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Abstract

Responsive materials exhibit intelligence through their intrinsic ability to autonomously sense and respond to
external stimuli. These materials have the potential to form robotic swarms characterized by high flexibility, robust
scalability, and fault tolerance. Among various responsive materials, hydrogels and liquid crystalline polymers are
particularly advantageous due to their capability for reversible morphological transformations in response to
external stimuli, including light, heat, electric field, and magnetic field. While numerous reviews have summarized
magnetic swarm robotics, a comprehensive analysis of swarm aggregation behaviors in hydrogel- and liquid
crystal-based polymer systems remains lacking. This review addresses this gap by examining (sub)millimeter-scale
swarm robots, the fundamental mechanical properties of hydrogels and liquid crystalline polymers following
aggregation and assembly, and the respective advantages and limitations of these materials in swarm robotics.
Additionally, future research directions in this emerging field are discussed.
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INTRODUCTION

Group behavior encompasses the interaction patterns among individuals within a collective, typically
comprising two or more members coordinating to achieve a shared objective. These behaviors range from
relatively simple actions, such as avian migration and fish schooling, to highly complex phenomena,
including human cooperation and social organization. The advantages of collective behavior are
multifaceted; for instance, birds use vocalizations to signal food sources, while ants employ pheromone
trails to guide foraging activities””. Division of labor further optimizes resource acquisition, as seen in ant
colonies, where specialized worker groups undertake distinct tasks such as foraging and nest construction.
Additionally, collective behavior enhances defense mechanisms; for example, fish engage in coordinated
movements for migration, predation, and predator avoidance”*. Fire ants exemplify the benefits of such
coordination by interlinking their bodies to form buoyant rafts, ensuring survival during floods"”". These
collective traits, which surpass individual capabilities, facilitate environmental adaptability and enhance
survival prospects.

Collective behavior is not confined to the animal kingdom. In biological systems, cellular communities
exhibit coordinated behaviors, such as signal transmission via direct contact'”. Moreover, robotic swarms
have demonstrated emergent cooperative behaviors, with substantial research focusing on micron- and
nanometer-scale magnetic robotic groups"”'. However, despite the prevalence of swarm behaviors at
millimeters and larger scales in nature, such as in ant colonies and fish schools, comparatively fewer studies
have explored swarm robotics at these scales.

Robotic swarms achieve complex collective behaviors through decentralized interactions, wherein
individual agents operate autonomously, giving rise to emergent behaviors that exceed the sum of
individual contributions. Typically, swarm members exhibit independent cognition, enabling sophisticated
decision-making and problem-solving. A critical factor in facilitating such emergent intelligence is physical
intelligence, which refers to the capacity of a system to respond to external stimuli based on the intrinsic
properties of its constituent materials, rather than relying on external circuitry or computational
algorithms"”'*!. For robotic swarms to exhibit physical intelligence, their constituent materials must possess
stimulus-responsive properties. Among these, liquid crystalline polymers (LCPs) are particularly promising
due to their ability to undergo reversible morphological transformations or locomotion in response to
stimuli such as light, heat, electricity, and magnetic fields"***. Similarly, hydrogels have emerged as viable
candidates due to their responsiveness to light, temperature, and chemical stimuli, as well as their
advantageous properties, including self-healing, biocompatibility, controllability, and biodegradability'>***..
This review provides a comprehensive analysis of swarm robotics employing hydrogels and LCPs,
highlighting their potential to advance the development of physically intelligent robotic systems.

