RESEARCH ARTICLE

W) Check for updates

ADVANCED
INTELLIGENT
SYSTEMS

0 A

www.advintellsyst.com

Electronic-Free Particle Robots Communicate through

Architected Tentacles

Xinyi Yang, Bohan Wang, Victor Riera Naranjo, Minghao Guo, Olivia Rivera,
Leonid Sopizhenko, Shucong Li, William Freeman,* Wojciech Matusik,*

and Bolei Deng*

Communication among particle robots is crucial for developing swarm intelligence.
Current particle robots rely entirely on electronic communication systems, requiring
a sensor to receive signals, a transducer to send signals, a processor to process
them, and a battery to power the system. In this work, an alternative, electronics-free
communication strategy for particle robots is introduced via physical contact
between their architected tentacles. Instead of relying on a central controller, the
communication protocols are embodied in the geometrical outlines of these ten-
tacles and can be further tuned with external vibrations. Separated particles can
interlock under external pressure to form stable clusters resembling “solids,” or
vaporize into “gas” by spontaneously repelling one another. Surrogate simulation
tools have been developed to guide the design of these robots, enabling the inverse
design of particle geometries for programmable interlocking and repulsion. Based on
these basic communication schemes, particle robots can achieve a range of
functionalities through collective behavior, including fast, sequential, and hierar-
chical deployment, locomotion, and coordinated group navigation. Finally, this
contact-based communication concept is extended to particles with different shapes,

researchers have developed particle robot-
ics, also known as group robots.['***! This
development empowers robots with adapt-
ability, enabling them to collectively adjust
their behavior in response to changes in their
environment or goals.” Particle robots also
possess enhanced overall robustness, as
they can withstand individual failures, with
the overall behavior distributed across many
agents.”??  Additionally, the system of
particle robots is scalable, with the collective
behavior remaining effective regardless of
the group size.”*** The critical aspect of
building these systems lies in establishing
effective communication and interactions
among individual units,””! which are essential
for swarm intelligence to emerge. Current
man-made group robots primarily rely on
electronic components—such as signal gen-

hybrid particle interactions, 3D particles, and microscale particle robots.

1. Introduction

Swarm intelligence,?! a captivating natural phenomenon, involves

decentralized systems interacting with their environment and
each other to achieve collective behavior.* Two individual
agents, such as animals, can exhibit a range of simple behav-
iors, including repelling, attracting, following, aligning, and
collaborating, which contribute to more complex global swarm
behaviors,®! such as flocking,”~ self-organization,’*™** and
decentralized control.M**! To replicate these behaviors,

erators, receivers, processors, and power
supplies®™ o dictate how a particle
should interact with its neighbors.
Consequently, a significant portion of the
space, cost, and energy in these systems is dedicated to enabling
electronic communication and interaction. The physical contacts
between particle robots, such as normal force and friction, offer
a natural means of communication.****! However, these pas-
sive interactions do not inherently encode information, making
them insufficient for providing meaningful interactions neces-
sary for swarm intelligence.

In recent years, the realm of mechanical metamaterials
or architected materials®** has realized unprecedented
material properties, such as negative Poisson ratios,**>¢ multi-
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stability,”*® and phononic bandgaps.?*~*!! These exotic proper-
ties are induced and governed by their geometries rather than
chemical compositions.*>**! In other words, one can engineer
the geometry of their meso-structures to achieve certain desired
mechanical properties. Drawing a parallel, if we consider each
particle robot as a fundamental building block akin to a unit
in a metamaterial,*® an enticing question arises: Can we strate-
gically design the geometrical outlines of these particle robots to
facilitate programmable interactions, which ultimately culminate
in swarm intelligence?

In this article, we propose a contact-based communication
scheme between particle robots that operates without elec-
tronic components. Their communications protocols are
embodied in their architected tentacles, whose multi-stable
interactions allow for stable locking and unlocking between
neighboring particles. Additionally, these interactions can
be modulated by small-amplitude vibrations, which can
release stored elastic energy within the tentacles and cause
the interlocked particles to spontaneously repel each other
at high speeds. The stability of interlocking, the timing of
repulsion, and the relative repelling velocity can be precisely
programmed by adjusting the geometrical design of the ten-
tacles and the characteristics of the vibrations. These straight-
forward and controllable interactions foster a degree of swarm
intelligence within the robot group, giving rise to capabilities
like rapid, sequential, and hierarchical deployment, as well as
the formation of spontaneous protective shells and group
navigation.

