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Physical intelligence is promising for developing robots with limited
computational capabilities and in extreme conditions. Inspired by the physical
principles of embryonic development, Pan et al. apply the differential adhesion
hypothesis to program robot swarms, enabling them to form complex functional
morphologies through physical interactions.
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SUMMARY

Many control algorithms for formation of robot swarms are often
inspired by animal swarms. However, these algorithms require ro-
bots having sensing and computational capabilities and are not
applicable to robot swarms working in extreme environments,
such as at micro/nanoscale and in space. Here, we directly apply
the differential adhesion hypothesis (DAH) of cell biology to the for-
mation of robot swarms. Like cell collectives, swarms of sensor-less
robots aggregate and sort in a self-organized manner. We quantita-
tively investigate the DAH principle in both swarms of cells and ro-
bots. We find that the sorting time is nonlinearly related to the levels
of adhesion differences. This sheds light on the mechanisms of
timing control in morphogenesis. Based on these findings, we pro-
gram robot swarms to form functional morphologies by tuning their
adhesion. This work advances swarm robotics in forming functional
morphologies in a self-organized manner and enables us to investi-
gate morphogenesis in cell collectives using robot swarms.

INTRODUCTION

Robot swarms are scalable, fault tolerant, flexible, and environmentally adaptable.’”
They thus have a wide range of potential applications, such as infrastructure inspection
and search and rescue in disasters.” Large-scale robot swarms with complex hardware,
however, are very expensive to construct and maintain.” The expected working environ-
ments for robot swarms, such as outer space, deep sea, and the human body, are harsh
for mechanical and electrical elements of robots.”™ To deploy robot swarms in real-
world applications, we need to design, fabricate, and control swarms of robots with min-
imal computation and perception (MCPR). Different MCPR systems have been proposed
to emerge sophisticated global behaviors.” ' Cohesive granular robots rely on mechan-
ical attraction between robots for aggregation and impurity transport.” Embedded loco-
motion active particles with mechanical interactions perform tasks.®’ Loosely coupled
particle robots migrate by swelling and contracting.” Microbristle robots are designed
using motion characteristics of robots for aggregation.”

A key challenge in swarm robotics is to develop a programmable self-organization
approach to control MCPR swarms to form functional shapes.' Most control algo-
rithms for robot swarms are inspired by self-organizing animal swarms, such as flocks
of birds, schools of fish, ants, and bees."*""~"? These algorithms require highly intel-
ligent robots and are derived by imitating the behaviors of animal swarms because of
the capability gaps between animals and robots. However, this further hinders the
application of robot swarms in the real world.
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Figure 1. Applying the intrinsic principle of cell collectives to program robot swarms

The DAH proposes that cells with strong adhesion aggregate in the center, surrounded by cells with weak adhesion. Robot swarms can aggregate and
sort for robots with different adhesion forces. For the same adhesion force, circle-hexagon, hexagon-pentagon, and circle-pentagon robot swarms can
achieve robot aggregation and sorting. The functional morphologies can be achieved by programming the adhesion force and shape of robots. Black
dots represent strong adhesion. Gray dots represent weak adhesion.

Cell collectives form sophisticated functional morphologies at the scale of tissues,
organs, and individual animals through physical interactions controlled by biochem-
ical signaling pathways and gene-regulatory networks.'*'? Inspired by this, scien-
tists in swarm robotics have long been dreaming of developing robot swarm systems
that can evolve as embryos do.?°"?? Since the beginning of this century, biologists
have advanced our understanding of the rules of mechanical forces in collective
cell behaviors, """’
the Turing pattern mechanism in developmental biology, Slavkov et al. created

