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Abstract

This study describes the design, fabrication, and testing of a novel electromagnetic membrane actuator (EMMA) for pumping applications.
Related technologies for realizing membrane micropump are first reviewed. A conceptual design and batch process for fabricating thin PDMS
membrane embedded with a planar coil, which is the essential part of EMMA, is then proposed. This study investigates some important issues
relating to the utilization of PDMS in pneumatic pumping. An advanced EMMA with improved fabrication yield and reliability is also presented.
To demonstrate the feasibility, different types of EMMA are fabricated and tested. The EMMA with membrane diameter of 7 mm was tested, and a
deflection exceeding 50 pm can be achieved with an applied current of less than 500 mA. Stability and reliability tests also showed promising results.
To summarize, the proposed EMMA can fulfill the requirements of large flexibility, good controllability, system compactness and batch-process
capability, and can be used to establish a simple and effective pumping system.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Microfluidic devices for biomedical analysis system poten-
tially possess many advantages, such as portability, low
sample/reagent volume, high sensitivity and low cost [1]. As
essential components in microfluidic devices, micropumps are
extremely important and have been studied extensively [2]. Var-
ious actuation principles have been employed in micropumps
[3-9], and membrane type actuators are commonly exploited
in such applications. Numerous materials have been used as
the actuator membranes of micropumps, including silicon [10],
metal [11], low stress nitride [12], parylene [13], polyimide [14],
silicon rubber [15] and PDMS [16]. Membranes made by sili-
con, metal and low-stress nitride are relatively stiff, and thus
are limited to low-displacement applications. Parylene, poly-
imide, and silicon elastomer are biocompatible materials, and
are commonly used in biomedical devices. However, the former
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two materials still possess larger stiffness than silicon elas-
tomer. This work selected PDMS as the membrane material
owing to its low stiffness and relative ease of processing. Certain
other advantages, such as bio-compatibility, conformal contact
to other surfaces, transparency, and low cost, are also beneficial
in numerous applications.

Several actuation principles can be applied to actuate the
PDMS membrane, including piezoelectric [3], electrostatic
[4], thermopneumatic [5], electrochemical [6], shape memory
alloy [7], magnetic [8], and electromagnetic [9]. In the case of
piezoelectric and electrostatic actuation, high voltages of up to
several hundred volts are generally required. Thermopneumatic
and shape memory alloy actuators can more easily achieve
larger displacements, while their response time is limited.
Because of these limitations, electromagnetic actuators are
more attractive due to their rapid response time, large deflection
and relatively low power consumption. Both M. Khoo et al. [8]
and C. Yamahata et al. [16] have demonstrated micro magnetic
PDMS membrane actuators. Special treatment is required in
their fabrication process, including electroplating of Permalloy
and manual assembly of magnets into PDMS membrane.
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Fig. 1. Schematic illustration of a pumping apparatus utilizing EMMA.

Additionally, external magnets or electromagnets were required
to control membrane movement.

This study proposes an electromagnetic membrane actuator
(EMMA) that simultaneously fulfills the requirements of large
flexibility, good controllability, system compactness and batch-
process capability. PDMS serves as the membrane material, and
a copper micro coil is embedded in the membrane to actively
control its position. To further improve the actuator performance,
a design for EMMA integrated with a semi-embedded electro-
magnetic coil is also proposed. Temporarily coupling EMMA
with a microfluidic chip can construct a simple and effective
pumping system, as shown in Fig. 1 [17]. Fluids in the microflu-
idic chip can be driven forward by a local pneumatic pressure
provided by EMMA.

This study presents details related to the design and fabrica-
tion of EMMA. The advantages of integrating EMMA with a
semi-embedded coil are also described. Additionally, important
issues for utilizing PDMS in pneumatic pumping are investi-
gated. To demonstrate the feasibility, different types of EMMA
were fabricated using the proposed fabrication process. Static
and dynamic testing of EMMA was performed, and the results
are presented below.

