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Abstract
Humanity has long sought inspiration from nature to innovate materials and devices. As science
advances, nature-inspired materials are becoming part of our lives. Animate materials,
characterized by their activity, adaptability, and autonomy, emulate properties of living systems.
While only biological materials fully embody these principles, artificial versions are advancing
rapidly, promising transformative impacts in the circular economy, health and climate resilience
within a generation. This roadmap presents authoritative perspectives on animate materials
across different disciplines and scales, highlighting their interdisciplinary nature and potential
applications in diverse fields including nanotechnology, robotics and the built environment. It
underscores the need for concerted efforts to address shared challenges such as complexity
management, scalability, evolvability, interdisciplinary collaboration, and ethical and
environmental considerations. The framework defined by classifying materials based on their
level of animacy can guide this emerging field to encourage cooperation and responsible
development. By unravelling the mysteries of living matter and leveraging its principles, we can
design materials and systems that will transform our world in a more sustainable manner.

Keywords: active matter, roadmap, animate materials, animate matter
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Introduction

Humankind has always looked at nature for inspiration to
design new devices and materials. As science and technology
progress, nature-inspired artificial materials that previously
could only exist in the realms of myths and fantasy [1] are
now part of everyday life, including self-healing materials [2,
3], energy and water harvesting systems [4, 5], and autonom-
ous devices mimicking cognition [6, 7].

Animate materials are a novel class of potentially trans-
formative artificial materials reproducing key properties of liv-
ing systems [8]. They are not alive but are defined accord-
ing to the three principles of animacy, being active, adapt-
ive and autonomous [8]. By being active, they can transform
energy available to them in the environment to perform tasks
and work, such as motion, growth, communication, etc. Their
adaptive nature means that they can individually and collect-
ively sense, process and respond to environmental changes
and stimuli, often exhibiting emergent behaviour. Finally,
being autonomous, they can initiate behavioural changes
based on a certain internal degree of information processing
(which may or may not include memory) without external
monitoring or control by human agents. The combination of
these three properties sketches a future where materials are
more efficient, resilient, and sustainable with the capabilities
for, e.g. multitasking, self-regulation, self-healing, and even
evolution. Currently, examples of these materials are being
developed at all human-relevant length scales (figure 1),
from molecular assemblies (see, e.g. section 1: Protocells)
to urban ecosystems (see, e.g. section 20: Towards liv-
ing architectures): some materials are mainly artificial
(see, e.g. section 2: Active colloids, section 14: Active
granular matter and section 18: Machine intelligence)
while others hybridize biological materials with synthetic
ones more (see, e.g., section 6: Liquid microcapsules,
section 7: Organ-on-a-chip, section 11: Biohybrid robotics
and section 19: Architectural probiotic materials), hitchhik-
ing on natural properties to improve animacy of human-made
systems.

To date, indeed, only living materials score highly under
all three principles as these typically led to competitive evol-
utive advantages, while materials created through human
agency typically lag behind their natural counterparts in
at least one core principle, with exceptions being meso-
scopic and macroscopic robotic systems such as section 16:
Mechanically intelligent devices and section 17: Swarm
robotics (figure 2) [8]. For example, section 2: Active colloids
and section 5: Towards animate lasers score relatively high
on activity but are still limited in adaptiveness and autonomy,
while section 18: Machine intelligence shows high levels of
autonomy and adaptiveness but fare lower in terms of activity.
Miniaturising animacy presents particular challenges due to
issues in scaling components (e.g. actuators, sensors, memor-
ies, processing units) and functionalities to smaller scales.
Nonetheless, worldwide research effort on the topic of anim-
ate materials is ever growing driven by both the fundamental
and applied challenges they represent. On the more funda-
mental aspect, developing and studying animate materials

can shed light on the physics of living systems. On the more
applied side, these materials hold great promise to revolu-
tionize our technology in diverse sectors, including medicine,
robotics, and infrastructure towards a more sustainable future.
It is therefore a matter of time until artificial, fully animate
materials will leave the realm of curiosity-driven research
to start contributing to human technology. In the next dec-
ade, we could already see some first, simple applications of
animate materials, such as targeted drug delivery (section 1:
Protocells), artificial tissues and organs (section 6: Liquid
microcapsules and section 7: Organ-on-a-chip) as well as
a range of novel robotic systems (section 10: Soft robotics,
section 11: Biohybrid robetics and section 17: Swarm robot-
ics). We can however expect more impactful, game-changing
applications to appear on a generational scale providing that
this type of research keeps being supported and funded,
from autonomous microscopic tools for sensing, therapeut-
ics and diagnostics (section 2: Active colloids, section 3:
Light-animated microrobotics, section 4: Metamachines
and section 5: Towards animate lasers) to fully sustain-
able and autonomous buildings (section 19: Architectural
probiotic materials and section 20: Towards living
architectures).

This roadmap consists of a series of twenty authoritative
perspectives that capture the current state of research in anim-
ate materials in different disciplines (figures 1 and 2). We
organised them roughly based on average system’s size and by
their foundational relevance to understand following sections,
with the caveat that many sections (e.g. section 9: Towards
printed animate matter (PAM), section 9: Self-folding
orikata, section 10: Soft robetics, section 11: Biohybrid
robots, section 12: 4D printed systems, section 14: Active
granular matter, section 17: Swarm robeotics) span across
several scales. By no means intending to be an exhaustive list,
we highlight representative areas where the concept of anim-
ate materials has found (consciously or not) application by
driving advancements in materials science and has helped our
understanding of living matter. We start discussing section 1:
Protocells, nanoscopic and microscopic compartments laying
the foundations to synthetic life. A key challenge in the study
of these systems is understanding dissipative self-organization
at the microscale. This challenge is shared with section 2:
Active colloids, microscopic particles exhibiting autonom-
ous motion that are building blocks for bioinspired functional
devices and materials. Examples are described in section 3:
Light-animated microrobotics, section 4: Metamachines
and section 5: Towards animate lasers. There is a sim-
ilar drive to obtain biologically inspired functional materi-
als at larger scales up to millimetre and centimetre lengths.
Our roadmap highlights applications in tissue engineering
and manufacturing with section 6: Liquid microcapsules,
section 7: Organ-on-a-chip and section 8: Towards prin-
ted animate matter. The aspiration to shape-shift autonom-
ously is explored in section 9: Self-folding orikata, where
structures transform based on stimuli, in section 10: Soft
robotics, using flexible materials for lifelike movements and
functionalities, in section 11: Biohybrid robotics, a class of
soft robots combining synthetic and biological components,
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Figure 1. Examples of animate materials to date. A plot showing the material origin (synthetic, hybrid or biological) versus length scale
(from nanoscopic to macroscopic) for the different animate systems discussed in this roadmap, numbered based on how they appear in the
table of contents (roughly as a function of scale and foundational relevance to understand following sections). In the roadmap, animacy is
defined as the cumulative level of activity, adaptiveness and autonomy of a system. Only biological materials (not represented here) can be
considered fully animated to date. The colour code (the position along the y-axis) highlights the material origin: most systems are fully
artificial (synthetic), while some incorporate biological elements to different extents (hybrid). For each system, we represent the typical
sizes of the final materials rather than those of their building blocks: we show both average size (coloured dot) and possible size range
(horizontal lines). Spanning all scales, machine intelligence (section 18) does not have a physical size (dashed horizontal line rather than
solid), but it is a useful tool to design other systems at all scales and increase their level of animacy.

and in section 12: 4D printed systems, where manufac-
tured materials change over time in response to their environ-
ment. Our roadmap then examines mesoscopic systems that,
like their smaller counterparts (e.g. section 1: Protocells and
section 2: Active colloids) are also concerned with concepts
of dissipative self-organization, such as section 13: Active
acoustic metamaterials, section 14: Active granular matter,
and section 15: Active mechanical metamaterials, where,
respectively, non-reciprocal wave-matter interactions, particle
dynamics and shape-changes lead to counterintuitive science
and mesoscopic functionalities. Section 16: Mechanically
intelligent devices builds on these ideas to facilitate environ-
mentally adaptive individual robots that spontaneously integ-
rate sensing, computation and locomotion. This concept,
known as physical intelligence, is also at the core of other
robotic systems encountered in the roadmap (section 10:
Soft robotics and section 11: Biohybrid robetics). Scaling
up from individual components to collective intelligence,
section 17: Swarm robetics presents decentralized systems
of simple robots mimicking biological swarms. The emer-
gence of spontaneous collective ‘intelligent-like’ behaviours
is shared with other robotics examples encountered earlier
in the roadmap: section 3: Light-animated microrobotics,
section 4: Metamachines and section 14: Active granular

matter. Swarm intelligence is also a natural precursor to
section 18: Machine intelligence, where Al-driven decision-
making further enhances animate materials at all scales with
adaptive and predictive functionalities. Our roadmap ends by
discussing the integration of living systems with materials
at architectural scales. Section 19: Architectural probiotic
materials introduce living microbes into the built environ-
ment, allowing for self-regulation and adaptation to support
human health. Finally, section 20: Towards living architec-
tures generalise these concepts to entire buildings and infra-
structures that evolve, self-repair, and respond to their envir-
onment and the climate.

Our roadmap embarks on a journey through this dynamic
landscape, charting pathways across disciplines and length
scales relevant to human experience, from nanotechnology to
robotics, from synthetic biology to artificial intelligence (Al),
from metamaterials to living architectures. In each section,
connections to other closely relevant topics are highlighted
via direct references identified by the contributing authors.
We summarize these connections as a connectivity graph in
figure 3, which reflects how experts across the field under-
stand the conceptual links between topics. Notably, many con-
nections are already established, reflecting the community’s
growing awareness of shared ideas and challenges. However,
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Figure 2. The three properties of animacy. The three polar plots sketch our jointly perceived level of development for each principle of

animacy (i.e. activity, adaptiveness and autonomy) for each system discussed in this roadmap. The polar coordinate represents the various
systems, while the radial coordinate represents the level of development (from low to high) that each system shows in the principle of each
polar plot. Ideally, within a generation, all systems will fill these polar plots to show high levels in each of the three attributes of animacy.
For now, only biological materials (not represented here) can be considered fully animated. In general, most artificial systems to date show
an average level of overall animacy lower than biological systems, with mesoscopic robotic systems (e.g. section 16: Mechanically
intelligent devices and section 17: Swarm robetics) typically scoring higher in the three principles due to the possibility of programming
them directly. As can be expected, due to the miniaturisation problem, overall animacy levels tend to decrease going from the macroscopic
scale to the smaller scales. The polar plots highlight the fact that efforts from the research community have not been equally divided to
improve the three properties of animacy. Of the three principles, activity has seen more development on average, followed by adaptiveness
and, finally, autonomy that lags behind the other two properties. While activity and adaptiveness have improved thanks to material
engineering, autonomy is more difficult to achieve as it requires, e.g. computation to be implemented. This task is notoriously difficult when
moving from macroscopic systems to smaller length scales due to current limitations in miniaturization. Interestingly, some systems
discussed in this roadmap have mainly seen development in one property of animacy and score relatively lower on others: for example,
section 2: Active colloids and section 5: Towards animate lasers score relatively high on activity; section 12: 4D printed systems stand
out for adaptiveness while section 18: Machine intelligence jointly for adaptiveness and autonomy. For each system, the overall level of
animacy is cumulatively given by all three properties. As a word of caution, our perception transpiring from these polar plots is not meant to
be prescriptive but rather a starting point for future discussion and development.

the graph also reveals that many interactions remain confined
to similar scales or related disciplines.

With this roadmap, we aim to highlight common challenges
and opportunities emerging in the design of animate materials
at all scales without being dismissive of the unique challenges
and opportunities emerging in each discipline and length scale.
A recurring theme across contributions is that animate mater-
ials represent a convergence of physics curiosity, chemical
and biological insights and engineering ingenuity. The field
fosters the creation of materials with unprecedented function-
alities and potential applications, some of which are already
within reach in the next decade. To realise this overarching
goal, a concerted effort across disciplines and scales is needed.
Efforts to develop animate materials have often been siloed,
focusing mainly on specific systems and scales in isolation

or getting inspiration from closely related systems and dis-
ciplines (figure 3), such as for protocells (section 1), robots
(sections 10, 11 and 17), or living architectures (sections 19
and 20). While this proximity-based inspiration is a natural
starting point, the field must now broaden its scope. Many
analogous questions and technical challenges resonate across
multiple scales, systems and disciplines, even if they manifest
differently depending on the context. Al (section 18) offers a
concrete example of a cross-cutting tool that is already inform-
ing multiple scales, from guiding the behaviour of swarms
and robotic systems (sections 10, 11, 16 and 17) to optimizing
molecular design in protocells and active colloids (sections 1
and 2). Similarly, concepts in robotics (sections 10, 11, 16
and 17), such as autonomy, sensing, and adaptability, are
beginning to influence smaller-scale systems (sections 3, 4
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Figure 3. Connectivity graph between roadmap sections. Each node represents a section of the roadmap, with directed links indicating
references made from one section to another, as perceived by the contributing authors. Node size reflects the number of incoming
references, and colours are used solely for visual clarity. Rather than offering an objective measure of importance, the graph captures the
collective perception of conceptual links within the field. It reveals a rich network of connections already recognized by researchers, while
also highlighting opportunities to strengthen ties, particularly across disciplinary boundaries. This visual map underscores the importance of
fostering dialogue and collaboration across scales and domains to unlock the full potential of animate matter.

and 5) that cannot yet implement computation directly but can
mimic intelligent behaviour through clever material design.