2. Results

2.1. Contact-Based Interaction

In nature, various animals employ tentacles to exchange infor-
mation with other individuals and their surrounding environ-
ment. For example, mosquitoes detect the wing beats of
potential mates with their tentacles, which is crucial for repro-
duction.!*”*¥! Similarly, viruses, even though they cannot move
by themselves, rely on tentacle-like structures to precisely attach
and interact with host cells, enabling effective communication
at a molecular level.*?=! Inspired by this, we propose particle
robots that communicate with each other through the physical
contact between the tips of their tentacles (see Figure 1A). To
ensure isotropic interactions in arbitrary directions, we
designed 2D particle robots with a circular shape and evenly
distributed tentacles (see Supplementary materials, Session S1).
These particles are fabricated by laser cutting 1/8-inch-thick
acrylic plates (see Supplementary materials, Session S2).
During testing, the particles are positioned on a 1/2-inch-thick
acrylic plate serving as the testing substrate. When two robots
come within a specific center-to-center distance, their tentacles
deform to grip each other. The normal force and friction between
the tentacles enable a stable locking mechanism between two
particles (see Figure 1B). In our system, the normal forces that
govern frictional locking are generated by elastic deformation of
the tentacles, rather than by the gravitational weight of the parti-
cle robots. Moreover, recent research suggests that small ampli-
tude and high-frequency vibrations can be used to modify the
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Figure 1. A) Electronic-free particle robots exhibit collective behaviors
(Left); individuals communicate through physical contact of tentacles
(Middle); communication protocols are embodied in the geometric design
of tentacle tips (Right). B) Three states of particle robots: Separated, inter-
locked, and repelling. (Left) When two particle robots are brought in close
proximity below a certain center-to-center distance, they can stably inter-
lock through mechanical contacts using their tentacles; (Middle) When the
vibration is triggered, two particle robots repel each other at a certain
speed; (Right) Two particle robots finally reach a separate state.
C) Energy landscape for each state shown above. D) When several particle
robots collectively interact, they can transition from a liquid phase (Left),
where the particles remain separated, to a solid phase (Middle), forming a
locked block, and finally, to a gaseous phase (Right), where all particles
have kinetic energy.

contact properties between two interfaces.?**! To explore the

effect of vibrations on locked particles, we introduce a vibration
to the substrate with an amplitude A, = 0.1 mm and frequency
f, = 100 Hz by attaching a Modal Shaker K2025E01 to the bottom
of the substrate (see Supplementary materials, session S3). When
subjected to such small-amplitude vibrations, the interlocked par-
ticles spontaneously repel each other at a relative velocity of
550mm s~* (see Figure 1B and Movie S1). This mesmerizing
lock-and-repel behavior stems from a unique interaction energy
landscape between the particles. With carefully designed tentacle
geometry, the particles can exhibit two stable states: separated and
locked. Normally, transitioning from the locked to the separated
state requires additional energy to overcome the energy barrier.
However, the applied vibration alters the equivalent interaction
energy landscape from bistable to monostable (see Figure 1C).
Consequently, without an energy barrier, the particles spontane-
ously disengage without external force, and the elastic energy
stored in their tentacles is converted into kinetic energy.
Furthermore, this interaction behavior extends beyond just two
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particles; it can be scaled up to involve multiple particle
robots. When they collectively interact, they can transition from
a liquid phase, where the particles remain separated, to a solid
phase, forming a locked block, and finally, to a gaseous phase,
where all particles possess kinetic energy (see Figure 1D and
Movie S2).