2. Conceptual design for EMMA
2.1. Actuating principle

Fig. 2 schematically depicts the proposed EMMA. It basi-
cally consists of a permanent magnet, a PDMS membrane, and
an embedded planar coil. Upon applying a current 7 to the coil,
which has N turns, an electromagnetic field is generated. This
field is interacted with that of a permanent magnet, and an
electromagnetic force is produced as a result. To simplify the
calculation of this force, the coil is modeled as a combination
of many individual concentric coils [18]. Refer to Fig. 2(b), the
electromagnetic force exerted on the iy, coil Fj, can be calculated

Iron Clamp with

Permanent Magnet

S

Membrane
Silicon
Substrate

Iron Clamp
Magnet

Silicon

PDMS Membrane

(b)

Fig. 2. Proposed EMMA module: (a) exploded view and (b) cross-section view.

as [19,20]:

9B(2)
0z

where r; denotes the radius of each individual coil, B(z) rep-
resents the distribution of magnetic flux density of permanent
magnet along z-axis, and d is the vertical distance between the
center of the coil and that of the bottom surface of the magnet.
For the radius of the movable membrane much larger than that
of the coils, F; can be approximated as applying at the center of
the coil-embedded membrane. Assume a uniform field gradient
of the permanent magnet. An effective concentrated force can
thus be derived as:

N
Fefr = ZF Zl(
i=1

In applying the electromagnetic force to a pumping system,
as shown in Fig. 1, it is imperative to know how much pressure
the pumping system can provide and how much fluid volume it
can drive. A demonstration system illustrated in Fig. 3 is used
to estimate the quantities of interest. As the PDMS membrane
fully covering a reservoir, the center deflection of the membrane

Fi = I(7ur?) (1)
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Fig. 3. Analytical model for pneumatic pumping application.
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Ad can be derived as:
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where kesr denotes the effective stiffness of the PDMS membrane
with an embedded coil, AP represents the pneumatic pressure
generated by the compression of air, and A is the surface area of
the reservoir. The membrane can be regarded as a circular plate
since its diameter is much larger than its thickness. For a central
loading, the effective stiffness of a circular membrane with a
fixed edge can be described as [21]:

_ Eegt®
T 0.00497 x 12(1 — v2)¢?

where Eegr denotes the effective Young’s Modulus of the PDMS
membrane with an embedded coil, v represents the Poisson ratio
of the membrane, and ¢ and ¢ are the membrane thickness and
reservoir diameter, respectively. The pneumatic pressure AP
generated by the volume change AV can be derived as:

V] — (Vo — AVY
(Vo — AV
where Py denotes the atmospheric pressure, Vj represents the
original volume of the sealing air, and y is the adiabatic coeffi-
cient of 1.4 for air. In Eq. (5), the effect of heat transformation
is ignored and the adiabatic condition is adopted [22]. For a
fixed-edge boundary condition, a center deflection Ad leads to

a volume change AV given by:
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Substituting Egs. (2), (4), (5) and (6) into Eq. (3), the pneu-
matic pressure under different applying currents of / can be
obtained. It is noted that for the cases where the electromag-
netic force cannot be approximated as a concentrated force, this
operation will overestimate the membrane deflection as well as
the generated pneumatic pressure.

In this work, an NdFeB permanent magnet assembled in an
iron clamp is exploited to provide the magnetic field. Using a
Gaussmeter, the distribution of B(z) is measured and curve-fitted
as:

B(z) = 0.4658 — 239.97 + 50828z> — 5 x 10°73
+2 x 1082%(T) (7)

Substituting Eq. (7) into Eq. (1), F; can be derived. The
numerical calculation results show that typical electromagnetic
force is in the range of tens to hundreds N, membrane deforma-
tion reaches up to several tens of micrometers, and the pneumatic
pressure can reach several kPa by applying a current / of less
than 500 mA. Although Egs. (1) and (2) reveals that larger coil
radius r; and coil number N can result in larger electromagnetic
force, the effective Young’s Modulus Er as well as the effec-
tive stiffness kefr would also increase. As a result, there would

Over-plating Met

Photoresist
PDM Seed Laye
Silicol

Electroforming Metal

Photoresist—§

Seed Layer
-

AEAA
Hard Mask T T T ? Hard Mask T T T T

(a) Dry Etching (b) Dry Etching

Fig. 4. The process with (a) a standard lithography and an electroforming (b)
an over-plating technique for the EMMA.

be an optimal coil design for generating the largest membrane
deflection.

