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Abstract
Self-Guided Navigation of Magnetic Microrobots via Programmable Taxis in Time-Varying Fields

Yiyang Wu

Microrobots operating at the scale of living cells hold promise for biomedicine, environmental
sensing, and materials science, yet steering individual particles through complex environments
remains a fundamental challenge. Because spatially uniform magnetic fields drive all particles
identically, conventional feedback control cannot independently guide multiple particles of unknown
position. This dissertation develops a physical intelligence framework in which time-varying, spa-
tially uniform magnetic fields encode self-guided navigation of ferromagnetic microspheres along
local environmental gradients without external position feedback. Chapter 1 reviews magnetic actu-
ation and self-guided navigation, surveying three forms of gradient-driven taxis (topotaxis, rheotaxis,
and viscotaxis) that constitute the core of this work. Chapter 2 reports topotaxis experiments in
which toggled rotating fields drive ferromagnetic Janus spheres on inclined substrates: cross-slope
velocity scales linearly with field frequency while along-slope speed grows quadratically, enabling
uphill climbing at high frequencies. The findings extend to concave and convex topographies,
and to multi-particle settings in which independent particles navigate under the same global field.
Chapter 3 develops a model for programmable rheotaxis by coupling magnetic torques to low-
Reynolds-number hydrodynamics in the sphere—wall geometry. Tuning the frequency, magnitude,
and waveform of the applied field selects among upstream, downstream, and cross-stream migration;
evolutionary optimization identifies high-performance field protocols and exposes a fundamental

trade-off between rheotactic speed and robustness to parameter uncertainty. Chapter 4 presents a



theoretical framework for viscotaxis grounded in the force—torque cross-coupling that emerges when
a sphere rotates in a spatial viscosity gradient. The drift velocity, perpendicular to both the gradient
and the rotation axis, can be reversed by switching the field handedness. To support experimental
validation, a microchannel platform is developed that generates stable, controlled viscosity gradients
while suppressing buoyancy-driven convection, enabling systematic characterization of the local
viscosity profile. Chapter 5 synthesizes these results and charts future directions: experimental val-
idation of viscotaxis, non-spherical and three-dimensional extensions, navigation in non-Newtonian
and pulsatile biological flows, and multi-cue operation in environments with simultaneous topo-
graphic, shear, and viscosity gradients. Collectively, these results show that physical intelligence
encoded in field waveforms alone is sufficient to navigate magnetic colloids through topographic,
fluidic, and rheological complexity, establishing a new paradigm for microrobot control that scales

naturally to swarms without sensors, feedback, or onboard computation.
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Chapter 1: Introduction and Background?

1.1 Motivation: Microrobots in Complex Environments

Mobile robots that operate at the scale of living cells are actively pursued for applications
in biomedicine, environmental monitoring, and materials science [1-4]. At these length scales,
microrobots could in principle navigate biological tissues, micro uidic networks, or porous media
that are otherwise inaccessible to conventional tools. Envisioned applications include targeted
drug delivery, in situ diagnostics, and localized microsurgical interventions that require precise
positioning and actuation at the cellular scale.

The inspiration for such machines derives in part from living cells and microorganisms, which
despite being only 1-100m in size, accomplish a remarkable repertoire of dynamic functions.
Cells capture and convert energy, generate mechanical work, recon gure their structural components
in response to environmental cues, and process sensory information through complex signaling
networks. These capabilities (propulsion, navigation, sensing, communication, and adaptation) are
precisely the functions one would wish to reproduce in a synthetic microrobotic system. Unlike
biological organisms, however, synthetic microrobots could in principle be engineered to operate in
extreme environments hostile to life, such as within battery electrolytes for distributed sensing or
within concentrated chemical solutions for environmental remediation [2, 5].

A de ning challenge at these dimensions is the physical environment itself. The Reynolds
numberRe = dE;*", whered is the uid density,Ethe particle velocity; the particle size, and
the uid viscosity, quanti es the ratio of inertial to viscous forces. For a I9-diameter particle
moving at 10° ms! in water,Re 10 *, placing the system rmly in the viscosity-dominated

Stokes regime where motion is well-approximated by instantaneous force balance and inertial

This chapter is adapted from: K. Dhatt-Gauthier, D. Livitz, Y. Wu, and K. J. M. Bishop, “Accelerating the Design
of Self-Guided Microrobots in Time-Varying Magnetic Fields,” JACS Au 3.3 (2023): 611-627.



effects are negligible. This constraint prevents reciprocal motions from generating net propulsion
and places strict requirements on the symmetry of the propulsion cycle. The Scallop theorem,
rst articulated by Purcell [6], states that a swimmer exhibiting time-symmetric (reciprocal) body
deformations cannot achieve net displacement in a low-Reynolds-number uid under time-reversible
conditions. Any propulsion mechanism for colloidal robots must therefore break time-reversal
symmetry, either through non-reciprocal body deformations, asymmetric chemical reactions on
the particle surface, or coupling to external elds that impose a preferred direction of rotation or
translation.

