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Active components incorporated in materials generate motion by inducing conformational changes in
response to external fields. Magnetic fields, in particular, carry the added advantage of
biocompatibility as well as being able to actuate materials remotely. Although ferrofluid droplet
migration induced by a high-frequency rotating magnetic field is a well-established effect, droplet
migration at low frequencies is still elusive. Millimeter-sized ferrofluid droplets placed on a solid
substrate, surrounded by an ambient gas phase, are shown here to migrate under a rotating magnetic
field due to inertia-induced symmetry-breaking of the periodic deformation (wobbling) of the liquid-gas
interface. This interface wobbling leads to droplet migration with speeds that increase as the amplitude
and frequency of the magnetic field increase. In addition to migrating in a controlled manner, we
demonstrate the ability of magnetic droplets to clean surface impurities and transport cargo.

Soft active materials are characterized by their dynamic response to external
stimuli. Unlike passive materials, active materials have the ability to respond
to different inputs such as light'~, magnetic fields*’, electric fields®’, and
chemical cues*"’. Active components incorporated in passive materials
enable controlled conformational changes to achieve specific functions such
as migration, swimming, and delivering cargo. Moreover, soft materials
actuated by magnetic fields hold significant appeal due to the fact that
magnetic fields can penetrate a wide range of materials, including biological
matter.

Ferrofluids are colloidal suspensions of magnetic nanoparticles that
can be actuated using external magnetic fields. Since the motion of magnetic
particles inside the host fluid can generate macroscopic fluid flow, the
magnetic fields enable tunable fluid control in situ without changing the
fluid properties and confinement. Different actuation schemes can be
devised to manipulate magnetic liquids. Ferrofluids and other magnetic
materials have been explored to achieve locomotion via spatial gradients in
magnetic fields. These gradients can be established by using magnets'' or
current-carrying coils'’. The magnetic field source can also be physically
moved" or periodically turned off and on", to create fields with spatio-
temporal variations.

Rotating magnetic fields have also been used to actuate matter for
robotic applications'>'. For ferrofluid droplets, this approach relies on the
rotating field-generated fluid motion leading to actuation of the droplet as a
whole. Although the individual magnetic constituents of the ferrofluid
experience no net force in a spatially uniform external field, the magnetic
particles rotate to align with the field and drag the surrounding fluid along,
causing macroscopic fluid motion'”".

Rotational fields have been used to drive ferrofluid droplets in liquid
environment'’, pattern and control the moving direction of a pack of fer-
rofluid droplets™, and to direct ferrofluid droplets along magnetic rails™.
High frequency rotating fields can create internal torques in ferrofluids
causing the fluid to rotate along with the field”>**. This phenomenon can
also be used to displace ferrofluid droplets on solid substrates'® as the droplet
fluid develops internal rotations.

While the relation between contact angle and capillary number or
contact angle versus time are well established in the literature of spreading of
viscous liquids by fitting curves to macroscopic measurements™, the
microscopic physics near the contact line is still a topic of current
investigation®”’. Likewise, there hasn’t been any real consensus on the
magnetowetting properties of ferrofluids. There are many reasons why this
is the case. For instance, the carrier liquid plays a significant role, where oil-
based ferrofluids give rise to a free-surface protrusion while under identical
conditions magnetic paints give rise to a dimple (the Moses effect)*. The
diverse properties of ferrofluid wetting behavior were collected in a number
of recent reviews””.

In this work, we show numerically and verify experimentally, that in
the regime of negligible torques (no internal rotations), ferrofluid droplets
on a solid substrate surrounded by an ambient gas phase, can migrate by
applying an external rotating magnetic field. The liquid-gas interface
deforms in the direction of the magnetic field**, whose circulation causes the
dropletand its contact lines to wobble. We find that this geometric wobbling
of the droplet and its interaction with the solid substrate, causes the droplets
to migrate. While previous studies have observed droplet motion induced by
symmetry breaking through mechanical vibration’"”, our discovery intro-
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duces a method to drive droplet motion via active self-vibration, eliminating
the need for a mechanically actuated substrate. In the ensuing sections, we
develop a finite element analysis model to study the magnetically-induced
deformation and motion of these droplets. The accompanying experimental
realization of magnetic droplets in a rotating magnetic field, then verifies the
overall trend of the numerical predictions.