INTRODUCTION TO HYDROGELS AND LIQUID CRYSTALLINE POLYMERS

Hydrogels and LCPs are both soft materials. Hydrogels consist of hydrophilic polymer networks that retain
water within their structure. They are particularly attractive due to their softness, high water content, and
biocompatibility'
sensitivity to various stimuli, including pH"", temperature"*, light**", electric fields"*, and chemical

33-38

| By incorporating responsive chemical groups, hydrogels can be designed to exhibit

signals”. The actuation capability of hydrogels primarily arises from swelling-induced volume changes.
Swelling is driven by modifications in hydrogel properties, such as phase separation [e.g., poly(N-
isopropylacrylamide), pNIPAM] or changes in hydrophilicity (e.g., protonation or deprotonation of
carboxylic acid groups). When cooling from high temperature to low temperature, the hydrogen bonds
between polymer segments in the pNIPAM layer dissociate, and the chains become solvated by water
molecules, causing the pNIPAM layer to absorb water and swell [Figure 1A]"”. Similarly, LCPs exhibit
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Figure 1. Shape changes of hydrogel and LCP actuators. (A) The pNIPAM layer swells and shrinks at low and high temperatures,

respectively. Reproduced with permission from ref.””". Copyright 2018, Royal Society of Chemistry (RSC). (B) The LCN film oscillates

under UV irradiation. (C) The sunlight focused by the lens causes the thin film to oscillate. Reproduced with permission from ref 148

under the CC -NC license. Copyright 2017, The Authors, published by Wiley-VCH.

significant potential for applications in soft robotics due to their ability to undergo reversible shape
deformations in response to external stimuli such as light, heat, electricity, and magnetic fields. The
anisotropic nature of calamitic liquid crystals enables LCPs to change shape as a consequence of variations
in the scalar order parameter induced by external stimuli"***. Utilizing this mechanism, Gelebart et al.
developed LCN films that can oscillate under ultraviolet (UV) light and concentrated sunlight
[Figure 1B and C]". The underlying mechanisms and actuation principles of hydrogels and LCPs have
been extensively reviewed in the literature™***?. However, most of these reviews are on the actuation of
individual hydrogel and LCP actuators. Therefore, this review will specifically focus on the swarm behaviors
of responsive LCPs and hydrogels, having briefly introduced their driving mechanisms above. As this
research field is relatively new, this review will be a mini-review and we hope it will provide meaningful
thoughts to researchers in the hydrogel and LCP community.

ROBOT SWARM BASED ON HYDROGELS AND LIQUID CRYSTALLINE POLYMERS

Swarm robotics refers to a collective of robots that interact with one another, leading to emergent behaviors
distinct from those of individual units. Unlike simple robot assemblages, swarm robots exhibit dynamic
inter-individual interactions that give rise to unique and complex collective phenomena. Swarm robotics
has been extensively explored across different scales, from large-scale electronic robotic swarms to
microscale systems such as magnetic microrobot swarms. Currently, huge efforts have been devoted to
magnetic swarm robots">**', which operate at the micro- to nanometer scale and are typically actuated by
rotating or oscillating magnetic fields, as well as magnetic field gradients. Given the abundance of reviews
on magnetic swarm robotics™*, this review will instead focus on robotic swarms composed of
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(sub)millimeter-scale hydrogels”*******” and LCPs.

Swarm behaviors of hydrogel-based robotic systems

Hydrogels have been widely investigated for their applications in soft robotics, interfaces, and functional
devices for instance smart windows. While numerous reviews have addressed hydrogel classification and
robotic actuation modes™ ), this section will specifically examine the swarm behaviors exhibited by
hydrogel-based robotic systems. Most hydrogel-based robotic swarms rely on Belousov-Zhabotinsky (BZ)

n[z7,64,65] .

reaction-driven oscillatory swelling, apart from those employing magnetic actuatio

