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Hydrogel Microrobots Self-Assembled into Ordered
Structures with Programmable Actuation

Jindrich Kropacek, Charlie Maslen, Bertjan van Dijk, Agustin Iniguez-Rabago,
Johannes T.B. Overvelde, Alexandr Zubov, Jan Vrba, Petr Cigler, Frantisek Stepanek,

and lvan Rehor*

Sub-millimeter robots—microrobots—that can autonomously perform
mechanical work at the microscale would radically change new areas of human
activity such as micromanipulation, microfabrication, or healthcare. Sets of
identical microrobots that can connect into different, larger structures open the
possibility for a “universal” microrobotic unit that fulfills a large variety of
functions derived from the structure that multiple units can be assembled into.
The capability of individual hydrogel microcrawlers to self-assemble under
confinement into periodically ordered planar structures is demonstrated.
Subsequently, these can be bound together using light to form a solid porous
sheet. The lateral shape of the sheet is imprinted during the binding process.
Furthermore, the sheets bend into 3D structures, where the bending direction
can be programmed. The resulting structures actuate anisotropically when
exposed to heat or laser illumination and can be designed for various modes of
operation, such as manipulation or untethered locomotion. The formation of
ordered microstructures from individual mobile robots enables easier transport
and remote assembly of these structures at the place of interest without the

1. Introduction

In the past decade, numerous microscopic
(i-e., below 1 mm) objects, capable of active,
untethered locomotion—microrobots—have
been reported. These systems include
magnetic and electric field-driven nano/
microparticles, active colloids moving by
dielectrophoresis, bubble-driven  micro-
objects, and reactive microswimmers.!!!
Another important class of microrobots loco-
motes through forces generated during
mechanical actuation cycles, similar to con-
ventional macroscopic robots. The locomo-
tion provided by mechanical actuation
provides robust and variable motility
at the microscale (jumping” crawling/
walking,®® swimming)®'" in both wet
and dry environments and can also be used

need for direct intervention.
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for other applications such as manipulation
of other objects.'**4

To simplify the design of such microro-
bots, they are often constructed from soft,
responsive materials which actuate through
deformations. Due to the size of the robot, the energy source is
rarely integrated into the robot body and is delivered from the
environment.) Examples include chemical propulsion,® mag-
netic field,'*™ or light.">"”) Several principles for light-driven
locomotion have been demonstrated, including liquid crystal elas-
tomers which respond to illumination by internal phase transi-
tions resulting in shape changes,'**!” or thermoresponsive
hydrogels, loaded with highly absorptive species.[**°!

Importantly, the actuation observed in these robots is often an
interplay between stimuli and their shape. As a result of their
fixed design, existing microrobots are typically specialized for
a specific task such as locomotion, rotation, or manipulation,
such that a new task requires the development of a new dedicated
robot. For example, a microrobot that can navigate to hard-to-
reach places will look very different from a microrobot that is
optimal at performing manipulation tasks, yet both functions
might need to be combined. Here, modular robots hold promise
to overcome such specialization, being built from connectable
subunits, that can be rearranged to adapt to multiple tasks.**~**!
However, the assembly and organization of the individual robots
remain a complex challenge across all length scales.

Macroscopic robot units typically organize themselves based
on the internal programming of each elemental unit.** Such
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onboard controlling systems are not compatible with microscale
robots; hence, these are typically operated and organized exter-
nally. Magnetic fields can be used for both robot positioning
and connection, but does not allow the independent addressing
of individual robotic units—the field affects the behavior of all
microrobots within it. This can be partially overcome by
collections of heterogenous microrobots with different responses
to the magnetic field® or a combination of an active unit with
passive ones.”®! Such strategies, nevertheless, result in relatively
small ensembles comprising only several units. A similar
bottleneck—limited ability to address individual units indepen-
dently—is coupled to passive unit organization by fluidic!*’~*%
or electrophoretic®” forces.

The dimensions of microrobots make them suitable candi-
dates for autonomous self-organization via self-assembly, that
is, iterative spontaneous minimization of the system free energy.
The arrangement of the self-assembled structure is defined by
the properties of the units such as their shape,*'* and material
anisotropy,?®*! as well as properties of the entire system, for exam-
ple, experimental area size and shape, temperature, or presence
of electromagnetic fields.>***! Tailoring these variables to
achieve the desired structure may be viewed as a viable alterna-
tive to in silico programming of macroscopic swarming
robots,?337~*1) or active self-organization of mobile microro-
bots.*?) Note that microrobots are typically too large to exhibit
Brownian motion (>2pum) and so cannot explore their phase
space to overcome local maxima at their free-energy hyper-
plane.*?! Still, simple ordered structures can be assembled at
these lengthscales,**** which may be useful for microrobotics
applications. Self-assembly at these lengthscales is typically
restricted to two spatial dimensions, due to the positive buoyant
mass of the building blocks in the media and their rapid sedi-
mentation. Subsequent folding of 2D (self )assembled structures
may overcome the limitations of the 2D assembly and greatly
expand their application potential.®*! Yet the main drawback
of the self-assembly approaches lies, again, in an inability to
address the individual building blocks independently. Hence,
the strengths and drawbacks of described methods of individual
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manipulation and organization strategies indicate that the
optimum, between individually adressable building blocks and
their scalable parallel organization, would likely require a com-
bination of more strategies.

