
Delivered by Ingenta to:
Rice University, Fondren Library

IP : 93.80.201.51
Thu, 14 Jun 2012 23:14:56

R
E
S
E
A
R
C
H
A
R
T
IC
L
E

Copyright © 2007 American Scientific Publishers
All rights reserved
Printed in the United States of America

Journal of
Nanoscience and Nanotechnology

Vol. 7, 2647–2653, 2007

Polymer Magnetic Microactuators Fabricated with Hot
Embossing and Layer-by-Layer Nano Self-Assembly

Wei Xue and Tianhong Cui∗

Department of Mechanical Engineering, University of Minnesota, Minneapolis, MN 55455, USA

Polymer-based magnetic microactuators have been fabricated with hot embossing technique and
layer-by-layer (LbL) nano self-assembly. Silicon molds are fabricated with conventional UV lithogra-
phy and wet etching techniques. Hot embossing is used to transfer the patterns from silicon molds
to polymethylmethacrylate (PMMA) sheets. The overall processing time for the pattern transfer is
less than 20 min. Low-cost devices with massive and rapid replication can be fabricated. Six layers
of magnetic iron oxide (Fe2O3) nanoparticles are LbL self-assembled on the PMMA surface as the
magnetically sensitive material. Positive photoresist PR1813 is used as the sacrificial layer to protect
the gold electrode on the back side of the membrane. LbL nano self-assembly technique provides
a simple method to obtain the magnetic film with low cost, short processing time, simple fabrication
steps at room temperature. The volume of the magnetic material can be precisely controlled by the
number of nano-assembled iron oxide layers. The mechanical, electrical, and magnetic properties of
the microactuator are characterized by a laser interferometer. The natural frequency of the actuator
is approximately 151 Hz; and the maximum deflection amplitude is about 34 nm. At all frequencies,
the increase of the magnetic field increases the deflection amplitude which is in agreement with the
theoretical equation.

Keywords: Polymer Magnetic Microactuator, Hot Embossing, Layer-by-Layer (LbL) Nano Self-
Assembly, Nanoparticle, Multilayer.

1. INTRODUCTION

Magnetic microactuators have been studied and developed
by many research groups.1�2 Both soft magnetic mater-
ials3�4 and hard magnetic materials5�6 have been used in the
magnetic microactuators. Compared with the electrostatic
microactuators, magnetic microactuators have roughly the
equivalent efficiency. However, the electromagnetic forces
generated by the magnetic microactuators can be much
larger than the electrostatic forces generated by the electro-
static microactuators.7 Therefore, magnetic microactuators
can be used in a variety of actuation applications.

Recently, polymer-based magnetic devices have gained
a broad theoretical interest and practical applications.
A number of polymer-based magnetic microactuators have
been developed and fabricated.8�9 Due to the advantages of
polymer materials such as inexpensive, transparent, flexi-
ble, chemically and biologically compatible, and easy to
process, polymers can be appealing alternatives to sili-
con and glass for sensor technologies. For example, the
price of a PMMA sheet is about $0.10 per square inch,
which is ten times less than silicon wafers. Presently,

∗Author to whom correspondence should be addressed.

research work about polymer MEMS, electronics and inte-
grated circuits (ICs) are growing rapidly. It is believed that
polymer devices will take the place of silicon devices on
low-end applications in the future. The ultimate goal is
to integrate polymer mechanical structures and electrical
circuit onto a single polymer chip. Low-cost microfabri-
cation techniques and high-volume production can bene-
fit the commercialization of microsystems. Polymers and
polymer-based fabrication techniques provide such a space
for improvement. Among all polymer microfabrication
techniques, hot embossing lithography (HEL), also known
as nanoimprint lithography (NIL), has gained broad inter-
est, in particular as a low-cost and high-volume fabrication
method to define micro to nanometer scale structures.10�11

Hot embossing is suitable for mass production, and does
not require special clean-room environment and high-
temperature processes. Hot embossing ensures highly pre-
cise molding of almost any structures in polymers.

Layer-by-layer (LbL) nano self-assembly of ultrathin
films through alternate adsorption of oppositely charged
polyions and nanoparticles is an effective and economic
approach to build well-organized multilayers in nanometer
scale.12�13 Due to its versatility and simplicity, LbL self-
assembly has gained more and more interest. LbL thin
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films can be assembled on the surface of almost any mate-
rials, such as silicon wafers, plastics, fiber optics, etc.