To fully harness the potential of animate matter, we
must actively promote dialogue and collaboration across cur-
rently disconnected areas. Shared open challenges include:
understanding, modelling and controlling dissipative self-
organization and complexity emerging from animacy; mini-
aturizing its components, scaling up and deploying labor-
atory prototypes to real-life applications; defining a unified
language to discuss animate materials; fostering opportun-
ities for interdisciplinarity; promoting cross-fertilization of
ideas across systems; and weighting the ethical, environ-
mental and socioeconomic implications of developing anim-
ate materials. Developing shared frameworks and extending
ideas and methods beyond disciplinary boundaries will be cru-
cial to move from isolated achievements toward fully coherent
implementation.

Key for the advancement of the field is the coordination of
multiscale research efforts aimed at integrating and combining

concepts and approaches from different systems and scales.
The emergence of complex functionality in biological sys-
tems relies on the existence of intercommunicating hierarch-
ical structures, from molecules to entire ecosystems via the
formation of, e.g. macromolecules, cells, tissue and organisms
[9]. Reproducing this multiscale approach in synthetic anim-
ate materials requires the development of interconnected hier-
archical levels that can communicate and, if needed, store
information effectively across scales. Succeeding in this task
within the next generation of scientists and engineers paints a
not-so-distant future with the creation of new animate mater-
ials presenting a hierarchy of structures and functions, thus
unleashing the full scientific and technological potential of this
class of materials and fulfilling their promise for animacy in
terms of, e.g. self-regulation, self-healing, and even evolution.

While this is a grand aspiration for the future, there is
no plain sailing ahead. The feasibility of this roadmap’s
projections unavoidably depends on socioeconomic factors
that are difficult to predict at the time of writing such as
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industrial investment priorities, regulatory landscapes as well
as socioeconomic and ecological uncertainties. Nonetheless,
the academic and technological developments suggested
in this roadmap are guided by existing global initiat-
ives, such as The United Nations Sustainable Development
Goals (SDGs). These goals provide a crucial framework
for aligning this roadmap’s aspirations for animate mat-
ter with pressing global needs, thus remaining both sci-
entifically ambitious and practically relevant. Priority areas
for animate matter include ‘Good Health and Well-being’
(SDG 3), ‘Affordable and Clean Energy’ (SDG 7), ‘Industry,
Innovation, and Infrastructure’ (SDG 9), ‘Sustainable Cities
and Communities’ (SDG 11), ‘Responsible Consumption and
Production’ (SDG 12), and ‘Climate Action’ (SDG 13). With
favourable alignment between academia, industry and policy
makers in the next decade, animate materials could start
serving as a critical enabler for a range of global challenges,
such as:

e Circular economy. Driven by resource scarcity, exten-
ded producer responsibility regulations, and net-zero car-
bon commitments, the transition to a circular economy
requires the development of materials that are self-
repairing, biodegradable, and energy efficient. Animate
matter could provide new solutions, e.g. from packaging
with bioengineered orikata (section 9) and 4D printed
materials (section 12) that degrade on demand, reducing
plastic pollution, to the construction industry with self-
healing probiotic materials (section 19) that repairs cracks
using microbial activity, reducing maintenance costs and
emissions.

e Personalised medicine and aging populations. The
demand for automation is increasing due to aging popula-
tions and labour shortages in healthcare and manufacturing.
Robotics-driven eldercare solutions are gaining traction,
highlighting a need for adaptive, soft, and safe materials
that can interact with humans (sections 10 and 11). Active
drug carriers (sections 1 and 2), shape-morphing prosthetics
(section 10), bio-responsive implants (sections 6 and 8), and
self-repairing synthetic tissues (sections 6 and 7) could
revolutionize medical treatments. Wearable biosensors
made from printed active matter (sections 7 and 8) could
enable real-time health monitoring, supporting preventive
medicine and telehealth initiatives.

e Climate resilience. Animate matter offers the potential to
create, develop and evolve materials that have the capa-
city and intelligence to respond to current and impending
climatic and ecological changes. For example, chemotactic
nanobots (sections 1 and 2) could speed up environmental
cleanup efforts, addressing challenges like water contam-
ination and marine pollution. Conversely, climate-adaptive
building materials and living architectures (sections 19
and 20) could provide resilience to future challenges includ-
ing pandemics, global warming and biodiversity loss.

Finally, the animacy framework of this roadmap focusing on
active, adaptive and autonomous materials is not meant to be
prescriptive. We hope it will serve as a flexible framework
for this emerging field defining a common language that can
guide development across disciplines and length scales. As we
embark on this multidisciplinary journey, we invite research-
ers, engineers, and visionaries alike from diverse backgrounds
to join us in shaping the future of animate materials in a
socially responsible and sustainable manner. Together, we can
unravel the mysteries of living matter, harnessing its principles
to create a new generation of materials and systems that are not
merely passive objects, but active symbiotic participants in the
vast fabric of human life and society.
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The mystery of the origins of life involves understanding and
harnessing the structural and functional requirements to trans-
ition from non-living to living matter. Protocells are primitive
compartments (assembled from prebiotic components) con-
sidered precursors to living cells [10]. Synthetic protocells
provide a unique and versatile platform to investigate fun-
damental aspects (e.g. interactions between building blocks,
environmental requirements) and design simple life-like func-
tionalities. These artificial systems also hold promise for short-
term applications such as nanomedicine (drug delivery, bio-
sensing) and longer-term developments such as energy har-
vesting, tissue engineering (see also sections 6—8) and envir-
onmentally friendly materials.

Protocells are spatially confined nano- or micro-
compartments (100 nm-100 pm) emerging from the self-
assembly of different (macro)-molecules. Compartmentalization
establishes chemical environments separated from their sur-
roundings (figure 4(A)). The simplest protocell models are
membrane-less droplets (e.g. coacervates and emulsions),
forming distinct microenvironments through liquid-liquid
phase separations, akin to intracellular organelles known as
biomolecular condensates. Coacervates formed by attract-
ive interactions within or between polymers, surfactants or
biomolecules (e.g. nucleotides, peptides) [11] can encode
chemical functionalities specific to their composition and
serve as dynamic reactors when formed and dissolved under
external stimuli (e.g. temperature, pH, light). The minimalistic
synthetic analogues of cell membranes are membrane-bound
protocells [12], believed to have evolved from coacervates
[13]. These vesicle-like structures, typically formed by bilay-
ers of amphiphilic lipids or polymers that spontaneously
self-assemble in water (and/or assisted via double emul-
sions and hydration methods), allow for compartmentalization
and encapsulation of biomolecules with selective permeabil-
ity for environmental exchange mimicking cell membranes
properties.

The primary focus of protocell research is understand-
ing and predicting the assembly and stability of the required
minimal building blocks. However, recent efforts have expan-
ded to out-of-equilibrium processes (figure 4(B)), driven by
intake of environmental energy and matter—a crucial step in
transitioning to autonomous, self-sustainable units [14]. While
reaction cycles, growth, self-replication and chemical commu-
nication are achievable through materials design approaches,
physical transformations (e.g. self-propulsion or morphogen-
esis) still mostly rely on external actuation. The development
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Figure 4. Incorporating out-of-equilibrium properties in protocell
design. (A) Schematic representation of the main models for
protocellular compartments, including coacervates, emulsion
droplets and vesicles. (B) Out-of-equilibrium processes
characteristic of life-like protocells, including self-replication,
communication, metabolic activities and motility.

of self-propelled protocells (e.g. active coacervates [15] or
lipid vesicles [16, 17]) mirrors cellular dynamics and their
interactions with environmental cues, potentially offer-
ing insights into survival strategies of early pre-cellular
units.

Advances in hybrid protocells, combining lipid vesicles
with proteinosomes or coacervates, mimic the complex hier-
archy of high-evolved living cells. This structural organiza-
tion enhances spatially localized biochemical processes but
also allows the combination of incompatible reactions within
the same vessel together with their temporal orchestration.
Sophisticated protocells have recently shown morphogenetic
capabilities [18], especially when integrated with energy-
sustaining bacterial components.

Current and future challenges

Creating life-like protocells using simple architectures poses a
significant challenge, requiring solutions to key issues in their
adaptive, active, and autonomous nature:

e Stability. Despite their structural simplicity, environ-
mental perturbations (e.g. pH, light, temperature) might
affect protocells’ long-term stability, limiting their use
in experiments and applications (e.g. oxidation of phos-
pholipids, coalescence of coacervates). Yet, environ-
mental changes are crucial to trigger certain minimal



J. Phys.: Condens. Matter 37 (2025) 333501

Roadmap

life-like processes. Understanding the relationship between
stability and spatiotemporal evolution is vital, espe-
cially for implementing functionalities in non-equilibrium
conditions.

Autonomous vs actuated. The formula for self-regulation
remains a complex puzzle driven by thermal forces and
external stimuli. Unlike living cells that move, divide and
continuously replace components to maintain integrity, pro-
tocells might reach a static state after self-assembly without
external actuation. The challenge lies in designing self-
regulating ‘factories’ via either continuous matter intake or
internal machineries that produce their components, regen-
erate their structure and maintain their functionalities. The
design of non-equilibrium processes based on dissipative (or
transient) self-assembly and -disassembly remains an open
challenge.

Chemical programming. Integrating multiple (bio)
chemical processes to achieve autonomous behaviours
and developing a transcription-like machinery pose major
challenges. This requires chemical compatibility amongst
multiple components and managing cross-reactivity.
Compartmentalization is essential to regulate these para-
meters, by allowing selective permeability and solubility.
Yet, spatial localization can affect the reactivity of chemical
species (e.g. due to crowding or interactions with soft inter-
faces). Moreover, linking molecular content with structural
characteristics might mimic genotype—phenotype correl-
ations, but specificity and variety of building blocks and
reactions are currently limited.

Motility. Motion is ubiquitous to all living systems as
a survival tool. Self-directed motion is related to crucial
intercellular migration or protocell interactions. These
autonomous and spatial-dependent dynamics involve intric-
ate exchanges of matter and energy (see also section 2).
Designing efficient motility mechanisms and understanding
how softness and structural adaptation to dynamical stress
affect protocells remains untapped.

Protocell interactions. Understanding and replicating the
communication and physical interactions between pro-
tocells, such as chemical signalling or fusion, involve
high levels of physicochemical understanding of all ele-
ments involved. This includes studying competition for
resources and predatory/cooperative behaviours among pro-
tocells. In this context, interactions between membrane-
bound and membrane-less droplets are gaining increasing
attention.

Reproducibility. While nanoscale compartment production
is rather optimised, cell-sized protocell fabrication methods
are not achieving uniform composition, size, and geometry.
This precision is essential for robust statistical studies across
large samples. On one hand, microfluidic techniques—
despite their popularity—suffer from their sensitivity to
chip fabrication. On the other hand, template-assisted meth-
ods are not fully reliable to control size or encapsulation
of colloidal or molecular units. Consequently, the variab-
ility in experimental approaches complicates reproducib-
ility and hinders scaling protocells reliably for advanced
applications.

Advances in science and technology to meet
challenges

While actuated cell-like compartments (e.g. nanovesicles) are
employed in technological and medical applications such as
drug delivery, protocells with minimal self-regulated pro-
cesses are mainly utilized as models to investigate funda-
mental life-like mechanisms rather than as fully autonomous
systems. Short-term protocell research focuses on developing
self-sustaining systems capable of energy conversion, regen-
erative cycles, and autonomous growth (<10 years). These
efforts lay the foundation for adaptive, life-like systems with
transformative applications in medicine, environmental sus-
tainability, and materials science (on longer timelines, i.e.
>10-20 years), addressing societal challenges like carbon
capture, biofuel production, plastic waste management, tissue
engineering, and antimicrobial solutions.

To meet these challenges, we propose the following tech-
nological and scientific approaches:

o Building blocks design. The rational design of novel build-
ing blocks is crucial for integrating advanced chemical net-
works into protocells to achieve life-like processes (e.g.
chain reactions in membrane-bound compartments, molecu-
lar self-replication, motion, dissipative self-assembly). Key
is the development of new molecules and building blocks
that can initiate and maintain out-of-equilibrium processes.
This involves accepting that prebiotic compositions are
not fully replicable and the need to explore alternative
systems. The use of enzymes presents a powerful chem-
ical tool in that direction. Enhancing the performance and
compatibility of enzymes through directed evolution could
expand the range of functional chemical modules that can
be integrated within protocells. Additionally, organic chem-
istry is crucial in developing unique and novel abiotic—
synthetic—molecules that perform similar functions to pre-
biotic ingredients.

Conceptual and experimental frameworks. Integrating
conceptual models into experimental design might help
identify and create combinations and interactions of
building blocks for engineering self-regulated protocells.
Assembly Theory [19] and its predecessors quantify the
degree of selection in an ensemble of evolved units and
identify molecular biosignatures that could lead to life-like
compartments. The emergence of systems chemistry [20]
also provides valuable insights for designing dynamic chem-
ical networks in complex systems composed of multiple
interacting components and understanding how molecular
interactions give rise to life-like behaviours (e.g. out-of-
equilibrium assemblies, autocatalysis), which are essential
for advancing protocell research.