In this work, we demonstrate that serially manipulated micro-
robots can be first directed and then allowed to self-assemble into
ordered periodic structures. We use microrobots that are
composed of a hydrogel, which allows us to utilize the chemical
properties of the microrobots to subsequently bind multiple
microrobots covalently into a single structure. Furthermore,
owing to the diffusion of solutions through the hydrogels, this
method of chemical binding enables us to program specific
off-plane deformation into the resulting structure. A gradient
in the binding chemical reaction rate along the structure
height emerges spontaneously and is responsible for controllable
out-of-plane deformation (buckling) of the structure, referred to
as so-called pop-up deformation. This gradient is further respon-
sible for the structure’s anisotropic actuation, enabling its use as
a milliscopic crawler or grabber.

2. Results and Discussion
2.1. Building Blocks

Previously, we introduced microscale hydrogel crawling
robots (crawlers) that actively move in an aqueous environment
via lightinduced reciprocal shrinking and expansion
cycles.”® The crawlers are actuated photothermally since they
consist of thermoresponsive polymer poly(N-isopropylacryla-
mide) (PNIPAM) with entrapped plasmonic nanoparticles that
absorb focused light. The hydrogel is heated by the absorbed
energy, which results in its reversible isotropic shrinkage.
Pulsed irradiation with a focused beam results in cyclic shrink-
age and expansion of the irradiated section of the crawler
(Figure 1A). During each cycle, a 100 pm-diameter disc-shaped
crawler moves in the direction away from the beam by ~5 pm.
We previously explained this displacement by friction hysteresis
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Figure 1. Self-assembly of disc-shaped crawling robots into actuating structures. A) The disc crawls when irradiated with focused beam pulses, in the
direction away from the beam (beam area indicated in green, scale bar = 50 pm). B) Schematics of the entire process: 1) Crawlers are actively navigated to
reach the depression, after which they passively self-assemble. 2) Assembled crawlers are bound in a sheet via photoinduced covalent crosslinking; 3) The
sheet deforms (buckles) and actuates by closing/opening when exposed to heat cycles or laser illumination.
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between the contraction phase and the expansion phase and con-
structed a predictive model describing the crawling process.”!
The direction of each crawler step is set independently by the
irradiation point as the crawling always follows the vector from
the irradiation spot to the crawler center.

Connecting several individual microrobots together in a
defined manner may extend their functionalities beyond mere
crawling locomotion; however, such a process is limited to sev-
eral microrobots, due to its serial nature.*”) Complex, organized,
actuating structures require at least tens of elemental microrobot
units and, hence, are not accessible by such top-down directed
assembly methods with acceptable throughput. Therefore, we
adopted a new approach to robotic units’ organization—self-
assembly (Figure 1B). As in our previous work,*! we elected
to use disc-shaped crawlers as this shape allows full freedom
to translate in any direction away from the irradiation spot.
Furthermore, the self-assembly of discs enables the formation
of densely packed, hexagonal assemblies.

2.2. Crawler Assembly

We consider that in a real-life application, the crawlers would typ-
ically crawl in an uneven environment (they can crawl up to 20°
incline)®” and decided to exploit the opportunities of such
terrain topography to induce robot-robot interactions and
assembly. We constructed a model environment for the robot
self-assembly—a flat surface with a depression (Figure 2A).
Disc-shaped crawlers were deposited onto the flat region sur-
rounding the depression. They were then navigated one by
one to the edge of the depression. To facilitate the process, an
automated computer-driven platform was used to manipulate
the crawlers to specific areas.l*”) Once a crawler crosses the edge
of the depression, it begins to slide down the slope toward its cen-
ter. The sliding is purely passive, induced by gravity, and does not
require actuation (more on sliding platelet microgels in ref. [48]).
The potential energy of each disc in the depression is defined by

www.advintellsyst.com

its elevation, dictated by its distance from the depression center.
For a system comprising multiple discs, the total potential energy
equals the sum of the potential energies of individual discs (being
constrained by contact); hence, the more densely the discs are
packed around the well center, the lower the potential energy
of the system. Although the discs do not exhibit any random
motion (thermal or agitation) and, hence, cannot explore their
phase space,[*¥l we observed the ordering of the discs into the
minimum potential energy state—hexagonal packing—at the bot-
tom of the depression. The crawling and assembly of the first 10
discs and the final assembly after 24 discs crawled into the well
and assembled is depicted in Figure 2A,B, respectively, and Video
S1, Supporting Information.