which offers opportunities for scientists in robotics. Inspired by

emergent morphologies in large robot swarms through self-organized local interac-
tions.?* The local interactions among robots were exchanging information via elec-
trical computing instead of direct physical interactions. Recently, Li et al. designed a
particle robot swarm system that could self-organize to accomplish tasks via physical
interactions among neighboring robots.® Because the interaction rule of this system
was much simpler than that of cell collectives, this system could not self-organize
into complex pre-specified shapes or formations as cell collectives do. In cell
biology, physical interactions, regulated by genes and molecules, play an important
role in morphogenesis.'*~"” For example, a mixture of cells with different adhesion
will sort into cellular aggregates with strong adhesion cells surrounded by weak
adhesion cells (Figure 1). This phenomenon, the so-called differential adhesion hy-
pothesis (DAH), has been investigated for almost a century in developmental
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biology.”*?” Under different conditions during embryo development, cell collec-
tives can achieve different morphologies through the physical interaction-based
DAH principle.?®*" This physical intelligence in cell collectives has inspired algo-
rithms for controlling robot swarms.*?** These algorithms, however, are not suitable
for MCPRs because they apply artificial potential fields to robot swarms and require
intensive on-board computation. Directly applying the DAH intrinsic principle might
minimize the load on the computational intelligence of the robots.*

Here, we apply this physical intelligence in cell collectives to program MCPR swarms
to form pre-defined functional morphologies (Figure 1). We find that robot swarms
share the intrinsic principle of DAH in cell biology. The robots, without sensing and
computing, aggregate and sort by directly changing the adhesion forces between
robots or indirectly by changing the shapes of the robots. Using adhesion force
and shapes of robots as variables, we program the robot swarm to form pre-defined
functional morphologies in a self-organized manner. This physical intelligence en-
ables us to quantitatively program robot swarms, which is critically important for
developing MPCR swarms working in extreme conditions. Meanwhile, we find that
the levels of adhesion differences nonlinearly affect the sorting time in both cell col-
lectives and robot swarms. This mechanism of timing may be applied in robot swarm
systems, also explaining timing control in embryo development. Combining robot
swarms and cell collectives, a new research paradigm emerges to investigate and
translate physical intelligence in developmental biology.

RESULTS

Robot swarms share the principle of DAH in cell biology

We directly applied the DAH principle of cell collectives to the formation of robot
swarms. We first validated the DAH principle in cell collectives both in experiments
and in simulations. Human gastric cancer cells (HGC-27) express less E-cadherin than
human renal epithelial cells (HEK293) (Figure S2) and thus have weaker adhesion
than HEK293 cells.?>? Starting from a mixture including the two types of cells in
the experiments, HEK293 cells aggregated into a core, and HGC-27 cells enclosed
the core within 15 h (Figure 2A). To exclude the effects induced by different cell
types, we manipulated the expression of E-cadherin in HaCaT cells using small inter-
fering RNA and repeated the cell sorting experiment. The cells with strong adhesion
were surrounded by the cells with weak adhesion (Figures S1C and S1D). We further
simulated the aggregation and sorting induced by differential adhesion among cells
using CompuCell3D, a modeling software of virtual tissue.* The simulation results
were similar to experimental results (Figure 2B). Since the main factor of the DAH
principle is cellular adhesion rather than deformability of cells, we hypothesized
that the DAH principle would also work in swarms of rigid robots. To test this hypoth-
esis, we set up an MCPR swarm platform on a flat rectangular table (Figure 2C). An
MCPR includes a changeable outer shell and a robotic base (Figure 2D). The robotic
base of the MCPR includes a battery, a controller, and four vibrating needle legs. The
MCPR has no capability of sensing and communication. During experiments, the tra-
jectory of each MCPR is designed as an alternative sequence between straight lines
and circles to avoid being blocked at the corners of the table. To mimic cellular ad-
hesions, each MCPR was mounted with uniformly distributed magnets in its change-
able outer shell with either strong or weak magnetic adhesion forces. After running
for about 750 s, MCPRs with strong adhesion (orange MCPRs) aggregated in the
center and were surrounded by MCPRs with weak adhesion (green MCPRs) (Fig-
ure 2E). These results demonstrated that the DAH principle is applicable to swarms
of rigid robots.
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Figure 2. Robot swarms share the same principle of cell collectives

(A) A temporal sequence of the cell sorting experiment (from left to right). Red represents cells with strong adhesion, HEK293. Green represents cells
with weak adhesion, HGC-27. Scale bars, 100 um.

(B) A temporal sequence of simulation of cell sorting (from left to right).

(C) Two-dimensional experimental platform. The experimental platform is 80 cm X 65 cm.