Tool development. Microfluidics is a well-established,
high-throughput production method and environmental
control platform (e.g. through light or local pressure).
Intrinsically, this technique is capable of extensive para-
meter screening and optimization, which can be time-
consuming and beyond current manpower capabilities.
Developing microfluidics-automated reactions mimicking
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‘digitalization chemistry’ approaches (i.e. based on chem-
ical programming languages and automatized robotic plat-
forms) might help screen an otherwise impossible condi-
tion range. Al is a valuable emerging tool to analyse vast
amounts of data and predict possible outcomes from exper-
imental information on protocell design.

Protocol standardization. Due to the sensitivity of pro-
tocells to environmental changes and protocol variations,
online platforms for sharing data and protocols are crucial
to facilitate the unification of results, leading to parameter
standardization otherwise difficult to control in individual
laboratories (e.g. humidity and solvent quality). Extending
experimental efforts to alternative environments (e.g. high-
pressure settings or microgravity in sounding rockets or
parabolic flights) can offer novel approaches to understand-
ing the impact of gravity and pressure on the formation and
evolution of protocells.

Knowledge sharing and training. Establishing graduate
programs focused on this topic and fostering interdiscip-
linary training through doctoral networks are critical for
advancing the field and ensuring effective knowledge trans-
fer. International collaboration is equally essential, with
coordinated efforts from scientists, funding agencies, and
organizations such as synthetic cell initiatives. The latter
unite multidisciplinary environments under shared object-
ives, which have successfully driven innovation and secured
impactful funding opportunities.

Concluding remarks

The study of protocells is pivotal in understanding the
transition from non-living to living matter, marking a sig-
nificant advance in bioinspired materials, especially by
integrating in- and out-of-equilibrium processes. Protocells,
considered as precursors to complex cells, offer insights into

the fundamental interactions of molecular building blocks
within controlled environments. This research is key to under-
standing the assembly, stability, and evolution of these min-
imal units towards autonomous systems. Challenges in proto-
cell research include achieving stability under environmental
changes, designing self-regulating systems, and integrating
multiple chemical functionalities. These efforts aim to rep-
licate life-like behaviours, such as motility, communication,
growth, and replication, mirroring the dynamics of living
cells and offering insights into early life forms. The devel-
opment of sophisticated protocells, capable of morphogen-
esis and integrated with energy components, represents a step
towards complex architectures and life-like behaviours. This
field extends beyond understanding the origins of life, by also
contributing to the development of microscale materials with
unique, self-sustaining features across synthetic biology, soft
matter, systems chemistry, and biophysics. While significant
advances have been made, challenges in sustainability, self-
regulation, and evolutionary capabilities remain, making pro-
tocell research a rich area for future scientific exploration, with
potential long-term applications in energy harvesting, environ-
mental remediation, catalysis and biomedicine.
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Biological microswimmers have evolved over millions of
years to perfectly adapt their swimming mechanisms to the
low Reynolds number conditions dictated by their small size.
Physicists have been fascinated by various aspects of them
over the last century, leading to seminal work such as the
postulation of the Taylor sheet [21], Purcell’s interpretation
of ‘low Reynolds number life’ [22] and Anderson’s work on
phoresis [23]. In the early 2000s, researchers were intrigued by
the idea of artificially recreating the ability of these biological
micro-entities to move at the microscale.

Along with pioneering experiments with bimetallic rods,
a theoretical paper postulated the active motion of a sphere
with a catalytic patch. Subsequently, the first self-propelling
colloidal spheres were proposed using an inert particle half
coated with platinum that moved autonomously when placed
in a hydrogen peroxide solution. This spherical, reliably mov-
ing model system (known as a Janus particle) allowed closer
interaction between theory and experiment, leading to the
exploration of different behaviours and the generation of a
number of different modelling approaches able to capture dif-
ferent aspects of experimental observations. Specific proof-
of-concept applications have appeared in fields as diverse as
sensing, biomedicine and environmental remediation. In par-
allel, the active matter community began to explore differ-
ent material and fuel combinations for artificial microswim-
mers, providing a broader insight into a range of swimming
mechanisms and their limitations. These experimental real-
isations comprise a large size range from a few nanometres
for enhanced Brownian systems up to several micrometre-
sized structures. These investigations, progressing in paral-
lel with theoretical advances, have not only demonstrated
the versatility of these experimental systems but have also
deepened our understanding of self-propulsion at the micro-
scale. Progress has been made on the fabrication of active
colloids using different materials by masking, phase separ-
ation, self-assembly, microfluidics, and chemical modifica-
tion. These materials allow harvesting a plenitude of energy
sources which influence the motion mechanism (both the
translational and rotational motion of particles), increase
biocompatibility, control states, speeds and motion modes
and control interactions, all crucial properties for real-world
applications.

In more recent years, active colloids have been challenged
by a variety of stimuli and have been integrated with digital
technologies. For example, an artificial computer vision model
for active colloids has been proposed to observe the con-
sequences of different visual cones on collective interactions
[24]. Looking towards applications beyond colloids and the
obvious drug delivery, biomedical uses depend on imaging

independent of optical visibility. If visibility is impeded by
particle size, dynamics light scattering and other scattering
techniques have become essential. For larger microrobots
alternative imaging strategies using ultrasound, acoustic tech-
niques or magnetic resonance can be used to extract inform-
ation about positions, behaviours and speed of the active
particles [25]. However, real-world industrial applications of
active colloids, including microscale sensors, advanced con-
trol systems, and Al, are yet to be developed.

Current and future challenges

Challenges for active colloids include:

e Systematic comparisons. One of the major challenges
that will help move the field of active colloids from isol-
ated knowledge to full understanding is to perform proper
comparisons between different active colloidal sys-
tems. Changing propulsion mechanism, shape, and material
affects many individual and collective behaviours (figure 5,
see also sections 3 and 4) but experimental studies that eval-
uate these effects are sparse because unfortunately, this type
of study is not highly valued in the scientific community
due to a lack of innovation. As a result, such studies are
much more difficult to fund and publish, and the field is
still far from reaching out to industrial partners who would
contribute to a broader body of knowledge. Approaches
such as interlaboratory comparisons, which would lead to
greater standardisation and cross-comparability of results
(e.g. FDA approval, goals, funds), have been discussed but
not yet implemented. Similarly, at the level of understand-
ing certain phenomena that have often been observed for
one type of microswimmer, studies across the spectrum
comparing shapes and swimming mechanisms are largely
lacking.

Advanced materials. A major challenge, which has gained
momentum as the community has grown and expanded bey-
ond physics, is the integration of ‘new chemistry’ and
a wider range of materials to increase the flexibility and
options available to experimental systems, hand in hand with
increased ecological awareness and biocompatibility, espe-
cially for biomedical and environmental applications.
Digitalization. Although the first steps towards digital con-
trol have been taken, the integration of digital features and
computational capabilities is still in its infancy. While it
is desirable to increase the computing capacities of artificial
active matter, new strategies must be developed because the
integration of traditional transistor-based computing facilit-
ies on colloids has been very limited due to size constraints,
mostly non-planar morphology and frequent imperfections
of colloidal particles compared to traditional in-silico com-
ponents. This is exemplified by the strategy for informa-
tion storage, which uses magnetic switching in percolated
iron films previously deposited onto the colloids [29]. While
alternative computational modes have begun to take shape
for biologically active materials [30], their artificial ana-
logues are starting to take their first steps [31].
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Material

mechanism

Figure 5. Influencing and detecting emerging behaviours in active colloids. (Left) The swimming behaviour of active colloids is influenced
by several factors such as material, shape, size and motion mechanism. (Middle) Detection is largely dependent on the environment, with
optical detection being the simplest although it relies on transparent environments; ultrasonic or magnetic properties extend the range of
imageable environments, and new alternatives are constantly being developed. (Right) Beyond controlling the motion properties (from
diffusion to ballistic), the various fuel sources (first arrow from the top), the interactions between individuals (second and third arrow from
the top) and larger groups (third and fourth arrow from the top) can lead to promising emerging behaviours. Insets (clockwise from the top):
fuel sources. Reproduced from [26]. CC BY 4.0. Reproduced from [27]. CC BY 4.0. Reproduced from [28]. CC BY 4.0.

e Swarms. A future challenge that seems to be very closely
related to applications is to look at larger collectives and
model behaviours across scales (see also sections 3 and 4)
[32]. While a single micromotor might provide enough sig-
nal for sensing, most cargo delivery or remediation applic-
ations will require more than an individual microswimmer
to perform a given task. Therein, not only the emergence of
complexity is posing a challenge, but also the sheer volume
of data to handle from large numbers of individuals, their
trajectories, spatial distribution, etc (see also section 17).

Advances in science and technology to meet
challenges

To elevate research on active colloids from a curiosity-driven
domain to a technology contributing to our economies and
unlocking potential to solve global problems using microro-
botics, a few advances are still required to face the current and
future challenges:

o Imaging. While advances in microscopy have and continue
to make tremendous impact for visualisation of small fea-
tures, improvement in processes and techniques such as
advanced particle image velocimetry to detect flows and
innovative markers and signalling can continue to enable
new levels of understanding, providing more detailed and
dynamic insights into the behaviour of microswimmers (bio-
logical and artificial ones). To increase the visualisation of
active colloids, teaming up with adjacent areas such as the
biomedical field can lead to the implementation of tech-
niques such as MRI or PET. It remains to consider that
microfluidic systems (MEMS and NEMS) can already oper-
ate without direct monitoring (see also section 7), which

might be an aspiration for active matter applications as
well [33].

Automation. Better and more extended integration of tech-
nology (including moving stages and smart detection mech-
anisms, online-coupling, feedback and remote control) can
improve the digital control and processing of active matter
at the interface with computation and allow for real-time
manipulation, data collection and evaluation. The combin-
ation of this fascinating area of research and digital require-
ments will contribute to increase the digital literacy of tra-
ditionally less exposed STEM areas such as biology and
chemistry.

Advanced manufacturing. Improved synthetic and fabric-
ation capabilities in nanotechnology will allow for advanced
design of materials with highly specific functionalities.
Additive manufacturing techniques, including stop flow
lithography and a broad range of 3D printing techniques, can
contribute to broadening the available materials and enhance
their functionalities and capabilities [34, 35].
Interdisciplinarity. A significant challenge that is less tech-
nological and more cultural is the collaboration between
different disciplines. While research on active colloids and
microswimmers has risen as a trans-disciplinary field of
research, enabling and facilitating further knowledge trans-
fer among disciplines to avoid ‘re-inventing the proverbial
wheel’ is of crucial importance and will ensure a more
holistic approach to solving cross-disciplinary research
problems.

Concluding remarks
In conclusion, the fascination of creating artificial or robotic

capabilities on the microscale, on par with nature’s toolbox on
this scale, is currently inspiring many scientists from different
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disciplines around the world. To fully realize the potential of
active matter technology, a few steps towards routine studies,
standardisation and enhanced reproducibility are necessary to
create not just amazement but trust and acceptance among
the different industries. Within the next generation, we could
see real-life applications of active colloids emerge in sensing,
drug delivery and environmental remediation, where proves of
principles have already been demonstrated. Thinking forward,
the far-from-equilibrium nature of active colloids could enable
them to adapt their response to changing local environmental
conditions when delivering their function. Closer interactions

with advanced techniques for Al (section 18), computation,
enhanced manipulation, control strategies and image ana-
lysis will require effective knowledge transfer mechanisms
but have the potential to unlock precision microrobots act-
ing as a collective to perform the most intricate tasks on the
microscale.
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Robots are man-made machines that can be programmed to
perform tasks autonomously. Usually, a robot needs two main
components: a decision-making system informed by external
data and actuators to execute planned actions. While mini-
aturized robotic systems at the millimetre or centimetre scale
have been successfully employed in biomedical applications
such as endoscopy and surgery, untethered microscale robots
have the potential to operate at the level of individual cells
[36]. This could enable automation into laboratories built on
microscope slides (lab-on-chip) or facilitate operations in pre-
viously inaccessible areas of the human body. Due to their
small sizes, synthetic microrobots cannot yet incorporate com-
plex decision-making systems and rely on external computers
for sensing their environment and computing responses. As
for actuation, fuel and controls should be provided wirelessly
to enable remote control of the microrobots while operating
in physically inaccessible environments. A solution is direct
manipulation with non-contact forces (e.g. magnetic, elec-
trical, optical or acoustic). Although these systems are usu-
ally referred to as microrobots, micromanipulation is prob-
ably a more appropriate definition when both control and force
generation are external. Conversely, self-propelled microro-
bots integrate remotely controllable active components that
can generate forces using locally available energy (see also
section 2). If microrobots are to execute complex and precise
tasks, such as lab-on-a-chip sorting and cargo delivery, their
movements must be directed accurately and independently.
Light is an ideal carrier of both energy and control instructions
delivered with high resolution in space and time [37]. Here we
focus on a class of microrobots that can be remotely controlled
by light using a variety of physical and biological mechanisms
to convert photon energy into motion (figure 6).

e Optical and optoelectronic micromanipulation. Optical
actuation can be direct, i.e. through radiation pressure exer-
ted by focused laser beams (optical tweezers). Multiple
holographic traps can be used to grab, move, and rotate com-
plex 3D-printed polymeric structures, e.g. for indirect live-
cell manipulation [38]. Alternatively, by using photocon-
ductive substrates as light-reconfigurable electrodes, strong
electric field gradients with controlled spatiotemporal pro-
files can manipulate microscopic objects by dielectrophor-
etic forces [39].