At the same time, Brownian uctuations, which scale inversely with particle size, impose
stochastic noise on particle trajectories that navigation strategies must overcome or bias against.
The translational and rotational diffusion coef cients for a sphere of radiusa uid of viscosity

[ at temperature ) are
t)
8c[' 3

(1.1)

) T 6c¢|’ B
where: is Boltzmann's constant. For a I0n-diameter particle in water at room temperature,
equation(1.1)gives ) 004" m?s! and - 040013 racfs! . While these values are modest,
the rotational diffusion is signi cant because it progressively randomizes the particle orientation on
atimescalg = ! 770 s, meaning that any directed propulsion mechanism must act faster
than rotational diffusion to produce a persistent navigational signal.

At the micrometer scale, the motion of a robot is a competition between deterministic propul-
sion and stochastic thermal forces. To quantify this balance, we employ the Péclet nBg\ber (
a dimensionless parameter representing the ratio of directed propulsion to Brownian diffusion.
Following the convention for active Brownian particles [3], we wrige / E-pT whereEis
the swimming velocity and y, - are the translational and rotational diffusion coef cients, respec-
tively. This form is proportional to the classical de nitid?e = E's ) because the Stokes—Einstein
relationsgive y /' tand - /' 3, so thatpT/ ' 2 expressingPethrough the diffusion
coef cients directly is more convenient when both are experimentally accessible. P¢heh |

the microrobot's motion is dominated by propulsion, producing the persistent, ballistic trajectories



Figure 1.1: Schematic illustration of increasingly autonomous microrobots moving on a user-de ned
reward landscape. These “robots” are magnetic particles that roll across a solid surface in a time-
varying magnetic eldB1C? (a) With knowledge of the particle position, a human controller can
direct the motion of a single marionette to a desired location; a second particle experiences the same
eld and moves to an undesired location. (b) Using real-time feedback between the particle position
and the applied eld, a computer-based control system can direct the autonomous migration of
a single robot to the target location. (c) Self-guided robots use internal mechanisms of sensing
and control to navigate the reward landscape in a common time-varying eld. Reproduced from
Dhatt-Gauthier et al. [4] (CC-BY 4.0).
necessary for targeted navigation; whtan 1 , directed self-propulsion is overwhelmed by thermal
uctuations and the particle reverts to passive Brownian diffusion.

Beyond the physics of the uid environment, a practical challenge is the miniaturization of
robotic components. A conventional macroscopic robot integrates hundreds of discrete parts (actua-
tors, sensors, power supplies, processors, and structural frames) into a single system. Replicating
this architecture at the micron scale is not feasible with current fabrication technologies. Instead,
colloidal robots must achieve functional behavior through the interplay of material properties,
particle geometry, and external driving elds, rather than through discrete electronic components.
This constraint motivates the concept of physical intelligence, discussed in Section 1.3, in which

sensing, control, and actuation emerge implicitly from the physics of the particle—environment

interaction [7].



1.2 Magnetic Actuation

Among the approaches available for powering and directing microscale particles (including
chemical fuels, light, ultrasound, electric elds, and thermal gradients), external magnetic elds
offer several practical advantages. Magnetic elds are not scattered or attenuated by most common
materials, including biological tissue, enabling remote and non-invasive actuation. The physics of
magnetic torque and force generation at low Reynolds number is well understood, providing a basis
for predictive model-based design. Additionally, the eld waveform, magnitude, and orientation
can be prescribed with precision using multi-axis electromagnet arrays, giving the experimenter a

rich space of actuation strategies [4].

