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ABSTRACT: Programmability is essential for magnetic microrobots to achieve

In-situ magnetization reprograming

adaptive and multifunctional behaviors. However, most existing systems lack I nancwies Magnatization'd
reconfigurability after deployment. Here, we present a reprogrammable ¥4 = — e
microrobot platform based on nickel nanowires of distinct diameters embedded i

in SU-8, leveraging the difference in their coercivities to enable in situ
magnetization switching. A fast, purely magnetic reprogramming strategy is
developed, allowing the selective reversal of magnetization states without thermal
or structural changes. We systematically explore the effects of ramp time,
magnetic field strength, and microrobot geometry on reprogramming success and
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demonstrate six distinct deformation and locomotion modes in a multisegment

robot. The scalable UV photolithography-based fabrication process ensures a high yield and design flexibility. This work
provides a generalizable and efficient approach toward reprogrammable microrobotic systems with potential for future
applications in dynamic environments such as biomedical actuation or soft robotic manipulation.

icrorobots are artificial miniaturized devices capable
of performing programmed tasks,'~* with promising
applications in fields such as biomedicine®™” and
environmental monitoring.10 Among various microrobots
driven by different energy sources,''”"” magnetically actuated
microrobots have attracted attention due to their ability to
achieve precise, noncontact, and remote 3D manipulation at
micro- and nanoscale. To enable intelligent and adaptable
functionalities, such as grasping, folding, swimming, or
directional bending, it is essential for magnetic microrobots
to exhibit programmability — the ability to undergo complex
and controllable deformations in response to external magnetic
stimuli. Such programmability is typically encoded through
design parameters including geometry, spatial distribution of
magnetic materials, and magnetic anisotropy.”’~** However, in
most existing systems, the programmed deformation behavior
is fixed once fabrication is complete, rendering the microrobot
incapable of adaptation after deployment.
In contrast, reprogrammability refers to the ability to modify
a microrobot’s magnetization state after its deployment,
thereby enabling a switch to entirely new deformation modes
under the same external magnetic field. This capacity allows a
single microrobot to adapt its behavior dynamically without
changing the applied field, which is crucial for executing
adaptable, multifunctional tasks in dynamic or uncertain
environments. Several reprogramming strategies have been
proposed, such as thermally assisted softening of the matrix
material for realignment of magnetic particles™ or thermally
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induced demagnetization followed by remagnetization of
embedded magnetic particles.”* However, these methods
often require multiple energy inputs, involve slow physical
processes, and introduce extra complexity into the system. As a
result, the reprogramming speed is limited, making such
approaches unsuitable for tasks that demand rapid adaptability
or swift transitions between different functional states.

While existing methods (e.g,, thermal, chemical, and uniform
magnetization) enable basic locomotion or deformation
modes, their limited reconfigurability (1—3 modes) and slow
reprogramming speeds (seconds to minutes) hinder their
utility in complex tasks such as multistep drug delivery or
dynamic environmental adaptation. Here, we propose a
magnetic reprogramming strategy based on nanowire arrays
with coercivity gradients, achieving six independently control-
lable modes (e.g, segment-specific bending, synchronized
twisting, and rolling) via purely magnetic modulation,
surpassing the functional limitations of thermal/chemical
approaches. Furthermore, our method supports real-time
mode transitions with millisecond-scale switching speeds,
offering a 1000-fold acceleration over state-of-the-art techni-
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Figure 1. (a) Morphology of the reprogrammable magnetic microrobot (RP-MR). SEM images (b) and magnetic hysteresis loops (c) of
nickel nanowires. (d) Schematic illustration of the microrobot initially magnetized in the parallel direction (i) and then released (ii). (e)
Motion of the microrobot under a sinusoidal oscillating magnetic field after parallel magnetization and subsequent release. (f) Schematic
illustration of the microrobot premagnetized in the parallel direction (i), then remagnetized in the antiparallel direction (ii), and
subsequently released (iii). (g) Motion of the microrobot under a sinusoidal oscillating magnetic field after antiparallel magnetization and

release.

ques, enabling novel applications in biomedicine and
unstructured environments. By embedding two types of nickel
nanowires, with different diameters and thus distinct
coercivities, into SU-8 matrices, we enabled selective magnet-
ization through controlled magnetic field. This allows micro-
robots to switch their magnetic states and thereby access
distinct deformation and locomotion modes under the same
external magnetic fields. Being different from the previously
reported work using complex and costly fabrication techniques
such as electron-beam lithography,””** our approach is based
on a scalable and low-cost UV photolithography process. This
method allows batch fabrication of reprogrammable magnetic
microrobots with magnetic units as small as 100 gm and offers
high flexibility in robot geometry design, opening new
possibilities for adaptive microrobotic systems in dynamic
environments.