Results and discussion

Ferrofluids are incompressible suspensions of nanosize ferromagnetic
particles in a viscous carrier liquid. When internal rotations are neglected,
their dynamical behavior is determined by the Navier-Stokes equations
pDyv; = —0;p + nafvi + f,» where D, is the convective derivative, v; is the i-
th component of liquid velocity, p the pressure, p density, # the dynamic
viscosity and f; is the i-th component of an external force. All magnetic
effects are described by a magnetic force given by the magnetic stress tensor’*

H
o, = —,40{/0 M(H)dH—}—%HZ}I + BH. 1)

Here, M is the fluid macroscopic magnetization, H is the magnetic field, and
B is the magnetic flux density satisfying Vx H=0and V - B =0,
respectively and the magnetization is given by eq. (3). g, is the magnetic
susceptibility in vacaum and I is the identity tensor. We use bold symbols to
denote vectors and tensors, and non-bold symbols for their respective
magnitudes.

In stating eq. (1) we have tacitly assumed that the magnetization
relaxation time is very small, thus the magnetization is collinear with the

magnetic field at all times. In addition, the system is isothermal and the
magnetization only depends on the field amplitude H, leading the magnetic
body force per unit volume (that is, the divergence of eq. (1)) to vanish™.
However, the magnetic traction entering the interfacial normal stress con-
dition

H 1
[[n-o, n]]=y, /0 MdH—f—EyO(M n)?=p+2Ky, (2)

is non-zero, causing a commensurate geometric deformation of the liquid-
gas interface. Here, [[ - ]] denotes the jump in the field across the interface of
the droplet, n is the unit normal vector to the liquid-gas interface pointing
outwards, y is surface tension, K the mean curvature and M = %H The
fields H and B satisfy analogous jump conditions at an interface. Figure la
shows a finite element simulation that demonstrates the effect of the normal
stress condition (eq. (2)) at an interface by employing a ferrofluid droplet
suspended in air. The interface of the droplet becomes elongated along the
direction of the magnetic field, while at the same time it is stabilized by
surface tension.

A ferrofluid droplet placed on a solid substrate also experiences the
same magnetic force and undergoes a similar elongation. To test this, we use
a commercial water-based ferrofluid (FerroTec, EMG 700) and deposit a
droplet of the fluid with ~ 1.5 mm radius on a chemically-coated hydro-
phobic glass slide (see “Experimental method" subsection in the Methods
section for more details). A schematic representation of the experimental
setup is shown in Fig. 1b. The droplet is then exposed to a magnetic field
pointing in the + z direction. Figure 2a shows the droplet geometries in the

Fig. 1 | Ferrofluid in magnetic field. a Finite ele-
ment simulation of a ferrofluid droplet suspended in
air in the presence of three different external mag-
netic field magnitudes B,,;, that is, 0 G (left), 50 G
(middle) and 65 G (right). The geometry of the
liquid-gas interface is determined by the balance y:
between the magnetic interfacial force (Fy,g) and its
surface-tension (Fsr) counterpart. b A schematic I
representation of the experimental setup where the
Helmboltz coils are used to actuate magnetic dro-
plets placed in the center. See Supplementary Fig. 1
for a photograph of the Helmholtz coils used for the
experiments.
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Fig. 2 | Deformation of the droplet interface due to magnetic field. a Photographs
from experiments demonstrating an increase in the peak height of the ferrofluid
droplet with an increase in the external field strength, B,,;. Magnetic fields used here
are 30 G, 90 G, and 150 G, and the field points in the + z direction (scale bar =1 mm).
b Finite element model simulating the deformation of a 2D ferrofluid droplet as a

function of increasing magnetic field strength. The location of the hydrophobic slide
is here denoted with the horizontal red dashed line (surface). ¢ Experimentally
observed stationary steady state configurations acquired by a ferrofluid droplet
under uniform and unidirectional external magnetic fields at various angles indi-
cated by white arrows (scale bar = 1 mm).

presence of three different external field strengths, thatis, 30 G, 90 Gand 150
G respectively, demonstrating an increase in the droplet’s deformation with
an increasing magnetic field strength.