We designed and developed electron magnetic sensors
based on electron tunneling phenomenon. Due to the expo-
nential relationship between the tunneling current and
the tunneling gap, tunneling magnetic sensors are able
to achieve high sensitivity and high resolution easily.14

In this paper, we focus on the fabrication and charac-
terization of the polymer-based magnetic microactuators.
The devices are fabricated with hot embossing technique
and LbL self-assembly. Instead of silicon, an amorphous
polymer, polymethylmethacrylate (PMMA), is used as the
mechanical material. All the silicon molds are fabricated
by conventional bulk-silicon micromachining techniques
such as UV lithography and wet etching. Hot emboss-
ing is used to transfer the patterns from silicon molds to
PMMA.15 Using the well-developed silicon molds with
sharp angles and smooth surfaces, the PMMA structures
can be easily replicated within 20 min. The magnetic
layers are coated on the PMMA membrane with LbL
self-assembly. The self-assembled nanoparticle multilayer
is formed with poly(dimethyldiallylammonium chloride)
(PDDA), poly(sodium 4-styrenesulfonate) (PSS), and iron
oxide (Fe2O3) particles. A layer of positive photoresist
(PR1813) is used as the sacrificial layer to protect the gold
electrode on the membrane. The polymer microactuator is
measured as an electrostatic actuator and also an electro-
magnetic actuator. The measured results of the microactu-
ator are illustrated and discussed in the paper.

2. EXPERIMENAL DETAILS

2.1. Structure and Material

The cross-section schematic of the polymer magnetic
microactuator is illustrated in Figure 1. The actuator is
designed for electron tunneling magnetic sensor. A PMMA
structure with a sharp tunneling tip is used as the sub-
strate. Ti/Au films are deposited and patterned as the
tunneling tip electrode and the deflection electrode.
Another PMMA structure with a thin membrane is moun-
ted on the substrate. Nanoparticle multilayer including
poly(dimethyldiallylammonium chloride) (PDDA), poly
(sodium 4-styrenesulfonate) (PSS), and iron oxide (Fe2O3)
nanoparticles is LbL self-assembled on one side of the
membrane. Iron oxide nanoparticles serve as the mag-
netically sensitive material. On the other side of the mem-
brane, Ti/Au films are sputtered and patterned as the
membrane electrode. Two PMMA components are bonded
together using conductive epoxy. A feedback control sys-
tem is used to collect the input signals and provide the
control signals to the sensor. When a deflection voltage
is applied on the deflection electrode, the membrane is
attracted and bends downward due to the electrostatic
force established between the deflection electrode and the

Substrate (–)

Deflection Membrane

Membrane Electrode

Deflection Electrode
Tunneling Current Electrode

Tunneling Tip

Feedback Control System

Self-assembled magnetic multilayer

Magnetic Field

PMMA Substrate

PMMA

Fe2O3 nanoparticles (–)
PDDA (+)

PSS (–)
PDDA (+)

Fig. 1. Schematic structure of the polymer-based tunneling magnetic
sensor.

membrane electrode. Through changing the voltage, the
distance of the gap can be controlled.

Instead of silicon, polymethylmethacrylate (PMMA)
(CYRO Industries ROHAGLAS 99530, thickness:
500 �m, density: 1.15 g/cm3, Young’s Modulus: 2 GPa,
Glass transition temperature Tg: 98 �C, melting temper-
ature Tm: 170 �C) is used as the mechanical material.
PMMA offers a number of advantages: it is cheap,
flexible, optically transparent, and its properties can be
modified for specific applications. PMMA has unique
thermal and mechanical properties which make it behave
ideally in hot embossing process. The spring constant of
the membrane, with all edges fixed, can be expressed as:16

k = E · t3

� · l2 (1)

where E is the Young’s modulus, � = 0	0135, t and l
are the thickness and length of the membrane, respec-
tively. Compared with silicon, PMMA is a “soft” material.
Young’s moduli of PMMA and silicon are approximately
2 GPa and 165 GPa, respectively. From Eq. (1), the spring
constant of the membrane is proportional to E and t3. For
structures with same dimensions, the spring constant of
PMMA can be 80 times smaller than silicon. Therefore,
when applying the same amount of force on the mem-
branes, the maximum deflection of PMMA structure can
be much larger than the silicon structure with the same
geometry (thickness, length, etc.). The PMMA structures
are more sensitive to external forces. It means that the
PMMA structure has the potential to achieve higher sen-
sitivity compared to a silicon structure. In other words, to
obtain the same spring constant and sensitivity, a PMMA-
based structure can be much thicker than a silicon-based
structure. This benefits the design and the fabrication
processes.17

