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The ability to regulate interfacial and wetting properties is highly
demanded in anti-icing, anti-biofouling, and medical and energy
applications. Recent work on liquid-infused systems achieved
switching wetting properties, which allow us to turn between slip
and pin states. However, patterning the wetting of surfaces in a
dynamic fashion still remains a challenge. In this work, we use pro-
grammable wetting to activate and propel droplets over large dis-
tances. We achieve this with liquid-infused soft magnetic carpets
(SMCs) that consist of pillars that are responsive to external mag-
netic stimuli. Liquid-infused SMCs, which are sticky for a water
droplet, become slippery upon application of a magnetic field.
Application of a patterned magnetic field results in a patterned
wetting on the SMC. A traveling magnetic field wave translates the
patterned wetting on the substrate, which allows droplet manipu-
lation. The droplet speed increases with an increased contact angle
and with the droplet size, which offers a potential method to sort
and separate droplets with respect to their contact angle or size.
Furthermore, programmable control of the droplet allows us to
conduct reactions by combining droplets loaded with reagents.
Such an ability of conducting small-scale reactions on SMCs has the
potential to be used for automated analytical testing, diagnostics,
and screening, with a potential to reduce the chemical waste.

liquid-infused surface j droplet manipulation j magnetic fields j
soft materials j soft actuators

Controlling surface-wetting properties is of interest in anti-
icing (1), anti-biofouling (2–4), marine (5), and environ-

mental (6–8) applications. Liquid-infused surfaces recently
received significant attention because of their success in achiev-
ing such desired wetting properties (9, 10). Additionally, surfa-
ces with switchable wetting properties are especially sought
after because they offer two or more desired states serving dif-
ferent functions. Recent advances demonstrated examples of
switchable wetting upon optical (11), acoustic (12, 13), electri-
cal (14, 15), mechanical (16, 17), and magnetic (18–21) stimuli.
Among these options, magnetic fields offer the advantage of
untethered, simple, and strong actuation. However, these dem-
onstrations usually lack the ability to pattern the wetting of the
surface in a dynamic manner and were limited in spatial con-
trol. Although previous work has successfully demonstrated a
patterned wetting surface, this has only been achieved via the
microfabrication of static patterns (22, 23). Furthermore, the
ability to reversibly locate and manipulate multiple droplets
over large distances has been challenging (10, 24, 25) because
of the static nature of the manipulation designs (26, 27). Some
of the methods based on magnetic fields suffered from contam-
ination in the used magnetic particles, requiring a purification
step after transportation (28, 29). The possibility of water drop-
let transport on magnetically responsive surfaces has also been
demonstrated (30, 31). However, this system could not be easily
scaled up, the droplet motion was unidirectional (especially in
the board-like structures) and limited to the transport of rela-
tively small (1 to 6 μL) droplets. Here, we suggest that external
field stimuli can be used to dynamically pattern the substrate
wetting. Moreover, a strategy to locally move this stimulus on

the substrate can potentially lead to droplet motion. We explore
this strategy by creating “soft magnetic carpets” (SMCs)
through a scalable self-assembly procedure that is based on the
Rosensweig instability. Recently, we used similar SMCs with no
infusion layer to transport solid and liquid cargos (32). In the
current work, while the carpets are infused with a liquid, they
also contain soft magnetic pillars that align with magnetic fields.
By placing a patterned magnetic field underneath the carpet,
the alignment response of the pillars induces a wetting pattern
of pin and slip states, in which the pillars are straight or bent,
respectively. While the straight pillars pin the droplets that are
placed on the substrate, the bent ones allow droplets to move.
Furthermore, by translating this patterned magnetic field, the
effect of a magnetic wave is created, leading to the spatial con-
trol of the pinned droplets on the substrate and a method that
transports large droplets without having contamination. Next,
we showcase that the spatial control of multiple droplets allows
us to conduct reactions by transporting and sequentially merg-
ing droplets loaded with chemicals and biological specimens.
The ability of conducting small-scale reactions on a soft carpet
can be potentially used to automatize analytical testing and
diagnostics at an increased rate and reduced costs due to the
limited use of the ingredients.