(D) The design of robots. Each robot has a digital controller, a lithium battery, four vibrating needle legs, and an outer shell. The diameter and height of
circular robot are approximately 63 mm and 37.5 mm, respectively. The magnets mounted on the outer shell of robots attract robots together.

(E) Atemporal sequence of self-organized sorting of robot swarms (from left to right). Orange represents robots with strong adhesion. Green represents
robots with weak adhesion. Scale bars, 20 cm.

Adhesion difference affects sorting of cell collectives and robot swarms

Although the DAH principle has been investigated intensively, how the level of
adhesion difference affects aggregation and sorting of the agents is not yet clear.
Here, we quantitatively investigated this and found that the sorting time peaks at
the intermediate level of adhesion difference. We selected four cell types with
different expression levels of E-cadherin, as indicated in fluorescence images.
Thus, the cellular adhesion has four different levels: HGC-27 cells < HEK293
cells < MCF-7 (human breast cancer) cells < HaCaT (human epidermal) cells (Fig-
ure S2). Mixing HGC-27 cells, expressing E-cadherin at the lowest level, with the
other three types of cells, we surprisingly found that the longest sorting time ap-
peared at the intermediate level of adhesion difference with HGC-27 and MCF-7
cells (Figures 3A-3C). To exclude that this phenomenon is induced by biochemical
effects rather than by the different levels of adhesion differences, we simulated
the cell sorting processes with various levels of adhesion difference using Compu-
cell3D. Consistent with the experimental results, the simulation results showed
that the sorting time peaks at the intermediate level of adhesion difference
(Figures 3D-3F). Will the robot swarms follow the same pattern? Under various levels
of adhesion difference, swarms of circular robots all sorted (Figures 3G and 3H). Like
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Figure 3. The level of adhesion difference affects aggregation and sorting of robot swarms and cell collectives

(A) The sorting results of two cell types with different adhesion. Scale bars, 100 pm.

(B) The number of clusters of cell sorting experiments.

(C) The sorting time of cell collectives with various levels of adhesion differences.

(D) The sorting results of two types of cells with different adhesion in simulation. NoAdh, LowAdh, MidAdh, and HighAdh represent the adhesion force

from low to high respectively.

(E) The number of clusters of cell sorting in simulation.

(F) The sorting time of cell collectives with various levels of adhesion differences in simulation.

(G) The sorting results of circular robots with different adhesion forces. Orange represents robots with strong adhesion. Green represents robots with
weak adhesion. The magnetic strength of the orange robots (strong adhesion) increases while keeping that of green robots (weak adhesion) the same.
Adhesion difference represents magnetic adhesion force with different sizes on the orange robot and the green robot. Scale bars, 20 cm.

(H) The number of clusters of circular robots with different adhesion forces.

(1) The sorting time of circular robots with different adhesion forces.

Error bars represent SEM. Statistics: t test; *p < 0.05, **p < 0.01, ***p < 0.001, p < 0.0001. n > 4 independent experiments. See also Videos ST and S2.

cell collectives, the longest period of robot sorting appeared at the intermediate
level of adhesion difference (Figure 3l). In our experiments, along with the increase
of adhesion forces among strong adhesion robots/cells, the adhesion forces among
the strong adhesion robots/cells and the weak adhesion robots/cells also increased.
However, we can decouple these two factors in simulations using CompuCell3D. We
scanned these two adhesion forces and tested their effects on aggregation and sort-
ing of cells in simulation experiments. The sorting time had two peaks by increasing
adhesion forces among strong adhesion robots/cells (Figure S3B). The sorting time
had one peak or two peaks by increasing the adhesion forces among the strong
adhesion robots/cells and the weak adhesion robots/cells (Figure S3C). The

