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Presented is a process for fabricating suspended magnetic polymer structures with SU-8 photoresist dispersed Fe;O, nanoparticles. By
controlling the exposure doses of ultraviolet (UV) is shown light, floating structures are patterned during the first UV exposure and then
the anchor structures are patterned at the second exposure. It is shown that suspended magnetic polymer structures, such as doubly-
clamped beams, can be successfully fabricated and released using a single development process. In addition, the functionalities and
characteristics of these magnetic doubly-clamped beams are demonstrated and discussed. The resonant frequencies of these structures were
measured under a sinusoidal magnetic field at an amplitude of 10.37 mT; the frequencies for structures 5 and 6 mm long were 5.21 and

4.18 kHz, respectively.

1. Introduction: Microelectromechanical systems (MEMS) devices
that incorporate magnetic materials have been widely employed
in actuators, sensors and microfluidic devices [1-5]. These
microdevices can be manipulated magnetically without physical
contact between any apparatus and the devices, and they can
generally be operated in magnetically transparent media such as air,
vacuum and conducting and non-conducting liquids [6—10]. Leong
et al. [11] proposed a mass-producible, tetherless microgripper
that can be moved magnetically, the gripping motion of which can
be triggered by temperature. Lee ef al. [12] developed torsional
magnetic microactuators for displacing biological materials in
implantable catheters, and these microactuators were found to
reduce cellular accumulation significantly. Miller et al [13]
proposed a multi-analyte sensing system that uses magnetic
microbeads to detect DNA hybridisation; giant magnetoresistance
(GMR) magnetoelectronic sensors embedded in the chip were used
to detect the magnetic microbeads. Schaller et al. [14] developed an
electrowetting on dielectric-based microfluidic chip for transporting
water droplets with magnetic nanoparticles; they also described
measuring the magnetic AC-susceptibility of the sample droplets by
using a superconducting quantum interference device (SQUID)
gradiometer.

MEMS devices with polymer-based material have several ad-
vantages compared with devices that use silicon or metal. For
example, structures with polymer-based materials have a low
Young’s modulus [15], and can therefore achieve larger deform-
ation under an applied force. Polymer-based devices can also be
easily fabricated using techniques such as photolithography or
micromoulding [16]. Suter et al. [17] fabricated microcantilevers
by using a photocurable polymer composite with superparamag-
netic characteristics, and demonstrated uniform distribution and
low particle agglomeration in the photocurable polymer matrix
SU-8. Tsai et al. [18] characterised the properties of SU-8
polymer microactuators with embedded nickel nanoparticles. Kim
et al. [19] designed polymeric nanocomposite microactuators
driven by programmable heterogeneous magnetic anisotropy;
these devices can be moved two- and three-dimensionally by pro-
gramming the rotational axis of each component. Chung et al.
[20] developed a magnetic actuator fabrication technique by
using magnetic nanoparticles containing an ultraviolet
(UV)-curable polymer in a polydimethylsiloxane (PDMS)
channel. Using a single exposure step, both the anchored and
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moving portions of the actuator were fabricated based on selective
oxygen inhibition. Nakahara ef al. [21] presented a self-aligned fab-
rication process for realising active membranes as microactuators
on an SU-8 patterned chip. Gach et al. [22] presented transparent
magnetic photoresists which can be utilised to form micropallet
arrays for cell separation using a magnetic field. Klejwa et al.
[23] proposed a laser-printing process for creating patterned thin
film magnetic-polymer composite microstructures directly on
planar silicon substrates. Li et al. [24] employed an inexpensive
photopatternable magnetic polymer for realising heterogeneous
magnetic structures. The proposed polymer comprises neodymium
iron boron microparticles dispersed in an UV-curable polymer
matrix.

