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Fabrication of Magneto-Responsive Microgears
Based on Magnetic Nanoparticles Embedded PDMS

Ivna Kavre,? Gregor Kostevc,® Slavko Kralj®® Andrej Vilfan® and Dusan Babi&?

We present a new fabrication method for nonspherical magnetically responsive microparticles. It is
based on photo- and soft-lithography and is suitable for production of prism shaped magnetic
microparticles. Approximately 10° particles per run can be produced. The key element of the fabrication
is the soft polydimethylsiloxane (PDMS) mold with hollows obtained by replica molding from a hard
(SU-8 photoresist) master. The master is microfabricated by photolithography. The PDMS mold is filled
with commercially available magnetic PDMS followed by the addition of superparamagnetic
nanoclusters which enhance the magnetic susceptibility of the particles. After the cross-linking process
particles are extracted from the mold and dispersed in the water. A magneto-responsive behavior of so
produced microparticles is demonstrated in an experiment with magnetic microgears subjected to a
rotating magnetic field of different strengths and frequencies. At low frequencies a microgear follows the
rotation of the field whereas above the critical frequency the microgear rotation frequency decreases with
increasing field frequency. Observed dependence is well explained with a model assuming that the
magnetic torque on a microgear results from an anisotropic effective susceptibility as well as finite
relaxation time of the magnetization. We also demonstrate that a magnetic microgear can transmit

rotation to one or several non-magnetic microgears.

l. Introduction

Miniaturization presents a challenge in many areas of science
and technology. There are two main advantages of the
miniaturization process: cost and time optimisation. A
substantial potential for miniaturization lies in the application
of magnetic microparticles in different fields including
medicine (bioimaging, biosensing, tissue repair, transport of
drugs and nucleic acids),*! materials science (fabrication of
photonic  crystals and microdisplays),®®  microfluidics
(fabrication of nanomotors and nanomachines),®*?! colloidal
matter (building blocks for self-assembly or model for
biological systems),!>'4 etc. For these applications mass
production of magnetic microparticles with precise control over
their size, shape and composition is required.

In most experiments up-to-date colloids containing hard-walled
spherical particles interacting either via isotropic or anisotropic
interactions were used. For example spherical microparticles
have been used as a model system for problems from statistical
physics,*>16] as functional units in microfluidic devices,*” and
as building blocks of self-assembled materials.[*®! As a natural
follow up the number of experiments with nonspherical
microparticles is increasing.'??1 In these experiments a

This journal is © The Royal Society of Chemistry 2014

particle shape presents an additional degree of freedom,
potentially leading to a richer and thus more complex behavior.
Nonspherical magnetic microparticles can be fabricated both by
bottom-up and by top-down approaches. There are very few
examples of fabrication by bottom-up methods?>?*! while top-
down methods include approaches employing templating and
photolithography. 25!

In this paper we present a method based on
photolithography!? and soft-lithography!®*2¢! which offers a
possibility of producing prism shaped magnetic microparticles
using a thermocurable material, polydimethylsiloxane (PDMS)
which is one of the most widely used silicon-based organic
polymers in soft-lithography. With proper chemical treatment a
PDMS can be made magnetic and thus the method can be used
to produce magnetic or non-magnetic microparticles.

I1. Experimental

A Fabrication of magnetic PDMS microparticles

In this section we describe in detail the microparticle
fabrication method. The process is schematically illustrated in
Fig.1 and Fig. 2
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Figure 1. Fabrication of prism shaped magnetically responsive microparticles: schematic representation of the master template preparation,

PDMS mold preparation and mold filling.

