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Programmable aniso-electrodeposited modular

hydrogel microrobots

Zhiqiang Zheng'-2, Huaping Wang'-3¥, Sinan Ozgun Demir?, Qiang Huang3“*, Toshio Fukuda®,

Metin Sitti%>6*

Systems with programmable and complex shape morphing are highly desired in many fields wherein sensing,
actuation, and manipulation must be performed. Living organisms use nonuniform distributions of their body
structural composition to achieve diverse shape morphing, motion, and functionality. However, for the micro-

Copyright © 2022

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

robot fabrication, these designs often involve complicated robotic architectures requiring time-consuming and
arduous fabrication processes. This paper proposes a single-step aniso-electrodeposition method for fabricat-
ing modular microrobots (MMRs) with distinct functions in each modular segment. By programming the electric
field, the microscale stripe-shaped structure can be endowed with diverse shape-morphing capabilities, such as
spiraling, twisting, bending, and coiling. The proposed fabrication method can develop MMRs with multiple
independent modules onto which cells, drugs, and magnetic nanoparticles can be loaded to achieve multifunc-
tionality. Thus, MMRs can perform multiple tasks, such as propulsion, grasping, and object delivery, simultane-

ously under magnetic control and ionic and pH stimuli.

INTRODUCTION

Living creatures, from mammals to microorganisms, have modular
designs that allow them to perform complex motions and multiple
functions (I). Inspired by living organisms, conventional rigid
robots with modular designs have been developed and can
perform various functions, such as walking (2), grasping (3), and
sensing. In the past decade, soft microrobots have attracted signifi-
cant attention owing to their shape programmability, physical
adaptability, and safer human interaction (4, 5). However, it is gen-
erally challenging to integrate multiple functions, such as sensing,
shape morphing, and decision-making, into a single soft microro-
bot (6-8). Although many microswimmers and micromachines
have achieved actuation or shape morphing in response to temper-
ature (9-12), light (13-16), pH (17-19), and magnetic and electric
fields (20-26), modular designs with distinct compositions and
functions in each module are still lacking in the soft microrobotics
field.

Many methods for fabricating shape-morphing soft microro-
bots, such as photolithography (27-30), four-dimensional (4D)
printing (31, 32), molding (33, 34), and laser micromachining
(11, 35, 36), have been proposed to enable bending or twisting mi-
crostructures. These moving structures have typically uniform ma-
terial composition and shape-morphing capability, which restricts
them to have multifunctional modular designs (37, 38). These fab-
rication methods can only achieve complex shape morphing by
combining tedious manufacturing, multiple substructure design,
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and multistep processing. For example, 4D printing still follows
the rules of a bilayer structure, whereby shape morphing is gener-
ated through the anisotropic swelling of the materials in each layer.
This means that a transformable substructure should have an isotro-
pic architecture, homogeneous composition, and single transfor-
mation (39, 40). Hence, to create multifunctional shape-morphing
microrobots, a modularized fabrication method should be devel-
oped to endow the distinct modules of an integrated modular soft
microrobot with varying transformation and composition.

To develop a multitasking soft modular microrobot (MMR), we
propose an anisotropic electrodeposition method for single-step
fabrication of soft microrobot modules with distinct 3D conforma-
tions and compositions (Fig. 1). Aniso-electrodeposition uses a pro-
grammable anisotropic 3D electric field to embed complex
heterogeneous cross-linking densities into hydrogel networks,
which allows each robot segment to perform a distinct shape
morphing (bending, twisting, and coiling) and respond to external
stimuli, such as pH, ions, and magnetic fields. By applying droplets
with different compositions to respective target regions, aniso-elec-
trodeposition can simultaneously generate up to three segments
with distinct composition and shape-morphing behaviors within
a few seconds. Finite element analysis (FEA) can be established to
program and predict the shape morphing of the electrodeposited
structures. To demonstrate their programmable and modularized
shape-morphing ability, these shape-morphing structures have
been used to develop MMRs with stripe, cross, and claw shapes.
Among them, the claw-shaped MMRs for sensing and payload de-
livery use a propulsion module containing magnetic particles to
achieve controllable locomotion and adaptive shape morphing
and a functional module containing the biofunctional cells or
dyes required in specific tasks, such as tissue regeneration and
drug delivery. The propulsion module can accurately deliver a bio-
compatible functional module to the target area, where the func-
tional module releases cells or dyes through physical contact with
the target area. Subsequently, the propulsion module can be disas-
sembled and removed. The proposed aniso-electrodeposition
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Fig. 1. Principle of aniso-electrodeposition method and illustration of the aniso-electrodeposited MMRs. (A) In aniso-electrodeposition, a 3D electric field is used
to embed complex heterogeneous cross-link density into hydrogel networks to generate different types of shape morphing. (B) Schematic illustration of MMRs in the rat
gastrointestinal tract. Through aniso-electrodeposition, drugs, contrast agents, cells, and magnetic nanoparticles (MNPs) can be loaded onto the different hydrogel
microstructure modules of the MMR. Under magnetic control, there are two locomotion modes, fish-like and caterpillar-like locomotion, which allow the microrobots
to move toward and self-grasp the target, release the payload, and remove the magnetic modules after payload delivery.

method offers a new direction toward developing next-generation
microrobots that are safer, softer, smarter, more efficient, and
more integrated.