Among numerous deposition techniques, LbL nano self-
assembly is chosen to grow the magnetic layers on the
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PMMA surface. Due to its versatility and simplicity, LbL
nano self-assembly has gained more and more interest. In
LbL self-assembly process, oppositely charged polyions
and particles are coated on each other by the electrostatic
interaction. This technique has the ability that enables
the deposition of nanoparticles, polyions, proteins, DNAs,
virus, and other biomolecules onto almost any materials
with any topography. Poly(dimethyldiallylammonium
chloride) (PDDA) (aqueous solution, MW 200 to 350 K,
3 mg/ml, 0.5 M NaCl, Sigma-Aldrich Co.), poly(sodium
4-styrenesulfonate) (PSS) (aqueous solution, WM 70000,
3 mg/ml, 0.5 M NaCl, Sigma-Aldrich Co.) are used as
the polyelectrolytes. Iron oxide particles (Fe2O3) (diameter
50 nm), a hard magnetic material suitable for bidirectional
actuation,18 serve as the magnetically sensitive material.
Fe2O3 nanoparticles are diluted in deionized (DI) water
with a final concentration of 2 mg/ml.

2.2. Fabrication

Figure 2 shows the fabrication process of the polymer
magnetic actuator. The process starts with the fabrication
of the silicon molds (Figs. 2(a–e)). Two silicon molds are
required for the subsequent hot embossing process. One
silicon mold is for the tunneling tip part; the other mold
is for the deflection membrane part. The silicon molds are
fabricated with conventional bulk-silicon micromachining
techniques. The fabrication of the silicon molds begins
with a p-type �100� silicon wafer. Both sides of the silicon
wafer are coated with 1 �m SiO2. A thin layer (∼1.4 �m)
of positive photoresist (PR1813) is spin coated on the sil-
icon wafer, and patterned by lithography (Figs. 2(a–b)).
Exposed SiO2 is removed by buffered hydrofluoric acid
(BHF) (Fig. 2(c)). Next, the wafer is submerged in a 45%
KOH solution. The KOH etchant is kept at 85 �C with
a magnetic stirrer rotating at 200 RPM. The etch rate is
approximately 0.8 �m/min. The KOH etching is stopped
when the silicon pit is formed (Fig. 2(d)). The remaining
SiO2 is removed by BHF etching (Fig. 2(e)).

Nanoparticle
Multilayers

PR 1813

PMMA

Si

SiO2

(a)

(b)

(c)

(d)

(e)

(f) (g)

(h)

(i)

(j )

Fig. 2. Fabrication process of polymer magnetic actuator with hot
embossing and LbL nano self-assembly.

Hot embossing machines with high precision control of
pressure and temperature are now commercially avail-
able. HEX 01/LT from Jenoptik Mikrotechnik Company,
Germany is used in our project. Hot embossing technique
is used to transfer the patterns from the silicon molds
to PMMA sheets (Figs. 2(f–g)). For different PMMA
structures, the parameters of the hot embossing process
need to be modified and optimized. PMMA structures with
different sizes have been fabricated. The dimensions of
the polymer tunneling tips range from 20 �m×20 �m to
100 �m×100 �m. The dimensions of the polymer mem-
branes range from 4 mm × 4 mm to 12 mm × 12 mm.
A PMMA sheet is placed in the hot embossing chamber
and positioned right below the silicon mold. After evacuat-
ing the chamber, the mold is lowered so that it just touches
the PMMA sheet. The mold and the PMMA are heated
to 165 �C at the same time, a temperature very close to
its melting temperature Tm 170 �C in case of uncertainty.
Next, the mold is pressed into the PMMA under a contact
force of 25 kN. The mold remains pressed for 300 s to
ensure that the melted PMMA has sufficient time to flow
into the silicon structures and fill in all the cavities. Next,
both the mold and the PMMA sheet are cooled down to
80 �C, a temperature lower than its glass transition tem-
perature Tg 98 �C, which provides sufficient strength of
the PMMA. The final step is to demold the silicon mold
from the PMMA at a speed of 1 mm/min. A typical hot
embossing process takes less than 20 min. In addition, a
well-fabricated silicon mold with sharp angles and smooth
surfaces can be used to reproduce more than 30 PMMA
sheets. The complex micromachining process for the fab-
rication of the silicon molds, normally tens of hours, is
only necessarily once. The thickness of the PMMA mem-
brane is reduced by Reactive Ion Etching (RIE). The max-
imum etch rate on PMMA is approximately 0.5 �m/min
when the plasma consists of 2.5% SF6 and 97.5% O2.

