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ABSTRACT: Magnetically actuated micro/nanoscale pillars have
attracted significant research interest recently because of their
dynamic properties. These structures can be used for various
applications, such as dry adhesion, cell manipulation, and sensors
or actuators in microfluidics. Magnetically actuated structures can
be fabricated by mixing magnetic particles and polymers to yield a
favorable combination of magnetic permeability and mechanical
compliance. However, the pillar density of demonstrated structures
is relatively low, which limits the potential applications in active
surface manipulation of microscale objects. Here, we demonstrate
active periodic nanostructures with a pillar density of 0.25 pillar/um?, which is the highest density for magnetically actuated pillars so
far. Having a structure period of 2 ym, diameter of 600 nm, and high aspect ratio of up to 11, this structure can be magnetically
actuated with a displacement of up to 200 nm. The behaviors of the pillars under various cyclic actuation modes have been
characterized, demonstrating that the actuation can be well controlled. This work can find potential applications in particle

manipulation and tunable photonic elements.
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B INTRODUCTION

In nature, micro/nanostructures resembling pillars that can be
actuated are commonly observed and have many applica-
tions."™* For example, the immotile primary cilia in human
bodies can serve as sensors for smell, sight, and diseases." The
setae on gecko feet consist of hierarchical micro/nanopillars,”
which enhances dry adhesion using van der Waals forces.
Motile cilia are widely seen as actuators, such as those found in
human lungs for mucociliary clearance and on corals for
shielding fouling organisms.”" Inspired by these structures,
various research groups have engineered synthetic tunable
micro/nanopillars for particle manipulation,3 dry adhesion,””’
microfluidic actuation,”™"> controllable wettability and fog
harvesting,m_22 anti-icing coating,22 and tunable optical
reflection or transmission.”* >

There are several actuation strategies to manipulate these
micro/nanopillars in real time, such as temperature,””>%"**
pH,4’8‘28 electric field,*” and magnetic field.>™>1972% A number
of soft materials can be used for temperature-actuated dynamic
micropillars. These include shape memory polymers with a
thermoplastic effect,””>” hydrogels that can be mechanically
stretched or contracted by temperature,”® and liquid crystals
that can change orientations to induce dimension changes.’
However, the response time of temperature actuation can be
slow and is generally on the order of minutes.”>”** Hydrogels
can also respond to pH to change the ionization degree and
the osmotic pressure, therefore swelling or contracting to bend
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micropillars.”** However, this requires distinct chemical
environments, which might damage other materials. Electric
field can also be used to induce mechanical” or pH/ion density
variation for actuation.” However, this approach requires the
use of saline solutions in the electrodes, resulting in a
potentially corrosive environment. In addition, a power supply
is needed and energy consumption needs to be considered.
Magnetic actuation has attracted attention as a viable
strategy due to its short response time, reversible actuation,
low energy consumption, high repeatability, and noncontact,
nondestructive control.'”~** To obtain a favorable combina-
tion of high magnetic permeability and low mechanical
stiffness, many magnetically actuated structures consist of
soft polymer as a matrix with an embedded magnetic material.
Such a strategy has been implemented using different magnetic
materials, such as NdFeB microparticles,” iron oxide nano-
particles,'”""** cobalt nanowires,"> cobalt microparticles,"’
and carbonyl iron particles."**°~** These magnetic structures
demonstrate dynamic behaviors under magnetic actuations.
However, they are mostly at the micron scale and have
relatively low pillar densities. It should be noted that feature
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sizes of pillars including diameters and periods in this work are
described as pillar densities p for convenience, which are
defined as the number of pillars over unit area. As the pillar
densities become higher, the feature sizes become smaller,
potentially enabling the manipulation of smaller length scale
objects such as particulates, cells, and visible light. Besides, it is
important to get as small feature as possible so that the
structure behaves more like a continuous material. High aspect
ratio (AR) is also desirable because it has high compliance and
can generally improve the actuation range.

However, there are still challenges in fabricating magneti-
cally actuated structures with high pillar density and high AR.
First, forces due to magnetic field gradients drop dramatically
as the length scale decreases, resulting in reduced movement at
small length scales.”'**” Second, while torques due to uniform
magnetic fields may dominate at small length scales, they
require high-AR structures, which are mechanically weak and
tend to collapse.'”*” Third, magnetic microparticles or
nanowires have high saturation magnetization, which is helpful
for actuation but hinders the reduction of feature size to sub-
micrometer scale.'”'’™*" Finally, patterning and fabrication
processes may limit the pillar density and AR of periodic
structures.'”' ?>! Soft lithography limits the AR because the
mechanical force can induce structure collapse during the
peeling process, and wet etching can also cause lateral collapse
because the surface tension of solvent can pull pillars together
during drying. Varying surface tension with sonication and
critical point drying could be a solution, but it is difficult to
entirely eliminate collapse. In addition, the high surface energy
magnetic particles and functional chemical segments in the
replica, such as iron oxides and amino groups, tend to increase
adhesion to the mold and make fabrication even more difficult.

