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Abstract

The directed propulsion of magnetic microrobots through structured environments
often requires real-time feedback between external sensors and the applied field. This
requirement, however, can be relaxed to enable self-guided propulsion by coupling field-
driven motion to gradients in the local environment. We show that rotating fields direct
the migration of ferromagnetic spheres up local gradients in the topography of a solid
substrate. We quantify the speed and direction of particle migration as a function of
rotation frequency and incline angle. These observations are explained by a dynamical
model that describes particle motion through the fluid due to the magnetic torque
and gravitational force. We demonstrate how “topotaxis” can direct the simultaneous
navigation of multiple particles on patterned arrays of concave bowls and convex domes
without knowledge of the particle locations or the surface topography. These results
highlight opportunities for designing time-varying fields to achieve other self-guided

behaviors conditioned on local environmental cues.
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Introduction

The remote actuation of magnetic particles by time-varying fields provides a basis for pow-
ering the dynamic functions® of microrobots? on the scale of living cells. These magnetic
microrobots can navigate fluid environments by swimming?® % or surface rolling,”® capture

10712 and apply precise stresses that alter

and release cargo through tunable deformations,
their surroundings.'*1® Owing to their small size, individual particles can fit through nar-
row constrictions of structured environments and later assemble to form functional swarms
of many interacting robots.'¢"!® These and other capabilities are motivated by emerging
applications in biomedicine, where microrobots promise minimally-invasive solutions for tar-
geted delivery and microsurgery.'923 In this context, magnetic fields provide an attractive
power source due to their biocompatibility, minimal interaction with biological tissues, and
dynamically tunable magnitude and direction. However, such fields are “blunt instruments”
that act uniformly over large volumes containing many microrobots, which creates challenges
for controlling individual particles in heterogeneous environments.

The external control of magnetic microrobots often relies on real-time monitoring of parti-
cle positions and continuous adjustment of the applied field to achieve desired behaviors. 2425
For a single particle, such feedback control algorithms tune multiple electromagnets to di-
rect particle motion along specified trajectories in two or three dimensions.?® When, however,
the position of the particle and/or the targeted location are unknown, these methods be-
come ineffective. Moreover, external control systems based on magnetic fields are not easily
extended to direct the behaviors of multiple particles independently due to their limited

spatial resolution. To first approximation, neighboring particles move under the influence

of a common field. These challenges of limited information and global actuation motivate



the development of self-guided microrobots that rely on local environmental cues to deter-
mine their appropriate behaviors. Active particles®” that direct self-propelled motions in

30,31

response to local gradients—for example, in solute concentration,?®2? fluid velocity, and

light intensity 3233

—rprovide canonical examples of such self-guided capabilities. However, it
remains an outstanding challenge to combine the benefits of magnetic actuation with the
autonomy of gradient-driven ‘taxis’.

Recent work suggests that time-varying magnetic fields can be used to encode the self-

34,35 For ex-

guided behaviors of magnetic particles conditioned on local environmental cues.
ample, Dou et al. identify spatially homogeneous, time-periodic fields that direct the migra-
tion of ferromagnetic spheres up (or down) an inclined plane—so-called topotaxis.?* Owing
to their rotational symmetry, such fields do not specify which direction the particle should
move but rather how it should respond to local variations in the surface topography. Con-
sequently, the same field can drive multiple independent particles to move simultaneously
in different directions determined by their respective environments. These prior results are
based on mathematical models of the particle dynamics and require complex time-periodic
fields to direct uphill migration. Preliminary experiments provide evidence of topotaxis on
stmulated inclines achieved by tilting the axis of the applied field above a planar substrate.
By contrast, self-guided particle migration on topographic landscapes and against the force
of gravity has yet to be demonstrated.