The BZ reaction is a non-equilibrium oscillatory chemical process. The process involves the oxidation of an
organic chemical, such as malonic acid or citric acid, by an oxidizing agent, typically bromate ions, in the
presence of a catalyst under acidic conditions. Catalysts commonly used include metal ions or metal
complexes with high redox potentials, such as cerium ions, ferroin, or ruthenium tris(2,2'-bipyridine)
(Ru(bpy),*). During the reaction, the catalyst undergoes spontaneous redox oscillations, resulting in
periodic color changes in the stirred solution and the formation of concentric or spiral wave patterns under
stationary conditions. The propagation of the oxidized state in the medium is known as a "chemical wave".
This reaction can be utilized to induce periodic changes in hydrogel swelling and deswelling without
requiring external stimuli. Self-oscillating polymer hydrogels consist of a polymeric network in which
catalysts, such as Ru*/Ru’"-containing complexes, were covalently immobilized. In the presence of
reactants, the polymer underwent spontaneous cyclic soluble-insoluble transitions or swelling-deswelling
oscillations®**. Large populations of hydrogel beads suspended in BZ reaction solutions exhibited
oscillatory behaviors, with their rhythmic synchronization depending on the exchange rate of signaling
molecules. Adjusting the stirring speed modulated the signaling exchange rate [Figure 2A]: at low exchange
rates, weak coupling through the activator’s diffusion gradually synchronized the oscillators, whereas at high
stirring rates, synchronization occurred only when the particle density exceeded a critical threshold”®.
Blanc et al. demonstrated that an isolated hydrogel bead below a critical size did not oscillate; however,
when present in a collective, even beads smaller than this threshold exhibited oscillations
[Figure 2B and C]". This phenomenon arises from the competition between the reaction kinetics of the BZ
reaction inhibitor and its diffusion into the surrounding solution. Such emergent collective chemo-
mechanical oscillations highlight behaviors that are absent in individual units but arise through swarm
interactions.

Swarm behaviors in liquid crystalline polymer-based robotic systems

In contrast to the relatively simple swelling-based actuation mechanisms of hydrogels, LCPs offer more
programmable deformation modes due to the anisotropic, rod-shaped molecular structures of LC
mesogens. The molecular alignment of LCPs can be precisely engineered, enabling them to bend, twist, and
morph into three-dimensional (3D) structures upon exposure to external stimuli such as heat, light,
electricity, or magnetic fields”'"". For instance, LCP films can transition between flat, curled, spiral, twisted,
and buckled configurations depending on their molecular alignment. A typical example of programmed
LCP deformation involves the splay configuration, in which LC molecules align parallel to the film surface
on one side while being perpendicular on the other™. This gradient in molecular orientation induces
asymmetric shrinkage or expansion across the film’s thickness, leading to controlled bending motions upon
thermal or photothermal stimulation. By strategically selecting the illumination angle, LCP films can exploit
feedback loops and self-shadowing effects to achieve sustained oscillatory bending">**. A notable study on
collective LCP behavior involved two LCP film strips connected by an LCP joint [Figure 3A]"”. These
interconnected films exhibited synchronized oscillations over time, displaying either in-phase or anti-phase
rhythmic movements depending on their initial positions.

[19,48
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Figure 2. Oscillating hydrogel collectives based on BZ reactions. (A) The hydrogels exhibit different oscillating behaviors with different
stirring speeds. Reproduced with permission from ref.”®!. Copyright 2009, AAAS. (B) Oscillating hydrogels with changing sizes. (C)
The oscillating hydrogels exhibit different size thresholds in the isolated form and collectives. Reproduced with permission from ref.”””’
under the CC BY-NC-ND license. Copyright 2024, The Authors, published by PNAS.
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Figure 3. LCP collectives connected physically or via capillary forces. (A) Connected LCP oscillators with Huygens' synchrony. They can
oscillate in in-phase or anti-phase modes. Reproduced with permission™®”’.Copyright 2021, Springer Nature. (B) Coupled photo-
oscillators excited with two orthogonal laser beams. Reproduced with permission under the CC BY 4.0 license"®. Copyright 2024, The
Authors, published by Wiley-VCH. (C) Liquid crystal polymer actuators with reconfigurable assembly driven by optocapillarity. (D)
Numerical simulation of the Gibbs free energy in the two-actuator system during the transformation. Reproduced with permission
under the CC BY 4.0 license'’”. Copyright 2020, The Authors, published by Springer Nature.
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LC elastomers (LCEs) can be coupled via intermediate substances to form self-oscillatory systems. For
instance, two identical LCE fibers connected by a spring constitute a self-oscillating coupled system'*".
When exposed to uniform and continuous light, the LCE undergoes light-induced contraction, leading to a
reduction in length and the generation of a driving force. Over time, periodic contraction and relaxation
cycles occur, during which the driving and damping forces vary, thereby sustaining self-excited oscillations
within the system'*”. In a more complex system, three mutually coupled LCE spring oscillators connected by
springs and placed within a linear temperature gradient exhibit coupling interactions. In strongly
interacting systems, the motion states of the oscillators influence one another, invariably resulting in fully
synchronized oscillatory modes. Conversely, in weakly interacting systems, the degree of synchronization
can be modulated by adjusting the magnitude and direction of the initial velocities, allowing for the
emergence of fully synchronized, partially synchronized, or asynchronous oscillatory modes'*..