Many existing magnetic structures are fabricated by soft
lithography with low pillar densities of 107° to 1072 pillar/um?,
corresponding to periods of 10—1000 gm."”"? The AR is also
limited, with values typically below 9. High-AR nanostructures
have been fabricated using molds that can be chemically
dissolved;'”"" however, these pillars are randomly distributed
with low pillar density around 0.02 pillar/um?® Periodic
nanopillar arrays with high pillar density of 0.25 pillar/um? or
period of 2 ym have been generated; however, the AR of these
structures is around 1.”> Magnetic micropillars can be
fabricated by linking magnetic nanospheres to high-AR chains,
but the pillar geometry varies largely.'> Magnetically actuated
pillars can also be generated by other methods, such as
electrodeposition and maskless fabrication by magnetic field.
However, these structures tend to have low pillar densities of
1077 to 107° pillar/um* and have large deviation in pillar
geometry.”>** A summary of the materials and geometries of
these structures is discussed further in Supporting Information
Section A and plotted in Figure 1. Here, the pillar density is
plotted versus AR, with the desirable region being in the upper
right corner. It can be noted that there is a competition
between the density and AR of the magnetic nanostructures,
and it is difficult for them to be simultaneously obtained.
Therefore, the study of structures with both high pillar density
and high AR has yet to be explored.

In this work, we report a strategy to fabricate magnetically
actuated nanopillar arrays with ultrahigh pillar density and high
AR. This method introduces a sacrificial mold into the
replication process which can be removed using reactive ion
etching (RIE). Nanopillar arrays with a period of 2 ym have
been demonstrated, where the pillar has a 600 nm diameter
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Figure 1. Comparison of pillar density and AR of magnetically
tunable pillars from literature. The bars represent the range of AR or

pillar density.

and 7.7 pm height. This yields a pillar density of 0.25 pillar/
um” and AR up to 11, as shown in Figure 1. This pillar density
is the highest yet demonstrated, which is at least 10 times
higher than those reported in the literature. Simultaneously,
the AR in this work is among the highest ARs reported. This
work also reveals the possibility of combining high pillar
density and high AR in magnetic nanostructures. Experimental
characterization demonstrates that the nanopillar can be tilted
with a pillar top displacement using permanent magnets. Other
cyclic actuation configurations are also examined to further
demonstrate oscillating and sweeping motions. In addition, the
fabricated magnetic nanopillars have been tested for particle
manipulation. Because the feature size of each pillar is in the
order of 100 nm, the periodic nanopillar array could have more
potential applications such as the dynamic tuning of visible
light and the manipulation of microscale particulates.

B EXPERIMENTAL APPROACH

The fabrication process for the magnetic nanopillar array is illustrated
in Figure 2. Initially, a water-soluble poly(4-styrenesulfonic acid)
(PSS) layer with 160 nm thickness, anti-reflection coating (ARC)
with 100 nm thickness, and negative photoresist SU-8 with 10 ym
thickness are spincoated on silicon substrates, as shown in Figure 2a.
Then 2D periodic hole array is patterned in the photoresist layer using
Lloyd’s mirror interference lithography with a 325 nm laser.”>** The
depth of the holes is controlled by the photoresist thickness and
exposure dose and is designed to be as deep as possible. The
subsequent replication process uses a magnetic material ferrofluid-
polydimethylsiloxane (FFPDMS), which is composed of iron oxide
nanoparticles (Fe;O,, diameter of 7—10 nm) uniformly and
permanently bonded into a matrix of aminopropylmethylsiloxane-co-
polydimethylsiloxane (APMS-co-PDMS) copolymer.'®** This materi-
al is superparamagnetic due to the small particle size, and the
saturation magnetization is 12.98 A m?/ kg for FFPDMS with 25 wt %
iron oxide. Consisting of 75 wt % polymer, it is also mechanically
compliant, with a Young’s modulus of 1.26 MPa.** During the
replication process, the FFPDMS is applied to the SU-8 mold and
cured using formaldehyde vapor, resulting in high-AR nanopillar
replica, as shown in Figure 2b. Then, the whole structure is
transferred onto a glass substrate and separated by dissolving the
PSS layer in deionized water, as shown in Figure 2c. More details of
the replication and transferring process are discussed in Supporting
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Figure 2. Fabrication processes of magnetic nanopillar array. (a)
Photoresist is patterned using interference lithography to generate an
array of holes. (b) FFPDMS is applied into the photoresist mold
during the replication process. (c) structure is transferred onto a glass
substrate by dissolving the PSS layer. (d) ARC and photoresist layers
are removed using RIE process.