1.2.1 Magnetic Forces and Torques

A ferromagnetic particle with magnetic momentin an external eldB experiences a torque
3 =m B thataligns the moment with the eld, and a forEe= r'm B° that pulls the particle
toward stronger- eld regions. In an ideal spatially uniform eld the gradient force vanishes, leaving
only the torque as the handle for actuation. To see why this matters for propulsion, compare the
two mechanisms quantitatively [4]. A magnetophoretic gradient that decays over a characteristic
length! exerts a force < 4¢! on a sphere of diamet&; balancing this against Stokes drag
gives a driftspeeti <  4+13c[3!° . Torque actuation in a uniform eld instead sets the angular
velocity <  4etc[3 %, and if that rotation couples ef ciently into translation (as it does for a
sphere rolling on a nearby surface), the resulting propulsion speed 4¢12c[3 2° exceeds the
magnetophoretic value by a factor of orde8 1 . Fora 10" m particle in a gradient varying
over millimeters, this ratio reache40 2, making torque-driven strategies the approach of choice

throughout this work.



1.2.2 Free Swimmers and Surface Rollers

The conversion of magnetic torque into directed translation can proceed through several mecha-
nisms depending on the particle geometry and the proximity of solid boundaries.

For asymmetric particles far from boundaries, eld-driven rotation can generate steady propul-
sion through hydrodynamic coupling between rotation and translation. The textbook realization
uses a helix-shaped particle whose permanent magnetic moment lies perpendicular to the screw
axis (Figure 1.3a,b) [8, 9]. When the applied eld rotates in the plane normal to this axis, the
magnetic torque drives the helix to spin about its long axis; the chiral geometry then converts that
spinning into axial translation in precisely the same way a wood screw advances when turned. The
propagation direction is set jointly by the particle chirality and the orientation of the eld-rotation
axis, allowing full three-dimensional steering by reorienting the eld. Even particles with irregular,
non-helical shapes can swim in rotating elds, provided they possess suf ciently low symmetry
to generate nonzero rotation—translation coupling [4]. The propulsion speed depends sensitively
on particle shape as well as on the frequency and waveform of the time-varying eld. At low
frequencies, the particle rotates synchronously with the eld; above a critical step-out frequency,
the magnetic torque can no longer overcome viscous drag on the rotating body, synchrony is lost,
and propulsion speed decreases.

For spherical particles, rotation—translation coupling vanishes by symmetry in an unbounded
Newtonian uid. However, the presence of a nearby solid wall breaks this symmetry and enables
torque-driven propulsion through surface “rolling” [10, 11]. The simplest magnetically driven
microrobot is a ferromagnetic sphere actuated by a time-varying eld near a planar substrate
(Figure 1.2). In a spatially uniform rotating eld, the applied torque spins the particle about an
axis parallel to the wall; hydrodynamic interactions between the spinning sphere and the no-slip
boundary convert this rotation into lateral translation [4, 11]. Below a critical frequiepcthe
particle rotates synchronously with the eld at a speed that increases linearly with frequency. At
| » and above, the magnetic torque is insuf cient to maintain synchrony, the particle steps out of

phase, and propulsion decreases. The critical frequency itself depends on the surface separation
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X (the gap between the particle and the substrate): decredsingngthens rotation—translation
coupling (increasing propulsion at constaivt| ) but also increases the hydrodynamic resistance

to rotation (decreasinlg,). Because both effects intensify as the gap narrows, they trade off against
one another and the net propulsion reaches a peak at a surface separation of roughly 1% of the
particle radius [4].

The direction of rolling is determined by the orientation of the rotating eld in the plane, so
that by reorienting the eld axis, particles can trace arbitrary trajectories across a two-dimensional
surface [10]. However, this directional control requires external knowledge of the particle's position
and target, a form of external control analogous to teleoperation. When many particles share a
common eld, each one is driven identically and cannot be independently steered. When particle
positions are unknown, feedback-based control becomes ineffective. These limitations motivate the
development of self-guided navigation strategies, in which the particle's time-averaged response to
local environmental gradients produces directed motion without external position feedback [4].

This simple magnetic roller serves as the experimental platform throughout this dissertation and

is described in detail in Chapter 2.

1.2.3 Shape-Changing and Composite Microrobots

Beyond rigid single particles, magnetic elds can also drive the assembly and actuation of
composite, multi-particle microrobots with internal degrees of freedom. Linear chains of magnetic
particles connected by exible linkers exhibit traveling waves of elastic deformation in oscillating
elds, enabling free swimming and cargo transport (Figure 1.4) [4]. Without exible linkers, dipole—
dipole interactions in time-varying elds can dynamically assemble superparamagnetic spheres into
linear chains, two-dimensional crystals, or three-dimensional swarms that move collectively across
surfaces [4]. A practical virtue of these eld-assembled structures is their reversibility: altering or
removing the driving eld disbands the assembly into its constituent particles, which can then be
reintroduced to con ned geometries individually and reconstituted into a functional aggregate in

situ [4].



