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Microscopic robots exhibit efficient locomotion in liquids by leveraging fluid dynamics
and chemical reactions to generate force asymmetry, thereby enabling critical appli-
cations in photonics and biomedicine. However, achieving controllable locomotion
of such robots on terrestrial surfaces remains challenging because fluctuating adhe-
sion on nonideal surfaces disrupts the necessary asymmetry for propulsion. Here,
we present a microscopic robot composed of three-dimensional nanomembranes,
which navigate diverse terrestrial surfaces with omnidirectional motion. We propose
a general mechanism employing nonreciprocal shape morphing to generate stable
asymmetric forces on surfaces. This nonreciprocal shape morphing is realized through
a laser-actuated vanadium dioxide nanomembrane, leveraging the material's inherent
hysteresis properties. We demonstrate that these robots can be fabricated in various
shapes, ranging from simple square structures to bioinspired "bipedal” helical designs,
enabling them to directionally navigate challenging surfaces such as paper, leaves,
sand, and vertical walls. Furthermore, their omnidirectional motion facilitates appli-
cations in microassembly and microelectronic circuit integration. Additionally, we
developed an artificial intelligence control algorithm based on reinforcement learning,
enabling these robots to autonomously follow complex trajectories, such as tracing
the phrase "hello world". Our study lays a theoretical and technological foundation
for microscopic robots with terrestrial locomotion and paves a way for microscopic
robots capable of operating on surfaces for advanced nanophotonic, microelectronic,
and biomedical applications.
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Locomotion is a fundamental capability for both robots and organisms (1-4), which
requires the generation of asymmetric forces that interact with the local environment
(5-8). At the microscopic scale, many natural microscopic organisms live in fluidic envi-
ronments and achieve directional locomotion by generating asymmetric forces through
periodic deformations (e.g., the beating of hair-like flagella for propelling) (9). This is
because in microscale fluid environments with a low Reynold number, viscous forces
dominate, making nonreciprocal deformations effective for generating asymmetry (10).
Moreover, the continuity of fluids enables stable chemical gradients that contribute to
force asymmetry (11). Inspired by these mechanisms, significant efforts have been made
to develop artificial microscopic robots in fluid environments (12-20), which are smaller
than the resolution limit of human vision (less than a hundred micrometers) and demon-
strate efficient locomotion. These robots have shown great promise in applications such
as nanophotonics (13, 17), drug delivery (14, 19, 20), and nanotheranostics (21). However,
in terrestrial environments dominated by fluctuating surface forces (22-26), developing
microscopic robots capable of directional locomotion remains challenging due to the
difficulty in overcoming friction (27-30) and generating stable asymmetric forces (28, 29).

Recent breakthroughs in materials design (27-31) have enabled microscopic robots to
generate high actuation forces, allowing them to overcome surface friction. These efforts
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mainly follow two approaches: One relies on soft materials with dramatic contraction
under stimuli, such as light-driven liquid crystal elastomers (28), and the other leverages
high-frequency pulsed lasers to produce impulsive excitation in materials like metal nano-
structures (27, 29) and 2D materials (30). Nevertheless, they remain susceptible to fluc-
tuating surface friction forces (28, 32), restricting their movement to specialized or ideal
surfaces. Developing microscopic robots that can achieve omnidirectional locomotion on
diverse terrestrial surfaces remains a highly sought-after goal, offering broader applications
for artificial micromachines (13, 17, 33).
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Here, we present a microscopic terrestrial robot, capable of robot undergoes our proposed nonreciprocal deformation, it alter-

effective locomotion by leveraging asymmetric friction forces  nately increases the contact areas of different legs, creating stable
through a sequence of nonreciprocal shape morphing within a  friction asymmetry that is independent of the surface structure
three-dimensional (3D) nanomembrane. A general model is first (Fig. 1 A, Right). As a result, the microscopic robot achieves con-
developed to predict the robot’s motion with different shape-  trolled directional motions. To realize such a microscopic robot
morphing strategies. Based on this model, we establish the theory ~ with nonreciprocal deformation, we used a focused laser beam to
that for a microscopic robot, locomotion based on reciprocal ~ actuate 3D vanadium dioxide (VO,) nanomembranes. VO, is a

