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Abstract
Embedding magnetic particles within polymer matrix is a common and facile method to fabricate
magnetically responsive micro-/nanoscale pillars. However, the balance between mechanical
compliance and magnetic susceptibility cannot be decoupled and the particles are limited by the
pillar feature size, which can limit the actuation performance. Here we demonstrate a new type of
magnetically responsive nanostructure consisting of a polydimethylsiloxane (PDMS) nanopillar
array with deposited nickel caps, that has successfully achieved such decoupling with multiple

cap-geometry designs for a better actuation control. The actuation result of nanopillars with
540 nm period and 1.3 ym height has been analyzed using image processing, leading to a
maximum displacement of 180 nm with a ratio of 13.9% with respect to the pillar height.
Magnetic and mechanical models based on magnetic force and torque have been developed and
used to mitigate the weakening effect of the actuation by the residual magnetic layer. This
structure demonstrates a feasible strategy for magnetic actuation at the sub-micrometer scale with
freedom to design magnetic cap and polymeric pillar separately. This structure can also be
utilized in multiple applications such as tunable optical elements, dynamic droplet manipulation,

and responsive particle manipulation.

Supplementary material for this article is available online
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Introduction

Magnetically responsive structures have attracted research
attention due to their advantages such as low energy con-
sumption, non-contact manipulation, and quick response time
[1]. These structures can be in liquid state which are formed
by ferrofluid that are quasi-stable [2, 3], or can be solid state
such as thin film in macroscale [4]. As for more stable and
smaller magnetically responsive structures, solid micro-/
nanoscale pillars have been developed for many potential
applications in microfluidics [5-7], tunable wetting [8—10],
dynamic optics [3, 11], and cell manipulation [12, 13].
Several methods have been widely used to fabricate these
responsive pillars. One common method to implement such
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magnetic responsive structure is to embed magnetic particles
into compliant polymeric matrices [11-15]. In this approach a
mold pattern with hole arrays is fabricated using lithographic
techniques, which is filled with magnetic particles and pre-
polymer. A variety of materials can be utilized as magnetic
particles such as iron oxide [5], carbonyl iron [8], cobalt [9],
NdFeB [14], and chromium dioxide [16], and the particle
shapes can be spherical-like [S] or rod [12]. In some cases, the
magnetic particles can be guided by external magnetic field to
form heterogeneous concentration [17] or different directional
self-assembly chains [18]. After curing and demolding using a
peel-off process, polymeric pillars embedded particles can be
fabricated. Other methods use dry or wet etching to remove the
mold from replica pillars, resulting in high-aspect-ratio pillars

© 2021 I0OP Publishing Ltd  Printed in the UK


https://orcid.org/0000-0001-6247-0196
https://orcid.org/0000-0001-6247-0196
mailto:chichang@utexas.edu
https://doi.org/10.1088/1361-6528/abe4fc
https://doi.org/10.1088/1361-6528/abe4fc
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/abe4fc&domain=pdf&date_stamp=2021-02-24
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/abe4fc&domain=pdf&date_stamp=2021-02-24

Nanotechnology 32 (2021) 205301

Z Luo et al

[5, 19]. Mold-free methods have also been implemented where
the mixture of magnetic particles and polymer are cured in a
strong magnetic field, leading to non-periodic micro-
pillars [20, 21].