Light-deformable materials. Light-driven microrobots can
be also built from softer polymeric materials with strong
mechanical response to light. These are typically hydro-
gels or liquid crystal polymers that swell or deform upon

light-induced local temperature changes. These microrobots
can perform a variety of mechanical actions, like gripping
and swimming, through shape deformations dictated by a
dynamically structured illumination [43].

Light-controlled biological motors. Motile cells can be
used as biological propellers within microfabricated syn-
thetic chassis. The use of light-driven proton pumps
enables the selective powering of spatially separated bac-
teria. Modulation of bacterial thrust on different parts of
a micromachine enables the execution of complex man-
oeuvres (see also section 4) [42].

These microrobots are generally fabricated with sub-
micron resolutions using 2D or 3D printing photolitho-
graphy techniques, such as two-photon polymerization, and
are mainly composed of epoxy-based photoresist materials
(hard microrobots), or light responsive hydrogels and liquid
crystal polymers (soft microrobots).

Current and future challenges

Translating light-guided microrobots from the research labor-
atory to real-world applications poses several challenges:

o Biocompatibility. Probably one of the most stringent
demands is to use technologies that are versatile and com-
patible with cellular environments. In this context utiliz-
ing electrical currents in dielectrophoretic actuation or high-
power laser light may cause significant perturbations to cell
physiology. On the other hand, using bacteria as propellers
poses potential contamination risks. Finally, switching from
epoxy-based photoresist to biodegradable materials will be
crucial for health and environmental issues [44].

Friction. Cell media are often salty, so that electrostatic
repulsion is screened and strong nonspecific adhesions (e.g.
van der Waals) give rise to irreversible sticking. In addi-
tion, an often poorly controlled macromolecular composi-
tion of the environment causes tethering and increased fric-
tion. Even under ideal chemical conditions, sliding on a flat
substrate involves a significant amount of shear that can res-
ult in high viscous drag and low velocities.

Noise resilient navigation strategies. Brownian noise,
combined with the inherent randomness of any microscopic
propulsion mechanism, results in stochastic dynamics and
the need for constant feedback to counteract deviations from
planned trajectories.

Cooperation. Implementing interactions between multiple
microrobots is also important to amplify functional through-
put or even to create higher-order functionality that exceeds
the capabilities of a single microrobot [45] (see also
section 17). In biological communities, such as microorgan-
isms or flocks of birds, physical interactions and chemical
signalling between individual entities are critical to facil-
itate complex tasks such as navigation, predation and sur-
vival. Swarms of microrobots will need interactions to avoid
collisions during parallel control and to be programmed for
seamless collaboration on a common task.
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compared to synthetic systems. With only a few nanowatts
of optical power, bacteria expressing the light-driven pro-
ton pump proteorhodopsin can generate piconewton forces
through flagellar propulsion. Synthetic systems, however,
can generate stronger forces that are best suited to overcome
friction, sticking and noise.

Understand and exploit friction. A clear analysis of fric-
tion and sticking problems of microfabricated structures
sliding on solid substrates is still lacking. A comprehensive
study that incorporates both molecular and hydrodynamic
interaction aspects could provide the necessary elements to
select the best materials and geometries to build microro-
bots that maintain a high mobility in any biologically relev-
ant media. Alternatively, friction could be exploited for new
locomotion strategies such as walking [43].

Implement cooperativity and autonomy. Optical control
allows the implementation of effective interactions through
feedback control loops. In light-activated colloids, effect-
ive interactions can be attractive or repulsive and even
mimic animals’ visual perception [24]. This approach could
prove valuable in shaping collective behaviours within
swarms of self-propelled microrobots (see also section 17).
However, precise knowledge of the location of the microro-
bots and their surroundings by the central computer may
not always be guaranteed, as in the case of in vivo applic-
ations. Advancing towards the full autonomy of microro-
bots requires integrated sensors. One potential solution
could come from an interdisciplinary collaborative effort
involving synthetic biology. Within biohybrid microrobots,
engineered cells can serve not only as actuators but also as
sensors and processors of external signals [46]. Approaches
borrowed from the Metamachine technologies described in
section 4 could be used to implement purely mechanical
sensing and couplings between microrobots.

Machine learning (ML) for navigation. The ML advance-
ments anticipated in section 18 could aid in developing more
robust navigation strategies for complex biological environ-
ments characterized by spatial and temporal inhomogeneit-
ies, such as obstacles and fluid flows. Approaches based on

reinforcement learning seem to be particularly promising,
although most studies are only theoretical or conducted on
simplified experimental settings [47].

Advanced 2D microfabrication. Scalable solutions could
come from alternative ways of using 2D lithography, which
can parallelize microfabrication much more easily than two-
photon polymerization. Grayscale lithography offers a faster
solution for the creation of embossed (2.5D) microstruc-
tures. Alternatively, soft 2D microstructures can be designed
to fold into a 3D shape in response to specific stimuli [43].

While speculative by nature, some of these advancements
are framed within current technological trends and indus-
trial imperatives, ensuring a forward-looking, yet realistic per-
spective on their feasibility and development pathways.

Concluding remarks

Capable of generating stronger forces and with a higher
level of control, optical and optoelectronic micromanipu-
lation techniques are still more effective and reliable than
semi-autonomous microrobots. However, the realization of
autonomous units, which are minimally dependent on external
control and power supply, offers more opportunities for innov-
ation and applications that can go beyond the use in micro-
fluidic chips. The path to realizing autonomous light-driven
microrobots presents both exciting opportunities and signi-
ficant challenges, potentially requiring more than a decade
to overcome due to the necessity of breakthroughs across
multiple scientific disciplines. The key to overcoming them
lies in fostering an interdisciplinary collaboration that brings
together experts in microfabrication, surface chemistry, syn-
thetic biology, and control theory for noisy systems.
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its ability to assess tailored carriers (see sections 1-4) for cell-
specific targeting enables on-chip evaluation of therapeutic
strategies aimed at reversing or treating pathological condi-
tions. Consequently, organ-on-a-chip platforms, among the
most disruptive and transformative innovations, will play a
pivotal role in shaping the future of healthcare in the 21st cen-
tury. Finally, BoC-inspired designs could offer a powerful tool
for assessing the toxicity of environmental pollutants while
also addressing various sustainability challenges outlined in
the Sustainability Development Goals. These include studying
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bacterial behaviour in antibiotic resistance, analysing plank-
tonic interactions and their impact on aquatic life, and explor-
ing microplastic interactions with biological matter in soil, ice,
or water. With their miniaturized design, these technologies
could provide valuable insights across multiple research fields.
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o Building a community. The biggest barrier to developing
the field of PAM is getting researchers in active matter,
advanced fabrication, systems chemistry, and tissue engin-
eering to speak to one another. The dialogue between 3D
printing and tissue engineering has a long and successful his-
tory. By contrast, interactions between these areas and act-
ive matter are surprisingly infrequent; soft and active matter
physicists still work too rarely with complex biological sys-
tems. Taking a loose definition of ‘printing’, the advanced
fabrication community has been too slow to adopt holo-
graphic optical and acoustic tweezers. The main obstacles
to intercommunity collaboration are the perceived expense
of bioprinting methods, the perceived difficulty of building
and using holographic optical and acoustic tweezers, and the
fundamental focus of active matter work. The surge in recent
years of cheap and open-source soft matter fabrication meth-
ods provides some wonderful opportunities to address this
shortcoming.

Integrating dissipative systems and advanced fabrica-
tion. Recent developments in systems chemistry must be
integrated into advanced soft matter fabrication techniques.
The last decade has seen huge advances in dissipative
self-assembly, chemical reaction networks, and stimulus-
responsive soft materials. PAM is a powerful setting for
investigating what happens when dissipative chemistries
that lead to active phase-separation, dynamic self-assembly,
or quorum sensing are placed in a structurally complex set-
ting. To maximise translational impact, the active matter
community should look at the biocompatible hydrogels used
in tissue engineering that incorporate stimulus-responsive
cross-linking using biologically active moieties, host-guest
interactions, or focussed ultrasound. There are a wide range
of active, artificial cytoskeletons that have been incorpor-
ated into droplets and vesicles, although these systems are
challenging to work with. Easier-to-use are the wealth of
active droplets driven from equilibrium by encapsulated
chemical compounds (figure 15(D)). Droplets containing
magnetic material, whether confined to a soft interface
or encapsulated in the bulk, can exhibit highly controlled
response to external fields and the emergence of dissipative
structures.

Developing design heuristics. The field needs to develop
simple design rules that relate how complex behaviour
emerges from active building block composition and fabric-
ated structure. The protocell community (see also section 1)
already incorporates cells, biological machinery, and min-
imal mechanisms that reproduce biological phenomena into
materials that are easy to integrate into advanced fabrica-
tion workflows. The active colloids community (see also,
section 2) has already designed a huge range of materi-
als that are readily compatible with the printing methods
presented here. Discovery-led work that investigates how
ensembles of these materials behave when integrated into
complex structures have the potential to inform design rules
in the fields of metamachines (see also, section 4), biohybrid
robotics (see also, section 11), and swarm robotics (see also,
section 17).
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Advances in science and technology to meet
challenges

To meet the previous challenges, some key advances are
needed:

e Open hardware. The proliferation of open-source modi-
fications to fused deposition modelling (FDM) printers in
recent years has led to remarkable innovations in chem-
istry, lab automation, and bioprinting. These advances have
happened because of the affordability of FDM 3D printers
(a good-enough model currently costs <£300) and the ease
with which these setups can be programmed and modified.
Most important has been the willingness of the 3D print-
ing community to share its ideas, with knowledge exchange
nucleated through hackspaces; the global proliferation of
cheap, self-built bioprinters is a stand-out example of what
happens when this approach works. While the adoption of
self-built devices has been strongest in the extrusion print-
ing community, recent growth in the publication of designs
for droplet printers (figure 16(A)) means this area is likely
to see a similar surge soon. Such an approach must be taken
to the wealth of other advanced fabrication techniques, espe-
cially optical methods such as digital light processing (DLP)
and stereolithography (SLA). Laudable efforts have already
been made to facilitate broader use of holographic acoustic
(figure 16(B)) and optical manipulation (figure 16(C), see
also section 5), however the perceived technical barriers to
uptake of these setups, particularly for 3D manipulation and
fabrication, remain significant and their use is rather lim-
ited compared to that of modified FDM printers. Similarly,
the community must embrace a willingness to share prac-
tical realities of techniques that go beyond the ‘Materials and
Methods’ section, echoing the success of similar initiatives
in organic chemistry (e.g. Not Voodoo) and the life sciences
(e.g. OpenWetWare).

e Autonomous hardware. The design principles of act-
ive systems and the collective emergent behaviour that
they exhibit need to be better understood and reduced
to heuristics. This Roadmap documents a great deal of
progress in this area, but for translational impact the
discipline needs formulation science as well as funda-
mental science. Automated and high-throughput methods
that incorporate algorithms for accelerated or curiosity-
driven exploration of parameter space could prove particu-
larly powerful here. These approaches naturally lend them-
selves to PAM in which the printer itself plays an active
role in the experiment; successful implementations of this
concept have led to evolutionary droplet printers that can
uncover a rich array of behaviour from a simple model
system [99].

e Multiscale, multidimensional characterisation.
Microscopy methods that couple spectroscopic analytical
chemistry techniques to multiscale optical characterisation
must be applied to provide insight into how processes are
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fabrication, active matter, systems chemistry, and tissue engin-
eering. Active matter physicists must embrace chemically and
biologically complex systems; recent efforts to understand
the physical principles of confluent cell monolayers, multi-
cellular algae, and even tissue spheroids are laudable, but still
too rare. Tissue engineers must embrace unconventional fab-
rication techniques such as holographic optical and acous-
tic tweezers. Advanced fabrication researchers must embrace
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dissipative self-assembly to design materials that print them-
selves. Implementation of many of these ideas is already well
underway, but the field has plenty of space for new entrants.
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9. Self-folding orikata
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Status

The origins of origami are now obscured by time but are
plausibly as old as paper itself. Recently, however, origami
and kirigami, a related art in which one folds and cuts paper,
have emerged as a powerful tool to manufacture and actu-
ate 3D shapes [100]. Unlike traditional 3D printing, in which
a structure is built layer-by-layer, orikata—meaning ‘folded
shapes’ and which we will use to refer to both origami and
kirigami—begins with a flat, patterned substrate which sub-
sequently folds up into the target 3D shape [101]. Whereas
3D printing has been touted as a route towards rapid prototyp-
ing, self-folding structures can potentially be fabricated in bulk
and in sizes that might otherwise be difficult to achieve. The
field has advanced rapidly, and numerous examples of self-
folding structures can be found in the literature with sizes from
the micro- to macroscopic (figure 17). The long experience of
origami artists has provided a wealth of structures for use in
engineering applications, including in soft robotics (see also
sections 10 and 11), deployable structures (see also sections 12
and 16), architecture (see also section 20), and metamaterials
(see also sections 13 and 15) [100], as well as in biomedical
applications including drug delivery, stents, and new tools for
surgery (see also sections 2—4) [102]. Technological advances
have even enabled origami microrobots and devices that can
fold and refold into many different shapes [103, 104].