This behavior can be described by the Navier-Stokes equations in
conjunction with the additional magnetic force (eq. (2)). We can thus cal-
culate the droplet geometries as a function of magnetic field amplitude.
Fig. 2b displays the droplet deformation in the presence of different mag-
netic fields pointing upwards along the z-axis, calculated using the finite
element method. The model shows the dependence of the droplet’s peak
height on the amplitude of the magnetic field. Furthermore, due to the
nature of the magnetic force, the interface tilts in the direction of the external
magnetic field. In panel (c) of Fig. 2, we display the experimental realization
of this tilt where the droplet is exposed to a uniform and unidirectional
external field at various angles indicated using white arrows. To achieve this
tilted geometry, the contact lines of the droplet move until they reach a
steady stationary state. Due to this phenomenon, the droplet displays an
apparent “wobble" in the presence of a magnetic field rotating in the x — z
plane (see Supplementary Movie 1). The droplet wobbles at twice the fre-
quency of the rotating field due to the squared force term in eq. (2); that is, if
the magnetization of the droplet M rotates at an angular frequency w, the
magnetic force rotates at 2w.

The placement of the droplet on a solid substrate creates a pair of
contact angles between the liquid-gas and liquid-solid interfaces. The
mobility of the contact lines is a critical factor in determining the motion of
the whole droplet. It is experimentally known that contact lines can become
pinned whenever the dynamic contact angles 6(f) lie within a finite interval
Or < 0(t) < ©4 of their static receding and advancing counterparts, (see
Fig. 3a). This phenomenon, known as contact angle hysteresis, occurs due to

surface roughness, chemical contamination and other microscopic inter-
actions of the surface with the fluid. The substrate used in the experiments
(Fig. 2c) has a contact angle hysteresis of roughly 15°, that is, ®4 — Op = 15°.
The wobbling motion of the droplet causes both contact angles of the
droplet to oscillate (see Supplementary Movie 1). This allows the pinned
contact lines of the droplet to overcome contact angle hysteresis and become
unpinned (cf. Fig. 3a(i)-(ii)). The incipient motion of both contact lines over
a full cycle of rotation of the magnetic field causes the droplet to become
displaced relative to its initial position, thereby inducing migration. The
direction of the droplet migration follows the same ‘sense’ as the magnetic
field, that is, the droplet moves along the positive x-axis for a field rotating
clockwise in the x-z plane, and vice-versa. Using the finite element analysis
model, we observe this property of ferrofluid droplets to migrate due to
periodic wobbling of the interface (see Supplementary Movie 2). Fig. 3b
shows the simulated motion of a 2-dimensional droplet via chronologically
arranged snapshots. Here, the color bar shows the magnitude of fluid
velocity in the interior of the droplet (see “Experimental method" subsection
in the Methods section for material parameters used in the model), and the
black arrows point in the instantaneous direction of the magnetic field. The
model is in qualitative agreement with the motion observed in the labora-
tory (see Supplementary Movie 3). Fig. 3¢ shows experiments where the
migration of the droplet was induced using an external magnetic field
(indicated using white arrows) of 100 G rotating at 10 Hz.