2.2. EMMA integrated with a semi-embedded coil

In realizing the EMMA, a conducting coil integrated with
a PDMS membrane is required. Fig. 4(a) shows a straightfor-
ward process for realizing the EMMA. However, it is difficult
to perform a standard lithography on top of PDMS membrane
because of its high thermal expansion coefficient and hydropho-
bic surface. Additionally, the metal patterns would peel from the
membrane surface during operation. Accordingly, an electro-
forming metal with over-plating technique is used to overcome
this difficulty. The copper line is over-plated to form a mushroom
shape, as shown in Fig. 4(b). The PDMS is then spun on the sub-
strate to fully cover the copper line with a definite thickness. The
metal line with mushroom shape automatically forms an embed-
ded mechanism with the PDMS membrane. Consequently, a firm
coil-membrane composite can then be realized.

Despite the advantages mentioned above, the embedded
metal coil (as shown in Fig. 5(a)) increases the effective stiffness
of PDMS membrane, and thus significantly limits deflection.
Reducing the thickness of the coil can decrease overall stiffness,
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Fig. 5. The EMMA with (a) a fully-embedded coil and (b) a semi-embedded
coil.
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Fig. 6. Simulation result of (a) effective stiffness and (b) resonance frequency.

but also increases the consuming power due to the increased
resistance. As applying a current / on a coil, the relationship
between the consuming power P and the cross-section area A of
the coil is described as:

Pox A”! (8)

To further improve performance, this study also proposes
an advanced EMMA. The highlight of this design is a semi-
embedded coil with a protruded part, as shown in Fig. 5(b). The
protruded part of the coil, which can essentially be considered
a free-standing structure, contributes only slightly to the com-
posite membrane stiffness. Meanwhile, the protruded part can
provide an extra cross-section area of the coil, which would
significantly decrease the resistance. According to Eq. (8), the
consuming power can be reduced and a good stability of EMMA
can also be expected due to the reduction of joule heating.

To confirm the effectiveness of the proposed EMMA, the
behavior of PDMS membrane with a semi-embedded coil was
analyzed using an FEM simulation tool (ANSYS 10.0). The coil
thickness is set the same in different simulation models, while
the percentage of the embedded depth is varied. By comparing
Model 1 with Model 2 in Fig. 6(a), the deviations of stiffness
are within 2% while the protruded part of the coil increases and
the embedded part remain unchanged. As expected, the effective
stiffness only slightly changed with the dimension of the pro-
truded part of the coil. Since the cross-section area of the coil
remains the same, the consuming power remains unaffected. On
the other hand, different resonant frequency of the EMMA can
also be derived without altering the mask layout of the coil. By

adjusting the percentage of the protruded part, the first resonant
frequency of the EMMA can be set to range between 1.04 kHz
and 0.8 kHz, as illustrated in Fig. 6(b).

2.3. Fabrication process for the advanced EMMA

Fig. 7 shows the process for fabricating EMMA with a semi-
embedded coil. First, extending trenches are formed by dry
etching of silicon substrate, as shown in Fig. 7(a). These trenches
can create external spaces for electroforming the specific shape
of the proposed semi-embedded coils. Furthermore, it has the
advantage of improving the aspect ratio for the electroformed
structure. Second, an ICP-SCREAM technology [23] is per-
formed to made mechanical interlocking trenches to improve
PDMS adhesion, as shown in Fig. 7(b). Section 3.3 will present
the relevant details. Subsequently, a SiO; layer of 1 wm thickness
is thermally grown, as shown in Fig. 7(c). This material serves
as a stop layer to protect the PDMS membrane against damage
from dry etching. Following some lithography and electroform-
ing steps, a copper coil with 50 pm thickness is fabricated, as
shown in Fig. 7(d) and (e). The copper line is over-plated to form
a mushroom shape as an interlocking structure. PDMS shown
in Fig. 7(f) is then spin-coated and thermally treated to obtain a
membrane thickness of roughly 127 wm. As shown in Fig. 7(g),
the conducting pads are then formed on the backside of substrate
using a lift-off technique. To release the membrane, an etching-
through process is performed via silicon dry etching, as shown
in Fig. 7(h). The dry etching process automatically stops at the
SiO; layer, which is then removed by wet etching. Finally, an
electronic path between conducting pads and the coil is formed
through a wire-bonding process, as shown in Fig. 7(i).