Figure la shows the basic structure of the reprogrammable
magnetic microrobot (RP-MR), which consists of three main
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components: two SU-8-based magnetic panels embedded with
well-aligned nickel nanowires of distinct diameters—200 nm
for Magnetic Particles A (MP A) and 70 nm for Magnetic
Particles B (MP B)—and a flexible hinge made of poly(N-
isopropylacrylamide) (pNIPAM).26 Nickel nanowires were
chosen over nanoparticles due to their intrinsic magnetic
anisotropy and the ability to achieve distinct coercivity values
based on diameter, enabling precise, directional magnetic
switching for multimodal actuation. Both MP A and MP B
have a fixed length of 10 yum and are uniformly dispersed in
SU-8 at a concentration of 2 wt %. The fabrication process is
shown in Scheme 1, and the fabrication details are illustrated in
the Supporting Information (I Fabrication of nickel nanowires
and II. Fabrication of magnetically reprogrammable micro-
robots). The pNIPAM hinge connects the two magnetic panels
and allows for flexible deformation. Each magnetic panel of the
RP-MR measures 100 X 100 um, and the hinge length of
pNIPAM is 100 um. Using UV photolithography, an 8 X 8
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Scheme 1. (a) Fabrication Process of Nickel Nanowires and (b) Fabrication Process of Magnetically Reprogrammable

Microrobots
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Figure 2. Successful reprogramming of the microrobot was achieved after a magnetic field raising time of 10 ms in both the parallel (a) and
antiparallel (b) initial magnetization states. When the raising time was extended to 100 ms, reprogramming failed in both the parallel (c)

and antiparallel (d) initial magnetization states.

array of RP-MRs was fabricated on a 1.5X 1.5 cm silicon
substrate. The morphology of the resulting RP-MRs is shown
in Figure SI.

Figure 1b presents scanning electron microscopy (SEM) of
MP A and MP B, revealing smooth surfaces and a uniform
length and diameter. The nanowires were fabricated by using a
template-assisted electrodeposition, as detailed in Scheme la.
As one-dimensional ferromagnetic structures, nickel nanowires
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exhibit strong magnetic shape anisotropy, leading to
significantly different magnetization behaviors along their
axial and radial directions. Crucially, their coercivity along
the long axis is diameter-dependent—thinner nanowires
exhibit higher coercivity. Magnetic characterization was
performed exclusively on finalized SU-8/nickel nanowires
composites to capture operational-state properties. Specifically,
the measurements were performed using a NanoMOKE
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Figure 3. (a) Geometric parameters of the microrobot in parallel magnetization states. Reprogramming ramp time—response diagrams of a
microrobot with panel size of 100 pm, hinge length of 100 pm, and initial parallel magnetization state (b), and for five additional
microrobots with varying parameters (c). (d) Geometric parameters of the microrobot in antiparallel magnetization states. Reprogramming
ramp time—response diagrams of a microrobot with panel size of 100 pm, hinge length of 100 pm, and initial antiparallel magnetization
state (e) and for five additional microrobots with varying parameters (f).

magnetometer on the fabricated microrobot samples, which
include the nickel nanowires encapsulated within the SU-8
matrix. As shown in Figure 1c, the coercive field of MP A (200
nm) is 18 mT, whereas that of MP B (70 nm) exhibits a
coercivity of 74 mT.

This coercivity contrast enables selective programming and
reprogramming of the magnetization states via field-controlled
magnetization. After aligning both MP A and MP B along the
parallel direction, a strong external magnetic field (B; > 74
mT, eg, 100 mT) fully magnetizes both segments. A
subsequent reversed magnetic field By, applied within the
range of 18—74 mT, selectively reverses the magnetization of
MP A without altering MP B, thus achieving an antiparallel
magnetization configuration. This mechanism enables pro-
grammable switching between magnetic states within the same
microrobot and, consequently, distinct deformation modes
under identical actuation fields, an essential feature of
reprogrammability.