In the Stokes-flow regime (no inertia) and on a perfectly smooth
substrate, during the first half of the deformation cycle, a wobbling droplet
would deform into a sequence of geometric conformations that are mirror
images (about y-z plane) of the conformations during the second half.
Therefore, under such conditions, the droplet should symmetrically move
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Fig. 3 | Migration of ferrofluid droplets in rotating fields. a A schematic repre-
sentation of contact angle pinning. Insets (i) & (ii): representation of receding and
advancing contact lines. (iii): Schematic depiction of contact angle hysteresis dia-
gram (contact line velocity U vs. the dynamic contact angle 6, adopted from™).

b Finite element simulations demonstrating the migration of a 2D droplet due to the
wobbling motion of the liquid-gas interface. The magnetic field is rotating clockwise

at 10 Hz in the x — z plane. Black arrows indicate the instantaneous direction of the
external magnetic field (see Supplementary Movie 2). ¢ Experimental photographs
of a ferrofluid droplet undergoing the motion predicted by the finite element model,
displayed in panel (b). White arrows indicate the instantaneous direction of the
external magnetic field (scale bar = 2 mm).

back and forth such that after every cycle, it returns back to the original
position (also see Supplementary Note 2). This symmetry of the forward and
backward motions is broken in our system due to the inertia of the fluid flow
inside the droplet. The fluid flow depends on the amplitude and frequency of
the magnetic field and therefore can be used to control the speed of the
droplet motion. Figure 4 displays the droplet speed as a function of field
frequency for three different values of field amplitudes, that is, 50 G, 100 G
and 150 G, demonstrating an increase in the droplet speed with an increase
in the field amplitude and frequency. Each data point in the plot is an
average of five separate experiments using a new droplet on a clean glass
substrate and the standard deviation of the measurements are plotted as
error bars. A noteworthy feature of Fig. 4 is the existence of a critical
frequency for a given field amplitude below which the droplet is immobile.
This is because, for the contact lines to become unpinned and move, the
wobbling of the droplet interface needs to be large enough to overcome
contact angle hysteresis. Therefore, for a smaller value of field amplitude, a
larger critical frequency is required to set the droplet in motion. As shown in
Fig. 4, for the field amplitudes of 150 G and 100 G, the critical frequencies are

approximately 5 Hz and 7 Hz respectively, and for 50 G, the droplet stayed
immobile for the whole range of frequencies tested as wobble could not
unpin the contact lines. In our experiments, we also noticed that sometimes
the contact lines would become unpinned and move back and forth while
the overall droplet stayed immobile. This phenomenon was captured in the
Supplementary Movie 1. One explanation for this phenomenon is the var-
iation in surface roughness which can cause a moving contact line to get
pinned as it moves to a different part of the substrate. This was confirmed by
the different values taken by the contact angle hysteresis interval, measured
at different positions on the glass substrate. Moreover, as the field frequency
or the amplitude was raised, the droplet was able to freely move over the
entire substrate. The droplet motion is also affected by parameters such as
droplet size and fluid’s material properties. For example, for a given magnetic
field amplitude, smaller sized droplets wobble much less compared to larger
droplets, which causes them to stay pinned on the substrate and not move.
This expected behavior was observed in both simulations and experiments.

By controlling the axis of rotation of the magnetic field we can man-
oeuvre the droplets in any arbitrary direction on a solid substrate and in
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addition they can be induced to travel up or down inclined planes. The
droplets can also interact with materials that lie along the path of their
motion. This ability of the droplets can be used to clean surface impurities,
harvest materials, and transport matter to desired locations on the sub-
strate’s surface. To demonstrate this functionality, we deposit a ferrofluid
droplet at the bottom of a curved Teflon substrate, and place a small cube of
a soft PEGMEA-based hydrogel (cargo) near the droplet (see Fig. 5a). We
drive the droplet uphill in the direction of the cargo using a magnetic field of
125 G rotating counterclockwise at 10 Hz until the droplet overruns the
cargo (see Fig. 5b—d). This allows the droplet to pick up and move the cargo
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Fig. 4 | Experimental measurements of ferrofluid droplet migration speeds on a
solid substrate surrounded by an ambient gas phase as a function of the rotating
magnetic field frequency. The data points represent an average of five experiments
at respective magnetic field amplitudes and the error bars are the standard devia-
tions. Onset of droplet motion takes place at higher frequencies when the field
amplitude is lower. This is the case because, for the contact lines to become unpinned
and move, the wobbling of the droplet interface needs to be large enough to over-
come contact angle hysteresis. Thus, for each field amplitude, a critical frequency
exists below which the droplet is immobile.

