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MICROROBOTS
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Robots with submillimeter dimensions are of interest for applications that range from tools for minimally invasive
surgical procedures in clinical medicine to vehicles for manipulating cells/tissues in biology research. The limited
classes of structures and materials that can be used in such robots, however, create challenges in achieving de-
sired performance parameters and modes of operation. Here, we introduce approaches in manufacturing and
actuation that address these constraints to enable untethered, terrestrial robots with complex, three-dimensional
(3D) geometries and heterogeneous material construction. The manufacturing procedure exploits controlled me-
chanical buckling to create 3D multimaterial structures in layouts that range from arrays of filaments and origami
constructs to biomimetic configurations and others. A balance of forces associated with a one-way shape memory
alloy and the elastic resilience of an encapsulating shell provides the basis for reversible deformations of these
structures. Modes of locomotion and manipulation span from bending, twisting, and expansion upon global
heating to linear/curvilinear crawling, walking, turning, and jumping upon laser-induced local thermal actuation.
Photonic structures such as retroreflectors and colorimetric sensing materials support simple forms of wireless
monitoring and localization. These collective advances in materials, manufacturing, actuation, and sensing add to
a growing body of capabilities in this emerging field of technology.

INTRODUCTION

Many of the most advanced, large-scale robots incorporate complex
functions and motion modalities, sometimes in bioinspired three-
dimensional (3D) designs and with heterogeneous collections of
materials. Examples of the former include systems that resemble
arthropods or vertebrates (1-5); those of the latter include soft,
hydraulically/pneumatically actuated material structures with rigid
structural supports (6-8). In both cases, electronics/optoelectronics
components and power supply systems support sensing, control,
and communication (9-11). Miniaturization of such types of bioin-
spired robots to millimeter or submillimeter dimensions is an area
of ongoing interest due to the broad scope of applications that could
be addressed, including those in micro/nanomanufacturing, mini-
mally invasive surgery, and sensing (12-15). Robots at these scales
have the ability to perform tasks in spaces that would otherwise be
difficult or impossible to access or across large scales in the environ-
ment or within biological systems in a distributed manner (16-18).

The structural complexity and material diversity of existing
miniaturized robots are limited, currently constrained by options in
manufacturing. As a result, at size scales in the submillimeter range,
most robots take the form of simple spheres, tubes, rods, arcs, domes,
or multilayer stacks of planar structures (19-22). Exceptions are in
systems that adopt two-photon polymerization or stress-induced
bending to yield 3D layouts (23-27). Recently reported submillimeter
scale robots can perform multimodal locomotion in liquid media by
mechanisms of light actuation (22, 28). On solid surfaces, however,
light-actuated millimeter-scale robots cannot continuously move over
a body length (29) or they require a rachet surface for directional
locomotion (30).

Here, we introduce ideas that expand on these results to achieve
submillimeter-scale robots in complex, 3D multimaterial designs with
an unusual actuation scheme that enables motion on solid surfaces
(Movie 1). The geometries span from arrays of curved filaments to
complex folded architectures to biomimetic configurations, with
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Movie 1. Overview of the 3D submillimeter-scale robots.

lateral dimensions down to ~200 um and feature sizes to ~10 um.
These terrestrial robots consist of both organic and inorganic mate-
rials to support mechanical and optical forms of function. Programmed
laser actuation of a shape memory alloy (SMA) integrated with a
film coating that provides a restoring force enables various motion
modalities, including but not limited to bending, twisting, crawling,
and walking, with average speeds of up to ~0.44 body length/s, in
systems with body lengths below 1 mm and weights of ~107° g. In-
tegrated photonic and sensing components support additional
possibilities as a type of wireless communication and localization.
These manufacturing approaches, actuation schemes, and design
strategies are compatible with a wide range of materials, as the basis
for a breadth of geometries, modalities, and functions that can be
realized in small-scale robotic systems.

RESULTS

Fabrication and actuation of the robots

The complex 3D geometries of these submillimeter-scale robots
originate from planar (2D) multilayer assemblies formed with
deposition and patterning techniques used in the semiconductor
industry. Figure 1 (A and B) illustrates the process of transforma-
tion that converts these 2D precursors into 3D shapes for the case of
a design inspired by the geometry of a peekytoe crab (Cancer irroratus)
but engineered to a much smaller dimensions (~1/150 of the actual
size; fig. S1). The precursors incorporate layers of SMA (nitinol;
2.5 um in thickness) as a collection of dynamic mechanical joints
for locomotion, a film of polyimide (PI; ~8 um in thickness) as a
static skeleton for structural support, and pads of silicon dioxide
(SiO3; 100 nm in thickness) as bonding sites in the 2D to 3D trans-
formation process (left frames in Fig. 1, A and B). This process be-
gins with transfer printing to deliver these 2D precursors onto the
surface of a prestretched silicone elastomer (Dragon Skin 10 Slow,
~500 um in thickness) that supports structures of polydimethyl-
siloxane (PDMS; blocks) located near the claws and back legs (middle
frame in Fig. 1B). Releasing the prestrain imposes compressive
stresses at the bonding sites, with forces sufficient to convert the 2D
structures into 3D architectures via a set of controlled bending/
twisting deformations and translational/rotational motions (31, 32).
During this process, the distance between the two PDMS blocks also
decreases, thereby deforming the claws and back legs. This transfor-
mation involves peak strains (<4%) that lie below the maximum phase
transition strain of the SMA (right frame in Fig. 1B). Depositing an
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additional conformal coating of SiO; (~1 pm in thickness) onto the
resulting structures fixes their 3D shapes, thereby allowing for re-
lease as freestanding elements (right frame in Fig. 1A). The details
appear in Materials and Methods, fig. S2, and Supplementary Methods.
These processes convert micropatterned thin films of multiple
materials with thicknesses between tens of nanometers and tens of
micrometers into complex 3D geometries in a parallel fashion, uniquely
enabling for unusual robots with millimeter and submillimeter
scales. Related structures with centimeters or larger dimensions for
robots that operate on similar principles can be realized using alter-
native techniques, such as laser engraving, mechanical cutting, and
automatic robotic assembly.