Most of the previous methods developed for fabricating sus-
pended structures require an etching process to remove the sacrifi-
cial layer for releasing floating structures. In addition, most of the
fabrication processes are relatively complicated and require mul-
tiple lithography, etching and deposition steps. In this Letter, we
present a simple fabrication process for creating suspended mag-
netic polymer structures by dose-controlled UV exposure of SU-8
photoresist [25]. Suspended structures, such as doubly-clamped
beams, are fully released after a single development process of
the photoresist. The structures fabricated using this process offer
several advantages: biocompatibility, chemical resistance, thermal
stability and low cost. These structures are also suitable for biomed-
ical applications with low-power actuation. In addition, the struc-
ture employing superparamagnetic nanoparticles can be
manipulated by magnetic fields. We will also present the mechan-
ical characterisation of the fabricated beams.

This Letter is organised as follows: the operational principle and
design are presented in Section 2. The proposed fabrication process
is described in Section 3. Measured results of the fabricated doubly-
clamped beams and the discussions are presented in Section
4. Finally, Section 5 draws the conclusions.

2. Process design and operational principle: Fig. 1 shows the
schematic of the doubly-clamped beam fabricated using the
proposed process which employs dose-controlled UV exposures.
Note that the details of the process can be found in the next
Section. The schematic of the doubly-clamped beam is used for
describing the corresponding analytical models. Based on the
Euler beam assumption, as a magnetic field (H) is applied to the
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Figure 1 Schematic of doubly-clamped beam realised by proposed process
steps

structure, the shape of the beam (e(x)) can be represented as [26]

e(x) = ia,,(l — cos 2n1m> (1)

n=1

where a,, is the amplitude of the mode shape, / is the length of the
beam and # is the number of the mode.

Equation (2) is the resonance frequency of the doubly-clamped
beam [26, 27]

(n+(1/2)) 7 [EI
=\, 2
where o, is the resonant frequency of the doubly-clamped beam, £
is the Young’s modulus of the doubly-clamped beam, 4 is the cross-
sectional area of the beam, / is the moment of inertia and m is the
mass of the doubly-clamped beam.

3. Fabrication: Suspended magnetic polymer structures
were fabricated using the photo-patternable SU-8 photoresist
(SU-8 2050, MicroChem) dispersed with Fe;O, nanoparticles
[polyvinylpyrrolidone ~ (PVP)-coated,  nanostructured  and
amorphous]. This magnetic SU-8 photoresist has the machining
capability of the photoresist and the functionality of the magnetic
material. When coated with PVP, the Fe;O4 nanoparticles can be
dispersed thoroughly in an SU-8 photoresist [28]. The diameter of
the Fe;04 nanoparticles is ~20-30nnm, so the fabricated
magnetic structures possess the property of superparamagnetism.
The magnetic moment per volume of this superparamagnetic
material is higher than that of typical paramagnetic material [17, 18].

The magnetic SU-8 photoresist was first mixed using an ultrasonic
agitator at 40 kHz for 2 h to disperse the Fe;O4 nanoparticles (at 5,
10 and 15 wt%), and was then mixed using a planetary mixer for
30 min. Finally, the magnetic SU-8 photoresist was degassed in a
vacuum chamber to reduce bubbles in the material.

The process parameters of the pure and magnetic SU-§ photore-
sists were also studied. Fig. 2a shows the measured thickness of the
SU-8 photoresists at different speeds of the spin-coating; thickness
was measured using a surface profiler. Each data point on the curve
is the average of five measurements with the same fabrication para-
meters, and the error bars indicate the maximal and minimal values
obtained. As shown in this Figure, the thickness of the SU-8 films
decreased as the spin speed increased. Moreover, the magnetic
SU-8 photoresists were slightly thicker than pure photoresists at
the same spin speed. Fig. 2b shows the measured thicknesses of
the magnetic SU-8 structures under different UV exposure doses.
Higher exposure dose was found to generate a thicker SU-8 film.
The magnetic SU-8 photoresist had a lower optical transmittance
because of the dispersed magnetic nanoparticles [5, 17] and there-
fore required, compared with pure SU-8 photoresists, relatively
higher UV exposure doses.