along with it. We then flip the direction of the field rotation to clockwise
causing the droplet and cargo to move downhill together as shown in
Fig. 5e-g (also see Supplementary Movie 4). This shows our ability to
control the motion of ferrofluid droplets on complex surfaces and also use
them to transport matter.

The model can also be used to analyse the motion of the droplet
under different environmental conditions. For example, our numer-
ical calculations show that for surfaces with large contact angle
hysteresis (04 — Or ~ 50°) and low surface tension, the droplet
moves in the opposite ‘sense’ relative to the magnetic field circula-
tion, that is, droplets travel in negative x direction for a field rotating
clockwise in the x — z plane (see Supplementary Movie 5, parameters
used are given in “Experimental method” section). This reversed
motion is associated with the inability of the right contact line to
overcome the large hysteresis in the first half stroke of the clockwise
rotating cycle. However, synchronization of the second half stroke
with the fluid back-flow towards the left contact line, leads the latter
to overcome hysteresis effects and sets the droplet into motion.

Conclusions
In this article, we demonstrated a mechanism by which droplets of magnetic
liquids can be manipulated over a solid substrate using rotating magnetic
fields. In the regime of negligible torques (no internal rotations), a ferrofluid
droplet can move via the deformation of its liquid-gas interface and broken
symmetry due to inertia. The rotation of the magnetic field creates periodic
deformations in the droplet interface causing it to wobble. The wobbling
interface creates fluid flows inside the droplet and inertia of the fluid leads
the droplets to migrate. The speed of droplet motion is controlled by the
amplitude and frequency of the magnetic field. The droplets move in the
same sense relative to the magnetic field rotation, that is, the droplets dis-
place in the positive x direction for a clockwise rotating field. We demon-
strate this phenomenon of droplet motion through finite element modeling
and experiments performed using water-based ferrofluid placed on a
hydrophobic substrate.

The finite element model allows us to explore different range of
environmental and material parameters inaccessible to our experimental
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Fig. 5 | Experimental photographs of ferrofluid droplet picking up and
transporting cargo. a Photograph showing the initial state of the droplet and cargo.
b-d Chronologically arranged images of the ferrofluid droplet as it moves up an

(g)t=8.9s
Hydrogel 2 AN
\I—-

inclined plane to pick up the cargo. e-g Chronologically arranged images of the
ferrofluid droplet as it moves down the inclined plane to deliver the cargo. (scale bar
=1 mm).
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system. For instance, the model predicts that for substrates with large
contact angle hysteresis, the droplets move in the opposite sense relative to
the magnetic field rotation. Our work can also be extended to theoretically
analyze more complex systems such as oil-based ferrofluid droplets in
aqueous environments® as well as to explore functions such as cleaning
surface impurity, interacting with complex geometry like curved surfaces,
dragging matter, and delivering cargo.

