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A polymer (SU-8) micropen array was fabricated for application to biological assay patterning. The
micropen, which is integrated with a microchannel and a sample reservoir, can be actuated by
Lorentz force induced on an integrated metal actuator. Current to a metal line deflects the micropen
up to 1.8 um by electromagnetic force induced from external permanent magnets. Red ink is loaded
in the reservoir and is automatically drawn to the end point of the microchannel by capillary force.
A red-ink dot with a diameter of 11 wm was successfully placed onto paper by the fabricated

micropen. © 2007 American Institute of Physics. [DOI: 10.1063/1.2787971]

As the volume of a biological assay decreases and its
throughput increases, the cost of the assay can be signifi-
cantly reduced.’ Accordingly, numerous studies have been
performed in an effort to develop more efficient biological
assay patterning techniques, such as those that utilize ink-jet
printing,2 and cantilever-based technologies}8 as with dip
pen nanolithography.1

For continuous biological assay patterning in a large
area, a constant supply of liquid samples is necessary. Foun-
tain pen nanolithography, in which a microchannel is embed-
ded in a cantilever and a few cantilevers share a reservoir,
was proposed by Kim et al. for the first time.? Functional
devices with similar methods of operation have also been
reported.4’5

Due to a lack of integrated actuators on the cantilever,
these approaches can experience a slow patterning speed.
Many studies focusing on the integration of actuators on the
cantilever using either thermal actuation™ or electrostatic
actuation® have been reported. However, a working device
that is integrated with a microchannel and has a reservoir as
well as an actuator has not been reported subsequent to the
earlier proposal by Kim et al.

In this study, a polymeric microcantilever structure inte-
grated with a microchannel, a reservoir, and an electromag-
netic actuator is described.’ Samples are supplied spontane-
ously and continuously from the reservoir to the end of the
micropen by capillary transport. This micropen can pattern
various biological samples in a designated spot with indi-
vidual actuation by Lorentz force in an array form.
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Initially, the micropen is not in contact with the sub-
strate. In order to deliver a biological sample to a designated
spot in the substrate, the micropen is actuated and makes
contact with the substrate. After delivering the biological
sample, the current is disconnected and the micropen is
pulled back from the substrate and returned to its initial po-
sition. If any nonuniform distribution exists in the initial
gaps between the substrate and the micropens in an array, an
adequate amount of current in the appropriate direction can
be applied to maintain the desired identical distances. Among
various actuation mechanisms, electromagnetic actuation is
most suitable for such adjustments due to its linearity.

SU-8 was chosen as the structural material for the fol-
lowing three reasons: First, SU-8 is known to be compatible
with most bioassays. Hence, it is a suitable candidate for
microchannel structures in biological assay patterning. Sec-
ond, due to the photodefinable feature of SU-8, the micropen
area can be formed simply using a photolithographic process
without additional etching steps. Finally, SU-8 has low
Young’s modulus. Young’s modulus of SU-8 (approximately
4.4 GPa) (Ref. 10) is considerably lower than that of Si
(170-190 GPa) (Refs. 10 and 11) or SizNy
(224.6-295 GPa),*'? which is used as a structural material
in most existing microcantilever structures.>> !

Figure 1 shows scanning electron microscope images of
the micropen array (500 wm long, 120 um wide, and 6 um
thick) with 240 um spacing. The fabrication process of the
micropen array is available in the literature.” The micropen is
fabricated on a sacrificial layer of Cr/Au/Cr
(5 nm/50 nm/20 nm) that is sputtered on a silicon wafer. A
Ti/Au (20 nm/1 wm) metal line for electromagnetic actua-
tion exists between two SU-8 layers (2 wm thick bottom
layer, 4 um thick top layer) in a sandwich structure. The

© 2007 American Institute of Physics
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FIG. 1. Scanning electron microscope photographs of the fabricated micro-
pen array. The length, width, and thickness of the micropen are 500, 120,
and 6 um, respectively. (a) The supporting body (500 um thick) and the
reservoir with an area of 300X 300 um?. The capacity of this reservoir is
roughly 45 nl. (b) An array of six micropens with a spacing of 240 um. As
each micropen has a reservoir and an integrated actuator, the micropens can
be controlled individually to pattern six different biological samples.

supporting body of a 500 wm thick SU-8 layer includes deep
reservoirs to store biological samples. In the final releasing
step, the high electronegativity difference between chromium
and gold allows the chromium to be rapidly etched away in
an electrochemical reaction.'” While similar processes have
been reportedm’15 for sensor applications, this approach
is applied in an actuator including microfluidic channel
engineering.