Cell Reports Physical Science 5, 102122, August 21, 2024 5




Cell Re;_)orts .
¢? CelPress Physical Science
OPEN ACCESS Article

B C
04 5
) k& ok kE
% 20- il 20004 1 r—
= & —_— °
[} € 3000
'S 20 g
= £ 2000
2 10- r-.l l.-] F :
g 1000 .
4 I I [ '
e 1 L] L) 3, b L] L L
2416 6666 9552 10°N 2416 6666 9552 10°N
Circle-Hexagon Circle-Hexagon
g - ok
® 30 T 4000 P
S
-— . kR
[ — O D004 ° —
) L o b3 -
" Vg 1 ‘r ot 020 g o
2P e D 5 2000
oL AoV [
- BV Q10 .
» g 1000 &
z I' i
et L] L) 1 3 T 1 T 3
2416 666.6 9552 10°N 2416 666.6 955.2 10°N
Hexagon-Pentagon Hexagon-Pentagon
® 500
2
g 30 HREK 4000
[3) @ 3000 e
'S 204 ° [ °
= £ 2000+
3 10 ° =
[S i,H] 1000 e
S
zZ i
1 1 1 L} 1 ] 3
3 2416 6666 9552 10°N 2416 6666 9552 10°N
666.6 . 03N Circle-Pentagon Circle-Pentagon

Magnetic adhesion force

Figure 4. The shapes of robots affect aggregation and sorting of robot swarms

(A) The sorting results of robots with different shapes. Scale bars, 20 cm.

(B) The number of clusters of robots with different shapes.

(C) The sorting time of robots with different shapes.

Circular robots are orange. Hexagonal robots are green. Pentagonal robots are blue. C-H represents circle-hexagon. H-P represents hexagon-
pentagon. C-P represents circle-pentagon. Magnetic adhesion force represents magnetic adhesion force with the same size on the robots. Error bars
represent SEM. Statistics: t test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n > 4 independent experiments. See also Video S3.

simulation results demonstrated that this simple phenomenon may have intricate
mechanisms. The detailed information is provided in Figure S3. Although critically
important for developmental biology,’**” timing has been paid far less attention
in studies of the DAH principle due to the limits of experimental models. Our finding
offers a potential mechanism for time controlling for morphogenesis during embryo
development.

The shape of robots affects sorting of robots

In epithelium, the epithelial cells all appear to have different shapes and show
epithelial polygons ranging from triangles to decagons, with a predominantly hex-
agonal cell pattern.’® Deformable cells can form an integrated layer regardless of
their shape, but rigid robots cannot. Hexagons tend to form a seamless layer, while
pentagons and circles form a layer with gaps. In addition, the circular shells contact
each other in a line, and the hexagonal and pentagonal shells contact each other at
the interface area between robots. This geometrical difference affects adhesion
forces between robots. Will the shape-induced adhesion difference aggregate
and sort the robots? We designed hexagonal and pentagonal shells with the same
magnetic strength. Consistent with the DAH principle, the hexagonal robots aggre-
gated in the center in both the circle-hexagon robot swarm and hexagon-pentagon
robot swarm (first column in Figure 4A). In the circle-pentagon robot swarm, the
swarm cannot aggregate to form a pattern at the smallest adhesion force among

6 Cell Reports Physical Science 5, 102122, August 21, 2024
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robots (third row in Figure 4). Increasing the adhesion force among robots, the robot
swarms aggregated and sorted (third row in Figure 4A). When the adhesion force
among robots is smaller than the driving force of the robots, the robots will disperse.
A brief force model is provided in Figure S4. To explain the sorting induced by
geometrical factors, we defined minimum swarms of three robots with the same
shapes (Figure S5). The order of adhesion force of the minimum swarms is (1) hexag-
onal robots > pentagonal robots and (2) hexagonal robots > circular robots. The
adhesion relationship between pentagonal robots and circular robots cannot be
determined because the adhesion distribution of minimum swarms of pentagonal
robots is not a stable triangle. A detailed description is provided in Figure S5. As
we can see, the geometric shapes ultimately affect the adhesion force among ro-
bots, which affects the robot sorting. Last, we quantitatively characterized the effect
of adhesion force on the sorting results. We found that the number of clusters in
swarms increases and the time of sorting decreases with increasing magnetic
strength of robots (Figures 4B and 4C). Increasing magnetic strength of robots in-
creases all adhesion forces among robots, which facilitates aggregation of robots.
A brief force model is provided in Figure S4.

