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Abstract

Soft materials are usually defined as materials made of mesoscopic entities, often self-organised,
sensitive to thermal fluctuations and to weak perturbations. Archetypal examples are colloids,
polymers, amphiphiles, liquid crystals, foams. The importance of soft materials in everyday
commodity products, as well as in technological applications, is enormous, and controlling or
improving their properties is the focus of many efforts. From a fundamental perspective, the
possibility of manipulating soft material properties, by tuning interactions between constituents
and by applying external perturbations, gives rise to an almost unlimited variety in physical
properties. Together with the relative ease to observe and characterise them, this renders soft
matter systems powerful model systems to investigate statistical physics phenomena, many of them
relevant as well to hard condensed matter systems. Understanding the emerging properties from
mesoscale constituents still poses enormous challenges, which have stimulated a wealth of new
experimental approaches, including the synthesis of new systems with, e.g. tailored self-assembling
properties, or novel experimental techniques in imaging, scattering or rheology. Theoretical and
numerical methods, and coarse-grained models, have become central to predict physical properties
of soft materials, while computational approaches that also use machine learning tools are playing
a progressively major role in many investigations. This Roadmap intends to give a broad overview
of recent and possible future activities in the field of soft materials, with experts covering various
developments and challenges in material synthesis and characterisation, instrumental, simulation
and theoretical methods as well as general concepts.
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1. Introduction

Jean Louis Barrat', Emanuela Del Gado?, Stefan U Egelhaaf> and Xiaoming Mao*

! Université Grenoble Alpes, CNRS, LIPhy, 38000 Grenoble, France

2 Department of Physics, Institute for Soft Matter Synthesis and Metrology, Georgetown University, 20057
Washington DC, United States of America

3 Condensed Matter Physics Laboratory, Heinrich Heine University, 40225 Diisseldorf, Germany

* Department of Physics, University of Michigan, Ann Arbor, MI, United States of America

Status

Thirty years ago, in his 1992 Nobel Laureate lecture [1], PG de Gennes talked about a ‘sentimental journey in
the wonderland of soft matter’, characterised by complexity and flexibility. Indeed, the complex world of soft
matter is probably better suited for such an impressionist journey than for a rigid roadmap. Nevertheless, in
this Roadmap, we have tried to find a compromise by gathering 26 contributions from leading groups
worldwide, illustrating the many directions in which the field is presently developing. These contributions
cover a very broad range, from fundamental aspects of statistical physics to engineering applications in fields
as diverse as energy, biomaterials, or food science. In this field, and this is also a legacy of the ‘founding
fathers’ PG de Gennes and S Edwards, theory and experiment, fundamental and applicative research, are
intimately linked, and the new experimental techniques and theoretical tools very rapidly find their ways to
new applications. de Gennes and Edwards have often taken forward ideas and concepts developed in other
areas such as quantum field theory and hard condensed matter, to build a more rigorous and insightful
understanding of the properties of soft materials. Edwards’ clear vision of how theoretical science can help
resolve practical engineering and industrial problems has had a permanent imprint in soft matter science,
bringing on many occasions theorists and industrialists to work together, a legacy still carried over through
initiatives such as the Edwards Symposia in Cambridge among others [2]. How many of the topics
highlighted in this Roadmap could have been anticipated 30 years ago? Probably very few. Even if the basic
ingredients of soft matter have not changed, surprising behaviours are still being discovered in fields that
were considered as mostly understood, such as polymer networks [3]. The soft matter field once considered
synonymous with ‘complex fluids’ has evolved to encompass a growing number of ‘soft materials’ such as
dispersions, plastics, membranes, foams, active materials, metamaterials, biomaterials, as illustrated in
various contributions of this Roadmap. On a fundamental side, the study of soft matter systems has been
essential in improving our understanding of major open issues in statistical physics with relevance for
applications, such as the mechanism underlying the glass transition [4].

New building blocks, synthesis, and functionalities

With the advent of well-defined model systems, systematic and quantitative experiments became possible [5,
6] They were dedicated to, e.g. the equilibrium and non-equilibrium behaviour of colloidal, polymeric and
surfactant systems and represented benchmarks for theoretical models. Over the years, systems were
developed which possess a more complex architecture, show tunable properties, respond to external stimuli
as well as their local environment, show a specific, e.g. chemical functionality, or use energy from their
environment to sustain a directed motion. For example, introducing mechanophores or stress sensitive
molecules [7] allows one to follow complex processes such as crystallisation, deformation, and rupture of
soft materials. Self-healing materials [8] with polymer or gel like properties can be achieved through
supramolecular chemistry. Although many phenomena have already been observed to emerge from these
properties, it is expected that additional, so far unexplored behaviour will be discovered and that the
potential for modifications and extensions to the existing building blocks will be explored further. Recent
developments and possible future directions in this area are illustrated with a few examples in this Roadmap
(sections 2—7; figure 1).

New experimental tools to characterise and manipulate soft materials

To fully characterise soft materials, a broad range of length and time scales needs to be covered. During the
last decades a range of experimental techniques have been developed, and are still being developed,
specifically devoted to and motivated from the investigation of soft materials. The utilisation of techniques
has changed over the years: for example, to investigate the microscopic structure and dynamics of soft
materials, scattering is more and more complemented and sometimes replaced by microscopy (in this case
rather due to increasing computational power than developments of the measurement techniques). In
addition, especially in non-equilibrium situations, a simultaneous determination of several parameters is
advantageous to, e.g. link the microscopic structure and dynamics to macroscopic properties. This is
reflected in the development of equipment and measurement procedures which combine different (existing
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Figure 1. A graphic to demonstrate the areas covered within the Roadmap.

or new) measurement techniques, a trend which is expected to continue in future. Moreover, combinations
of distinct measurement techniques as such have been explored, a prominent and powerful example being
digital Fourier microscopy, which benefits from advantages of microscopy and scattering experiments [9]
(sections 8—10; figure 1). In addition, due to the susceptibility of soft matter to external fields, it is desirable
to, on one hand, perform measurements while the samples are manipulated by, e.g. mechanical, electrical,
magnetic, or optical fields, and, on the other hand, precisely set the sample conditions, ranging from
temperature and other parameters to sample loading (sections 11-16; figure 1).

New theoretical concepts and modeling tools

Fundamental advances in theory and modelling as well as establishing new concepts have been an important
component in the development of soft matter science. Indeed, soft matter is an exciting playground for new
fundamental theories owing to the rich interplay between disorder, strong fluctuations, the hierarchy of
length scales, as well as the excellent controllability of the building blocks of soft matter, e.g. nano, colloidal,
and granular particles, where interactions can be fine-tuned to explore a plethora of new phases of matter. In
the early days of theoretical studies of soft matter, concepts from statistical mechanics and hard condensed
matter have been borrowed, ranging from renormalisation, criticality, to frustrated interactions, which led to
great successes in explaining basic phenomena of unique phases in soft matter. As our understandings of soft
matter deepened, and more experimental probes became available in the past few decades, completely new
fundamental notions are emerging from soft matter, from mesophases with partially broken symmetry,
unique kinetics on rugged free-energy landscapes, nonlocality in rigidity transitions, to more recent advances
in using artificial intelligence to understand and manipulate complex materials [10]. These new concepts are
being shared with other branches of physics [11], leading to a much richer knowledge base of physics,
mathematics, materials science and engineering, and biology (sections 17-21; figure 1).

New problems and emerging challenges

Because of soft matter versatility, soft matter processes and concepts enter also non-soft materials, famous
examples being water purification [12], batteries production [13] or self-assembly of photonic materials as
well as building materials [14]. Beyond this, new questions related to the sustainability of material resources
and of material processing, and to their environmental impact are emerging. Understanding how to recycle,
repurpose and sustainably use plastics as well as biopolymer fibers present in, e.g. agricultural waste, how to
reduce the use of toxic and polluting solvents, or, in general, to design more sustainable, stronger or more
adaptable materials are all, in the end, soft matter problems and point to the key role that soft materials can
play in reducing the human environmental footprint on our planet [15, 16] as well as safeguarding a
sufficient but also sustainable food production (sections 22 and 23; figure 1).

5
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Analyzing and sharing (huge amounts of) data

Among the new challenges that the science of soft materials is facing, one of the most important and urgent
is the sheer volume of data being produced, or to be produced, by advanced techniques, especially those
combining different types of measurements. This renders it interesting to exploit the potential of Al based
approaches (section 21; figure 1). In addition, how to share data properly and efficiently, how to develop
shared benchmark soft materials, whose softness and frequently intrinsically non equilibrium nature make
sample preparation and control particularly delicate, have become among the most pressing questions the
soft materials community is working to address [17].

Conclusion

In the beginning, soft matter systems were mainly studied in chemistry and chemical engineering. With the
advent of well-defined, reproducible, and ‘simple’ model systems, physicists became interested in soft matter.
Meanwhile, the range of systems has been extended to quite complex particles and samples as well as
experimental conditions. Approaching the complexity of real-world systems, the developed concepts and
models can hence be applied in chemistry, biology, and medicine as well as in material, food, and
environmental science and in technological and industrial applications. Therefore, ideas developed in the
context of soft matter systems can now be found in many other areas of science where they show a significant
impact and relevance (sections 24-27; figure 1).