Knowing that crawling discs self-assemble at the bottom of the
depression into a hexagonal packing, we decided to study the self-
assembly process in greater detail. We conducted a series of
experiments, where we avoided the time-consuming crawling
into the well. Instead, a dispersion containing ~300 discs was
pipetted directly into a round-bottom well to sediment and
assemble in parallel. Moreover, this experimental arrangement
simulated other possible ways of disc delivery to the place of
interest, such as by a fluid flow.””*% The discs, settled on an
inclined plane, slide toward the well center and form densely
packed assemblies, structurally similar to those observed in
the case of active crawling into the depression (Figure 2C,
Video S2, Supporting Information). The parallel assembly pro-
cess took several hours after which no further rearrangements
in the structure were observed. The process typically resulted
in a single hexagonal crystal or several crystal domains (2-3) sep-
arated by line defects (examples of assemblies can be found in
Figure 3, 4 and 5). One missing disc in the regular assembly—a
vacancy—is a typical point defect in the assembly. Vacancies can
be removed from the lattice, using active crawling of the
discs—the adjacent discs are simply crawled to the appropriate
positions (detailed description can be found in Section S1,
Figure S1, and Video S3, Supporting Information).

B : C 1o oS e 5 min

90 min 2638 ; 7 hours

Figure 2. Serial and parallel self-assembly. A) Disc-shaped microrobots crawl to the edge of the depression and consecutively passively slide to its center,
where they form a densely packed hexagonal assembly. The process is shown for the first ten discs as a montage from multiple micrographs displaying the
individual stages of the process. B) Discs passively sedimented at the bottom of depression after crossing its edge by active manipulation and
C) assembly of discs 5, 90 min, and 7 h after addition. After this time, the positions of the mutual discs remain unchanged (all scalebars = 0.5 mm).
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Figure 3. Disc binding into a folded sheet. A) Binding of assembled discs. Upon UV illumination, the assembled discs are bound to form a single sheet,
which buckles with its outer rim bending downwards (scale bar = 0.5 mm). Due to the mechanical strain, the sheet forms a roll (indicated in the upper left
inset). Right corner inset: detail of connected discs from the side showing their deformation from the original cylindrical shape (scale bar =50 pm).
B—E) Crosslinking density gradient along the particle height. B) Sideview of a disc obtained with scanning confocal microscopy. Methacrylated fluorescent
dye was added to the binding solution to monitor the relative rates of the radical crosslinking at various heights of the disc. The bottom side of the disc is
brighter than the top one, indicating a higher number of crosslinking events in that section (scale bar = 50 ym). C) The difference in the termination rate
inside and above the microgel results in a diffusive flow of the radicals from the top sections of the gel to the solution, which results in a gradient in its
crosslinking density. D) Schematic spatial profiles of individual reaction rates along the vertical coordinate h (from microgel bottom up to
the solution) at the start of the binding—initiation (vp), propagation (vp), and termination/recombination (v7). E) Temporal evolution of crosslinks
(i.e., terminated dimers) in the microgel and aqueous solution above, as predicted by the mathematical model. The microgel phase is assumed for
spatial coordinate z= (0, 30 pm), while the aqueous phase lies at z= (30, 100 pm). A detailed description of the developed model is provided in

Section S6, Supporting Information.

The discs exhibit a strong tendency to arrange into dense hex-
agonal packing under various geometries. We tested spherical
depressions, ranging in diameters ranging from 0.5 to 2cm
(Figure S2A, Supporting Information), yielding similar assemblies
to those in Figure 2C. Additionally, packing occurred also at much
lower inclines. Even a small tilt of the surface (=2°) cause the discs
to slide since there is no static friction (as we described previ-
ously)*® and, once set in motion, these arrange into the packing.
Hence, densely packed structures could be obtained on flat
inclined plane under tilts between ~2° and 10° (Figure S2B,C,
Supporting Information) (higher tilt angles lead to structure col-
lapse and formation of multiple layers). We discuss the microgel
packing on the inclined plane in detail elsewhere.[*¥! Furthermore,
we observed clusters of packed discs on almost flat surfaces with
height differences between the lowest and the highest point of the
assembly around 20 ym (Figure S2C, Supporting Information).