This SiO; shell is a key component in the mechanism for reversible
actuation, as illustrated by finite element analysis (FEA) in Fig. 1C. An
increase in temperature transforms the SMA (nitinol) from the
martensitic to the austenitic phase, causing the 3D structure to flat-
ten into a 2D shape. The responses of the SMA elements at the
joints act as driving forces to deform the PI skeleton. This process
also elastically deforms the SiO; shell, resulting in a counter force
that limits the magnitude of the deformation. The change in shape
ceases when the forces from the shell balance those from the joints
(right frame in Fig. 1C). Upon a reduction in temperature, the SMA
changes from the austenitic back to the martensitic phase, thereby
reducing the force produced by the SMA at the joints to zero. The
elastic forces associated with the shell then push the entire system
back to the original 3D geometry (left frame in Fig. 1C). Figure S3A
simulates the moments generated by the SMA and the SiO; shell. In
the FEA model, the SiO; shell appears on both the outer and inner
surfaces of the 3D robot, consistent with experiments (fig. S3B). Al-
though a single layer of the SiO; shell at the outer or inner surface
can also provide restoring force, the double-layer shell structure fol-
lows naturally from the conformal deposition process. This actuation
scheme allows for reversible shape transformations using a one-way
shape memory material. Without the shell, the structure only sup-
ports a single change in shape, from 3D to 2D, as illustrated in fig.
S3C. Figure 1D shows optical images of a freestanding 3D peekytoe
crab on the edge of a coin, highlighting the preserved 3D geometry
enabled by the SiO, shell after release from the elastomer substrate.
Other 3D structures in geometries that resemble baskets, circular
helices, and double-floor helices also exhibit high shape storage ratios
(>85%) after cycles of heating and cooling (fig. S4). This ratio (g;) is
defined as &, =1 — |L; — Ly|/Lo x 100%, where L and L, are the dis-
tances between the bonding sites at both ends at the initial stage and
subsequent stages, respectively.

This reversible actuation scheme offers stable performance in
extended cycling tests (100,000 cycles), as validated using a simple
3D ribbon structure with one side bonded to a substrate (fig. S5),
heated locally by exposure to a laser scanned at a frequency of 5 Hz
for 7.5 hours. The laser used here has a spot size of 2.5 mm for easy
alignment and a power of 188 mW (corresponding to an intensity
of ~950 mW/cm”) for effective heating. The irradiation conditions
must be selected to avoid damage to the constituent materials (33).
The experimental setup includes a microscope (Keyence, VHX-5000)
to record the deformations (movie S1) and a customized algorithm
to capture the position of the top edge (fig. S6). As shown in fig. S7,
the mean and SD of the highest positions in the initial 50 cycles are
27.1 and 1.80 mm, respectively, and those after 135,000 cycles are
26.3 mm (mean of 50 cycles) and 2.19 mm (SD of 50 cycles). An
indenter with fixed displacement serves as the basis for measurements
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Fig. 1. Wireless, reversible, and selective actuation of untethered, complex 3D mesostructures as submillimeter-scale terrestrial robots. (A) Schematic exploded
view illustration of a 3D robot in the shape of a peekytoe crab. Left: 2D multilayer precursor to this structure, with pads of SiO, to define bonding sites in a buckling process
to yield the final 3D shape. Right: 3D mesostructure with a conformal coating of SiO; as an elastic encapsulating shell. (B) Schematic illustration of the fabrication process.
(C) FEA results for a reversible actuation scheme that balances forces associated with phase transitions in an SMA with those that follow from the elastic resilience of the
shell. (D) Optical images of a 3D peekytoe crab resting on the edge of a coin. (E) Superimposed images of various other 3D robotic structures. Top: FEA results, where
images with blue color and black lines correspond to 3D geometries at room temperature and at ~100°C, respectively. Bottom: Experimental results; images colorized in
blue and red correspond to 3D geometries at room temperature and at ~100°C, respectively. (F) Optical image of an array of 3D peekytoe crabs. (G) Selective actuation of
one of the four crabs. Left: Directional locomotion from left to right. Right: Directional locomotion from right to left.
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of forces generated from the 3D ribbon structure (fig. S8A). As
shown in fig. S8B, the force reaches ~47 puN at 70°C.

The compatibility of the fabrication process with various thin-
film deposition and etching techniques, laser patterning approaches,
and photolithography methods creates broad possibilities in geom-
etries and materials choices. Figure 1E, fig. S9, and movie S2 show
examples of 3D robots with lateral dimensions ranging from ~200 um
to ~1.5 mm, with a diverse set of motion modalities, including bend-
ing, twisting, biaxial expansion, and combinations. For instance, the
system in the second left frame of Fig. 1E exhibits both biaxial
expansion (change in length AL/Ly = ~0.15) and rotation (angle
0 = ~2.1° (fig. S10).

