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ABSTRACT
Stimuli-responsive surfaces are of practical importance for applications ranging from enhanced mixing of reagents in lab-on-a-chip sys-
tems until probing cellular traction forces. Non-destructive reversible bending of cilia-inspired magnetic pillars can be used for controlled
transportation of non-magnetic objects and bio-inspired sensing. Magnetic actuation of micropillars suspended in liquids allows controlled
mixing, propelling, and stirring of fluids as well as droplet manipulation, which are important for various applications including genera-
tion of cell spheroids and droplet coalescence in microfluidic systems. In order to expand their practical applications, fabrication processes
capable of rapid prototyping have to be developed. Inspired by biological cilia and their functionalities, actuating hairy surfaces are herein
fabricated and implemented to manipulate both microbeads and droplets. The artificial cilia are based on microscale magnetic pillar arrays
made of flexible polydimethylsiloxane functionalized with magnetic microparticles. The arrays are fabricated by a new method using pat-
terned molds that relies on cryogenic separation to produce transparent cilia-inspired arrays without requiring manual interference to clean
the templates during the process. Magnetic actuation of the pillar arrays is demonstrated in isopropanol and silicone oil. Filling with oil yields
magnetically responsive slippery lubricated surfaces allowing directional motion of droplets by repetitive bending and recovery of the flexible
magnetic pillars. The achieved structures allow manipulation of microbeads and droplets which is uncommon even at the sub-mm scale;
directional motion is demonstrated for 250 μm–550 μm sized droplets. Droplet transportation is facilitated by extremely low hysteresis and a
high degree of omnidirectional bending of the pillar array.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0012852., s

I. INTRODUCTION
Dynamic and anisotropic high-aspect ratio (AR) micro-/

nanostructures confer essential functionalities in both biological and
man-made surfaces. Cilia structures present in the respiratory pas-
sage epithelia surface are responsible for clearance of mucus and
pathogens.1,2 Induced propulsive and rotational flow of motile cilia
allows vital and diverse fluid mediated processes in biological sys-
tems, such as biochemical signaling and sensing.3,4 Artificial cilia
are, therefore, envisaged as a biomimetic strategy to achieve fluid
manipulation at the microscale.

Droplet manipulation by microscale ciliary structures has
potential applications in microfluidic systems,5–7 emulsion separa-
tion,8 and dynamic interfacing with biomatter.9,10 Spontaneous and
directional droplet transport has been demonstrated by designing
surfaces with wettability gradients.11–15 This passive mechanism for
achieving droplet motion is limited by the irreversible nature of the
unidirectional motion dictated by the fixed structure/wettability gra-
dient. Alternatively, dynamic responsive structured surfaces provide
direct control of the structure pattern by applying external stim-
uli. Magnetic microstructures offer an attractive route for droplet
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manipulation because of the reversible actuation, instantaneous
response, and the non-invasive nature of the magnetic field, also
allowing remote control of the surface properties.

Cilia-inspired magnetic micro-/nanostructures have gener-
ated considerable interest resulting in several possible fabrica-
tion techniques for the magnetically actuated surfaces. Bottom-up
approaches for the formation of magnetic cilia-like structures from
a suspension of magnetic particles and a prepolymer in an exter-
nal magnetic field have been demonstrated and utilized for droplet
manipulation.16–20 Such a template-free technique relies on the
alignment of the magnetic particles in the prepolymer as a response
to an applied magnetic field. The lack of precise control of the length
scale and pattern design of such cilia-like pillars is a potential obsta-
cle for the integration and application of surfaces produced by this
method.

Polycarbonate track etched (PCTE) membranes have been uti-
lized for the production of electroplated nickel pillars with spheri-
cal caps and polydimethylsiloxane (PDMS) cilia-like magnetic pil-
lars.21,22 Using PCTE membranes for replication of the magnetic
microstructures allowed control over pattern parameters, such as
diameter, aspect ratio, and pillar density; however, the random loca-
tion of the holes across the membrane and the subsequent posi-
tion of the pillars are expected to involve an adverse effect on the
functionality. Successful application of the magnetic ciliary struc-
ture toward controlled liquid manipulation requires uniform distri-
bution of the cilia structures within the patterned area as random
distribution can cause irregularities in fluid manipulation. Arrays of
magnetic micropillars with controlled length and spacing have pre-
viously been generated by microlithography combined with replica
molding.23–26 Therein, PDMS has been established as the preferred
material for the synthesis of actuating cilia-mimics inspired by the
magnetic microstructures based on the rapid prototyping, biocom-
patibility, transparency, and elasticity.27,28 Several strategies have
been developed to achieve droplet motion on PDMS pillared sur-
faces, such as magnetically controlled bending of the magnetic pil-
lars assisted with vibration.26 Another procedure is generation of a
local area of bent magnetic pillars on which droplets can be moved
by controlling the location of a permanent magnet beneath the
sample.18,29