deformation is highly influenced by fluctuating surface friction, =~ Mott phase transition material (34) that exhibits strain—temper-
leading to random motion (Fig. 1 A, Lef?). In contrast, when the  ature hysteresis, with a compressive strain up to 0.45% (Fig. 1 B,
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Fig. 1. Schematics of microscopic robots on terrestrial surfaces enabled by vanadium dioxide (VO,) nanomembranes with nonreciprocal shape morphing.
(A) Microscopic robots achieving motions on terrestrial surfaces with different deformation. (B) The diagram for realizing directional motions of microscopic
robots using VO, nanomembranes. Left, Strain changes in VO, with hysteresis loop (blue area) during heating-cooling cycles. Middle, Diagram of the 3D VO,
nanomembrane robot. Right, Schematic illustration of controllable nonreciprocal deformation design. (C) Terrestrial locomotion of microscopic robots (dimensions:
50 pm x 50 pm x 180 nm) actuated by a pulsed laser at different frequencies (f) and time (T). The robots move on silicon (f =20 Hz, T = 35 s), paper, (f=20Hz, T
=105 s), sandpaper (f = 100 Hz, T = 45 s), leaf (f = 100 Hz, T = 35 s), and vertical walls (f = 5 Hz, T = 8 s). (D) Custom-designed microscopic robots. Left: Scanning
electron microscope (SEM) images of microrobots shaped as a “spider” and a “coccinellid.” Right: Motion trajectories of the spider and coccinellid robots, with
earlier positions indicated by more transparent images. (E) Omnidirectional locomotion of microscopic robots. Circular robots navigated a large maze by
traveling along Top, Bottom, Left, and Right directions over a total distance of 1 cm, continuously operating for 1.6 h. [Scale bars, 25 pm (C), 20 um (D SEM), 100
pum (D trajectory), 35 pm (E Inset), 300 um (E)].
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Lef?). 'This strain induces large output force (35), making it pos-
sible for terrestrial microscopic robots to overcome friction.
Moreover, due to the ultralow bending stiffness of 3D nanomem-
branes, the phase transition—induced strain results in out-of-plane
deformation, which can be used as a platform for generating non-
reciprocal shape morphing (Fig. 1B, Right). Therefore, using laser
actuation, the microscopic robot based on 3D nanomembranes
can navigate diverse surfaces with directional motions. For exam-
ple, VO, microscopic robots with square-shapes can move direc-
tionally onsilicon, oxides and metals surface—materials commonly
used in laboratory settings. These square-shaped robots can also
move directionally on the papers, sandpapers, sands, leaves and
foils surfaces, which are more representative of real-world envi-
ronments. Furthermore, these robots are capable of climbing ver-
tical walls in a controlled direction, unaffected by gravity (see all
motions in Fig. 1C and SI Appendix, Fig. S1 and Movie S1).

Moreover, since the directional motion of microscopic robots
only requires adherence to our proposed mechanism, the shape
of robots and direction of motions can be designed at will. The
shape of the robots is customizable, thanks to our
CMOS-compatible fabrication process of 3D nanomembranes.
For example, robots shaped like spiders and coccinellids can trace
trajectories directionally of the letters “S” and “C” under laser
control (Fig. 1D and Movie S2). Moreover, we demonstrate a
circular microscopic robot can navigate omnidirectionally, moving
over 1 cm in a maze, highlighting the robustness and controlla-
bility of this approach under fluctuating frictional conditions on
surfaces (Fig. 1£ and Movie S3).

Results

Concept and Design of Terrestrial Locomotion of Microscopic
Robots. Terrestrial locomotion requires effective friction
modulation, aiming to create asymmetric forces when interacting
with the ground surface. According to Coulomb’s model, dry
friction is f = N, where pt is the coeflicient of friction and NV is
the normal force (5). When organisms move at the macroscopic
scale, such as human walking at the meter scale, inchworms
wriggling at the centimeter scale, and Dicopomorpha echmepterygis
[the smallest known insect (36)) crawling at the submillimeter
scale, the normal force mostly counteracts gravity. So friction
is /"= umg with relations f I3, where myg and L are gravity
and feature size, respectively (S Appendix, Fig. S2). For effective
locomotion at this scale, based on periodic changes in body
shape, organisms and robots either change the location of their
center of mass to modulate the normal force (4, 7, 8, 37) N or
use anisotropic structures to modulate the friction coefficient
(1, 6), resulting in asymmetric friction forces. For microscopic
objects with feature size L<100 pm that are invisible by the naked
eye (15, 33), gravity is much smaller, and the normal force acts
mostly to counterbalance surface adhesion (22). Therefore, the
friction is f* = PN, y,.0n With relations f* o L (S Appendix, note
1). At this scale, surface inhomogeneities and charge differences
induce the variation of both the friction coefficient and the surface
adhesion, resulting in fluctuating friction forces (25). Under
such fluctuations, asymmetric frictions are difficult to generate
(38), which is probably one of the reasons why no freely moving
creatures on dry surfaces are found at this scale (28). We measured
the friction on a 0.2 pm x 1 pm region of a silicon surface using
lateral force microscopy (Fig. 24). Clear difference in friction was
found not only at different locations but also at the same location
when scanned along different directions ( £} scanned from “-” to
“+”, f_ scanned from “+” to “~”, Fig. 2B). For real-world terrestrial
surfaces, such as paper and leaves, the fluctuations in friction,
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which is proportional to surface roughness, would be much more
significant (S7 Appendix, Fig. S3) (24, 25).