Al Master template preparation. The master template consists
of an array of SU-8 structures on a glass surface. It is produced
as follows:

e The SU-8 master with the desired patterned structure is
fabricated by maskless photolithography, using a
micropatterning device based on the direct laser imaging
(LDI) system — LPKF ProtoLaser D.!*? Besides the quick
pattern illumination this approach allows a design of different
patterns in relatively short time (much shorter than the time
needed for fabricating a new mask). A photoresist is applied
on a substrate (glass slide) by standard spin-coating technique
forming a film (~9 pm height — see ESI_1). For improved
adhesion the slide is precoated with a thin (10 nm) layer of
nickel deposited by spattering®®! (Fig. 1a).

o After exposure, the sample is developed (2 minutes, mr-Dev
600 developer, MicroChemicals) and hardbaked (180°C, 1
hour) producing a mechanically and chemically stable pattern
required for the mold fabrication (Fig. 1b).

e Before PDMS mold preparation, the template surface is
silanized  (Octadecyldimethyl  (3-trimethoxysilylpropyl)
ammonium chloride; 60% in methanol; ABCR GmbH & Co.
KG) in order to facilitate separation of the cured PDMS mold
from the patterned substrate (Fig. 1c).

A2 Mold preparation. The mold is made of PDMS and contains
microhollows (~9 pm depth) obtained by replica molding from
the SU-8 photoresist master template. It is prepared as follows:
e An aluminium frame (length: ~20 mm, width: ~20 mm,
height: ~10 mm, thickness: ~3mm; see ESI_2) is placed on
the master template around the structure and filled with

2 | RSC Advances, 2014, 00, 1-3

uncured PDMS to obtain a cuboid shaped mold for the ease of
use (Fig. 1d).

e The sample is baked (90-95°C, 20-30 min) (Fig. 1e).

e After PDMS cross-linking, the mold is peeled from the master
template and is a negative replica of the master structure (Fig.
1f).

e Before filling the microhollows, the mold is silanized for
easier release of the microparticles from the mold (Fig. 1g).

A3 Mold filling. Once the mold is prepared, the microhollows
are filled:

e A droplet (30 pl) of commercial magnetic PDMS
(sSPIONs™|PDMY) is deposited onto a PDMS mold and the
excess material is carefully removed (Fig. 1h). The magnetic
PDMS is composed of superparamagnetic maghemite
nanoparticles homogeneously dispersed in viscous PDMS and
is stable from chemical and colloidal point of view (see
ESI_3).

e The magnetic susceptibility of microparticles prepared with
solely the magnetic PDMS is too small to observe
interparticle magnetic interaction in an external magnetic
field of the order few mT (see ESI_3). To enhance their
magnetic responsiveness the process is supplemented with the
additional step of magnetic doping: a droplet (50 pl) of
superparamagnetic  nanoclusters  (iNANOvative™silica)
dispersed in dimethyl sulfoxide (DMSOQ) is deposited over the
structure in PDMS mold (see ESI_3). The mold is then placed
on top of a permanent magnet (B=1T, 15 minutes) to
magnetically attract the nanoclusters from DMSO into the
magnetic PDMS (Fig. 1i).

This journal is © The Royal Society of Chemistry 2014
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e The mold is then cured on a hot plate (120°C, 3 hours
minimum) (Fig. 1j).
e After curing the excess material is carefully removed (Fig 2a).

A4 Release of the particles and experimental cell preparation.

The particle release process is based on different adhesion

strengths between the particles and diverse substrates (e.g.

particles-PDMS, particles-AZ photoresist, particles-PVA layer)

— schematically shown in Fig. 2. In order to prepare the

experimental cell magnetic microparticles have to be dispersed

in the water and enclosed into the sample cell. The process is as
follows:

e PDMS mold is treated with plasma (3 min) in order to
activate the particles’ surface and a droplet (12-15 pl) of
positive photoresist (AZ1505, MicroChemicals) is deposited
on the mold (Fig. 2b).

e The mold is pressed against a glass slide and cured on a

hotplate (95°C, 60 min). After cooling the mold is gently

removed leaving photoresist with an array of microparticles
sticking to it surface (Fig. 2c).

A droplet (30ul) of 10% aqueous PVA (polyvinyl alcohol,

87-89% hydrolyzed, Sigma Aldrich) is deposited on the

structure and the sample is heated on a hotplate (65°C, 20

min) - water evaporates and the PVA layer solidifies (Fig. 2d)

The PVA layer containing microparticles is peeled from the

substrate. Subsequently the microparticles are released by

dissolving PVA in water (500 pl). To prevent particle
agglomeration, a 2% BSA (bovine serum albumin, Aldrich)
solution is used (Fig. 2e).