Where there has been exciting progress in magnetically
responsive micropillars (feature size >10 ym) [20-22], pillars
with smaller feature sizes in submicro-/nanoscale have rarely
been studied. As feature sizes become smaller, it becomes more
likely to enable nanopillars to manipulate smaller length scale
objects such as particulates, cells, and visible light. In addition,
smaller structure behaves more like a continuous material, which
is also important for the control of the actuation. However, there
are still significant challenges to fabricate and actuate such sub-
micro-/nanopillars. This can be attributed to the decrease of
magnetic force at smaller length scale during the actuation,
leading to the requirement of high-aspect-ratio pillars dominated
by magnetic torque [19]. However, these tall pillars tend to
collapse easily and make fabrication even more difficult [23]. The
second challenge can be the size limitations of magnetic particles
that are embedded in the polymer matrix. Nanoparticles (~7 nm)
can easily be applied into mold and facilitate the embedding
process, but they are superparamagnetic [24, 25] with low
saturation magnetization compared with microparticles [20, 22].
In particular, another essential challenge is the balance between
the magnetic susceptibility and mechanical compliance, which
are both influenced by the concentration of the magnetic particles
[25]. While higher particle concentration increases magnetization,
which is favorable for actuation, it also decreases pillar com-
pliance and hinders actuation. Lower particle concentration
improves mechanical compliance and facilitates the fabrication,
but results in low magnetization. As a potential solution, magn-
etic materials such as nickel can be electrodeposited as rigid
metal pillars directly into the mold, but this still reduces the
mechanical compliance [10, 26]. Therefore, a fabrication method
where the magnetic and mechanical properties can be indepen-
dently designed needs to be developed to overcome such chal-
lenges for a better control of the pillar actuation.

In this work, a new magnetically responsive nanos-
tructure based on polydimethylsiloxane (PDMS) nanopillar
array with nickel cap and sidewall is demonstrated. The
proposed approach can decouple the mechanical compliance
and magnetic susceptibility by depositing ferromagnetic
materials on the surfaces of soft pillars. The PDMS pillars is
fabricated using soft lithography and can be trimmed using
dry etching to achieve higher aspect ratio and mechanical
compliance. The thickness of nickel cap can be increased
readily by controlling the deposition time, leading to higher
magnetization. Using this approach, pillars with height of
1.3 pm, diameter of 410 nm, and period of 540 nm have been
fabricated and tested. Analytical models based on magnetic
force, torque, and mechanical beam bending have been
developed to describe the behaviors of the fabricated struc-
tures. It demonstrates that the aspect ratio is a critical factor
for the actuation. The components of magnetic force and
torque are characterized separately to analyze actuation
modes. It can be observed that magnetic torque dominates at
sub-micrometer scale. The actuation of the fabricated struc-
tures was implemented using permanent magnet and tracked

using image analysis algorithms to characterize the movement
of pillars over time. The magnetic shielding effect induced by
the residual layer has been characterized and mitigated during
the test. Finally, the displacements up to 180 nm with the ratio
of 13.9% with respect to the pillar height can be achieved,
which is consistent with analytical model.

This structure demonstrates a facile and feasible strategy
for magnetic actuation of pillars with sub-micrometer scale.
Existing tunable structures are mostly based on embedding
magnetic particle, which has limited size and magnetization.
This work circumvents this challenge by depositing the
magnetic material on the pillar, which results in more con-
tinuous magnetic film with higher magnetic saturation. This
allows the fabricated magnetic pillars in this work to demon-
strate promising actuation with low-aspect-ratio pillars to
mitigate structure collapse and reduce fabrication difficulty. In
addition, the cap and pillar geometries can be tuned separately
to achieve high magnetic susceptibility and the low mechanical
compliance simultaneously, offering more design freedom.
This structure can find various potential applications, such as
dry adhesion, tunable optical elements, and cell manipulation