An important feature of the manufacturing procedures intro-
duced here is that they operate in a parallel mode (that is, process-
ing a large number of samples simultaneously), with the potential
for mass production. Figure 1F demonstrates an array of freestanding
3D peekytoe crabs formed in a single set of processes on a common
substrate, released, and then randomly distributed on a glass surface.
Patterned laser exposure allows for selective activation. A simple

demonstration involves scanning a laser (wavelength: 520 nm; power:
188 mW; spot size: 2.5 mm) with a two-axis galvo to operate one of
the crabs. Periodically (4 Hz in frequency) moving the laser spot from
right to left across the body of the robot induces directional loco-
motion from left to right (left frame in Fig. 1G and movie S3), with
an average speed of ~0.07 mm/s (fig. S11 and movie S4). Switching
the direction of laser scanning reverses the motion, as shown in the
right frame in Fig. 1G. The flexibility in choices of 3D geometry,
constituent materials, and actuation modalities creates many oppor-
tunities for complex, multimodal means for locomotion and other
forms of activation.

Mechanism of directional locomotion

The mechanism of directional motion relies on an asynchronous
change in shape during laser scanning. Detailed theoretical and ex-
perimental analyses of a simple 3D ribbon structure highlight the
principles (Fig. 2). As illustrated in Fig. 2A, a laser moving from right
to left induces sequential heating of the right, middle, and left parts
of the 3D ribbon. The asymmetric shape of the 3D ribbon caused by
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Fig. 2. Mechanisms, optimization strategies, and characterization results for 3D submillimeter-scale terrestrial robots. (A) Schematic illustration of sequential
laser heating of a 3D ribbon structure that incorporates patterned features of SMA, Pl, and SiO,. The red background highlights regions with local heating. (B) Normalized
contact forces of the left and right ends of the ribbon (from FEA). Circled numbers (1 to 5) correspond to the different states marked in (A). (C) AL/L, of ribbons with dif-
ferent values of tpi/tsma and tsioo/tsma computed by FEA (tsya = 2.5 um for all cases). (D) Optical images (top frame: top view; bottom frame: tilted view) of the 3D ribbon.
(E and F) Displacements (E) and speeds (left and right ends) (F) of motion along x and y axes at a laser scanning frequency of 1 Hz. (G) Locomotion for frequencies of 0.1, 1,

and 10 Hz.
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this time-dependent local heating leads to different normal forces at
the points where the left and right sides of the ribbon contact the
substrate (Fig. 2B). From state “1” to state “2,” the right part of the
3D ribbon deforms due to a local increase in temperature. The normal
contact force in this region decreases as a result. This force at the right
end remains smaller than that at the left end, until the laser moves
to the center of the ribbon (state “3”). In these cases, the right end of
the ribbon moves to the right, while the left end of the structure re-
mains static. As the laser scans to the left of the ribbon (states
“4” and “5”), this part of the structure deforms, thereby reducing the
associated normal contact force. The right end remains static due to
the larger force, while the left end shrinks to the right as the tem-
perature drops below the phase transition of the SMA.

This process of sequential local heating and associated asymmet-
ric normal contact forces underpin directional locomotion. Similar
concepts can also apply to robots with larger dimensions, as long as
the deformations of different parts appear in a controlled order. An
example is in a transparent soft robot that moves in a specific direc-
tion through programmed electrothermal heating of a metal nanowire
network (34). Optimizing the geometric parameters enhances the
normalized step length (AL/Ly; illustrated in Fig. 2A) based on guid-
ance from the results of FEA that considers fixed values for the body
length (Lo) and the thickness of the SMA (fsma). Figure 2C depicts a
contour plot of AL/Ly with respect to the normalized thicknesses of
the PI skeleton (tpi/tsma) and the SiO; shell (¢si02/tspa). The results
indicate that AL/Lq increases with tsi0,/tsma until it reaches a maxi-
mum at a thickness ratio of ~0.25. Further increases in the thickness
of the SiO; shell reduce the value of AL/Lj but improve the ability to
maintain 3D shapes during actuation. By contrast, AL/L, increases
monotonically with tpi/tsma, because thick layers of PI increase the
strain energy that can be transferred to the SMA and SiO, at the
crease regions that form as a consequence of the compressive buck-
ling process.

Experimental demonstrations of the 3D ribbon robot appear in
Fig. 2 (D to G). The ribbon has an initial length (L) of ~1 mm, with
layers of SMA (2.5 um in thickness), PI (~8 um in thickness), and
SiO; (~1 pum in thickness), as shown in Fig. 2D. Periodically scan-
ning a continuous wave laser (wavelength: 520 nm; power: 188 mW;
spot size: 2.5 mm; beam divergence: 1.5 mrad) over the structure
from right to left induces a stepped, directional locomotion from
left to right. Here, the 520-nm laser can effectively heat the SMA
layer, as verified by the experimental results shown in figs. S12 and S13.
Measurements of temperature exploits a planar submillimeter-scale
SMA structure suspended in air by two PDMS supporting structures
(fig. S14) to facilitate focusing of an infrared camera. The wavelength of
520 nm does not notably increase the temperature of the PI layer,
consistent with its absorption spectrum (fig. S15). In comparison, lasers
with shorter wavelengths (for example, <450 nm) substantially heat
the PI to produce undesired expansion and deformation of the robot.