One question one might ask is whether there are any lim-
itations to what shapes could be formed in this manner. Here,
the answer is clearly no. First, there are algorithms to gener-
ate a fold pattern that can be folded into a given polyhedron
from a single sheet of paper, though the results can some-
times be unwieldy [105]. Other algorithms produce origami
tessellations [106], or kirigami structures [107] that approx-
imate arbitrary shapes.

In recent years, however, several fundamental limitations of
our understanding of self-folding orikata have become appar-
ent. There appears to be a deep connection between the fold-
ability of orikata with rigid faces and computation [108]. The
foldability of orikata simplifies when faces can bend, but then
the number of folding pathways grows exponentially with pat-
tern complexity. Between these extremes, the energy land-
scapes of origami exhibit features of glassiness [109] and com-
plexity that can prevent successful folding [110]. This proves
a fertile ground for methods of physical learning, in which an
origami material can be trained, because of material plasti-
city, to self-fold along a desired pathway. In physical learning
as applied to origami, one looks for a local rule that changes
the properties of the folds. Subsequently, one is training the
origami to self-fold along the desired pathway much as one
might train a neural network to recognize patterns [109].
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Current and future challenges

The long history of origami means there is no shortage of fold
patterns to exploit in new devices. There are challenges both to
improve implementation of self-folding orikata and also fun-
damental associated with the physics of orikata, but all are
within reach in the coming decade.

e Improved material systems. The range of cost-effective
materials that can be used to drive repeated folding and
unfolding must be increased. The challenges for these
materials are to improve scalability of material platforms
while also improving control over the angle of individual
folds and the forces that drive folding.

Understanding Kkinetic constraints and foldability.
Another challenge for physics is to understand how to
take advantage of kinetic constraints and energetics to pro-
gram robust folding pathways, especially as complexity
is increased. As in protein folding or self-assembly, self-
folding orikata must find a target ground state in a high-
dimensional, complex energy landscape. Orikata, however,
also provide kinetic control over fold geometry and fold
stiffness that can be used to hierarchically control the shape
and complexity of that landscape. The rigidity of the faces
relative to the folds, for example, can be used to tune the
nucleation of metastable states and the depth of the deep
valleys along which orikata are constrained to fold [110].
Orikata already display many hallmarks of complex physics:
the multistability of origami structures can exhibit hyster-
esis, return-point memory, and other phenomena of complex
dynamical response [111]. In greater than one dimension,
one expects hysteretic elements to interact to unveil new
phenomena, shedding additional light on the connections to
computation and physical learning [108, 109].
Understanding fluctuations and errors. As origami struc-
tures shrink, they will be subject to additional random
forces, either thermal motion or motion due to athermal,
external driving. Surprisingly little is known about statistical
mechanics and phase transitions in branched energy land-
scapes, but at small scales, the branched structure of the
energy landscape [109] suggests that entropy will play a
role in determining expected states of self-folding orikata.
As one example, thermal fluctuations of structureless, thin
sheets are believed to drive a crumpling transition; in the
case of origami, whether and how this transition might hap-
pen is not clear.

Extending the range of deformations. Origami often pro-
duces shapes by hiding extra paper wastefully. In addition
to folding, however, one might imagine growing or shrink-
ing the faces so that the vertices develop a small excess or
deficit angle. This would be a discrete analogue to a non-
Euclidean sheet (or 4D printing), in which the in-plane and
out-of-plane stresses are frustrated to buckle into complex
3D shapes (see also section 12). One can envision orikata
that are connected into a non-flat topology either by self-
assembly (figure 18) or as a multi-layered structure that
unfolds from flat to 3D as would a children’s pop-up book.
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and more efficient healthcare solutions. Beyond their potential
to revolutionize manufacture, self-folding orikata raise crit-
ical, and fundamental, questions that highlight the relation-
ship between geometry and elasticity. The basic science has
progressed far enough to foresee the use of folding in many
engineering applications. Yet, I have argued that there are also
remaining questions that connect to physics, especially when
coupled to actuation and motion. These questions speak to a
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need to further develop the technology and of continued theor-
etical development. Orikata constitute a new class of materi-
als and structures for physicists to explore questions of energy
landscapes, hysteresis, and fluctuations.
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viscoelastic properties of the adopted soft materials. Model-
free, data-based control approaches are thus taking traction
in the field [121].

Actuation materials. Despite the wide adoption of pneu-
matic actuators, soft robotics has stimulated (and has been
stimulated by) research on smart and active materials that
can work as soft actuators and artificial muscles or as soft
sensors. They include electro-active polymers (e.g. dielec-
tric elastomer actuators) and other stimuli-responsive poly-
meric materials (thermo-responsive, photo-responsive, or
chemo-responsive—e.g. hydrogels and liquid—crystal elast-
omers). Nonetheless, no smart material is currently able to
meet all the specifications required to a general-purpose soft
robotics actuator, and the choice of a smart material as actu-
ator depends strongly on the specific implementation.
Distributed intelligence. In addition, if a material responds
to environmental stimuli and conditions, rather than to
provided control stimuli, they can act as sensors and actuat-
ors at the same time, implementing reactions to the environ-
ment. Indeed, an opportunity and challenge for soft robot-
ics is the progressive decentralization and distribution of
‘intelligence’ to the different materials and parts of the
body (see also section 16). These reactive behaviours are
of particular interest for small-scale soft robots, which
must have a simple, electronics-free architecture and can
make use of reactive materials to achieve some level of
autonomy [119].

Power. Powering soft robots could also prove particularly
challenging, especially if untethered operation must be
achieved. Indeed, almost no soft power sources or batter-
ies exist, and smart material actuators can have peculiar
input requirements (e.g. very high voltages). Moreover, in
the most widespread case of soft robots actuated by pneu-
matic artificial muscles, a source of compressed air must be
used, which is difficult to integrate on board and is thus often
off board. Especially when untethered operation is required,
energy efficiency becomes an issue, as most soft smart poly-
mer actuators are highly inefficient.

Life-like bodies. Finally, the abilities to grow, self-heal
and degrade in the environment are pursued to make soft
robots even more adaptable, resilient, and sustainable [122].
Durability of most soft materials is inherently lower than
that of metals, which becomes an issue in applications in
harsh environments (search and rescue) or extending over
long periods of time (exploration). Nonetheless, even in
other cases, the performance of soft robots could worsen
over time due to a deterioration in material properties.

Advances in science and technology to meet
challenges

ultra-soft robot

cell-like
soft robotics
units

Figure 20. Future advances in soft robotics. (A) Improvements in
responsive materials and new designs can lead to enhanced soft
robots able to grow and squish, and to navigate complex
environments autonomously. (B) Multi-agent soft robots could be
developed consisting of basic functional units akin to biological
cells.

practicality, could greatly benefit soft robotics. Higher
forces, deformations, or frequencies might be needed to
match the performance of natural muscles. Moreover, lower
power consumptions/higher efficiencies, as well as exten-
ded durability would significantly enhance the practicality
of such materials and make them a standard choice as soft
robotics components.

Soft robotics components. Efforts are also needed to
improve the integrability of smart polymeric materials’ com-
ponents, by providing practical and standard ways to inter-
face them with the rest of the robot, e.g. with power supplies
and controllers. Developing easy-to-assemble, or even plug-
and-play, soft robotic components based on such materials
could boost their translation from material science to robotic
applications.

New designs and ultra softness. Improving responsive/s-
mart materials for soft robotics components could indeed
enhance (soft) robots. Further benefits could come from new
design and fabrication methods, as well as from innovative
actuation, sensing, and control approaches, that could lead to
even softer (or ultra-soft) robots able to dramatically change
their body shape, growing or squishing, and thus moving
in extremely cluttered environments and narrow openings
(figure 20(A)).

Cell-like active units. Moreover, the field could be revo-
lutionized by the realization of active/autonomous matter
units akin to cells—the fundamental units of living beings.

To meet the challenges mentioned above, these advances are
needed: These could implement functions such as active deforma-
tions and movement, interact with each other and with the
external environment, consuming energy already available
in the environment or purposedly provided. These functional

active units should self-assemble and self-organize, while

o High-performance smart polymers actuators. Enhancing
the actuation (or, in general, functional) performance of
stimuli-responsive polymeric materials, as well as their
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it should be possible for their collective dynamics to be
steered or controlled by input signals (figure 20(B)). This
will require a major shift in the design, construction, and
operation of (soft) robots, with the potential advantage of
drastically improving the robots’ robustness and adaptabil-
ity. The units could consist in centimetre-scale electromech-
anical devices based on standard rigid materials that collect-
ively behave as a soft body robot [120, 121], or could them-
selves be soft and squishy (and perhaps small) as natural
cells, possibly consisting of enclosed suspensions of self-
propelled particles (see section 2) or other active matter sys-
tems (see also sections 3-5).

Sustainable and biodegradable materials. Finally,
responsive and active materials that, in addition to provid-
ing functionalities and performance, are not harmful to
the environment and could instead degrade safely after the
robots’ life are highly needed to make (soft) robots sustain-
able. This will also be necessary to develop biomedical soft
microrobots that could operate and then biodegrade inside
the human body.

Concluding remarks

Soft robotics has had the merit of providing a new paradigm
in robotics, shifting the focus from highly-precisely fabricated
and controlled components to the exploitation of the intrinsic
compliance of soft materials to achieve high adaptability to
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the environment. This has required the contribution of roboti-
cists, material scientists and engineers alike. Although soft
robotic components (e.g. soft grippers or pneumatic actuat-
ors) have become widely used and already found specific
real-world applications, there is still a long way to go for
fully soft robots. These must prove their full potential, with
performance and operability better than, or at least on par
with, traditional robots. In the next decade, this is likely to
happen for specific applications for which soft robots can be
better suited than traditional robots, such as manipulation of
unknown objects, including fragile ones, and medicine (com-
pliant interaction with body tissues). In addition, further evol-
ution of soft robotics based on advances in responsive mater-
ials and active matter could lead to completely novel capab-
ilities and open application opportunities that are completely
precluded to traditional robots. A specific application field
in which a new generation of soft (micro)robots could play
a major role is that of minimally invasive medical robotics,
which present challenges for the movement of the robot, its
intimate interaction with delicate tissues and its end of life.
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e Fabrication. Both top-down and bottom-up fabrication ~Advances in science and technology to meet

methods face challenges in creating biohybrid robots. For
top-down methods, it is challenging to maintain tissue func-
tions after explanation from the animal, to resize the pre-
designed structure, and to connect the tissues to the robots
robustly. In bottom-up approaches, the biological cells self-
assemble based on their surrounding environment to form
the final tissue. Therefore, bottom-up approaches allow
embedding functional organic components more precisely
on the biohybrid robots than top-down methods. However,
manufacturing reproducibility, and, therefore, functional
performance reproducibility, is difficult to achieve when
fabricating systems with biological components, which are
apt to remodel surrounding hydrogels and adapt or change
in response to environmental cues. Current fabrication
practices are also bench-scale, often creating only a few
robots at once. Scalable manufacturing of these devices
for future commercial deployment faces many challenges,
including the need for production of large quantities of
cells, precise spatial patterning of cells and extracellu-
lar matrix proteins, and sterility requirements throughout
production.

Sense-plan-act. Sensing, whether of internal states or
external features, remains a substantial challenge in
biohybrid robots due to the relative sizes of sensors to detect
relevant cues and the small payload of existing biohybrid
robots [128]. In addition, sensors that require complex
signal processing are challenging to package appropri-
ately for integration with other biohybrid components.
Using biological components directly as sensors, such as
optogenetic sensing of light, is one way to overcome these
challenges, yet it restricts the types of cells that can be used
due to the need for genetic tools. For autonomous biohybrid
robots, motion planning is needed for behaviours more
complex than feed-forward walking, gripping, swimming,
and pumping. However, controlling cell-based actuation is
challenging due to stochasticity in actuator response and
structure. To date, external electrical or optical triggers
activate most biohybrid motions [129], which limits trans-
lation beyond the lab. Much of the research in tissue-based
biohybrid robots has focused on actuation. While small and
soft robots have been demonstrated using muscle-based
actuators, a key challenge is that the low structural integrity
of the muscle tissue can lead to structural instabilities and
even tearing of the actuators. This mechanical limitation,
combined with low force, limits the design space available
for current biohybrid tissue-based robots.