The 26 contributions to this Roadmap are intended to illustrate the central position of soft matter science
at the crossroad of disciplines, and to highlight recent developments and perspectives in the field, ranging
from novel conceptual insights to modern applications. To help the reader navigate the breadth of materials,
themes and disciplines covered, we have organised the content into six sections that highlight novelty in
classical soft materials (1), connections with biomaterials and biological systems (2), applications and
technology based on soft materials (3), new exploration tools (4), soft materials manipulation (5), and new
concepts that have emerged in fundamental studies of soft materials (6).
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2. Complex colloidal materials

Marjolein Dijkstra
Soft Condensed Matter, Debye Institute for Nanomaterials Science, Utrecht University, Utrecht,
The Netherlands

Status

The field of colloid science has undergone a revolutionary transformation in the 20th century. Advancements
in the chemical synthesis and fabrication techniques have resulted in the creation of a dazzling variety of
novel colloidal building blocks, while novel imaging, tracking, and manipulation techniques of colloidal
particles have provided us with a wealth of fundamental insights into physical phenomena, such as melting,
freezing, (de)mixing, glass transitions, nucleation, jamming, random packings, two-dimensional melting,
and structure formation. These phenomena can be spontaneous or externally driven by gravity, templates,
electric or magnetic fields, or other external forces.

From a theoretical point of view, not only the advent of computer simulations in the 1960s as a new
scientific tool for studying highly correlated many-body systems, but also the exploitation of
thermodynamics and statistical physics for predicting equilibrium properties of colloidal suspensions, have
contributed significantly to our increased understanding and exploitation of colloids. Computer simulations
enabled us to study with unprecedented microscopic detail the structure and phase behaviour of colloidal
systems, whereas the high level of control in colloid synthesis resulted in well-defined experimental model
systems, allowing for direct comparisons between experiments, simulations, and theory.

To illustrate the power of synergy between experiments, simulations, and theory, we refer to the freezing
transition of hard-sphere fluids into face-centered cubic (fcc) solid phases, predicted theoretically in 1951
[18], and observed in early molecular dynamics and Monte Carlo simulations in 1957 [19, 20], but which
was received with quite some scepticism at that time. The existence of such a phase transition was eventually
proven once and forever by experiments on micron-sized sterically stabilised polymethyl methacrylate hard
spheres in 1986 [5]. More interestingly, in contrast to atomic and molecular systems, the effective
interactions between colloidal particles can be tuned by the addition of salt to a suspension of
charged-stabilised colloids, giving rise to not only fcc but also body-centered cubic (bcc) phases for
sufficiently long-range repulsive interactions [21]. Alternatively, an effective depletion attraction can be
induced between the colloids by the addition of depletants or non-adsorbing polymer [22]. As the range and
strength of the depletion interaction can be tuned by the size and concentration of the polymer, such
mixtures serve as excellent model systems to test [23] the theoretical predictions on condensation of gases
into liquids as laid down in the dissertation of van der Waals in 1873 [24].

In addition, the field has shifted its attention from micron-sized colloids to nanometre-sized particles
since the seminal work of Bentzon et al who reported in 1989 the self-assembly of metaloxide nanoparticles
into superlattice structures [25]. This study instigated a very active research field, driven by the potential of
creating new nanostructured materials with unprecedented functionalities using colloidal self-assembly of
for instance semiconductor, metal, perovskite, and metal organic framework particles [26].

However, the self-assembly of colloidal spheres with isotropic interactions is limited to lattice structures
with simple symmetries such as fcc and bec. To increase the structural diversity, one may resort to binary
mixtures that form surprisingly exotic crystal structures analogous to their atomic counterparts like NaCl,
AlB,, NaZn,3, MgZn,, MgCu,, MgNi, phase [48, 49] or to mixtures of oppositely charged colloids forming
colloidal analogues of ionic crystals like NaCl, CsCl, CuAu, but also novel structures that do not have an
atomic or molecular analogue [50, 51].

Another way to increase the diversity of self-assembled structures is to develop novel classes of colloidal
particles with anisotropic shapes and varying interaction potentials, see figure 2. Over the past decades a
spectacular variety of novel colloidal building blocks have been fabricated [26, 52, 53] from different
materials like dielectric, metal, semiconductor, and combinations thereof, with sizes ranging from the
nanometer to the micrometer scale, and with a plethora of shapes such as clusters of spheres, so-called
‘colloidal molecules rod-like, platelike, branched particles, polyhedral-shaped particles, hollow objects,
microcapsules, nanostars, etc. Theoretically, the effect of shape on the interaction of colloidal particles
already started in the 1950s with the seminal work by Onsager [54].

More recently, these particles can also be functionalised so that instructions for self-assembly are
programmed in the shape, e.g. lock and key colloids [41] or shape-shifting particles [55], in the surface
pattern, e.g. Janus colloids, triblock Janus colloids, and patchy particles using, for example, regioselective
depletion [56] or surface functionalisation by DNA or proteins. Especially, the hybridisation of
complementary DNA strands grafted on the surface of colloidal building blocks, pioneered by the works of
[57, 58], has proven to be a successful and versatile route for programming the self-assembly of structures as
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Figure 2. The dazzling variety of novel colloidal building blocks can be divided into (A) anisotropic particles such as (1) colloidal
molecules: colloidal silica dumbbells, scale bar 180 nm. Reproduced from [27], with permission from Springer Nature. Colloidal
clusters of polystyrene microspheres, scale bar 1 pzm. From [28]. Reprinted with permission from AAAS. Colloidal (semi)flexible
polystyrene bead chains, scale bar 4 pm. [29] John Wiley & Sons. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (2) Rods and plates: Au nanorods, scale bar 100 nm. Reprinted with permission from [30]. Copyright (2004)
American Chemical Society. Colloidal polymethylmethacrylate ellipsoids, scale bar 5 pm. Reproduced with permission from [31].
Colloidal polystyrene discs, scale bar 2 um. Reprinted with permission from [32]. Copyright (2007) American Chemical Society.
(3) branched particles: colloidal CdS/CdSe octapod-shaped nanocrystals Reproduced from [33], with permission from Springer
Nature. Colloidal CdTe tetrapod-shaped nanocrystals, scale bar 100 nm. Reproduced from [34], with permission from Springer
Nature. Branched cubic silica particle, scale bar 1 pm. Reproduced from [35]. CC BY 4.0. (4) Polyhedral-shaped particles: slightly
truncated silver nanocubes. From [36]. Reprinted with permission from AAAS. Octahedral metal organic framework particles,
scale bar 0.5 pm. Reproduced from [37], with permission from Springer Nature. Hollow silica cubes, scale bar 1 pzm. Reproduced
from [38] with permission from the Royal Society of Chemistry. (B) Programmed functionalised particles: 2 pm silica triblock
Janus spheres. Reprinted with permission from [39]. Copyright (2012) American Chemical Society. Polystyrene patchy dumbbells
with different surface roughness, scale bar 10 zm. Reproduced from [40]. CC BY 4.0. Lock and key colloids, scale bar 2 pm.
Reproduced from [41], with permission from Springer Nature. DNA functionalised tetrahedral polystyrene clusters, scale bar

5 pm. Reproduced from [42], with permission from Springer Nature. Di-patch DNA functionalised colloids, scale bar 5 pgm.[43]
John Wiley & Sons. Copyright © 2020 Wiley-VCH GmbH. DNA functionalised nanocubes and spheres, scale bar 100 nm.
Reproduced from [44]. CC BY 4.0. And (C) active self-propelled particles: 3-methacryloxypropyl trimethoxysilane polymer
colloidal sphere with a protruding hematite cube, scale bar 1 gm. From [45]. Reprinted with permission from AAAS. Colloidal
Quincke rollers, scale bar 50 ;zm. Reproduced from [46], with permission from Springer Nature. Pt-coated active polystyrene
bead chains, scale bar 2 pum [47]. Reproduced from [47]. CC BY 4.0.

complex as diamond and clathrates [42, 59]. In addition, the self-assembly can be aided or altered by the
application of external fields such as electric fields, gravity, templates, and by the structure of the solvent. For
instance, self-assembly of colloidal particles can be tuned in situ by solvent-mediated interactions upon
approaching the critical point of a solvent mixture [60], bicontinuous gel networks are formed in the case of
an arrested phase separation of the solvent mixture due to jamming of the adsorbed colloids at the
liquid-liquid interface [61], and topological structures like strings, knots, and links are formed due to the
anchoring of a (chiral) nematic solvent at the colloidal surfaces [62, 63]. This vast array of colloidal building
blocks and self-assembly protocols can be exploited for the fabrication of nanostructured materials with
interesting optical, mechanical, and catalytic properties. To accelerate the design of self-assembled
nanomaterials, the experimental efforts can be guided by theory and simulations. Over the past decades,
huge progress has been made in the development of algorithms to predict the candidate structures of these
novel colloidal building blocks, determining the thermodynamically stable phases by calculating free
energies, to the point where thermodynamic phase diagrams can be calculated in theory and simulations for
any particle shape and interaction using the tools of thermodynamics and statistical mechanics.