A set of optical images in fig. S16 shows the asynchronous defor-
mation of the right and left parts of the ribbon, consistent with the
analysis in Fig. 2 (A and B). A customized algorithm enables auto-
matic detection of the edges and nodes of the 3D structures (fig. S17
and movie S5). The extracted coordinates at different time points fa-
cilitate further analysis of the dynamic behavior. Figure 2E shows
the displacement of the 3D ribbon under a laser scanning frequency
of 1 Hz. A stepped movement (average speed: ~0.12 mm/s) appears
along the x axis (parallel to the laser scanning direction), whereas
motions along the y axis (perpendicular to the laser scanning direction)
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are negligible (average speed: ~0.001 mm/s; SD of position: 0.01 mm).
As shown in Fig. 2F, the speeds of these ends reach local maxima
successively with a time interval of ~0.33 s.

Adjusting the laser scanning frequency modulates the speed of
movement. Reducing the frequency from 1 to 0.1 Hz reduces the
average speed from ~0.12 to ~0.017 mm/s. The step length, AL, for
each cycle of movement (AL, ~0.17 mm) at 0.1 Hz is larger than that
at 1 Hz (~0.12 mm), due primarily to increased heating at low scan-
ning frequencies (fig. S18). Increasing the frequency to 10 Hz yields
an average speed of ~0.49 mm/s but with an AL of only 0.049 mm.
Further increases of frequency lead to insufficient heating and
reduced ability of the structure to deform and recover sufficiently,
thereby decreasing the speed and, in the limit, preventing directional
movement. Figure 2G and movie S6 show the 3D ribbon actuated at
different frequencies (0.1, 1, and 10 Hz). A complete analysis of the
displacement and speed of the 3D ribbon appears in fig. S19.

Various structures and modes of locomotion

Elaborations in the structural designs and the laser scanning patterns
yield diverse options in modes of locomotion. Figures S20 to S23
demonstrate 2D layouts and optical images of various robots made
of SMA or combinations of SMA and PI. Detailed analyses of five
representative 3D robots (shown in fig. S24, with extracted edges and
nodes) provide insights into the broad variety of motions that are
possible. The first example is a 3D ribbon of SMA and PJ, as shown
in Fig. 3A, figs. 25A and S26 (A to C), and movie S7. As before, local
heating at different regions creates asymmetries in the geometries, as
verified by FEA (left frame in Fig. 3A). Because of the asymmetric
and asynchronous changes in shape, laser scanning from right to left
leads to directional locomotion to the right; scanning from left to
right reverses the direction. The middle frame of Fig. 3A shows
superimposed images during a bidirectional linear crawling motion
initiated using laser scanning at a frequency of 1 Hz. The average
speed along the x axis (parallel to the laser scanning direction) reaches
0.11 mm/s (left to right) and —0.11 mm/s (right to left; right frame in
Fig. 3A). These values are about five times larger than those along
the y axis (perpendicular to the laser scanning direction, 0.021
and —0.027 mm/s).

Figure 3B shows a 3D robot that consists of two ribbons (differ-
ent in length) connected together. After manual alignment of the
laser to the robot, motion follows from automatic cyclic scanning of
a line light source obtained by fast scanning of a point light source
(wavelength: 520 nm; power: 188 mW; spot size: 2.5 mm; beam
divergence: 1.5 mrad) via a sinusoidal input signal (20 Hz) to the
y axis galvo that converts the point light source into a line (~5 mm
in length) and a sawtooth wave (2 Hz) applied to the x axis galvo to
move the line directionally from one side to the other along a linear
trajectory (fig. S25B). When the laser irradiates the right part of the
structure, both ribbons deform. In this case, the long ribbon ex-
hibits a larger step (left frame in Fig. 3B) than the short ribbon. This
difference results in a curvilinear trajectory. As the laser continues
to scan from right to left, the robot moves to the right and rotates its
body simultaneously, until the long side of the ribbon is perpen-
dicular with the laser scanning direction (middle frame in Fig. 3B,
figs. S27A and S28A, and movie S8). As the laser switches its scan-
ning direction, the robot moves in a reversed direction in a curvi-
linear trajectory with a curvature radius of ~7 mm. Displacements,
speeds, and trajectories appear in the right frame of Fig. 3B and
fig. S26 (D to F).
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Fig. 3. Various modes of locomotion enabled by 3D designs and schemes in sequential, local laser exposure. (A) Bidirectional linear crawling motions of a 3D rib-
bon. (B) Bidirectional curvilinear crawling motions of a 3D robot with two interconnected asymmetric ribbons. (C) Walking motions realized through alternate heating of
two ribbons. (D) Turning behaviors induced by changing the direction of laser scanning. (E) Jumping motions of a 3D robot with curvy legs. Left frames in (A) to (E) illus-
trate the FEA results of 3D robots under global heating (top; images with filled colors and black lines correspond to 3D geometries at room and elevated temperatures,
respectively) and local heating (bottom; red dots indicate the positions of local heating). Middle frames in (A) to (E) present superimposed images of 3D robots. Right

frames in (A) to (E) show displacements along the x and y directions at different time points.
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Figure 3C presents a 3D robot that consists of two identical
ribbons connected together. Tailored input signals to the galvo (fig.
S25C) direct the laser (wavelength: 520 nm; power: 188 mW; spot
size: 2.5 mm; beam divergence: 1.5 mrad) to alternatively heat the
back sides of the two ribbons, causing sequential expansion (left frame
in Fig. 3C). The result is a type of walking behavior, where two legs
move forward by turns periodically, following the frequency of laser
shifting (middle frame in Fig. 3C, figs. S27B and S28B, and movie
S9). The average speed along the x axis reaches ~0.11 mm/s for the
case when the laser shifts between the two ribbons at a frequency of
3 Hz (right frame in Fig. 3C and fig. 526, G to I).