Life support: Sustaining many of the components within
biohybrid robots as they move in the real world is difficult.
Living actuators require highly specific temperature require-
ments, ambient sugars for energy, and mechanisms for the
removal of accumulated wastes, all while maintaining ster-
ility. Also, it is difficult to accurately check the status of the
biohybrid robot during deployment to assess tissue health,
making controller design challenging as controllers must
adapt to actuator fatigue or damage and manage energy and
waste needs.
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challenges

Creating reproducible and deployable tissue-based biohybrid
devices will require several advances in fabrication, sensing,
motion planning, controls, and reliable interfaces between
actuators and robots:

o Fabrication. In creating biohybrid devices, achieving high
fabrication resolution and reproducibility is important.
Reproducibility of the biohybrid robots can be improved
by developing platforms for quality control at the fabrica-
tion stage, which will be critical for expanding the design
and realization of complex biohybrid robots in the coming
years.

o Sensing. At the sensing level, new approaches are needed
to integrate multimodal sensing into biohybrid robots. Such
systems should enable internal state sensing and fusion of
multiple external sensing modalities. However, such cap-
abilities will need to be light or biological to not overload
bioactuator payload capabilities. Integrated motion planning
will require energy-efficient algorithms and lightweight
computational platforms [127]. One area for future research
is to leverage biological neural networks, or brain-inspired
algorithms, to mimic the sensing behaviours and capabilities
found in natural systems (see also section 18). Preliminary
proof of concept devices leveraging this approach have
begun to appear in the literature [139].

e Controls and planning. To generate autonomous beha-
viour, once motion planning is performed, that signal must
be transmitted to actuators. Although actuation has seen the
largest focus in tissue-based biohybrid robotics, substan-
tial research is still needed to achieve autonomy. Therefore,
research should focus on improving the robustness and reli-
ability of biohybrid muscle-based actuators for predictable
control.

o Actuator interfaces. The interfaces between bioactuators
and the surrounding robot structure must be improved to
eliminate stress concentrations. This research can leverage
ongoing research in myotendinous repair. The development
of future bioactuators need not be limited by what nature has
achieved. For example, novel multi-material muscles could
combine conductive materials with cells to improve actu-
ator performance or signal transmission across actuators,
or new approaches in cellular engineering could be lever-
aged to enhance the force capabilities of individual cells.
Recent research is laying the foundation for such approaches
through the integration of novel materials and biohybrid
actuators [140]. Given the complexity of integration needed
to achieve these goals, advances will likely occur for each
subarea in the coming years, but full integration may require
longer time-scale investments.

On longer research horizons, to move biohybrid robots bey-
ond the lab, the development of novel housings optim-
ized to provide the correct mechanical properties, protec-
tion from the elements, energy harvesting, nutrition, or even
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12. 4D printed systems
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Status

Four-dimensional (4D) printing has been attracting increasing
attention since the concept was proposed in 2013 [141]. Four-
dimensional (4D) printing is based on 3D printing techno-
logy but involves transformation over time in response to addi-
tional stimuli. Initially, it was defined as ‘4D printing = 3D
printing + time’ [142]. However, the concept has undergone
evolution in recent years: the shape, structure, properties, and
functionality of a 3D-printed object can change after being
triggered by external stimuli such as temperature, light, pres-
sure, pH, and water. Such transformation should be control-
lable and predictable, such as being programmed to trigger
at a desired time or within a specified time range. The tem-
poral and spatial scales have evolved over time as well. For
example, slow transformation due to natural growth can fall
into 4D printing category as well.

By designing and preprograming the structure of smart
materials, 4D printing allows animate materials to be 3D
printed [143] including various shape-changing behaviours,
such as bending, folding, twisting, and surface curling [143]
(see also sections 8 and 9). Sequential shape-changing beha-
viours have also been extensively studied to explore more
complex behaviours and functions. These dynamic changes
allow the printing of complex and responsive animate mater-
ials that can adapt to environmental conditions or user
requirements [142].

The transformative properties of 4D printed materials,
including self-assembly, self-adaptability, multi-functionality,
and self-repair, exceed those of traditional 3D printed
materials [ 144]. Four-dimensional (4D) printing has the poten-
tial to revolutionize manufacturing because of the bespoke
geometries it affords which brings benefits such as reduced
manufacturing & assembly, reduced transportation, reduced
waste, increased customization, and more environmentally
sustainable products (figure 23).

This innovative technology could be utilized to create
highly customized and adaptable solutions in various fields
such as aerospace, biomedicine, human—computer interaction,
soft robotics (see also sections 10 and 11), and electronics
[145]. The size of 4D printing can range from micro to macro
according to applications. While 4D printing is still in its early
stages as a technology, it is growing rapidly, attracting atten-
tion from both interdisciplinary academia and various indus-
tries. The technologies of additive manufacturing, stimulus-
responsive materials, and related mathematical modelling are
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under active research and contribute to the growth of 4D
printing.

Current and future challenges

Current 4D printing faces several challenges, including mater-
ial development [143], process, design, function, and environ-
mental impact (figure 24).

e Material: The majority of 4D printed materials are poly-
mers and elastomers (tensile strengths of 1-100 MPa and
densities of 1000-2000 kg m~3) [146] or biomaterials (100—
1000 kg m~2 and similar strength). It is rarer to find ceramics
and metals (2k—20k kg m~3) being 4D printed. The proper-
ties of smart materials, such as printability, multifunction-
ality, multiscale structure, mechanical robustness, actuation
speed, and lifespan, all influence their ability to be success-
fully 4D printed [145]. For most shape-changing polymers,
only one-way shape change is allowed. Although there are
materials that permit multi-cycle shape changes, most 4D
printed structures cannot fully return to their original shapes.
Additionally, designing materials that change shape sequen-
tially and respond to multiple stimuli remains a challenging
issue.

Process: Material compatibility with 3D printing techno-
logy is crucial, requiring directly printable materials that
integrate seamlessly with existing technologies. The abil-
ity of a printer to accurately and efficiently produce mater-
ials with complex structures is essential for the advance-
ment of 4D printing technologies. Regarding 4D printing
facilities and technology, factors such as printing accuracy,
resolution, speed, multi-material compatibility, and over-
all material compatibility are crucial [147]. Additionally,
current research mostly focuses on layer-by-layer stacking
printing. There are still challenges in direct and freeform
printing of 3D structures, reducing undesired shape changes
during the printing process, and conducting conformal 4D
printing on existing non-planar surfaces. Moreover, the port-
folio of materials that can be successfully 4D printed is still
small.

Design: Developing models and computational design tools
increases the efficiency of the 4D printing process compared
to manual path planning. The goal of the forward simula-
tion is to describe final shapes from material specifics and
stimuli (forward design), while inverse design focuses on
deriving print paths or structures from desired outcomes
[143]. Simulating the dynamic shape change, often within
a multi-physics context, is non-trivial. Moreover, current
research falls short in modelling the time-varying behaviour
in 4D-printed composite structures. Further development
of 4D printing design tools is needed to optimise mater-
ial properties, printing techniques, and structural considera-
tions. Additionally, the usability of the design tool is import-
ant, ensuring that it is accessible for a diverse range of
end-users.

Function: Utilizing the advantages of 4D printing tech-
niques, such as self-activation, interactive mechanisms, and
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should be used while considering the products’ desired
functions [149]. Moreover, advances in science and tech-
nology, like digital fabrication and Al-based computational
design, can improve 4D printing efficiency by optimizing
energy consumption and design processes.

Concluding remarks

Four-dimensional (4D) printing, an evolution of 3D print-
ing, introduces dynamic, time-responsive elements to objects,
allowing them to change shape, properties, and function-
ality in response to stimuli. However, challenges such as
material development, process optimization, design com-
plexity, functional application, and environmental impact
remain. Addressing these requires advancements in smart

47

materials, printing technologies, mathematical modelling,
andsustainable practices. Despite these hurdles, the potential
for self-assembling, adaptive, and multifunctional structures
positions 4D printing as a transformative force in manufactur-
ing. Considering that the development of 4D printing is closely
related to the mature technology of 3D printing, we are likely
to see 4D printing used in products such as furniture, electron-
ics or biomedical devices in the next decade.
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Acoustic metamaterials have received significant attention
since the early 2000s due to advances in materials science,
micro- and nanotechnology, and physical modelling. Acoustic
metamaterial systems can steer, control, and manipulate sound
waves in ways that are not possible with conventional struc-
tures. Historically, band gaps in periodically arranged atomic
lattices have inspired the development of photonic and phonic
crystals, where the lattice constants are on the order of the
electromagnetic and acoustic wavelengths, respectively [152].
However, the large wavelengths of acoustic waves in the aud-
ible range (centimetres to metres) led to large and bulky
phononic designs.

The emerging field of acoustic metamaterials overcame
this limitation by allowing lattice sizes much smaller than the
acoustic wavelength (size range of millimetres to centimetres)
and expanding their application in acoustic waveguides and
acoustic imaging. Since the first experimental realization of
acoustic metamaterials, called locally resonant sonic materials
[153], several local resonators have been developed, such as
Helmholtz-based [154], or membrane-based resonators [155],
which provide unconventional, overall bulk modulus and sys-
tem’s mass density. Despite the great progress of these unit-
cell resonators, their designs rely on passive and linear sys-
tems with fundamentally limited bandwidth, which hinders
their applicability in practical time-variant applications, such
as noise pollution in urban and natural environments as well as
climate-responsive infrastructure (see also sections 19 and 20).

Active acoustic metamaterials (figure 25), in contrast to
passive acoustic metamaterials, use external control (e.g. elec-
tric, light, or magnetic field) or the material’s adaptive and act-
ive energy absorption properties (e.g. active colloids as anim-
ate materials, see section 2) to tune the effective material prop-
erties of the structure, enabling a wide range of on-demand
acoustic wave manipulation. Notably, the adaptive nature of
active acoustic metamaterials and animate materials positions
them to address urgent ecological challenges, such as climate-
related changes in environmental noise and infrastructure resi-
lience. Engineered acoustic metamaterials could serve as both
advanced wave-control platforms and responsive technologies
for pressing global challenges.

The most common active unit cells are electromechan-
ical systems, piezoelectric materials, and electrically loaded
loudspeakers [156]. The active elements can dynamically
tune their properties in response to changes in the acoustic
waves, expanding their applications in rapidly changing noise
environments. Another interesting subclass of active acous-
tic metamaterials is non-reciprocal acoustic metamaterials,
encompassing a variety of unidirectional wave phenomena
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[158]. These include acoustic isolators and circulators, topo-
logical insulators and edge states, spatiotemporally modulated
media, and one-way waveguides. The non-reciprocal acoustic
metamaterials often exploit time-reversal symmetry breaking,
allowing unique capabilities for unidirectional propagation of
sound waves (e.g. isolation, circulation, and robust transport
along edges) that are immune to the backscattering caused by
structural imperfections and perturbations in the material. As
such, they have enabled the creation of acoustic diodes and
isolators, topological insulators, one-way mirrors, and circu-
lators, spanning their application in biomedical ultrasound,
targeted therapy, architectural acoustics, and vibration control
[158].

Current and future challenges

Regarding real-world applications, active acoustic metama-
terials face challenges regarding their practical applicabil-
ity. Future developments should build on the existing indus-
trial progress and include new design, fabrication, and con-
trol methods, as well as theoretical modelling developments,
as outlined below:

o Fabrication and scalability. One of the primary concerns is
the fabrication and scalability of these metamaterials, which
are crucial for their widespread adoption. However, these
metamaterials currently suffer from high costs and com-
plex production methods. Furthermore, the performance of
acoustic metamaterials is frequently constrained by their fre-
quency bandwidth. In particular, those that rely on locally
resonant unit cells typically exhibit inherently narrow fre-
quency bandwidth properties, which restricts their applicab-
ility across various frequency ranges in noisy and broadband
acoustic spectra. Another challenge is the passive nature of
many acoustic metamaterials, which suffer from a combin-
ation of material’s viscous energy loss and thermal losses.
Therefore, addressing these inherent material losses is a vital
area of ongoing and future research.

Design and modelling. Conversely, active acoustic
metamaterials offer enhanced dynamic range and tunab-
ility across a broad frequency bandwidth. Nevertheless,
their practical implementation remains complex, requiring
the development of simpler designs to facilitate their use in
real-world settings. Moreover, the design and fabrication of
specialized forms, such as topological and non-reciprocal
acoustic metamaterials, entail intricate processes that signi-
ficantly increase costs and hinder scalability. The physical
dimensions of some acoustic metamaterials also restrict
their suitability for compact environments due to their
considerable dimensions and bulk, on the order of metres.
Integrating these materials into existing conventional sys-
tems presents additional challenges, notably impedance
matching issues, which complicate their practical deploy-
ment. Moreover, translating theoretical and numerical mod-
els into experimental setups is a non-trivial task that requires
meticulous adjustment and validation.
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increased focus on 3D metamaterials research over tradi-
tional 2D metasurfaces. This could further expand the poten-
tial applications and effectiveness of these materials.

Novel materials and structures. To address the limit-
ations of current acoustic metamaterial systems, recent
efforts have focused on refining unit cell designs to achieve
targeted sound absorption—ensuring energy is converted
where and how it is intended—while minimizing unwanted
losses (e.g. random scattering or damping outside the tar-
get frequency band) that do not contribute to the beneficial
absorption mechanism. This distinction between controlled,
desired absorption and unnecessary dissipation is critical for
optimizing metamaterial performance. Consequently, this
research field requires the investigation of novel materials
and structures, such as active colloids (section 2) and shape
changing active mechanical metamaterials (section 15), with
low-loss profiles which could enhance the overall function-
ality of acoustic metamaterials.