The resulting PVA/water solution is exchanged with

ultraclean water by sedimenting the microparticles at the

bottom of the centrifuge tube and replacing the upper volume
of the liquid. Sedimentation is performed using a permanent
magnet (Fig. 2f).

e The water mixture of microparticles (~9 um height, see
ESI_1) is used to fill the experimental cell (consisting of
spacers and cover glass) by capillary action. Subsequently the
experimental cell is sealed with UV glue to prevent
evaporation and possible currents. (Fig. 2g and 2h).

filling PDMS mold ~_magnetic PDMS +
"= Superparamagnetic
= nanoclusters

-

/ h) a) \\pslymerization and
experimental ____ : surface activation
U__, \Az photoresist
| 9 RELEASE OF THE PARTICLES \d--

side view

{ and EXPERIMENTALCELL  b) ==
\ PREPARATION -
! /
particlesJ 0) /
i t )
in water 7€) d) ’..7 .
= I AZ photoresi > extracting the

P particles from the
. mold

P)/A
O -

application of PVA

Mg
permanent magnet . J
dissolving PVA i —

layer in water+B SA%E
permanent magnet

Figure 2. Final steps in the microparticle fabrication process: release
of the particles and experimental cell preparation.
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e Since the magnetic microparticles are fabricated with
magnetic PDMS and superparamaganetic nanoclusters, the
saturation magnetization of the doped magnetic PDMS lies
between the values of the saturation magnetization of
magnetic PDMS (6.2 emu/g) and the one of
superparamagnetic nanoclusters (43.2 emu/g) and is approx.
15.4 emu/g. Furthermore, the microparticles demonstrate no
remanent magnetization and no coercivity field at room
temperature (see ESI_3).

B Fabrication of non-magnetic SU-8 microgears

The SU-8 microgears are fabricated by maskless
photolithography (like the master template for mold
preparation) on a standard glass slide coated with a thin layer of
Ni. The purpose of the Ni layer is to enable the non-destructive
release of the particles from the substrate by etching. The lift-
off is achieved with a droplet (50 ul) of etchant, which is left on
the structure (20 min) to completely dissolve the Ni layer. The
floating particles are picked up with a pipette and placed in a
centrifuge tube. The etchant is exchanged with water by
sedimenting the particles at the bottom of the tube by
centrifugation and replacing the upper volume of the liquid.
This process is repeated 4 times. To prevent particle
agglomeration, 500 ul of 2% BSA solution is added.

C Experimental set-up

The experimental set-up consists of laser tweezers and a
magnetic system that generates a rotating magnetic field.

Laser tweezers are built around a commercial inverted optical
microscope (Zeiss Axiovert 200M, Achroplan 63/0.9W) and
are composed of a Nd:YAG laser, acousto-optic deflectors and
a beam steering controller (Aresis Tweez). The laser tweezers
are used only for positioning of individual microparticles and
are switched off during the measurements.

The magnetic system consists of three orthogonal pairs of coils
in approximately Helmholtz configuration (for x, y and z
directions) powered by a 6-channel computer-controlled current
source. The magnetic system offers the possibility to generate
rotating magnetic field of adjustable strength and rotation
frequency (max 10 mT, 300 Hz).

I11. Results and discussion

A Experiments

In Section Il we described a method for fabricating non-
spherical magnetic microparticles. To demonstrate their
application potential we carried out an experiment with
magnetic and non-magnetic microgears in aqueous dispersion
(Fig. 3b, 3c and 3d).

The sample containing microgears dispersed in water was
placed above the microscope objective in the center of the
magnetic system’s coil configuration (Fig. 3a, ESI_4). The
substrate was patterned with SU-8 micropillars which served as
axes for the microgears. The experiments were performed with
one magnetic microgear (9 or 11 teeth, 39 um and 46 pm in

RSC Advances, 2014, 00, 1-3 | 3
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rs in aqueous dispersion: b) small magnetic microgears (9-tooth), c)

larger magnetic microgears (11-tooth), d) magnetic (black) and non-magnetic (transparent) microgears on SU-8 micropillars.

diameter and 8 pum thick respectively) and with a pair of
microgears: one magnetic and one non-magnetic. In both cases
dependence of the microgear rotation frequency was measured
as a function of the magnetic field strength and its rotation
frequency.