Figure 1d—g illustrates the different actuation behavior of
two RP-MRs with different magnetic state configuration under
the same sinusoidal magnetic field (10 mT, 1 Hz). In the first
experiment (Figure 1d,e), both magnetic segments were
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magnetized in the parallel direction (B;) prior to being
released into deionized (DI) water. Upon applying the
actuation field (10 mT, 1 Hz), the RP-MR exhibited flipping
motion synchronized with the switching of the external
magnetic field, without any relative deformation between the
two magnetic panels in the robot (Video S1). Representative
snapshots are shown in Figure le, corresponding to the time
points indicated in red on the field-time plot. In the second
experiment (Figure 1fg), after the initial B; magnetization, a
reversed magnetic field B;; was applied to selectively
remagnetize the MP A panel. This generated an antiparallel
magnetization configuration. The microrobot was then
released into DI water. When actuated under the same
sinusoidal field, the RP-MR exhibited a distinct V-shaped
folding motion at the hinge, characterized by relative motion
between the two panels (Figure 1g and Video S1), confirming
the deformation programmability enabled by the magnetic
configuration.

We then demonstrated the in situ reprogrammability of our
RP-MR system (Figure 2a). Initially an RP-MR with both
magnetic panels magnetized in the paralle]l direction was
released into the water. Then a static magnetic field of —15
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Figure 4. Schematic illustrations of the microrobot with four panels with initial magnetization state of uniform direction (a) and alternating
direction state (e), and their responses to an in-plane rotating magnetic field (b), (f), an out-of-plane rotating magnetic field (c), (g), and an
oscillating magnetic field (d), (h), respectively. (i) Schematic of in situ reprogramming from the uniform to the alternating magnetization
state. (j) Scheme of in situ reprogramming from the alternating to the uniform magnetization state.

mT was applied to align the microrobot’s orientation.
Afterward, a magnetic field was ramped from 0 to 33 mT
in a short duration (¢ 10 ms), completing the
reprogramming process. The field strength exceeds the
coercivity of the MP A (18 mT) but remains below that of
the MP B (74 mT), thereby selectively reversing the
magnetization of MP A while preserving that of MP B. This
selective switching enables a transformation in the internal
magnetic configuration, from parallel to antiparallel, which in
turn changes the robot’s actuation behavior under the same
external magnetic field. The full process is visualized in Video
S2, and representative frames of magnetization and deforma-
tion states are shown in Figure 2a. The schematic above the
frames illustrates the corresponding magnetic configurations
before and after reprogramming.

Two key parameters influence the in situ programming
process: the reprogramming field strength and the field
ramping time (t). To investigate the effect of field strength,
we fixed the ramping time at t = 10 ms and varied the peak
value of the field between 21  and 36 mT. After
reprogramming, a low actuating field of 5 or 10 mT was
applied to induce deformation, and to evaluate the effect of
reprogramming by measuring the bending angle 8. A larger 6
corresponds to a greater magnetic moment contrast between
the two panels. As shown in Figure S3, bending angle @ reaches
its maximum at 33 mT, indicating the optimal reprogramming
performance under this condition.
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We next examined the effect of the ramping time t. As
illustrated in Figure 2a,c, raising ¢ from 10 ms to 100 ms while
keeping the peak field constant lead to a complete failure of
reprogramming. As shown in Video S2, when the ramp is slow
(t = 100 ms), the robot rotates and aligns with the external
field before it reaches the coercive field (18 mT). As a result,
the nanowires never experience an external field greater than
18 mT that is antiparallel to their original magnetization,
rendering them unaffected and un-remagnetized. In other
words, under a fixed magnetic field magnitude, a short t
enables successful magnetic reprogramming, whereas a longer ¢
fails to. A similar trend is observed for RP-MRs initially
magnetized in the antiparallel direction. As demonstrated in
Figure 2b,d, rapid ramping (¢t = 10 ms) enables successful
reprogramming of the RP-MR with antiparallel magnetization,
while slower ramping fails. A comparison in Video S2 further
reveals that the orientation of the RP-MR under a —15 mT
magnetic field differs depending on its initial state, which
significantly influences the reprogramming outcome.