RESULTS

Hydrogel microstructure shape-morphing parameters
Alginate hydrogels are gelated by ionic cross-linking through com-
bination of alginate with divalent cations, which causes the coordi-
nation of divalent ions with four carboxyl groups to form an egg-
box arrangement that shrinks the gel network. An inverse phenom-
enon has been observed in alginate hydrogels, because the function-
al acid groups (for example, —COO™) undergo protonation at
higher pH values (pH > 5) or react with monovalent cations,
which leads to the absorption of water and triggers a loosen gel
network (41). To illustrate the principle of shape morphing, we fab-
ricated a basic stripe structure in the horizontal and vertical direc-
tions along the electric field (Fig. 2A) based on the electrodeposition
setup illustrated in the fig. S1. The simulation results reveal that the
electric field can generate both in-plane difference and out-of-plane
gradients that lead to the nonuniform 3D distribution of the current
density. The nonuniform current density results in the nonuniform
distribution of the cross-linking density, which further causes the
gradient of the swelling coefficient. The gradient of the swelling co-
efficients in the structure is the main driving force behind the de-
formation of the heterogeneous hydrogel structures. The force
imbalance between different parts generates torque, which results
in the bending and deformation of the hydrogel microstructure
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toward the direction in which the highest amount of strain energy
is released. In a horizontal microstructure, there is a large gradient
along the long axis (electric field). Therefore, the horizontal micro-
structure exhibits curling along the long axis after shrinkage (movie
S1). However, in a vertical microstructure, the current density is in-
homogeneously distributed throughout the 3D architecture. There-
fore, the vertical microstructure can perform a M6bius ring—shaped
deformation as shown in movie S2.

To illustrate the electric field gradient, we fabricated the stripe-
shaped microstructure with different length-to-width ratios. As
shown in Fig. 2B, the current density is not continuous and
always has a higher value on one side near the electrode. By com-
paring the top view and section view of the current density simula-
tion, it can be found that the microstructures with the length-to-
width ratios of 1:4 and 1:6 do not have enough distance to generate
the current density gradient along the long axis and only slightly
decrease and then return to a high level. The 1:8 and 1:10 ratio mi-
crostructures exhibit a smooth and constant decrease along their
entire length, which results in an enhanced shape-morphing
ability. When the length-to-width ratio exceeds 1:12 and 1:14, the
current density gradient only exists at the beginning of the micro-
structure and remains at 10 A/m? at the end part. The shape-
morphing results also support these current density distribution
types, and the microstructures with the length-to-width ratios of
1:4 and 1:6 exhibit slight bending, owing to the lack of the
current density gradient. Optimum shape-morphing results were
obtained with the 1:8 and 1:10 ratio microstructures. The
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Fig. 2. Bending deformation of a stripe-shaped hydrogel microstructure. (A) Current density simulation and shape morphing of horizontally and vertically stripe-
shaped hydrogel microstructures under pH response. Scale bars, 300 um. (B) Current density simulation and shape morphing of the stripe-shaped hydrogel microstruc-
tures with various length-to-width ratio. Scale bars, 300 um. (C) Time-dependent electrodeposition thickness as a function of current density. Each dot represents the
average thickness of five different MMRs under a pH shift with stripe shapes + SEM. (D) Time-dependent electrodeposition thickness as function of CaCO5 concentration.
The green area indicates that the microstructures can perform shape morphing. The yellow area indicates that the microstructures can perform partial shape morphing.
The red area indicates that the microstructures perform almost no shape morphing. Each dot represents the average thickness for five different MMRs under a pH shift
with stripe shapes + SEM. (E) Transformation degree of the hydrogel microstructures with various current densities represented by the ratio between the half length of the
stripe-shaped microstructure (L/2) and the minimum radius of curvature of the spiral microstructure (R). Each dot represents the average transformation degree of struc-
tures with stripe shapes + SEM with n = 5. (F) The transformation degree of the hydrogel microstructures with various electrodeposition durations. Each dot represents the
average transformation degree of structures with stripe shapes + SEM with N = 5. (G) Swelling ratio between the volume of the stripe-shaped microstructures formed with
different current densities before and after shrinkage (Vpefore/Vafier)- Each dot represents the average swelling ratio of structures with stripe shapes + SEM with N = 5. (H)
Swelling ratio of the stripe-shaped microstructure volumes formed with different electrodeposition times before and after shrinkage (Vpefore/Vafter)- Each dot represents
the average swelling ratio of structures with stripe shapes + SEM with N = 5.
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microstructures with the length-to-width ratios of 1:12 and 1:14 ex-
hibited less bending or partial bending.