Information Section B. After the transferring process, the ARC layer
and photoresist mold are removed by O, and CF, RIE, leading to an
exposed high-AR FFPDMS nanopillar array, as shown in Figure 2d.
During the whole fabrication process, the high-AR nanopillars are
stable without collapse because the SU-8 mold protects the
nanopillars during the transferring. In addition, RIE does not induce
collapse due to the dry etching environment.

The scanning electronic microscopy (SEM) images of the SU-8
mold and the fabricated FFPDMS nanopillar array are depicted in
Figure 3. The structures have a square lattice and consist of holes with
period of 2 um, as shown in Figure 3a,b. The average depth of the
holes is around 6.4 pm and can range from 5.9 to 6.9 um. Note that
the thickness of the SU-8 layer is 10 ym; thus, the hole does not
extend completely through the thickness of the mold. In addition, the
hole geometry is not uniform. These shorter and nonuniform holes
can be attributed to the relatively thick SU-8 layer and the short
wavelength of the ultraviolet (UV) light source. The SU-8 absorbs the
light efficiently at short wavelength below 365 nm (“i-line”).** With
the 325 nm UV light source, the light intensity drops gradually along
the light penetration direction across the thickness of the SU-8.
Therefore, the depth and diameter of the holes array are sensitive to
the exposure dosage and the depth can be controlled from 0.2 to 6.9
pum, as discussed in Supporting Information Section C. Note that
because the resist layer absorbs and scatters the UV light, the
exposure latitude is narrow and small variations in processing can
contribute to nonuniformity in hole geometry and the replicated
nanopillars.

The SEM images of the fabricated FFPDMS pillar array after mold
removal are shown in Figure 3¢f. The pillars are relatively uniform
over the pattern area of 7 mm X 9 mm. The average AR in Figure 3c,d
is around 8.2, and the maximum AR is around 11 for pillars with 7.7
pum height and 700 nm diameter. The pillars at another position
within the same sample are comparatively more uniform as shown in
Figure 3e,f, where the average AR is around 9.0 for pillars with 6 ym
height and 670 nm diameter. Note the top diameters of pillars in
Figure 3c tend to be larger than the bottom. For example, the bottom
diameter of the tallest pillar in Figure 3c is 700 nm while the top
diameter is 1.6 ym. This nonuniform pillar shape can be attributed to
the top part of SU-8 receiving a higher dose than the bottom part,
leading to a larger hole diameter at bottom and a smaller diameter at

LA
LSS

Hﬁ

~ 10 um

Figure 3. SEM images of fabricated SU-8 mold. (a,b) Cross-section
view of the deep profile after exposure. (c) High- and (d) low-
magnification side-views of the tallest pillar with height around 7.7 ym
and AR of 11. (e) High- and (f) low-magnification of fabricated
sample. The tallest pillar is around 6.0 gm high with an AR of 9.

top, as discussed in Supporting Information Section C. This is
consistent with the well- known profiles with negative sidewall angles
for thick SU-8 structures.’”®> The nonuniform shape is helpful for
actuation because the smaller diameter lowers the bending stiffness at
the pillar base.