Other modes of locomotion involve turning (Fig. 3D) and jump-
ing (Fig. 3E). The turning motion exploits a tri-legged 3D design.
Laser heating causes deformations of any selected leg (left frame in
Fig. 3D). This feature allows the robot to move along both the x axis
(laser scans from right to left at a frequency of 2 Hz) and y axis (laser
scans from bottom to top at a frequency of 2 Hz), as shown in the
middle frame of Fig. 3D, figs. S27C and S28C, and movie S10. Aver-
age speeds along the x and y axes are 0.098 mm/s (from 0 to 35 s)
and 0.030 mm/s (from 140 to 200 s), respectively (right frame in
Fig. 3D and fig. S26, J to L). Figure 3E illustrates the jumping mo-
tion of a 3D robot induced by rapid changes in the shapes of curved
ribbon structures (left and middle frames in Fig. 3E, figs. S27D and
$28D, and movie S11). This behavior leads to a step change in the
displacement curve, with a mean of 0.49 mm and an SD of 0.11 mm
(right frame in Fig. 3E). The average speed along the x axis is 0.42 mm/s
for a frequency of 2 Hz. The instantaneous peak values of speed and
acceleration in this jumping mode reach 5.7 mm/s and 81.9 mm/s?,
respectively (fig. $26, M to O), roughly five times larger than those
in crawling, walking, and turning (fig. S26). These light-actuated
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Fig. 4. Summary of reported robots plotted as the ratio of maximum speed to
body length as a function of length. The plot includes robots that operate in
terrestrial and aquatic environments through actuation based on light exposure,
magnetic fields, battery power, and external chemical reactions. Solid symbols and
the region bounded by the red dashed ellipse (68% confidence interval) correspond to
terrestrial robots. Hollow symbols and the region bounded by the blue dashed ellipse
(68% confidence interval) correspond to aquatic robots. Details of the references
appear in table S1. References with underlines and the brown shaded ellipse (68%
confidence interval) correspond to robots with complex 3D geometries. References
without underlines and the gray shaded ellipse (68% confidence interval) corre-
spond to robots without complex 3D geometries. References marked with “*”
correspond to robots that can change directionality during movement in a con-
trollable way.
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robots can also perform locomotion on the surface of water. Figure
$29 and movie S12 show a tri-legged robot operating in this manner
under laser scanning at 1 Hz. Capabilities for operation under the
water are limited by effects in surface tension and heat dissipation
(fig. $30). In this sense, application opportunities for robots with the
designs reported here complement those in biomedicine and other
areas where alternative approaches are preferred. In all of these
cases, the wavelength, power, and spot size of the laser are 520 nm,
188 mW, and 2.5 mm, respectively.

Figure 4 compares the dimensions and speeds of various robots
actuated through light exposure, magnetic fields, battery power, and
chemical reactions. Table S1 summarizes the key parameters, including
speed, body length, actuation mechanism, operation environment,
complexity of geometry, and others. Compared with other robots
that adopt complex 3D geometries and multimaterial construction
(Fig. 4, references with underlines and ellipse with brown shading),
the robots demonstrated here have the smallest dimensions (~750 um;
3D structures that resemble peekytoe crabs). Among light-actuated
robots (yellow symbols in Fig. 4), ours can operate at relatively
fast speeds (~0.44 body length/s). This fast movement behavior fol-
lows from submillimeter dimensions that accelerate heat dissi-
pation (fig. S31), advanced 3D designs that optimize motions, and
actuation schemes that enable reversible deformations at high strain
and stress using a one-way SMA (35, 36). Further reductions in
the dimensions increase the rates of heat dissipation and, theoreti-
cally, the speed per body length, as verified by FEA in fig. S32. This
analysis only incorporates, however, the actuation forces from the
SMA and the friction forces with the substrate, without considering
other types of forces that may exist in practical scenarios (for exam-
ple, electrostatic adhesion and van der Waals force) or various per-
turbations associated with the environment (for example, air flow).
The summation of these forces together with the static friction, both of
which increase substantially with reductions in size, could fundamen-
tally limit the operation, depending on the detailed circumstances.

Two ellipses with red and blue dashed lines in Fig. 4 separate
robots that operate in terrestrial and aquatic environments. The
body lengths of aquatic robots span from the micrometer to centi-
meter scale. For terrestrial operation, microscale robots move on
special surfaces that present ratchet structures (30) or interdigital
electrodes (27), or they cannot move continuously over a body length
(29). Previously reported terrestrial robots that can continuously
operate on unstructured surfaces have dimensions in the millimeter
to centimeter range. The manufacturing approaches, actuation
schemes, and structural design approaches introduced here allow
for body lengths (~0.75 mm) that are more than three times small-
er than those of the smallest terrestrial robots reported previously
(2.5 mm in body length) (37).

Applications in telemetry and localization

Capabilities in telemetry and localization are also essential for these
types of systems (13). An optical approach is useful to consider in
the context of light-actuated robots such as those presented here.
Photonic elements, colorimetric reagents, and retroreflectors can
support basic forms of telemetry. Figure 5A shows a setup that in-
cludes a shutter and a two-axis galvo to modulate and control the
position of two laser beams at different wavelengths (445 and 638 nm).
A retroreflector integrated on the robot allows light to reflect back
to the beam splitter along the direction of incidence. The retroreflector
used here exploits a corner cube geometry design (Fig. 5B and
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Fig. 5. Telemetry and localization achieved by integrating retroreflectors and colorimetric sensing materials into 3D robots. (A) Schematic illustration of the op-
tical setup for telemetry. Inset: Schematic illustration of one unit of the corner cube retroreflector. (B) Optical image of the retroreflector. (C) Optical images (top) and re-
flectance (bottom) of a colorimetric humidity sensor exposed to dry [relative humidity (RH): ~10%] and humid (RH: ~50%) air. (D) Ratio between the voltages of the

photodetectors for blue and red lasers as the RH changes from ~50 to ~10%. (E and