A schematic diagram of the proposed micropen with its
actuation mechanism is shown in Fig. 2(a). The micropen is
controlled with a simple electromagnetic actuator that con-
sists of a gold metal line and permanent m21gnets.'6‘l7 High
actuation voltage is required in the case of electrostatic
actuation,g’18 and the deflected cantilever position is unstable
after the actuation voltage exceeds a threshold.'” Tn contrast,
electromagnetic actuation can generate a large force with a
lower operating voltage with greater power consumption
while being immune to cross-talk caused by fringing electric
fields. Additionally, plastic deformation may occur when
thermal actuation is used, potentially resulting in damage to
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FIG. 2. (Color online) (a) Schematic view of the proposed micropen and its
actuation mechanism. (b) Overview of the microchannel schematic. (c)
Cross-sectional view of the microchannel. Three walls are SU-8, whereas
one side is exposed to air.
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FIG. 3. (Color online) (a) Capillary force as a function of the microchannel
height for a microchannel width of 15 um is increased by plasma treatment.
(Inset) Red ink was drawn up to the end point of the microchannel from the
reservoir by capillary force. (b) Atomic force microscope images of SU-8
surfaces before an oxygen plasma treatment and (c) after an oxygen plasma
treatment. The mean roughness is shown to have increased from
0.318 to 2.627 nm.

micropens made of SU-8, although thermal actuation pro-
vides a considerable amount of deflection with less power
consumption.7 Plastic deformation of SU-8 cantilevers is ob-
served above 180 °C."" Therefore, electromagnetic actuation
was selected for SU-8 micropens to allow for the use of low
voltage and to avoid irreversible plastic deformation of
SU-8.

The proposed micropen houses a microchannel with
three SU-8 walls and the remaining side is exposed to air, as
shown in Figs. 2(b) and 2(c). The pressure drop across the
horizontal liquid-air interface can be expressed in terms of
the channel dimensions and contact angles, as follows:>°

2 1 1
AP, = (— + —)ycos Ogy_g + — Y COS O, (1)
w h h

Here, vy is the surface energy per unit area, 6,; and fg_g are
the contact angles of air and SU-8, and w and 4 are the width
and height of the microchannel, respectively. In order to ob-
tain an absorptive capillary force for water, the microchannel
should have a positive pressure drop in the above equation.
As the water contact angle of air is 180°, cos 6,;, has a mini-
mum value of —1.*' The contact angle of SU-8 was measured
as 80°, and the surface energy per unit area of red ink was
measured as 0.048 N/m using a contact angle analyzer
(Phoenix 300, Surface Electro Optics Co. Ltd, Suwon, Ko-
rea). Under consideration of a 15 um wide microchannel,
the pressure drop in the microchannel was calculated for
various microchannel heights and is plotted in Fig. 3(a)
(dashed line). For the automatic transport of biological
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FIG. 4. (Color online) Measured deflection of the micropen as a function of
applied current: (Inset) Microscope image of a red-ink dot (approximately
11 pum in diameter) placed by the fabricated micropen.

samples through the microchannel, the pressure drop should
be adjusted so that it is positive. Through an oxygen plasma
treatment, the SU-8 surface is highly activated due to the
additional oxygen and the decreased amount of carbon.”
This lends more hydrophilic characteristics. Additionally, the
plasma-treated SU-8 surface is much coarser than the origi-
nal surface, as shown in Figs. 3(b) and 3(c). This rough
surface amplifies the hydrophilic behavior.”® The contact
angle of SU-8 is decreased to 31° after the plasma treatment,
and the adjusted pressure drop is plotted in Fig. 3(a) (solid
line). The pressure drop increases from —8.79 to 3.77 kPa
for a microchannel height of 4 wm, and the resultant capil-
lary force carries samples automatically from the reservoir to
the end point of the micropen. Red ink was used in a visual
inspection of the capillary force with respect to its ability to
draw the samples. As clearly shown in the inset of Fig. 3(a),
red ink was drawn up to the end point of the microchannel
from the reservoir by capillary force. It does not overflow the
microchannel, as the plasma treatment of the SU-8 occurred
only in the microchannel. Outside of the microchannel, SU-8
continues to maintain a large contact angle.

For electromagnetic actuation of the fabricated micro-
pen, two permanent magnets were used to apply a magnetic
field of 0.2 T. When the current flows in the gold metal line,
the micropen is deflected upward or downward depending on
the current direction. The deflection of the micropen was
measured using a laser doppler vibrometer (Polytec GmbH,
Waldronn, Germany). The measured displacement is plotted
as a function of the applied current in Fig. 4. With an applied
voltage of £600 mV, the deflection of the fabricated micro-
pen was measured as —0.7 or 1.1 wm in each direction. This
deflection range can be further improved. First, the external
magnetic fields can be increased with stronger permanent
magnets. Second, additional metal lines can be integrated on
the micropen. It should be noted that the increase in the
magnitude of the current is limited, as a high level of current
will induce Joule heating. This in turn may have a thermal
effect such as plastic deformation of the device, electrolysis
of the sample solution, or even degradation of the biological
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samples. The average resistance of the fabricated micropens
is 5.0 Q, and the power consumption can be estimated as
72 mW for an applied voltage of +600 mV. Instead of elec-
trolysis, which takes place above 1.2 V., the boiling of wa-
ter is observed when a higher level of current is applied to
the metal line.

The spring constant was estimated as 1.9 N/m, and the
resonance frequency was measured as 7.3 kHz. By indi-
vidual control of the micropens in the array, much faster
patterning speeds can be achieved and various biological
samples can be simultaneously patterned, as they can be
separately stored in the dedicated reservoirs of each
micropen.

A red-ink dot approximately 11 wum in diameter was
placed onto a sheet of paper by actuating the fabricated mi-
cropen, as shown in the inset of Fig. 4. This demonstrates
that subpicoliter patterning of biological assay is possible.
The size of the deposited red-ink dot can be further mini-
mized by reducing the microchannel size. In addition, a bio-
logical assay can be patterned in various shapes with a
computer-controlled XYZ motion handling system.
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