The DAH programs robot swarms

The previous sections have demonstrated that both adhesion differences and
shapes of robots affect the aggregation and sorting of robot swarms under the
DAH principle. Based on DAH, we developed a programming method that uses
adhesion differences among robots and shapes of robots as variables. By directly
adjusting the adhesion differences among robots, circular robots self-organized
into desired morphologies T and | (Figures 5A-5D). Via programming both adhesion
differences among robots and shapes of robots, heterogeneous robots self-orga-
nized into desired functional morphologies as T and | (Figures 5SE-5H). This method
does not require computational intelligence because it only relies on emergent
physical intelligence based on interactions among robots.** We used the shapes
of asimple version of Tangram®? as outer shells of robots and designed the adhesion
distribution on these shells with no magnet, a weak magnet, and a strong magnet on
each slot. The programming rule of adhesion distribution is described here. When
two edges of outer shells match according to a pre-defined pattern, the adhesion
force is larger than the driving force. Otherwise, the adhesion force between the
edges is smaller than the driving force. Following this rule, we properly arranged
the digital value for every slot on four robots with different shapes so that the robot

"

swarm formed functional morphologies: a “T" shape and an “I"” shape (Figures 5E—
5H). The detailed rule is described in the supplemental information. This is the first
realization of forming functional morphologies in self-organized systems via pro-
gramming physical interactions among MCPRs. Using these functional morphol-
ogies, the robot swarm accomplished the task of completing the pattern “SIA,”
the logo of the Shenyang Institute of Automation (Figures 51 and 5J). The
T-shaped robot swarm transported a cylinder to a defined position. The robots

"

were then self-organized into an “I” shape and positioned under the dot to form

"y

an 1.

DISCUSSION

In this study, we demonstrated that robot swarms share the same DAH principle with
cell collectives through both simulation and experiments. We applied the intrinsic
principle of DAH to program robot swarms toward forming pre-defined functional
morphologies. We then quantitatively investigated the DAH principle in cell and
robot swarms, respectively. We found that the level of adhesion differences affected
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Figure 5. Adhesion and shape of robots program robot swarms

(A) The magnet positions of circular robots forming a “T" shape.

(B) The circular robots formed a “T" shape. Scale bar, 10 cm.

(C) The magnet positions of circular robots forming an "I shape.

(D) The circular robots formed an 1" shape. Scale bar, 10 cm.

(E) The magnet positions of “T" robots.

(F) Self-assembly process of “T" robots (from left to right). Scale bars, 10 cm.
(G) The magnet positions of “I" robots.

(H) Self-assembly process of
(1) A sequence of images presenting the process (beginning from the left) of the “T" robots transporting a column. Scale bars, 20 cm.

(J) Atemporal sequence of the “I” robots completing the logo of the Shenyang Institute of Automation (from left to right). The experimental platform is
120 cm X 65 cm. Black dots represent strong adhesion. Gray dots represent weak adhesion. See also Video S4. Scale bars, 20 cm.

"y

"y

robots (from left to right). Scale bars, 10 cm.

e

the timing of sorting in swarms of robots and cells. Instead of using sensing and
computing, we directly programmed heterogeneous robots through adhesion dif-
ferences among robots and shapes of robots. The results presented in this paper
will advance swarm robotics from simply imitating behaviors of natural swarms to
quantitatively applying intrinsic principles to program robot swarms.

Scientists in swarm robotics have benefitted significantly from scientists investigating

natural swarms. But scientists studying natural swarms seldom benefit from the advances
of swarm robotics.” Robot swarms have unique advantages for investigating the