Results and Discussion
Two-dimensional arrays of magnetically responsive soft pillars
exhibiting permanent magnetization were fabricated by spread-
ing a mixture of NdFeB powder and soft silicone matrix (Eco-
flex 00–20) on a substrate (Fig. 1 A and B; see Materials and
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Methods and SI Appendix, Table S1 for details). During the
matrix polymerization, the mixture is exposed to a magnetic
field, which induces the formation of pillar-like magnetic parti-
cle assemblies embedded in the polymer matrix created by a
Rosensweig instability (33). After polymerization, these pillars
respond to magnetic fields due to both their magnetization and
softness. With magnetic field manipulation, the orientation of
the pillars can be deliberately controlled (Fig. 1 C–F). Here,
the soft carpet is infused with a hydrophobic liquid to manipu-
late the magnetic response of the pillars and change the wetting
of the surface. When the pillars are straight and stick out of the
infusion liquid, they interact with the droplets by pinning them
(Fig. 1C). On the contrary, when the micropillars lay flat
against the substrate under an external magnetic field, the
droplets directly touch the nearly continuous film of lubricant
used to infuse the surface (Fig. 1D). This allows us to reversibly
switch between the two potentially different wetting states via
external magnetic manipulation.

In liquid-infused magnetic carpets, the contact angle and the
wetting states depend on the applied magnetic field. This
allowed us to pattern and dynamically switch the local slip and
pin states of the carpets. Because the pillars bend when
exposed to magnetic fields with opposite magnetization, their
effective height can be tuned. We used their height difference
to dynamically change the pin state of the droplets at the sur-
face of an infused liquid: A droplet is pinned when the pillars

stick out of the infusion layer but slips when the pillars are
magnetically pulled toward the substrate. Because the pillars
bend when they are pulled, their height decreases, and the
droplet is directly in contact with the infusion liquid. Fig. 2A
demonstrates and describes the pin and slip states of the sys-
tem, which could be dynamically switched upon exposition to
magnetic fields. To prove the switchability of the surface wet-
ting, we have infused the soft carpet with silicon oil and tilted
the surface by 30°. A 30-μL droplet was initially pinned on the
carpet, see Fig. 2B. The presence of a magnetic field triggered
the droplet motion by switching the system to the slip state.
The snapshots in Fig. 2B show the switching of the slip and pin
states with a magnetic field, which determines the motion of
the droplet (see also Movie S1). Note here that the driving
force for the droplet motion is the gravitational force, while the
magnetic field is only responsible for switching the wetting
states. The droplet starts to slide when the external body force
is larger than the pinning force that holds the droplet on the
surface. The pinning force for a droplet on the liquid-infused
surface is given by the formula Fpin ¼ ρVdropgsinαmax, where ρ
and Vdrop are the density and volume of the droplet, αmax is
the maximum angle of the droplet staying pinned, and g is
the gravitational acceleration (34). The maximum angle of
the pinned droplet, αmax, has the following relation to the
lubricant–droplet contact angle, θld, and to the areal fraction of
the soft pillars over the whole lubricated surface, ϕ:
cosαmax ¼ ϕcosθld þ ð1�ϕÞ. Here, θld is the contact angle
between the silicon oil and the water droplet. On the SMCs,
the typical values for the fraction of solid surface, ϕ, lie in the
range 0.26 to 0.35 when no magnetic field is applied. However,
upon magnetic field manipulation, the fraction of solid surface
can be tuned. By decreasing ϕ with the aid of magnetic fields,
we can obtain slipping droplets. This is possible because, at low
ϕ values, Fpin and αmax also decrease (e.g., αmax ¼ 9° for
ϕ¼ 0:01). When no magnetic field is applied, αmax ¼ 53° at
ϕ¼ 0:3, which agrees with our experiments. Finally, the
droplet-pinning force Fpin is 157 μN for a 20-μL droplet at
ϕ¼ 0:3. This force is also in the proximity of silicone
rubber–water adhesion forces (35).