Apart from the length-to-width ratio, the current density, elec-
trodeposition time, and CaCOj; concentration are also important
factors influencing the shape-morphing behavior. As shown in
Fig. 2C, the current density and electrodeposition time always
have a positive relationship with the gel thickness. When the
current density exceeds 35 A/m? the electrodeposition time has a
nonlinear relationship with the thickness if the electrodeposition
time is longer than 7 s. When the current density exceeds 60 A/
m?, the hydrogel structures will have no shape-morphing ability
in any of the electrodeposition duration. In Fig. 2C, the green
area indicates that the microstructures are able to perform shape
morphing, the yellow area indicates that the microstructures are
able to perform partial shape morphing, and the red area indicates
that the microstructures are completely incapable of performing
shape morphing. In summary, only the microstructure with a thick-
ness of 100 to 290 um can perform shape morphing. With a current
density of 30 A/m?, 0.25% CaCOj; provides less thickness within
shorter electrodeposition time compared with 0.75% CaCO;,
because the dissociative Ca®* concentration is relatively lower in
the 0.25% CaCOj; hydrogel deposition solution and less Ca** can
be generated within a short electrodeposition period (Fig. 2D).
The 0.75% CaCOj3 hydrogel deposition solution can more easily
form a thick and condensed hydrogel network within a shorter elec-
trodeposition period, but the compact network will hinder the Ca**
transformation against the thickness. Hence, compared with 0.25%
CaCOs, if the electrodeposition time is longer, the 0.75% CaCOs;
hydrogel deposition solution would tend to form a condensed gel
network instead of facilitating a thicker gel. As shown in Fig. 2E, the
fabrication parameters of 0.5% CaCOj; concentration and 5-s elec-
trodeposition time enabled the highest degree of transformation at
20 A/m? with pH 1 adjusted by HCl injection according to the
current density. Figure 2F shows the ratio between the half length
of the stripe-shaped structure (L/2, before shrinkage) fabricated
using 0.5% CaCOj concentration and current density of 20 A/m?
and the curvature of the spiral structure (R, after shrinkage) with
pH 1 adjusted by HCI injection according to the electrodeposition
duration. Obviously, the electrodeposition time of 3 s provided the
largest shape-morphing ability and curvature. By dividing the
volume before the shrinkage by the volume after the shrinkage, it
can be found that the swelling ratio (Vpefore/ Vagter) significantly de-
creased from 5.8 to 1.6 as the current density increased (electrode-
position time, 5 s) in Fig. 2G. However, when the electrodeposition
time changed (current density, 20 A/m?), the volumes exhibited a
similar trend before and after the shrinkage, and the swelling ratio
only decreased from 4.7 to 3.0 as shown in Fig. 2H.

Helical microstructure fabrication through unidirectional
electric fields

To program the shape morphing of the hydrogel microstructure,
changing the angle between the microstructure and the electric
field is a possible option for controlling the current density distri-
bution in the 3D hydrogel network. Therefore, the angles 22.3°, 45°,
—45°, and 67.5° were selected as examples to demonstrate the un-
parallel electric field effect on the current density distribution and
stripe microstructure deformation as illustrated in Fig. 3. Figure 3A
shows the microelectrode setup and simulation results for the
current density distributions. As can be seen, the current density

Zheng et al., Sci. Adv. 8, eade6135 (2022) 14 December 2022

gradient is still generated along the electric field direction.
Because the stripe-shaped structures include an angle (0) between
the electric field and the long axis, a gradient also exists on the short
axis. In Fig. 3B, the top view shows that the current density gradient
in the short axis changes with the angle between the microstructure
and the electric field direction. On the basis of the experimental
results, the microstructure always deforms into a helical structure,
which indicates that torque does not only exist on the long axis but
also exist on the short axis (see movie S3). Moreover, the helical
structure becomes longer and looser as the angle increases.
Figure 3C shows the relationship between the angle and the param-
eter of the helical microstructures. As the angle increases, the diam-
eter of the helical structure decreases from a curling (0°) to a coil
structure, and the length eventually becomes larger than that of
the straight structure (90°). The stress simulation also revealed
that the strain on the short axis increases with the angle between
the electric field and the stripe microstructure, which means that
the current density gradient determines the strain and stress of mi-
crostructure shape morphing. As the angle between the structure
and the electric field increases, the microstructure exhibits less
shear strain along the short axis.