Here, we present experimental evidence that simple rotating fields can direct topotaxis of
ferromagnetic spheres up inclined substrates. We quantify the particle velocity along direc-
tions parallel and perpendicular to an inclined plane as a function of the rotation frequency
and the incline angle. Consistent with theoretical predictions, the velocity perpendicular
to the incline increases linearly with frequency while that parallel to the incline increases
quadratically. By toggling the sign of the rotation frequency, motion perpendicular to the

incline can be eliminated. At sufficiently high frequencies, we show that such toggled fields

can direct particle migration up the incline against the force of gravity. Beyond planar



substrates, we demonstrate self-guided particle migration across curved topographies such
as concave bowls and convex domes. Perhaps most importantly, we confirm experimentally
that multiple (non-interacting) particles subject to a common field migrate independently
along different directions as directed by their local environments. We discuss the limits and
possible extensions of field-driven taxis in pursuit of magnetic microrobots with increasing

levels of autonomy.

Results & Discussion

Toggled rotating fields drive “zig-zag” particle trajectories on inclined substrates

Our experiments are based on magnetic Janus spheres (radius a = 5 pm) dispersed in
water above a planar substrate (Fig. 1la). As detailed in the Methods, the particles are
prepared by depositing a thin nickel film onto a monolayer of polystyrene (PS) spheres. As
established in prior studies,?®3® the resulting particles are characterized by a permanent
magnetic moment m directed parallel to the Janus equator with a magnitude m ~ 1 x 1072
A m? that depends on the particle size and the nickel layer thickness. This approach offers
ferromagnetic particles of tunable size and magnetization; however, the Janus character of
the particles is not otherwise important to our present results.

The ferromagnetic particles are subject to a rotating field with magnitude B and angular
frequency w = we, aligned parallel to the gravity direction g = —ge,. The sign of the
rotation frequency w is toggled periodically thereby reversing the direction of rotation after
every 50 revolutions. When the substrate is level, particles are observed to rotate in place
with little or no lateral translation due to gravity or the applied field. When, however, the
substrate is tilted by a small angle «, particles migrate across the substrate along zig-zag
trajectories, changing their direction of motion with each reversal of the rotating field. At
low frequencies (e.g., w = 10 rad/s), particles follow zig-zag trajectories down the incline in

the negative y-direction (Fig. 1b and movie S1). By contrast, at higher frequencies (e.g.,



w = 70 rad/s), particles zig-zag up the inline in the positive y-direction and against the force
of gravity (Fig. 1c¢ and movie S1).

Upon closer inspection of Figures 1b and ¢, we observe that the downhill migration veloc-
ity at low frequencies is not antiparallel to the uphill migration velocity at high frequencies.
As detailed below and in the Supporting Information (Fig. S3), this observation is attributed
to a small misalignment between the axis of the rotating field and the gravity direction. In
principle, there are two “uphill” directions: (1) one based on the surface normal vector n
and the gravity vector g (denoted e, in Fig. 1a), and (2) another based on n and the an-
gular frequency vector w (denoted es in Fig. 1c). The second uphill direction based on the
rotating field will prove more useful in understanding the frequency-dependent migration of
the particles. We therefore analyze the segments of each zig-zag trajectory to infer the av-
erage migration velocity of each particle along the e; and e, directions for different rotation

frequencies and incline angles.

Velocity components U; and U, are odd and even functions of frequency

Figure 2 shows the components of the particle velocity perpendicular (U;) and parallel (Us)
to the incline as a function of the rotation frequency. The velocity U; perpendicular to the
uphill direction is well approximated by an odd function of frequency, which varies linearly
with w at small frequencies (Fig. 2a, solid markers). For positive frequencies (clockwise
rotation viewed from below), the particle moves in the positive 1-direction. In other words,
a particle navigating an inclined landscape moves to its right when facing the uphill direction.
For negative frequencies, the particle moves in the opposite direction. When the incline angle
is reduced or eliminated, the migration velocity is similarly reduced (Fig. 2a, open markers).