Under such surface conditions, we simulate the trajectory of a
microscopic robot locomoting with periodic shape changes
(SI Appendix, Microrobot trajectory simulation), as shown in
Fig. 2C. Here, a three-link model with two degrees of freedom is
used, whose deformation is determined by the two joint angles
(8;, 8,). When the robot goes through a sequence of reciprocal
shape morphing (Fig. 2 C, 7), the robot changes to a certain shape
and then returns to the original shape by going through the
sequence in reverse, defining an open curve (A-B-A) in the con-
figuration space of (0, 6,) (10) (8] Appendix, Fig. S4). With this
reciprocal deformation, the asymmetric sliding frictions at the
front leg and back leg (/- or f, depending on the moving direc-
tion) are completely determined by the situation of the surface,
so that when starting from three different points I, II, and III, the
microscopic robots all move in the direction with lower friction
in their local environment (£~ <f, for point I, £ > f, for points
II and 111, quasi-static analysis in ST Appendix, Fig. S4 A-C), and
stop at the point where the local friction gradient is disrupted
(SI Appendix, note 2 and Figs. S5-S7). This corresponds to the
robots displaying “random walk” behavior in the reported work
(28, 32). Previous attempts for deterministic motion control pri-
marily focused on engineering the surface, such as using periodic
grating surfaces (28) or ultraflat surfaces with lower friction fluc-
tuation (27, 29-31). On real-world surfaces where the fluctuating
friction cannot be eliminated (26), developing strategies for micro-
scopic robots to move freely remains challenging.

We propose a nonreciprocal shape change sequence that can
generate asymmetric forces on the legs, as an effective way of
microscopic terrestrial locomotion. When the structure goes
through nonreciprocal shape morphing, the robot changes to a
certain shape and then returns to the original shape by going
through a different sequence, showing a closed loop in the con-
figuration space (A-D-C-B-A), as shown in Fig. 2 C, ii (10). In
this deformation sequence, at the A and C states, the sliding fric-
tions at the front leg and back leg increase by N times (assuming
the contact areas, and therefore the adhesion forces, increase by
N times), and friction asymmetry Nf_ > f, can be maintained no
matter what the relationship between the magnitudes of surface
frictions f~ and f, is, as long as N is sufficiently large. In this case,
the frictions on the robot are actively regulated, and the robot can
move deterministically in the “+” direction regardless of the fluc-
tuating surface friction and therefore unrelated to the surface
situation (S Appendix, Fig. S4 D-F). Similarly, utilizing a reverse
sequence (A-B-C-D-A), at the states A and C, /- <Nf, can be
maintained as shown in Fig. 2 C, ii7, and the microscopic robot
can move in the “-” direction in a controlled manner (57 Appendix,
Fig. §4 G-I). The strategy is adaptable from one-dimensional
systems to complex two-dimensional (2D) structures, suitable for
various deformation modes such as stretching and bending
(SI Appendix, Note 2 and Figs. S8-S10).

To achieve nonreciprocal shape morphing at the microscopic
scale, we developed a 3D nanomembrane structure composed of
VO,, which offers multiple degrees of freedom for deformation.
'The fabrication process for these 3D VO, microstructures is illus-
trated in Fig. 2D (see Details in SI Appendix, Methods Sample
Fabrication and Figs. S11 and S12). A 180 nm thick polycrystal-
line VO, thin film was deposited on the SiO,/Si substrates
(Fig. 2E) using magnetron sputtering (S/ Appendix, note 3 and
Figs. $13-518) and subsequently patterned via photolithography.
The patterns were then released by wet etching. By employing
strain-engineering (39, 40) techniques (S/ Appendix, note 4 and
Figs. S19-S21), the VO, thin films can roll up and transform into
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Fig. 2. Design of a nonreciprocal shape-morphing strategy for microscopic terrestrial locomotion. (A) Frictional forces experienced by a tip moving in opposite
directions on a silicon wafer (dimensions: 0.2 pm x 1 um). The tip moving from negative (positive) to positive (negative) suffers f, (f_) friction. (B) Frictional
values measured when the tip moves along the line passing through point II. (C) Schematics of shape-morphing strategies: (i) reciprocal shape morphing; (ii)
nonreciprocal shape morphing following the sequence A-D-C-B-A, and (iii) nonreciprocal shape morphing following the sequence A-B-C-D-A. For each strategy,
the Top row shows the structure during shape-morphing sequences, and the Bottom row presents simulated trajectory under fluctuating friction conditions.
Starting points |, II, and Il are highlighted in panel (A). (D) Fabrication progress of three-dimensional (3D) VO, nanomembranes for microscopic robots. (£) Cross-
sectional high-resolution transmission electron microscopy (TEM) images of VO, nanomembrane on substrates. (F) Rolled-up 3D VO, nanomembranes with
various shapes, including arcs, ring, tube, and helix. [Scale bars: 200 nm (A), 100 nm (C), 100 nm (£), 20 um (F, SEM)].

freestanding 3D microstructures. Furthermore, by tailoring the
planer shapes, a variety of rolled-up microstructures—including
arcs, rings, tubes, and helices (Fig. 2F)—can be fabricated on
demand (S7 Appendix, note 5 and Figs. S22-S25), broadening

their applicability to diverse structures and surfaces.