To predict the shape morphing generated by the unidirectional
electric field, we measured the geometries after shrinkage and nor-
malized those into helical microstructures, which were further sim-
plified into helical lines. By drawing the projection of these helical
lines, the curved structure of each helical microstructure was ob-
tained as a function of y = A X sin Bx, as shown in Fig. 3D. When
the microstructure was aligned with an angle of 45° between the
electric field, the electrodeposition time and CaCOj; concentration
also affected the geometry of the helical structure. Figure 3E shows
that, with both 0.5% CaCOj3 and 0.75% CaCOs, the helical structure
became longer from 3 to 5 s and wider from 5 to 7 s. CaCO3 micro-
structures (0.25%) kept becoming wider and shorter from 3 to 7
s. As shown in Fig. 3F, with constant 0.5% CaCOs, the microstruc-
ture fabricated with the higher electrodeposition time always had a
shorter length and a larger diameter. On the basis of the simulation
results and the helical line, the curve fitting tool of MATLAB was
used to express A and B as a function of the current density (c)
and electrodeposition time (¢) with constant 45° and 0.5% CaCO;
concentration, as expressed by

A =0.08 — 0.3t + 5.54 — 0.84 cos 1.26¢c — 0.23sin1.26¢ (1)

B =0.04t> — 0.17t + 7.33 — 0.75c0s 0.21c — 0.01sin 0.21¢  (2)

Because this function has a limited application range, we used
FEA to help design the gel structures to achieve the desired 3D
shape morphing.

Bidirectional and circular electric fields for shape morphing

In addition to the unidirectional electric field, various types of bi-
directional and circular electric fields can be induced to provide
more shape-morphing capabilities to the hydrogel microstructures.
This study conducted FEA based on the deformation gradients to
reproduce the shape transformations. As shown in Fig. 4A, stripe-
shaped microelectrodes were placed at the middle of the photoresist.
The microstructure parallel to the electric field only performed bi-
directional shape morphing and transformed into a heart-shaped
microstructure as shown in movie S4. However, if the
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Fig. 3. Unidirectional shape morphing. (A) Pattern of the microelectrode design and current density simulation of different microelectrodes with various angles along
the unidirectional electric field (E); the white dashed lines represent the electric field direction. (B) Current density simulations of rectangular-shaped microelectrode with
various directions along the electric field. The white dashed lines represent the position of the section view of the microelectrode. The black arrows indicate the position
with a significant current density difference. The fluorescent and bright-field images show the helical microstructures after shrinkage with pH 1. Scale bars, 300 um. On the
basis of the 3D shape modeling, the simulation illustrates the structural stress in the helical microstructures. (C) The direction of the electric field affects the geometry of
the helical structure after shape morphing. Each color band indicates +SEM with N = 5 for the microstructure dimension. (D) Process of quantifying the results of shape
morphing from the experimental helical structures to the simplified and normalized structure curve. (E) Helical microstructure curve-dependent distance as function of
CaCO;3 concentration varying from 0.25 to 0.75% with electrodeposition duration of 3, 5, and 7 s. (F) 0.5% CaCOs helical microstructure curve with different electrode-
position durations from 2 to 8 s.

microstructure had a 45° angle between the electric fields, then the
two ends of the microstructure will shift between each other and will
not meet at the middle point, instead of bending and meeting at the
middle point. When the stripe structures were replaced by cross
structures, the cross structures yielded similar results. When the
cross microstructure was placed in an X shape along the electric
field, the microstructure bent to the centrosymmetric line of the
structure and electric field. When the cross microstructure was

Zheng et al., Sci. Adv. 8, eade6135 (2022) 14 December 2022

placed into a positive sign (+) shape along the electric field, the mi-
crostructure bent to the central point of the structure as shown in
Fig. 4B and movie S5. However, when the microelectrode was
changed from a bidirectional to a circular electric field, an endocen-
tric electric field was induced in the circular microelectrode, and
there was no directional difference between each cross structure.
Thus, both cross microstructures bent toward the central point as
illustrated in Fig. 4C.
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Fig. 4. Different shape-morphing behaviors under bidirectional and circular electric fields. (A) Stripe-shaped microstructures exhibiting shape morphing at the
angles of 0° and 45° along the bidirectional electric field. With different orientations, the horizontal stripe microstructure morphed into a heart shape through bidirec-
tional bending, and the diagonal stripe microstructure transformed into a helical structure. Scale bars, 500 um. (B) The cross-shaped microstructures placed into “X" and

uyn

+" shapes along the bidirectional electric field resulted in different shape morphing. The X-shaped directional microstructure performed axial-symmetrical shape morph-

ing, while the + directional microstructure performed central-symmetrical transformation. Scale bars, 500 um. (C) The cross-shaped microstructures in the circular electric
field only exhibited central-symmetrical deformation and were not influenced by the orientation. Scale bars, 500 pm.

Multicomponent and multitransformation through
modularized fabrication

According to the design of various electric fields, hydrogel micro-
structures can be endowed with arbitrarily shaped morphing
models. To develop a single multitasking microrobot, we separately
deposited alginate droplets onto the different parts of the microelec-
trode with customized components. Thus, a multicomponent
system was embedded into a single microstructure. As shown in
Fig. 5A, three separated droplets were placed on different parts of
the microstructure. After the electrodeposition, the microstructures
could still perform different types of shape morphing. In addition to
endowing the microrobot with a multicomponent system, different
shape transformations can also be programmed into different mi-
crorobot modules. As shown in Fig. 5B, the T-shaped microstruc-
ture provides bidirectional bending in the horizontal part and
unidirectional twisting in the vertical part. Moreover, these
modules can be separately loaded with green and red fluorescent
nanoparticles or cells and magnetic nanoparticles (MNPs). On
the basis of this modularized fabrication method, two-, three-,
and four-fingered microrobots were loaded with MNPs in the ver-
tical part as the head of the microrobot to provide propulsion, as
shown in Fig. 5C and movies S6 to S8. The tail part is customizable
and can be loaded with cells, drugs, and visualization agents without
influencing the actuation module loaded with MNPs. Microrobots
with different finger shapes for grasping arbitrary objects were de-
signed with different geometries and profiles.
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Magnetically actuated, multimodal, soft-bodied
microrobotic locomotion