To overcome the challenges of the application and integration
of the magnetic cilia-inspired structures, it is important to develop
a fabrication process that meets several criteria. First, the magnetic
cilia should be replicated from a disposablemold of a predefined pat-
tern definition that is designed according to an intended functional-
ity. Second, only the micropillars or the cilia-like structures should
bemagnetic to enable magnetic actuation of the pillars alone and not
the sample as a whole. This is beneficial for practical applications,
such as dynamically controlling light transmittance. Finally, the fab-
rication processmust be repeatable, and the design layout should not
hinder or alter the implementation of the fabrication steps.

Previous attempts for achieving water droplet manipulation
by magnetic actuation relied mainly on either modifying the pil-
lar surface with a secondary structure of low surface energy to
achieve superhydrophobicity18,26 or infusing lubricants to the sur-
face structure.29 Recently, we demonstrated water droplet motion
by the repetitive bending and recovery of superhydrophobic thiol–
ene micropillars decorated by colloidal micro- and nanoparticles.30

Super water-repellency can also be achieved by infusing lubricant

to lower the surface energy. However, directional and controlled
droplet motion remains a challenge, especially at the sub-mm scale
where droplet motion by repetitive bending and recovery of slip-
pery lubricant infused arrays of PDMS micropillars has not been
explored.

Inspired by cilia, we present responsive surfaces based on a
micropillar/magnetic particle composite by a simple new approach
involving cryogenic separation of a structured PDMS template from
a magnetic layer. We demonstrate instantaneous response of the
magnetic pillars to the magnetic field while the sample is immersed
in isopropanol or silicone oil. Swelling of the PDMS magnetic pil-
lars in silicone oil led to slippery arrays showing reduced contact
angle hysteresis (CAH). Controlled omnidirectional motion of water
droplets by repetitive bending and recovery of the magnetic pil-
lars is demonstrated. Additionally, the magnetic micropillar array
is capable of microbead motion.

II. FABRICATION
Fabrication of the magnetically responsive surfaces starts by

preparing two types of silicon pillar array masters by photolithog-
raphy and deep reactive ion etch (DRIE) (see Fig. S1, supplementary
material). The low aspect ratio silicon pillar diameter is 9.1 μm, and
the height is 46 μm, whereas the diameter and the height of the high
aspect ratio pillars are 8.5 μm and 68.8 μm, respectively. In both
cases, the pitch is 30 μm. Themasters were subsequently used to pre-
pare PDMS templates with hollow cavities [Fig. 1(a)]. Such PDMS
templates were then silanized followed by application of uncured
PDMS containing 50 wt. % of superparamagnetic magnetic carbonyl
iron particles (CIP) (BASF SE, Grade CIP HS) with a size distri-
bution of 600 nm–3.0 μm onto the template [Figs. 1(b) and S2].
Afterward, the PDMS template was placed on top of a permanent
magnet. Next, a flat backing layer of cured PDMS was placed on
top of the uncured CIP-PDMS composite layer, and the assembly
was left on a fixed distance above the permanent magnet. Subse-
quently, the assembly of the flat PDMS backing layer, the PDMS
template, and the uncured CIP-PDMS layer sandwiched between
them was cured in an oven [Fig. 1(c)]. The flat backing layer of
cured PDMS shown in Fig. 1(c) compensates for the use of a thick
layer of PDMS mixed with CIP that is contained within the bor-
ders of the template during the fabrication process steps. After cur-
ing, the assembly was soaked in liquid nitrogen, and the mismatch
in thermal expansion coefficients between the PDMS template and
the PDMS containing magnetic CIP caused cleavage at the inter-
face with the template [Fig. 1(d) and Fig. S3]. This method yields
the cavities of the PDMS template filled with the cured PDMS con-
taining CIP after separation. A new layer of uncured PDMS acting
as the substrate layer was applied onto the template. In contrast
to the surface of the PDMS template, the CIP-PDMS composite
was not silanized. Thus, the substrate layer only binds to PDMS
embedded with CIP after curing [Fig. 1(e)]. The magnetic pillar
array was then manually separated from the template in ethanol
[Fig. 1(f)].

