM MATERIALS

N ey Youngls Tocumal
exmrs'\’:m [k"m,;,{ Modulus  Conductivity
@ pearih
o [GPa)  [Wm'K']
Platinum [9] 9x10° 2145 146.9 69.23
Polysilicon [9] _ 2.5x10° 2300 170 28
Si0; [9] 12x10° 2300 83 138
Parylene C* 35x10° 1289 32 0.082
Not ™ Not
Jnn Available 70 02 Available
PANI - 1329 2 0.01

*Material propertics of parylene product from Cookson Electronics [10]
** Material properties from Dupont Co.[12]
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Fig. 2. (a) Iustration showing the cross-section of the thermal actuator; the
heat transfer mechanisms of the actuator are also shown. (b) The corresponding
equivalent heat-transfer circuit.

liquid medium. The spring restoring force for several MEMS
materials and the polymer materials used in our current investi-
gation are tabulated in Table L. As indicated, a minimal force in
the order of a few hundred nano-Newtons must be generated by
whichever means of actuation mechanism necessary in order to
deflect a2 mm x 100 m x 1 pm structure in water.

III. PARYLENE THERMAL ACTUATOR

Conventional MEMS thermal actuators require relatively
high actuation power in aqueous media because much of the
input power is dissipated in the form of heat by: 1) conduction
to the substrate by the small contact area between the substrate
and the actuator (anchor), and 2) convection to the surrounding
fluid environment (see Fig. 1). For the anchor, since the con-
duction path to the substrate is very short, i.e., a few microns
of thin film thickness, thus, the heat conduction rate becomes
faster and more energy input required. In addition, for actuation
in aqueous environment, heat loss to liquid is much greater
than that to the air, e.g., the convective heat coefficient of water
is ~40 times higher than that of air. Our ongoing work is to
use parylene C as a thin film polymer to encapsulate a thin
film metal heater, resulting in a trilayered thermal actuator.
Parylene C is biocompatible, has excellent thermal and elec-
trical insulation proprieties, and has a much large coefficient of
thermal expansion (CTE) than typical metals (see Table II). All
these factors make parylene C a much more ideal material for
creating large-deflection and low-power underwater actuators
than typical MEMS thin film materials such as SiOa, SizNy,
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Fig. 3. Comparison of heat loss of the actuator through conduction for various substrate materials and through convection to air and water.

and polysilicon. However, the drawback is that parylene C
melts at ~180 °C, which is a much lower temperature than
for most common MEMS materials. Hence, a key part of our
project was to develop a micro fabrication process to realize
the trilayer thermal actuator structure using parylene C.

A. Comparison of Heat Dissipation in Water and in Air

By applying the energy balance equation for heat generation
and transfer [11] on the platinum metal heater [refer to the equiv-
alent thermal circuit in Fig. 2(b)] the following can be derived:

aT
/)C"VE
T T
= = g
et O i),
T-T.
= Aconduction o)

Byubstrate/Fsubstrate

where B is the thickness,  is the thermal conductivity, h is the
convection heat transfer coefficient, p is the density, C;, is the
specific heat capacity, A is the effective area for heat loss, and
T is the temperature of the heater. Using the above equation, a
comparison of heat loss through convection in water and air and
conduction through an actuator’s anchor for various substrate
materials is given in Fig. 3.

As shown, the convection heat loss in water is almost two or-
ders of magnitude higher than in air and, therefore, minimizing
the convection to aqueous environment is important in mini-
mizing a thermal actuator’s energy consumption. By using pary-
lene, which has lower thermal conduction than other standard
MEMS insulators, convection loss can be reduced. However, as
shown in the figure, the most significant heat loss is by con-
duction to the Si substrate through the small anchor area. Nev-
ertheless, the graph also indicates that the trilayer parylene ac-
tuators may function at 60° C with total power consumption
of <100 mW (design space). This power loss is comparable to

many reported MEMS underwater actuators while allowing this
polymer actuator to operate at a much lower temperature.