This switch of the surface wetting can be locally performed
by using an array of magnets arranged side by side with alter-
nating polarization directions. When such a magnet array is
placed under the liquid-infused layer, the surface is patterned
with pin and slip states. As shown in Fig. 2C, a droplet does not
move when placed on a pin area of a carpet tilted by 30° and
slips when placed on a slip area. The pattern on the surface can
be changed by shifting the magnet array with respect to the
substrate. This switches the slip and pin states on the carpet,
immediately making the slipping droplet to stop and the pinned
one to slip. Snapshots of the carpet in Fig. 2 C, Bottom demon-
strate this dynamic wetting exchange, see also Movie S2. We
have characterized the influence of the magnetic field on the
contact angle of the droplets to the surface. We found that the
contact angle increases with the magnetic field and reaches
120°, which is close to the angle between silicon oil and water
(Fig. 2D). The velocity of droplets slipping on a tilted substrate
increased as the tilt angle was increased from 20 to 50° (Fig.
2E). An increase of droplet speed with the tilt angle has been
modeled before (36). Here, we also observe an increase in the
droplet velocity with tilt angle increase, in agreement with pre-
vious report.

We also varied the viscosity of the silicon oil to determine its
effect on the velocity of the droplet on tilted substrates. We
observed a variation from 7 to 22° in the angle at which the
droplet started slipping by changing the viscosity of the silicon
oil from 1 to 30,000 cSt (Fig. 2F). The dependence of the drop-
let velocity on the silicon oil viscosity indicates that the water
droplet is in the cloaking regime [i.e., the oil spreads over and
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Fig. 1. Fabrication of soft, magnetic carpets with an infusion layer. Sche-
matics of the soft carpet fabrication. (A) A prepolymer mixed with NdFeB
particles is spread over a substrate. (B) Formation of pillar-like structures
featuring a magnetic polarization upon exposition to a magnetic field.
While being kept at this configuration, the prepolymer is cured at 60 °C,
resulting in soft standing pillars with a magnetic dipole determined by the
magnet beneath. (C) Structures infused with a hydrophobic liquid will
exhibit pillars that are straight and reach out of the infusion liquid, thus
pinning water droplets on their tips. (D) Bending of the pillars upon expo-
sition to a magnetic field opposed to the one in B allows for a direct con-
tact of the droplet to the infusion liquid. (E) Micrograph of the soft pillars
in the slip state, in which they are exposed to a magnetic field of opposite
polarization. (F) Micrograph of the as-casted soft pillars in the pin state.
The inset shows a three-dimensional reconstruction of images taken in
reflection mode at different heights of the pillars. (Scale bars, 200 μm.)

2 of 7 j PNAS Demir€ors et al.
https://doi.org/10.1073/pnas.2111291118 Programmable droplet manipulation and wetting with soft magnetic carpets

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111291118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111291118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111291118/-/DCSupplemental


“cloaks” the droplet (37)]. This is important because, as a result
of the cloaking, the oil interacts with the liquid, causing the
droplet slip speed to exhibit a dependence on the oil viscosity.
The criterion for cloaking is given by the spreading coefficient,
Sow að Þ ¼ γwa � γwo � γoa, where γ is the interfacial tension
between the two phases designated by subscripts w (water), o
(oil), and a (air). When Sow að Þ > 0, the oil will cloak the water
droplet, whereas Sow að Þ < 0 implies otherwise (37). The fact that
Sow að Þ ∼ 6 mN=m for the silicone oil system agrees with the
observed behavior, see SI Appendix, Table S2 for details. Up
until here, the mobility of the droplet originates from the gravi-
tational and the tilted substrate. However, our soft, responsive
substrates may allow for droplet manipulation by a coordinated
motion of the soft pillars, enabling capabilities for droplet
transfer and manipulation.