Inspections of PDMS templates after the cryogenic separa-
tion step by optical microscopy [Fig. 1(g)] and scanning electron
microscopy (SEM) shown in Fig. S4 confirm the confinement of CIP
within the cavities of the PDMS template. Immersing the sample,
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FIG. 1. Fabrication process steps for producing PDMS/magnetic particle pillars. (a) PDMS template obtained from the etched silicon master and treated with a low energy
self-assembled monolayer. (b) Depositing PDMS mixed with magnetic particles and the use of a permanent magnet for magnet-assisted filling of the cavities. (c) Flat backing
layer of cured PDMS is placed on top of the PDMS layer embedded with magnetic particles, and the assembly is cured in the oven. (d) Immersing in liquid nitrogen causes
cleavage of the cured PDMS layer containing magnetic particles at the interface with the template. The separation yields the mold cavities filled with cured PDMS containing
magnetic particles. (e) Application of a PDMS layer to the template followed by curing to form the substrate layer. (f) Demolding the magnetic PDMS pillar array in ethanol.
(g) PDMS mold characterization by optical microscopy after liquid nitrogen separation reveals the confinement of the magnetic material within the cavities of the template. (h)
SEM image of the magnetic PDMS pillar array after freeze drying.

after the demolding step, in water followed by freeze drying enables
SEM visualization of the magnetic micropillar array [Fig. 1(h)].

Introducing cryogenic separation in the fabrication process of
the magnetic pillars offers several advantages including preparation
of clean templates where magnetic particles are confined within the
cavities only resulting in transparent samples after the second repli-
cation. In particular, this process eliminates the need for scraping the
excess of the magnetic particles away from the surface of the tem-
plate, unlike in previous reports where particle contamination was
manually removed from the mold.23,25,31 In some cases, the residual
magnetic layer was not removed,26 while in the work of Ben et al.,32

the mold was sacrificed in 24 h dissolving process step. In addition,
the same PDMS template can be used multiple times improving the
efficiency for the replication of the magnetic pillar array.

The fabrication process can be applied for the fabrication of
microfluidic systems with the magnetic pillars integrated in a chan-
nel segment. This cannot be realized with the bottom-up approach.

III. EXPERIMENTAL
Two types of pillar arrays, distinguished by the value of aspect

ratio (AR), are produced from the two silicon masters. PDMS mag-
netic pillars replicated from the first silicon master [Fig. S1(a)] have
an AR equal to 4.8 (Fig. S5). The value of AR of pillars repli-
cated from the second silicon master [Fig. S1(b)] is 8.8 as shown in
Fig. S6(a). Given the array pitch value of 30 μm and the low Young’s

modulus of PDMS, it is necessary to keep the pillars immersed in iso-
propanol or oil during application to avoid capillary force induced
collapse of the pillars [Fig. S6(b)].33–35 The magnetic pillars can
be recovered from the collapsed state to the functioning state by
sonication.

Actuation of the pillars was achieved by bringing a permanent
magnet to the vicinity of the bottom of the sample [Fig. 2(a)]. The
magnitude and direction of pillar bending are determined by the
strength and the direction of the magnetic flux density by manu-
ally adjusting the orientation and the gap of the magnet movement
relative to the sample. Actuation was performed both in isopropanol
and in silicone oil [Figs. 2(b) and 2(c), Movie 1 (Multimedia view),
and Movie 2 (Multimedia view)].

Next, the pillar flexibility in isopropanol and silicone oil is
demonstrated. The degree of swelling of PDMS in water, iso-
propanol, and most alcohols is low with a swelling ratio (SW =D/D0)
ranging from 1 to 1.09, where D is the length of a PDMS segment
in the solvent and D0 is the segment length of dry PDMS.36 The
swelling of the pillar dimensions in silicone oil is 30.7% correspond-
ing to SW = 1.31, confirmed for both PDMSmagnetic pillars of aspect
ratios 4.8 and 8.8 [Figs. 2(d) and 2(e), Movie 3 (Multimedia view),
Movie 4 (Multimedia view), and Fig. S7].