2.2. Role of Vibration

In order to figure out how small-amplitude vibration controls
the repelling process, we take a closer look at the repelling pro-
cess in Figure 2. At t = 0's, the shaker is turned on delivering a
vibration with amplitude A, =0.1mm and frequency
f, =100 Hz perpendicular to the substrate, where A, and f,
are measured by an accelerometer attached to the substrate
(see Supplementary materials, Session S3). In the beginning,
two particles stay locked while the vibration is on. At t = 1.86s,
two particles instantly repel each other and travel in opposite direc-
tions (see Figure 2A). To get a more quantitative understanding, in
Figure 2B, we monitor the center-to-center distance d between two
particles as a function of time ¢ by tracking the green dots on each
particle. The distance d first remains constant from 0 to 1.86 s cor-
responding to the locked state, quickly increases from 1.86 to
2.04 s where particles repel each other at a relative velocity of
v, =974mm s ', and finally after 2.04s particles slow down
and come to a rest separation. It is crucial to understand why
the particles do not instantly repel each other when the substrate
begins to vibrate; instead, there is a loading time of t; = 1.86s
before repulsion starts. To investigate this, we examine the loading
period by simulating the z-directional trajectory of a particle resting
on the vibrating substrate. Since the substrate is connected to a
shaker, its movement is confined to the z direction and follows
the sinusoidal function z(t) = A, sin(2zf,t). At A, =0.1 mm
and frequency f, = 100 Hz, the substrate achieves a maximal
acceleration of ~39.5m s72, noticeably exceeding gravitational
acceleration (g = 9.8m s72). As a result, during each vibration
cycle, the particle experiences lift-off from the platform, followed
by a fall and collision with the platform. The intensity of these weak
collisions is equivalent to dropping the particle from a height of
0.1-0.2mm. Hundreds of such micro-collisions occur before
the two particles begin to repel each other at t = ;. Each micro-
collision subtly alters the contact points between the tentacles,
and the cumulative effect of these shifts eventually disengages
the interlocking (see Supplementary Materials, Section S4A for
a detailed analysis of micro-collisions and the energy transfer effi-
ciency of this process).

We then repeat the experiment with increasing vibration
amplitude from A, = 0.05 to 0.25 mm, resulting in decreasing
loading time t; (see Figure 2D). Under a constant frequency f,
a higher amplitude A, results in a greater maximal velocity vy,
during each vibration cycle, expressed by vy, = 2zf,A,.
Consequently, particles are lifted higher from the substrate,
leading to stronger collisions upon return. These more intense
collisions reduce the number of impacts required for the par-
ticles to start repelling each other, therefore shortening the
loading time t. We developed a theoretical model to capture
the energy transfer mechanism between the vibrating platform
and the particles, enabling a good prediction of the loading
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Figure 2. A) The states and corresponding response time for two particle
robots under external vibration with amplitude A, = 0.1 mm and fre-
quency f, =100Hz. B) Vibration time and the displacement curve
between two particle robots. Three distinct periods are shown during
the vibration: the loading period, the repelling period, and the separated
period. C) Relationship between the vibration time and the displacement
of the tested particle robot (gray line) and the testing platform (black line).
The red crosses represent the micro-collision point between the particle
and the platform. D) Comparison of loading time (t) as a function of vibra-
tion amplitude (A,), with experimental data (blue dots) aligning with the-
oretical predictions (dashed red line). E) The particles repel each other at
an almost constant repelling velocity for different amplitudes.

time t; (see red dashed line in Figure 2D; for details, refer
to Supplementary Materials, Session S4). While the intensity
of the micro-collision is directly proportional to the maximal
vibration velocity v, of the substrate, the frequency of such
collisions is related to the vibration frequency f,. It is impor-
tant to point out that there is a threshold collision intensity
below which the particles will not repel each other, regardless
of how many micro-collisions transpire. Above this threshold,
the particles repel each other after a certain loading time ¢t at an
almost constant repelling velocity v, irrespective of the collision
intensity or frequency (see Figure 2E). This is because the
kinetic energy of the particles originates from the potential
energy stored in their tentacles accumulated during the locking
process, which is unrelated to the releasing mechanism. As will
be discussed in the next section, both the released energy and
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the vibration threshold, or in simpler terms, the ease
with which vibrations can separate the particles, are completely
programmable through the geometrical design of their
tentacles.

2.3. Geometry Governed Interaction

As mentioned in the previous section, the interaction between
two particles can be controlled by the geometry of their tentacles
(see Supplementary materials, Session S1). To delve deeper into
the mechanics of these interactions, we performed a static com-
pression test on two particles (see Supplementary materials,
Session S3A). As depicted in Figure 3A, the particles are pushed
together to engage and pulled apart to disengage. Specifically,
one tentacle is inserted and removed between two others,
and the resulting force f is measured as a function of the
center-to-center distance d. This test was conducted both experi-
mentally (see Supplementary materials, Session S3) and