At low frequencies the microgear follows the rotation of the field.
Above a critical frequency phase slippage occurs and the rotation
frequency decreases with increasing field frequency. A similar effect
was reported for particles in ferrofluids,®® paramagnetic
ellipsoids,® and beads with a permanent magnetic moment."*"!

Fig. 4a shows the trajectory of a rotating microgear as a function of
time and Fig. 4b its angular velocity as a function of the angle
between the field and the gear. The latter clearly shows a half-turn
periodicity which indicates that the driving torque is caused by an
anisotropic susceptibility. A permanent magnetic moment would, on
the contrary, show a full turn periodicity. The angular velocity also
shows a small bias in the direction of the rotating field, which can be
attributed to magnetic relaxation® and becomes stronger at higher

frequencies.
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Figure 4. Trajectories of a rotating 9-tooth microgear, (fielq =
3 Hz, B=1.5mT). a) Orientation angles of the microgear and the
magnetic field as a function of time. b) The angular velocity of the
microgear as a function of the angle between the field and the
microgear. A period of  reveals that the torque on the microgear is
caused by an anisotropy in the susceptibility. A small bias in the
direction of the rotating field (dashed line) is caused by the
relaxation of magnetization.

B Theoretical model

To understand the rotation of microgears we propose a model based

on the following assumptions:

i) The angular velocity of a microgear in viscous environment is
proportional to the magnetic torque acting on it:*

: M 1
Prmicrogear = ( )

14
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ii) If one aligns the coordinate system with the axes of magnetic
anisotropy of a gear, the magentization caused by a static field is

__xv 2

mi=2(1+oBe +1-2Be) @)

0

where ¢ is a dimensionless measure of anisotropy.? With B =

B(cosa, sina, 0) the contribution Eg. (2) to the torque on the particle

is

My = );—VSBZZSin(Za). ©))

iii) The magnetization responds to a time dependent field with a
relaxation rate 1/;:

m(t) = I)f—:/rf_tm exp (— t_Tt’) B(t"dt'. 4)

The following derivation also remains valid if the expression
contains a weighted sum of several relaxation processes with
different time constants. In the limit of fast relaxation, T — 0, one
can use a linear approximation for B(t") and eq. (4) simplifies to

(6 = £ (B @) - 7B (©). ®)
The resulting torque is
My = ):L—VBzrd. (6)

In the limit of a weak anisotropy and fast relaxation the contributions
are additive. If the field is rotating such that its direction is given by
Pfied = wt, the sum of both torques M, and My induces a rotation
rate

. VB? . .
Pmicrogear = XMT (285111 (2 (wt - (Pmicrogear)) + T(w - (Pmicrogear))r (7)
which can be written as

(i’microgear = Wo sin (n(wt'(pmicrogear)) +R (w'(pmicrogear) (8)

with n = 2. Alternatively, if the torque were caused by a permanent
magnetic moment, its dynamics would be governed by the same
equation with n = 1. By substituting ¢ = n(wt — @microgear) ONE

obtains the equation
n ° —— 1 (9)
( - sm¢)>.

?=17r
For w < w, a phase locked solution, ¢ = const exists and the
microgear follows the rotation of the field. Above the critical
frequency, phase slippage occurs and the time in which the gear
stays behind the field by one period (1/n turn) can be expressed as

This journal is © The Royal Society of Chemistry 2014
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2n

_1+Rf dp ~ 1+R 2
nwoow/wo—sinqb n Jo?—w?

In this time the gear rotates by A@microgear =wT—27” and its

(10)

average angular speed is
_ A(pmicrogear _ (11)
wmicrogear - T -

271_ 1 > >
AT T O T I RV T

Alternatively, the rotation frequency of the microgear can be
expressed as

_ 1 ’2 _ £2 field > fo
fmicrogear = fﬂeld 1+R ffield ﬁ) for

frield frieta < fo

(12)

This equation will be used to fit the measured frequencies as a
function of the field frequency. Without the relaxation term (R = 0)
it becomes identical to that derived in [38].