B RESULT AND DISCUSSION

To examine the tilting of the nanopillar array under
translational actuation, the displacement of the pillar top is
observed using optical microscopy. In this experiment, a
cylindrical FeNdB permanent magnet with a 2.54 cm diameter
and 4 cm length is translated in the in-plane direction beneath
the substrate, as illustrated in Figure 4a. The pillar array is
roughly 2 mm away from the magnet face and experiences a
magnetic flux density of 0.5 T. The distance between the
centerline of magnet and the structure is defined as x,,,, which
is relative to the field direction on the structure. More details
regarding the testing configuration are discussed in Supporting
Information Section D. The nanopillars are induced to tilt, and
consequently, the pillar tops move toward the left and right, as
shown in Movie 1. This movie is recorded by a camera under
an optical microscope with 1000X magnification. It is noted
that the taller pillars with larger top diameters move more than
the shorter pillars, which generally have smaller diameters. To
demonstrate the movement better, individual frames at 0.1 s
intervals are extracted from Movie 1 and illustrated in Figure
4b,d. When the magnet is directly beneath the substrate (x,, =
0 cm), there is a vertical magnetic field through the pillar array.
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Figure 4. Displacements under the translational actuation. (a) Schematic of the actuation setup. (b) Top-view microscope image focusing on the
top of nanopillars when there is vertical magnetic field. (c) Higher magnification image of (b) and its responding contrast-enhanced image. (d)
Higher magnificent image and its responding contrast-enhanced image when the magnetic field is pointing toward the negative x direction. (e)
Displacement versus time in x direction d, of pillar top with different pillar heights. (f) Displacement versus time in y direction d, of pillar top. (g)
Relationship between pillar height and d, based on analytical model and experimental results. The error bars are based on the standard deviation of

the peak displacements.

Pillars do not tilt and the dashed white circle represents the
initial position of a tall pillar, as shown in Figure 4b,c. When
the magnet is located with about 1 cm along the positive x
direction (x,, = 1 cm), the magnetic field at nanopillars is tilted
from vertical toward the negative x direction at a 45° angle.
Consequently, pillars are tilted toward the negative x direction.
The red arrow indicates the pillar top shifts to the left in Figure
4d. This shift in x direction can be defined as the displacement
d,, which is around —200 nm. Here, the minus sign means that
the displacement is toward the negative x direction. The black
arrows show the displacements of the surrounding pillars
which move at the same frequency as the tall pillar.

The quality of the raw microscope images in this work is
relatively low because the structures are near the optical
diffraction limit of the optical microscope. In addition, the
imaging needs to be performed in reflection mode because the
magnet would block the path of transmission. This would also
reduce the image quality due to the absorption of FFPDMS, as
discussed in previous work.”> To better quantify the pillar
displacement, image processing is used to analyze the raw
microscope images extracted from the recorded videos. In this
process, the original images are converted to grayscale and
then the pixel saturation is increased, resulting in the contrast-
enhanced images in Figure 4c,d. Note the displacement of the
pillars can be observed more clearly in the contrast-enhanced
images. The images are then convolved with a circle kernel to
determine the pillar centroids, which can be used to calculate
the displacements. Note that this process assumes that the
degree of blur and shape of the pillar do not change during
actuation. This allows the relative displacement tracking of
pillar centroids with the subpixel resolution, which is consistent
with the imaging methods commonly used in the cell testing
*937 More details about image
processing are discussed in Supporting Information Section
E, which also includes the tracking of multiple pillars.

on extracellular matrices.

The image analysis algorithm is then used to analyze the
displacements over time for different pillars with heights of 7,
6, and 4.5 ym, as shown in Figure 4ef. Here, the displacements
d, are plotted versus time as the magnet is translated along the
x direction, as shown in Figure 4e. This result demonstrates
that the movement of pillar is repeatable over 15 cycles in time.
In each cycle, the displacement d, has a positive and negative
peak corresponding to the actuation direction. The maximum
displacements of short (4.5 um height), medium (6 ym
height), and tall (7 um height) pillars are 69, 111, and 200 nm,
respectively, indicating that the tilting of the nanopillar
increases when the height increases. This is consistent with
the movement of pillars in Movie 1. Compared with d,, the
displacements in the y direction d, are random and close to
zero over time because there is less variation in the magnetic
field in the y direction, as shown in Figure 4f. The
measurement error and noise level of the characterization
system is around S nm, which is measured using a
nonmagnetic polydimethylsiloxane (PDMS) pillar array, as
discussed in Supporting Information Section F. This indicates
that the characterizing system itself does not induce any
displacement during actuations to intervene in the result of
FFPDMS pillars. The movement of PDMS is also shown in
Movie 2, which is negligible.

To better investigate the tilting reflection behavior of
nanopillars under magnetic actuation, a simple analytical
model can be introduced. According to this model, the
magnetic torque on the nanopillar is highest when the angle
between magnetic field and nanopillar is 45°, which predicts
the optimal orientation for the experiment mentioned above,
as discussed in Supporting Information Section D. The tilting

22
angle @ is expressed as ¢ = ﬂoMTp"‘(%)z based on the balance
of mechanical energy and magnetic energy, under the
assumptions that the pillar cross section is uniform and the
curvature is constant along the pillar height.”” It is noted that
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because the pillars in this work are tall with AR around 10, it is
reasonable to ignore any viscoelastic effect in the polymer.**
Here, i, is the vacuum magnetic permeability, M = 9.5 A m*/
kg is the magnetization at 0.5 T, p,, = 1227 kg/m” is the mass
density, E = 1.26 MPa is Young’s modulus. L is the pillar
height, D is the pillar diameter, and L/D is the AR. The
displacement d can be approximated as d = @L for small
deflection, yielding