By contrast, the velocity U, parallel to the uphill direction is well approximated by an
even function of frequency, which varies quadratically with w at small frequencies (Fig. 2b,
closed markers). In the limit as w — 0, the particle sediments down the incline under the

force of gravity. The rotating field introduces a second contribution directed up the incline
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Figure 1: Topotaxis of a ferromagnetic sphere. (a) Schematic illustration of a Janus sphere
with magnetic moment m moving on an inclined substrate due to a rotating field B(¢).
The angular frequency of the rotating field w is (approximately) parallel to the gravity
direction g but tilted by an angle « from the surface normal vector n. The frequency is
toggled periodically between positive and negative values corresponding to clockwise and
anticlockwise rotation as viewed from below. (b) At low frequencies (here, w = £10 rad/s),
the particle moves steadily down the incline (negative e, direction) as it moves back and forth
perpendicular to the incline (e, direction). Colored markers denote the particle position at
regular time intervals. (c) At high frequencies (here, w = £70 rad/s), the particle zig-zags
up the incline along the e, direction, which differs slightly from the e, direction. The incline
angle in (b) and (c) is o = 16°.



which increases as w?. At sufficiently high frequencies (e.g., ~50 rad/s in Fig. 2b), this field-
driven contribution exceeds that due to gravity thereby propelling particle migration up the
inclined surface. The migration velocity is significantly reduced when the surface is nearly

level with respect to the gravity direction and the rotation axis (Fig. 2b, open markers).

Dynamical models of topotaxis reproduce experimental observations

We developed a mathematical model of topotaxis based on low Reynolds number hydrody-
namics that describes particle translation and rotation due to the external magnetic torque
and the gravitational force.?* As detailed in the Methods, we consider a solid sphere with
a permanent magnetic moment m immersed in a viscous fluid above a solid plane (see also
Supporting Information). The rotating field B(¢) creates a magnetic torque T,,, = m x B
that acts to rotate the particle and align its moment parallel to the field. Due to hydrody-
namic coupling between the sphere and plane, this time-periodic torque contributes also to
particle translation parallel to the surface. We use multiple scale perturbation methods3’
to derive the components of the average migration velocity directed perpendicular (U;) and

parallel (Us) to the incline
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These equations are valid for small inclines o and small frequencies w < wg, where wy =
mBY,/6mna® is a characteristic relaxation rate for field driven rotation. The quantities
w=Y,/Y, k=YY, and A = X_./Y, are ratios between hydrodynamic mobility coefficients
for a sphere rotating and translating above a plane (Fig. S1; e.g., u = 0.86, x = 0.071,
A = 145, Y, = 0.45 for a surface separation of 0.05a).%"%3 The dimensionless parameter
G = Mga/mB describes the relative importance of the gravitational force and the magnetic

torque, where M is the buoyant mass of the particle. Equations (1) and (2) further assume
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Figure 2: Individual particles moving on an inclined plane. (a) The average particle velocity
perpendicular to the incline—denoted U;—increases linearly with the frequency w of the
rotating field and the angle « of the incline. Markers denote data collected for an single
particle at different frequencies for two incline angles a = 16° (filled circles) and —1.2° (open
circles). The solid lines denote the best fit predictions of equation (1). See fig. S10 and table
S1 for additional data. (b) The average particle velocity parallel to the incline—denoted
Us—increases quadratically with the frequency w. Markers denote experimental data; solid
lines denote the best fit predictions of equation (2). FError bars represent one standard
deviation above/below the mean.



that the axis of the rotating field is aligned parallel to the gravity direction; the effect of
misalignment is detailed in the Supporting Information.

This model reproduces and explains the observed dynamics of a rotating sphere on an in-
clined substrate. The migration velocity scales linearly with the incline angle a: such that no
motion is predicted on a level surface. Particle motion perpendicular to the incline is analo-
gous to that of field-drive “rolling”,3®> which is proportional to both the rotation frequency w
and the hydrodynamic traction x. The traction describes the strength of rotation-translation
coupling and can be interpreted as the ratio between the linear and angular velocity of a
force-free particle, k = Uy /af)y.** In contrast to no-slip frictional rolling (x = 1), lubrication
theory predicts a maximum traction of x = 0.25 for a solid sphere approaching contact with
a plane substrate.® As a result, the terms of order k2 in equations (1) and (2) are often
negligible. Particle motion parallel to the incline has two contributions: one due to grav-
ity which is independent of frequency and another due to field-driven rotation which scales
as w?. This second contribution—termed topotaxis*—depends on the parameter \, which
describes the relative resistance of particle rotation about axes parallel and perpendicular
to the surface. Here, \ is greater than one, which means that it is easier to rotate a sphere
about an axis normal to the surface than about an axis parallel to the surface. As a result,
topotaxis in a rotating field is directed up the inline (see also movie S8).