Experimental approach

The fabrication process for the proposed responsive PDMS
pillars with nickel caps is illustrated in figure 1. First, anti-
reflection coating (ARC) with 90 nm thickness and photo-
resist SU-8 with 1.3-2.7 yum thickness are spincoated on
silicon substrates. Then the photoresist is exposed by two
orthogonally exposures using Lloyd’s mirror interference
lithography [27-29] with 325 nm laser, resulting in two-
dimensional (2D) periodic holes array, as shown in
figure 1(a). In this work structures with periods of 540 nm and
2 pm were fabricated. The photoresist mold is then treated by
oxygen plasma and trichloro(octyl)silane to decrease surface
energy. PDMS with 1:10 mixing ratio is applied into the
photoresist mold, cured, and demolded using soft lithography,
resulting in a pillar array, as shown in figures 1(b) and (c).
In order to investigate the influence of magnetic force
and torque in the actuation mechanism, two types of struc-
tures were fabricated separately after the soft lithography
process. The Type I pillars are designed to be actuated by
magnetic force. In this case, the PDMS pillar array can be
trimmed to form narrow pillar base using O, and SFg reactive
ion etching, leading to a higher aspect ratio, as shown in
figure 1(d). Then nickel is deposited onto the PDMS pillars
using electron-beam evaporation at normal incidence, result-
ing in the nickel-capped PDMS pillar array, as shown in
figure 1(e). Note the Type I pillars are relatively isolated with
low duty cycle, which is defined as the ratio of the pillar
diameter to the period, resulting in significant residual layer
on the substrate. When the external magnetic field is applied,
the residual layer forms a large horizontal induced field inside
and redirect the external magnetic field around it due to the
high magnetic permeability and strong shape anisotropy.
Similar to the magnetic shielding effects, the residual layer
will partially block the induced field in the nickel caps, which
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Figure 1. Fabrication processes of nickel-capped PDMS pillars. (a) The two-dimensional pattern is generated in photoresist using interference
lithography. (b) PDMS is applied into the photoresist mold. (c) PDMS pillars is demolded. (d) The root of Type I pillar is trimmed using RIE.
(e) The nickel is deposited onto the Type I pillars. (f) The nickel is deposited with a small tilted angle onto the Type II pillars.

will cause ‘weakening effect’ for actuation. The Type II pil-
lars are designed to have both magnetic force and torque as
actuation mechanisms, the latter of which can be enabled by
having nickel film on the sidewalls. During the deposition, the
pillar array is tilted at a small angle, resulting in thin nickel
coating on the sidewall, as shown in figure 1(f). For these
samples the PDMS pillars were deposited with nickel directly
after soft lithography without trimming to maintain relatively
high duty cycle. This leads to a more porous-like residual
layer and a less weakening effect compared with the Type I
pillars.

The scanning electronic microscope (SEM) images of
nickel-capped PDMS pillars are depicted in figure 2. The
Type I pillars have 2.7 pm pillar height, 600 nm top diameter,
and 2 ym period, as shown in figure 2(a). The pillars are
trimmed to have 310 nm bottom diameter, resulting in an
aspect ratio of 8.7. The deposited nickel cap is 300 nm thick.
Type 1I pillars have 1.3 pm pillar height, 410 nm diameter,
and 540 nm period, as shown in figures 2(b) and (c). The
nickel cap is 200 nm thick and the nickel sidewall is 11 nm
thick, 280 nm wide, and around 1.3 ym high, as shown in
figure 2(c). The nickel sidewall is thin and slightly porous
instead of a continuous shell, which will not limit the
mechanical compliance.

Modeling of structures

To characterize and predict the behaviors of these fabricated
structures, analytical models based on magnetism and
mechanics have been developed for both pillar types. For
Type I pillars, a horizontal magnetic force F will form at the

center of the nickel cap when a non-uniform horizontal
external magnetic field B is applied. This force can be
described as F = VV(MB), where M is the magnetization of

nickel cap and assumed to be homogeneous, V = WDTZZLZ is
the volume of the nickel cap, L, is the nickel cap thickness,
and D, is the top diameter of the pillar. To simplify the case,
only the force component in x direction is considered, given
by F=F = VMx(éi" + %). The field gradient 8;‘ + %
is written as VB, for convenience. More details regarding the
derivation of magnetic force are discussed in supplementary
section A (available online at stacks.iop.org/NANO/32/
205301 /mmedia). The horizontal magnetic force can be
derived to be:

D3
F = WTLz%VBx. (1)

To determine material properties, 2D finite element analyses
(FEAs) models using the open-source software FEMM [30]
were constructed to simulate the magnetic field, field gradient,
and magnetization profiles. The external magnetic field is
generated by a permanent magnet and can be simulated by the
FEA model, as described in supplementary section A. The
model indicates that at a distance of 3 mm away from the
magnetic surface the magnetic field is B ~ B, = 0.2 T, and
B, is nearly zero. The field gradient can also be calculated
based on the field distribution, resulting in VB, = 62 Tm™.
The magnetization of the nickel caps and the residual layer
are also simulated using FEA. Since it is difficult to describe
the residual layer using 2D simulation, two geometries are
simulated to determine the upper and lower range of
the magnetic shielding effect for the residual layer. The first is
the uniform residual layer without any holes, as shown in
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Figure 2. SEM images of nickel-capped PDMS pillar array. (a) The type I array with period of 2 ym. (b) The type II array before nickel

deposition. (c) The type II array after nickel deposition.