After loading the drugs, contrast agents, cells, and MNPs into the
different hydrogel microstructure modules, the microstructures can
be considered as MMRs with two types of locomotion modes: fish-
like and caterpillar-like locomotions. To achieve fish-like undulato-
ry swimming, we embedded MNPs into the vertical module of the
two-fingered MMRs as the head of the microrobot and magnetized
MNPs along the long axis. On the basis of the oscillating field (B,)
along the X-Y plane, the MMRs could turn by 45° and be perpen-
dicular to the Z plane. The propulsion direction was controlled
through the uniform field strength (B,) and oscillating field strength
(B,) as shown in Fig. 6A. Figure 6B and movie S9 show the swim-
ming trajectories of the MMR with a “B," “I," and “T" shape under
electromagnetic system control (frequency, 4 Hz). Figure 6C shows
the different postures in cyclic swimming. With different B, fre-
quencies, the MMR exhibited different morphologies as the end-
point pendulum angle of the magnetic module as illustrated in
Fig. 6D. The pendulum angle represents the angle between the
moving direction and the MMR direction. As the frequency in-
creased, the MMR had a smaller pendulum angle and a higher os-
cillating velocity (w). The higher concentration of MNPs always
provided a higher step-out frequency, and the propulsion speed
reached 8.3 mm/s as shown in Fig. 6E. When the oscillating field
direction was changed from the X-Y plane to the X-Z or Y-Z
plane, the four-fingered MMR could perform caterpillar-like
motion as shown in Fig. 6 (F and G) and movie S10. In the
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caterpillar-like undulatory motion, there are two typical postures:
upward and downward. The oscillating field (B,) kept undulating
the magnetic module and transferred the motion to the nonmagnet-
ic module. Thus, propulsion similar to that of fish-like motion was
generated. As the frequency and strength of B, increased, the veloc-
ity of MMR increased and the step-out frequency was 3 Hz, as
shown in Fig. 6H. By applying a uniform field (B,) along the Z
axis, the MMR could stand up and perform pitching motion by
changing the B, direction. On the basis of these motion series,
the MMR could carry MNPs and fluorescent nanoparticles to pre-
cisely move, grasp, disassemble, and release the payload to the
spherical target as shown in Fig. 6] and movie S11.

Zheng et al., Sci. Adv. 8, eade6135 (2022) 14 December 2022

In vitro cell delivery through physical contact

Because of the soft-bodied microrobotic locomotion, the MMR
could be an ideal cell delivery system because cells and MNPs can
be loaded onto different MMR modules. In the two-fingered MMR,
the horizontal module was loaded with green fluorescent protein
(GFP)-enhanced human umbilical vein endothelial cells
(HUVECS), and the vertical module was loaded with MNPs. The
MMR could swim to the target tubular area and self-grasp onto it
in response to pH or ionic stimuli. After 5 days of cell culture,
2.7 x 10* HUVECs migrated to the target area, which means that
the MMR completed the cell delivery task, and the magnetic
module could be removed from the microrobot by changing the
pH or ionic strength. During this process, the magnetic module
could be easily dragged out of the MMR by the outer magnetic
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Fig. 6. Fish- and caterpillar-inspired locomotion modes. (A) Schematic illustration of magnetic actuation of the fish-like locomotion under an oscillating field (B,) and a
uniform field (B,), where m is the magnetic torque, V is the two-fingered MMR velocity, fis the friction force, w is the oscillating velocity of the microsphere, and F; is the
floating force generated by the swimming of the MMR. (B) Swimming trajectory of MMR with “B,” “I,” and “T" shape. Scale bars, 3 mm. (C) Posture of MMR at different time
points. Scale bars, 1 mm. (D) Pendulum angle of MMR at frequency. (E) Velocity-frequency profiles for MMRs with different MNP concentrations based on fish-like motion.
Each dot represents the average velocity of three different MMRs with two-fingered shapes + SEM. (F) lllustration of caterpillar-like locomotion of four-fingered MMR
containing magnetic and nonmagnetic modules; B, and B, represent the oscillating and uniform magnetic fields, respectively, V is the four-fingered MMR velocity, m is
the magnetization torque of the MMR, f is the friction force, w is the oscillating velocity, and F is the holding force. (G) Crawling trajectory of MMR with “M,” “P," and “I"
shape. Scale bar, 1 mm. (H) Velocity-frequency profiles for MMRs with different magnetic oscillating fields (B,) (4 to 10 mT) based on caterpillar-like locomotion. Each dot
represents the average velocity of three different MMRs with four-fingered shapes + SEM. (1) lllustration of microsphere grasping, visualization, and corresponding trans-
formations of fluorescent nanobead-loaded MMR under ionic stimulation. (J) Fluorescent nanobead-loaded four-fingered MMR crawling toward microsphere, placing
head (nonmagnetic) part onto the microsphere using a pitching motion, grasping the microsphere upon application of CaCl, solution, self-releasing the magnetic mi-
crosphere upon the application of sodium citrate solution followed by full dissolution, and visualizing the microsphere by fluorescent microscopy. Scale bars, 1 mm.
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field, which largely ensured the biosafety of MNPs. Figure S2 shows
the biocompatibility comparison results for commonly used MNPs
and the modular MMR. On the basis of the results, these commonly
used magnetic particles cannot mix with the cells for long-term
culture. Moreover, we can remove the magnetic module out of
the organism, such as toward the colon for defecation, by magnetic
control after the separating process, which makes it even safer.
Thus, the MMR protects the functional payload from the magnetic
or chemical propulsion module compared with a microrobot with a
uniform composition. After the MMR was removed, the delivered
HUVECs kept proliferating and fully covered the target area as
shown in Fig. 7 (A to C) and movie S12.