Methods

Experimental method

We use a commercial ferrofluid (FerroTec, EMG 700, fluid density
p=1290 kg/m’, viscosity y =5 cP, surface tension y = 51 mN/m™, saturation
magnetization M, =355 G, receding static contact angle O = 75°, advancing
static contact angle @, = 90°) and quantify the contact angle hysteresis of the
ferrofluid on the hydrophobic surface with a drop shape analyzer (Kriiss,
DSA100). We first deposit a ferrofluid droplet on a clean, hydrophobic slide
while the other side of the droplet remains attached to a synringe needle. We
then gradually increase the droplet volume (0.5 uL/s) and measure the
advancing contact angle when the contact line is sliding both along the
substrate and the needle. We then decrease the drop volume ( — 0.5 yL/s)
and measure the receding contact angle. The reported static advancing angle
is 90° and the receding angle is 75°. We further check the inhomogeneity of
the substrate properties by depositing ferrofluid droplets at different loca-
tions on the substrate, and apply a DC field to stretch the droplet against the
gravity. As the droplet deforms, we observe that it develops a strong pinned
contact line in some locations while not in others. To minimize the pinned
contact line problem, we only perform experiments in locations with less
variation in substrate properties, e.g., where we observe no pinned contact
line. (All details on the instruments and materials used are given in the
Supplementary Note 1).

Computational method

To solve the continuum model we used a commercial finite element analysis
software, COMSOL Multiphysics™. The computational model comprises of
asquare box of area 14 mm x 14 mm to model the ambient gas phase which
encloses a small semi-spherical domain of radius 1 mm representing the
ferrofluid droplet. External magnetic field is applied to the square boundary
of the air domain using the condition, # - B = 1 - Byyernar Where n is the
normal to the boundary and B,yermar is the external magnetic flux density.
Our model utilizes COMSOL’s AC/DC module to solve for the magnetic
fields and the computational fluid dynamics module to solve the Navier-
Stokes equations with magnetic force applied at the droplet interface. The
droplet is modeled using the moving mesh method defined within the fra-
mework of Arbitrary Lagrangian-Eulerian (ALE) formulation™, where the
fluid-air interface is described as a geometric surface and the interfacial
forces are directly applied on the boundary of the fluid domain. The
advantage of using the moving mesh method is that it provides a very sharp
and accurate interface.

Here, we consider the case of very small relaxation time of the mag-
netization, which is thus collinear with the magnetic field (quasi-stationary
theory, cf*"). In this case the magnetization is described by the Langevin
function

M(H) =M, (coth(rH) - %), T= T’ 3)
B

where, M = nm, is the saturation magnetization, m, = M,V is the magnetic
moment of a single subdomain particle, V is the particle volume, M, is the
domain magnetization of dispersed ferromagnetic material and # is the
number density of the magnetic grains. The magnetic force is then described
by eq. (2).

We implemented contact angle hysteresis using the approach devel-
oped by Caiand Song”. On a perfectly smooth surface with no contact angle
hysteresis, the liquid-gas interface of a viscous droplet at rest makes an angle
0.4 with the surface. This angle is determined by the balance of interfacial

forces given by the Young-Laplace equation™. If the dynamic contact angle
of the droplet differs from 6,,, the contact line moves until 6 and 6, are
equal. In order to implement contact angle hysteresis, 0., is changed
depending upon whether the contact line is in a pinned state or an unpinned
state”’. In the pinned state where O < 0 < O 4, the energy of the liquid-solid
interface is constantly adjusted such that, 6,, = 6. This causes the contact
lines to become stationary. On the other hand, when the dynamic contact
angle exceeds the static advancing angle, that is, 6 > © 4, we fix Heq =0, In
this case, since the dynamic contact angle exceeds the equilibrium contact
angle, the contact lines are free to move. Similarly, when 6 < O, we
ﬁX Geq = ®R-

The material parameters used in the model (Fig. 3b and Supplementary
Movie 2) are fluid density p = 1290kg/m’, viscosity 4 = 5 cP, surface tension
y =51 mN/m, saturation magnetization M; = 355 G, receding static contact
angle @ = 75°, advancing static contact angle ®, = 90°.

Parameters used in Supplementary Movie 5 are fluid density
p =1290kg/m’, viscosity 4 = 10 cP, surface tension y = 30 mN/m, saturation
magnetization M, = 355 G, receding static contact angle @ = 55°, advancing
static contact angle ©, = 110°.

Data availability
All data are presented in the main text and Supplementary Information.
Data files are available upon request.

Code availability
COMSOL simulation files are available upon request.
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