Additionally, coupled LC networks (LCNs) can function in fluidic environments to facilitate liquid
propulsion. In one experimental setup, an LCE strip was fixed at one end and immersed in water™. Two
orthogonal laser beams were employed to irradiate the strip - one targeting its bottom surface and the other
its central region [Figure 3B]. The laser irradiation converted light energy into thermal energy, inducing
bending in the LCE strip. As the strip bent, it partially shielded the beam, reducing light absorption and
lowering its temperature. Subsequently, the central laser beam irradiated the bent strip again, prompting it
to bend in the opposite direction. This sequence of bending motions resulted in a unidirectional oscillatory
movement, analogous to the beating of natural cilia. Furthermore, two oscillating LCE strips could be
coupled via interactions with the surrounding liquid medium, achieving synchronized motion similar to the
hydrodynamic coupling observed in cilia. By varying the power, position, and direction of the laser beams,
the bending direction, amplitude, and oscillation frequency of the LCE strips could be precisely controlled,
thereby enabling self-oscillation and facilitating fluid propulsion.

Beyond direct mechanical coupling, robots can also interact through alternative mechanisms, such as
capillary forces, to control the assembly and reconfiguration of LCN sheets. Hu et al. utilized azobenzene-
functionalized LC polymer (azo-LCP) and employed UV and visible light to irradiate photo-deformable
LCP (azo-LCP) actuators, inducing transitions between planar and curved states [Figure 3C]"". The
bending direction of the actuator modulated the curvature of the surrounding liquid surface, thereby
altering the direction and magnitude of the capillary forces. These capillary interactions among actuators
resulted in diverse assembly morphologies, including end-to-end, side-by-side, and T-shaped
configurations”. The assembled structures demonstrated high reversibility. Using tweezers, researchers
manually separated two actuators from their original linear configuration. However, upon release, the
actuators spontaneously reassembled into their initial linear structure. Moreover, by alternating UV and
visible light irradiation, the actuators could be programmed to undergo complex reconfigurations, such as
transitioning from a linear arrangement to L- or Z-shaped structures [Figure 3D]. When actuators were
positioned at different liquid interfaces and their assembly was controlled through light irradiation, the
construction of 3D ordered structures was achieved. This mechanism also enabled selective assembly; for
example, when four of six actuators were irradiated with UV light, they assembled into a stable array, while
the remaining two unirradiated actuators remained separate!”"..