M2 2 2
J= HMop, (L)L

E \D

This model indicates that high AR is critical and influences
the actuation significantly because d is proportional to the
square of AR and the cube of L. The analytical relationship
between the displacement d and the pillar height L is plotted in
Figure 4g along with the corresponding experimental results.
Here, the red dots represent the measured average peak
displacements and the error bars are the corresponding
standard deviations. It can be observed that the experimental
results roughly match with the analytical model. In particular,
the experimental displacements are slightly larger than those in
the analytical model because the cross section used in
simulations is assumed to be constant along the pillar.
However, the actual pillar geometry typically has larger
diameter on the top and smaller diameter on the bottom,
resulting in the underestimation of the pillar displacement in
the model. The displacement in this model is induced by
magnetic torque under uniform magnetic field as the dominant
mechanism because the displacement component induced by
magnetic force based on the field gradient is too small to be
considered. More details of these two models are discussed in
Supporting Information Section G, which also explains the
challenges as previously mentioned.

Beyond manual translation of the magnet, which results in
quasistatic actuations, the cyclic actuation of the nanopillars at
low frequencies has also been characterized, as shown in Figure
S. In these experiments, the magnet is driven by a mechanical
wave driver with frequencies from 1 to 4 Hz, leading to the
oscillation of the nanopillar array. The displacement of the
magnet is around 2 cm. At an actuation frequency of 4 Hz, the
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Figure S. Response of nanopillars under cyclic actuations. The
displacements over time with actuation frequencies of (a) 4, (c) 2,
and (e) 1 Hz. The corresponding frequency spectra calculated using
FFT indicate peak frequencies at (b) 4, (d) 2, and (f) 1 Hz, agreeing
with the actuation frequencies.

nanopillar is driven to oscillate quickly as shown in Movie 3.
The displacements of the pillar tops in the time domain are
extracted from the video and plotted in Figure Sa. The
frequency spectrum of the signal is then calculated using fast
Fourier transform (FFT), as shown in Figure Sb. Here, it can
be observed that the spectrum has a peak at 4 Hz,
demonstrating that the pillar displacement is at the same
speed as the corresponding actuation frequency. Similarly,
when the actuation frequency decreases to 2 Hz, the
nanopillars oscillate more slowly, as shown in Movie 4. The
extracted pillar displacements are plotted versus time in Figure
5S¢, with the corresponding FFT spectrum containing a peak at
2 Hz, as shown in Figure 5d. When the actuation frequency is
further reduced to 1 Hz, as shown in Movie S, the pillar swings
even slower. The extracted pillar displacements versus time are
plotted in Figure Se, and the corresponding frequency
spectrum has a peak at 1 Hz, as shown in Figure Sf. It can
be noted that the absolute displacement decreases as the
frequency increases from 1 to 4 Hz, because the vibration
amplitude of the wave driver drops as the frequency increases.
Faster actuation and the role of fatigue will be tested in the
future. Because the natural resonant frequency of the
nanopillar is around 61.3 kHz as discussed in Supporting
Information Section H, high-frequency actuation could be used
to induce larger pillar displacement at resonance.

The results under cyclic actuations are taken by a camera
with a frame rate of 10 frames/s, and no obvious lag between
the displacement and actuation has been observed, which
demonstrates the pillar array has fast response and high
repeatability. This can be due to the superparamagnetism of
FFPDMS. There is no actuation hysteresis in the FFPDMS
nanopillar, which would be magnetized immediately along the
external field direction once the field is applied. When the
external field changes direction, the magnetization will change
to align with the external field direction easily and induce
movement. If the external magnetic field is removed, there will
be no residual field remaining in FFPDMS. In addition, the
mechanical tilting of the nanopillar is in the elastic deformation
regime because the polymeric matrix is soft, the AR is high,
and the internal strain is small. Therefore no residual strain
remains when the actuation torque is removed, resulting in the
fast response and high repeatability as well.