Nonreciprocal Shape Morphing in VO,-Based Microstructures
for Robots. The generation of nonreciprocal shape changes in
VO, microstructures is systematically investigated. In order to
obtain sufficiently large and therefore observable deformation,
we fabricated 3D ring structures with one end free and the other
end fixed to the substrate (Fig. 34). Under laser irradiation, the

40of 11 https://doi.org/10.1073/pnas.2500680122

photothermal effect induces the phase transition of VO, when
heated above 325 K, which produces a compressive strain gradient
(about 0.11%, SI Appendix, note 6(i) and Figs. S26-528) that
unrolls the microstructure. When the laser is off, the structure cools
down and returns to its original state. Such actuation performance
can be maintained during million times of laser on—off cycles
with appropriate laser power density (S Appendix, Fig. S29). To
quantify the deformation actuated by the laser, the position of the
tip, which is the free end of the ring structure (Fig. 3B), is tracked
in a side view using an optical microscope (SI Appendix, Tracking
microstructure tips). We observe that when the laser is on, the tip
follows a path that is different from the path when the laser is off.

pnas.org
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Fig. 3. Experimental analysis and numerical simulation of nonreciprocal shape morphing in VO,-based microrobots. (A) SEM image of VO, ring-shaped
microstructures (Left) and side view photos of the ring structure when the laser is on and off (Right). The laser position is depicted by a red symbol, and the tip
is highlighted as an “X" mark. (B) The tip trajectory of the ring structure during a laser pulse actuation (square wave, 20 Hz frequency). Tip positions at certain
times during the laser on and off are marked as red and blue X, respectively. (C) Analysis of tip trajectories under successive laser pulses. D-/, Simulation of tip
trajectories of ring structure implemented with linear (D-F) and hysteretic materials (G-/). (D and G) The relationship between strain and temperature of linear
materials (D) and hysteretic materials (G). The insets show schematics of the structure changing during the laser on and off. (€ and H) Simulated tip trajectory
with linear (E) and hysteretic materials (H). Insets in (E) show the temperature distribution on the ring when the laser is turned on and the displacement of the
tip along the x-axis is 15 pm. (F and /) Temperature evolution of ring structure when the laser is on and off. The horizontal coordinate uses the displacement of
the tip along the x axis during actuation. [Scale bars: 50 um (A, Left), 50 pm (A, Right), 50 pm (B)].

Therefore, during a full on—off cycle, the tip trajectory goes around
a closed loop, representing the nonreciprocal shape changes of
the VO, microstructure (Fig. 3C and Movie S4). By altering the
parameters for actuation (such as irradiation frequency, power,
and position) and the geometric design of the microstructure,
various close-loop trajectories can be achieved (57 Appendix, note
7 and Figs. $30-S33) which opens up a large design space for the
nonreciprocal shape morphing,.

Further, multiphysics simulations are implemented to study
the mechanism of the nonreciprocal deformation in VO, micro-
structures (details in ST Appendix, Simulation of microrobors shape
morphing and Fig. S34). We compare the shape change of the
microstructures made by linear materials (coeflicient of thermal
expansion (CTE) independent of temperature T, showing a linear
T-€ relation) and hysteretic materials [CTE depending on tem-
perature, showing a nonlinear T-& hysteresis (41). We use a
double-layer model for the strain gradient that causes the shape
change during the laser irradiation [S/ Appendix, note 6(ii)], which
is expressed as Ae = 7 (k: the difference in the CTEs between

PNAS 2025 Vol.122 No.25 2500680122

the two layers). First, two linear materials with different CTEs are
used. Since their CTEs are constant during the temperature
change, Ae and T have the same relationship during heating and
cooling (Fig. 3D). With this, we simulate the laser-induced defor-
mation and track the tip position. The tip trajectory from (0, 0)
to (33.4, 27.5) when the laser is on has minimal difference to the
trajectory back to (0, 0) when the laser is off (Fig. 3£). This means
the shape changes closely match during the heating and cooling
processes. The tip trajectory during a full heating—cooling cycle
is therefore very close to an open curve, representing an approx-
imate sequence of reciprocal shape changes. Since this deforma-
tion results from thermal expansion, we study the temperature
distribution on the ring structure during the deformation. When
the laser is on, the tip moves in the x direction from 0 to 33.4 pm
and the temperature at the irradiated region gradually increases
to above 300 K (Fig. 3F top panel); when the laser is off, the tip
moves back from 33.4 to 0 pm and the structure gradually cools
down to room temperature (Fig. 3F bottom panel). There is only
a slight difference in the temperature distribution (probably

https://doi.org/10.1073/pnas.2500680122 5 of 11
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because heating is localized at the irradiated position when the
laser is on and spread out through the device when the laser is
of!); therefore, the shape changes and the tip trajectories during
the laser on and off processes closely resemble each other.