Fig. 3. SEM image of the self-assembled iron oxide (Fe2O3
 nanopar-
ticle multilayer.

J. Nanosci. Nanotechnol. 7, 2647–2653, 2007 2649



Delivered by Ingenta to:
Rice University, Fondren Library

IP : 93.80.201.51
Thu, 14 Jun 2012 23:14:56

R
E
S
E
A
R
C
H
A
R
T
IC
L
E

Polymer Magnetic Microactuators Fabricated with Hot Embossing and Layer-by-Layer Nano Self-Assembly Xue and Cui

(a)

(b)

(c)

Fig. 4. (a) Optical image of patterned electrodes on PMMA. (b) Assem-
bled PMMA structures. Conductive epoxy is used to bond the two parts
together, and connect the copper wires to the gold electrodes. (c) Assem-
bled devices. The devices are mounted on standard 18-pin IC sockets.

Ti/Au (200 Å/1000 Å) films are sputtered on the PMMA
structures and patterned as the electrodes.

A layer of positive photoresist (PR1813) is served as the
sacrificial layer, which is spin coated on the back side of
the membrane to cover the gold electrode. The PR1813
layer is fully exposed under UV light (Fig. 2(h)). The
nanoparticle multilayer is coated on the PMMA surface
with LbL nano self-assembly. The PMMA membrane is
submerged into different solutions, and the sequence of
the immersion is: [PDDA (10 min)+ PSS (10 min)]2 +
[PDDA (10 min)+Fe2O3 (15 min)]6 (Fig. 2(i)). The first

four layers of PDDA and PSS are to prepare a smooth
base for the subsequent coating. After each immersion, the
sample is rinsed in the flow of DI water for 1 min, and
then dried using nitrogen stream. Figure 3 shows the scan-
ning electron microscope (SEM) image of the nanoparti-
cle multilayer. Iron oxide nanoparticles with diameter of
50 nm can be clearly seen from the image. The surface
of the assembled multilayer is not very smooth because of
the RIE dry etching on the PMMA membrane. The rinsing
and the drying steps also introduce the non-uniformity of
the nanoparticle multilayer. The PR1813 sacrificial layer
is stripped off using MF319 solution to uncover the gold
electrode (Fig. 2(j)). Two PMMA components are bonded
together using conductive epoxy. Copper wires are con-
nected to the gold electrodes using the silver-based con-
ductive epoxy. The whole device is mounted on a standard
18-pin IC socket for testing, as shown in Figure 4.

3. RESULTS AND DISCUSSION

First, the polymer microactuator is tested as an electro-
static actuator. The microactuator can be considered as a
parallel capacitor, and the electrostatic force between the
two electrodes is proportional to the square of the applied
voltage, F = �A/2g) ·V 2

a , where  is the permittivity of
air, A is the surface area of the electrode, and g is the gap
between two electrodes. The membrane deflection ampli-
tude can be express as d = F /k, where k is the spring
constant of the membrane. Therefore, the deflection of the
membrane can be derived as:

d = F

k
=  ·A

2g ·k ·V
2
a = C ·V 2

a (2)

where C is a constant. During the characterization, the
membrane electrode voltage is set as the ground. A high
periodic signal is applied on the deflection electrode. The
membrane oscillates due to the electrostatic force between
the electrodes; and deflection amplitude is proportional to
V 2
a . A laser interferometer (Polytec VDD 650) is used

to detect the small displacement of the oscillated mem-
brane. In our experiment, a 1000 Hz sinusoid wave is
applied on the deflection electrode. The voltage is gradu-
ally changed from 10 V to 105 V. The deflection ampli-
tudes are recorded by the laser interferometer every 5 V.
Figure 5 shows the deflection amplitude of the membrane
in response to the applied voltage. The scattered dark
squares illustrate the measured data while the line indi-
cates the quadratic polynomial fit as d = 0	03 · V 2

a from
Eq. (2). A 20% distortion can be inspected from the figure
at higher voltage range (≥100 V). One possible reason
is that the devices are assembled by conductive epoxy.
The epoxy itself can be compressed during the oscilla-
tion of the membrane, especially when the oscillation has
high displacement. Moreover, all the devices are manually
assembled with the aid of a microscope. The assembling
causes some variation and uncertainties.