A N B 25

EN

A

Force f [N]

numerically (see Supplementary materials, Session S4); in our
numerical model, the friction coefficient between tentacles is
set to 4 = 0.3, a typical value for acrylics. In Figure 3B, we pres-
ent a side-by-side comparison of both numerical results (solid
line) and experimental findings (triangular markers), which
closely align and thereby confirm the accuracy of our numerical
model. The initial negative segment of the fd curve during
the separation process, highlighted by the yellow region in
Figure 3B, represents the locking energy required to separate
two interlocked particles. When the substrate starts to vibrate,
we hypothesize that the high-frequency micro-collisions effec-
tively reduce the friction coefficients p between the tentacles.
To simulate the role of vibration, we conducted separation tests
at varying p values and recorded the force responses f. As shown
in Figure 3B, lower u values lead to decreased locking energy,
and at a critical friction coefficient of y, = 0.084, the locking
energy drops to zero. This indicates that when u < ., nothing
prevents the particles from separating, allowing them to

Locking energy Repelling energy

33 34 35 36 37
Center-to-center distance d [mm]

D All five designs process E, = 1.53 mJ

seeee

Released energy E,

Harder to release

Easier to release 4
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Critical firction coefficient .
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Figure 3. A) In the static compression tests simulation, one tentacle is inserted into then separated from another two tentacles between two tentacles to

get the corresponding force and displacement (See Sl, Session S3 and Session S4). B) The response force fis measured as a function of center-to-center

distance d. It shows the locking energy required to separate two interlocked particles. C) 1500 meaningful tentacle geometries are generated to test
releasing energy E, and critical friction coefficient y,. D) Numerical simulation of 1500 designs in the phase diagram of E, and p,.
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spontaneously detach from each other. During this detachment
process, the force exerts in the direction of separation transform-
ing the energy stored in the tentacles into kinetic energy. This
quantity can be calculated by integrating the corresponding section
of the f —d curve at u = p, highlighted in the pink region of
Figure 3B. From this static test, we can derive the two critical
parameters that describe the particle interactions: the critical fric-
tion coefficient y, and repelling energy E,. While y, indicates the
ease of particle separation using vibration, E, quantifies the kinetic
energy released.

Next, we explore how the critical friction coefficient () and
release energy (E,) can be precisely controlled through the geom-
etry of the tentacles. We begin by systematically generating 1500
distinct tentacle geometries (see Figure 3C and Supplementary
materials, Session S1). For each design, we perform numerical
tests illustrated in Figure 3B and extract the corresponding
u. and E,. As shown in Figure 3D, the results expand the
uc-E, performance space, indicating that we can inversely design
the tentacle geometries tailored to any desired y, and E,. To illus-
trate how tentacle shape affects interaction characteristics, we
select five tentacle geometries with identical release energy
(E, = 1.53m]J, as depicted in Figure 1 and 2), but with progres-
sively increasing y., meaning they are easier to separate by vibra-
tions (see blue tentacles at the top of Figure 3D). Geometrically,
the tentacles to the left feature a wider head for a more stable
lock, while those on the right have sharper heads for a less
stable lock. Additionally, we present five tentacle designs with
increasing E, while maintaining a constant . = 0.084, demon-
strating that wider tentacles, which bend more during locking,
store more energy (see magenta tentacles on the right in
Figure 3D). Although we only investigate the effect of the head
shape of tentacles, other parameters, such as the thickness and
length of the beam, and number of tentacles, also have a signifi-
cant impact on E, and yu.. These parameters can be further tai-
lored for specific tasks.

2.4. Particle Robots

The programmable interactions between particle robots, such as
locking and repelling, enable unique communication patterns
that can be scaled up to larger systems for various group
functionalities.

2.4.1. Fast Deployment

A natural extension of the repelling of two particles is the
“vaporization” of a group of interlocked particles. Thanks to
their radially symmetric shapes, particles can be assembled
amorphously into a group of any size. Under external
vibration, the potential energy stored in the tentacles is trans-
formed into kinetic energy of the particles, allowing the
initially clustered particles to deploy rapidly into the environ-
ment (see Figure 4A). Since neighboring particles tend to
move away from each other, the final deployed particles are
often distributed sparsely and evenly (see Movie S3 and
Movie S4).
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2.4.2. Sequential Deployment

Employing particles with different u, values allows for controlled
sequential deployment by tuning the amplitude of vibration.
Specifically, we select two types of particles: one more resistant
to vibration (¢, = 0.084) and the other less resistant (¢, = 0.14).
They are assembled into two distinct clusters (see Figure 4B). At
a vibration amplitude of A, = 0.05 mm, the less resistant group
dissembles; the more resistant group remains interlocked until
the amplitude increases to 0.1 mm. This sequential deployment
is fully controlled by external vibration and is effective for any
cluster configuration (see Movies S5 and S6).