Since all these fabrication steps can be performed without
manual assembly or treatment, the proposed process is expected
to achieve a reliable batch fabrication of the EMMA.

3. Characterization of PDMS membrane

PDMS is commonly used in passive structures such as
microfluidic chips. To exploit PDMS in applications involv-
ing active actuators, some more properties must be taken into
consideration. This work has studied some of the main issues,
including the preparation of thin PDMS membrane, the resis-
tance to etching process, adhesion improvement, and testing of
the gas-permeation property of PDMS membrane. Details are
presented in the following sections.

3.1. Preparation of thin PDMS membrane

A thin PDMS film with thickness ranging from tens to hun-
dreds of micrometers is required for the application of EMMA.
This study utilizes spin-coating to achieve such a thin film.
Before coating, the Sylgard 184 PDMS (from Dow Corning
Co.) was mixed with a curing agent and placed in a vacuum
chamber for degassing. Following pouring and spinning, ther-
mal treatment was performed at 100 °C for an hour. Based on
the thickness measurement results shown in Fig. 8, different
degassing times are shown to result in slightly different thick-
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Fig. 7. Fabrication process of EMMA with a semi-embedded coil.

ness. Typical thicknesses are in the range of 20-144 pm. Double
spin coating can achieve maximum thickness up to 479 pm.
Tests for the uniformity of PDMS thin film demonstrated a
144 pm-thick PDMS with £1.4% of thickness variation for a
500 rpm single spin on a 4 inch wafer.

3.2. Resistance to different etching processes

Designing the fabrication process for the PDMS membrane
requires knowing its resistance to different etching processes.
Chemical resistance was performed by measuring the weight
loss of a PDMS piece after immersing it into the chemical
etching solution for 30 min. A precision balance with 0.5 mg
resolution was used to measure the weight change of the
PDMS piece. The test result revealed that except for HF, PDMS
has good chemical resistance to most etching solutions com-
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Fig. 8. Diagram of spin speed vs. PDMS thickness.

monly used in MEMS fabrication, including BOE, KOH, and
etching solutions for metals. Energy dispersive spectrometer
(EDS) analysis indicated that the percentage of atomic weight
is slightly changed after HF etching. This study also exam-
ined the plasma damage of PDMS during dry etching. Cracks
in the PDMS surface were clearly observed even when the
applied power of the bottom electrode was set below 10 mW.
A stronger ion-bombarded effect during silicon dry etching is
expected due to a larger applied power (>12 mW) and the addi-
tion of Ar* ions. As a result, a protective layer is required to
prevent the PDMS surface from plasma damage during dry
etching.

3.3. Adhesion improvement

To serve as an EMMA, the adhesion between PDMS mem-
brane and the substrate surface strongly influences device
lifetime. To understand the adhesion force of different inter-
faces, PDMS films coated on various surfaces, including single
crystal silicon (SCS), poly-silicon, SiO,, Si3Ny4, Cr/Au, and
Ti/Cu, were prepared. Each sample was subjected to scratch
test using a nanoindentor. The testing result displayed in Fig. 9
demonstrates that the critical load, which corresponds to the
adhesion force, can be improved using an appropriate inter-
face material. For example, the adhesion between PDMS and
SCS, which has a critical load of 28 mN, could be enhanced by
adding a SiO; layer to achieve a critical load of 32 mN. More-
over, the critical load between PDMS and poly-silicon (=53 mN)
was twice that between PDMS and SCS, owing to its rougher
surface.
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Fig. 9. Scratch testing of PDMS film on various surfaces.