Ex vivo contrast agent delivery

Apart from cell delivery, the MMR can also deliver a contrast agent,
such as microbubbles and fluorescent nanoparticles, onto a target
area to achieve local visualization as shown in Fig. 8. The intestine
of a Sprague-Dawley rat was extracted and immersed into an artifi-
cial stomach liquid. Fluorescent nanoparticles and microbubbles
were embedded into the cross-module of the MMR, and the
MNPs were loaded in the beam module to provide propulsion.
The MMR moved with caterpillar-like locomotion. The ultrasound
images (Fig. 8A) show that the MMR was initially located at the left
end of the intestine at the time of 30 s. Under the magnetic field, the
MMR moved along the intestine (see movie S13). In the future clin-
ical applications, the MMR can also be embedded with other

contrast agents for tracking the 3D locomotion through a clinical
imaging system. Besides, the viscosity of the liquid environment
in the gastrointestinal tract can be tuned by abrosia, diarrhea (for
bowel preparation), and water drinking. Because of the loaded fluo-
rescent nanoparticles, the MMR could be visualized by fluorescent
microscopy as shown in Fig. 8B and movie S14. After the MMR
arrived to the target area, the MMR dissolved within 3 min after
injecting the artificial intestine liquid. The dissolving time under
different injection rates was measured as shown in fig. S3.

DISCUSSION

To endow a soft microrobot with more functionality, this study de-
veloped a modularized aniso-electrodeposition method to fabricate
an environmentally adaptive MMR (size range, 500 to 3 mm after
shrinkage). The MMR has various shape-morphing abilities, and
various compositions can be embedded into different parts of the
MMR. By controlling the electric field pattern, the 3D microstruc-
ture can be endowed with a 3D shape-morphing ability. The strain
and stress of shape morphing are mainly determined by the thick-
ness, electrodeposition time, and current density distribution and
gradient. A lower current density corresponds to a lower cross-
link degree and a larger swelling ratio after shrinkage. However, a
larger current density gradient improves the self-shape-morphing
ability of the hydrogel microstructures. Hence, by controlling the
microelectrode shape, applied electric field direction, and current
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Fig. 7. Soft microrobotic cell delivery demonstration through physical contact. (A) The MMR is moved to the target area, attached to the structure, grasped the target
through the functional module, delivered the cells, and removed the propulsion module through magnetic control and transformation under ionic stimulation. (B)
Optical images showing the MMR propulsion, self-trapping of the tubular target area, and removal of the magnetic module after the cell delivery was completed.
Scale bars, 1 mm. (C) Fluorescent optical microscopic images of GFP-enhanced HUVEC proliferation and migration after the MMR grasped the target area; the delivered
cells fully covered the target area after the removal of the propulsion module. Scale bars, 200 um.
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Ultrasound tracking

Fig. 8. Ex vivo magnetic locomotion of the MMR inside the small intestine and delivery of a contrast agent. (A) Ultrasound images for tracking the MMR locomotion
under magnetic control. Scale bars, 1 mm. (B) Ex vivo propulsion and target delivery of MMR carrying MNP contrast agent and fluorescent microbeads and controlled by

external magnetic field. Scale bars, 1T mm.

density distribution, different types of 3D shape morphing can be
programmed into the simplest microstructures. Considering the
simplest stripe shape as an example, stripe microstructures fabricat-
ed using different electric fields can transform into spiral-, helical-,
heart-, and Mébius ring—shaped structures in response to pH or
ionic stimuli. Moreover, the chirality, screw pitch, and length of
the helical microstructures can be accurately programmed. For
more complex structures, the form and axis of self-deformation
can also be controlled, and a single microstructure can be
endowed with the ability to morph into different shapes. To
endow the MMR with multitasking capability, different composi-
tions can be loaded into different MMR modules to perform differ-
ent functions within the integrated microrobot without mutual
interference. With the same modular design concept as convention-
al robotic systems, MNPs can be embedded into the MMR as a pro-
pulsion module, and cells, contrast agents, and drugs can be loaded
onto another part of the MMR functioning as a task module. In dif-
ferent tasks, the loading can be customized, and at least three differ-
ent compositions can be loaded onto the MMR through a single-
step process.