8
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Current and future challenges

(a) Designer soft matter

High throughput screening. We have arrived at the brink of exciting times, where we can synthesise or
fabricate colloidal building blocks with (nearly) any shape and interaction potential, from any material on
demand. From a theoretical side, tremendous efforts have been devoted over the past decades to the ‘forward
design’ problem: which structures with what properties are formed for a given colloidal building block under
what circumstances? A major drawback of this approach is that the number of possible building blocks and
thermodynamic conditions is vast, calling for the development of efficient high-throughput protocols to
quickly conduct many experiments or simulations simultaneously and to test systematically many
combinations of parameters. For instance, automated microfluidic and robotic synthesis platforms can be
used to conduct many experiments in a high-dimensional parameter space in a very efficient way. On the
other hand, surrogate models based on, for example, machine-learned many-body interactions can
significantly accelerate the exploration of large search spaces in computer simulations [64]. Using these
data-driven approaches, machine learning can be used to find a mapping between the input parameters,

e.g. different thermodynamic conditions, on the one hand and the outcomes of the experiments on the other
hand. Such machine-learned models can be used to make predictions for unexplored parameter
combinations, thereby enabling rapid identification of promising building blocks, interaction potentials, and
thermodynamic conditions for targeted self-assembly of colloidal structures with specific properties and
functionalities. Additionally, the analysis of large amounts of data produced by high-throughput screening
with novel machine-learning algorithms may result in the development of reliable and generic design rules
that can be used to create soft advanced materials by design with certain electronic, optical or catalytic
properties, or mechanical or rheological responses. A combined high-throughput screening and machine
learning protocol can be used to provide suggestions for the next experiments/simulations to improve the
machine-learned models or to optimise the conditions for a certain outcome. Very recently, a mobile robotic
chemist was developed that could autonomously execute multiple experiments in a chemical lab and that
uses machine learning to optimise a certain property based on the experiments done so far [65].

Inverse design. The holy grail of designer soft matter is the development of a protocol for solving the
so-called inverse design problem: What kind of colloidal building blocks should we make and under what
thermodynamic conditions should they self-assemble to realise a desired structure with a specific property?
While state-of-theart computational and theoretical statistical mechanics methods have been very successful
in solving the so-called ‘forward’ design problem, a robust, versatile algorithm for solving the inverse
problem remains a significant challenge. The lack of a reliable and efficient inverse design method remains a
significant obstacle for the full exploitation of colloidal self-assembly in the development of next-gen
materials. A variety of inverse-design approaches has been developed recently based on machine learning
approaches or optimisation techniques such as evolutionary strategies to optimise interaction potentials for
targeted self-assembly, albeit often resulting into colloid interactions that are not always experimentally
realisable [66]. This can be solved by restricting the search space to experimentally realistic potentials.

Kinetics. Despite the availability of a wide variety of colloidal building blocks, the number of successfully
self-assembled structures is still limited. To better understand and control the self-assembly, it is essential to
also investigate the kinetic pathways for the formation of the thermodynamically stable phases, proceeding
either via nucleation and growth or through spinodal decomposition.

Nucleation. Homogeneous nucleation of colloidal particles has been the subject of many studies in the past
decades. Several scenarios have been proposed in the literature such as one-step or two-step crystallisation
mechanisms, devitrification, spinodal-like processes, etc, but consensus has not been reached. Nucleation of
the stable phase may also be hampered by the formation of competing polymorphs. To gain control over the
formation of certain polymorphs requires a better understanding of the nucleation pathways and of the
selection mechanisms that determines the pathway towards a certain self-assembled structure.

Vitrification. Additionally, the self-assembly may be suppressed by kinetic effects such as vitrification,
gelation, defects, stacking faults, and grain boundaries. Upon increasing the volume fraction, colloidal
suspensions may undergo a glass transition where the viscosity increases by orders of magnitude and the
system macroscopically behaves as a solid, yet its structure is still disordered. Despite the amount of research
devoted to understanding glasses, the microscopic origin of the glass transition remains controversial and
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heavily debated. The main problem is that the structural relaxation time increases rapidly upon approaching
the glass transition, making it difficult to unravel the physical phenomena underlying the glass transition.
Recently, significant progress has been made in understanding the glass transition using machine-learning
protocols to relate local structures hidden in the glass to the dynamics of the particles [67] as well as by
employing algorithms that considerably speed up the equilibration deep in the glass [68]. It is clear that the
kinetics and competition with other polymorphs, glass transitions, and gelation should be taken into account
in the design and inverse design of self-assembly routes for specific target structures, e.g. by exploring the
free-energy landscapes using data-driven methods and sculpting it towards the formation of the desired
polymorph [69, 70].

(b) Soft materials and machines with lifelike properties

The self-assembled materials mentioned so far are, however, passive. The next step would be to develop
hierarchically structured soft materials and machines that can autonomously assemble, sense, respond, and
reconfigure on demand. Nature displays a plethora of self-assembled dynamic materials that respond to
external stimuli, e.g. chameleons change colour for camouflage, plants have the ability to bend towards
sunlight, pinecones can change shape for a sudden seed release, and geckos stick to surfaces and change
adhesion due to a self-regulated cooperative motion of tiny hairs (setae) on their feet. In all these cases, the
ability to respond and adapt is encoded in a hierarchically structured material, where active and passive
components are coupled in a non-trivial way. The design of soft materials and machines that function far
from equilibrium requires insight in the dynamical behaviour of self-organising active elements.

Active matter. In the last decade, a diversity of active or self-propelled particles [71] have been produced
ranging from chemically fuelled phoretic swimmers, light activated self-propelled colloids, magnetic
swimmers, Marangoni-driven active droplets, Quincke rollers, etc. The exact mechanism responsible for the
self-propulsion of these particles varies with the details of the colloidal system, and may be driven by
transport phenomena like electrophoresis, diffusiophoresis, or thermophoresis when the activity is generated
by gradients in the electric field, concentrations of solutes, or temperature, respectively. A precise control of
out-of-equilibrium active matter systems requires a thorough understanding of the self-propulsion
mechanism. The collective behaviour of many interacting and self-propelling particles can give rise to
fascinating phenomena and a plethora of self-organised structures, which are not observed in passive
systems. Examples of such structures include clustering, motility induced phase separation, living crystals,
dynamical superstructures of synchronised microgears, and chiral fluids, among others [71]. Since these
particles incessantly convert energy into active motion, these systems are intrinsically out of equilibrium. In
contrast to the collective behaviour of passive systems, which is well-described by the laws of equilibrium
thermodynamics and statistical physics, there is no such framework yet for active matter. New theoretical
approaches are required to describe the collective dynamic behaviour of active systems [72].

Hierarchical self-assembly. Nature is rife of beautiful examples of hierarchically organised structures, where
active and passive elements function in a cooperative way. For instance, macromolecules like lipids, DNA,
and proteins self-assemble into cells, individual cells into tissues, tissues into organs, and organs into
organisms such as birds and fish that can in turn dynamically organise into flocks and schools. These
hierarchical, dynamical structures aspire researchers to also self-assemble colloidal matter hierarchically. A
better insight in the laws and possibilities of hierarchical self-assembly will enable us to structure matter over
multiple length scales and to add new (dynamic) properties and functionalities at each self-assembly step.
Examples of hierarchically self-assembly include the fabrication of colloidal molecules [28], supraparticles
[73], patchy particles [74], or the co-assembly of different colloidal particles in hierarchical multicomponent
materials [75]. The ultimate aim is to create self-assembling micromachines [76, 77] that are motile,
self-healing, responsive, and shapeshifting, which can autonomously assemble into complex and interesting
dynamical structures.