Adv. Intell. Syst. 2023, 2300096 2300096 (4 of 11)

2.3. Binding and Buckling

As a next step, we bind the assembled discs by photoinduced
crosslinking of remnant acrylate moieties present in the hydro-
gel. A similar methodology has been previously used for the
binding of acrylate microgels by others,>! as well as by our
group.*® During the binding process, the discs bind into a sin-
gle sheet while their diameter reduces by ~16% (Figure 3A,
Figure S3, Supporting Information). The disc shrinkage is
expected—as the acrylates in the gel are coupled together,
new crosslinks are created within the hydrogel, and its cross-
linking density increases. As the equilibrium volume of a
hydrogel is given by the equilibrium between the osmotic
swelling and macromolecular chain strain, the increase of
the crosslinking density leads to shrinkage of the gel disc
during the binding.*%
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Figure 4. Bending of various lateral shapes defined by the illuminated
area. A) square, B) rectangle, and C) star (scale bar = 500 um). The defor-
mations received from the simulations (with increasing Von Mises
stresses indicated in the color scale from blue to red) show identical
behavior at the initial stages with all three shapes. With star and square,
the greater degree of deformation in finite element simulations, compared
to experiments, resulted in the breaking of the symmetry, not paralleled in
the experiments.

At the beginning of the binding process, the assembly lies flat
at the bottom of the depression, while as the binding reaction
progresses, it begins to deform, its outer rim bending down-
wards (Video S4 and Figure S4, Supporting Information). The
sheet deformation continues after the illumination source is
turned off for another 10-20s. Since the disc diameter does
not change during this ‘dark’ phase, we argue that the delay
in the buckling originates from the slow relaxation of the
mechanical stress in the sheet, caused by friction and viscous
forces acting against the light-induced sheet morphology
changes (discussed later in greater detail). Small assemblies

Adv. Intell. Syst. 2023, 2300096 2300096 (5 of 11)
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(comprising ~50-100 discs) create dome-shaped structures
(Figure S4, Supporting Information), while the large ones (com-
prising ~300-500 discs) typically lose the radial symmetry and
form a roll as the one seen in Figure 3A. The sheet buckling orig-
inates from the deformation of the individual discs as their bot-
tom side shrinks more than their top side (Figure 3A inset, and
Section S2, Supporting Information). Since the individual discs
are connected by their sidewalls during the binding process, the
deformation is transferred to the entire sheet. Buckling has pre-
viously been well described experimentally and theoretically in
numerous publications with bilayers—sheets composed of two
layers, each undergoing independent volumetric change.”*>
In our case, the discs are composed of a single material and
the strain is induced by their anisotropic shrinkage (in the
out-of-plane direction) during the binding.

2.4. Molecular Mechanism of Buckling

The following section describes the mechanism of sheet
buckling, originating from different rates of polymerization
along the disc height during their binding. We provide a
detailed description of the phenomenon and the experiments
we conducted to identify it in the Section S3, Supporting
Information. Here, for the sake of brevity, we merely summarize
our main findings.

The binding is provided by photoinduced radical polymeriza-
tion, comprising multiple chemical reactions that can be divided
into four stages. First initiator decomposition where a photoini-
tiator molecule cleaves to form a primary radical due to the
absorption of a photon. The rate of the primary radical formation
is proportional to the photoinitiator concentration and the light
intensity. The absorbance of the photoinitiator solution in the
studied system is negligible over the height of the hydrogel disc
(justification in Section S4, Supporting Information) and, thus,
the production rates of the primary radicals (vp) inside and just
above the hydrogel are almost identical (Figure 3D). In the
second stage—initiation—some of the radicals created inside
the hydrogel react with the remnant acrylate groups, creating
monomer radicals. In the third stage—propagation—these
monomer radicals react with nearby monomers to form new
crosslinks inside the hydrogel—dimer radicals—and potentially
grow further. In the fourth stage—termination—any two radical
species created in the system collide in the solution and recom-
bine. Obviously, upon continuous illumination in the discussed
system, all the reaction steps occur simultaneously, their rates
being governed by their rate constants and the immediate con-
centration of the reactants. The recombination (termination) rate
constant of the radicals is proportional to their collision fre-
quency, which depends on their mobility, that is, the radical dif-
fusion coefficient Dy in the medium.P”! Note that all radical
species containing monomers are immobilized in the network
and only the primary radicals can freely diffuse. The diffusion
coefficient of a small molecule such as the primary radical is
lower inside the hydrogel than in the aqueous medium above
the hydrogel (estimation in the Section S5, Supporting
Information). Hence, the recombination of radicals proceeds
faster in the solution than inside the gel in an analogy to the
well-known gel effect (also known as the Trommsdorff effect

© 2023 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 5. Programming of rolling direction. A) High-aspect-ratio rectangles (aspect ratio length/width, I//w>5) roll along the short side, while lower-
aspect-ratio rectangles roll along the long side. B) Low-aspect ratio rectangle (2) can be rolled along the short side, using a mask with a fully transparent
high-aspect-ratio central stripe and semitransparent sides (indicated in purple). The discs in the central stripe buckle faster and dictate the rolling direc-
tion of the entire sheet. Uniform illumination of the same aspect ratio results in the opposite rolling direction (Figure 4B).