Young’s modulusmeasurements conducted using amechanical
tester on PDMS embedded with CIP (50 wt. % CIP) before and after
oil immersion confirmed the change in elastic properties. The mea-
sured value of Young’s modulus increased from 2.05 ± 0.20 MPa
before oil immersion to 3.38 ± 0.41 MPa after oil immersion
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FIG. 2. Actuation of magnetic pillars
using a permanent magnet. (a) Sketch
illustrating the procedure of PDMS mag-
netic pillar bending. Snapshot images of
videos recorded by optical microscopy
showing top view of 8.8 AR mag-
netic pillars immersed in isopropanol
(b) and silicone oil (c) during actu-
ation. Snapshot images of recorded
movies displaying side views of the
pillar array bending in isopropanol (d)
and silicone oil (e). Multimedia views:
(b) https://doi.org/10.1063/5.0012852.1;
(c) https://doi.org/10.1063/5.0012852.2;
(d) https://doi.org/10.1063/5.0012852.3;
and (e) https://doi.org/10.1063/5.0012
852.4

[Fig. S8(a)]. Themeasured value of Young’s modulus of PDMSwith-
out embedded CIP is 1.59 ± 0.05 MPa before oil immersion and 1.80
± 0.13 MPa after oil immersion [Fig. S8(b)]. The change in elastic
properties is also manifested by a decrease in the maximum bending
of 4.8 AR pillars after oil immersion, as shown in Fig. 2(e) (Multi-
media view). Assuming point load at the free end of the pillars, the
relation between force F and pillar deflection δ is given as

F = (3EI/h3)δ.37 (1)

Hence, magnetic pillars of 8.8 AR require less force for large pillar
deflection compared with the lower AR pillars that exhibit limited
pillar deflection after oil immersion if subjected to the same mag-
netic field. Using an expression obtained from numerical modeling38

for bending of micron sized PDMS posts that accounts for large
deflection values, the relation between F and δ of PDMS pillars of
Young’s modulus of 3.38 MPa is estimated and shown in Fig. S9.

A high degree of pillar bending of the high AR pillars demon-
strated in Fig. 2 (Multimedia view) is achieved with relatively low
magnetic field strength (150 mT–200 mT). Actuation of 8.8 AR
pillars did not exhibit overlap between adjacent pillars or limited
bending. This enables sufficient force to be generated for successful
application of the magnetic pillar array in fluid manipulation.

Lubricating the PDMS micropillars in oil affects the surface
as well as elastic properties of the magnetic pillars. Swelling of the
magnetic pillars in silicone oil results in a slippery lubricant infused
surface without compromising omnidirectional bending and large
deflection of 8.8 AR pillars despite a noticeable increase in Young’s
modulus after oil immersion. A water droplet deposited on the pil-
lar array is suspended in the Cassie state on the oil infused structure.
Manual control of themagnet movement beneath the sample is done

in a way that the pillars experience bending followed by recovery
resulting from the elastic restoring force acting on the deflected pil-
lars when the magnetic field gradient is directed away from the sam-
ple. By repeating the cycle of bending and recovery, droplet motion
is initiated along the beating direction of the magnetic pillars [Fig. 3,
Movie 5 (Multimedia view), and Movie 6 (Multimedia view)].

Non-wettability acquired by oil immersion is obvious from
water droplets beading up. On a flat PDMS that has not been exposed
to oil, themeasured advancing contact angle is 115.4○, and the reced-
ing contact angle is 100.8○ (Fig. S10). In comparison, the mean val-
ues for both the advancing and receding contact angles are 171.4○

measured on the surface of the magnetic pillars immersed in silicone
oil (Fig. S11). Furthermore, impinging the magnetic PDMS pillars
with a 2 μl water droplet attached to a needle moving at a velocity
of 10 mm/min followed by retracting the droplet upward away from
the surface caused neither droplet transition to the Wenzel state nor
pillar collapse noticed after droplet extraction (Fig. S12 and Movie
S1, supplementary material).

Water droplet motion at the sub-mm scale was enabled by
exerting force onto the droplet using the repeated bending and
recovery mechanism. The motion of a water droplet on the mag-
netic pillar array immersed in oil is depicted by the relation based on
Newton’s second law, as shown in Eq. (2),

ρV(∂2x/∂t2) = Fpillars + FCAH + Fd, (2)

where ρ is the density, V is the volume of the droplet, and Fpillars is
the actuating force of the pillars. The actuation force of a single pillar
is given by Eq. (1). Forces that oppose droplet motion are the drag
force (Fd) and the friction force (FCAH) resulting from CAH of the
micropillared surface. These forces are expressed as follows:
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FIG. 3. Snapshot images of recorded
movies showing top view of con-
trolled water droplet motion enabled
by the repeated bending and recov-
ery of the slippery PDMS magnetic
pillars in silicone oil. (a)–(c) Direc-
tional droplet motion along three differ-
ent straight paths. Multimedia views: (a)
https://doi.org/10.1063/5.0012852.5; (c)
https://doi.org/10.1063/5.0012852.6

Fd = −2πηorv(3 + 2λ/1 + λ),39 (3)

where ηo is the viscosity of oil, r is the droplet radius, v is the droplet
velocity, and λ = ηo/ηw; ηw is the viscosity of water. The CAH force
is

FCAH = −(24/π3)Dwγ(cos θR − cos θA),40 (4)

where Dw is the base diameter of the droplet, γ is the surface tension
of the water–oil interface, θR is the receding contact angle, and θA is
the advancing contact angle.