2.4.3. Hierarchical Deployment

Particles with different p, values can be assembled into a sin-
gle cluster to achieve hierarchical deployment. As shown in
Figure 4C, the outer sections of the cluster, which are con-
nected to the core through weaker particles, detach from
the core at a lower vibration amplitude (A, = 0.05mm).
These detached sections, as well as the core, then further
disintegrate under a higher amplitude (A, =0.1mm, see
Movie S7). Such hierarchical deployment allows for more pre-
cise delivery of particle robots into complex spaces, where sub-
groups can initially navigate through narrow tunnels and
subsequently deploy further. In fact, it would also be possible
to encode more complex collective behaviors by constructing a
group that contains many distinct particle designs. Each par-
ticle design would have its own unique “fingerprint,” resulting
in different interactions between various types of particles.

2.4.4. Active Protective Shells

Additionally, particles can form active protective shells which can
“vaporize” on demand. The kinetic energy released by the shell
can clear surrounding obstacles, creating a safer environment for
the target object (see Figure 4D, Movie S8). Protective shells can
also form spontaneously around a target object when subjected to
external pressure. In such cases, tentacle entanglement in high-
density assemblies can lead to more complex locking scenarios;
this issue is addressed by increasing the number of tentacles from
8 to 15, as detailed in Supplementary Figure S7, Supporting
Information.

2.4.5. Directional Locomotion

Recent work have demonstrated that vibration can enable loco-
motion through carefully designed surfaces, allowing for com-
plex motion patterns such as rotation®® and translation.”!
This paves the way for integrating crawling functionalities into
our particle systems. To demonstrate this, we 3D print new types
of particles with sawtooth-like bases. Due to the asymmetric
shape of the sawtooth, small-amplitude vibrations cause the par-
ticles to slowly crawl in a predetermined direction (see Figure 4E
and Movie S9, where the intended movement direction is indi-
cated by an arrow on top of each particle). Initially, two connected
particles crawl in the direction of their arrows when subjected to
low-level vibrations. As the vibration amplitude is increased
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Figure 4. Group Functionalities of Particle Robot Systems. A) Fast Deployment: Clustered particle robots can rapidly deploy into the environment within
seconds. B) Sequential Deployment: Multiple clusters of particle robots with different y, values can be triggered sequentially. C) Hierarchical Deployment:
A single cluster of particle robots with varying u, values can achieve hierarchical deployment. D) Protective shells: When certain vibration is triggered, the
particle robots can repel each other to release the kinetic energy, thus cleaning up harmful objects around the target object. E) Particle robots achieve
directional crawling through the modification their bottom surfaces. During the experiment, the center points of the particle robots were tracked, and their
trajectories are plotted in Figure 4E. Orange dots represent the paths before the actuation vibration is triggered, while blue dots show the paths after the
vibration is triggered. F) Group Navigation: particle robots can exhibit swarm intelligence by navigating away from hostile environments.

beyond a critical threshold, the particles separate and each one of
them continues to crawl independently in their respective intrin-
sic directions.

2.4.6. Group Navigation

Finally, we demonstrate how mechanically based particle robots
can exhibit swarm intelligence, such as navigating away from
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hostile environments. As previously discussed in Figure 2D,
stronger vibrations take less loading time for particles to sepa-
rate. When the vibration is applied at a single point, its intensity
diminishes with distance, causing particles closer to the source to
repel first (see Figure 4F, Movie S10 and S11). Due to momen-
tum conservation, this process continuously propels the main
cluster away from the source until it reaches a safe distance,
where the vibration intensity becomes too weak to trigger particle
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repelling. We have developed a surrogate model to simulate
the swarm behavior of large clusters (see Simulation Case#1
in Figure 4F). The entire group consistently navigates away
from the vibration source by sacrificing a few peripheral
individuals—a classic demonstration of swarm intelligence.
Further simulation results reveal that by leveraging this
minimalistic communication mechanism between two par-
ticles, a robot cluster can exhibit complex group behaviors such
as navigating intricate pathways (Case #2) and circumventing
obstacles (Case #3). While the experimental results focus on
swarms of up to 12 particles, larger-scale numerical simula-
tions with up to 150 particles confirm that the system remains
stable and becomes increasingly robust and fault-tolerant
as swarm size increases (see Supplementary Section S4C,
Movie S12 and Figures S13-S20, Supporting Information).