Fitting the dynamical model to the frequency-dependent migration velocity, we obtain
good agreement and physically reasonable parameter estimates (Fig. 2, solid curves). The
inferred surface separation is 0.36 um based on the data in Figure 2 for one particle; data
for other particles are summarized in Table S1. The magnetic relaxation rate is estimated to
be wy = 130 rad/s, which implies a magnetic moment m = 1.3 x 10712 Am?. The inferred
gravitational parameter is G = 0.0021, which implies a density contrast of 17 kg/m? between
the particle and the solvent. These inferences are largely consistent from particle to particle
(see Fig. S10 and Table S1); however, there is variability in the inferred surface separation

and thereby the traction x, which controls the speed of rotation-induced translation. The



surface separation § = 0.1-1 pm and its variation may be caused by surface asperities on the
Janus spheres that act to lift the particle center as it rotates. Despite some heterogeneity
between the particles, the frequency-dependent dynamics of each individual particle on the

inclined surface is well described by the dynamical model.

Toggled fields isolate non-reciprocal contributions to particle motion

At sufficiently low frequencies, the model predicts that the particle’s magnetic moment will
rotate in lock-step with the external field. When the surface is inclined, the particle expe-
riences greater resistance to rotation on the uphill side than on the downhill side, resulting
in particle translation perpendicular to the incline direction. Owing to the kinematic re-
versibility of low Reynolds hydrodynamics,® the particle moves in the opposite direction
upon reversing the angular velocity of the rotating field. At higher frequencies, however,
the magnetic moment begins to lag behind the driving field as illustrated in Figure 3. As it
strives to “catch up” with the rotating field, the particle prefers to rotate about the surface
normal vector n due to the lower hydrodynamic resistance compared to that of directions
t, and t, tangent to the surface. As a result, the magnetic moment m deviates from the
xy-plane of the external field (Fig. 3). Importantly, this out of plane component does not
switch direction upon reversing the rotation of the field. Non-reciprocal motion of the parti-
cle in the yz plane leads to uphill migration for both positive and negative frequencies (Fig.
3, insets).

Our results indicate that particle motion perpendicular to the incline direction can be
eliminated by toggling the direction of the rotating field. By contrast, previous theoretical
work used complex time-periodic fields of a single “handedness” to achieve the same end.3*
To prohibit motion on a level substrate, such fields satisfy a symmetry condition whereby
rotation of the field about the z-axis by an angle ¢,, = 27 /n is equivalent to a corresponding
shift in phase. This condition implies that R.(p,)B(wt) = B(wt £ ¢,) where R, is a

46

coordinate rotation matrix,* n is a positive integer, and 4 correspond to “left” and “right”
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Figure 3: Simulated dynamics of the magnetic moment m (red vector) illustrates the mech-
anism of uphill migration for positive (left) and negative (right) frequencies w = we,. The
multicolored curve shows the path of the moment during one revolution of the rotating field
B(t) (purple vector). The insets show the projection of the moment’s path in the yz plane.
See also movie S8.

handed fields, respectively. To eliminate motion perpendicular to the incline, one can design

complex fields of a single handedness or simply toggle between right and left handed fields.

Topotaxis directs particle migration on spherical bowls and domes

For curved surface topographies h(z,y) characterized by small inclines (|Vh| < 1) and low
curvature (K =~ V?h < a '), we hypothesized that field-driven particle motions would
be well described by the predictions above for inclined planes. To test this hypothesis,
we quantify the motion of magnetic spheres moving on spherical bowls and domes in a
rotating magnetic field (Fig. 4; Movies S2 and S3). These circular features—obtained from
microlens arrays—have a diameter of 180 pm, height / depth of 22 ym, and mean curvature of
K = 0.0052 yum~! as confirmed by profilometry (Fig. S8). Owing to their axial symmetry, it
is not necessary to toggle the frequency of the rotating field to demonstrate uphill migration
to the bowl’s edge or the dome’s crest. Instead, we apply a constant angular frequency in the
z-direction (w > 0), which drives particle motion along spiral trajectories about the center
of the bowl or dome.