The ability to pattern the pin and slip states on the infused
soft carpet allows for droplet transportation when the pattern is
moved. This motion is achieved by the use of a traveling mag-
netic field wave. When the magnetic field is translated, the pin-
ning areas are translated with it, which changes the angles of the
pinning pillars with respect to the substrate. This change of con-
figuration triggers the repositioning of the droplets pinned at
the edge of a pinning area. Additionally, an infusion layer that
does not cloak the water droplet may allow for more freedom in
the droplet manipulation. To this end, we performed experi-
ments using mineral oil with a negative spreading coefficient

Sow að Þ ∼�7 mN=m. By exposing a mineral oil–infused soft carpet
to a translating magnetic field wave, the droplet moves in a
direction opposite to the one of the magnetic field (see Materials
and Methods and SI Appendix, Fig. S1 for magnetic manipula-
tion). The origin of such behavior is described in the sketches
and time lapses shown in Fig. 3 A and B. In these snapshots,
while the magnetic field wave is moving to the left, the droplet-
pinning pillars are exhibiting a stroke from left to right that
pushes the pinned droplet toward the right. Note that effective
droplet motion takes place during the backstroke of stretched
pillar, which transfers the droplet into a slip region. The droplet
stays still at the slip state region, see the middle part of Fig. 3D,
until the next backstroke wave pins the droplet and transports it
further. The shift of the droplet under the effect of a single back-
stroke is shown in Fig. 3C (see also SI Appendix, Fig. S2 for the
droplet transport mechanism). The stroke yields a droplet dis-
placement of about 2 mm for a 4 mm displacement of the mag-
netic array (Movie S3). Fig. 3E demonstrates the overall droplet
motion with the translating magnetic field wave from the top
and side views, see also Movies S4 and S5. Similarly, a circular
motion of the magnetic field wave can be used to rotate a drop-
let in a circular path, see Fig. 3 G and H (Movie S6). We have
characterized the droplet motion in relation to the magnetic field
translation speed, the droplet size, and the spatial density of the
magnetic pillars. For this, we have looked at the droplet trans-
portation of a 30-μL droplet on a SMC (pillar height: 2 mm and

Fig. 2. Switchable and dynamically patternable wetting of the surface via lubricant infusion. (A) A sketch depicting the wetting states of the liquid-
infused, magnetic carpet without and with a magnetic field of opposite polarization. N and S stand for the north and south pole of the magnet, respec-
tively. (B) Time lapse of a 30-μL droplet on a silicon oil-infused carpet. Because the carpet is tilted, the droplet slips when the magnetic field is on and
stays pinned when it is off. (C) The wetting properties at the surface can be patterned by placing the carpet on a magnet array with alternating field
polarizations. Time lapse shows that droplets slip or stay pinned depending on the local wetting of a carpet tilted by 30°. The magnet array can be shifted
with respect to the carpet to switch the slip and pin states. (D) Contact angle of a droplet on an infused surface as a function of the external magnetic
field. (E) Velocity of a 30-μL droplet as a function of the tilt angle of the substrate with a silicon oil viscosity of 10,000 cSt. (F) Dependence of the minimal
slip angle on the viscosity of the silicon oil. (Scale bars, 5 mm.)
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distance between pillars: 1.1 mm) infused with mineral oil at
varying magnetic field translation speeds. Although the droplet
speed increases with increasing magnetic field translation speed,
the efficiency of droplet transport is higher at lower–magnetic
field translation speeds. In other words, droplet transport