Figure 1.2: Surface rolling of magnetically driven spherical particles. (a) Predicted rolling speed
* for a ferromagnetic sphere in a rotating eld at different surface separaXofis) Multiple
ferromagnetic rollers trace rectangular trajectories on a solid substrate. Reproduced with permission
from Driscoll et al. [10]. Copyright (2017) Springer Nature. (c) Superparamagnetic doublets
translate across a surface in a precessing eld. Adapted with permission from Tierno et al. [12].
Copyright (2008) American Physical Society. Reproduced from Dhatt-Gauthier et al. [4] (CC-BY
4.0).

A further degree of programmability arises when magnetic inclusions are embedded within a
exible elastomeric matrix whose local stiffness and magnetization are spatially patterned. Uniform
applied elds then generate inhomogeneous internal stresses that fold the sheet into a designed three-
dimensional shape, analogous to magnetically driven origami at the micron scale (Figure 1.5) [4].
The design space expands qualitatively when the elastic matrix is replaced by a stimuli-responsive
hydrogel: swelling or contraction driven by temperature, osmotic pressure, or light reshapes the
local stiffness landscape and therefore the eld-induced conformation in a manner that depends
on the particle's immediate chemical or physical surroundings. This coupling between actuation

and local environmental sensing, achieved entirely through material design rather than electronic

control, is a direct physical embodiment of the intelligence-through-matter concept central to this
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Figure 1.3: Modes of magnetically driven free-swimming micropatrticle propulsion. (a) Helical
particles translate along the axis of a rotating eld due to rotation—translation coupling. Reproduced
with permission from Zhang et al. [8]. Copyright (2009) AIP Publishing. (b) Helical swimmers
can trace complex 3D trajectories by reorienting the eld axis. Reproduced with permission from
Ghosh and Fischer [9]. Copyright (2009) American Chemical Society. (c) Irregularly shaped
ferromagnetic particles exhibit frequency-dependent dynamical transitions [13]. Copyright (2019)
American Physical Society. Reproduced from Dhatt-Gauthier et al. [4] (CC-BY 4.0).

dissertation.

1.3 External Control versus Self-Guided Navigation

Existing magnetic microrobot platforms typically operate under external control: real-time
position information from optical microscopy is fed to a computer algorithm that modulates the
applied eld to steer individual particles toward prescribed targets [4]. This approach is effective
for single particles whose positions are continuously known but faces fundamental limitations in
more realistic settings. When many particles are present in a common eld, each patrticle is driven

identically and cannot be independently addressed. When position information is unavailable or



Figure 1.4: Composite magnetic microrobots based on linear chains. (a) A exible chain of
superparamagnetic particles attached to a red blood cell swims via non-reciprocal deformations in
an oscillating eld. Reproduced with permission from Dreyfus et al. [14]. Copyright (2005) Springer
Nature. (b) Flexible chains coil into helices in a precessing eld. Reproduced with permission from
Yang et al. [15]. Copyright (2020) National Academy of Sciences. (c) A magnetic “microlasso”
captures, transports, and releases colloidal cargo. Reproduced with permission from Yang et al. [16].
Copyright (2017) American Chemical Society. (d) Linear chains of superparamagnetic particles
assemble and translate in a precessing eld. Reproduced with permission from Yigit et al. [17].
Copyright (2019) Wiley-VCH. Reproduced from Dhatt-Gauthier et al. [4] (CC-BY 4.0).

unreliable, feedback control fails entirely.

To illustrate the challenge concretely, consider a magnetic roller tasked with navigating a
two-dimensional reward landscape in pursuit of a local maximum, analogous to a chemotactic
bacterium in pursuit of chemical fuel (Figure 1.1). With knowledge of the particle position (e.g.,
from microscopy), a human operator or computer controller can continuously adjust the eld
orientation to direct the particle uphill. This works for a single particle, but a second particle
elsewhere in the same eld experiences the same eld and may be driven to an undesired location.

Under external control, the controller must choose between optimizing the trajectory of one particle
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