or Norrish-Smith effect) described for free-radical polymeriza-
tion.””) Inevitably, the difference in these recombination rates
over the course of the illumination results in a lower concentra-
tion of primary radicals (R.) outside the gel compared to the
inside (shown schematically in Figure 3C). Consequently, a frac-
tion of the radicals from the upper section of the gel diffuses
from the gel to the solution, creating a gradient in the primary
radical concentration along the gel height. This gradient will be
reflected in variable initiation, and propagation rates along the
hydrogel height and, ultimately, in a gradient in the crosslinking
density, which we confirmed experimentally (Figure 3B) as well
as by finite volume model (Figure 3E). As the equilibrium vol-
ume of a hydrogel is given by the equilibrium between the
osmotic swelling and macromolecular chain strain, the local
increase of the crosslinking density leads to local shrinkage of
the gel disc.??! A detailed description of the experiments identi-
fying the phenomenon as well as the finite volume model can be
found in Section S3-S7, Supporting Information.

2.5. Folding Behavior

The buckling of the sheets is induced by the mechanical stress gen-
erated during the anisotropic shrinking of each disc. The preferred
biaxial shrinkage, expressed on the level of individual discs, is
transferred to the entire sheet. With small sheet lateral dimensions,
the stress can be tolerated, the sheets do not reach the critical

Adv. Intell. Syst. 2023, 2300096 2300096 (6 of 11)

buckling transition, and dome-shaped structures are obtained
(Figure S4, Supporting Information). Occasionally the stress accu-
mulated in the bending structure is too large and the sheet cracks
along the disc—disc binding spots to release it partially.

For larger sheets comprising several hundred discs, for which
the lateral dimensions exceed the thickness by almost two orders
of magnitude, the mechanical stress buildup in the material
eventually results in unidirectional buckling. The lowest energy
sheet conformation corresponds to a roll, as has been previously
described theoretically®®*® and observed experimentally with
bilayers®**% and gel sheets with a gradient in crosslinking den-
sity along their height.”® Indeed, for larger assemblies we
observe a loss of radial symmetry in the buckling structure
and the formation of a roll (Figure 3A). The roll diameter varies
somewhat between the individual experiments and is likely given
by the assembly size and the number of defects (dislocations,
point defects, discs in the second layer). Occasionally, the struc-
ture freezes in an intermediate state with threefold symmetry
(Figure S5, and Video S5, Supporting Information). We have
not observed any impact of the hexagonal disc ordering on
the rolling direction; hence, we assume it has negligible effect
and the plate is mechanically isotropic.

Given the similarity of the behavior of these sheets to the fold-
ing behavior observed in bilayer sheets, we believe that the lateral
shape of the sheets can be designed to generate specific pro-
grammed folding behavior. To test this, we create sheets of
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various shapes in the lateral plane by restricting the irradiated
area, since only the discs directly exposed to the light are con-
nected. As expected, we observed that the sheet’s lateral shape
is driving the buckling process (Figure 4). Illumination of a
square area does not result in a roll and the sheet is deformed
just by rolling the middle sections of the edges underneath with
corners spiking out of the structure (Figure 4A and Video S6,
Supporting Information). Rectangular membranes roll prefera-
bly along the long side (Figure 4B and Video S7, Supporting
Information). With the star-shaped mask, the presence of the
‘incuts’ in the design between the star points reduce the central
continuous area, enabling biaxial bending (Figure 4C and Video
S8, Supporting Information), analogous to that observed with
small assemblies, as described above.

To gain an understanding of the underlying principles that
govern the folding in our system, and to be able to qualitatively
predict the folding behavior of the sheets, we developed a numer-
ical finite-element model in the commercial software package
Ansys. For simplicity, we assume that the anisotropic swelling
behavior can be captured by modeling a bilayer sheet, for which
we apply different swelling ratios between both layers. We per-
formed dynamic simulations where we increased the magnitude
of the swelling in the first part of the simulation and allowed it to
relax in the second part. Moreover, to reduce computational cost
(increase mesh size), we decided to perform all simulations on
assemblies of hexagons, since they provided almost identical data
to the hexagonally assembled discs (Justification in Section S7,
Supporting Information).