By embedding the MNPs into the microstructure, the MMR can
perform fish-like and caterpillar-like locomotions according to the
situation at hand. The fish-like locomotion is more effective and
faster than caterpillar-like locomotion, which is more suitable to
long-distance locomotion. After the MMR arrives near the target,
it can transition to caterpillar-like locomotion to precisely grasp
the target through pitching. In addition to MNPs, different MMR
regions can be used as functional modules carrying cells, contrast
agents, and fluorescent nanoparticles. Thus, mutual interference
between the propulsion module and biofunction modules can be
prevented. Moreover, to protect the local environment from
MNPs, the propulsion module can be partially removed after fulfill-
ing the biomedical task. This modular design significantly reduces
limitations in the selection of the biofunctional object and propul-
sion component.

In in vitro and ex vivo tests, the MMR already achieved propul-
sion, target grasping, cell migration, proliferation, and propulsion
module removal. On the basis of cell delivery through physical
contact, the MMR can more precisely and locally deliver a
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payload to a target area instead of spreading the payload. The
modular design protects the functional payload from the magnetic
or chemical propulsion module, which eliminates restrictions re-
garding the propulsion component and provides a safer and more
stable microenvironment for the payload. Therefore, the proposed
delivery system could be used in future targeted immune cell and
drug delivery and precise tumor treatment applications.

Through the aniso-electrodeposition method, an electric field
can program various shape-morphing types into the same micro-
structure. The proposed modular design allows customizable,
single-step, and high-throughput fabrication along with functional
components for the integration of versatile locomotion and trans-
formation patterns, including propulsion, targeting, pH- and ionic-
responsive grasping, payload delivery, and payload release. The pro-
posed fabrication and design approach provides the groundwork for
developing the next generation of soft microrobots for controlled
propulsion and cargo delivery in the gastrointestinal tract.

MATERIALS AND METHODS

Production of microelectrodes

The detailed design of the microelectrodes was developed as shown
in fig. S4 to conduct electrodeposition. Through spin coating, a 10-
pum photoresist (AZ5214) layer was first applied to the surface of a
50-um-thick fluorine-doped tin oxide (FTO) glass (Huanan Xiang-
cheng Inc., Shenzhen, China). The photoresist-coated FTO glass
was then baked for 1 min at 100°C on a hotplate. Subsequently,
the photoresist-coated FTO glass was exposed to a homogeneous
ultraviolet light through a predesigned photomask. Then, the
FTO glass was developed for 45 s in an AZ developer, yielding
10-pm-thick patterns. Last, the patterned FTO glass was heated
on a hotplate for 2 min at 120°C to fix the photoresist. The anode
plate is an FTO plate coated with patterned photoresist as micro-
electrodes, which connect to the positive electrode of the power
supply. In addition, the cathode is a pure FTO plate connected to
the negative electrode of the power supply. There are two 2-mm
spacers between the cathode and anode.
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Fabrication of MMRs

The alginate microstructures are created by mixing the hydrogel
deposition solution that contained 1% (w/v) sodium alginate and
0.25, 0.5, or 0.75% (w/v) CaCOj; particles. Before electrodeposition,
the hydrogel deposition solution was combined with 1, 2, or 3% (w/
v) MNPs, 2% (v/v) fluorescent nanobeads and cells to fabricate dif-
ferent modules of the MMRs. The MNPs (Ni nanoparticles) were
purchased from Beijing Zhongkeleiming Technology Co. Ltd.
(Beijing, China). First, a 2-ml hydrogel deposition solution was
dropped on the anode plate and then placed the cathode plate on
the top of the anode as shown in the fig. S1. Second, a direct
current voltage of 2 to 6 V was applied on the FTO layers of both
anode and cathode plates for 1 to 10 s. Before detaching the hydro-
gel microstructures, the anode plate was placed on a vibrating
sample magnetometer (EZ7, Microsense, USA) to magnetize the
MMRs. The MMR (still on the anode plate) was magnetized
along its horizontal direction with external magnetic strength (1.0
T) to develop remanence in the directional arrangement of the
nickel nanoparticles so as to maximize the magnetic moment and
driving force. Then, the anode plate was rinsed with Hepes buffer in
a 10-cm-diameter petri dish for more than 3 min after the electro-
deposition process until the calcium alginate hydrogel microstruc-
tures were fully detached from the anode plate. When the Ca
alginate microstructures had been fully detached, the alginate mi-
crostructures were transferred to a 6-cm-diameter petri dish con-
taining Hepes buffer. Then, CaCl, solution (1.1%, w/v) and
sodium citrate solution (1%, w/v) were slowly injected until the mi-
crostructures were fully transformed. Photographic images were
captured by a Leica M205 microscope under a bright field. Last,
the MMR volume was measured by scanning the entire structure
under a confocal microscope (A1, Nikon, Japan).