On the concave bowl (K > 0), particles move along anticlockwise spirals when viewed

from below (Fig. 4a). At low frequencies, the particle spirals inward to the center of the
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Figure 4: Individual particles moving on bowl- and dome-shaped landscapes. (a) Schematic
illustration of a spherical bowl of radius R = 90 um and depth d = 22 pum; the 10 um
sphere is drawn to scale. A rotating magnetic field with frequency w = 50 rad/s leads the
particle to spiral inward toward the bottom of the bowl (left). The phase ¢ and radius r of
the particle position at time t = 0 s are denoted in the figure. A higher frequency w = 100
rad/s leads the particle to spiral out of the well against the force of gravity (right). (b)
Schematic illustration of a spherical dome of radius R = 90 um and depth d = 22 um. A
rotating magnetic field with frequency w = 50 rad/s leads the particle to spiral down the
side of the dome (left). A higher frequency w = 100 rad/s leads the particle to spiral inward
to the dome’s crest against the force of gravity (right). (c¢) For the bowl (K > 0), the rate
of angular motion ~ increases linearly with the frequency w of the rotating field (left); the
rate of radial motion f increases quadratically with w (right). (d) For the dome (K < 0), v
decreases linearly with the frequency w and [ decreases quadratically with w.
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bowl; at sufficiently high frequencies, the particle spirals outward to the edge of the bowl.
Upon exiting the bowl onto a level plateau, its field-driven migration ceases. On the convex
dome (K < 0), particles move in the opposite direction along clockwise spirals when viewed
from below (Fig. 4b). The particle spirals outward to the edge of the dome at low frequencies
and inward to the crest of the dome at high frequencies. Consistent with predictions of the
dynamical model, these trajectories are well described by the following expressions for the

radial and angular coordinates of the particle (Fig. 4a; see also Fig. S5)

r(t) =roe™ and  @(t) = @o — 7t (3)

Here, ry and ¢y denote the initial radial and angular position of the particle at time t = 0;
[ and v are frequency-dependent rate parameters that describe particle motion in the radial
and angular directions.

As detailed in the Supporting Information, the rate parameters v and 3 describing motion
perpendicular and parallel to the to the local incline are closely related to the velocity
components U; and U, of equations (1) and (2). From the particle trajectories, we infer
the values of v and f for a series of different rotation frequencies (Figs. 4c,d). Consistent
with model predictions, the rate parameter v describing motion perpendicular to the incline
varies linearly with frequency with the sign determined by that of the mean curvature (cf.
left panels of Fig. 4c and 4d) and the angular frequency (not shown). By contrast, the rate
parameter § describing motion parallel to the incline varies quadratically with frequency with
the sign determined by the mean curvature (cf. right panels of Fig. 4c and 4d). Moreover,
by fitting the rate parameters v and 3 against model predictions, the inferred estimates for
the relaxation frequency wy, gravity parameter GG, and surface separation agree with those
obtained from data on the flat inclines (see Table S2 and Figs. S11 and S12 for additional

data).
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Topotaxis directs self-guided navigation of multiple particles in a common field

Finally, we demonstrate the unique capability of topotaxis to direct the simultaneous migra-
tion of multiple independent particles along different directions as determined by the local
surface topography. We identify four particles in neighboring bowls and apply a common
rotating field to drive uphill migration (Fig. 5a and movie S4). The particles trace distinct
spiral trajectories out of their respective bowls with differences attributed to the different
surface separations for each particle. Alternatively, when the same particles are energized by
a toggled rotating field, they migrate out of the bowl along different directions determined by
their initial positions (Fig. 5b and movie S5). Likewise, two particles on neighboring dome-
shaped landscapes climb their respective hills along spiral trajectories of opposite handedness
than observed for the domes (Fig. 5¢ and movie S6). When those particles are initialized
on opposite sides of their respective domes, the toggled field drives uphill migration along
opposite directions in a common field (Fig. 5d and movie S7).