2650 J. Nanosci. Nanotechnol. 7, 2647–2653, 2007
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Fig. 5. Measurement of electrostatic force between two electrodes.

From time to time, both dc and ac voltages are required
during the operation of the electrostatic actuators. Typi-
cally, a high dc voltage is applied to the deflection elec-
trode which is to set the operation point. A small ac
voltage, which is caused by the external sensing signal, is
added to the dc voltage. The total voltage applied to the
membrane is Va=VDC+VAC. The electrostatic force is pro-
portional to V 2

a = �VDC +VAC

2 = V 2

DC + 2VDC ·VAC +V 2
AC.

The first term is a constant value, which is to set the oper-
ation point. The other two terms are variable values, which
cause the oscillation of the membrane. In dynamic sys-
tems, the first term can be neglected.19 Since VDC � VAC,
the third term can be neglected as well. Only the second
term is important and it is linearly proportional to VDC.
Therefore, the applied electrostatic force and the detectable
oscillation of the membrane are linearly dependent on VDC,
d = R ·VDC. Here we define responsitivity as R = d/VDC.
The responsitivity of the electrostatic actuator as a func-
tion of VDC is shown in Figure 6. The linear relationship is
proved and the responsitivity can be extrapolated as R =
0	159 nm/V. During the measurement, the ac component
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Fig. 6. Dynamic responsivity of the electrostatic actuator.

Table I. Solenoid coil specifications.

Parameters Values

Dimension 3 cm×3 cm×5 cm
Turns 300
Resistance 0.8 �
Maximum current 4 A
Inductance 2 mH
Field calculated 7	85×10−3 T/A
Field measureda 9	50×10−3 T/A

aA ferromagnetic metal core is inserted.

(1000 Hz sinusoid signal) of deflection voltage is set as
7 V and the dc component is increased gradually from
80 V to 120 V.

With the LbL self-assembled magnetic nanoparticle
multilayer, the polymer microactuator is also tested as an
electromagnetic actuator. A solenoid coil, which is driven
by a sinusoid ac current, is used to produce the magnetic
field. The parameters of the solenoid coil and the produced
magnetic fields are listed in Table I. A Hall Effect Gauss-
meter (model 100) and a probe (model VA-111) are used
for field calibration. The vertical electromagnetic force Fz

on the magnetic membrane can be expressed as:20

Fz =Mz ·
∫

v

dHz

dz
dv (3)

where Mz, Hz are the vertical components of the magne-
tization and the magnetic field, respectively. v is the vol-
ume of the magnet, the magnetic multilayer in our case.
From the equation, the electromagnetic force is propor-
tional to the volume of the magnet. Therefore, deposition
methods that can accurately control the magnet volumes
are preferred. Commonly used magnet deposition methods
include glue bonding, spin casting, electroplating, screen
printing, etc. However, the thickness of the magnet can
only be controlled in millimeter or micron scale based
on these techniques. By using the LbL self-assembly, the
magnet volume can be precisely controlled by the number
of Fe2O3 layers in nanometer accuracy.

To determine the natural frequency of the microactuator,
ac signals ranging from 25 Hz to 6 kHz are applied to the
solenoid coil. Under the influence of the magnetic field
generated by the solenoid coil, the PMMA membrane
vibrates accordingly. Figure 7 shows the deflection ampli-
tude as a function of the driven frequency. The size of the
membrane is 10 mm× 10 mm, the thickness is approxi-
mately 10 �m. Six layers of Fe2O3 nanoparticles are self-
assembled on the membrane. The natural frequency of
the device is approximately 151 Hz and at this point the
deflection amplitude reaches 34 nm. The natural frequency
of a square-shaped membrane with all edge fixed can be
expressed as:16

f = K1

2�

√
E

12�1−�2
�
(4)
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Fig. 7. Frequency response of the polymer magnetic actuator.