The interaction among LCEs can also be dynamically enhanced by shape morphing of robots. When LCEs
aggregate, their shape morphing leads to distinct mechanical properties, including higher yield strength,
elasticity, and programmability"”. These characteristics make LCEs highly promising for a wide range of
applications in swarm robotics. The aggregation behavior of LCEs can be achieved through various
methods. One simple and effective approach is heating, which not only facilitates the aggregation process
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but also results in solid structures with enhanced properties. When LCE ribbons are dispersed in liquids at
high concentrations and subsequently heated, they mechanically interlock due to shape changes, forming
tightly packed aggregates [Figure 4]. This interlocking is driven by the transition from the nematic phase to
the isotropic phase, causing the ribbons to shrink, bend, or twist along their pointing vectors. The extent of
interlocking depends on several factors, such as ribbon length, concentration, and the offset angle of the
LCE tapes. Longer ribbons and higher concentrations promote tighter interlocking and stronger
aggregation. The aggregated LCE ribbons form a viscoelastic solid structure, with tunable storage modulus
and yield stress. Both yield stress and storage modulus are influenced by factors such as ribbon length. For
example, aggregates of 12-mm LCE ribbons exhibit a much higher yield stress than those of 3-mm ribbons.
The offset angle also plays a significant role: aggregates formed from LCE ribbons with a 0° offset angle
(pure bend) exhibit the highest yield stress and storage modulus, as bending promotes mechanical
interlocking more effectively than twisting. In contrast, LCE aggregates formed with a 45° offset angle (pure
twist) exhibit minimal yield stress and storage modulus, as twisting alone does not facilitate effective
interlocking. When cooled, the LCE aggregates return to their original state and redisperse, although longer
ribbons and higher temperatures can lead to irreversible aggregation. Additionally, when LCE ribbons are
coated with liquid metal or incorporated with cells, they gain enhanced functionalities, such as photo-
responsiveness, electrical conductivity, and cell culture scaffolding capabilities”. Dana et al. developed a
method for macroscopically forming LCE clusters capable of autonomously assembling and
disassembling””. By heating the LCE ribbons within a magnetic field to a specific temperature, shape
changes occur. A rotating magnetic field is then applied to move the LCE ribbons, which collide and
become entangled due to their shape transformations and the magnetic driving force. Over time, the
ribbons become progressively more entangled, forming larger clusters. The curvature of the LCE ribbons
affects aggregation behavior, with high-curvature ribbons (e.g., 6 = 20°) being more prone to aggregation
than flat ribbons or those with low curvature (e.g., 6 = 10°). A certain degree of twisting further promotes
physical interlocking between the ribbons, improving aggregation efficiency. At 65 °C, the aggregated
clusters exhibit viscoelastic solid-like properties, stretching and deforming similarly to a spring while storing
and releasing energy in response to external forces. Clusters formed from ribbons with medium curvature
exhibit higher moduli, whereas those formed from ribbons with high curvature show lower moduli.
Similarly, clusters formed from medium curvature ribbons have higher yield stresses, while those formed
from high curvature ribbons have lower yield stresses. At 120 °C, the degree of aggregation decreases, and
the clusters exhibit more liquid-like properties. These clusters are not only controllable but also adaptive.
LCEs can also be mixed with magnetic particles or coated with magnetic materials to form partially
magnetic regions””, enabling movement within a rotating magnetic field. The disassembly and reformation
of the clusters can be controlled by adjusting the rotational speed of the magnetic field and the shape of the
LCE ribbons.

COMPARISON BETWEEN HYDROGELS AND LIQUID CRYSTALLINE POLYMERS

Both hydrogels and LCPs are usually used to develop robots. A comparison can find their respective
uniqueness. Hydrogels and LCPs have similarities and dissimilarities.

Similarities of hydrogels and LCPs

Soft and flexible: Both hydrogels and LCPs exhibit high levels of softness and flexibility, which are key
qualities for soft robotics. This allows for deformation and movement in a way rigid materials cannot
achieve, which is essential for applications requiring flexibility and adaptability.

Responsive to external stimuli: Hydrogels can respond to environmental factors such as changes in
temperature, pH, or light by swelling or shrinking. LCPs are known to exhibit changes in their structural
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and mechanical properties in response to external stimuli, such as temperature and light. They can form
different phases or domains that can be controlled to create motion. Both hydrogels and LCPs are
actuatable.