C One magnetic microgear

We measured the average rotation frequency of a small (9

teeth) and a larger (11 teeth) microgear for different field

strengths (1, 1.5 and 2 mT), as a function of the applied field

frequency (Fig. 5) (ESI_5: moviel-movie4). The data were
a) Microgear with 9 teeth

microgear rotation frequency [Hz)

Y e Ee B =S i T e s |
0 5 10 15 20 25 30
external field rotation frequency [Hz]

g

Microgear with 11 teeth

microgear rotation frequency [Hz)

e L

0 20 25 30

5 10 15
external field rotation frequency [Hz]

Figure 5. Rotation frequency of a single microgear with 9 teeth (a)
and 11 teeth (b) as a function of the field rotation frequency for 3
different field strengths. The continuous lines show the dependence
according to eq. (12), fitted to the measured data. The insets show the
obtained critical frequency £, plotted against B2, confirming f,~B?2.
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reproduced by eq. (12) and show that the microgear rotation
frequency and the field frequency have the same value up to a
critical frequency, after which the microgear rotation frequency
decreases with increasing field frequency. The fitted critical
frequencies f, depend quadratically on the strength of the
magnetic field f,~B? as expected if the torque is caused by
anisotropy and relaxation, Eq. (7).

For the same field strength the critical frequency of the larger
microgear is lower than the smaller one. This can be understood
as follows. The rotational drag coefficient due to a thin viscous
layer between a rotating disc and a surface scales with the
fourth power of the radius, y~r*. With the volume of a
microgear V~r? and the assumption that the numerical
anisotropy ¢ is independent of r, Eq. (7) predicts w,~7r~2. This
would mean that the critical frequencies of the 9- and 11- tooth
microgear should differ by a factor of 1.39, which is in good
agreement with the measured ratio (Fig. 5) of 1.43.

D Meshed magnetic and non-magnetic microgear

By combining magnetic and non-magnetic microgears more
complex configurations can be realized. In the simplest case of
two microgears the magneto-responsive gear acted as power-
unit for the non-magnetic gear. Fig. 6a shows the rotation

a) Magnetic and non-magnetic microgear
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Figure 6. a) Rotation frequency of a pair of microgears (one
magnetic and one non-magnetic) with 9 teeth as a function of the
field rotation frequency for different field strengths. b) comparison
of the microgear (circles: one magnetic; squares: pair of
microgears) rotation frequency as a function of the field strength for
a field rotation frequency 20 Hz.
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frequency of a pair of meshed microgears (9 teeth) for various
field strengths (1, 1.5 and 2 mT), as a function of the applied
field frequency.

Fig. 6b shows the microgear rotation frequency (circles - one
magnetic microgear and squares - pair of microgears) as a
function of the magnetic field strength for the field rotation
frequency 20 Hz. The rotation frequency for a pair of
microgears is lower than for a single microgear (ESI_5:
movie5, movie6). According to Eq. (7) both R and w, (and f,)
are inversely proportional to the drag coefficient y. One can
expect the drag coefficient of two coupled gears to be at least
2y, which would lead to parameters R /2 and f,/2. Eq. (12)
would then predict that the frequency of two gears should be %2
that of a single gear at high frequencies and Y4 at intermediate.
In reality the frequency reduction in the presence of a second
gear is somewhat higher (Fig. 6b), indicating that the meshed
gears have a higher friction coefficient, or possibly an
additional elastic interaction which is not included in the model.
More complex configurations could be realized by adding
further microgears (ESI_5: movie7).

IV. Conclusions

We have shown that the fabrication of highly magneto-
responsive nonspherical microparticles using photo- and soft
lithography has the prospect for a number of new materials-
based applications. We demonstrated a potential microfluidic
application of such microparticles by producing magneto-
responsive microgears. These microgears can be driven with a
rotating magnetic field. The gear rotation frequency shows a
non-monotonous dependence on the field frequency. At low
frequencies the gear is phase locked to the field. Above a
critical frequency phase slippage occurs and the rotation
frequency decreases with increasing field frequency. A simple
model reproduces both dynamical regimes. We also
demonstrated that magnetic microgears together with non-
magnetic ones can be assembled into microtransmissions.
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