Concluding remarks

The theoretical tools to understand the equilibrium behaviour of colloids were developed in the 19th and
20th century, before the advent of computer simulations in the 1960s and our ability to conduct controlled
experiments since colloidal particles with accurately defined shapes, interactions, and surface
functionalisations were only synthesised from the 1990s. However, applying the methods from statistical
physics, thermodynamics, and liquid-state theory frequently led to equations that are too hard to solve
analytically or numerically, and computer simulations gained ground over the past decades. While the
equilibrium behaviour of colloidal matter is well described by equilibrium statistical physics, there is no such
framework yet to describe out-of-equilibrium systems. The focus of the 21st century will be on the
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development of a theoretical framework that encompasses non-equilibrium statistical mechanics and
non-linear dynamics. Recently, machine learning has become the fourth pillar of science, next to theory,
experiments, and simulations. The use of machine learning as a scientific tool is picking up with an
incredible speed. In the next years, we will see that large data sets from simulations and experiments will be
combined to find mappings between input parameters, such as thermodynamic conditions, particle
interactions, etc on the one hand, and the macroscopic equilibrium or out-of-equilibrium behaviour on the
other hand by training machine-learning algorithms with the available data. These machine-learned models
can be used to make predictions for unseen input parameters and to optimise materials designs. An
important question that arises is whether or not these machine-learning algorithms can deliver any scientific
understanding, or should they solely be considered as black box models, and more provocatively, do we still
need theory to obtain a physical understanding of the phenomena at hand. Time will provide us with an
answer. What we do know is that the study of colloids has already provided us with a wealth of insights into
physical phenomena such as freezing, nucleation, and glass transitions. In the coming years, this rapidly
evolving field will turn its attention to the bottom-up self-assembly of bio-inspired complex materials and
machines, where passive and active components function far from equilibrium together in an intricately
cooperative and hierarchical way. Studying these new materials with life-like properties will lead to exciting
new physics and will give us insights in the dynamic and collective behaviour of out-of-equilibrium systems,
requiring the development of new theoretical frameworks to describe these fascinating systems with
self-healing, responsive, and adaptive properties.
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Until recently, most synthetic colloidal particles were spheres that were suspended in a liquid and stabilised
against aggregation by surface charges or by a polymer brush adsorbed or grafted to the particle surface. Such
particles found widespread use in cosmetics, paints, medicine, and in fundamental studies of phase
transitions and self-assembly. Interest in engineered colloidal particles was sparked in the mid-nineties by the
realisation that colloidal crystals might be useful for new optical applications including materials with
photonic band gaps. Early work focused on close-packed FCC photonic crystals of spheres, but attention
shifted to cubic diamond crystals, or structures with similar symmetry, which are needed to realise the large
band gaps and the insensitivity to disorder required to achieve robust optical properties. This led to the
development of particle clusters preassembled into dimers, tetrahedra, or other aggregates [78] that could
serve as building blocks for assembling colloidal crystals more complex than the familiar FCC, BCC, and
related structures. It also led to the development of patchy particles [42, 79], especially four-patch colloids
that mimic the valence and tetrahedral bonding symmetry of diamond-forming atoms like carbon. However,
patches alone proved inadequate to form cubic diamond crystals as they do not constrain the bond
conformations of neighbouring particles. The requisite ‘staggered’ bond conformations were achieved very
recently by synthesising patchy particles with tetrahedral lobes, which led to the first self-assembled cubic
diamond colloidal crystals suitable for templating 3D photonic crystals [42].

Interest in colloidal self-assembly spurred several other innovations, including the development of Janus
particles (particles with two dissimilar faces) that self-assemble into structures resembling those formed by
molecular amphiphiles [78] and also into fascinating new structures like a 2D honeycomb lattice [80]. The
development of oppositely charged ionic colloids stabilised by a thin polymer brush has produced colloidal
crystals of unprecedented size and stability, with millimetre-size crystals in a variety of structures that can be
permanently fixed, removed from aqueous suspension, and dried while maintaining their crystallinity [78].

The periodic spatial variation of the refractive index in colloidal crystals gives rise to structural colour
that depends strongly on viewing angle due to Bragg scattering from different crystalline planes. The desire
for colour independent of viewing angle thus led to intense activity on developing disordered arrangements
of colloidal spheres with structural colour [81]. Hyperuniform arrangements of colloidal particles, which can
be achieved through periodic shearing [82], also emerged as another significant idea for producing not only
structural colour but also photonic band gaps from isotropic structures.

Research on colloidal self-assembly focused on developing new attractive orthogonal programmable
interactions between colloids, the most versatile being those derived from DNA-coated colloids, whose
hybridising sticky ends can be manipulated to control phase behaviour as well as to dynamically reconfigure
colloidal structures using toehold displacement strands [83]. The development of roughness-controlled
depletion attraction [84] as well has critical Casimir forces [85] also added to the expanding toolset for
controlling self-assembly.

Another important direction was the development of lithographic methods form making structured
particles, particularly hydrogel particles, which has led to a vast library of particle shapes and applications in
photonics and medicine [86].

Current and future challenges
Although a vast new toolset of colloidal interactions and particle shapes has been introduced recently, few
new crystal structures have been realised. Ideally, one would like to be able to program virtually any
multiparticle structure, crystalline or otherwise. The programmability and orthogonality of DNA-mediated
colloidal interactions would seem to make this possible, but their potential has yet to be tapped. One
problem is simultaneously controlling the relative melting (i.e. collective dehybridisation) temperatures of
many different complementary DNA sticky ends on differently functionalised particles [83]. This involves
not only programming the DNA base-pair sequences of the sticky ends, but also controlling and
understanding the role of areal grafting density, flexibility, and length of the polymers that tether the sticky
ends. Some progress on this front has been made using DNA toehold displacement strands [78, 83].
Making colloidal structures that dynamically reconfigure based on external cues like temperature or
chemical environment is highly desirable. Here again, DNA toehold displacement strands [78, 83] have been
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Mechanical metamaterials are composite structures whose collective mechanical properties go beyond those
of their individual constituents [263]. For example, auxetic materials, which contract in all directions when
squeezed, can be engineered via appropriate arrangements of flexible bonds. Topological meta- materials are
those that use notions from topology (such as winding numbers or other topological invariants) to ensure
the existence of a particular feature, typically a localised deformation mechanism or vibrational mode [263].
For instance, the lattice in figure 31(a) is rigid everywhere, except near the colored defect where there is a soft
mechanical mode protected by topology. Beyond materials with fixed properties, programmable
metamaterials use elastic multistability to encode specialised responses to external actuation. In figure 31(b),
a pattern (e.g. a smiley face) is programmed to appear when the metamaterial is compressed. Trainable
metamaterials turn programmability into a process that emerges from a sequence of experiences [405]. For
instance, the elasticity of the network in figure 31(c) is tuned through a process called directed aging, during
which bonds are strengthened and weakened in response to external stress, a phenomenon that may also
occur in colloidal glasses and gels. The individual building blocks can also have an internal source of energy
[171]. This is the case for the active and robotic metamaterial shown in figure 31(d), in which a wall of
motorised hinges steers the outgoing direction of a projectile. In such active media, the familiar symmetries
and conservation laws of passive matter need to be revisited to write down effective elastic models [250, 426].
The concepts behind mechanical metamaterials, such as topology or continuum mechanics, often apply
across length scales. For example, the world’s smallest origami bird in figure 31(e) is a deployable
metamaterial that uses minimal actuation along with geometric constraints to guide its global shape change.
One can even envision metamaterials that build themselves—a possibility particularly interesting at small
scales—like the self-assembled colloidal structure in figure 31(f) that mimics the atomic arrangement of
diamond

Current and future challenges

The design of trainable, deployable, or self-assembled metamaterials exploits dynamic pathways. Yet, the
functionalities targeted by such dynamic pathways are often encoded in static structures (e.g. buckled or
self-assembled states) with desired mechanical properties (like rigidity or a certain vibrational spectrum).
Programmable active or robotic elements embedded in the metamaterial allow us to envision inherently
dynamical functionalities such as self-sustained motion and learning.

Metamaterials as dynamical systems

A first challenge consists in engineering functionalities rooted in the nonlinear dynamics of the
metamaterial. Figures 32(a)—(c) illustrate this objective: when stimulated, an initially homogeneous and
undifferentiated piece of metamaterial transitions to a deployed state (dolphin- or bird-like states in (a) and
(c) that depends on the stimulus (purple and blue light in (b)). Crucially, this deployed state is not a static
fixed point but a dynamic state that allows the metamaterial to act like a robot: it repeatedly performs actions
that do work on their surroundings (swimming and walking). Formally, these dynamic states are limit cycles
or more complex attractors in configuration space. This is shown in figures 32(d)—(f), in which each axis
represents a dynamical degree of freedom. Reaching this goal requires designing dynamical states that
perform the required tasks, ensuring that they can be dynamically reached, and implementing them at the
appropriate scales.

Metamaterials as computers

A second challenge consists in conceptualising and implementing some amount of intelligence in
metamaterials. The non-linear dynamics of the metamaterial can be harnessed to perform simple
calculations in situ, learn and perform a variety of tasks from the same undifferentiated form, and adapt to
external fluctuations. Materials that change over time, such as shape-memory alloys and spin glasses,
naturally store representations of their previous experiences [405]. A key objective consists in creating
materials that can manipulate and act upon this information in desired ways. Figures 32(g)—(i) illustrate the
end goal: as the metamaterial is externally deformed under a colored light, it learns to perform a desired
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of distributed intelligence would lead to materials that are truly adaptive, like army ants forming and
maintaining a bridge with their bodies

Advances in science and technology to meet challenges

Fabrication and programming

Three main goals include miniaturising and mass-producing small elements that can be combined into a
material-like structures; decentralising control to remove the need of an external computer; and integrating
computation and actuation so that part of the computation is delegated to the underlying physics. To achieve
these goals, advances in manufacturing will need to be combined with the design of decentralised algorithms
tailored to the limited abilities of the building blocks. Ideally, these building blocks should be able to repair
and replicate themselves. In that respect, biology is a powerful source of inspiration: neural tissues

(figure 32(j)) are able to form and process complex representations, while in-vitro reconstitution of
cytoskeletal proteins forming an active gel produce large-scale deformations (figure 32(k)). Integrating both
the computation and actuation into a single metamaterial could be done using bio-inspired systems, such as
engineered DNA molecules capable of implementing algorithms [432] and acting as robots that perform
complex tasks [433]; or using micro-robots: small, electronically integrated machines, which can now be
manufactured by the millions at the micron scale [434].