efficiency decreases as the magnetic field translation speed
increases (SI Appendix, Fig. S3). Furthermore, we have evaluated
the lowest limit of the droplet volume that can be transported by
using a soft carpet with a higher density of pillars. This soft car-
pet had a shorter pillar height of 1 mm and an average distance
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Fig. 3. Droplet transport via relocation of the pinning point. (A) Sketches depicting the pinning and the motion of the droplet by the backstroke of the
pillar where the droplet pins. Note that the location of the droplet shifts as the pillars wave from left to right. The curved black arrow shows the motion
of the pillar tip in time between the frames I through VI in B and C. (B) Snapshots of a single-droplet motion due to the wave movement of the pillars.
(C) Droplet displacement plotted over time based on the time lapse in B. (D) A sketch showing the orientation of the pillars exposed to a magnet array.
Time lapse of 40-μL droplets moving with a magnetic field wave on a soft carpet: top (E) and side views (F). The standing pillars that pin the droplet are
clearly visible in F. (G) Magnetic potential of a set of magnets arranged in a rotor shape, which was used for the circular motion of a droplet. (H) Time
lapse evidencing the droplet motion achieved with rotation of the rotor-shaped magnet shown in G set underneath the soft carpet. (I) Time lapse of two
competing droplets under the influence of the same magnetic field. The deionized (DI) water droplet has a higher-contact angle and moves faster than
the 2% PAA droplet. (J) Efficiency of the water droplet motion with respect to the translated magnetic field for different PAA surfactant concentrations.
The efficiency is taken as the droplet displacement with respect to the displacement of the traveling magnetic field and varies from 0 to 1. (K) Time lapse
of two droplets that are manipulated to merge and are driven to an opposite direction afterward. The slow pink droplet is merged with a faster water
droplet. The PAA droplet is labeled with a rhodamine dye. (L) Sketch demonstrating droplet reactions. A neutral droplet carrying a pH indicator (phenol-
phthalein, HIn) is first merged with a high-pH droplet, changing the color of the neutral droplet to pink because of a pH increase. Next, a low-pH droplet
is added to the system, decreasing the pH to an acidic one and yielding a transparent droplet. (M) Time lapse of the millifluidic reaction experiment
described in L, in which the three droplets on the soft carpet are sequentially brought together. The neutral droplet becomes pink and then transparent
again. (Scale bars, 5 mm.)

4 of 7 j PNAS Demir€ors et al.
https://doi.org/10.1073/pnas.2111291118 Programmable droplet manipulation and wetting with soft magnetic carpets

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111291118/-/DCSupplemental


between pillars of 0.6 mm. Shorter and denser pillars enabled
the transport of droplets as small as 2 μL (SI Appendix, Fig. S3 B
and C). However, transportation of 5 μL or smaller droplets on
a soft carpet with lower density and taller pillars (pillar height 2
mm and distance between pillars 1.1 mm) was not possible, see
SI Appendix, Fig. S3 D and E. This suggests that, for an effective
droplet transfer, the interpillar distance should be ideally smaller
than the size of the droplets. Finally, we noticed that different
droplet sizes have different transport efficiencies on the same
carpet. Our analyses showed that the efficiency of droplet trans-
portation increased with increasing droplet size, see SI Appendix,
Fig. S3 B, C, and F. We believe that this ability can potentially be
used for size-selective droplet sorting.

In our experiments, we have also observed that the transla-
tional speed of the droplet depends on the contact angle of the
droplet with the soft carpet surface. To demonstrate this, we
have made a set of translation experiments with 1 × 10�3 – 2
weight percent (wt%) PAA in a water droplet. We found that
with increasing surfactant concentration (thus with a decreasing
contact angle) the speed and the efficiency of the droplet
motion decreased (Fig. 3 I and J and Movie S7). Here, we
define the efficiency as the ratio of the output motion (motion
of the droplet) to the input motion, related to the magnetic
field wave. In practice, we measure the displacement of the
droplet and divide it to the displacement of the magnetic field.
This change in the speed of the droplet can be used as a means
to sort or merge droplets. In Fig. 3K, we have used this velocity
change to displace two droplets at different speeds and inten-
tionally merge them for achieving a controlled mixing experi-
ment (Movie S8). It is likely that this speed difference is due to
a simple geometric argument, which is the contact area of the
droplet to the substrate. The contact area of a droplet increases
with a decreasing contact angle. Therefore, the interface energy
needed to move the droplet is expected to increase with a
decreasing contact angle.