B. Temperature-Induced Deflection for a Trilayer Thermal
Actuator

The deflection of this polymer-based thermal actuator as a
function of temperature can be estimated by a three-layer can-
tilever beam model. The basic actuator structure consists of a
middle layer of platinum and top and bottom layers of pary-
lene. When an electrical current is passed through the platinum
heater, the entire structure will expand. Due to the difference in
CTE between platinum and parylene, different strains will be
developed in the three layers and, thereby, lead to the curling up
of the beam if the thicknesses of the layers are designed appro-
priately. By considering the interaction of forces and moments
between the layers, the bending radius of curvature r due to tem-
perature change AT can be calculated by the following:

r = g(Bi, Ii, ciyw;) /AT. )

The subscript i is the parameter for the ith layer. In the above
equations, a,t,w,E, and I are the CTE, thickness, width,
Young’s modulus and moment of inertia of the corresponding
layers, respectively. For the exact function of g(E;, I;, a;, w;),
refer to [7].

From (2), the bending radius is inversely proportional to tem-
perature change. We set AT = 40° C as the maximum allow-
able temperature change in designing the actuators (biological
cells may still survive at 40° C above room temperature). In
order to minimize the radius of curvature of the trilayer beam
givena AT, the function g(E;, I;, i, w;) should be minimized.
A detail description on the minimization method is given in [7].
If an actuator has dimensions | = 2 mm, w; = wy = 100 pm,
ty = .1 pum,{, = .2 um, and t3 = .3 um, then 7 of 600 pm can
be achieved at AT = 40°C.
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Fig. 6. Fabrication process of the polymer-based thermal actuator.

The fabrication process for the trilayer thermal actuator
using parylene is provided in Fig. 6. Detailed description of the
process flow is given in [7].

C. Experimental Results

There are two methods to induce a temperature change in
the thermal actuators: 1) passing a current through the resistive
heater to increase actuator temperature and 2) changing the tem-
perature of the medium which surrounds the actuators to heat
them up.

1) Actuation by Applied Voltage: A sequence of motion of
a thermal actuator actuated underwater by an applied voltage
is shown in Fig. 4. The experiment was carried out in distilled
water. The resistance of the platinum heater was measured
to be ~90 Q. The dimension of the actuator shown is 2
mm x 100 #m x 0.6 um. The voltage was varied from 0 to 3 V.
(power input of ~100 mW at 3 V). It was found that bubbles
were generated when the applied voltage was greater than 1.8 V
(electrolysis); but we have found that by depositing parylene
on metal surfaces, the number of bubbles that are generated by
electrolysis can be significantly reduced. Experimentally, we
have driven the thermal actuators with square wave input and

TABLE Il
ACTUATOR PARAMETERS

Types of Parylene  Nafion PANI Poly-Si
actuator
Size ofactuator  1=2mm  I=12mm 1 -25mm  =amm

w=100um 00pm  W=500pm  w=100um

=06um  =04um  t=lpm  =0.6um
Fluidic drag 370N 00InN 960N 13708
force (speed
dependent)
Spring- 020N 320N 270N 344N
restoring force
Weight of §4aN 500N 165N 2.76nN
actuator
Buoyancy force  1.2nN 048N 230N 120N
Minimum 16490N  36.6nN 640N 2LInN
actuation force
Voltage/Power 100mw Vv 25V >7V
requirement > 100mW

observed that they can be fully actuated up to 3 Hz in liquid
medium with full deflection. More extensive measurements on
the frequency response of the actuators are ongoing in our lab.