The dynamics of neighboring particles are expected to influence one another by magnetic
and hydrodynamic interactions; however, these effects are small when particles are separated
by several particle diameters. For spheres rotating about an axis normal to a plane wall, both
hydrodynamic and magnetic interactions scale inversely with particle separation as r=* (see
Supporting Information). The ratio of these interactions is proportional to the dimensionless
Mason number Ma = 72nwV;?/pom?, where Vj, = 4ma®/3 is the particle volume and g is
the vacuum permeability.**” For rotation frequencies equal to the relaxation rate w = wy,
the Mason number for these particles is of order unity, indicating that hydrodynamic and
magnetic interactions are of similar magnitude. Comparing the speed of topotaxis to that
of dipole-dipole attraction, the latter is negligible for particle separations r > 4a. A similar
condition is obtained by comparing the speed of topotaxis to that due to hydrodynamic

interactions between the particles (see Supporting Information).
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Figure 5: Multiple particles moving in a common field on arrays of bowls and domes. (a)
Four particles moving on neighboring bowls spiral outward under the influence of a rotating
field with constant frequency w = 120 rad/s. (b) The same particles Uphill motion is
also observed for all particles in bowls under zig-zag field with frequency w = 100 rad/s.
(c) Particles on the dome surface generate uphill motion with singular rotation field with
frequency w = 100 rad/s and (d) zig-zag field with frequency w = 100 rad/s
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Conclusion

We demonstrate that a simple rotating field can drive the migration of magnetic spheres up
an inclined substrate. This motion is well described by a dynamical model based on magnetic
actuation and low-Reynolds number hydrodynamics for the sphere-plane geometry. Using
the model, the waveform of the driving field can be further designed to enhance the speed
of topotaxis or change its direction. In the absence of gravity, the migration speed along the
inclined direction has the form (U;) = C'kaak?/wy, where C'is a dimensionless constant, and
k is a characteristic rate of the driving field (see Supporting Information). For the simple
rotating field, this rate is identical to the frequency (k = w); however, this need not be
the case for complex time-periodic fields where k£ > w. The constant C' depends on the
waveform of the driving field and the parameter A that describes the asymmetry between
rotation about axes parallel and perpendicular to the surface. For A = 1.87 (i.e., a surface
separation of 0.01a), the rotating field is characterized by C' = 0.35 as compared to C' = 1.31
for more complex fields optimized to enhance topotaxis.®* In principle, other driving fields
can be used to enhance particle migration down the inclined substrate if desired.?*

The self-guided navigation of multiple independent particles on topographic landscapes
may be useful for microrobotics, distributed sensing, and particle separations. Topotaxis is
“self-guided” in the sense that the direction and speed of particle motion is determined not by
the global magnetic field but rather by the local particle environment—namely, the surface
topography. As a result, a common driving field can be used to power and direct the uphill
migration of multiple independent particles—even with little or no information about the
particle positions and the surface topography. The capacity for self-guided navigation despite
global actuation and limited information is potentially useful for designing and deploying
magnetic microrobots with increasing levels of autonomy. Depending on the driving field,
such particles could be instructed to move to local maxima or to trace contour lines of
the surface topography along clockwise or anticlockwise paths. Moreover, by modulating

the field between hill climbing, contour tracing, and hill descending modalities, one could
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bias particle migration towards global maxima (or minima) of a given surface. Finally, the
sensitivity of topotaxis to particle properties such as size, magnetic moment, and surface
separation could also provide a basis for particle characterization and separations.