We further investigated the influence of the ramp time on
reprogramming performance for RP-MRs with different initial
magnetic configurations (i.e., parallel (Figure 3a) and
antiparallel (Figure 3d) states) and geometric parameters. All
experiments were conducted at a fixed field amplitude of
33 mT. We first examined RP-MRs with panel size s = 100 ym
and hinge length w = 100 ym and varied the ramp time ¢ from
1 ms to 100 ms. Each test was repeated five times. For RP-
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MRs initially magnetized in parallel, the reprogramming
success rate as a function of time is plotted in Figure 3b.
Three distinct regimes were identified: when the ramp time is
shorter than 40 ms, MRs can be successfully reprogrammed,
defined as the reprogrammable regime; for ¢ > 70 ms, no
reprogramming occurred, defined as the non-reprogrammable
regime; in the intermediate range (t = 40—70 ms), the RP-MR
exhibited random behavior—successful in some trials but not
in others. We define this as the unstable regime, which
corresponds to a transitional state where minor variations in
the robot’s configuration or environmental conditions can lead
to different outcomes. A similar trend was observed for RP-
MRs initially magnetized in the antiparallel state (Figure 3e).
However, the reprogrammable regime in this case was
significantly narrower (1—15 ms). The success of magnet-
ization switching depends on the ramp time of the applied
magnetic field. A ramp time of 10 ms allows for rapid
remagnetization of the nickel nanowires before the SU-8 panel
can physically rotate in response to the changing field, as
shown in Figure S2(a). In contrast, a slower ramp time of 100
ms allows the panel to rotate before remagnetization is
complete, leading to a failed switch, as shown in Figure S2(b).
This is due to the interplay between the magnetic switching
speed and the mechanical response time of the SU-8 panels in
the fluid environment, which is influenced by the robot’s
geometry and fluidic drag.

We next explored the relationship between the reprogram-
mable dynamics and geometric parameters of the RP-MRs. Six
configurations with three panel size s (set to 100, 150, and 200
pum) and two hinge length w (set to 100 and 150 pm) were
investigated. For each configuration and initial magnetization
state (parallel or antiparallel direction), the reprogramming
behavior was again categorized into the programmable,
unstable, non-programmable regimes. The results are sum-
marized in Figure 3cf, where orange denotes the reprogram-
mable regime, gray denotes the unstable regime, and purple
denotes the non-reprogrammable regime. For MRs in a parallel
magnetization state, the reprogrammable regime expanded
with increasing panel size. While the width of the unstable
regime remains relatively constant, the onset of the non-
reprogrammable regime is delayed. This trend is primarily
attributed to the increased inertia and, thus, resistance to
rotation for the larger robots, which delays the mechanical
realignment under external magnetic fields. In contrast, for
robots with antiparallel magnetization state, the reprogram-
mable regime remains relatively consistent across all sizes.
However, the unstable regime becomes narrower with
increasing size, and the non-reprogrammable regime shifts
slightly toward longer ramp times. Compared with the case
with paralle] magnetization, these shifts are less pronounced.
This behavior can be explained by the stronger mechanical
response (i.e., folding) under reversed fields in the antiparallel
state, which introduces greater dynamic instability during
magnetization.

To demonstrate the universality of the reprogramming
method and the diversity of deformation and locomotion
modes, we further fabricated a strip-shaped microrobot
composed of four magnetic panels. Each adjacent pair of
panels contains different types of nickel nanowires (MP A and
MP B), all magnetized along the longitudinal axis of the robot.
As a result, the robot can exhibit two distinct magnetic
configurations: the uniform magnetization state, where the
magnetization in all panels is aligned in the parallel direction
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(Figure 4a), and an alternating magnetization state, where
neighboring panels have antiparallel magnetization (Figure 4e).
In the uniform state, when an in-plane rotating magnetic field
is applied, the robot extends all panels and rotates in place
around a fixed point (Figure4b and Video S3). When
subjected to an out-of-plane rotating field, the robot maintains
its extended form and rotates along its width direction,
producing net displacement (Figure 4c and Video S3). Under
an oscillating magnetic field, the robot performs periodic
swinging motions of its two outermost panels in a sequential
and symmetric manner (Figure 4d and Video S3). When the
MR was reprogrammed to the alternating magnetization state,
the in-plane rotating magnetic field makes the robot fold into
“w”-shape and rotate in place around a point (Figure 4f and
Video S3). Under an out-of-plane rotating field, the robot
retains the “w”-shape and rolls along its width direction,
leading to a net translational motion (Figure 4g and Video S3).
When driven by an oscillating magnetic field, the robot
performs regular back-and-forth swinging in the “w”-shape
(Figure 4h and Video S3). Figure 4 panels i and j, along with
Video S4, respectively demonstrate the magnetization switch-
ing from the parallel to the antiparallel state and vice versa,
confirming the reversibility and generality of the in situ
magnetic reprogramming strategy. Notably, all motion modes
shown in Figure 4 can be repeatedly performed on the same
robot in aqueous environments, underscoring the platform’s
adaptability and high functional diversity. Overall, the RP-MRs
fabricated via this method can achieve more than six distinct
deformation and locomotion modes (Figure 4b—d,f-h),
significantly expanding the functional repertoire of micro-
robotic systems.