Fig. 3 shows the schematics of the steps involved in our proposed
fabrication process, which includes two dose-controlled UV ex-
posures of the photoresist for creating suspended magnetic micro-
structures. Using these steps, we fabricated a suspended magnetic
doubly-clamped beam in this Letter. As shown in Fig. 3a, the
first UV exposure dose was controlled in the depth direction from
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Figure 2 Measured thickness of SU-8 photoresists at different spin-coating
speeds (Fig. 2a), and of thicknesses of magnetic SU-8 structures under
various UV exposure doses (Fig. 2b)

the surface to the substrate, so that the photoresist was patterned
for the suspended structure with a specific thickness. The second
UV exposure forms the anchors for the suspended structures
(Fig. 3b), which are released after the photoresist is developed.

Fig. 3¢ shows the fabrication process of the suspended magnetic
polymer structure. The SU-8 photoresist was spin-coated on a
silicon substrate (Fig. 3¢(i)); the rotation speed of the spin coater
was set at 1000 rpm for obtaining a 160 um-thick SU-8 photoresist
layer (anchor structure). The coated SU-8 photoresist was then soft
baked on a hotplate at 65° for S min and at 95° for 15 min. The
magnetic SU-8 photoresist was spin-coated on the SU-8 photoresist
(Fig. 3c(ii)); the rotation speed of the spin coater was 1500 rpm for
obtaining a magnetic SU-8 photoresist layer (floating structure).
The spin-coated SU-8 photoresists were next soft baked on a hot-
plate at 65° for 5 min and at 95° for 20 min. Fig. 3¢(iii) shows
the first UV exposure for patterning the floating structure by
using the first shadow mask with a UV exposure dose of 300 mJ/
em?. Fig. 3¢(iv) shows the second UV exposure for patterning the
anchors by using the second shadow mask with a UV exposure
dose of 1000 mJ/cm?. After this step, the SU-8 photoresists were
baked again (i.e. post-exposure bake) at 65° for 5 min and 95°
for 10 min. As shown in Fig. 3¢(v), the suspended magnetic
polymer structure was generated by releasing them through a devel-
opment process that involved using the SU-8 developer for 10 min
with sonication. Finally, the fabricated structure was hard baked at
150° for 15 min.

Figs. 4a and 4b show the scanning electron microscope (SEM)
images of the top and side views of the fabricated magnetic doubly-
clamped beams. These beams are 200 um wide, 5-10 mm long and
40 um thick.

4. Measurements and discussion: To demonstrate the
characteristics of the fabricated magnetic polymer structures, we
used a vibrating sample magnetometer for measuring three
samples with various magnetic nanoparticle concentrations (5, 10
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Figure 3 Schematics of steps in proposed fabrication process, which
includes two dose-controlled UV exposures of photoresist for generating
suspended magnetic microstructures

a First UV exposure for patterning floating structures

b Second UV exposure for patterning anchors

¢ Proposed process for fabricating suspended magnetic polymer structure
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Figure 4 SEM images of fabricated suspended magnetic polymer structures
a Top view
b Side view

and 15 wt%). The magnetisation measurements of these three
magnetic SU-8 photoresist samples showed that magnetisation
was proportional to the Fe;O4 concentration (Fig. 5a). The
remanent magnetisation at zero applied magnetic field was
extremely small, indicating the superparamagnetic characteristic
of the nanoparticles (because the particle size is smaller than the
critical size for superparamagnetism).

Fig. 5b shows the experimental setup for measuring the transient
displacement and resonance frequency of the magnetic doubly-
clamped beams. A function generator and a power amplifier were
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Figure 5 Magnetisation measurements of magnetic SU-8 photoresists with
different Fe;0, concentrations (Fig. 5a), and experimental setup for meas-
uring deformations of fabricated devices (Fig. 5b)

employed to provide sinusoidal and square input voltages to an
external coil, which generates the magnetic fields applied to the
doubly-clamped beam. Concurrently, an ammeter was connected
in series to measure the current of the circuitry, and a laser
Doppler vibrometer was used to measure the displacement of
the beam.