Although adding an interface layer can somewhat improve
PDMS adhesion, it may be inadequate for high yield fabrication.
For example, if the surface to be processed is not clean enough,
the PDMS membrane may still peel form that surface even with
the presence of a SiO; interface layer, as shown in Fig. 10.
Accordingly, a fabrication method for forming a mechanical
interlocking is proposed to further improve adhesion. As shown
in Fig. 11(a), the ICP-SCREAM technology was used to fabri-
cate “reversed T-shaped” trenches. After spin coating, the PDMS
filled into the trenches and automatically formed mechanical
interlocking. As shown in Fig. 11(b), mechanical interlocking
with a complementary shape to the T-shaped silicon trench is
clearly observable. The proposed method significantly improved
the process yield.

3.4. Gas-permeation property of PDMS

For an EMMA applied in the pneumatic-pumping appli-
cation, the gas-permeation property of PDMS film must be
considered. To investigate this phenomenon, an experiment to
test for gas-permeation was carried out, the setup of which is
shown in Fig. 12(a). The water levels at both ends of a U-shaped
tube, one end of which was sealed with a PDMS film, were
recorded over a period of time. The difference between the two
levels can be converted into the pressure loss caused by gas-
permeation of the PDMS film. Fig. 12(b) shows the measured
pressure loss for a PDMS film with 127 wm thickness. The figure
reveals that for a sealing air with pressure of P =5 kPa, the pres-
sure change measured after 24 h can be lower than 0.06 kPa,
corresponding to a 1% pressure loss. Thus despite being gas-
permeable, PDMS remains adequate as a membrane material
for pneumatic-pumping application.
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Fig. 10. Photo of PDMS membrane peeling from a SiO, layer.

ICP Non-isotropic Etching

1

ICP Isotropic Etching

g

PDMS Spin Coating

e PDMS Membrane
- ‘/

X

Silicon Substrate . .
SE  25-Jul-06 wD12.4mm 5 100um

(b)

Fig. 11. (a) Fabrication process of SCREAM technology. (b) SEM picture of
PDMS. mechanical interlocking.

U- shaped Tube PDMS Thin Film
Sealmg Air

P =pgh/A
(a) Water

0.06

0105 P,=508kPa
£ 004
1< /
~ 0.03
< 002 Pl e

il -127kPa

O 1 1 L 1

0 5 10 15 20 25
(b) Time (hour)

Fig. 12. (a) Experimental setup for gas-permeation test. (b) Diagram of experi-
mental result.



200 H.-L. Yin et al. / Sensors and Actuators A 139 (2007) 194-202

- Pﬂg\-$__h-1cnll}1'z\11 3
/ ! : e

e S

() |

Fig. 13. Fabrication results: (a) SEM picture of PDMS membrane with an over-plating embedded coil, (b) backside view of PDMS membrane with a semi-embedded

coil, (c) photo of EMMA chip and (d) photo of EMMA module.

4. Characterization for EMMA
4.1. Fabrication results

Fig. 13 shows some fabrication results of EMMAs with semi-
embedded coils. The cross-sectional view of the SEM picture
shows that the PDMS membrane with an embedded copper coil
was successfully fabricated. The copper coil could remain in the
PDMS membrane without position shifting or peeling when the
membrane was deformed. The SEM picture shown in Fig. 13 (b)
reveals a promising result from fabricating the semi-embedded
coil with a protruded part. The fabricated PDMS membrane has
such good flatness that the characters behind the membrane are
clearly visible without distortion, as illustrated in Fig. 13(c). The
measured central deformation of a membrane with ¢ =4 mm
is below 10 wm. By using mechanical interlocking to enhance
the adhesion, the PDMS membrane surrounded by mechanical
interlocking could attach to the silicon substrate without any
peeling, as shown in Fig. 13(d). The process yield was signif-
icantly improved with this approach. The figure also shows an
entire EMMA module, including a chip of the PDMS membrane
with a semi-embedded copper coil, an NdFeB magnet, and an
iron clamp.