2) Actuation by Heating Fluidic Environment: For actuation
by increasing the fluidic medium temperature, the experiment
was also carried out in DI water. The temperature of the water
was raised from 23 °C to around 60°C by a hotplate. Danio
rerio follicles with diameters ranging from 500 zm to 1 mm
were captured using this actuation method. We have also de-
veloped a multifinger gripper for demonstrating cell grasping
as shown in Fig. 5. An advantage of using this actuation tech-
nique is that only external thermal energy needs to be applied to
the medium, and therefore the actuators can be actuated without
electrolysis. Full characterization on the performance of this
polymer actuator is underway in our lab. The estimated actu-
ation force of this actuator is given in Table IIL,
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TV. NAFION IoNIC CONDUCTION ACTUATORS

In recent years, novel materials belonging to the electroac-
tive polymers, such as Nafion-based Ionic Conducting Polymer
Films (ICPF), polypyrrole of conjugated polymers, and PANI of
conductive polymers, were investigated by researchers as pos-
sible artificial muscles [13]. These polymers offer the potential
to break some of the limitations that are set by current MEMS
thin film materials such as polysilicon, SisNy, and metals in en-
gineering micro sensors and actuators. As mentioned in I, Smela
and Jager et al. have developed fabrication processes for con-
jugated polymers and demonstrated micro-robotic appendages
capable of manipulating micro objects in aqueous environments
[13], [14]. Nevertheless, their actuators have slow response and
were limited to operations in electrolyte solutions, which may
not be suitable for the survival of many biological entities.

Our ongoing work is to investigate the possibility of using
ionic conducting polymer to develop ICPF micro actuators.
Nafion polymer tends to aggregate to form tightly packed
regions referred to as clusters (see Fig. 7). Under an electric
field, ions move in and out of the conducting polymers, which
lead to simultaneous changes in volume as well as variations
in physical properties. These polymers are undergoing intense
analyses and improvements by the artificial muscles com-
munity. However, most of the reported ICPF actuators were
developed using commercial Nafion membranes with standard
thickness of 200 z#m. This film thickness restricts the allowable
deflection of ICPF actuators when they are scaled down in
length and width. In our previous work, ICPF actuators made
from commercial Nafion 117 membrane were successfully
fabricated using a Nd:YAG laser system [15]. Actuators with
dimensions of w = 300 pm, I = 3000 pm, t = 200 pm were
actuated under water with 15 V DC voltage. Our current goal
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Fig.8. Illustration of the Nafion actuator fabrication process steps. (@) Deposi= |
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Fig.9. A micro Nafion actuator under 5 V and 7 V DC voltage input. @), (b).
(c) are 2-D top views under 5 V. (d) is a 3-D picture of actuator under 7 V to
reach full closure of gripper. The bubbles were caused by electrolysis of the
aqueous medium.

is to find how well does the ionic conduction mechanism scale
with size, i.e., if the relative large force to input voltage ratio
and fast frequency response of ICPF actuation characteristics
can be preserved at micro scale, then these actuators will
find many new applications in the bio-manipulation area not
accessible by existing MEMS actuators.

A. Fabrication of MEMS Nafion ICPF Actuators

Commercial Nafion solution from Dupont (SE-5012)
was used to fabricate the ICPF micro actuators made of
Au/Nafion/Au layers with the Nafion film thickness controlled
by spin-on process. The major difficulty in this work was
to develop a process to spin-on Nafion thin films to create
MEMS structures. This task was successfully accomplished
by a specialized spun-on-and-cured process as described in
[17]. The process flow is shown in Fig. 8. In order to generate
a relatively uniform thin film, we used ~0.2 pum thick Nafion
and ~0.1 pum thick gold layers as electrodes in our process.

B. Experimental Results

The testing of the Nafion actuators was carried out using a
micro probe station. A sequence of motion of a 2-finger ac-
tuator actuated in DI water is shown in Fig. 9 (2-D top-view

e
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under microscope). The actuator (each finger w = 100 pm,
1=1200 pm, ¢t = 0.4 pm) started to deflect at ~5 V. It reached
full deflection, i.e., 90° change of tip direction when the voltage
was ~T7 V. Gas bubbles due to electrolysis were generated from
both electrodes. After the voltage was removed, the beams re-
turned to their original positions. Input I-V characteristics of
some actuators were obtained showing the power consumption
of these micro ICPF actuators to in the order of 50 mW (for a
single finger structure with w = 300 pm, I = 1200 pm, and
t = 0.4 pm).