The potential for biological applications of our microrobotic
platform warrants a careful consideration of biocompatibility.
The nickel nanowires are largely encapsulated within the SU-8
matrix, minimizing direct exposure to biological tissues. SU-8,
in its cured state, has demonstrated good biocompatibility in
various biomedical applications.”’ =" While nickel toxicity is a
valid concern, the small quantity of nickel used in our devices,
combined with the SU-8 encapsulation, significantly reduces
the risk. Furthermore, localized delivery and controlled
actuation minimize the systemic exposure. Nevertheless,
further investigations, including in vitro and in vivo studies,
are necessary to thoroughly assess the biocompatibility for
specific biological applications. Future work will focus on
conducting comprehensive biocompatibility assessments tail-
ored to specific target applications.

The multimodal deformation and locomotion capabilities of
our magnetic microrobots offer significant advantages for
navigating the complex and often challenging environments
within biological systems. The ability to switch between
distinct modes, such as rolling, flipping, and twisting, allows for
an adaptable and efficient movement through diverse terrains
and across varying length scales. For instance, a rolling mode
might be ideal for traversing relatively smooth surfaces within
larger cavities, while a twisting or inchworm-like motion could
facilitate navigation through confined, tortuous spaces like
blood vessels or the tissue interstitium. Furthermore, the
capacity for on-demand shape transformation, enabled by our
rapid magnetic reprogramming strategy, allows the microrobot
to adapt to changing conditions in real-time. This dynamic
adaptability is crucial for effectively bypassing obstacles,
navigating constrictions, and accessing targeted locations
within complex and heterogeneous landscapes characteristic
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of biological environments. This versatility in locomotion and
deformation significantly enhances the potential of our
microrobots for diverse in vivo applications, including targeted
drug delivery, minimally invasive surgery, and biopsy
procedures.

The fundamental advantage of our approach lies in the
seamless integration of magnetic nanowire programming with
the high flexibility of photolithography-based microfabrication.
This synergy allows for the facile design and realization of
microrobots with diverse structural complexities and tailored
magnetic properties, moving beyond simplified demonstrators.
To underscore this versatility, we have successfully fabricated
and demonstrated the reprogramming capability in micro-
robots featuring intricate designs such as orthogonally arranged
magnetized panel arrays, quadrupedal composites, Miura fold
arrays, and a variety of specialized structures including striped
tail-wings, crawler-types, and windmill-shaped configurations
(Supplementary Figure SS and Figure S6). The ability to
produce these complex forms using the same underlying
process, simply by adapting mask designs, confirms the
robustness and broad applicability of our magnetic reprogram-
ming strategy for a wide spectrum of future microrobot
designs.

In this work, we present a reprogrammable magnetic
microrobot platform based on the coercivity contrast of nickel
nanowires with different diameters embedded in the SU-8. By
applying external magnetic fields with tailored amplitude and
ramp time, in situ switching of magnetization states was
achieved, enabling a single microrobot to transition between
multiple deformation and locomotion modes under identical
actuation fields. Systematic experiments revealed the critical
influence of magnetization timing and robot geometry on the
reprogramming efficiency. Our quantitative comparisons
(Table S1) confirm the superiority of the proposed method
in both functional diversity and reprogramming efficiency.
Compared to thermal-actuated systems (<3 modes) and
uniformly magnetized robots (<3 modes), the coercivity-
gradient strategy enables six modes while eliminating thermal
inertia or structural reconfiguration, achieving millisecond-
scale switching speeds (>1000-fold faster than chemical
methods). This innovation addresses the critical limitations
of functional rigidity and slow response in conventional
magnetic robots, demonstrating for the first time a unified
platform capable of executing complex locomotion with real-
time adaptability.

Looking ahead, the fabrication versatility of our microrobots,
which allows for predefined multidirectional magnetic
orientations (Supplementary Figure SS), opens avenues for
realizing more complex and arbitrary magnetic reprogramming
strategies. While our current experimental platform is limited
to single-axis field switching, the development of advanced
multiaxis magnetic field generation systems will be a key focus
for future research. This will enable us to fully exploit the
potential for precise, arbitrary magnetic reprogramming and
high-precision actuation in microrobots with complexly
engineered magnetic panels.
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