Before determining the folding behavior of various disc
assemblies, we first investigate the effect that damping has on
the folding behavior observed in the simulations. The damping
in real samples is realized by the viscous drag of the aqueous
medium as well as friction exerted on those parts of the folding
structure that are in direct contact with the substrate. The friction
force exerted on hydrogel discs is linearly proportional to the
shear velocity.?**®! Thus, both viscous and friction drag scale
in the same manner in the system, which justify the use of a
single damping constant in the model. While it is difficult to
exactly determine the interaction of the sheet with the environ-
ment and the damping behavior, our model can, at least qualita-
tively, predict how friction and viscous drag can influence the
folding behavior of the disc assemblies. To achieve this, we sim-
ulate the folding behavior of a rectangular sheet with lateral
dimensions aspect ratio 2:1 and vary the viscous damping
behavior (Figure S6, Supporting Information). Interestingly,
we find that the sheets show preferential rolling along the long
or short side, depending on the damping constant. At low damp-
ing, we find that the sheets first roll along the long side and then
they relax to roll along the short side. At high damping, we see
that the sheet does not have enough time to relax to the short-side
roll and always rolls preferentially around the long side. In
experiments, the binding of identical rectangular sheets provided
structures rolled along the long side, that is, corresponding to the
high-damping scenario (Figure 4B). The presence of significant
damping in the system is also supported by the observed slow
dynamics of the rolling. The structure relaxes to its equilibrium
folded state gradually and typically after the light source had
been already turned off for more than 10s, no further binding
reactions occur (Video S4, Supporting Information).
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We next use this model to simulate the square, rectangle, and
star sheet deformation (Figure 4) and trace their mean and
Gaussian curvature for increasing values of the stimulus. The
deformations obtained from simulations fit qualitatively to those
in the real samples. The biggest difference is the greater deforma-
tion of the sheets in the simulations. The deformation in the sim-
ulations was set from the microscopic observation of the deformed
discs (such as in the inset in Figure 3A). This quantitative differ-
ence is responsible for qualitatively different equilibrium deforma-
tions in the square and the star. Both these sheets initially deform
identically in the simulation and experiments. The greater
deformation in the simulation is responsible for the deviation of
the simulation from the experiment in the latter stages of the
process—the fourfold symmetry in the square breaks and the sheet
rolls, the sixfold symmetry in the star also breaks to the threefold.
This discrepancy could be ascribed to the complexity of the chemi-
cal binding process: the sheet deformation is delayed after the bind-
ing reaction; hence, one may expect that the top edges of the discs
would be bound the firmest, while the bottom edges (adjacent to
the well bottom) would be less so, since these are retracted from
each other because of disc shrinking. Hence, the disc deformation
of the individual discs is not completely transferred to the defor-
mation of the entire sheet. Nevertheless, the qualitative behavior of
the sheets in the simulations matches the experiments and they
allow us to predict the bending behavior, which we use in the next
section for programming the bending direction.

2.6. Deformation Programming

Here, we change the rolling direction of rectangular sheets of
aspect ratio 2:1 by spatially modulating the illumination intensity
and, hence, the timing of the bending at various parts of the sheet
(Figure 5 and Video S9, Supporting Information). Instead of an
entirely transparent mask, we used a mask with a fully transpar-
ent, narrow stripe in the center oriented parallel to the long edge
of the rectangle and surrounded by segments with reduced trans-
parency. Upon illumination through this mask, the crosslinking
reaction proceeds faster in the central narrow section. Hence,
the discs in this section deform sooner than those in the rest
of the illuminated area. Our simulations revealed that for
high-aspect-ratio rectangles, rolling along the short side is pre-
ferred (Figure 5A). Since the aspect ratio of the central section
is 8:1, the strip will start rolling along the short side, dragging
loosely connected discs from the lower-intensity illuminated
area, before these significantly shrink and deform. In other
words, one could think of the central stripe as a template that
drives the whole structure to the short-side bent conformation.

A similar effect of preferential rolling with the patterned mask
can be achieved by subsequent illumination of distinct sections of
the assembly. First, the illumination of a thin stripe along the
assembly for 5 s, followed by global illumination, allows for con-
trolled directional rolling of the assemblies always in the direction
of the stripe (Section S8 and Video S10, Supporting Information).

2.7. Thermal Actuation

Prepared assemblies are thermoresponsive, composed of
PNIPAM discs. Thus, they undergo a volumetric change when
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Figure 6. Actuation upon global heating or local laser illumination. A) When heated, the tube contracts, decreasing its diameter (scale bar = 0.5 mm).
B) Aiming laser at the center of the starfish induces its contraction in a grabbing fashion (scale bar = 0.25 mm). C) A bent ribbon can be crawled when
irradiated by laser pulses. The position of the laser determines the crawling direction. The positions of the front and rear edges in contact with the
substrate are indicated in red (motion to the right, distance traveled in 40 steps) and in blue (subsequent motion to the left, distance traveled in

44 consecutive steps) (scale bar =0.5 mm).