Full characterization on the performance of the micro Nafion
actuators is underway in our lab. The estimated actuation force
and considerations on the actuation voltage of these underwater
actuators are discussed below.

C. Size-Effect on Actuation Voltage

Several models have been reported to characterize the actua-
tion behavior of commercial ICPF actuators [16]-[20]. Among
them, the model proposed by Nemat-Nasser and Li [20] is the
most comprehensive and revealed a relationship between the mi-
crostructural composition of the Nafion polymer. Effects from
the ion type, cluster size, water transportation, electric field, and
elastic deformation were all considered. Their results implied a
direct relationship between the performance and dimensions of
an actuator.

Here we compare Nemat-Nasser and Li’s model to our exper-
imental data in order to see if the dimensional scaling effect is
valid. The voltage required for an actuator to reach full deflec-
tion is considered. To achieve a static deflection, the equivalent
moment M, induced by voltage is balanced by the bending mo-
ment M, calculated by the conventional linear bending theory
related to bending curvature. The induced moment in an actu-
ator can be simplified as in (3), where K, is the effective dielec-
tric constant of the polymer, ¢ is the voltage applied, and a is
a parameter approximately determined by eletro-chemical pa-
rameters (see [20] for detail)

M. = kokegoatw. 3)

7.5 Nm/Vm?). The black dots show the dimensions with experimental actuation data.

Now, let m. be an electromechanical coefficient, where
me = kokea (unit: Nm/Vm?2), which is also a parameter
determined by the microstructural composition of the material
and can be physically related to the moment induced by unit
cross-sectional area of a Nafion film by unit voltage when
ideally the electrical energy is completely converted into
mechanical energy. Then the required actuation voltage for full
deflection can be expressed as

b0 = TEI/(metl/w). “

We have found that (4) predicts experimental results reason-
able well for Nafion films of 50 to 200 microns thick. However,
as the Nafion films decrease in thickness, the above equation
does not agree well with experimental results. For instance, the
theoretical voltage-dimension relationship for 0.2 yzm thickness
is shown in Fig. 10. It gives a guideline to the Nafion actuator
structural design. That is, a family of geometric configurations
on the contours can be found when an actuator is expected to
achieve a full grasping motion with a given actuation voltage.
In addition, for a given thickness, the contour s also a boundary
for dimension selection. As shown, to achieve full closure of
an actuator under 2V, the width of the actuator should not be
less than 40 um, with //w ratio of 2 (or 10 yum width with lw
ratio of 8). Hence, the minimum diameter of cell that can be
enclosed by a Nafion actuator should be ~50 pm if the film
can be reduced to 0.2 zm. However, our experimental result
as reported in the preceding section shows the actual voltage
for actuators 100 um wide, ~0.2 pm thick and 1.2 mm long
to reach full deflection is ~7 V, which is much higher than
the estimated value 0.16 V. We suggest the possible reason is
the difference of the microstructural composition between the
spin-on Nafion film and Nafion 117, i.e., the cluster radius, the
distance between clusters, and the radius of the polymer chain.
A more detailed explanation is given in [21]. A summary of
the performance of the micro ICPF Nafion actuators is given
in Table III.
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V. PANI ACTUATORS

Polyaniline (PANI), a kind of conductive polymer, will un-
dergo dimensional changes upon a reversible electrochemical
oxidation-reduction (redox) reaction. This redox reaction is pH
dependent, and can be activated by supplying abundant elec-
trons. These properties make PANI one of the potential mate-
rials for making polymer actuators for underwater actuation. In
acid, the polymer will be partially protonated. This reaction is
reversible by de-protonation with base. As protonation means
adding extra hydrogen ions (protons), PANI increases its size;
while under de-protonation, it decreases its size. In a solution
abundant of hydrogen ions (acid), protonation occurs; in a so-
lution lack of hydrogen ions (alkaline), de-protonation occurs
[23]. As PANI can undergoes protonation and de-protonation
reversibly and repeatable, it can be used as an actuator under dif-
ferent pH medium. On the other hand, it is known that electrical
potential can also drive this electrochemical reaction, with po-
tential ranging from —0.4 V to 1.0 V. Recent research has shown
that PANI can actuate upon electric field in wet condition with a
gilded gold film [24], and in dry condition with a gel-like elec-
trolyte [25].