where K1 = 36, E = 2 GPa, � = 0	4, � = 1	15 g/cm3 are
Young’s modulus, Poisson’s ratio, and density of PMMA,
respectively. Based on Eq. (4), the natural frequency of a
membrane with dimension of 10 mm× 10 mm× 10 �m
can be calculated as 238 Hz, which is 57.6% higher
than the measured value 151 Hz. The difference between
the measured and the calculated values comes from two
sources. As shown in Figure 1, the top PMMA part con-
sists of a membrane and some area bonded to the bottom
PMMA substrate. However, due to the uncertainty of the
manual assembly, part of the bonded area is not firmly
glued to the substrate. It increases the actual membrane
area during the measurement. Theoretically, a membrane
with dimension of 12 mm×12 mm×10 �m has a natural
frequency of 165 Hz, which is very close to our measured
result. The other reason comes from the non-uniformity
of the membrane. The PMMA thickness is reduced by
RIE dry etching. As inspected by SEM, the RIE etched
surface is not very smooth. The average thickness of the
membrane could be slightly less than 10 �m. The non-
uniformity of the membrane affects the measured results.
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Fig. 8. The deflection amplitude versus the applied current.

The deflection of the membrane is measured as a func-
tion of the applied ac current through the solenoid coil.
Based on equation: B = � ·n · I (where �, n, I represent
the permeability, turn density, and current of the solenoid
coil, respectively), the generated magnetic field is propor-
tional to the applied ac current. From Eq. (2) and (3), the
deflection d is linearly proportional to the applied ac cur-
rent at all frequencies. The deflection amplitudes as func-
tions of the currents at three difference frequencies (from
top to bottom, 151 Hz, 158 Hz, and 148 Hz) are shown
in Figure 8. The membrane has the maximum deflection
amplitude at its nature frequency 151 Hz. The linear fits
(solid lines) of these data are also shown in the figure. The
linear functions are d = 0	230 · I , 0	128 · I , and 0	105 · I ,
respectively. As for 148 Hz and 157 Hz signals, the linear
fits match the measured data perfectly from 0 to as high
as 70 mA. However, for the 151 Hz signal, the linear fit
can only match the measured data up to 40 mA. Relatively
large errors are recorded from 40 mA to 70 mA. Again,
the possible reasons are the compressed conductive epoxy
during large deflection and the manual assembly.

4. CONCLUSIONS

This paper shows the design, fabrication, and characteriza-
tion of a low-cost polymer-based magnetic microactuator.
The actuator was fabricated with hot embossing technique
and LbL nano self-assembly. Using hot embossing tech-
nique and PMMA, an inexpensive polymer, low-cost
devices with massive and rapid replication can be pro-
duced. LbL nano self-assembly was chosen to coat the
magnetic layers on the PMMA surface due to its simplicity
and the ability that enables the deposition of nanoparticles
onto almost any material. The coating sequence was:
[PDDA (10 min)+PSS (10 min)]2 + [PDDA (10 min)+
Fe2O3 (15 min)]6. PDDA and PSS were used to prepare a
smooth base for the subsequent coating. Iron oxide nano-
particles were used as the magnetically responsive mate-
rial. Totally there are 6 layers of Fe2O3 coated on the
membrane. The volume of the magnetic material can be
precisely controlled by the number of the assembled Fe2O3

layers. The device was assembled using a conductive
epoxy, and then mounted on the standard IC sockets.
A solenoid coil was used to generate the magnetic field
which can oscillate the PMMA membrane. The displace-
ment of the membrane was detected by a laser interferom-
eter. The natural frequency and the deflection amplitude of
the polymer magnetic microactuator were measured and
analyzed. To improve the performance and stability of the
PMMA-based devices, assembly and packaging should be
modified and optimized. Automated, or semi-automated,
machine assembly and packaging are believed to be able to
reduce the uncertainties greatly. Compared with silicon or
glass-based devices, polymer-based devices typically have
lower stability and lower temperature endurance. However,

2652 J. Nanosci. Nanotechnol. 7, 2647–2653, 2007
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due to the inherent advantages such as lower cost, faster
fabrication, better chemical and biological compatibility,
and higher sensitivity, polymer-based devices have the
potential abilities for a wide range of applications.
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