The slippery oil infused pillars exhibit negligible CAH and
FCAH. As a result, initiating droplet motion is dictated by the actuat-
ing force (Fpillars), which is provided by pillar bending and recovery.

To the best of our knowledge, magnetic structures have
been mainly used to demonstrate handling of large non-magnetic
droplets (few microliters in volume) according to previous
reports.7,16,18–20,23,26,29 To initiate directional motion of ≈286 μm
wide droplet (corresponding volume ≈0.01 μl), as shown in Fig. 3
(Multimedia view), the force provided by collective actuation of
pillars must exceed FCAH + Fd. This is accomplished by ensuring

FIG. 4. Snapshot images of a recorded
movie demonstrating the ability of
polyethylene microbead transport by the
magnetic micropillars in isopropanol.
Time elapsed 20.3 s. Three beads
are highlighted to keep track on the
directed bead motion during collective
pillar actuation. Multimedia views: (i)
https://doi.org/10.1063/5.0012852.7; (ii)
https://doi.org/10.1063/5.0012852.8
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powerful bending actuation at relatively low magnetic field strength
of high AR micropillars combined with extremely low CAH. Apart
from surface defects that can temporarily impede droplet motion,
droplet motion at a velocity of ≈2.75 mm/min is achieved along
different paths.

Inserting parameters obtained from Fig. 3 (Multimedia view),
such as the average velocity and the radius of the droplet, into Eq. (3)
yields Fd = −0.409 nN. In comparison, the actuating force of a single
pillar is Fpillar = 0.414 μN, which is calculated by Eq. (1) for a pillar
deflection (δ) value of 50 μm estimated from bending of a pillar of
AR = 8.8 in oil [Fig. 2 (Multimedia view)] and using E = 3.38 MPa,
h = 69 μm, and d = 8.6 μm, which represent the elastic modulus,
height, and diameter, respectively. During actuation, multiple pillars
acting on the three-phase contact line and, thus, the actuating force
exceed the opposing forces enabling controlled droplet motion by
repetitive bending and recovery of the micropillars.

In addition to water, the motion of a glycerol droplet is also
demonstrated by the repetitive bending and recovery of the slip-
pery PDMS magnetic pillars (Fig. S13 and Movie S2, supplementary
material).

Next, polyethylene microbeads of two size distributions 106 μm
–125 μm and 212 μm–250 μm are mixed together in isopropanol
and pipetted on the sample immersed in isopropanol. The density
of the microbeads is 1.2 g cm−3, which is higher than that of iso-
propanol, so the beads sediment on top of the pillared surface and
can be directed by the actuation of the pillars. Directional transport
of microbeads along the surface was also induced by the repeti-
tive bending and recovery of the magnetic pillars [Fig. 4, Movie 7
(Multimedia view), Movie 8 (Multimedia view), and Fig. S14)].

IV. CONCLUSIONS
In this work, we present a novel technique to fabricate a dense

set of PDMSmagnetic micropillars that translate magnetic actuation
to fluid and microbead manipulation. The magnetic pillar arrays
demonstrate fast response and cilia-like beating enabled directional
and continuous small-size water droplet motion in silicone oil. The
liquid infused layer reduces CAH to the point where the surface
exhibits no pinning. In addition, polyethylene microbead transport
in isopropanol was demonstrated by the micropillar array.

We envision that magnetic pillars integrated in microfluidic
systems can be realized by implementing the same fabrication steps
with different mold designs that take into account the desired appli-
cation of the pillars within the system whether it is mixing, manip-
ulation, or controlling the passage of micro-objects. This work can
streamline the production of cilia-like patterns of various geometri-
cal shapes and dimensions.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed description of the
fabrication process, characterization of the template and the pil-
lars by scanning electron microscopy, Young’s modulus measure-
ments of the PDMS–magnetic particle composite before and after
oil immersion, wettability characterization of oil infused PDMS
magnetic pillars, and glycerol droplet motion.
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