The pillar responses under rotational actuation are also
characterized, where the magnet is rotated in the clockwise and
counter-clockwise directions, as illustrated in Figure 6a. The
magnet is 1 cm off-center and 8 mm under the nanopillars. In
this actuation mode, the nanopillars rotate with the magnetic
field resembling a sweeping motion, as shown in the inset of
side view in Figure 6a. Here, the pillar top rotates along a
circular path as indicated by the dashed circle in the inset
diagram. During the rotation, the displacement components d,
and d, versus time can be regarded as sinusoidal wave functions
with their own amplitudes and phases. It can be predicted that
the amplitudes of d, and d, are similar, while the phases should
have a constant offset A¢) = ¢, — ¢, In the clockwise rotation,
d, reaches positive peaks later than d,, resulting in a phase lag
of A¢p = —90°, as shown in the inset diagram in Figure 6a. In
contrast, the counter-clockwise rotation results in a phase lead
of A¢p = 90°.

The experimental movements of nanopillars under rotational
actuations at 1 Hz are illustrated in Movie 6. The nanopillars
are actuated to rotate clockwise in first 10 s and then counter-
clockwise in the latter 10 s, demonstrating the isotropy of the
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Figure 6. Nanopillar response for rotational actuation. (a) Schematic
of the rotation actuation setup. (b) Displacements d, and d, vs time
for clockwise actuation. It indicates that d, lags behind d,. (c)
Displacements d, and d, vs time for counter-clockwise actuation. It
indicates that d, leads d,. (d) Frequency spectra of d, and d, for both
clockwise and counter-clockwise rotational actuations.

tilting toward any direction in x—y plane. The displacements in
the clockwise rotation are extracted from Movie 6 and plotted
in Figure 6b, leading to roughly equivalent amplitudes and a
phase lag for d, and dy, as expected. On the other hand, the
displacements in the counter-clockwise rotation are plotted in
Figure 6¢, which validates the prediction of similar amplitudes
and a phase lead. To further analyze the displacement curves,
their frequency spectra are calculated using FFT and plotted in
Figure 6d. The spectra for the d, and d, signals in both
clockwise and counter-clockwise rotational actuations have
peaks at 1 Hz, consistent with the actuation frequency. The
phase shifts A¢ in Figure 6b,c are calculated using FFT as well.
More details can be found in Supporting Information Section L
The results show that the phase lag in the clockwise rotation is
approximately A¢ = —54°, and the phase lead is approximately
A¢ = 106° in the counter-clockwise rotation, which roughly
match with the ideal situations with deviations of 16—36°. This
may be due to the rotation being elliptical instead of perfectly
circular and the magnetic flux density as a function of
displacement is not linear. The deviations can also be
attributed to the misalignment of the actuation, to signal
noise, and to limited spectra resolution.

Because these nanopillar arrays can be actuated to oscillate
and sweep with good control, they may find potential
application as an active surface for microscale particulate
contaminant manipulation. This is demonstrated by using 20
um particles consisting of silica aerogel, which is very light with
a bulk density of 30—100 kg/m3. The aerogel is chemically
stable, which can prevent the particles from reacting with
nanopillars or being contaminated in air. The aerogel particles
are also semitransparent, which facilitates the observation of
FFPDMS nanopillars through aerogel particles using optical
microscopy, such that the tops of the pillars can serve as
references. In addition, the aerogel particle is nonmagnetic,
which can that indicate the motion will be driven by the
actuation of the nanopillars.

The aerogel particles are placed onto the FFPDMS
nanopillars as shown in the schematic in Figure 7a. The

a

Aerogel

Nanopillars %’

xj/xl /l

30

.

4um OB

e

-
o S

|
(=

Displacement dx (nm)
Wb
(=) f=)

|
v
(=}

(=)

10 15 20
Time (s)

1 2 3 4
Frequency (Hz)

Figure 7. Particle manipulation of silica aerogel particles. (a)
Schematic of the setup for the particle manipulation test. (b) Top-
view microscope images of the particle under a vertical magnetic field.
(c) Higher magnification image of (b) and its corresponding contrast-
enhanced image. (d) Higher magnification image and its correspond-
ing contrast-enhanced image when the magnetic field is pointing
toward the positive x direction. (e) Displacement d, of the particle
over time. (f) Frequency spectrum of the d, signal.