F) Time-domain output voltages of photodetectors for the blue and red laser light,

measured at a RH of ~10% (E) and ~50% (F). A shutter modulates the laser exposure at a frequency of 0.2 Hz. (G and H) Optical images [top frame in (G)], reflectance
[bottom frame in (G)], and ratio between the voltages of the photodetectors for the blue and red laser light (H) for the colorimetric UV sensor under different doses of UV
exposure. (1and J) Optical images [top frame in (1)], reflectance [bottom frame in (1)], and ratio between the voltages of the photodetectors for the blue and red laser light
(J) for the colorimetric pH sensor after immersion in solutions with different pH. (K) Example of localizing six robots through laser scanning in bright (left) and dark (right)
environments. (L) Plot of SNR as a function of input power in bright (left) and dark (right) environments. Error bars are SE deviations from 10 cycles (N = 10) of measure-

ments. a.u., arbitrary units.

figs. $33 and S34), with a side length of 100 pm, fabricated through
two-photon lithography, a multiple demolding process, and conformal
deposition of silver (details appear in Materials and Methods). A
semitransparent colorimetric material placed on top of the reflector

Han et al., Sci. Robot. 7, eabn0602 (2022) 25 May 2022

absorbs a portion of the light, thereby affecting the intensities of the
reflected light. The setup directs light from two lasers onto the retro-
reflector and separates the reflected light through a dichroic mirror
(long-pass, cut-on wavelength: 567 nm). Two photodetectors detect
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the reflected light in the form of voltage signals associated with the
intensities. The ratio of these voltages can determine the absorbance
of the colorimetric material in a way that mitigates the influence of
other factors, such as changes in distance or optical properties of the
surroundings (38).

Colorimetric materials can be used in this manner for remote
sensing of different species or parameters associated with the sur-
roundings. For example, the color of a mixture of CoCl, and silicone
elastomer (Ecoflex 00-30) changes from blue to pink as the humidity
increases from ~10 to ~50%. Figure 5C shows the reflectance of such
a mixture coated onto the retroreflector, across a wavelength range
from 400 to 800 nm. At low humidity, the reflectance at 445 nm
remains largely unchanged, but the reflectance at 638 nm shows no-
table decrease. Figure 5D shows the ratio of the voltages from the
two photodetectors (445 and 638 nm) as the humidity decreases
from ~50 to ~10%. As in Fig. 5 (E and F), voltages associated with
the 445- and 638-nm light exhibit stable values during cyclic mea-
surements performed using a shutter to modulate the laser expo-
sures. Additional results appear in fig. S35.

Colorimetric materials that respond to pH and ultraviolet (UV)
light offer additional capabilities in sensing. The latter uses a com-
posite of UV-bleachable dye (CR234-BT2B, Spectra Group Inc.) in
PDMS (10:1; Sylgard 184) to form a semitransparent gel that changes
from dark blue to light gray upon UV exposure. Figure 5G shows
the reflectance of a sensor formed by coating this material on the
retroreflector for different doses of UV exposure. A high UV dose
decreases the reflectance at 638 nm and increases the reflectance at
445 nm. The ratio of the voltages from the two photodetectors ex-
hibits a monotonic relationship with UV dose, as shown in Fig. 5H. The
pH-sensitive material (details appear in Materials and Methods)
changes in color from yellow (pH = 1.8) to green (pH = 6.1) and to
dark blue (pH = 12.0; Fig. 5I) with increasing pH. Consequently, the
voltage ratio increases monotonically with pH (Fig. 5J). Additional
results appear in fig. S36.

The setup in Fig. 5A also enables the localization of these robots
with a single laser beam. Applying a cyclic step signal (duration: 0.01 s;
step height: 0.02 V; number of steps: 100) to the x axis galvo and a
sawtooth signal (maximum voltage: 1 V; minimum voltage: -1 V;
frequency: 100 Hz) to the y axis galvo scans the laser across a 2D
surface (fig. S37). The voltage generated from the photodetector
reaches a maximum when the laser beam illuminates the retro-
reflector and reflects it in the direction of incidence. Tracking the
intensity of this reflected light (that is, voltages generated from pho-
todetectors) provides a means for localization. As shown in Fig. 5K,
laser scanning across a 1 cm-by-1 cm area yields six spots with high
intensities, corresponding to the positions of six robots. The power
of the laser and the ambient light influence the signal-to-noise ratio
(SNR). Figure 5L and fig. S38 compare the SNRs, spatial intensity
maps, and time-domain voltage signals from the photodetector for
both bright and dark environments for laser powers between 5 and
30 mW. In a bright environment, a laser power of 5 mW is sufficient
to distinguish the positions of the robots (SNR: ~1.003). Incorpo-
rating narrow bandpass filters, using lasers with small spot sizes,
and applying multiple cycles of laser scanning are effective means to
improve the performance of this simple scheme.

These capabilities in telemetry and localization allow the robots to
serve as distributed and mobile sensors in the environment, limited
spaces, or biological systems. For this last possibility, light delivery
might involve implanted optical fibers, instrumented catheters, or
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microscale light sources, preferably operating in the infrared to
minimize absorption by tissues. One potential application is in photo-
thermal therapy, where robots coated with gold nanorods could be
actuated through irradiation with infrared light once in the position
of interest.