figure 3(a), which would have more shielding effect than the
real case. The second is the discrete residual layer with infi-
nite depth in y direction (as shown in figure S3(a)), which will
have less shielding effect than the real case, as discussed in
supplementary section B. The induced magnetic fields B;,
across the Type I nickel caps are extracted along the hor-
izontal central line (red dashed line) at the center of the nickel
caps and plotted in figure 3(b). Then the average of induced
fields is calculated over the central line for cases of uniform
and discrete residual layers, which are 0.51 T and 0.48 T,
respectively. This indicates the difference between upper and
lower range is small and the real case will be approximated by
the average value B;, = 0.5 T. In addition, the nickel caps
without residual layer are also simulated as a reference, as
discussed in supplementary section B. The induced field
without residual layer is around 0.56 T, which is 12% larger
than the Bj, of Type I pillars, demonstrating the magnetic
shielding effect. The magnetization M can be expressed by
the induced magnetic field B;,, that is M, = Bu =B \where

o1 =N’
the py = 1257 x 100°Hm™! is the permeablhty of free
space, the N, = 0.24 is the demagnetizing factor of the nickel
cap in horizontal direction [31]. As a result, the magnetization
of Type I nickel cap is M, = 3.12 x 10° Am~".
In the mechanical model, the PDMS component of Type
I pillar has taper geometry with the diameter decreasing

gradually from top to bottom along the z direction, as shown

in figure 3(c). The diameters on the bottom and top of the
PDMS pillar are expressed as D; and D,, respectively. The
deflection of pillar with the gradually narrowed diameter can
be derived from the Euler—Bernoulli equation. The derivation
of the analytical model is discussed with more details in
supplementary section C. The results indicate that the
deflection 6 and the bending angle 6y can be given by:

3
_ G (i) [1 + —(& + 2)] @
3E7TD2 D1 4L D2

32FL,L | L(D; + 2D,)
ErD;D; 3L,

O =

n D{ + D3 + DD,
3D, '

3

where L is the height of PDMS pillar and £ = 600 kPa is the
Young’s Modulus of PDMS. In addition, the nickel cap is
regarded as rigid cylinder, leading to another component of
displacement: 0y L,. Therefore, the total displacement is:

61 = 6p + OrL,. “4)

The magnetic force can be substituted into the mechanical
model by taking equatlons (1)—(3) into (4). In addition, the
second order term = L— can be ignored since L, is much smaller
than L. Therefore, the displacement can be simplified as:
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Figure 3. The analytical model of Type I pillars. (a) The magnetic flux density contour for nickel caps and the uniform residual layer. (b) The
induced magnetic field of nickel caps. (c) The schematic of pillar dimension and the bending behavior. (d) The analytical displacements.

3
= 16Mxﬁvyx i 1+
3E D,

&)

This model indicates that the displacement ¢; depends on

material properties such as E, M,, and VB,, and ratios of

geometry parameters such as Di, L2 and %. In particular, the
1 2

L
aspect ratio of the pillar Di is critical since the ¢; is propor-
1

3
tional to (DL) . As described in the fabrication process, the
1

bottom of pillar is trimmed using a plasma etching process to
reduce D, leading to a higher aspect ratio Di and a larger
1

displacement 6.