For comparison, materials with different hysteresis loops are
utilized in the double-layer model for the strain gradient [here
using two types of VO, with different hysteresis regulated by resid-
ual stress (42), SI Appendix, note 6(iii)]. The strain gradient Ae is
expressed as two separate functions, i.e. A(7) for heating and B(7)
for cooling, showing a hysteresis during the heating—cooling cycle
(Fig. 3G). We simulate the deformation of the ring structure
(SI Appendix, note 8 and Figs. $35-S37), and the tip moves from
(0, 0) to (97.5, 226.5) and back during a full laser on—off cycle,
as shown in Fig. 3H. Here, the tip displaces much further (due to
a larger Ag) than the tip of the ring structures made by linear
materials. Besides, the tip trajectories during the laser on and off
exhibit clear disparities, meaning the shape changes during these
two processes differ significantly from one another. The full tra-
jectory goes around a closed loop, which represent a sequence of
nonreciprocal shape changes (Movie S5). We study the tempera-
ture distribution during the deformation, which are shown in
Fig. 3/ top and bottom panels for laser on and off processes,
respectively. Compared to Fig. 3F, larger heat zones result from
changes in relative positions of the laser irradiated on the ring
because of the large deformation (43, 44). Here, the temperature
evolutions show a significant difference between processes with
the laser on and off. This is because the thermal-induced change
of the strain gradient obeys different functions, which are A(7)
and B(7) during heating and cooling (Fig. 3G), respectively.
Specifically, during heating when considering the function A(7),
the strain remains relatively stable along with temperature changes
in region I (T = 310 to 325 K) and undergoes rapid changes in
region IT (T = 325 to 340 K). Conversely, during cooling with the
function B(7) applied, the strain maintains stability in region II
and experiences rapid changes in region I. Therefore, during heat-
ing the ring structure remains barely deformed below 325 K, and
the shape change mostly occurs during region II between 325 K
and 340 K; during cooling the structure undergoes minimal defor-
mation until 325 K, while most shape change during region I
between 310 K to 325 K. The different temperature—strain rela-
tions A(7) and B(7T) induce drastically different temperature dis-
tributions, therefore the tip goes through different paths during
heating and cooling, representing a sequence of nonreciprocal
shape changes in a full on—off cycle of the laser. We also consider
using phase change materials without the hysteresis (i.c., e= A(7)
for both heating and cooling, S Appendix, Fig. $38 A-C), finding
the tip trajectory showing only slight nonreciprocity. Moreover,
the curvature distributions of structures with hysteretic, linear,
and phase change materials are calculated according to tempera-
ture—strain relations and bending theories (S Appendix, note 6),
showing similar results as temperature distributions (57 Appendix,
Fig. $38 D-F). Hence, out of the three materials compared, hys-
teric materials have the largest difference in temperature distribu-
tion, curvature distribution, and tip paths during heating and
cooling, showing that the hysteretic material property plays a vital
role for the generation of nonreciprocal shape changes.

Directional Locomotion of Microscopic Robots with Nonreciprocal
Deformation. Based on the VO, with nonreciprocal shape changes
induced by laser irradiation, we fabricate simple microscopic
robots achieving effective locomotion. First, we refer to the three-
link model with the nonreciprocal deformation sequence (Fig. 4
A Top panel) proposed in SI Appendix, note 2, while the contact
areas, and therefore the frictions at the front end and back end,
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increase alternately. By tracing the front end (highlighted by a red
dot) in a side view in (%, ) coordinates, we obtain a 2D trajectory
(Fig. 4B) where the paths are different when the laser is turned on
and off, and this signature open-ended trajectory represents the
effective displacement of the robots. Microscopic ring structures
detached from the substrates, modeled by finite element methods
(FEM), demonstrate very similar nonreciprocal shape changes and
therefore effective displacement when actuated by the focused laser
(Fig. 44 middle). At first, both ends of the ring are in contact with
the ground. When the laser is on, the contact area at the back end
increases, causing the front end to lift off the ground and extend
forward (/nsets in Fig. 4 A Middle panel). When the laser is off,
the front end reestablishes contact with the ground, now with
an increased contact area, while the contact area at the back end
decreases. With this sequence of nonreciprocal shape changes,
we observe an open-ended trajectory of the front end (Fig. 4C)
similar to Fig. 4B, representing the effective terrestrial locomotion
of the ring structure.