A Different Configurations
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2.5. Extension to Different Configurations, Mixed Pairs and 3D
Particle

The concept of programming interactions between particle
robots using tentacles can be further extended to different con-
figurations, interaction matrices and 3D scenarios.

2.5.1. Different Geometries and Configurations

The communication between particles is governed by their tentacle
design, which allows the particle robots to be adapted to various
geometries and configurations. We designed two additional parti-
cle types—square and hexagonal—with tentacles along their edges.
Experiments on the vibration platform (Figure 5A, Movie S13)

B Interaction Matrix

Critical Amplitude
More Stable

B o.130mm

[ |
- 0.030mm

Less Stable

(i) External

pressure

N V¥

Micro-collisions

1 mm 1m
Lenath scale

oo 31 v 2023

Figure 5. Extension to different configurations, mixed pairs, and 3D particles. A) Locking and repelling behaviors of particle robots with square and
hexagonal configurations. B) Interaction matrix summarizing the critical actuation amplitudes for three particle robots with varying critical friction coef-
ficients (i, = 0.01,0.05,0.08), highlighting distinct interaction profiles for each interaction scenario. C) Design of 3D particle robots with 32 tentacles.
D) and E) Two particle robots with different 4, values and their corresponding releasing behaviors are shown. D) The less stable particle with y, = 0.125
takes 1.2 s to repel, while E) the more stable particle with ., = 0.038 pair requires 9.2 s to separate. F) Design of 3D particle robots with 162 tentacles,
along with a simulation of multiple particle robots demonstrating their functionality as protective shells. G) The particle robot systems, both 2D and 3D
versions, feature dual spatial and temporal dimensions. H) Microscale particle robots fabricated using IP-S resin via Nanoscribe. This material provides
high resolution and mechanical stability, making it ideal for intricate designs at the micrometer scale.
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revealed that, unlike circular particles, which pack randomly as
marbles, square, and hexagonal particles align more systemati-
cally, resembling floor tiles. This tighter, more structured pack-
ing offers potential advantages for applications requiring precise
arrangements.

2.5.2. Interaction Matrix

We also explored interactions between distinct particle designs
by fabricating and testing the interaction between three types
of robots with different critical friction coefficients: p, = 0.01
(white, most stable), 0.05 (yellow, less stable), and 0.08 (red, least
stable). These variations result in 3 x 3 = 9 unique one-on-one
locking scenarios, as shown in Figure 5B and Movie S14. We
evaluated the critical vibration amplitude for all nine cases by
gradually increasing the vibration amplitude until the particles
spontaneously repelled each other, under a constant vibration
frequency of f, = 100 Hz. Figure 5B shows the experimental
results for all nine cases in an interaction matrix, where each ele-
ment represents a distinct communication scheme. Along the
diagonal, the critical vibration amplitudes for same-particle lock-
ing cases are observed: the most stable . = 0.01 (white) particles
require 0.091 mm to separate, while the least stable y, = 0.08
(red) particles need only 0.040 mm. These results align with
the predicted critical friction coefficients. The off-diagonal terms
reveal intriguing behaviors. The matrix is asymmetric; for exam-
ple, a red particle’s tentacle inserted between two white tentacles
(bottom left) requires 0.11 mm to separate, whereas a white par-
ticle’s tentacle between two red tentacles is less stable, needing
only 0.04 mm. Furthermore, cross-locking stability can exceed
that of either particle alone, demonstrating unique characteris-
tics not defined by individual properties. This cross-locking
behavior significantly increases system complexity, as 10 distinct
particle types would yield 100 unique one-on-one interaction
scenarios, not to mention the complexity of multi-particle
interactions. Each particle’s shape serves as a “fingerprint,” offer-
ing opportunities for engineering more sophisticated group
behaviors.