exposed to elevated temperatures. The relative shrinkage of the
heated PNIPAM gel depends on its local crosslinking density.*”!
Thus, exposing the assemblies to elevated temperatures changes
the curvature of a rolled sheet (Figure 6A and Video S11,
Supporting Information) or induces a grabbing-like motion in
a buckled star-shaped assembly (Figure S7 and Video S12,
Supporting Information). It is also possible to induce the actu-
ation of the buckled sheets by local laser heating. A star-shaped
microgripper closes when illuminated with a laser at its center
(Figure 6B and Video S13, Supporting Information), where the
open—close cycle is induced by laser pulses with a frequency
around 0.5 Hz (contraction ~0.5s, expansion ~1.5s). Notably,
similar star-shaped gripper structures have been previously
fabricated from bilayered materials.***!! Another example is a
folded sheet, analogous to the one in Figure 5, which was
exposed to pulsed laser illumination to change its radius of cur-
vature cyclically (Figure 6C and Video S14, Supporting
Information). Aiming the laser closer to one edge of the sheet
in contact with the substrate causes the sheet to displace with
every actuation cycle in the direction toward the beam by
~15pm (Figure S8, Supporting Information). In this fashion
we were able to consistently locomote the sheet hundreds of
micrometers in both directions, choosing the direction simply
by the illumination spot. We expect directional locomotion is
caused by some underlying phenomenon that breaks the
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reciprocity of the seemingly 1 degree of freedom (DOF) motion.
Such phenomena may have complex causes such as nonuniform
heat transfer through the structure, causing small differences
between the collapse-re-expansion pathway, or differences in
local friction at contact points, given by different contact angles
(a phenomenon utilized previously for a 1 DOF motion).[°%%% We
are currently investigating this crawling mechanism in greater
detail, the currently presented data just serves as an illustration
of the opportunities the reported system provides. As an example
of practical application of such assembled sheets, we used it to
transport a 0.4 mm-large glass sphere (Figure S9, Supporting
Information). The buoyant mass of the sphere is roughly 30
times higher, than that of the assembly, though we are able to
achieve some displacement. The buoyant mass difference of
such sphere with respect to one disc is almost 4 orders of mag-
nitude, making the manipulation impossible. The experiment
shows, that it is possible to increase the size and weight of
the manipulated object using multiple connected robots for
the manipulation.

3. Conclusion

In this work, we show a modular microrobotic system relying on
self-assembly. We fabricated elemental robotic units, capable of
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untethered locomotion over a substrate. Self-assembly of
these microrobots directly on the substrate orders them into
milliscopic, densely packed, 2D structures. These are subse-
quently bound into porous sheets. During this binding, an
off-plane deformation of the entire sheet occurs. We qualitatively
described the molecular processes responsible for this deforma-
tion and created a predictive model of the deformation, allowing
for in silico design of the desired membrane shapes. Owing to
the deformation, the sheets are capable of anisotropic actuation
performing simple tasks, such as grabbing motion or crawling.
In this entire process of milliscopic robot formation, the disc fab-
rication is the only step that requires specific microfabrication
techniques—all the other steps proceed directly on a substrate
at the place of interest and are triggered remotely by light.
The on-the-spot construction of the final robot from the elemen-
tal units enables rapid prototyping of microscale actuating struc-
tures directly at the place of interest even in constrained or
problematically accessible areas, as long as these are accessible
optically. Furthermore, the ability to control the resulting 3D
shape of the final robot by, in effect, controlling the rates of
chemical reactions within the internal structure of the constitu-
ent microrobots after their production exploits hydrogel
perfusion—a unique property among materials for microrobotic
systems. We demonstrate that the use of chemical approaches,
namely, self-assembly and chemical binding, in microrobotics
not only represents a practical alternative to complicated directed
assembly and subsequent magnetic or interlocking mechanisms,
typically used at the macroscale, but also surpasses the previously
reported modular microrobotic systems. The combination of
individually addressable light-fueled robots with parallel self-
assembly process enables manipulation with large microrobot
collections, while keeping the ability to move individuals within
the assembly. To our best knowledge, this has not been achieved
with magnetic forces, propelled swimmers, nor other distinct
branch of current microrobot control mechanisms.

A future combination of here-described processes with
reversible binding of the units, for example, via coulombic or
host—guest molecular interactions, that has been previously
shown to effectively bind gel objects together will provide recon-
figurable, modular milliscopic actuators. Such systems may find
application in various fields including implantology and micro-
surgery, soft actuation, or metamaterials construction.

4. Experimental Section

Materials:  N-isopropylacrylamide (NIPAM), poly(ethylene glycol)
diacrylate  (PEGDA, average M, =700Da), trisodium citrate,
fluorescein-O-methacrylate, Tween 20, and Pluronic F127 were purchased
from Sigma Aldrich. Tetrachloroaurate trihydrate (HauCl,-3H20) was pur-
chased from Alfa Aesar. SYLGARD 184 silicone elastomer kit (elastomer
base + curing agent), used for the fabrication of polydimethylsiloxane
(PDMS) microfluidic channels, was purchased from Dow Corning. All
chemicals were purchased in standard purities provided by the vendors
and used as received. The photoinitiator lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP) was synthesized according to a previously pub-
lished procedure. Reverse osmosis water (MilliQ) was used for all
experiments (18.2 MQ at 25 °C).