DISCUSSION

The results presented here provide effective means to construct
submillimeter-scale robots with heterogeneous material construction
and complex 3D structures. The manufacturing approach can com-
bine multilayer, lithographically defined structures of organic and
inorganic materials together in systems that adopt complex 3D
geometries. Thermal actuation of SMA within an elastic framework
enables reversible deformations of the robots. Laser-induced sequen-
tial heating modulates the normal contact forces at different parts of
the robot to enable directional terrestrial locomotion—including
linear/curvilinear crawling, walking, turning, and jumping—with
average speeds up to ~0.44 body length/s. Photonic components
and colorimetric sensors integrated onto the bodies of these robots
provide means for wireless communication and localization.

These multimaterial terrestrial robots at submillimeter-scale sizes
incorporate improvements in actuators, advanced materials, bioin-
spired designs, fabrication methods, and sensors. The strategy in con-
structing untethered 3D robots represents a general approach that can
apply to other mechanically responsive materials as well. Specifical-
ly, the robots presented here have three key features that promote
the performance and expand the functions of small-scale systems.
First, the submillimeter dimensions lead to high rates of heat dissi-
pation and, thus, fast moving speeds on unstructured, solid surfaces.
Second, the diversity of 3D geometries and laser scanning patterns
broadens the motion modalities. Third, the combination of me-
chanically and optically functional materials enables capabilities
in telemetry and localization. These advances can expand the range
of materials, geometries, modalities, and functions of small-scale
robotic systems and facilitate practical applications in monitoring
the structural health of machines, modulating various biological
processes in lab-on-a-chip systems, and enabling minimally invasive
surgical procedures and others.

MATERIALS AND METHODS

Fabrication of 3D submillimeter-scale robots using SMA

and single layers of Pl

The procedure began with annealing samples (Si/Cr/SMA, 500 um/
50 nm/2.5 pm in thickness) at 500°C in vacuum for 30 min. Photo-
lithography and wet etching (HNO3:HF:H,O = 1:1:10) formed pat-
terns in the SMA. Spin coating PI (P12545, ~8 um in thickness) and
depositing Cu by electron beam evaporation (100 nm in thickness)
formed additional coatings on top of the SMA. Wet etching of Cu
and dry etching [March reactive ion etching (RIE)] of PI defined the
geometry of the PI skeleton. Undercut etching of the Cr facilitated
transfer of the resulting 2D precursors in SMA and PI to a water-
soluble tape. Deposition of SiO, (100 nm in thickness) through a
shadow mask formed the bonding sites. A compressive buckling
process (39-41) transformed the 2D precursors into 3D robots tethered
to a silicone elastomer substrate. Conformal coating SiO; (1 pm in
thickness) via sputter deposition fixed the 3D geometries. Dissolving
the silicone substrate in a commercial mixture of solvents (Dynasolve)
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while sonicating yielded freestanding, untethered 3D robots. Addi-
tional details appear in Supplementary Methods.

Fabrication of 3D submillimeter-scale robots in SMA and
double layers of PI

The process began with annealing samples (Si/Cr/SMA, 500 um/
50 nm/2.5 um in thickness) at 500°C in vacuum for 30 min. Photo-
lithography and wet etching with a mixture of HNO3 and HF de-
fined patterns in the SMA. After spin coating PI (P12545, 3 to 8 pm
in thickness) and depositing Cr/Au (10 nm/100 nm in thickness),
photolithography and wet etching defined a hard mask in the Cr/
Au for subsequent dry etching of PI. Peeling the PI layer from the Si
substrate released the SMA pattern and the Cr layer underneath.
Removing the exposed Cr and photoresist yielded a flexible film of
PI with a pattern of SMA. Next, transfer of the flexible film onto a
PDMS-coated glass with SMA pattern facing up prepared the sub-
strate for another coating of PI layer. Oxygen plasma etching
(March RIE) of PI with Au pattern facing up defined a pattern in the
PI. Removing the Au and Cr completed the fabrication of the 2D
precursors. Transferring the 2D precursors to a water-soluble tape
and depositing SiO, through a shadow mask created the bonding sites.
Subsequent steps followed those mentioned above. Additional details
appear in Supplementary Methods.

Fabrication of 3D submillimeter-scale robots in SMA

The process began with annealing samples (Si/Cr/SMA, 500 pm/
50 nm/2.5 um in thickness) at 500°C in vacuum for 30 min. Photo-
lithography and wet etching with a mixture of HNO3 and HF defined
patterns in the SMA. After undercut etching the Cr, transferring the 2D
precursors to a water-soluble tape and depositing SiO, through a shadow
mask created the bonding sites. Subsequent steps followed those men-
tioned above. Additional details appear in Supplementary Methods.

Fabrication and integration of corner cube retroreflectors

A 3D printing system (Nanoscribe) formed the corner cube struc-
ture (100 um in side length) in photodefinable epoxy. Casting a
mixture of PDMS (10:1; Sylgard 184) on the epoxy mold and sepa-
rating the two materials formed an inversed mold in PDMS. Dip coating
a layer of a precursor to PI (PI12545) on the mold, pressing the un-
cured PI with a glass slide, and heating at 110°C for 2 hours produced
a corner cube structure in PI. Sputter depositing Ti/Ag (10 nm/100 nm
in thickness) on the PI structure increased the reflectance and com-
pleted the fabrication of the corner cube retroreflector. After manually
cutting the Ag-coated PI structures into small pieces, the bottom
surface of each small piece was dipped to a layer of uncured PDMS
and manually aligned to the robot under microscope.