Dissimilarities of hydrogels and LCPs

Material compositions: Hydrogels are primarily made of water and polymer chains that form a network
capable of absorbing large amounts of water. They are typically with a high degree of water content and may
lose water in a dry environment due to water evaporation. LCPs, on the other hand, are polymers with
ordered and anisotropic structures that give rise to unique optical and mechanical properties.

Mechanism of actuation: Hydrogels generally respond through water diffusion and swelling or shrinking in
response to environmental changes. This is a relatively slow process and can be limited by the water
content. In contrast, LCPs change their shape due to the reorientation of their molecules in response to
stimuli. This reorientation can lead to more rapid and reversible actuation compared to hydrogels.

Environmental stability: Hydrogels are sensitive to their hydration levels. Dehydration can cause loss of
functionality, and they might degrade in dry environments or at high temperatures. LCPs are more stable
under a wider range of environmental conditions. They typically do not rely on water content and can
operate in a broader range of temperatures, which makes them more suitable for certain applications where
humidity fluctuates, except for humidity-responsive LCPs that are specially designed.
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Electrical conductivity: Hydrogels are often used in bioelectronics and soft robotics because they can be
made electrically conductive, especially when doped with conductive materials such as graphene or carbon
nanotubes. This is beneficial for integrated sensing and actuation. LCPs generally are not conductive unless
modified with conductive additives, but they are often used in areas such as displays and sensors due to
their optical and mechanical properties, especially when designed to have high mechanical strength and low
viscosity.

Fabrication and manufacturing: Hydrogels can be easily fabricated into soft, deformable shapes via molding,
3D printing, or other techniques. Their synthesis is usually simpler and can be tuned for specific
applications by altering the polymer composition or crosslinking density. LCPs require more advanced
fabrication techniques, such as delicately aligning the LC mesogens and their processing can be more
complex due to the need for precise control of their molecular order.

These properties lead to different aspects for hydrogels and LCPs in developing robot swarms. In robot
swarm development, hydrogels would be ideal for soft, slow-changing, environment-responsive tasks where
flexibility, bio-compatibility, and adaptability to wet or fluid environments are required. These could be
used in large-scale, low-cost swarms that need to interact with delicate environments. On the other hand,
LCPs would shine in high-precision, fast-actuating, and more structurally demanding swarm behaviors.
Their stability in extreme conditions and ability to quickly change forms under external stimuli would allow
for more dynamic, adaptable swarms, particularly for environments requiring rapid reconfiguration or
where high mechanical performance is required.

CONCLUSION: RESEARCH CHALLENGES AND OUTLOOK

Despite intensive efforts devoted to developing hydrogel and LCP-based soft robots and actuators,
challenges still exist for robot swarms based on hydrogels and LCPs. Firstly, the application scenarios need
to be clarified. Swarm robots composed of magnetic micro/nanoscale robots can be applied in biomedical
applications, while larger-scale drone swarms can be applied in delivering cargo and taking photos.
However, up to now, there is still space to explore what exact applications these millimeter-scale robots or
LCP-based robot swarms can do and what specific tasks are suitable for them. Secondly, the coupling
factors need to be investigated further. Microscale magnetic robots form robot swarms due to magnetic
forces, hydrodynamic forces, elastic forces, etc. Whether these forces are also applicable to millimeter-scale
robot swarms and how to integrate them to develop swarms remains a challenge. In addition, whether and
how these robots harvest energy and store it in efficient storage devices from the environment remains an
unresolved problem. In addition, there remain challenges for swarm control at different scales. For
microrobots, a major challenge is the limited power supply, necessitating external energy sources such as
magnetic fields or light fields. Additionally, communication within the swarm is constrained due to the
absence of onboard sensors and processors. In contrast, for robot swarms at the millimeter scale or larger, a
key challenge is the increased energy demand required to overcome inertia, friction, or hydrodynamic
forces, depending on the surrounding medium. With the above summary, we believe the robot swarm
robots based on stimuli-responsive hydrogels and LCPs will find their applications in the near future.
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