Magnetic control system

The coil setup generated a uniform magnetic field with a maximum
strength of 11 mT within a workspace with the size of 4 cm by 4 cm
by 4 cm. The magnetic field was controlled by modulating the cur-
rents in the electromagnetic coils using six independent motor
driver units (SyRen25) and an Arduino microcontroller operating
at 1.2 kHz. The robot's motion was tracked using two cameras
(aCa2040-90uc, Basler). The first camera operated at 120 frames/s
(fps) with a frame size of 2040 by 1020 pixels and was placed or-
thogonal to the Y-Z plane of the workspace to observe the robot
from the side. The second camera operated at 60 fps with a frame
size of 2040 by 1400 pixels and had a top view of the workspace
through a mirror placed at an angle of 45° above the test surface.

In vitro tests

The GFP-enhanced HUVECs were obtained from the School of Life
Science and Technology of Beijing Institute of Technology. The
HUVECs were cultured in Dulbecco’s modified Eagle's medium
with phenol red, 10% fetal bovine serum, and 1% penicillin and
streptomycin (Gibco, Carlsbad, CA, USA). The LIVE/DEAD
assay was conducted by calcein acetoxymethyl ester and propidium
iodide (Dojindo Molecular Technologies Inc., Kumamoto, Japan)
fluorescein staining. The pH of culture medium was tuned to 6.0
to 6.5 for 1 to 2 min to soften the MMRs and separated the magnetic
module sequentially. The MMR locomotion was controlled by an
external magnetic system, as mentioned above. Before the in vitro
test, the glass tube was coated with a layer of poly-lysine and
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collagen (Gibco, Carlsbad, CA, USA). The cell proliferation
process was observed by scanning the entire structure under a con-
focal microscope in a living cell workstation (A1, Nikon, Japan).

Ex vivo tests

The intestines were obtained from Sprague-Dawley rats received
from the Institute for Animal Welfare, Veterinary Service, and Lab-
oratory Animal Science (Einrichtung fiir Tierschutz, Tierdrztlichen
Dienst, und Labortierkunde), Eberhard Karls University, Tuebin-
gen, Germany. The animals were kept under standardized and
sterile conditions (room temperature of 20° + 1°C, relative humidity
of 50 = 10%, 12-hour light/12-hour dark cycle) and received food
and water ad libitum. The rats were euthanized, the abdominal
cavity was opened, and the small and large intestines were
removed from the stomach. The MMR loaded with fluorescent mi-
crobeads (Polysciences Inc., USA; red color, diameter of 1 pm), con-
trast agent (Vevo MicroMarker Non-Targeted Contrast Agent,
Fujifilm Visualsonics Inc., Canada), and MNPs was injected into
the intestine. The intestine was filled with artificial stomach liquid
(Solarbio, Beijing, China), and the ends of the intestine were then
sealed using two plastic clips. The MMR was manipulated using a
magnetic system. After the MMR moved to the middle part of the
intestine, artificial intestinal liquid (Solarbio, Beijing, China) was
injected near the MMR's position using a syringe pump. The ma-
nipulation process was observed using a Vevo 3100 imaging system
(Fujifilm Visualsonics Inc., Canada) combined with a Leica M205
microscope under a bright and fluorescent field with an excitation
of 510 nm and an emission of 600 nm.

Finite element analysis

FEA was conducted using commercial software (COMSOL, version
5.6, COMSOL Inc.). To understand the transformation behavior of
the investigated structures, a nonlinear elastic material was used to
simulate the nonlinear responses of the aniso-deposited microstruc-
tures to changes in the environmental pH. The 3D current density
distribution (C) is calculated by

C=cE (3)

where o represents the electroconductivity and E is the electric
field strength. The swelling ratio (o) is related to the current density
(Co) as measured in Fig. 2G, and the data are fitted in the curve as
shown in Eq. 4 (R* = 0.997). Equation 4 is applicable to a current
density from 5 to 40 A/m?, where the alginate hydrogel can be nor-
mally electrodeposited. Relative to the retractile network, the
network in this state swells with isotropic stretches. We denote
this free-swelling stretch by Ay and the deformation gradient by F, as

Ao = —0.14C, + 6.5 (4)
No 0 O

Fo=|0 X\ © (5)
0 0 X

A 3D model was established and meshed using a superfine
element type, and numerical analysis was carried out. The transfor-
mation of the 3D model included a nonlinear transformation anal-
ysis using the Newton's method. Similarly, FEA was carried out to
design the morphological changes in other microstructures before
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aniso-electrodeposition, and the detailed model design and param-
eters were shown in fig. S5.

Supplementary Materials
This PDF file includes:
Figs. S1 to S5

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S14

View/request a protocol for this paper from Bio-protocol.
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