Similar effective locomotion realized by nonreciprocal shape
changes induced by focused laser is observed in experiments, such
as the alternative increase/decrease of the contact areas at the front
and back ends (Fig. 4 A Bottom panel) and the open-ended tra-
jectories (Fig. 4D and Movie S6). We further studied VO, micro-
scopic robots in various shapes, such as arcs, helices, and tubes
(Movie §7). We show a square-shaped arc structure, where the top
view and side view of the robot is shown in Fig. 4E. When tracking
two corners of the plate in a side view (point A, B), the distinct
open-ended trajectories were observed, featuring different paths
when the laser is turned on and off. Moreover, by adjusting the
laser actuation parameters, the arc exhibited motion in various
modes, including “walking”, “turning”, “jumping”, and “flipping”
(Fig. 4F and SI Appendix, Fig. $39). For tubular (S Appendix,
Figs. S40 and S41) and single-helix robots (SI Appendix, Fig. $42),
they displayed rotational motions (S Appendix, note 9). These
results demonstrate that nonreciprocal deformation offers diverse
strategies for microscopic robots to achieve directional locomotion
on complex terrestrial surfaces. In contrast, VO, microrobots that
depend on reciprocal deformation exhibit random motion, con-
sistent with theoretical predictions (SI Appendix, Fig. S43).

Designing Complex, Nature-Inspired Microrobots Based
Nonreciprocal Deformation. By implementing the designed
nonreciprocal deformation into complex structures, we can realize
a diverse range of 3D robots with additional flexibility. Here,
we present a 3D microscopic robot inspired by human bipedal
walking. Similar as humans alternate stepping with their legs to
achieve linear motion, we designed two helices with opposite
chirality as the “legs” of the robot. Each “leg” structure undergoes
nonreciprocal deformation, and by sequentially actuating the
two helices, long-distance directional motion of the robot can be
achieved (Fig. 5 and Movie S8).

In detail, we refer to the nonreciprocal deformation in the ring
structures (Fig. 4 A-C) and extend the design to the out-of-plane
direction (Fig. 5 A, Leff). We fabricated a structure with two hel-
ices in opposite chirality (Fig. 5 A, Right). We use laser beam to
induce nonreciprocal shape morphing of the helix, achieving
effective motion of the robot, as shown in Fig. 5B. When the laser
irradiates a single helical structure (State I), it transits to the “on”
state (State II), causing the contact point to lift off the ground
and displace; when it reaches the “off” state (State I1I), the contact
point returns to the ground (Fig. 5 B Insets). The trajectory exhib-
its nonreciprocal characteristics. Such deformation can be adjusted
by controlling parameters of laser actuation (SIAppendix,
Fig. S44). We also note that using pulsed lasers in complex
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Fig. 4. Directional motion of VO, microscopic robots based on nonreciprocal deformation. (A) Models, simulations, and experiments of ring-shaped robots with
net displacement based on nonreciprocal shape morphing. Top, Directional motion of three-link models. Middle, The temperature distribution of microrobots
during laser-actuated motion, simulated using FEM. Dashed boxes highlight the front and back contact points between the robot and the surface, corresponding
to states in the three-link model. Bottom, Experimental demonstration of the microrobot achieving directional motion. (B-D) Tracked trajectories of the front end
contact (red dots) in three-link models (B), simulations (C), and experiments (D). (E and F) Directional motions of simple square-shaped robots with nonreciprocal
tip trajectories. (E) Structure of square-shaped robots from the top and side views. (F) Nonreciprocal trajectory of square-shaped robots during walking and

turning. [Scale bars: 50 pm (A), 40 um (C and D), 50 pm (E and F).

structures may lead to uncontrolled motion. To address this, we
replace pulsed lasers with a programmable swept-laser strategy,
which can achieve the same deformation and controllable motion
(81 Appendix, note 9 and Figs. S45-548). Under this driving strat-
egy, independently actuating a single helix generates rotational
motion of the microrobot. The states in Fig. 5C (State I-III) cor-
respond directly with Fig. 5B, and this rotational motion is similar
to the rotation of a single helical structure, resembling a human
stepping forward on one foot. Inspired by human bipedal alter-
nating movement, we define the laser-actuated helical structure
as the “actuated leg” (red square) and the nonactuated helical
structure as the “unactuated leg” (indigo square). In Fig. 5C, the
right-side leg is the actuated leg, moving forward under laser actu-
ation, while the left-side leg is the unactuated leg, passively fol-
lowing the motion. As a result, the entire robot rotates.