Effective theories of adaptive dynamics

Adaptive metamaterials are complex: they can adapt over long-time scales while sustaining continued
microscopic motions at very short time scales. This presents a challenge in describing the intermediate time
scales relevant to material functionalities. Hence, describing adaptive metamaterials requires going beyond
approaches relying on the simple separation of time scales characteristic of hydrodynamic theories. Model
reduction techniques developed in the context of statistics and dynamical systems, such as dimensionality
reduction and invariant manifold reduction, can serve as a basis for developing such effective theories of
adaptive dynamics. These effective theories must rise to the challenge of describing phenomena such as
physical learning [431] and back propagation [435], which occur in non-linear glassy model systems. When
these learning processes occur, the material effectively produces a representation of its past experiences which
can be leveraged to perform some of the computations necessary to achieve desired functionalities.

Machine learning for material intelligence and design

Finally, machine learning can be used to accelerate and automate the inverse problem of design: how to go
from target functionalities to the basic building blocks. For instance, machine learning can help establish
relationships between tunable physical parameters and the dynamical attractors that define the dynamic
functionalities of adaptive materials. Moreover, machine learning can facilitate dimensionality reduction
techniques for forming effective theories, thereby offering the possibility of starting directly from
experimental data.

Concluding remarks

Adaptive and intelligent metamaterials raise the prospect of merging matter with computers, and hold
promise for applications ranging from medical science to space exploration. Reaching these promises will
require tackling conceptual and practical challenges in fabrication at the nano and microscales [432, 434] as
well as answering theoretical questions about the nature of information storage and learning in systems out
of equilibrium [250, 431-433].
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Machine learning (ML) and soft matter have many natural connections [438, 439]. ML can be used to
analyze or augment soft matter data or evaluate models for describing data [440—446]. Soft matter

ideas have also proven invaluable for understanding ML [447, 448]. Here, we concentrate on three other
areas of connection that have received less attention in reviews. We focus on how ML can be useful for
physical insight into soft matter problems.

Identifying key variables or equations

A primary aim in soft matter is to understand the microscopic origins of collective behaviour. Statistical
physics is the workhorse for distilling immense amounts of microscopic detail into distributions of a few key
variables or governing equations of motion to capture and explain emergent properties. However, many soft
matter problems have resisted solution, often because they are far from equilibrium, exhibit highly nonlinear
response, possess complex structure/behaviour over multiple length or time scales, and/or lack characterised
forms of order. It is natural to turn to ML for help since it is designed for dimensional reduction. However, it
is not easy to extract insight from it, either from the output or from the trained algorithm itself (figure 33)
(67, 367, 449-454].

Solving inverse design

ML is a logical choice of tools for designing systems with desired properties because training a neural
network to perform tasks is itself an inverse problem. Conventional approaches to inverse design require
expensive repeated solution of the forward problem in the high-dimensional space of ‘learning degrees of
freedom, namely adjustable microscopic interactions/properties. ML can optimise the choice of forward
problems for efficient solution of the inverse problem [455, 456]. Alternatively, ML-inspired approaches
adjust learning degrees of freedom to minimise a cost function whose global minimum corresponds to
attainment of the desired property [457, 458].

Soft-matter learning machines

In addition to using machine learning to understand soft matter, one can use soft matter to understand
machine learning by developing soft matter systems that solve machine learning tasks by evolving each
learning degree of freedom independently according to direct physical influences [407, 414, 459—-463] so that
the system minimises the desired cost function on its own (figure 34). Such systems, while currently less
powerful than computational or biological neural networks, combine the adaptability and parallelisation of
the latter with the mathematical simplicity of the former, providing a novel window into how systems can
learn [407, 464].

Current and future challenges
ML is a new tool for physicists to use in order to gain physical understanding. Learning how to use it most
effectively towards this goal is an important challenge.

Symmetries

In applying ML, some architectures and models, due to their inductive biases, as in [465], may be more
effective than others for a given problem. For example, algorithms that encode certain symmetries are more
effective for problems that obey those symmetries [466]. In soft matter, building in such symmetries can be
more challenging since the symmetries can be complex and different at different length and/or time scales.
For example, block copolymer systems can be disordered at short and long length scales but have different
symmetries at intermediate length scales. As another example, phase transition kinetics can lead to nuclei
with structures of different symmetries at different timescales.
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Understanding phenomena across conditions or systems requires transferring what is learned from training
for one task to another task. Badker et al [467] shows a successful example in which a ML model predicts
nonlinear composition-structure relationships for glass compositions outside its training set.

Prediction vs model building

ML algorithms are typically used for prediction, not physical insight. While prediction is the aim for some
soft matter problems, and some insight can be gained from prediction, more typically the aim is to construct
amodel as a caricature that captures only the essential features for understanding a system or phenomenon.
It can therefore be more useful to use ML to identify key variables, and then construct models based on those
variables. One example is a model that yields insight into microscopic mechanisms controlling ductility of
disordered solids, built upon a machine-learned structural variable that predicts the propensity of
constituent particles to change neighbours [468]. Another approach is to use an algorithm that directly
learns a model in the form of a set of differential equations [452, 469].

Explainability

Most tools used in soft matter allow for straightforward physical interpretation, but many ML tools do not.
Using the most interpretable (usually the simplest and least powerful) ML approach possible is helpful, but
identifying what a machine learning algorithm learns to perform a task remains a major stumbling block.
Insight into explainability in soft matter problems has been gained using dimensional reduction techniques
like autoencoders [454] or physical representation learning [470].

Physical learning

While physical learning machines show much promise [463] for smart metamaterials and for machine
learning in hardware (neuromorphic computing), they are hard to realise experimentally in specific physical
media. Physical learning machines that exploit contrastive learning need to be able to compare physical states
with different boundary conditions (requiring memory and changing sign for weight updates) [459, 461,
463]. It is likely that each different system, be it an elastic network, flow network, etc, will require very
different engineering solutions to implement the appropriate version of learning dynamics for that system.

Advances in science and technology to meet challenges

Several advances are needed to harness machine learning more effectively towards our own ends in soft
matter. ML methods [471-473] can be useful for performing computer simulations. Autodifferentiation is
also powerful for inverse design [458]. Technological ML advances such as methods to accelerate automatic
differentiation or optimisation, or to train algorithms with less data can certainly benefit soft matter,
especially for experiments [440]. In addition, technical advances that allow algorithms to build in varying
symmetries across scales are needed.

For the challenge of transferability, we note that the ability to apply parameters learned from one task to
another task varies among ML algorithms. The subfield of ‘transfer learning’ in learning theory is devoted to
developing methods that allow a computational neural network to retain memory of how to perform one
task while adding memory related to a new task. Progress on developing highly transferable algorithms could
potentially allow physical insight gained from ML applied to one system to be applied to another, enabling
quantitative study of connections across phenomena and across systems.

The greatest challenge in wringing physical understanding from ML remains explainability. Fortunately,
the difficulty of understanding what a trained ML algorithm has learned bedevils ML practitioners across all
fields so there are widespread and well-funded efforts to address it. New mathematical tools are needed to
understand precisely what algorithms—particularly those involving neural networks—pick up on when they
learn a task. Approaches that have been applied to simple tasks [464] may be useful for neural networks, but
this has yet to be determined.

While improving explainability is necessary, it is not sufficient to reach the level of understanding we
typically aim for. Physical understanding requires an ‘all of the above” approach, guided by physical insight to
formulate a useful question, determine whether ML will be helpful, choose the best ML algorithm, and use it
and interpret it most effectively.

Concluding remarks

Machine learning is not a panacea for solving all of our soft matter problems, but neither should it be
shunned as a temporary fad incapable of providing understanding to serious researchers. It is here to stay.
Like any other good set of tools, machine learning is most effective when wielded with physical insight to
answer well-posed questions.
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While explainability remains a major hurdle, soft matter researchers can also contribute to overcoming
this challenge through, for example, the development of learning machines [461, 463] and new analysis
approaches [464].

The use of ML for going beyond prediction to gain understanding of soft matter is still in its infancy. In
coming years we will discover the extent to which ML can be used to tackle long standing challenges,
particularly in inverse-design problems such as non-equilibrium processes that avoid kinetic traps or that
lead to desired equilibrium or metastable states, as well as recalcitrant far-from-equilibrium problems such
as the glass problem, friction, fracture and turbulence.
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The generation, transduction, storage and deployment of energy rely on physical and chemical phenomena
operating in materials. Conventionally, our attention first falls to hard condensed matter, or hard materials.
The roles of metals, semiconductors and ceramics in energy lie in plain sight—for example, copper as a
universal conductor for the transmission of electricity, silicon as the quintessential photovoltaic material for
solar cells, and ceramics, whether employed for their dielectric strength in capacitors and insulators, or for
lossless transport in superconducting heavy metal oxides in magnets. Soft materials however also play critical
roles. Polymeric insulators for example are key enablers of low cost, safe electricity transmission and usage.
That said, the growing impetus for improving sustainability in energy has brought with it a growing interest
in developing and utilising new soft materials.