8 Cell Reports Physical Science 5, 102122, August 21, 2024
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behaviors of cell collectives. Compared to in vitro cell experiments, robot swarms are
easier to manipulate and observe. Meanwhile, robot swarms can decouple the biophys-
ical subsystem from the biochemical subsystem in cell biology, as biochemistry decou-
ples the biochemical subsystem from the biophysical subsystem in cell biology. Although
the DAH principle has been intensively studied in the past century, some of its physical
features have not been quantitatively investigated because intercellular adhesion is diffi-
cult to manipulate due to its complicated molecular mechanisms.?” In robot swarms,
however, we can easily manipulate the adhesion among robots. Using both robot
swarms and cell collectives, we found that the sorting time of both types of swarms is
related to the levels of adhesion differences (Figure 3). It has been reported that cells
in embryos bud out to form tree structures with uneven reduction of E-cadherin expres-
sion from the center to the boundary of the tissue.? Based on our findings, we hypoth-
esize that differences in the gradients of E-cadherin expression may be a means to time
the budding process. The relationship between physical interactions and gene-regulato-
ry networks has been a key question in developmental biology."” Slavkov et al. have
demonstrated that robot swarms share gene-regulatory networks with cell collectives,?®
and we demonstrated that the two also share physical principles during morphogenesis.
Integrating these two directions, we may develop a robot swarm system for cell biolo-
gists to investigate the interplay of gene-regulatory networks and physical interactions.

Since the local interactions among robots relate to the global morphology in an im-
plicit manner,®"" it is difficult to define a programming rule for local interactions to-
ward global patterns, especially for physical interactions.”” This is a key challenge of
morphological engineering in self-organized systems.'*” While there have been
some advances in algorithms for physical interaction, especially in the field of
modular robotics,***" these algorithms still require heavy communication between
robots. Here, we defined a simple rule of physical interaction among robots. This
rule bridges the global functional morphologies and features of individual robots.
It thus is a good example of emergent physical intelligence in robot swarms.*
The functional morphologies determine whether the local interaction is stable,
and the local interaction is controlled by the robot adhesion forces; that is, the mag-
net distribution or shape of a single robot. Given the functional morphologies, the
positions of magnets on the outer shell are determined by trial and error. In self-
organized systems, itis still not clear how to find low-level rules that can result in spe-
cific global outcomes."'*? Werfel et al. proposed an example where a termite-
inspired robot system automatically generates low-level rules to build user-specified
structures.' Because only three robots existed in their swarm system, their work
might not function for large robot swarms. We believe that the machine learning
and data-driven research paradigm might offer solutions to the problem of large
robot swarms.*? Slavkov et al. pointed out that forming functional shapes requires
a more detailed theoretical understanding of governing principles.?* By quantita-
tively investigating the DAH principle in cell and robot swarms, respectively, we
were able to program heterogeneous robots with functional morphologies.
Applying cellular mechanisms of both physical interactions and gene-regulatory net-
works to robot swarms, we may realize hierarchical control for them to accomplish
sophisticated tasks in complex environments.”** This will push the robot swarms
further toward embodied systems.*>**¢

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information, resources, and reagents should be directed to and
will be fulfilled by the lead contact, Lianging Liu (Igliu@sia.cn).
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Materials availability
This study did not generate new unique materials.

Data and code availability
The data underlying this study are available in the article and supplemental informa-
tion or from the lead contact upon request.

Cell lines and culture

The HEK293 immortalized cell line was purchased from the National Collection of
Authenticated Cell Cultures (Shanghai, China). The HGC-27 gastric cancer cell line
was purchased from the Institute of Biochemistry and Cell Biology, Chinese Acad-
emy of Sciences (Shanghai, China). DMEM (DearyTech, DT-12800) medium was sup-
plemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin to
make DMEM complete medium. HEK293, MCF-7, HaCaT, and HGC-27 cells were
cultured in DMEM complete medium in an incubator at 37°C and 5% CO,. For
passaging, after rinsing with PBS (DearyTech, DT-20012), all cells were treated
with 0.25% trypsin-EDTA to detach from the dish.

Fabrication of circular microstructures

Microstructures were 3D printed using a commercially available two-photon poly-
merization system (Photonic Professional GT2, Nanoscribe, Germany) with a 25x
objective (numerical aperture = 0.8) and IP-S resin on an indium tin oxide-coated
glass substrate. Following fabrication, the microstructures were developed with pro-
pylene glycol methyl ether acetate solution for 20 min and isopropanol for 30 s to
remove the remaining resin. After development, the microstructures were cured un-
der UV light to solidify unprinted IP-S resin.