Optical setup for controlling the submillimeter-scale robots

The optical setup for controlling the locomotion of the 3D robots
included a laser (LSR-RGB-1W-FC, Civil Laser), a customized two-axis
galvo, and a digital microscope (VHX-5000, Keyence). The two-axis galvo
allowed programmable laser scanning on a plate under the field of view
of the microscope. Imaging through the microscope yielded videos
at a rate of 30 frames/s and with adjustable tilt angles from 0° to 90°.

Optical setup for telemetry

The setup for telemetry included a laser (LSR-RGB-1W-FC, Civil
Laser), a shutter (SHB025, Thorlabs), a beam splitter (CCM1-BS013,
Thorlabs), a customized two-axis galvo, a dichroic mirror (DMLP567,
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Thorlabs), photodetectors (SG88MQ-415, Shine Gold Electronics),
transimpedance amplifiers (ADA4505-2), and a PowerLab system
(Model 8/35, ADInstruments). Red (638 nm) and blue (445 nm)
laser beams passed through the shutter and beam splitter, controlled
by the two-axis galvo to irradiate colorimetric materials coated on
the retroreflector. A dichroic mirror passed the red light and reflected
the blue light. Two photodetectors produced current signals, recorded
as voltages in the PowerLab system after passing through two tran-
simpedance amplifiers at a sampling rate of 200 k/s.

Optical setup for localization

Localization exploited setups similar to those for telemetry but without
the dichroic mirror and with only one photodetector and transimpedance
amplifier. The two-axis galvo allowed raster scanning of the laser beam
over a predefined area. Customized MATLAB code decoded the time-
domain signal to yield an intensity map as a means for localization.

Stability test

A 3D ribbon robot, with one side fixed onto a rigid metal plate, served
as the structure for mechanical characterization (fig. S5). Laser irra-
diation at a frequency of 7.5 Hz and a power of 188 mW periodically
heated the robot. A digital microscope (VHX-5000, Keyence) re-
corded the resulting motions at a rate of 30 frames/s. A customized
Python code detected the positions of the top surface in each frame.

Preparation of colorimetric materials for pH sensing
Tetrahydrofuran served as the solvent to dissolve bromothymol blue
[1.5 weight % (wt %)], polyvinyl chloride (27.4 wt %; average molecular
weight: ~233,000), and trioctylmethylammonium chloride (5.1 wt
%; Aliquat 336). Stirring at room temperature for ~5 hours created
a homogeneous mixture. Adding o-nitrophenyloctylether (66.0 wt %)
to the mixture created a colorimetric material for sensing pH. Spin
casting (1500 rpm) on a retroreflector and drying at room tempera-
ture for ~20 min formed the pH-sensitive layer. Hydrochloric acid
and aqueous solutions of sodium hydroxide with different concen-
trations changed the color of the pH-sensitive colorimetric material.
The color of the material changed from orange to yellow in acidic
solution and to blue in alkaline solution after fully dried.

Preparation of colorimetric materials for UV sensing

A mixture of the UV-bleachable dye (CR234-BT2B, Spectra Group
Inc.) and PDMS (10:1; Sylgard 184) at a weight ratio of 1:20 served
as a colorimetric material for sensing UV irradiation. Degassing un-
der vacuum for 1 hour removed bubbles in the mixture. Spin casting
(1500 rpm) followed by curing at room temperature created a uni-
form UV-sensitive layer on the retroreflector. The color of the material
changed from blue to semitransparent under UV irradiation.

Preparation of colorimetric materials for humidity sensing
The colorimetric material for sensing humidity consisted of a mixture
of CoCl, and silicone elastomer (Ecoflex 00-30) at a weight ratio of
1:20. Spin casting (1000 rpm) and curing at room temperature for
1 hour formed a humidity-sensitive layer on the retroreflector. The mate-
rial exhibited a blue color in dry air and a pink color in humid air.

Finite element analysis

Simulations of the shape transformation of 2D precursors to 3D
structures and mechanical responses of 3D structures upon in-
creases in temperature used the commercial software ABAQUS
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(Supplementary Methods). Eight-node 3D solid elements and four-
node shell elements were used for modeling the substrate and
multilayered film, respectively. Refined meshes were adopted to
ensure computational accuracy. First, linear buckling analyses were
performed to determine the critical buckling strain for the filamen-
tary ribbons, which were then implemented as initial geometric
imperfections in the post-buckling simulation. The elastic modulus
E and Poisson’s ratio v were Ep; = 3 GPa and vp; = 0.34 for PI,
EPDMS = 166 kPa and VPDMS = 0.49 for PDMS, and ESiOZ = 66 GPa
and vsio = 0.27 for SiO,. The elastic moduli for the austenitic and
martensitic phases of NiTi SMA were 80 and 30 GPa, respectively.
The starting temperature (the temperature that triggers the phase
transition of the SMA) and the finishing temperature (the tempera-
ture above which the phase transition ceases) were 40° and 75°C,
respectively (fig. S18). Simulations of the motions only considered
the temperature change between the starting and finishing tem-
peratures. The heat flux, environmental temperature, and convec-
tive heat transfer coefficient were 0.5 mW/mm?, 25°C, and 8 W/
(m*.K), respectively.

Statistical analysis

Data are presented as single values. This paper investigates the
performances of a proof-of-concept submillimeter-scale robot, and
statistical analysis was not performed except for the results of telemetry
and localization (Fig. 5, H, ], and L). Data points and error bars are
mean values and SE deviations from 10 cycles (N = 10) of measure-
ments, respectively. Curves drawn on top of data directly connect
the data points without fitting.
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