The displacement 6; over bottom diameter D; with dif-
ferent field gradient have been plotted in figure 3(d). Here the
parameters are L = 2.7 um, D, = 600 nm, L, = 300 nm
based on the fabricated pillar parameters. It can be observed
that as D, decreases, the 6; will increase significantly. Large
field gradient can also help to increase the displacement due
to the linear proportional relationship. For the fabricated
samples with bottom diameter D; = 300 nm and actuation
gradient VB, = 62 T m~!, the displacement ¢ is only around
27 nm. This limitation of the magnetic force actuation can be

attributed to the relatively low aspect ratio of the fabricated
Type I structures, and the low magnetic field gradients
observed in macroscale permanent magnets. Larger dis-
placement, such as 6; = 214 nm can be achieved by doubling
the aspect ratio with D; = 150 nm and VB, = 62 Tm~!, and
61 = 220 nm can be achieved by a quintuple field gradient
with VB, = 500 Tm~! and D, = 300 nm.

Another limitation of the magnetic force actuation for Type
I pillars is that the residual layer weakens the magnetization due
to the comparatively small duty cycle and the large exposed
area on the base during the nickel deposition. To improve the
actuation, two changes have been updated for the design of
Type II pillars: nickel sidewall and a larger duty cycle. Type II
pillars were designed so that the magnetic torque from nickel
sidewall can also function as actuation mechanism, in additional
to the magnetic force from the nickel cap seen in Type I pillars.
The sidewall nickel film has a strong shape anisotropy along the
z direction that can enable vertical magnetization, which initi-
ally might not be the direction of external magnetic field. As a
result, a magnetic torque T will form due to the relative angle of
the magnetization with respect of the external field, which is
given by: 7 = VM1 x B, where V = wtL is the volume, w
and ¢ are the width and thickness of the sidewall, respectively,
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Figure 4. The analytical model of Type Il pillars. (a) The magnetic flux density contour for nickel caps and the uniform residual layer. (b) The
induced magnetic field of nickel caps. (c) The induced magnetic field of sidewalls. (d) The schematic of pillar dimension and the bending

behavior. (e) The analytical displacements.

and M,,,; is the magnetization of the sidewall. Given the shape
anisotropy, M,y is along z direction and My x = M,y = 0.
The external field component B, is nearly zero but enough to
induce the magnetization for the sidewall due to the shape
anisotropy. The external field is set as B, = B, = 0 while
B, = 0.2 T. The length of the sidewall is assumed to be the
same as the height of PDMS pillar L. As a result, the torque can
be described as:

Ty = WILM 411, By (6)

Note the magnetic torque about the y axis (pointing into the
plane) will also induce pillar bending towards the positive x
direction, which is the same actuation direction caused by the
magnetic force described previously. Similar to Type I, the
magnetic force from the nickel cap is given by equation (1).
The magnetic response of nickel caps, sidewalls, and the
residual layer for Type II pillars is also simulated using FEA.
The contour of induced magnetic field distribution is shown
in figure 4(a). It should be noted that the Type II caps are
closer to each other and the Type II residual layer has less unit
area. This can be described by the duty cycle. The Type I duty
cycle is 0.3 while the Type II duty cycle is 0.76, indicating
that a larger duty cycle leads to a less magnetic shielding
effect from the residual layer. The curves of induced magnetic

field across the nickel caps are plotted in figure 4(b). It can be
observed that the Type II pillars have larger magnetization
inside the caps than the Type I pillars. The B;, with uniform
and discrete residual layers are 0.66 T and 0.63 T, respec-
tively. The real case will then be approximated by the average
B, = 0.65 T. The B;, without residual layer is around 3%
larger than the Bj, of Type II pillars, verifying the less
shielding effect. The magnetization of Type II nickel cap is
M, = 4.66 x 10 Am~', which is close to the saturated
magnetization of bulk nickel (5.1 x 10°Am™") [32, 33].
This is a 49.4% improvement compared with Type I pillars.