nanopillars are then actuated to oscillate at a frequency of 2 Hz
in the x direction using the previously described setup. Under
this magnetic actuation, the aerogel particles also show
movement in the x direction, as shown in Movie 7. The
corresponding displacements of aerogel particle versus time are
extracted and plotted in Figure 7b—d. With a vertical magnetic
field at x,, = 0 cm, the aerogel particle begins at the initial
position indicated by the dashed white ellipse shown in Figure
7b,c. When the magnet moves to the positive direction as x,, >
0 cm, the external magnetic field tilts toward the negative x
direction, and the aerogel particle will move to the negative x
direction as well, as indicated by the red arrow in Figure 7d.
Further analysis of displacement is done using image
processing and shown in Figure 7e. The displacement curve
demonstrates the aerogel particle moves in periodic cycles with
a maximum d, of 20 nm. Note that the noise is relatively higher
compared with previous measurements, which can be
attributed to random movement of the particle due to
environmental disturbances. The frequency spectrum of the
aerogel particle displacement is calculated using FFT, as shown
in Figure 7f. A peak can be observed at 2 Hz, which is
consistent with the actuation frequency. The nanopillars can
still be seen through the aerogel as an array of blurry circles in
Movie 7, especially a tall pillar which is bright at left bottom
corner. This nanopillar has maximum d, of around 15 nm
versus time and a peak of 2 Hz in frequency spectrum,
verifying the actuation, as discussed in Supporting Information
Section J. The aerogel particles can move in synchronization
with nanopillars during the actuation and can be easily
removed using nitrogen gun. This result indicates that the
aerogel particles can be well manipulated by the FFPDMS
nanopillar array in periodic motion with specific frequencies.
It can be observed that the pillar displacements are typically
around 10—30 nm for the cyclic actuations which are much
smaller than the displacement of the manual translational
actuation. This can be attributed to the larger vertical distance
to the sample, which is increased to 8 mm to avoid potential
collision with the magnet because there is a vertical fluctuation
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from the mechanical system during cyclic actuations. As a
result the magnetic field is reduced to 0.2 T, leading to a lower
actuated displacement around 38 nm based on the analytical
model, as discussed in Supporting Information Section D.
Another limitation can be the smaller displacement of the
magnet at higher frequency. This results in smaller changes in
field direction and hence smaller actuated displacement as well.
More details are discussed in Supporting Information Section
D. In the future, the fluctuation needs to be reduced and the
accuracy of the system needs to be improved to reduce the
distance between the magnet and nanopillars, which would
result in enhanced displacements.

While the fabricated magnetic nanopillar arrays have
demonstrated successful actuation using a permanent magnet,
the maximum demonstrated displacement of 200 nm is
relatively small. This can be attributed to the limited AR of
the pillar, currently at 8.2—11. Future work will focus on
increasing the AR of the nanopillars to enhance the degree of
actuation. According to the analytical model, the displacement
of pillar top is proportional to the square of the AR. Therefore,
doubling AR to 20 can increase the displacement 4-fold. This is
achievable using the existing fabrication method, where thicker
SU-8 layers of up to 20 ym can be considered. In addition, the
pillar diameter can also be decreased to increase AR. This can
be accomplished through lithography or post-exposure etching,
which is currently being studied. However, for higher-AR
nanopillars, more attention should be paid to avoid structure
collapse during fabrication and testing because the structure is
less mechanically stable.

The adjustment of material composition is another method
to improve actuation. This includes controlling the concen-
tration of iron oxide nanoparticles in FFPDMS, the Young’s
modulus of the polymer matrix, or even using other types of
magnetic particles. Based on the analytical model, higher
concentration of iron oxide nanoparticles can induce larger
magnetization M, increasing displacement d. However, at
higher concentration above 39 wt %, the Young’s modulus E of
the composite material will sharply increase as well to reduce
compliance. There is an optimal concentration around 33 wt %
for actuation, illustrated by the theoretical model and
experiments in previous work.>* Considering the fabrication
difficulty, FFPDMS with lower iron oxide concentration is less
viscous and can more readily fill the holes of the SU-8 molds,
which facilitates the replication process. Therefore, 25 wt %
concentration was chosen to prototype the high-AR periodic
nanopillars in this work. Future work will investigate the effect
of higher oxide concentration on FFPDMS pillar fabrication
and actuation.

B CONCLUSIONS

We demonstrate a high-AR and ultrahigh density periodic
nanopillar array that can be magnetically actuated. The pillar
density is 0.25 pillar/um?, which is among the highest densities
reported for magnetically actuated pillars. The nanopillars have
600 nm diameters and heights up to 7.7 pm, yielding a high AR
of 11. The fabricated nanopillar array can be tilted under
magnetic actuation to have around 200 nm displacement,
which agrees with the magnetic and mechanical models. The
pillars can be actuated using cyclic actuation for an oscillation
motion of 4 Hz, and possibly to higher frequencies given that
no transient effect can be measured. The fabricated
nanostructure also can be controlled under rotational
actuation, resulting in a sweeping motion. This result is

verified by the frequency spectra of the displacements and the
phase offsets for both the clockwise and counter-clockwise
directions. Beyond pillar actuation, the magnetic pillar array
can be used to manipulate the movements of silica aerogel
particles, demonstrating that the particle manipulation is
potentially feasible for the nanopillar array. The high-AR
magnetically actuated nanopillar array can also be potentially
utilized for cell manipulation or as a material with dynamic
optical properties.