Based on this, we can design various actuation sequences for
achieving directional forward motions and rotation. When the
actuated leg alternates between the left and right, the robot
demonstrates forward motion, as shown in Fig. 5D, similar as
human walking. When we keep actuating the same leg, the robot

PNAS 2025 Vol.122 No.25 2500680122

continues to rotate. For example, when the right-side leg is always
actuated, the entire robot rotates clockwise (Fig. 5£), while coun-
terclockwise rotation occurs when the left-side leg is actuated. In
this experiment, the clockwise and counterclockwise rotation
reach approximately 180° within 10 actuations. This microrobot,
designed based on human bipedal motion and nonreciprocal
deformation, demonstrates a significant degree of in-plane motion
freedom. By leveraging our fundamental nonreciprocal deforma-
tion principles and a 3D VO, thin film platform, complex and
customized robot structures can be constructed for various prac-
tical applications. All above results show that microscopic robots
in various shapes can display unique motion behaviors, and their
speed can be controlled by varying laser power, laser frequency,
and nanomembrane thickness (S/ Appendix, note 10 and
Figs. $49-S51).

Potential Applications and Al Control Systems for Microscopic
Terrestrial Robots. Based on our previously demonstrated microscopic
robots, we now further highlight their potential applications and
introduce an artificial intelligence control system. By leveraging
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their omnidirectional motion, multiple robots can be arranged as
individual “pixels” to form user-defined patterns. For example, square-
shaped robots can be guided to specific positions to create a Tetris-like
pattern (Fig. 6A). Throughout the assembly process, the robots can
operate without interfering with one another, and the precision of the
assembly depends solely on the step size of the robots’ movement. This
self-assembly could potentially serve display purposes in the future,
as our robot structures can be custom-designed, fabricated into
large arrays, and simultaneously controlled using the asynchronous
actuation strategy based on galvanometer scanners (S/ Appendix;
Fig. §52) and the synchronous actuation strategy based on the digital
light processing system (S/ Appendix, Fig. S53) (45).

Furthermore, by exploiting the characteristic of VO, which
transitions to a low-resistance metallic phase upon heating, we

https://doi.org/10.1073/pnas.2500680122

designed a microcircuit assembly demonstration. Actuated by laser
beams, the robot moves toward the two electrodes and spans a
~100 pm gap (Fig. 6 B, Leff). Once in place, global heating
induces the VO, phase transition, enabling the low-resistance
robot to bridge the electrodes and light an LED (Fig. 6 B, Righ).
The microrobot can also carry extra electronic components and
be scaled down to the submicron dimensions due to CMOS pro-
cess compatibility and customizable structure, making it suitable
for integration with existing integrated circuit systems.
Moreover, in view of the rich design freedom of VO, robots,
the control strategies for the effective locomotion are influenced
by many parameters, such as surface conditions and the shapes of
the robots, which are laborious to optimize. We propose an arti-
ficial intelligence control system based on RL (46), which
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automatically optimizes the actuation (Fig. 6C). The control sys-
tem trains microrobots to achieve directional movement through
the following cycle: The RL algorithm generates an action to actu-
ate the galvo, and deflecting the laser beam toward specific loca-
tions on the robot, inducing the locomotion. A camera detects
the robot’s status, determining the reward based on its displace-
ment toward the target direction after 20 laser shots. Here, high
reward indicates effective movement away from its original posi-
tion toward the proper direction. The RL algorithm then updates
the reward and generates the next action. Throughout the cycle,
RL uses the soft-actor-critic (SAC) algorithm (47) to continuously
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self-learn to achieve higher rewards, ensuring that the well-trained
algorithm consistently generates actions that actuate the robot in
the desired direction (Details in SI Appendix, Microscopic robot
control and Fig. S54).

We perform the self-learning training on a circular robot as the
agent (Fig. 6D). The target motion direction is 30° toward the
lower right. Initially, the average reward is about 40 and the robot
moves randomly because of the arbitrary laser irradiation spots.
After about 3,200 training steps, the robot moves in the target
direction with the average reward about 150, demonstrating the
effectiveness of the training algorithm (Movie §9). This algorithm
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is also applicable to robots of various shapes, such as the
square-shaped robots and the Coccinellid robots (57 Appendix,
note 11 and Figs. $54-558). With the trained agent, the micro-
robot can autonomously navigate complex trajectories by splitting
the motion path. It can move along the strokes of the letter “A”,
“B”, “C”, and “D” (SI Appendix, Fig. S59 and Movie S10) and
the symbolic phrase “hello world” (Fig. 6F and Movie S11). The
RL algorithm automatically optimizes motion control parameters
for microrobots of any shape and in any working environment,
making it highly desirable for practical applications.