The induced magnetic field components inside the sidewall
over x and z directions, which are By, . and Bj, ;, respectively,
were examined with uniform and discrete residual layers, as
plotted in figure 4(c). The component By, is around 0.2 T,
which is close to B and indicates that the M, , is nearly zero, as
expected. The component By, ; in the sidewall with the uniform
and discrete residual layers have a difference close to the residual
layer when z < 400 nm. The B;, , with uniform residual layer is
nearly zero in this region, while Bj, , with discrete residual layer
has a negative value, indicating the influence from the discrete
residual layer. As the reference, the Bj, , without residual layer is
also nearly zero in this region, verifying the difference and
geometric influence above. The average Bj,, of sidewall with
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Figure 5. The experimental results of Type I pillars. (a) The schematic of actuation setup. (b) The top-view microscope image. (c) The
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uniform and discrete residual layers are also shown in figure 4(c).
The magnetization of the sidewall can be calculated using
Bin,z —B:

Myanz = 635 = 1.40 x 10° A m~". Here, the B, is nearly

zero and the demagnetizing factor in z direction A is also nearly
zero due to the shape anisotropy.

The deflection mechanism for Type II pillars is different
from Type I, and the torque component needs to be con-
sidered. The schematic of the mechanical model is illustrated
in figure 4(d). The deflection of Type II PDMS pillar under
the magnetic torque can also be derived from the Euler—
Bernoulli equation, as detailed in supplementary section C.
The deflection 6. and the bending angle 6, can be derived to
be functions of the magnetic torque, as given by

327 (LY D +2D,

el ) ) ™
3E7T D] D2D1

g = B4 (L) Dit2D: )
3E7T D] Dl D2

The deflection under the magnetic force of Type II pillar can
be described by the same way as shown in Type I pillar, as
described by equations (2)—(4). The total displacement is

ou = 6 + 6 + (O + 0-) Lo, ©))

where the second term describes the rigid-body rotation of the

pillar cap. Finally, equations (1)—(3) and (6)—(8) are taken into
2

equation (9). In addition, the second order term 2% can be

ignored here since L, is also much smaller than L for Type II

nanopillar. Therefore, the final displacement can be simplified
as:

3
5y = 22 (L) [MXZDZZLZVBXG 4 D1t 2D,

-~ ExD,\ D, 4 4D,

L D 2D, (1 L
. _2) + Wthall,sz#(_ + _2) . (10)
L 3D, 2 L

The total displacement of Type II pillars 6y; as a function of
the bottom diameter D; has been plotted in figure 4(e) with
different field gradients VB,. Here the parameters are
L=13pum, D, =400nm, L, =200nm, ¢= 11nm,

w = 280 nm based on the dimensions of fabricated Type II
pillars. Similar to Type I pillars, the displacement will
increase significantly when D; is decreased. For similar
magnetic actuation conditions where D; = 410 nm and
VB, = 62 Tm™!, §; is 154 nm, roughly as 6 times as the §;
for Type I pillars. However, the increasing field gradient does
not improve the displacement, indicating that the dominant
actuation mechanism is not related to magnetic force. To
examine the effects of the magnetic force versus torque,
displacement components attributed to magnetic force,
O + OpL, are also plotted as dashed curves. It can be
observed that the contribution is small, demonstrating that the
component attributed to magnetic torque 6, + 6,L, is domi-
nant term in 6. In addition, under same external magnetic
field and field gradient, the Type II pillar can achieve larger
displacement of 154 nm with low aspect ratio around 3.2
while the Type I pillars with high aspect ratio of 8.7 can only
have analytical displacement of 27 nm. For Type II pillars, a
higher aspect ratio of 6 with D; = 216 nm can enable a
displacement of 800 nm based on the analytical model. In
addition, doubling the thickness of 22 nm for the nickel
sidewall can double the torque and leads to a displacement of
326 nm, since this is still thin sidewall and the mechanical
compliance can be assumed not changed. This indicates that
magnetic torque is more efficient actuation mechanism than
magnetic force in sub-micrometer scale when using a per-
manent magnet.

Result and discussion

The actuation of the fabricated Type I and II pillars are
examined by translating a permanent magnet under the pillars
manually. First, the Type I nanopillars is actuated to translate
in positive x direction, as illustrated in the schematic setup in
figure 5(a). The nanopillars are initially located at 3 mm
above and along the centerline of the magnet, where the
external magnetic field is pointing up with around 0.2 T. In
this case, the nanopillars stand vertically, as shown in dashed
pillars and magnet in figure 5(a). The magnet is then trans-
lated toward the positive x direction, tilting the magnetic field
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and inducing a displacement at the top of the nanopillars in
the same direction. When the magnet moves to the position
where its edge is under the nanopillars, the magnetic field
gradient would achieve a peak around 62 Tm™' while the
field is still around 0.2 T, as discussed in supplementary
section A. In this case, the nanopillars is actuated to have
maximum displacement. When the magnet translates farther,
the field and field gradient both decrease, leading to a
decrease of the actuated pillar displacement.