B METHODS

Fabrication of FFPDMS Nanopillar Array. The sample for the
nanostructure mold consists of SU-8, ARC, and PSS. The PSS
aqueous solution with S wt % concentration is spincoated onto the
500 pm-thick silicon substrate and baked on the hotplate at 185 °C
for 5 min. Then, ARC i-CON-7 and SU-8 layer are spincoated and
baked at 185 and 90 °C on hotplate for 1 min, respectively.

The photoresist sample is then exposed twice by orthogonal
exposure using Lloyd’s mirror interference lithography with 325 nm
laser. A dose of 2 mJ/cm?® is used for each exposure. During
interference lithography, the ARC layer is used to reduce the
reflection from the silicon substrate at the photoresist interface. Then,
the sample is post-exposure-baked at 80 °C for 3 min, developed in
propylene glycol methyl ether acetate solvent for 1 min, and rinsed
with isopropyl alcohol for 1 min. As a result, the sample forms a 2D
square pattern with deep circular holes, serving as the mold for the
following replication process.

The FFPDMS is synthesized using iron oxide nanoparticles with a
diameter of 7—10 nm, which are made from the reaction of ferric
chloride and ferrous chloride salts in ammonium hydroxide solution.
Then, this aqueous solution is mixed with a copolymer of APMS and
DMS. The copolymer forms permanent bond with iron oxide
nanoparticles using the amine group. The aqueous phase is then
rinsed away, leaving behind uniform FFPDMS. The synthesized
FFPDMS is poured on the SU-8 mold and cured using formaldehyde
vapor. The cured FFPDMS is then separated from the substrate and
transferred to a glass substrate by dissolving the PSS layer in
deionized water. More details of the replication process and
transferring process can be found in Supporting Information Section

The remaining SU-8 pattern and ARC layer are removed using O,
RIE to form the FFPDMS nanopillar array. The structures are cleaned
using CF, RIE to remove the potential oxide shells, which may form
on the FFPDMS surface during the O, etching. For both etch
processes the etching pressure is set as 150 mTorr and the RIE power
is set to 250 W. The gas flow of O, is set as 80 sccm and the gas flow
of CF, is set as 20 sccm. This process removes the ARC and SU-8
completely, resulting in the FFPDMS nanopillar array.

B MATERIALS IN CHARACTERIZATIONS

The SEM images are taken by FEI Quanta 3D FEG. The top-view
microscope images during actuation are taken by Leitz Wetzlar
microscope with 1000X magnification. The image processing analyses
are done by software Image] and Matlab. The oscillation is generated
by mechanical wave driver Pasco Scientific SF-9324 and the function
generator PASCO WA-9867 Sine Wave Generator. The magnet used
in this work is a cylindrical permanent FeNdB magnet with a diameter
of 254 mm and height of 40 mm. The magnetic field is
experimentally measured by Guassmeter Model GM-2 (Alphalab
Inc.) and simulated using software FEMM. The material used in
particle manipulation test is aerogel JIOS AeroVa (D20 Grade) with a
bulk density of 30—100 kg/m®.
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Additional information of comparison of engineering
tunable pillars from different groups, fabrication details
of high-AR FFPDMS nanopillars, trimming process
during etching, phase difference calculation, and the
calibration of particle manipulation test (PDF)
Movement of FFPDMS nanopillars under the transla-
tional actuation. This video is raw data without any
image processing (MP4)

Movement of PDMS nanopillars under the translational
actuation. This video is raw data without any image
processing (MP4)

Response of FFPDMS nanopillars under cyclic actua-
tions at 4 Hz. This video is raw data without any image
processing (MP4)

Response of FFPDMS nanopillars under cyclic actua-
tions at 2 Hz. This video is raw data without any image
processing (MP4)

Response of FFPDMS nanopillars under cyclic actua-
tions at 1 Hz. This video is raw data without any image
processing (MP4)

Response of FFPDMS nanopillars under the 1 Hz
rotational actuation. This video is raw data without any
image processing (MP4)

Movement of silica aerogel particles under cyclic
actuations at 2 Hz. This video is raw data without any
image processing (MP4)
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