In addition to speed control via contact angle adjustment,
local magnetic manipulations can be used to spatially control
multiple droplets on the substrate. The ability to control drop-
let displacements and their merging allows us to use these
droplets as cargo carriers to achieve controlled reactions at a
droplet scale. To demonstrate the capability of using the drop-
lets as reaction vessels, we have designed droplet-merging
experiments carrying different chemistries. In the experiments
shown in Fig. 3 L and M, two transparent 50-μL water droplets
became pink when merged. The first droplet had a pH of ∼14
and was composed of 0.5 M NaOH, whereas the second one
carried 0.5% phenolphthalein at pH = 7. Phenolphthalein is a
pH indicator and changes color when the pH is in the range of
8.2 to 10. It is colorless at acidic pH below 8.2 and becomes
pink above a pH 10. By merging these first two droplets, the
pH value increased to ∼12, and the phenolphthalein became
pink. Subsequentially, the merged droplet was brought together
with a third one, carrying 70 μL 1 M HCl (pH = 0), which
made the pink droplet transparent again. The first coloration
change was due to the high pH, which made the phenolphtha-
lein pink. The third droplet brought the pH back to an acidic
value (pH < 7), reverting the droplet color to transparent
(Movie S9). The ability to independently relocate multiple
droplets allows us to design a vast variety of experiments that
can yield a magnetically driven, millifluidic platform with
potential applications in laboratory tests and in the pharmacy
industry.

An alternative to the hydrophobic oil used in the liquid infu-
sion of the soft carpets is to add a ferrofluid to the oil. This
infusion has the potential to allow for more complex droplet
manipulation scenarios, as the ferrofluid will interact with the
magnetic field and may provide another control parameter.
Liquid infusion of the soft carpets with a ferrofluid layer allows

for two types of droplet manipulation, which are defined by the
height of the layer. When enough ferrofluid is infused in the
soft carpet (i.e., when the thickness of the infusion layer is
about the pillar height), the magnetic field under the carpet
induces a dynamic liquid topography. This topography follows
the fingerprints of the magnetic flux density generated by the
magnets under the substrate and has round edges due to sur-
face tension and gravitational forces (Fig. 4A). Fig. 4B shows
the magnetic scalar potential associated to the magnetic fields
shown in Fig. 4A. In this configuration, the flux density dictates
the spatial distribution of the ferrofluid, whereas the scalar
potential demonstrates the polarization of the magnets and
their interaction with the pillars. When the infusion layer
boundary is at the height of the pillar or beyond, the surface
topography of the ferrofluid dominates the droplet manipula-
tion (Fig. 4 C and D and Movie S10). This topography follows
the magnetic field flux, and the curvature of the surface topog-
raphy traps the droplet at the slip state. Consequently, the
motion of the topography allows for the spatial manipulation of
the droplet (Fig. 4D) (see also SI Appendix, Fig. S4). On the
other hand, when the boundary of the ferrofluid layer is below
the pillar height (i.e., the thickness of the infusion layer is about
0.5 the pillar height), the pillars of the soft carpet interact with
the droplet via pin and slip states.