Crawler Fabrication: Crawlers were fabricated using stop-flow lithogra-
phy as previously described.?® Briefly: 100 uL of 1-1.5% w/w gold nano-
particles dispersion (diam. =15 nm, synthesized using citrate method)!®°!
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was mixed with NIPAM (37 mg, 327 pmol), PEGDA (20 pL, 29 pmol), and
LAP (1.5 mg, 5 pmol). The mixture was sonicated for 5 min to dissolve the
components. The pregel solution was always used the same day and
centrifuged before use to remove dust and gold colloid agglomerates
(2min at 5000 x g). To produce hydrogel microcrawlers, the resulting
mixture was processed in stop-flow lithography, which was performed
as previously described.?%%¢]

After synthesis (typically several thousands of crawlers were prepared in
one run), the channel was purged with 0.5% aqueous Tween 20 solution
(150 pL) and the crawlers were collected inside the PCR tube. The disper-
sion containing the crawlers was washed with Tween 20 solution 4 times
and allowed to sediment under gravity for 5 min between each washing
step. The Tween 20 prevented the crawlers to stick irreversibly to each
other and to the container surface.

Experimental Well Fabrication: Surfaces with depression were made by
vacuum forming of a 0.5 mm-thick PMMA sheet. The sheet plate 3 by 3 cm
was attached to a flat surface with a 4 mm-diameter hole with a source of
vacuum in the center. The resulting depression was created by the
application of a vacuum and a heat gun for 10s. Subsequently, a cut-
off Eppendorf tube was dipped into PDMS (volume ratio base: curing
agent=10:1), placed onto the prepared surface, and cured overnight
at 65°C.

Optical Setup for Moving/Steering Crawlers: A 200 mW diode laser
532nm was attenuated using a grey filter (optical density=0.5) and
reflected into the condenser lens of an inverted microscope (Nikon
Ti-U) by a short-pass (450 nm) dichroic mirror. The condenser was used
to focus the laser beam on the sample plane. The sample well with
crawlers was placed under the inverted microscope with the laser setup
installed. The laser beam was aimed at a particular part of the crawler and
laser pulses (0.5-0.7 s on, 1-1.5 s off) were applied. A 536 nm long-pass
filter was placed underneath the sample to block the laser beam from
reaching the objective. For automatic disc navigation, a previously devel-
oped software was used.!*%)

Parallel Self-Assembly: The wells for parallel self-assembly experiments
were prepared by pipetting 35 pL of the Sylgard elastomer base and curing
agent mixture (10:1 v:v) into one cylindrical well of a 96-well plate and
curing overnight at 65 °C. The bowl shape of the elastomer was produced
by the wetting of the well walls by the elastomer. Between 100 and 1000
disc crawlers dispersed in 330 pL of 5% (w/w) Pluronic 127 was pipetted
into a well. The sample was left overnight.

Binding: 230 L of the solution above the self-assembled discs was
replaced by 100 pL of water solution of LAP (4% w/w), to reach the final
concentration of LAP 2%. In some experiments, PEGDA was added to the
binding solution together with the LAP (final PEGDA concentration = 2%
w/w). Note, the buckling behavior was identical for the systems with and
without added PEGDA (Figure S10, Supporting Information). The solution
was left overnight to allow the reagents to diffuse uniformly through the
volume. Then the sample was irradiated under the Nikon inverted micro-
scope, using the episcopic illumination from the X-Cite source 220DC
(200 W) attenuated to 0.045 of the full intensity. A 4x objective and
long-pass dichroic mirror 420 nm was used for episcopic illumination
and simultaneous diascopic observation. Illumination intensity during
the disc binding was estimated (Thorlabs Microscope slide power sensor
head for low powers) to be 50 mW cm™2. Specific irradiation patterns were
achieved by placing a black-transparent mask to the projection plane, at
the position of the EPI illumination field aperture in the microscope. The
masks were printed with a standard laser printer on a transparent foil
sheet.

Sheet Bulk Heating: The sheet was sedimented in water in a well of
96-well plate. Copper wire (2mm diam, 1cm length), attached to a
Peltier element, was immersed into the well together with a thermistor
and connected to a temperature controller. The well was heated at a rate
of &5 °C min™" from 25 to 80°C and then allowed to cool down. Three
consecutive heating—cooling cycles were applied.

Microscopy: Nikon Eclipse Ti-2 inverted microscope was equipped with
200 W. X-Cite mercury lamp source was used for SFL synthesis, widefield
fluorescent, and diascopic observation of samples. Acquired diascopic
images were processed in the Image|] software, using the following
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protocol: A copy of the image was convolved with a Gaussian filter (with
kernel size 20 x 20 px) and the blurred image was subtracted from the
original image to suppress uneven sample illumination. Subsequently,
the brightness and contrast of the resulting image were adjusted manually.
Confocal microscopy characterization was carried out using Olympus IX81
inverted microscope with FluoView FV1000 confocal system. Labeled
microgels were captured by 40x objective (UCPlanFL N, 20x/0.70) of
the laser scanning confocal microscope using a 488nm laser for
excitation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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