2.5.3. 3D Particles

Similar to 2D particles, 3D particles should have tentacles evenly
distributed on the surface of a sphere to ensure omnidirectional
interactions (see Supplementary materials, Session S1). In 2D,
one tentacle inserts between two others; while in 3D, a tentacle
inserts into a triangle formed by three others (see Figure 5C).
Unlike 2D, where regular polygons can have any number of
vertices, 3D is limited to only five types of regular polyhedra.
The icosahedron, with the most triangular faces, still only has 12
vertices—too few for 3D particles to effectively lock with multiple
neighbors in 3D space. To overcome this, we relax the require-
ment for evenly distributed tentacles, instead ensuring they form
identical triangles. This approach ensures uniform interaction by
making every insertion identical since the particle’s surface pos-
sesses only one type of triangle. With this constraint, we are able
to find a suitable polyhedron with 32 vertices. The 3D tentacles
are formed as a solid of revolution from the 2D tentacle design
(Figure 5C). During insertion, all three tentacles on a triangle are
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pushed and deformed equally away from the circumcenter, mir-
roring the 2D interaction mechanism. In a cut view, this inter-
action closely resembles the 2D case but at a specific angle—in
this instance, 22.7 for the 32-vertex configuration. Following this
idea, we design two types of 3D particle robots: one less stable
against vibration (u, = 0.125, see Figure 5D) and a more stable
one (u, = 0.038, see Figure 5E). The 3D particles are fabricated
using selective laser sintering with Nylon 12 in a natural white
color. Both designs achieve stable locking, but under external
vibration (A, = 0.2 mm), the less stable particles repel each other
at t = 1.2 s, while the more stable ones resist longer, repelling at
t=9.2s (see Figure 5D and E, movie S15 and S16). We can
further expand our design to include 3D particles with up to
162 tentacles, accommodating more complex neighboring inter-
actions. In Figure S5F, we use full numerical simulations (see
Supplementary materials, Session S4, and Movie S17) to demon-
strate their functionality as protective shells. Surrounding a
target object, the particles quickly form a solid protective shell
under external pressure, effectively shielding the target from a
drop test without disintegration. This shell can then be disinte-
grated by external vibration, releasing the enclosed target.

3. Conclusion

In this article, we introduce an innovative particle robot system
that, instead of relying on complex electronic components, lever-
ages geometric design and physical contact to achieve simple com-
munication (locking and repelling). Based on this one-to-one
interaction protocol, a group of contact-based particles can exhibit
various collective behaviors that are controllable by vibrations.
Since the intelligence of these robotics is fully embodied in their
geometrical outlines, hundreds of these particle robots can be easily
fabricated using laser cutting (2D particle robots) or 3D printing
(3D particle robots) within an hour and without the need for assem-
bly, significantly reducing manufacturing complexity and time.
The contact-based communication proposed in our project can also
be combined with conventional electronic devices, leading to more
powerful particle robots with more complex and advanced features.

Additionally, our study of particle robots unveils a complex
interplay of mechanics across both spatial and temporal dimen-
sions. The system features dual multi-scale characteristics (see
Figure 5G): while the entire robot cluster operates on a meter
scale, the geometrical features of the tentacles are less than
1 mm. Furthermore, the system exhibits temporal multi-scaling,
with interactions ranging from high-frequency micro-collisions
on a millisecond scale to macroscopic behaviors like shell forma-
tion and evaporation over several seconds. Traditional mechanical
metamaterial designs typically consider only spatial multi-scaling.
Our research demonstrates that by leveraging both spatial and
temporal multi-scaling, architected particle robots achieve complex
dynamic behaviors by incorporating bistability with high-frequency
vibrations. This approach could spark innovative ideas in the field
of mechanical metamaterials by exploring multi-scale behavior in
space and time.

Furthermore, our exploration of these physical contact-based
particle robots is not confined to specific sizes or materials.
Figure SH showcases a 3D model of microparticle robots, com-
parable in scale to a human cell, fabricated using a Nanoscribe.

© 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH
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This work underscores the scalability of our mechanism and
highlights its potential applicability at the smaller scales.
However, we acknowledge the technical challenges in testing
and observing interactions at this scale, these remain promising
areas for future exploration. This versatility in configurations,
materials and fabrication scales dramatically expands the poten-
tial applications for these robots, opening up new possibilities in
fields such as biomedical engineering, medical devices, and aero-
space engineering.

Supporting Information

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