Adaptive control. The field of active materials repres-
ents an intriguing avenue for the advancement of acoustic
metamaterials. These materials employ active control mech-
anisms, such as electromechanical transducers, to facilitate
adaptive and reconfigurable properties within the structures,
allowing for precise control of mechanical deformations
triggered by electrical energy inputs. This approach is exem-
plified by research on animate matter, where the propagation
of topologically protected sound modes in metamaterials
made from active liquids—{fluids comprising self-propelled
particles (see also section 2)—was explored [157]. Such
animate materials can support unidirectional sound waves
and establish topological order, enabling sound to travel
without backscattering, even in the presence of obstacles or
disorder.

Biomedical applications. Finally, there is a shift in mater-
ial research towards the design of solid acoustic metamater-
ials within fluidic media, such as underwater environments,
where acoustic contrast is less pronounced. One such innov-
ation is the use of air bubbles as locally resonant unit cells
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to create promising underwater acoustic metamaterials suit-
able for medical ultrasound applications [161]. The direct
applications of these materials are being explored in fields
such as transdermal drug delivery. In this context, pyramidal
lattice structures have been used to create localized acoustic
streaming around sharp edges, thus enhancing the diffusion
of transdermal drugs [162]. These developments illustrate
the transformative potential of active acoustic metamateri-
als in a variety of practical applications.

Concluding remarks

In conclusion, active acoustic metamaterials stand at the fore-
front of innovative materials science, offering unprecedented
capabilities in sound wave manipulation through their unique
design and composition. The development of these materi-
als has progressed from passive, narrowband systems to more
dynamic, actively controlled structures, and animate materials
that can actively absorb energy and adapt to various acous-
tic environments. These advancements are largely attributable
to significant breakthroughs in micro- and nanotechnology, as
well as theoretical and computational modelling. Despite these
strides, challenges in scalability, fabrication costs, and integra-
tion into existing systems persist, limiting their broader applic-
ation. Looking ahead, the focus is shifting towards refining
3D additive manufacturing techniques to enhance the practical
deployment of these materials. Innovations in unit-cell design
and material properties aim to reduce losses and increase func-
tionality, facilitating their use across a wider array of applica-
tions, from architectural acoustics to biomedical ultrasound.
Additionally, the exploration of non-reciprocal and topolo-
gically protected acoustic waves promises new dimensions in
sound control, potentially revolutionizing how active acous-
tic metamaterials are utilized in everyday environments. The
ongoing research and the next-decade development in this field
are poised to not only overcome existing limitations but also to
unlock a myriad of new possibilities for acoustic manipulation
and application in animate matter.
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Granular matter denotes a very large ensemble of similar small
elements that are however not small enough to be ruled by
Brownian motion and equilibrium statistical mechanics. The
typical size of granular particles spans in the sub-millimetre
to centimetre range. In active granular matter, each granular
element of the ensemble can convert some input energy into
motion in which friction and shocks are the main sources of
dissipation. The development of active granular matter can be
traced back to the 2000s with first active grains powered by
vertical vibrations [163, 164] and then individually powered
granular robots [165]. The dominant studied situation was dir-
ectional motion, which relies on various self-propelling mech-
anisms for granular particles with head—tail asymmetry. As an
example, we can mention cylinders with a non-symmetrical
mass distribution [163]. Interestingly, these particles are geo-
metrically symmetrical but, under vertical vibrations, they
have a rectified drift velocity towards their lighter side. In
the case of granular robots [165], the particles asymmetry
comes from their shape with tilted legs that converts the ver-
tical jumps of the robot to a horizontal drift. With typically
hundreds of such particles interacting in a confined environ-
ment, collective states such as clustering and flocking can
emerge. These states are the results of aligning interactions
at the scale of particle-particle interaction and assemblies of
self-propelled grains typically show transitions between dis-
ordered gas-like states at low densities and ordered collect-
ive states at higher densities. Active granular particles are also
used to mimic vehicular or pedestrian traffic [166]. This can
be achieved by placing active particles in a track with a bottle-
neck and, depending on the particle density, different regimes
of congestion are obtained.

In the context of animate matter, the specificity of act-
ive granular matter is the simplicity of the granular elements
that contrasts with the complexity of the collective regimes
observed. If we put aside the active mechanism, granular
particles are easy to find in nature and laboratories. The gran-
ular interaction phenomenology at the macroscale is however
not so simple due to the non-smooth properties of contact
interaction. First, the collisions are very short-time events with
sudden change in the velocity of the particles. Second, friction
between grains or walls can induce transitions between stick-
ing and sliding regimes.

Because the granular interactions are repulsive, the col-
lective states typically appear and persist for sufficiently
large densities under the influence of steric effects. Elongated
particles are more likely to have strong aligning interac-
tions but, even with self-propelled particles of circular shapes,
the interplay between collisions and friction of the moving
particles also leads to velocity alignment and flocking.
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The interaction of active granular particles with walls is
an important aspect of the individual and collective particles’
dynamics. Because of the aligning interaction, and depend-
ing on confining geometries, self-propelled particles can be
guided, jammed or trapped. The collisions with boundaries can
also enable the formation of clusters of particles even for mod-
erate densities.

Current and future challenges

Challenges for granular matter include:

o Chirality. Granular matter offers the possibility to explore
activity beyond linear motion—a topic of great interest
with further potential for the future. Recently, chirality
has attracted much attention in active granular matter
[167] (figure 26). A chiral active particle can be a spin-
ner, i.e. a particle self-propelled into a rotating motion
or a particle moving on a circular trajectory, which can
be viewed as a combination of directional motion and
body rotation. Rotation necessarily implies the existence of
two-particle types, clockwise (CW) and counter-clockwise
(CCW). Consequently, chirality brings a new set of specific
pair interactions CW-CW, CCW-CCW, and CW-CCW.
This leads to situations of segregation with particle clusters
only composed, or dominantly composed, of particles of
type either CW or CCW. The interaction of chiral particles
with walls is also type-specific, which leads to edge cur-
rents with a parallel transport at the walls depending on
the sign of the rotation. This surface flow can be used to
sort particles depending on their sign of rotation. Surface
flow is also observed at the free surface of chiral particle
ensembles and the peculiar dynamics of interacting rotat-
ing particles leads to exotic phases with odd properties
[168].

Non-polar activity. Another illustration of novel type of
individual motion is the volumetric oscillation of disk-like
particles with T-shaped arms [169] (figure 26). In such sys-
tems, the activity of the individual elements has no action on
their centre of mass. Collectively, however, the particles can
influence each other and self-organize into static or dynamic
clusters. In this situation, one of the new physical ingredients
is the possibility to choose the relative phase of the oscillat-
ing particles.

Superstructures. A last approach consists of embedding
active granular particles into more complex structures to
form compound objects with peculiar dynamical properties
(figure 26). With active particles placed inside a flexible
closed membrane [55], the coupling between the particles’
motion and the membrane deformation leads to a cell-like
dynamics of the membrane with locomotion, large deform-
ation, and exploration of confined environments (see, e.g.
section 4). Active particles are also used to realize active
elastic crystals and therefore explore the effect of activity
on mode dynamics in periodic structures. Finally, it is pos-
sible to combine the approaches of activity beyond direc-
tional motion and superstructures [170]: flapping particles
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feedback loops between collective formation near the walls
and the scaffold itself. Further, the use of active or intelligent
scaffolds (see, e.g. sections 15 and 16) interacting with the
granular assembly can give rise to new emergent behaviour
allowing new functions. The technology for such materials
is sufficiently advanced so an implementation can be carried
out with minimal developments.

Complexity/minimality trade-off. The essence of granu-
lar systems is the simple structure of their constitutive ele-
ments. This is both a strength and a limitation in the possible
achievements of active granular systems with advances that
primarily rely on curiosity-driven exploration. The recent
results in the field of active granular matter have shown
that it is possible to foresee active granular schemes as
part of complex animate entities as it is for robotic sys-
tems (see, e.g. section 17). In robotics, the design of a spe-
cific robot is usually via reverse engineering approaches
in which the structure of the robot is designed from the
task it is expected to perform. In the field of granular sys-
tems, the research approach is via exploration with usu-
ally no specifically targeted function. The challenge is to
bridge the two approaches and be able to gauge when act-
ive granular elements are interesting compared to conven-
tional approaches in robotics with higher levels of pro-
gramming. Introducing some form of elementary commu-
nication between granular agents is a way to explore new

53

collective properties: introducing some simple communica-
tion between agents in collision-dominated crowds can for
example lead to collective learning schemes [172].

Concluding remarks

Active granular matter is a surprisingly rich domain. Although
granular particles are simple entities, making them active,
using different schemes, reveals the complexity of granular
interactions. This activity can consist of simple locomotion,
rotation, or simply shape shifting. These different modes
give rise to a multiplicity of behaviours. This complexity
opens the way towards the emergence of functional entities
capable of deformation, complex exploration, foraging, etc.
Besides, a variety of collective dynamics emerge, going from
cluster formation, to flocking, to interfacial flows. Finally,
adding a layer of basic communication between agents can
give rise to learning crowds and even enhanced functionalit-
ies: while improved phototaxis has been demonstrated, other
tasks, e.g. cargo transport or searching, cleaning or depol-
luting still need testing with learning strategies. The times-
cale for achieving such tasks remains reasonable (i.e. within
a few years) as most of the materials and the technology
are either relatively mature at present or are on the verge of
becoming so.
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Animate materials interact with their environment in a dynam-
ical and adaptive manner. This entails the combined ability
to (1) change shape, (2) do work and (3) process informa-
tion. In the last few years, mechanical metamaterials integrat-
ing flexible (rubber) and active (electromagnetic) elements—
often fabricated through additive manufacturing—have started
to appear that exhibit these three abilities. We consider each in
turn.

First, a range of design methods have been developed for
realizing metamaterials that morph between arbitrarily com-
plex shapes [101]. These methods include spatially grading
the material such that the local kinematics add up to a shape-
change over many unit cells, using combinatorial techniques
to control the local kinematics and texture, or exploiting geo-
metrical frustration to obtain large out-of-plane deformations.
Moreover, the building blocks of these metamaterials can be
either monostable, leading to a single shape, or multi-stable,
leading to the integration of many shapes and memory [173,
174].

Second, while most active matter systems to date fall
into the class of active fluids that lack a reference state (see
also sections 2-5, 14 and 17), recently active solids have
emerged where elastic restoring forces to a reference state
compete with active forces [175-177], where in all cases act-
ive means that the system is driven out of equilibrium by con-
suming energy. These materials consist of discrete units—
thus falling in the class of active metamaterials (see also
section 13)—and their response typically fundamentally dif-
fers from that of ordinary elastic solids, viz. whereas ordinary
passive solids are described by symmetric dynamical matrices
and elastic tensors, activity can turn dynamical matrices and
elastic tensors asymmetric [175, 176]. As a result, when the
active driving components are sufficiently strong, geometric
feedback between deformations and direction of forcing may
lead to active waves, synchronized oscillations, and other com-
plex spatiotemporal patterns [177]. These may allow the active
metamaterial to do work on its environment and to locomote
autonomously [175].

Finally, the geometric nonlinearities of mechanical
metamaterials have recently been explored to realize mechan-
ical logic, storage of information, and elementary information
processing in materia [178-181]. Crucially, the input and
output here are via specific physical channels, distinct from
the symbolic, general-purpose functionality of silicon-based
computing. The simplest form of information processing has
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no memory, but directly translates (a number of) inputs to
one or more outputs, with Boolean logic the paradigmatic
example; such logic gates have now been realized in metama-
terials by using buckling and snapping in, e.g. origami and
slender elements [178]. More advanced forms of information
processing require memory, in which the output depends on
both the current input and the internal state, and where the
latter stores information on past input and computations. This
requires developing strategies to write, erase, and read inform-
ation, and to design multistable metamaterials [173, 174, 179,
181].

Current and future challenges

Shape-changing, activity and computation have thus far been
achieved in separate platforms. Yet, to achieve animacy, they
would need to be integrated in a single metamaterial, while
maintaining long-term reliability. We first discuss what we see
as the key challenges in each field, and then present a future
strategy—based on realizing non-reciprocal cycles in active,
multistable metamaterials—to integrate these key elements of
animacy.

o Shape-changing metamaterials (figure 27(A)) with a
single shape change are by now well established. The
next challenges lie in the design of multiple on-demand
shapes into a single metamaterial and in the controlled actu-
ation of such metamaterials. There is an inherent trade-
off between freedom in the shape-change and complexity
of actuation: metamaterials with a single shape-change are
easy to robustly actuate, but their single shape can be lim-
iting, whereas metamaterials with many shape-changes can
be more versatile but require more advanced actuation.
Active metamaterials (figure 27(B)) need to do useful work
on their environment in an adaptive fashion: think of an
active metamaterial that can autonomously roll or crawl
depending on the terrain. We see several important require-
ments:

- Efficient design methods for active metamaterials that
combine the flexibility to efficiently do work on their
environment with the rigidity to carry a load.