Discussion

In summary, we achieved microscopic robot with directional loco-
motion on terrestrial environments. The proposed theory with
nonreciprocal shape morphing is versatile and critical for achieving
microscopic terrestrial locomotion, suitable for a wide range of
robot with feature sizes from micrometers to nanometers, where
adhesion forces are dominant (22). Such nonreciprocal shape
morphing is achieved using materials with hysteresis properties,
which can be found in many molecular, metals, oxides, 2D mate-
rials, and polymers (48). Except for VO, actuated by focused laser,
terrestrial microscopic robots can be made from other hysteresis
materials and be actuated by different stimuli including magnetic
fields, electric fields light, and ultrasound, depending on the mate-
rial chosen (49). Additionally, the on-demand design of microro-
bots and their effective locomotion based on Al control provide
a versatile platform that promotes potential applications ranging
from laboratories to factories. For example, terrestrial microrobots
may be new mobile tools for microscopic sensing and manipula-
tions, such as lab-on-a-chip technology, environmental explora-
tion (50), microelectronics, and nanophotonic (17). Terrestrial
microrobots can also facilitate the development of distributed
wireless microdevices (51) with the ability to navigate in complex
terrains, and Al control algorithm may be an effective strategy for
such unstructured surface condition.

Materials and Methods

Growth of VO, Nanomembranes. V0, nanomembranes are deposited by
direct current magnetron sputtering (PVD75, Kurt J. Lesker). First, commercial
thermal oxide silicon wafers (oxide layer thickness: 100 nm) were ultrasonically
cleaned in ethanol (99.7%), acetone (99.5%), and deionized water for 10 min,
respectively. After cleaning, the wafers were put into the sputtering device. VO,
nanomembranes were then grown by a target of pure V metal (99.9%) at oxygen-
argon gas flux using an oxygen-argon gas flux ratio of 38 sccm to 60 sccm. During
nanomembrane deposition, wafers were heated to 500 degrees, sputtering power
was maintained at 200 W, and deposition time was 1,800 s.

sample Fabrication. A schematic of the microscopic robot fabrication process
can be found in Fig. 2D. First, VO, nanomembranes undergo “patterning” process.
Specifically, a positive photoresist (AZ-5214, Microchemicals GmbH, Germany)
was spin-coated on VO, nanomembranes, and patterned photoresist arrays were
fabricated by an optical direct writing lithography system (UPG501, Heidelberg
Instruments). Patterns were used to etch VO, nanomembranes by reactive ion
etching (T,, Trion) and the photoresist was then removed by ultrasonography
in acetone for 3 min. The patterned VO, nanomembranes then underwent
the "release” process. Samples were immersed in 40% hydrofluoric acid (HF)
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196-203 (2014).

2. W.Pang etal., Asoft microrobot with highly deformable 3D actuators for climbing and transitioning
complex surfaces. Proc. Natl. Acad. Sci. U.S.A. 119, 2215028119 (2022).

3. M.Hanetal., Submillimeter-scale multimaterial terrestrial robots. Sci. Robot. 7, eabn0602
(2022).
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solution at room temperature for 5 min. High selective etching characteristics
of HF removed the silicon oxide layer, and VO, nanomembranes were lifted off
from the substrate. Due to the internal strain gradient in VO, nanomembranes
before releasing (S/ Appendix, note 7), the nanomembranes were self-rolled-up
into microstructures after release. The VO, nanomembranes were then transferred
to ethanol and dried with a critical point dryer (CPD030, Leica) to avoid structural
collapse. So far, microscopic robots on the chip have been fabricated. Benefiting
from customized patterns by lithography, the robot structures are tunable,
involving arcs, rings, tubes, and helices (Fig. 2F). More details on the control
of microstructures are provided in S/ Appendix, note 8. Massive fabrication of
microscopic robots can be easily achieved, resulting from the one-step roll-up
of single materials. S/ Appendix, Fig. S11 illustrates the on-chip arrays of arcand
helical structures. All morphologies of VO, microstructures were characterized by
scanning electron microscopy (SEM; JSM-6701F, JEOL).

simulation of Microrobots’ Shape Morphing. We have developed a workflow
to simulate dynamic deformation process of microscopic robots. A simplified ver-
sion of this workflow, focused on the driving process, is illustrated in S/ Appendix,
Fig. S34A.The structure before the laser drive is regarded as the original shape.
After being irradiated by the laser, the microstructure is deformed. Given that
the relative position of laser irradiation on the microstructure changes, we
designed a time-domain-based step that incorporates multiple physics fields,
including light, thermal, and solid mechanics. The process of deforming the
microstructure until it stabilizes under laser irradiation is simulated through
iterative steps.The structure, once driven to a stable state by the laser, is defined
as the actuated shape. When the laser is removed, the iteration of the steps is
also used to simulate the deformation process, and finally, the microstructure
returns to the original shape.

More details of growth and characterization of VO, nanomembranes, sample
fabrication, friction force microscopy test, and microrobot trajectory simulation
appear in the SI Appendix. The details of building laser manipulation system,
tracking microstructure tips, simulation of microrobots shape-morphing, and
microscopic robot control are also in the S/ Appendix.

Data, Materials, and Software Availability. All Study dataareincluded inthe
article and/or supporting information.
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