Today, a broad variety of soft materials are the subject of research for energy applications. Here, the term
‘soft materials’ is used to encompass solid polymers, gels, complex fluids (e.g. multicomponent particulate
slurries), organic—inorganic hybrid nanomaterials, and molecular materials such as liquid crystals. Both
small molecule and polymeric organic photovoltaics (OPVs) remain highly visible examples of soft materials
used in energy (figure 35) [474]. A burst of activity over roughly 10-15 years saw the power conversion
efficiency (PCE) of polymer-based bulk heterojunction devices increase over an order of magnitude from
~0.6% to more than 7% in the 2010s. These devices feature an interpenetrating network, a nanocomposite,
of a p-type polymer donor and a n-type acceptor, as the active layer. The canonical materials were
poly(3-hexylthiophene) and derivatives thereof, and a functionalised carbon nanomaterial,
[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM). Improvements driven largely by empirical
optimisation of nanostructure through processing, including the use of additives, eventually saturated.
Subsequent efforts focused more deliberately on improving PCE through molecular engineering to optimise
donor band gaps and band-alignment. So called ‘push-pull’ conjugated polymers which rely on alternating
electron-rich and electron-poor segments are now the current state of the art in low bandgap conjugated
polymers and offer PCEs above 18%. Roughly comparable PCEs (~15% and higher) have been
demonstrated in state-of-the-art small molecule OPVs. Significant progress has been made in the
development of all organic solar cells that do away with the need for inorganic acceptors such as PC61BM
[475]. Finally, the field has focused in recent years on amorphous or near-amorphous conjugated polymers
that display high charge carrier mobilities despite their disordered structure. This represents something of a
paradigm shift given the traditional association of poor electronic transport with poor structural order.

Beyond OPVs, three areas of particular interest regarding soft materials in energy are polymer
membranes, ionic gels, and energy harvesting materials, figure 36. Polymer membranes have been developed
and used for a few decades in a variety of energy technologies and energy-adjacent applications, including
water purification, gas separations, and as separators in batteries (e.g. Celgard™, a microporous
polypropylene) and fuel cells (Nafion™, a sulfonated fluoropolymer, developed in the 1960s). There is a
strong need however for improved performance of such membranes, particularly regarding the ability to
design membranes with tailored high selectivity. Cost is also an issue, as seen with Nafion in fuel cells and
other electrochemical devices. The use of membranes for harvesting energy from salinity gradients is at a
nascent stage. Its potential future viability is reliant on the development of high-performance polymer
membranes. Energy harvesting using soft materials and ionic gels is at a relatively early stage of development
by comparison with polymer membranes, and by comparison with OPVs. The ability to realise stretchable
soft materials that are simultaneously electrically and ionically conducting is a topic of contemporary
interest, particularly in the context of bioelectronics. While we do not cover complex fluids here in detalil, it is
worth noting that they have a substantial footprint in energy. The flow behaviour and thermophysical
properties of particulate slurries are important as they affect both the manufacturing and performance of
batteries, including current (e.g. Li-ion) and emerging (e.g. redox flow batteries) technologies (figure 36). As
dense, disordered suspensions, these materials are typically non-Newtonian and viscoelastic systems. They
also may exhibit jamming, and time-dependent behaviour that are subjects of current scientific inquiry.

Current and future challenges

On the basis of PCE alone, it is apparent that OPVs have experienced significant maturation. Nevertheless,
challenges remain, particularly regarding durability of materials during extended use in non-inert
conditions. Concerning polymer membranes, there are also challenges associated with durability under
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need is to break the permeability-selectivity trade-off that is ubiquitous in the operation of current materials
[479]. This calls for the development of membranes with ideal nanostructure—with a high degree of
uniformity in the transport limiting feature sizes and chemistry. Such materials are also of interest in
electrochemical applications such as redox flow batteries, to facilitate ion transport while preventing harmful
crossover of relevant species by size and/or electrostatic exclusion. Self-assembly of soft materials provides an
attractive route to achieving the desired nanostructure uniformity. Membranes derived from block
copolymers, lyotropic surfactant mesophases and small molecule liquid crystals are of interest in this respect,
in addition to systems employing discrete nanomaterials such as carbon nanotubes or transmembrane
proteins (e.g. aquaporin) as transport structures [480]. There are significant challenges in this space
associated with scalable fabrication of the relevant soft materials. Recent advances have been made however
in highly-ordered membranes derived from self-assembled direct hexagonal lyotropic mesophases [481].
There are also non-trivial challenges associated with our still incomplete understanding of nanoscale
transport under strong confinement in the presence of charge—molecular transport under nanoscale
confinement and in the presence of electrostatic interactions is poorly understood from a fundamental
perspective. There are numerous open questions regarding the impact on transport, and ultimately
selectivity, due to pore wall dynamics, roughness and local structure, suppression and anisotropy of local
dielectric permittivity, and ion-pairing, to name a few. Our ability to rationally design nanoporous ion
selective materials for energy applications depends on developing new principles that can accurately describe
such situations [482]. Such principles will provide clear insight regarding phenomena in nanoscale transport
for which we currently lack satisfactory explanations and which we generically refer to as anomalous [483].

Some of these same concerns regarding nanoscale transport apply to nanoporous inorganic materials
used as electrodes in electrochemical devices. While these electrodes are made of hard materials, soft
materials provide an attractive route for creating well-controlled high specific surface area constructs that are
useful as templates to produce electrodes. Methods include the pyrolysis or carbonisation of self-assembled
soft mesophases, and the use of co-continuous bijel structures as templates for hard material deposition
[484]. Polymers can be incorporated into conventional electrode materials to improve mechanical
properties. They provide resilience against repeated volume changes during charge/discharge cycles and
thereby increase the durability of the electrode [485, 486]. Significant challenges remain in terms of
molecular design to realise electrochemically stable polymers and self-healing systems that can lead to not
just more durable static electrodes, but potentially also stretchable batteries.

Ion conducting gels, or gel polymer electrolytes (GPEs) have been employed in batteries and
supercapacitors for energy storage [487]. In comparison to liquid electrolytes, they bring improved
mechanical stability without overly compromising transport properties. Many of the challenges here are
associated with molecular engineering to provide the required transport and electrochemical stability, as is
also the case for liquid electrolytes. For example, for Li-ion batteries, a conductivity > 1 mScm 'at25 Cis
typically sought (figure 36). Additionally, the landscape is still evolving regarding the ability of
computational approaches and theoretical polymer/soft matter physics to accurately describe the
thermodynamics and dynamics of ion containing polymers and gels [488—491]. There is intellectual synergy
here with efforts on coacervation in polyelectrolytes and other charged macromolecular systems [492].
Methods to improve mechanical properties, such as the use of double network architectures, or the
incorporation of high strength nanomaterials are topics of current interest.

Polymers and (electrolyte-impregnated) polymer gels incorporating stable radicals provide a rich
landscape for new research in soft materials for energy, with the stable radicals providing redox-based
electronic conduction mechanism [493]. The development of organic radical polymers (ORPs) has been
driven by their potential as electrode materials in organic radical batteries (ORBs) [494] based on their high
stability and fast redox kinetics. Ease of synthesis and processability, as well as optical transparency are key
benefits, and ORBs offer performance that is competitive with Li-ion batteries in many respects (e.g.
capacity ~ 140 mAh g '), but absent the adverse environmental impacts, highlighted for example by a recent
report on biodegradable ORPs [495]. While the principal focus is on electrochemical energy storage in
batteries and supercapacitors, applications of ORPs in biomedicine, as organic magnets, and as
electrochemical transistors are also under study. Current and future challenges include processing and
molecular engineering to improve conductivity, understanding dopant interactions, and improved
first-principles prediction of properties.

There is an emerging class of devices, ionic diodes, that lies at the intersection of ionic membranes and
GPEs. Appropriately engineered ionic heterojunctions—of membranes with asymmetric pore geometry and
charge, or GPEs of differing charge—Ilead to rectification of ion currents, in a manner that is strongly
reminiscent of biological ion channels. This is a compelling area of research that has challenges regarding
fundamental nanoscale electrokinetics, as well as material and process development. GPEs or other
stretchable soft materials that exhibit simultaneous ionic and electronic conductivity are of interest in
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bioelectronics—biological signals are communicated by ionic currents, while device logic is handled
electronically.

Energy harvesting devices have been engineered from ion diodes, using osmotic gradients. Other energy
harvesting mechanisms have also been leveraged from soft materials, involving triboelectric, piezoelectric
and thermoelectric generation [496]. The use of thermomechanical actuation for locomotion, or the
realisation of artificial muscles has been a topic of interest, particularly given the large coefficients that can be
obtained in soft materials such as semi-crystalline polymers and liquid crystal elastomers. A coupling of
thermomechanical effects in shape memory soft materials and bimorphs with piezo/pyroelectric devices
provides a route to energy harvesting.

Advances in science and technology to meet challenges

Addressing the challenges described above requires progress in both fundamental and applied research. As
highlighted, some challenges are associated with gaps in fundamental knowledge regarding physico-chemical
phenomena in new situations. Molecular transport under tight confinement in the presence of charged
species represents one such scenario. Here there is a need for advances in theory and computational
approaches, as well as a need for high quality statistically meaningful experimental data against which theory
and computational results can be evaluated. Properly elucidating molecular structure-function relationships
in charge- and stable-radical containing soft materials is also reliant on advances in computational and
theoretical approaches. In other areas, efforts aimed at scalability are needed to enable large area/volume
processing of materials at low cost. Methods to effectively guide self-assembly of soft materials used in
nanostructured membranes are needed. Finally, advancements are required to accelerate the rate at which
new soft materials can be discovered and developed. Scaling up computational and experimental efforts to
generate large high-dimensional data sets that can accelerate materials discovery through machine learning
of other methods is notoriously difficult. Advances that enable (smart/directed) higher throughout
experimentation, such as autonomous experimentation, are expected to be greatly enabling.