Robust and scalable approaches to embed activity within
a flexible metamaterial. One strategy may be to leverage
rapid advances in materials such as liquid crystal elast-
omers, graphene actuators or shape memory alloys, and
use their responsiveness to continuously harvest energy
from the environment and convert this energy into pur-
poseful work.

Strategies to control the behaviour of active metamaterials
as their dynamics are inherently far-from-equilibrium and
nonlinear, they are hard to predict and to design.
Computing metamaterials (figure 27(C)) should be able
to perform sequential computational tasks. Such materials
materialize finite state machines, the paradigm of computing
that describes finite sequential computations. Strategies that
use a distribution of bistable or hysteretic material bits—
realized by, e.g. buckling and snapping beams or bistable
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the nematode Caenorhabditis elegans have been described
with data-driven dimensionality reduction techniques, such
as PCA and other embedding schemes [186]. Subsequently,
theoretical models of the transition probabilities between the
low-dimensional behavioural states have invoked concepts
like Markov models, and free energy landscapes—using
ideas from non-equilibrium statistical physics and dynam-
ics to rationalize behaviour in a generic way suggestive of
principles [186]. Because these models focus on describing
kinematics, they are fundamentally limited in their ability
to discriminate between the computational and mechanical
origins of animate behaviours.

Mechanics as a path to dimensionality reduction. In con-
trast, mechanically oriented models offer an alternate path
to dimensionality reduction that may point to principles
of mechanical intelligence. Many organisms, including C.
elegans, move in a regime where inertia is unimportant
(e.g. viscous fluids), and consequently, body—environment
interactions are analytically tractable. This facilitates the
connection of geometric phase (initially developed within
particle physics) to locomotion [187], which mechanically
rationalizes the low-dimensional kinematics of undulatory
gaits. This approach (referred to as ‘geometric mechan-
ics’) has helped to explain the gaits of worms, lizards and
snakes [188], all which converge to a common gait tem-
plate called a ‘serpenoid curve’ [189]—a sinusoidal trav-
eling wave of curvature, which, when mapped into a two-
dimensional ‘shape space’ creates a circular orbit that can
be used to calculate the centre-of-mass motion using the
enclosed area of a ‘height function’ (figure 29(B)). This
technique describes the role of mechanics in creating motion
outside the animate agent (in the environment) and does
not capture the role of mechanical feedback in producing
the serpenoid gait in the first place. To complete the rich
feedback system in figure 29(A) requires delving into the
dynamic material properties of the body itself, and under-
standing how these properties control the mechanical coup-
ling to the environment.

Mechanics to rationalize internal control schemes.
Internal mechanical control is especially important when
encountering environmental heterogeneities, which produce
large mechanical effects. C. elegans [190] and the sand-
specialist snake Chionactus occipitalis [191] (figure 29(C))
display small deviations from serpenoid curves, thought
to arise from mechanically controlled dynamic buckling.
Alternatively, the corn snake Pantherophis guttatus displays
large deviations from serpenoid behaviours suggestive of
complex mechanosensory feedback [191] (figure 29(C)).
Dissecting the relative roles of these modes of con-
trol in response to mechanical perturbations requires a
new class of robophysical models and corresponding
theory.

Interaction between computational and mechanical
control. Understanding how computational intelligence
interacts with particular mechanical control modes, both in
biology and in synthetic mechanically intelligent systems
will also be crucial to identifying principles and developing
mechanically intelligent machines. Because mechanically
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intelligent actuators typically produce much more complex
dynamics than simpler ones (e.g. servo motors), existing
sensory modalities and control architectures may be less
effective. The development of novel mechanically intelli-
gent actuators therefore necessitates the development of
complementary sensory modalities and potentially new the-
ories of feedback control.

In summary, existing ways of describing emergently simple
locomotor dynamics are either data-driven (ignoring mech-
anics), case specific, or rationalize behaviours by considering
mechanics outside the body, taking kinematics as an input. To
realize general mechanically intelligent machines requires:

e systematic mechanically parameterized dimensionality
reduction schemes;

e comparative mechanical models that transcend system spe-
cificity; and

e models that rationalize both the internal (body) dynam-
ics and the nmechanical environmental responses
simultaneously.

Advances in science and technology to meet
challenges

The following advances are required to meet the previous chal-
lenges:

e Robophysical models of mechanical control in
undulation. To describe the role of mechanical feedback
within and outside of the body, a recent robophysical model
(figures 30(A) and (B)) was developed to capture aspects
of the bilateral muscle activation patterns of worms, snakes
and other undulating organisms [190]. This model goes
beyond previous work by revealing how mechanical feed-
back can create kinematics. An open-loop serpenoid gait
(derived from the geometric phase approach) is commanded
by the robophysical ‘nervous system’. Downstream mech-
anical feedback mediated by collisions with environmental
obstacles and the dynamic material properties of the body
then conspire to modify the commanded gait kinematics
to produce effective locomotion in highly complex ter-
rain. Specifically, the dynamic, asymmetric compliance of
the body, acts like a mechanical diode—would-be drag-
inducing collisions spontaneously lead to body yielding and
turning around the obstacle, while thrust-producing colli-
sions, like hooking behaviours, result in body rigidity and
forward movement. This example illustrates how external
perturbations to optimal gaits derived from geometric mech-
anics can be mediated from mechanical feedback alone,
demonstrating mechanical intelligence.

e Robophysical models of mechanical control in
multi-legged systems. Beyond undulation, recent work on
the limbed locomotion of centipedes has revealed another
case where a combination of theory borrowed from fields
outside biology, and robophysical models of mechanical
control (figures 30(C) and (D)) have shed light on mech-
anical intelligence. Centipedes exploit limb redundancy, as
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Figure 30. Examples of mechanically intelligent devices. (A), (B)
A robophysical model of a bilaterally actuated undulating robot
leverages the redundancy of its multi-joint architecture and the
asymmetric compliance to confront (A) lab and (B) natural terrain
through mechanical intelligence. From [191]. Reprinted with
permission from AAAS. The inset shows a close-up on the
multi-joint architecture. (C), (D) A centipede robot similarly
leverages both the redundancy of its legs and the asymmetric
compliance its limb joints in (C) lab (From [192]. Reprinted with
permission from AAAS) and (D) natural settings. The inset shows a
close-up on the limb joints. © (2020) IEEE. Reprinted, with
permission, from [193].

well as the asymmetric compliance of each leg to rectify per-
turbations to their commanded stepping gaits from obstacles
in the environment. This effect was formally described using
an analogy from Shannon’s information theory [192], where
discrete foot contact patterns were mapped onto binary bit
sequences, and message transmission was analogized to the
robot’s self-transportation through the terrain.

Moving toward principles via experiment and
theory. Both cases illustrated above offer examples of how
robophysical models of mechanical feedback, combined
with theoretical models of computational control, can point
to principles of mechanical intelligence that transcend mor-
phology. In both cases asymmetric compliance (either of
the limbs or the body) along with the redundancy (either of
legs or body joints) helped to buffer the optimal, physics-
derived gait commanded by the nervous system to unexpec-
ted environmental perturbations. Elevating these observa-
tions to the level of principles will require further experi-
mental and theoretical development. On the experimental
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side, a proliferation of novel soft actuation schemes ana-
logous to the ones above and testing in a greater variety of
environmental regimes will produce a rich foundation of
phenomenology which can be organized and explained with
theory.

Concluding remarks

Developing principles of mechanical intelligence will lead
to major changes in the way engineered animate systems
are designed and controlled. While most of the systems we
discussed here are macroscopic, the principles we hope to
uncover should transcend scale to a degree. The emphasis on
kinematics in the study of biological animate matter reflects
a similar focus on body-shapes—and not body—environment
physical dynamics—in the design of existing robotic systems.
Focusing on connecting behaviour (defined as kinematics) to
neurobiology (defined as neural activity) as the goal of neuro-
ethology, while neglecting mechanical control, produces a fun-
damentally incomplete picture of animate behaviour in gen-
eral. To develop engineered animate matter that can reckon
with the full complexity of the external environment efficiently
and robustly will require both mechanical and computational
intelligence. However, the overwhelming paradigm of contem-
porary robotics is oriented towards computational solutions
to often intrinsically mechanical problems. One of the main
advantages of mechanically intelligent control systems relat-
ive to their computationally based counterparts is their robust-
ness to sudden environmental changes. Their complex dynam-
ics do not, in general, require prior knowledge of environ-
mental conditions. Hence, they are likely to be an important
part of the adaptation of animate systems to larger-scale ecolo-
gical and climatic changes as well. Shape control either relies
upon the environment being simple or requires high bandwidth
sensing and computation. This approach limits animate mat-
ter in two ways: (1) at microscopic length-scales, the relative
cost of computation may increase rapidly; (2) for macroscopic
matter, at the scale of large swarms (see also section 17), the
cost of computation may too become prohibitively significant.
Principles of mechanical intelligence could lead to a paradigm
shift in the control of animate matter to overcome these chal-
lenges. Because mechanical intelligence studies have begun
to proliferate for a diverse set of locomotion types, and also
because the development of mechanical intelligence relies on
novel deployments of currently available materials and fabric-
ation techniques (e.g. 3D printing, microelectronics), practical
technologies that exploit these control strategies will likely
emerge within the next several decades.
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Status

Swarm robotics stands as a beacon of innovation in the realm
of robotics, embodying the principles of collective intelli-
gence, resilience, and scalability [194]. This emerging field
harnesses the power of collective behaviour exhibited by
groups of simple robotic agents (e.g. see a swarm of miniature
robots in figure 31), which resemble an animate material com-
posed of many interacting, autonomous units like cells of an
organism. More precisely, robot swarms take inspiration from
collective animal behaviour, where animal societies display
coherent, cognitive behaviour as a group, such as ant colon-
ies or flocks of birds. Self-organisation imbues swarm sys-
tems with the ability to exhibit emergent behaviours, enabling
adaptability to dynamic environments and robustness against
failures. Unlike traditional robotics, where centralised con-
trol prevails, swarm robotics embraces decentralised control,
where autonomous robots achieve common objectives only
relying on fragmented knowledge and local coordination.

Research has focused on two main problems. On the one
hand, specialised robotic platforms (with sizes ranging from
microns to meters) have been developed to enable coordina-
tion through communication and physical interactions [165].
For instance, self-assembly of autonomous swarms in large
functional structures constitutes a distinctive paradigm of
swarm robotics [195]. On the other hand, engineering method-
ologies have been proposed to address the design of the indi-
vidual control rules that can lead to a desired swarm behaviour.
Here, two distinct goals can be sought: (i) deliver a robotic
system that efficiently solves some complex problem [194],
and (ii) generate and test hypotheses about observed collect-
ive behaviours in nature, which hinge on the physical inter-
actions and the communication abilities among individuals
[196]. However, a general-purpose engineering methodology
for swarm robotics is still missing.

The versatility of swarm robotics promises exploitation
in numerous application domains, spanning from disaster
response and environmental monitoring to precision agricul-
ture and space exploration [194]. For instance, in disaster
scenarios such as search-and-rescue operations, swarm robots
could efficiently explore hazardous environments, locate sur-
vivors, and deliver essential supplies. Similarly, in agricultural
settings, they could collaborate to perform tasks like crop mon-
itoring and pest control, enhancing agricultural productivity
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Figure 31. A swarm of Kilobots, a de facto standard platform for
swarm robotics research. This is a small robot of 3.3 cm diameter,
designed to move on a flat surface and communicate efficiently with
its immediate neighbours. Several design choices have been made to
simplify the electromechanical components and experimental
procedures like recharging and uploading control programs—which
become cumbersome with large swarms—enabling experimentation
with thousand robots lasting several hours [165].

and sustainability, especially with respect to the challenges
imposed by climate change—an increasingly critical need.
Moreover, swarm robotics could find applications in auto-
mated warehouses, infrastructure maintenance, surveillance,
and many other fields, showcasing its potential to revolution-
ise diverse industries while meeting current and future SDGs.

However, despite its promising applications, achieving the
full potential of swarm robotics remains an ongoing challenge.
There are still no commercial applications of swarm robotics.
The main limitations to demonstrating robot swarms at scale
are flexibility and adaptability to dynamic and uncertain envir-
onments, cost-effectiveness and security. Overcoming these
limitations requires addressing various prospects and chal-
lenges in swarm robotics, including miniaturisation and con-
trol, heterogeneity, ensuring long-term autonomy, achieving
scalability, and enhancing robustness.

Current and future challenges

In the future of swarm robotics, we can highlight the following
challenges:

e Miniaturisation. Deploying and controlling large num-
bers of miniature robots represent critical aspects of swarm
robotics, offering both opportunities and challenges [197].
Shrinking robotic components enables navigation of con-
fined spaces and execution of precise tasks, e.g. in pre-
cision medicine. However, it also poses challenges like
limited computational power, sensing, actuation and com-
munication capabilities, which constrain the autonomy of
the individual robots. While there are current attempts to
develop robots at the micro- and nanoscale, full autonomy
and interaction abilities likely require a few decades (see
also sections 2—4). Novel concepts in hardware, energy effi-
ciency and control algorithms are necessary to advance the
field.
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