4.2. Driving testing of EMMA

To perform the static driving testing, a microscope with
0.5 wm z-axis resolution was used to measure the quasi-static
displacement of the membrane. The 7 mm-diameter EMMAS

with different turns of coils N were tested. The results shown
in Fig. 14 reveal that by applying current of 500 mA, the max-
imum displacement at the center of the PDMS membrane can
reach 55 wm, equivalent to a pumping volume exceeding 2 1.
This measured displacement is about 5—6-fold smaller compar-
ing with that computed from the theory of Section 2.1. Since
the device-under-test contains coils with max. diameter around
4 mm, which is comparable with that of the movable membrane,
the mismatch is as expected. Inaccurate material parameters
may also contribute to this result. Measurement results also
reveal that the maximum dissipated power is around 0.5 W
and the temperature raises to 110°C for an applying current
of 500 mA. Stability testing was also performed, the results of
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Fig. 14. Experimental result of static deflection.
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Fig. 16. Experimental result of dynamic testing.

which are shown in Fig. 15(a). For a 4 mm-diameter EMMA
with an eight turns coil, no obvious deflection deviation was
observable in a 30 min testing, sufficient long for processing a
full chemical reaction. A laser Doppler vibrometer (LDV) was
used to examine the reliability of the EMMA, and the results
of this testing are shown in Fig. 15(b). For an applied current
of 180 mA, the displacement deviations remained within 4%
following 24,000 operating cycles. The deviations increased to
approximately 7% when the applied current was increased to
360 mA, which might result from the escalated effect of joule
heating. Methods of reducing the joule heating are required if the
actuator needs to be operated at high current with good reliabil-
ity. Fig. 16 illustrates the dynamic testing result of the EMMA.
The first resonant frequency is around 1.43 kHz, which can pro-
vide a high volume flow rate for operating as a reciprocating
micropump. The embedded depth of coil can also be modi-
fied without reediting the mask patterns for different resonant
frequencies.

5. Discussion

Some of our simulation results indicate that the maximum
deformation of the EMMA varied according to various design

parameters. For example, the layout of embedded coils on PDMS
membrane can influence both electromagnetic force and mem-
brane stiffness. On one hand, the closer the coil position is to the
edge of permanent magnet, the larger the electromagnetic force
that can be obtained. On the other hand, the effective stiffness is
larger if the coil is placed further from the center of membrane.
In designing the EMMA, the above guideline as well as those
described in Section 2.1 can be adopted to generate preliminary
design values. However, obtaining general or optimal design
parameters is still difficult owing to numerous other influences,
including membrane diameter, coil pitch, and number of coil
turns. Consequently, the optimal design can only be determined
on a case-by-case basis.

While operating the EMMA, numerous cracks on the PDMS
membrane could be observed when applying a current exceed-
ing 500 mA. This phenomenon results mainly from the joule
heating effect of the coil. Besides impacting stability, this phe-
nomenon may damage the membrane device. It is difficult to
completely eliminate the influence of this phenomenon since
both the electromagnetic force and joule heating depend on the
same current. One way to reduce the effect of this phenomenon is
to avoid operating the EMMA at high current, while another way
is to introduce a heat-dissipation path to remove the generated
heat.

6. Conclusion

This study reports the implementation of a novel electro-
magnetic EMMA with a semi-embedded coil. A batch process
for fabricating thin PDMS membrane embedded with a pla-
nar coil, which is the essential part of EMMA, is proposed
and demonstrated. An advanced EMMA, which incorporates
a semi-embedded coil, is also proposed. The proposed design
possesses several advantages, including improved fabrication
yield, adjustable stiffness, and reliability. The characterization
for PDMS membrane, including thin film preparation, resistance
to etching, adhesion improvement, and gas-permeation property
are also elaborated. Experimental results demonstrate that the
maximum deflection can reach 55 wm, equivalent to a pumping
volume exceeding 2 pl. The test for short-term stability reveals
that no obvious deflection deviation is observable in a 30 min
test. In a long-term periodical test, the displacement deviations
remained within 7% after 24,000 operating cycles.

The proposed design fulfills the requirements of large flexibil-
ity, good controllability, system compactness and batch-process
capability. Combining the EMMA with a valve-control microflu-
idic chip controls microflow simply and effectively, enabling
portable biomedical analysis apparatus to be realized.
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