Concluding remarks

The increasing emphasis on sustainability is opening up new directions for soft materials in energy and
accelerating already ongoing efforts. OPVs will continue to command attention in this regard, but this is
alongside concerted efforts in other areas. A few key topics were discussed here. Conceptually, ion-containing
and radical-containing soft materials represent a very rich landscape in aggregate—including charged
nanoporous membranes, ion gels, polymerised ionic liquids, and related systems. There are important
contributions to be made regarding the fundamental materials science, transport phenomena and physical
chemistry of these materials, as well as in the development of new chemistries and processing methods to
control their properties. These materials have the potential for significant societal impact in numerous
energy and energy-adjacent applications.
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23. Soft materials and food structure
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Soft matter includes soft materials and complex fluids found in everyday life, soft materials whose dynamics
are governed by timescales of seconds. These include structured fluids, semi-solids, colloids, polymers,
foams, emulsions, gels, and granular materials, which are all relevant to a wide range of naturally occurring
and manufactured foods and beverages that contain hierarchical structures and multiple phases. Many of the
building blocks in foods are polymeric and colloidal in origin. Considering soft matter theory in relation to
soft materials and food provides a coherent basis from which to interpret complex structural and rheological
properties occurring across several length, time, and energy scales. The relevance of soft matter physics to all
classes of macronutrients (protein, fat, and carbohydrates) supports the development of causal relationships
with food sensory perception that go beyond changes in food composition.

The definition of food as soft matter comes fundamentally from the physical and mechanical perspective
[497] that differentiates them from pure, low-viscosity fluids and rigid solid materials. This is because the
structural entities (such as proteins, polysaccharides, starch, microgels, micelles, colloidal fat, plant cells, and
plant fibres) and included phases in foods form complex microstructures via self-assembly, thermal
treatment and mechanical processing. The dynamics of the resultant structure is arrested because the
interaction between entities makes them unable to move freely within a fluid phase. This generally leads to
solid-like rheology that includes a yield stress and elasticity [498] to stabilise multiple phases (e.g. emulsions,
particles). Typical physical structures in foods and soft materials include gel and soft glasses (figure 37), at
which structural entities are arrested by a percolated network or jamming, respectively. This definition covers
a vast array of foods, such as yoghurt and cheese that may be considered densely packed suspensions of
proteins in a microgel-like state; molten chocolate that is a concentrated suspension of solid particles (sugar,
cocoa and milk solids) in cocoa butter; and potato chips and apple that are a packed array of plant cells. In
addition, even foods that may not appear to follow this structural definition are transformed during oral
processing into a swallowable bolus, which is typically a soft material in the form of a densely packed particle
suspension in an aqueous physiological fluid, i.e. saliva.

Donald [499] has commented that many foods are complex self-assembled composites that demonstrate
behaviours following soft matter physics laws. She also emphasises that, despite our familiarity with food and
the plethora of empirical knowledge, research from the perspective of soft matter physics and chemistry is
worthy and necessary to meet the 21st century challenges of sustainably producing nutritious, safe, and
convenient foods. In addition to societal challenges, scientific challenges remain in fundamental soft matter
physics and chemistry and their application to food design, synthesis, and characterisation. For example, due
to the complexity of foods, they are often found far from equilibrium; despite this, universal structural
scaling laws may still apply [498]. As such, the investigation of food within the framework of soft matter
physics remains a rich research area with exciting opportunities for applying fundamental science to complex
food structures and behaviours for translation into food manufacture and design. Future research directions
include:

I. Understanding of food structures as basic soft matter states such as gels, liquid crystals, biopolymer
complexes, foams, emulsions, and colloidal dispersions [497, 500]. Such interpretations of food
structure help create model food systems to investigate the underlying mechanism of food functionality
and perception, ultimately enabling the design of novel food structures for the delivery of sustainable
nutrition.

II. Advanced techniques in characterising food structures and their soft matter behaviour. These include,
for example, scattering [501], rheology [498], tribology [499] and microscopy/fluorescence.

[I. The relationship between food structure, oral processing and sensory texture perception [265, 502].
This assists in elucidating the influence of whole and masticated food structure on sensory texture and
flavour during oral processing to enable the application of fundamental soft matter models and theories
in rational food product design. This includes consideration for the transformation of food structure
during oral processing.

Current and future challenges

Natural and processed foods are complex compositionally, structurally, and rheologically, which presents a
significant challenge in rational structure design, evaluation and manufacturing. This complexity occurs
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food research, e.g. formulation, synthesis, and advanced characterisation of soft materials with
multi-dimensional structures and tailored properties under complex physiological and mechanical
environments. The predominant approach in food science is to build empirical correlations between physical
properties and sensory attributes of whole foods, which does not provide mechanistic understanding. The
use of soft matter theory as a fundamental basis for food research promotes a focus on the relevant physics
occurring in-mouth to provide insights to interpret and mechanistically predict and design products for
desired performance, and sustainable food processing.
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Status

The field of active matter physics arose almost 30 years ago from the desire to better understand the collective
and dynamical properties of living systems. Most of the time, researchers have set out to better understand
how many, equally behaving, energy-consuming agents can organise across different scales, e.g. molecules
into cytoskeletal gels, cells into tissues, and animals into swarms.

Here, we focus on active biological materials, which we define as living biological systems for which
material properties such as a viscosity or elastic moduli can be reasonably defined. This is often not the case
for ‘dry’ systems where active agents propel themselves with respect to a common substrate. Instead, this
usually applies to ‘wet’ active systems such as the cytoskeleton, swarms of bacteria, and biological tissues.

Despite this vast diversity of active biological materials, many fundamental properties have been
understood from a theoretical perspective, using simulations of agent-based models, explicitly
coarse-graining such models, and analysing the resulting hydrodynamic descriptions [72]. Experimentally,
these properties have been demonstrated in many in-vitro and in-vivo systems [112, 506]. So far, connecting
between theories and experiments has, in most cases, only been possible in simplified setups, such as 2D
reconstituted gels or cultured epithelial monolayers.

Despite this progress, our understanding of active biological materials is still limited. In some cases, active
matter theory even opened new fundamental questions. For instance, active anisotropic tissue deformation is
a key process during animal morphogenesis. However, the orientationally ordered state in wet active matter
is generally unstable, consistent with in-vitro experiments [506]. How oriented tissue deformation can be
robust during morphogenesis despite this instability is still unclear [507]. More generally, much remains to
be done to bridge between active material theories and the full complexity of living organisms.

Current and future challenges
Current theories focus on the description of idealised systems, which fail to capture several key aspects of the
complexity of in vivo active matter. We discuss here three of these aspects.

First, many of the active matter systems studied so far had a flat 2D geometry (reconstituted cortices,
motility assays, cell monolayers, etc). However, both intracellular structures and living tissues in vivo can be
bulk 3D structures (e.g. connective tissue, cytoplasm [437]), curved 2D structures (e.g. epithelia,
membranes; [508-511], or combinations of both (e.g. embryos, organs, organoids [512, 513]), each
embedded in a complex 3D environment. For instance, in many systems, taking into account the curvature
and its temporal dynamics is experimentally and mathematically challenging. Furthermore, the environment
of active materials in vivo often deforms in response to the forces exerted by the active material. This adds the
challenge of dissecting the interplay between active matter mechanics, geometry, and mechanics of the
environment.

Second, much of the past work studied average behaviour of active biological materials, even though
fluctuations can play a physiological role, e.g. in tissue fracture [514]. In addition, fluctuations can also be
harnessed to extract more information about the dynamics driving the system. For equilibrium systems the
fluctuation—dissipation theorem (FDT) paved the way to micro-rheology, allowing to extract rheological
parameters from observed fluctuations. For active systems, weaker generalisations of the FDT exist [515],
and micro-rheology has been successful for some systems [516]. However, additional measurements are
generally required to extract the material rheology [517]. While a limited number of key material parameters
can often be directly extracted from fluctuations [518], a deeper understanding of fluctuations in active
materials will allow us to better harness the information contained in fluctuations.

Third, both in vitro and artificial active matter systems tend to be designed to be as clean,

i.e. homogeneous and monodisperse, as possible, and most often, theories for active materials have been
tested on such systems. But in vivo materials are not clean. The cytoskeleton is a heterogeneous, highly
composite structure, while biological tissues contain multiple cell types, arranged in complex structures
(figure 39). Taking the ‘dirtiness’ of in-vivo systems into account will be a major challenge.
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for instance, the combination of active matter physics with existing high throughput ‘omics’ techniques
[531], to better understand, e.g. how cell type heterogeneity interacts with active mechanics during
morphogenesis.

Concluding remarks
The field of active matter was created to better understand the collective and out-of-equilibrium properties
of living systems. After almost 30 years, we have arrived at a theoretical and experimental characterisation of
many fundamental effects in the dynamics and structure of biological materials, from intracellular gels to
multicellular tissues. These advances, however, concern mostly idealised systems: to move towards an active
material description of in vivo systems such as live animals, progress must be made to include the complexity
of these systems, for instance by looking at 3D systems, better understanding fluctuations, and try to include
more and more of the ‘dirtiness’ of real systems. This will require an even closer collaboration between
biologists and physicists.