In our lab, we use dichloroacetic acid (DCA) plus formic
acid (FA) as the solvent, thus the PANI can be formed as sol-
vent-casting films. The film thickness can be experimentally
varied from 0.1-0.5 um (spinning at 500 rpm to 4000 rpm).
Using silver as the conductive and structural layer, the bi-layer
strip bends toward the side of silver when acting as the anode,
which indicates that PANI expands upon oxidation (see Fig. 11).
This reaction is reversible with an opposite polarity.

A. Micro Fabrication PANI Actuators

We have also demonstrated some initial success in making
PANI actuators in the micro scale using MEMS technology.
We found that as a polymer, PANI cannot adhere well on
normal metals and is insoluble to most of the acids. Thus,
wet etching cannot be applied to pattern PANL The PANI
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Fig. 12. PANI fabrication process. (2) Deposition and lift-off of conductive
chromium/gold layer. (b) Deposition and patter of sacrificial PR. (c) Spin-on
PANI and coat Parylene. (d) Deposition and patterning of Chromium. (¢) Plasma
pattern Parylene/PANL. (f) Sacrificial release.

Fig. 13 PANI actuated in water. (a) Positive potential. (b) Negative potential.
(€)~) are the time-sequenced pictures of PANI reacting with acid.

fabrication method is shown in Fig. 12, using photoresist as
the sacrificial layer. Two sizes of prototype actuators were
fabricated: 500 pm x 2.5 mm, and 1000 ym x5 mm (with
thickness of PANI/parylene/Cr film layers).

B. Experimental Results

The PANI actuators were tested in 0.5 M HCI with 2.5 V ac-
tuating potential. One electrode was connected to the pad and
the other was dipped inside the solution. Connected to the pos-
itive terminal, the actuator lifted up [Fig. 13(a)~(b)]. Moreover,
the actuator falls down due to its own weight when the power
supply was cut.

When connected to the negative terminal, bubbles came out
along the conductive path and no motion was observed. The
bubbles were due to the hydrolysis effect of the aqueous so-
lution. This reaction would cause the voltage potential to drop
across the fluidic medium, so that the potential across PANI ac-
tuator has decreased dramatically, and hence, the redox reaction
cannot be carried out along the PANI strip when a negative po-
tential is used.

The actuating motion by changing the acidity of the fluidic
medium is shown in Fig. 13(c)(f), which is the ideal actuating
motion for a PANI actuator undergoing full redox reaction.

The actuation force for the PANI actuator is estimated and
provided in Table III. Since the fabrication process for micro
PANI actuators is extremely complex, the experimental results
described in this section is only preliminary. More detailed the-
oretical and experimental results will be published elsewhere
shortly.
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VI. CONCLUSION

Three different types of novel polymer-based MEMS under-
water actuators were presented: 1) ionic conducting polymer
films actuator, which actuates based on the stress gradient in-
duced by ionic movement due to an applied electric field across
the structural layer; 2) parylene thermal actuator, which actu-
ates due to the induced stress gradient across a structure made
of different layers of materials with different thermal expan-
sion coefficients; 3) polyaniline actuator, which actuates due to
its volumetric change caused by a reversible electrochemical
oxidation-reduction reaction. All of these polymer materials
are relatively new to the MEMS community and hence the
majority of the research effort now is devoted to finding ways
to fabricate them into movable structures using micro-litho-
graphic techniques. We have developed various MEMS-com-
patible fabrication procedures to process these materials and
have demonstrated that they can all be made into micro ac-
tuators that can be actuated underwater with large deflections
using less than 7 V, and at a much lower power input than is
required for conventional MEMS actuators. Our ongoing work
is to design micro-mechanical structures that can be actuated
under 2 V in water based the fabrication techniques we have
developed.
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