The displacement of Type I nanopillars is observed using
top-view optical microscopy and recorded as supplementary
movie 1. The extracted images during actuation are shown in
figure 5(b). Three positions have been chosen to characterize
the displacements including two pillars at A and B. A black
circle denotes a hole in the residual layer where a pillar has
broken off to serve as a reference to characterize the substrate
movement. The relative displacements of pillar A and B with
respect to the reference are analyzed and plotted in figure 5(c)
using the custom-built code through software Image] and
Matlab. This image analysis method is based on tracking the
relative motion using a correlation kernel, and has been
described with details in our previous work [19]. Pillar B can
achieve a peak relative displacement of 95 nm, which mat-
ches the order of magnitude of the analytical model. How-
ever, pillar A has a negative peak relative displacement
around —124 nm, which indicates that the actuation and
movement of the base is even greater than pillar A. It is
important to note that the peak displacement of the base is
three-fold larger than the peak relative displacements of pillar
A and B (as shown in figure S6). This large displacement can
be due to the residual layer, which has a large magnetization
and generates a strong magnetic force during the actuation.
This can be verified by the simulation in figure 3(b). More
details are also discussed in supplementary section D. In
addition, the aspect ratio is still not high enough to generate
large relative displacement.

Type II nanopillars are actuated in similar manner, as
illustrated in the setup schematic in figure 6(a). The nano-
pillars are initially located along the center line and 3 mm
above the permanent magnet, as shown by the dashed lines in
the schematic. The magnet then translates toward positive x

direction until the nanopillars are above the edge of the
magnet and then moves back to initial position. Different
from Type I pillars, the Type II pillars tilt along the field lines
in the negative x direction. The duration of the actuation is
around 9 s with 5 cycles. The actuation of Type II nanopillars
is also observed using top-view microscope and recorded as
supplementary movie 2 with the extracted images, as shown
in figure 6(b). Three positions are also chosen here, including
pillars A and B to examine actuation. The collapse of four
pillars can be observed in the image, and is chosen as the
reference to characterize the base movement. The relative
displacements of pillar A and B with respect to the base are
analyzed and plotted as blue and red solid curves in
figure 6(c). There are 5 cycles in the relative displacement
curves. Pillar B has peak displacement up to —180 nm during
the actuation, which matches with the analytical model with
around 17% error. Here, the minus means the pillar is tilted
toward negative x direction to align with the field lines. Pillar
A can achieve peaks as high as —99 nm, which is around 36%
less than the analytical prediction. The peak of the base is
around 70 nm in each cycle while there is a drift of about
100 nm toward the negative x direction during the entire
actuation, as discussed in supplementary section D. The dis-
placement of the base is attributed to the magnetization from
the residual layer. However, this is less than one forth of the
displacement for the Type I base, illustrating a decrease of
weakening effect. The peaks of relative displacements of
pillar A and B are 43% and 157% larger than the peak dis-
placement of the base, respectively. This demonstrates that
the magnetic torque enables the Type II pillars to achieve
large deflections even though there is a weakening effect from
the residual layer.

The movement of the pillar base due to the residual layer
is critical in analyzing the actuation of the pillars. The residual
layer is more porous and has lower magnetization in Type II
pillars than Type I pillars, resulting in a much smaller dis-
placement of the base. Therefore, the parameter duty cycle
can be used to determine the topography and actuation of the
residual layer. A larger duty cycle induces a lower weakening
effect for actuation. Another critical factor is the magnetic
torque in Type II nanopillars, which leads to a significant



Nanotechnology 32 (2021) 205301

Z Luo et al

improvement of the pillar deflection. Here, the actuation ratio
can be defined as the ratio between the total displacement and
pillar height to compare the bending deflection for two types
of pillars. As a result, the actuation ratio of Type I nanopillar
is about 3.3%, while the actuation ratio of Type II nanopillars
is around 13.9%, demonstrating the actuation improvement.