Finally, improving our quantitative understanding of the collective properties of active biological
materials opens the way for the control of their dynamical and mechanical properties using global fields or
local cues [533].
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Status

Processes of protein self-assembly are highly relevant in a broad range of research fields linked to soft matter,
covering aspects from fundamental understanding of life to everyday applications and advanced
biotechnology. While the individual protein molecule already presents a complex folded structure, assembly
of proteins frequently governs biological function such as during enzymatic reactions, cyteskeleton
formation, viral replication, and condensation of membraneless organelles [534—536]. This central role of
protein assembly for life is also reflected in biomedical and pharmaceutical challenges. Examples are
administrable (i.e. sufficiently low viscosity) antibody formulations, fibril formation in neurodegenerative
diseases, and protein condensation linked to age-related eye cataract. In terms of essential research tools,
structure determination of proteins is still mostly dependent on the controlled formation of protein crystals.
Biomaterials represent another advanced application of protein assembly—often in a biomimetic
spirit—[537], where specific material properties enable biomedical applications such as drug delivery and
tissue engineering. Recent approaches based on established soft matter accounts in food science [538—540]
aim for controlled assembly of plant proteins to produce sustainable alternatives to meat and dairy products.
Besides these advanced applications from the last decades, protein assembly has been exploited in traditional
food production (e.g. cheese and bread) for millennia.

As evident from these examples, protein self-assembly in a broader sense does not only imply the
formation of selective, specific, and rigid protein structures, but also contributes to a dynamic picture of
transient and disordered protein assemblies such as dense condensates which represent a growing research
interest due to their role in cellular metabolic pathways. Currently, multiple key questions regarding protein
self-assembly remain unsolved. For example, a detailed understanding of how molecular dynamics drives
assembly processes is missing. Examples include the role of protein docking in metabolic regulation or
responses of proteins to external stimuli, such as allosteric effects. On the level of macroscopic emergent
phenomena, the link between protein phase behaviour and nucleation pathways of solid structures such as
fibrils and crystals, as well as formation pathways of hydrogels, remain poorly understood. The role of
thermodynamic driving forces giving rise to self-organisation, has been increasingly appreciated
[535, 541, 542].

In this context, a central question is whether control parameters, e.g. solvent conditions, salts, and other
macromolecules, could be used to control protein assembly and phase behaviour [535, 543, 544], with the
aim, inter alia, to provide cures to diseases [534] and to enable rational design of biomaterials [545, 546].

Current and future challenges

A first challenge to be understanding of protein assembly is its complex and hierarchical character on
multiple length scales, ranging from the primary structure of the amino acid sequence, over secondary
structure elements and the tertiary structure of protein domains on nanometer size, to the quarternary
structure of multi-domain or multi-subunit proteins, and eventually supramolecular assemblies of different
topology on micrometer length scale (see figure 40).

A second challenge is linked to the soft matter nature of proteins: due to their inherent physico-chemical
complexity, proteins comprise aspects of colloids, polymers and amphiphiles. Potential interaction modes
include colloid-like molecular docking of anisotropic protein molecules; induced-fit assembly, i.e. a
combined process of unfolding and assembling; and polymer/polyelectrolyte-like transient interactions, but
all this for inherently anisotropic and inhomogeneous objects. These manifold interaction modes point
toward a third challenge: Proteins not only flexibly respond to environmental changes on the molecular
level—some proteins even have the potential to act as molecular motors or enzymatic facilitators of
controlled assembly. A quantitative understanding of biological function of protein assembly and the
functionality of biomaterials thus needs to go beyond a mere picture of multi-scale structure. Dynamical
signatures on multiple relevant time scales (posing a formidable challenge to experimental methodology) as
well as kinetic, non-equilibrium aspects are needed for a conclusive mechanistic understanding [547, 548].

Studying protein assembly requires an interdisciplinary and multi-technique approach (see figure 41).
Combining the appropriate techniques and reaching a comprehensive picture is of utmost importance and
requires not only deep methodological knowledge, but also careful organisation and cross-disciplinary

82






10P Publishing

J. Phys. Mater. 7 (2024) 012501 J-L Barrat et al

of NMR methodology enable the structural characterisation of large specific protein assemblies [556].
Super-resolution microscopy emerges as a tool to study growth processes from surfaces using time-resolved
real-space imaging [557].

In recent years, time-resolved small-angle scattering in combination with stochastic modelling has been
used to unravel assembly pathways of proteins, e.g. by comparing the observed time trace of structural
signatures during protein crystallisation with rate-equation models [558], by using data-driven analysis
methods to extract kinetic and structural information on intermediates in viral assembly [559], or exploiting
contrast variation to study the dynamic multi-subunit protein structure [560].

Furthermore, even time-resolved measurements using dynamical scattering techniques are becoming
applicable to protein solutions due to the recent instrumentation improvements for x-ray photon correlation
spectroscopy [561, 562] and quasi-elastic neutron scattering [547].

Concluding remarks

Opverall, it is becoming increasingly obvious that there is a strong trend towards interdisciplinary work and a
pronounced ‘softening’ of the boundaries between traditional research disciplines. Indeed, multi-technique
and time-resolved characterisation of biomaterials and a consistent combination of experiment and
theoretical modeling are becoming more and more important. It is safe to assume that these trends will
continue in the future.
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Biosourced soft materials consist of soft materials derived from or manufactured (at least partly) by living
organisms. They fall under the general term ‘biomaterials’, which usually refers to materials in three
categories [563]: biosourced materials, also called biological materials, which include for example polymers
extracted from cells, food materials (see section 23 of this Roadmap), and active biological materials (see
section 24) [564]. Materials composed of chemically synthesised molecules identical, or similar to,
macromolecules synthesised by living organisms. Examples include solid phase synthesis of nucleic acids or
peptides, which can be building blocks for DNA or protein-based materials (see section 25 of this Roadmap)
[565]. Materials (biosourced or synthetic) used for a biological and/or medical application, such as scaffolds
for mineralisation for bone regeneration (see section 27).

Biosourced soft materials have a long history, going back to adhesives based on birch bark tar in the
Paleolithic, papyrus in ancient Egypt, and the age-old use of leather and wool for clothing. Biological
manufacturing is not limited to multicellular organisms like plants and animals. Bacterially produced
polymers such as gellan gum are for instance popular rheology modifiers in the food industry. More recent
‘cell factories’ include mammalian cells for biomedical materials, and microorganisms (yeast, bacteria,
microalgae) for bioplastics, biominerals, and hierarchically structured composites [563, 564] (figure 42).
Recent developments in synthetic biology make it even possible to spatiotemporally control cells to produce
materials on demand [565].

Biosourced materials have many advantages. A first obvious advantage is their high abundance. Cellulose
for example constitutes > 40% of the dry mass of plants. Second, they are inherently eco-friendly since
biological organisms perform ‘green’ chemistry. Third, their inherent biocompatibility makes them suitable
for food and biomedical applications. Fourth, materials produced by living organisms often have superior
material properties due to hierarchical structuring across multiple length scales [566]. Animal skins are for
instance compliant yet resilient by virtue of a strain-stiffening fibrous collagen matrix combined with
stretchy elastin, while bone and nacre are hard yet tough due to a layered structure with alternating soft
protein polymer and rigid biomineral phases. Finally, many biosourced materials display additional features
such as special optical or magnetic properties.

Engineered living materials, i.e. biosourced materials containing living cells, promise many additional
advantages. Embedded motile microbes or contractile animal cells can serve as actuators that actively deform
the material [567]. Cells can also render the material properties responsive to chemical cues or physical
inputs, either naturally or through genetically engineered novel functionalities [565, 568]. Extracellular
matrix synthesis by animal cells is for instance naturally mechanosensitive, as illustrated by the ability of
bone to adapt its structure to mechanical load. Cells can endow materials with many additional life-like
properties such as autonomous self-repair and programmed responses based on genetic circuits [565]. Such
smart materials can open up many new applications, for instance as soft robots, intelligent food packages,
recyclable bricks, and wearable bioelectronics [568].

Current and future challenges

1. Most commercial biosourced materials such as plant-based cellulose or animal-based collagen are
obtained by processing and/or extraction from natural sources. Although the materials are themselves
eco-friendly, their insolubility often requires processing steps that involve harsh chemicals and/or high
energy input. Also, it can be challenging to ensure product purity, safety, and reproducibility; and
especially animal-derived products raise ethical and cultural concerns.

2. These challenges can be overcome by sourcing biomaterials from wild type or engineered cell factories.
Microbial fermentation is increasingly used for producing nucleic acids (DNA, RNA), proteins,
polysaccharides, and biominerals [563]. However, it is not always straightforward to engineer novel
pathways for materials production without compromising cell growth or viability [563]. Protein
production yields are often lower than in endogenous organism and host organisms often lack the
biosynthetic machinery needed to produce the correct posttranslational modifications. Polysaccharides
can generally be produced in higher yields than proteins, but it is more challenging to engineer their
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