Displacements of the central position of the doubly-clamped
beams were measured at different amplitudes of the sinusoidal
input voltages (Fig. 6a). The beams were 10 mm long, 200 um
wide, 40 um thick and the peak values of the amplified 300 Hz
sinusoidal input voltages were 1, 2, 3 and 4 V. Note that the
magnetic nanoparticle concentrations of the beams is 15 wt%.
The displacement of the centre point of the doubly-clamped beam
was linearly dependent on the input voltage signals. The maximal
displacement at the centre of the beam is ~ 60 nm when the amp-
litude of the sinusoidal driving voltage was 4 V.

During the mentioned measurements, an ammeter and a tesla-
meter were used to measure the AC current in the coil and the mag-
nitude of the vertical magnetic field applied to the doubly-clamped
beams. The maximal displacement, the AC current and the vertical
magnetic field measured for the four input voltages are shown in
Table 1. Fig. 6b shows the transient step response of the doubly-
clamped beams (6 mm long, 200 um wide, 40 um thick and dis-
persed with 15 wt% magnetic nanoparticles). When the 4V
signal was applied to the coil, the central position of the doubly-
clamped beam suddenly deformed downwards and vibrated at its
damped frequency of ~ 4.1 kHz.

The measured frequency responses of the doubly-clamped beams
(15 wt% magnetic nanoparticles) under a 10.37 mT sinusoidal
magnetic field are shown in Fig. 6¢. The resonant frequencies of
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Figure 6 Measured displacements of central position of doubly-clamped
beams at various amplitudes of sinusoidal input voltages (Fig. 6a); transient
response of doubly-clamped beam under step input of magnetic field (Fig.
6b); measured frequency responses of doubly-clamped beams (i) L =35
mm, (ii) L =6 mm)

beams 5 and 6 mm long were 5.21 and 4.18 kHz, respectively. The
maximal displacement was 124.8 nm for the 5 mm beam and
224.63 nm for the 6 mm beam. The results of these measurements
showed that the resonant frequencies increased as the length of the
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Table 1 Measured values of maximal displacements, AC current, vertical
magnetic field for four input voltages

Vs Max. displacement, nm  AC current, A  Vertical magnetic field,
v mT

1 16.44 0.17 5.12

2 32.87 0.34 8

3 55.37 0.56 9.15

4 67.72 0.72 10.37

Table 2 Resonant frequencies estimated using analytical model presented
in Section 2

Length of Resonant Resonant frequency  Discrepancy,

beam, nm frequency (experimental), kHz %
(analytical), kHz

5 5.58 5.21 6.61

6 3.87 4.18 8.01

magnetic doubly-clamped beam decreased, and that the longer
magnetic doubly-clamped beam produced higher displacement
than the shorter beam under the same magnetic field. For the
5mm beam, the quality factors extracted from the measured
results (Fig. 6¢) is about 104. For the 6 mm beam, the quality
factor is about 42. The first-mode (n = 1) resonant frequencies esti-
mated using the analytical model of (2) are listed in Table 2. The
Young’s modulus used in the model is 1.2 GPa, which was meas-
ured using a nanoindenter. For the 5 mm beam, the estimated reson-
ant frequency was 5.58 kHz, a discrepancy of ~ 6.6% compared
with the measured result; for the 6 mm beam the estimated resonant
frequency was 3.87 kHz, a 8% discrepancy.

5. Conclusion: This Letter presents a process for fabricating
suspended magnetic polymer structures. The proposed process
involves employing a polymer composite consisting of SU-8
photoresist dispersed with Fe;O4 nanoparticles. Using this
process with dose-controlled UV exposure, the floating structures
can be patterned at the first exposure and the anchor structures
can then be patterned at the second exposure. Suspended
magnetic polymer structures, such as doubly-clamped beams, can
be fabricated successfully after being released using a single
development process. The resonant frequencies of these structures
were measured under a sinusoidal magnetic field at an amplitude
of 10.37 mT. These frequencies and the maximal displacements
for beams 5 and 6 mm long were 5.21 and 4.18 kHz and 124.8
and 224.63 nm, respectively. This Letter demonstrates and
discusses the functionalities and characteristics of the magnetic
doubly-clamped beams. The magnetic structures fabricated by the
proposed process potentially can be employed as the actuating
mechanisms for micropumps, magnetic valves and cell
manipulation devices.
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