Future efforts to understand and control self-guided microrobots in time-varying mag-
netic fields should investigate the influence of particle shape, generalize topotaxis to other
gradients, and explore extensions in three dimensions (3D). The present study uses spherical
particles on long wavelength topographies due to the simplicity of the sphere-plane geometry,
for which the hydrodynamic mobility tensor can be easily evaluated. The speed of topotaxis,
however, would likely be enhanced for anisotropic particles (e.g., ellipsoids?®) that exhibit
stronger coupling between particle rotation and translation near a surface. In addition to
particle shape, further work is needed to explore the influence of “rough” topographies with
particle-scale features.*® More generally, self-guided particle motion encoded by time-varying
fields should be feasible in gradients of other physical quantities that influence the particle
dynamics (e.g., fluid viscosity, shear flow). The ability to navigate shear fields in fluidic net-
works would be particularly useful in creating microrobots for biomedical applications within
the human vasculature. Realizing such applications, however, would require a conceptual
shift from the 2D motions described here to those in 3D. In 2D, the rotational symmetry
of the driving field prohibits motion in the absence of a gradient (e.g., on a level surface);
no analogous design principle has been identified for 3D motion. Additionally, self-guided
navigation through complex fluids such as blood may require new designs for the driving field
and the particle shape that account for the frequency-dependent, non-Newtonian rheology
of the medium. Despite these challenges, we remain optimistic that time-varying magnetic
fields can be programmed to create self-guided microrobots capable of sensing asymmetries

in their local environment and responding with desired behaviors.?®
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Methods

Fabrication of magnetic Janus spheres

Magnetic Janus particles were prepared by spin-coating polystyrene (PS) spheres onto a sili-
con wafer and depositing a nickel layer onto the spheres by e-beam evaporation. Fluorescent
PS spheres (ThermoFisher, 10 wm diameter) were dispersed in methanol at a concentration
of 0.5 wt% and sonicated for 1 min to disrupt any aggregates. Silicon wafers (Virginia Semi-
conductor, Inc.) were cleaned by immersion in acetone for 10 min followed by methanol
for 5 min, rinsed with deionized water, and dried with nitrogen. 0.8 mL of the particle
suspension was deposited onto the silicon wafer using a spin coater at 800 rpm for 70 s.
The particle-coated silicon wafer was then transferred to a cleanroom facility for electron
beam evaporation to deposit material layers onto the particles. Three layers—a 5 nm tita-
nium adhesion layer, a 40 nm magnetic nickel layer, and a 20 nm passivating layer of silicon
dioxide—were deposited sequentially onto the exposed hemispheres of the particles using an
Angstrom EvoVac deposition system. The magnetic Janus particles were collected from the
silicon wafer using a soft nylon hair brush (UPINS, 7mm hair width, 12mm hair length) and

dispersed in an aqueous solution of 0.5% Tween-20 for use.

Fabrication of PDMS landscapes

Polydimethylsiloxane (PDMS) landscapes with bowl-shaped impressions were fabricated by
soft lithography®® using a microlens array as a template. The PDMS base and curing agent
(Dow Sylgard 184 Silicone Elastomer) were mixed in a 7:1 ratio (28 g base, 4 g curing agent)
and stirred for 10 minutes. The mixture was then placed in a desiccator and degassed for 5
minutes to remove air bubbles. The fused silica microlens array (Edmund Optics) was placed
in a petri dish with the lens side facing up. The degassed PDMS mixture was carefully poured
over the template and allowed to rest at room temperature for 1 hour in the desiccator to

remove any remaining bubbles. The petri dish containing the PDMS and the lens array was
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placed in an oven preheated to 60°C and cured for 2 hours. The cured PDMS was carefully
peeled away from the template to yield the bowl-shaped landscape. PDMS landscapes with
dome-shaped features were fabricated in similar fashion using the previously prepared PDMS
mold with bowl-shaped impressions as a master. To prevent adhesion between the PDMS
master and the PDMS replica, a solution of Tween 20 (10 wt%) dissolved in 75% ethanol was
applied to the surface of the PDMS master and dried for 30 minutes at room temperature

prior to use.?!

Topotaxis experiments

The dilute dispersion of magnetic Janus particles was enclosed in a glass chamber, subject
to a rotating magnetic field, and imaged by optical microscopy. Approximately 10 uL of
the particle dispersion was sealed between a glass slide and a cover slip using a Gene Frame
(Fisher Scientific). Prior to assembly, the glass slide was treated with an atmospheric plasma
for 15 minutes to prevent particle adhesion onto the glass surface. The glass chamber was
positioned above an inverted microscope (Nikon Eclipse TI-U) and imaged under brightfield
using 4X objective. The orientation of the chamber was controlled by four adjustable screws
positioned below each corner of its base. The chamber was surrounded by six coils of a
custom triaxial electromagnet (Stangenes Industries Inc.) calibrated by magnetic field sensor
(Ametes MFS3A). The computed controlled coils supplied a rotating magnetic field of various
frequencies with a constant magnitude of 0.5 mT. The spatial homogeneity of the applied field
was characterized within the 13 mm x 10 mm field of view of the imaging plane; variations
were less than 0.5% as shown in Fig. S9. Videos of field-driven particle motion were captured

at 10 frames per second by a digital camera (The Imaging Source, DFK 33UP2000).