Cell sorting and live imaging

The cells were stained separately with 1,1’-dioctadecyl-3,3,3’,3"-tetramethylindocar-
bocyanine perchlorate (C1991S, Beyotime) or 3,3'-dioctadecyloxacarbocyanine
perchlorate (C1993S, Beyotime) for 20 min at 37°C. Cells were washed extensively
with medium after staining. The dye-stained cells were mixed at ratios of 1:1
(HEK293:HGC-27 = 1:1, MCF-7:HGC-27 = 1:1, and HaCaT:HGC-27 = 1:1). The
mixture of cells was added to a dish with microstructures at 1.8 million cells/mL. After
5 h of static culture, the medium was changed to remove excessive cells. Fluores-
cence images of the sorting process were recorded using a spinning disk confocal
microscope (Crest Optics X-Light V3, Nikon) every 15 min for 30 h in an onstage
cell culture chamber (37°C and 5% CO,).

Image acquisition and analysis

All images acquired on the Nikon spinning disk confocal microscope were denoised
using the Nikon NIS-Elements software. ImageJ software (https://imagej.nih.gov/ij/)
was used to analyze the E-cadherin fluorescence intensity of cells. The number of in-
dependent experiments and the statistical test employed are indicated in the
respective figure legends. A p value less than 0.05 was statistically significant.

Robot design

Each robot contains a lithium battery (M5Stack), development board (StickC PLUS:
M5Stack), programmable robot base (BugC: M5Stack), outer shell, and magnets.
M5StickC PLUS is a portable open-source Internet of Things development board.
It is equiped with an ESP32-PICO-D4 microcontroller with Wi-Fi. M5StickC PLUS
can be programmed using C language on the Arduino integrated development envi-
ronment. BugC is a programmable robot base with four direct current motors and
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their drivers, two red-green-blue light-emitting diode lights, a battery holder, and a
switch. BugC is equiped with an STM32F030F4 microcontroller, which can control all
motors using the 12C protocol (0 x 38) through the M5StickC controller. The outer
shells are 3D printed in polylactic acid plastic. The pentagonal outer shells and hex-
agonal outer shells are external polygons of circular outer shells. The neodymium
iron boron magnets with nickel plating are mounted on the outer shells to generate
adhesion forces of robots. Several magnets with different sizes were used to adjust
the adhesion forces.

Robot motion

The speed of each robot was set at a constant. The trajectory of each robot is de-
signed as an alternative between straight lines and circles to avoid being blocked
at the corners of the table. Due to the variation of motors, the trajectories of robots
have a large deviation.

Sizes of magnets and their positions on the outer shells

All magnets are circles, with specific sizes of 3mm x 1 mm, 4 mm X 1 mm, 4 mm x
1.5mm, 5mm X 1.5 mm, and 6 mm X 1.5 mm (diameter X thickness). The sizes of
magnets used in Figure 3 were 3 mm X 1 mm:4 mm X 1.5 mm, 3 mm X
T mm:5 mm X 1.5 mm, and 3 mm X 1T mm:6 mm X 1.5 mm. Twelve magnets are
evenly arranged on the circular outer shell. The green robots had weak adhesion
force, and the size of the magnets was 3 mm X 1 mm. The orange robots had strong
adhesion force, and the sizes of the magnets were 4 mm X 1.5mm, 5 mm X 1.5 mm,
and 6 mm X 1.5 mm.

The sizes of magnets used in Figure 4 were 4 mm X 1 mm, 5 mm X 1.5 mm, and
6mm x 1.5 mm. Twelve magnets are evenly arranged on the outer shell. The circular
robots were orange, the hexagonal robots were green, and the pentagonal robots
were blue.

The sizes of magnets used in Figure 5 were 5mm X 1 mm and 6 mm x 1.5 mm. The
positions of the magnets are shown in Figure 5. The gray one was 5 mm x 1 mm, and
the black one was 6 mm x 1.5 mm.

Functional morphologies accomplish tasks
The functional morphology “T" or “I"” was formed with four robots. Each robot was
connected to the MQTTX cloud platform built on the computer through Wi-Fi. The
motion of the functional morphology as a whole required all robots to work together.
Thus, we designed four control commands, W, S, A, and D, to control the motion of
the functional morphology. W was for the forward command, S was for the backward
command, A was for the counterclockwise rotation command, and D was for the

clockwise rotation command.
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