Compared to mineral oil–infiltrated substrates, this configura-
tion exhibits a more efficient droplet transportation (Fig. 4 E and
F and Movie S11). Note here that the direction of the droplet
motion is opposite to the translating magnetic field wave. In this
study, the transport efficiency is quantified with a scale varying
from �1 to 1 and defined as the ratio between the displacements
of the droplet and of the magnet array. When both the droplet
and the array move one unit length along the same direction, the
efficiency is at its maximum 1, which is the case depicted in Fig. 4
C and D. For a droplet moving in a direction opposite to the
magnetic field motion, the efficiency is negative. Particularly, if
both the droplet and the magnet array move one unit in opposite
directions, the efficiency is �1. The forward and backward
motions observed in Fig. 4 D and F have an efficiency value of 1
and �0.5, respectively. Moreover, the backward motion for a
ferrofluid-infused layer is observed to have a higher transport
efficiency than the motion in layers infused only with mineral oil,
which lies around �0.4. Although both motions have negative
efficiencies, a comparison of their absolute values shows that
droplets are transported faster if ferrofluid is added to the infu-
sion layer. The lower efficiency obtained for substrates infused
only with mineral oil is explained by the inhomogeneity in the pil-
lar heights. When ferrofluid is added to the infusion layer, the
layer also becomes magnetic, forming a topography that improves
the distinction between the slip and pin states. The ferrofluid
infusion of soft carpets offers an alternative mechanism for drop-
let manipulation.

Ferrofluid infusion with the rotor-shaped magnet assembly
was also demonstrated for droplet manipulation (Fig. 4 G and
H and Movie S12). Because of the circular path formed, this
manipulation is only possible with an excess of ferrofluid in the
infusion layer. Here, the ferrofluid predominantly occupies the
locations with high magnetic flux and forms a topography for
the droplets to organize at the gravitational minima in a similar
fashion as in Fig. 4 C and D. When the set of magnets is
rotated with one or multiple droplets, these droplets follow the
rotation of the magnetic field and exhibit a synchronized circu-
lar motion over time (Fig. 4I and Movie S13).

Conclusion
By applying external magnetic fields to a liquid-infused soft car-
pet, patterned and switchable wetting states on the surfaces were
achieved. Spatiotemporal control of these wetting states allowed
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us to design surface forces and manipulate nonmagnetic droplets
over the soft pillars infused with a liquid. The infusion of a repel-
lent liquid allows for droplet manipulation without contaminating
its content. This enables the use of droplets as small containers
to deliver chemical cargo and to combine two distinct chemicals
for a reaction or a synthesis. We showcased this capability by
merging droplets for specific chemical reactions that demon-
strated visual modifications as a result of changing pH values.
Furthermore, several control parameters to tune the droplet
velocity on the substrate were identified, such as the contact
angle, the surfactant concentration, and the use of a ferrofluid
infusion layer. We believe that the programmable spatiotemporal
control of droplets on a substrate offers the potential for an auto-
mated bioanalytical and chemical testing platform, in which small
droplets act as tiny test tubes and significantly reduce the amount
of sample used per test.

Materials and Methods
Fabrication of the Soft Carpet. To fabricate our soft, magnetic pillars, we
modified the method of refs. 38 and 39 by using hard ferromagnetic particles
instead of the soft ferromagnetic particles. First, we prepared a mixture of
Ecoflex 00–20 (a Platinum Silicone rubber compound, Smooth-on Inc.), hexane
(Sigma-Aldrich, ACS reagent), and magnetic neodymium iron boron particles
(NdFeB, Magnequench MQFP-B + D50 = ∼25 μm, 10215–088, Lot No. F00492)
with a weight ratio of 4:1:x, with x being the NdFeB particle mass. In a typical
experiment, we added 4 g Ecoflex, 1 g hexane, and 3.6 g NdFeB powder (47
wt%). Next, this mixture was homogenized in a Thinky mixer (ARE-250) for
3 min at 2,000 rpm. In a typical experiment, 1 g of this mixture was poured
into a Teflon Petri dish (3 × 3 cm and 0.25 mm thickness) and spread evenly by
moving a permanent magnet (NdFeB, http://www.supermagnete.ch) back
and forth underneath close to the teflon dish. Typically, the magnet had a

dimension of 5 × 5 × 2 cm and a strength of 0.4 T. We could make different
lengths and shapes of pillars by varying the strength of the magnet and the
amount of mixture used. Once pillars had formed, we increased the spacing
between the magnet and the Petri dish by 0.5 cm and moved this to an oven
to be cured for 20min at 60 °C, which solidified the Ecoflex 00–20. Mechanical
properties of the SMC are given in SI Appendix, Table S3. A key requirement
to obtain a homogeneous SMC is to evenly spread the mixture before apply-
ing the magnetic field, which induces the Rosensweig instability. By doing so,
we were able to reproducibly obtain evenly sized pillars with a length polydis-
persity lower than 5%.