Model of field-driven particle dynamics

We consider a magnetic sphere with radius a and permanent magnetic moment m moving

through a viscous fluid at a fixed height above a solid plane under the influence of a time-
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varying magnetic field B(¢). In a uniform field, the particle experiences a magnetic torque,
T,, = m x B(¢), but no magnetic force, F,,, = 0. The gravitational force on the particle
is F, = Mg where M is the bouyant mass of the particle, and g is the acceleration due to
gravity. Approximating the Janus particle as a homogeneous sphere, there is no gravitational
torque, T, = 0. Additionally, we assume that the surface exerts a force Fg on the particle
as to maintain a constant surface separation ¢, which is small compared to the size of the
particle (6 < a). In the absence of inertial effects (i.e., at low Reynolds number), the external
forces and torques on the particle are balanced by the hydrodynamic force and torque, which

are related to the particle’s linear velocity U and angular velocity €2 as

U a b F, +F,
= : (4)
Q b c g

where a, b, b, ¢ are components of the hydrodynamic mobility tensor. For a sphere above

a plane, the mobility tensors have the form

1
= T [Y,(0 — nn) + X, nn)|
~ 1
—b=b= Y, €- )
6mna? ve (5)
1
c= " [Yo(d — nn) + X.nn|

where ¢ is the identity tensor, € is the Levi-Civita tensor, n is the unit normal vector directed
out of the plane, and X,,Y,, etc. are positive mobility coefficients that depend on the ratio
d/a between the surface separation and the sphere radius (see Fig. S1). Together with the
kinematics of rigid body motion, equations (4) and (5) describe the dynamics of particle
rotation and translation for any field B(¢) and gravity direction g.

As illustrated in Fig. 1a, we consider particle motion along an inclined plane with n =
—sinae, + cosae, under the influence a rotating field with angular frequency w = we,

and gravity with acceleration g = —ge,. Following Dou et al.,3* we use multiple scale
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perturbation methods® to derive equations (1) and (2) for the average particle velocity in
the limit of small inclines a < 1 and low frequencies w < wy = mBY,/6mna®. Further
details of the model and the effects of misalignment between the rotation frequency w and
the gravity direction g are provided in the Supporting Information.

The dynamical model neglects contributions due to Brownian motion and surface rough-
ness. Brownian motion is negligible when the rotational diffusivity of the particle is much
slower than its field driven rotation—that is, when D, = Y.kpT/6mna® < w. Assum-
ing w &~ wp, the condition to neglect Brownian motion becomes mB/kgT > 1, where
mB/kgT =~ 40,000 for the present experiments. Though neglected by the model, surface
roughness on the particle and/or the substrate can potentially influence the mobility ratios
x and A that contribute to the speed of topotaxis. For example, frictional contacts between
gear-like surface asperities could increase the traction x by as much as an order of magnitude

from ~0.1 to 1 in the no-slip limit.

Data analysis

Brightfield microscopy videos were analyzed using Trackpy®? (v0.6.2) to locate particles and
link their trajectories. For each particle, we obtained a sequence of particle positions {zy, yx }
at regular time intervals t, = kAt for £k = 0,1,2,... and At = 0.1 ms. From these data,
we used linear regression to infer the x and y components of the particle velocity for each
frequency w and incline angle a. These data are related to the model predictions of equations
(1) and (2) by a coordinate rotation that accounts for the small misalignment between the
gravity direction and the axis of the rotating field. We used nonlinear regression to infer
model parameters—namely, the magnetic relaxation rate wyg, the surface separation ¢/a,
the dimensionless gravity parameter G—and two angles characterizing the alignment of the

rotating field (see Supporting Information for details).
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