In addition, Type II nanopillars can achieve such actua-
tion ratio with a low aspect ratio of 3.2. In comparison, such
actuation ratio (13.9%) would require a quite high aspect ratio
for pillars which have coupled magnetic susceptibility and
mechanical compliance. For example, it has been published in
our previous work that the high-aspect-ratio (~11) nano-
pillars with iron oxide nanoparticles imbedded can achieve
actuation ratio of 2.9% with respect to 7 pum pillar height [19].
This demonstrates the advantage of the decoupling and the
magnetic torque in this work. It also indicates the feasibility to
achieve displacement of around 150 nm with relatively low
aspect ratio at sub-micrometer scale, which reduces the fab-
rication difficulty for Type II pillars.

Conclusion

The magnetic material and polymer have been decoupled in
this work as a potential strategy of magnetic actuation. Two
types of nanopillars have been designed and investigated with
respect to cap geometry, duty cycle, and aspect ratio. Type I
pillars has magnetic caps and are actuated by magnetic force.
Type II pillars have magnetic caps and sidewalls and can be
actuated by a combination of magnetic force and torque. It
demonstrates that magnetic torque induced by cap sidewall
and aspect ratio play critical roles in actuation, and duty cycle
is important to reduce shielding effect from residual layers.

The strategy of this work removes the need for magnetic
particle to decouple the magnetic and mechanical properties of
the nanopillars. By controlling the magnetic film on top and
side of pillars, the structures can be actuated to have displace-
ment around 185 nm with a low aspect ratio, demonstrating a
better actuation performance compared with particle imbedded
pillars. Future work will focus on the design of nickel cap
geometry, such as sidewall thickness and width, to further
improve the actuation range. The pillar duty cycle can also be
optimized as well to reduce the shielding effect. In addition,
higher aspect ratio will be used to increase the magnetic torque
and improve the deflection significantly. This work can find
potential applications in various areas, such as tunable optical
elements, cell manipulation, and nanofluidics.

Methods

Fabrication of PDMS pillars with Nickel caps

First, ARC (ARC i-con-7, Brewer Science) with 90 nm thickness
is spincoated on silicon substrates and baked at 185 °C on hot-
plate for 1min. Then the photoresist (SU-8 2005, Kayaku
Advanced Materials) with 1.3-2.7 ym thicknesses is spincoated
onto ARC and soft baked at 90 °C on hotplate for 1 min. After

exposure using Lloyd’s mirror interference lithography, the
photoresist is post-exposure baked at 90 °C for 3 min on a hot-
plate, developed in PGMEA for 1 min, and rinsed with deionized
water. The photoresist mold is then treated by oxygen plasma for
1 min in oxygen plasma cleaner and put in vacuum with trichloro
(octyl)silane (Sigma-Aldrich) vapor for 6 h. The silane will be
coated onto photoresist mold to decrease the surface energy.
PDMS (Sylgard 184, Dow Corning) with 1:10 mixing ratio is
applied into the photoresist mold, cured at 100 °C on hotplate for
1 h, and demolded be mechanical peeling. Nickel is deposited
onto PDMS pillars using electron-beam evaporation.

Simulations and software

The analytical models are approached using custom-written
code in Matlab. The numerical simulations are approached
using open-source software FEMM and corresponding results
are analyzed using Matlab. The microscope images are
basically analyzed using open-source software ImageJ.

Material characterization

The SEM images are taken by FEI Quanta 3D FEG. The top-
view microscope images are recorded using Leitz Wetzlar
microscope with 1000x magnification. The magnet in this
work is a cylindrical FeNdB permanent magnet (J&K mag-
netics) with diameter of 25.4 mm and length of 6.35 mm. The
magnetic field around the magnet is simulated using FEMM
and experimentally measured by Guassmeter Model GM-2
(Alphalab Inc.).
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