The Magnetic Manipulation of SMCs. The magnetic manipulation of the SMCs
was achieved by attaching a magnetic track directly to an electric motor or by
using a motorized stage to move the magnetic track (see also SI Appendix,
Fig. S1). The pillar manipulation performed with our array of permanent mag-
nets may, in principle, also be achieved using electromagnets that can gener-
ate similarly complex patterns of magnetic nodes and anti-nodes. To facilitate
the use of electromagnets, it is recommended to magnetize the SMCs up to
their magnetic saturation level (40). This endows the pillars with a much
greater permanent dipole moment so that they can be more readily con-
trolled using external fields generated electrically, which are typically weaker.

Liquid Infusion of Soft Carpets. Liquid infusion was performed by using the
following oils: silicon oil with several viscosities (1, 1,000, 10,000, and 30,000
cSt of Sigma-Aldrich) and mineral oil (Sigma-Aldrich). The ferrofluid was
added by suspending oil-soluble iron oxide nanoparticles (Ferrotec, EMG 1300
M) in mineral oil with a concentration of 1 mg/mL. A small amount of these
suspensions was poured on the soft carpets for a low-infusion level, yielding
layers with∼50% the average pillar height for the scarce case.

Contact Angle Measurements. Contact angle measurements were performed
at different magnetic fields by taking a sideview picture of the droplet at con-
tact andmeasuring the angle with ImageJ image analysis software.
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Fig. 4. Droplet transport with a ferrofluid liquid infusion. (A) Magnetic flux density over an array of rod-shaped magnets computed with finite element anal-
ysis. This magnetic flux density generates the surface topography formed by the ferrofluid infused on the soft carpet. The planes xz and xy indicate the side
and top views, respectively. (B) Finite element analysis of the magnetic scalar potential formed on top of a magnet array. The polarization direction (N/S
depicts the north and south pole of the magnet, respectively) along the z-axis of each magnet in the array is indicated in the sketch. (C) Schematics depicting
the case of excess ferrofluid in the layer used to infuse the soft carpet. Here, the system stays at the slip state, as the pillar edges are constantly covered by
the infusion layer. (D) The motion of the surface topography with a moving magnetic wave carries the 20-μL droplet along the same direction of the wave
motion. Snapshots show the droplet transport at the slip state over time. (E) A sketch depicting the case of a soft carpet infused with a layer poor in ferro-
fluid. Here, the surface exhibits both pin and slip states. Droplets pin quickly, and the strokes of these pinning pillars drive the droplet motion, similar to the
motion mechanism in Fig. 3. (F) The strokes of the pinning pillars push the 60-μL droplet in an opposite direction to the moving magnetic field wave. Snap-
shots show the droplet transport at the pin state over time. (G) A rotor-shaped magnet array manipulates ten 50-μL droplets with a ferrofluid infusion. Mag-
netic flux density of the rotor-shaped magnet array placed under the infused substrate (H) and time lapse of a 50-μL water droplet being manipulated on a
circular path (I). (Scale bars, 5 mm.)
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Water Droplet Labeling. To label the water droplets, 30 mg rhodamine iso-
thiocyanate or fluorescein isothiocyanate dye was added to 1 mL glycerol.
Small aliquots of the liquid were taken for the experiments.

PAA Water Solutions. For the droplet tests, we prepared PAA (Acros, M.W.
5,000 g/mole) at different concentrations, namely at 0.5, 0.05, and 0.005 wt%.
These droplets were placed on the substrates with amicropipette.

Data Availability. All study data are included in the article and/or supporting
information.
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