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Abstract

In the field of Soft Matter, the future of innovation lies in the ability to dynamically reconfigure, repair,
and redefine material properties. The ultimate objective is to develop materials that can think, respond,
and self-regulate, much like living organisms. This includes photonic soft matter that can control light at
a nanoscale, resistant soft matter that can function in extreme conditions, autonomous soft matter that
can adapt to environmental changes, responsive soft matter that can adjust to changes in the environment,
and active soft matter that can generate motion and force. To achieve these properties, it is important to
focus on material durability in dynamic environments, multiscale integration, and energy efficiency and
autonomy. This outlook provides a futuristic perspective on the applications and potential developments
in the field of Soft Matter as viewed by Large Language Model enabled with knowledge from Soft Matter
Roadmap (Barrat et al 2023 J. Phys. Mater. in press). It offers insights and predictions for breakthrough
hot topics and future discoveries generated by Al based on the analysis of current trends and emerging
technologies. The generated ideas for new research do not necessarily translate to groundbreaking
science or potential breakthroughs. Some of them might not be all that realistic. This document aims to
ignite creativity and curiosity in the potential of Al methods for generating new ideas. It serves as an open
invitation for researchers to engage in conversation and explore possibilities of augmented research.

About this document

This document outlines scientific directions for the future of Soft Matter provided with the help of a
specially created Assistant tool that utilizes three Agents: The Innovator Agent generates new ideas and
directions, prioritizing originality and uniqueness according to standards of high-impact publications. The
Referee Agent provides feedback to the Innovator Agent to improve the directions, similar to a referee in
high-impact journals. Lastly, the Manager Agent controls the interactions between the agents and
facilitates communication between the agents and the user. The Assistant is enabled with knowledge from
Soft Matter Road Map! through retrieval function. It is powered by the Large Language Model (LLM) GPT-
4-1106-preview and uses a CompulLingo (structured language for LLMs). The document is almost
entirely generated by Al to explore its potential for idea generation.
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Introduction

Soft matter, a research domain characterized by systems in which the dominant interactions are of the
order of thermal energy (of the order kT), encompasses an extensive variety of materials that are highly
susceptible to deformation by thermal fluctuations and external forces. Substantial advancements have
been achieved in both the comprehension and practical application of this multifaceted and
interdisciplinary field.

Recently published Soft Matter Roadmap! provides a comprehensive overview of the current status and
historical progress in soft matter science. This text is the result of work over 50 authors. To take advantage
of their efforts in the era of generative Al models, this text was used to create embeddings for training and
fine tuning a Large Language Model (LLM) in form of the Assistant consisting of three communicative
agents, thatare instructed to make predictions for future directions and new research ideas in Soft Matter.

One of the objectives of this work is to evaluate the creative potential of Al in suggesting new ideas,
research directions and finding unsolved scientific problems that can be highly impactful in future. As a
result, most of this manuscript, along with 121 research ideas and diagrams, are generated by LLMs. This
allows researchers to assess the usefulness of these tools in shaping their future work and fostering new
collaborations. The strength of Al lies in its ability to make unexpected links, drawing connections that
may be rated similarly in different contexts similar to lateral thinking. Humans tend to rely on familiar
patterns, recent experience, usually used methods and established procedures, which may limit their
ability to see novel connections or identify innovative solutions due to limited available information. This
reliance on the familiar can be attributed to cognitive biases and mental shortcuts. Al, however, is not
constrained by these cognitive limitations. By classifying vast amounts of data and identifying patterns
within it, Al can uncover hidden relationships and insights that might augment the human mind.

The project specifically wants to showcase the unique ways humans and Al approach creativity in future
design of scientific projects, which can bring new collaborations and new research ideas augmented by
Al. Al-driven suggestions might ignite innovation by uncovering surprising links between unrelated fields,
can be a basis for interdisciplinary collaboration between unrelated researchers and pinpointing
unexpected blends of materials and research methods.

The basis of this work is the Roadmap that delineates thematic chapters that capture the state of the art
in Soft Matter field. In the chapters dedicated to Synthetic Soft Matter, substantial developments have
been charted in the synthesis of polymers and gels that extend beyond traditional constructs and into
realms of programmability and multi-functionality. The discovered responsiveness to external stimuli has
opened the door to smart materials and adaptive structures. Continuing to the Biological Systems
section, researchers have harnessed soft matter’s malleability to better interface with complex biological
environments, facilitating advancements in drug delivery and tissue engineering. The foray into
biomaterials and biocompatible interfaces represents a pivotal stride in harmonizing material science
with physiological requirements. Active Matter has moved towards understanding the nuanced interplay
between self-propelled particles and their collective dynamics. This exploration yields insight into non-
equilibrium systems and informs the design of materials capable of autonomous movement and self-
assembly. The Out of Equilibrium Systems underscore the temporal dimensions of soft matter,
investigating materials that evolve or adapt over time. This venture has led to the observation of
phenomena that challenge traditional thermodynamic understandings, propelling forward the study of



systems that thrive away from equilibrium. Soft Matter under Confinement elucidates the behavior of
soft materials subject to spatial constraints. This scrutiny has revealed unexpected behaviors and new
rules that govern phase transitions, influencing the development of materials for microfluidic and
confined geometries. Interfacial Phenomena and Soft Matter emphasizes the importance of surface
interactions in dictating the behaviors exhibited by soft materials. This interface-focused examination is
revolutionizing the field by discovering mechanisms to manipulate surface tension and adhesion for
variegated applications from coatings to emulsions. Computational Approaches outline the numerical
and theoretical frameworks that provide predictive insights into the intricacies of soft matter. It reflects
on the simulation techniques that have grown in tandem with experimental capabilities, offering a
computational lens to view the subtleties of soft interactions. It focuses on Development of new
materials: Complex colloids, engineered particles, soft polymers, hydrogels, and liquid crystalline
materials. Advancements in experimental tools: Rheo-SANS, imaging microscopic processes, and new
microscopy techniques for characterizing soft materials. Novel experimental setups: Phase transition
studies, large mechanical deformation, suspension rheology, driven liquid-solid transitions, and
electric/magnetic field control. Theoretical concepts and modeling tools: Linking hard and soft matter
physics, analyzing glasses and gels, memory effects, soft metamaterials for adaptation/intelligence, and
machine learning applications. Interplay between soft materials and biological systems: Active
biological materials, protein self-assembly, biosourced materials, and next-generation bioscaffolds via
mineralized reinforced hydrogels.

Potential future roadmap in Soft Matter envisioned by Al

The future directions are divided into 5 thematic roads: Programmable Materials and Responsive Surfaces,
Self-Repair and Sustainability, Information and Energy Systems, Dynamic and Adaptive Materials. It
presents a vision of future technologies grounded in the advancement of soft matter sciences, which
encompass a wide range of materials characterized by their adaptability and responsiveness to external
stimuli. These technologies and materials are poised to make a high impact:

Photonic Soft Matter. This category harbors materials with the ability to manipulate light. The pursuit of
integration, interface challenges, and stability will significantly advance areas like telecommunication,
energy conversion, and sensing technologies.

Resistant Soft Matter. Here, the aim is to develop materials that withstand environmental extremities.
Addressing challenges of environmental resilience and physical durability could elevate material utility
in aerospace, construction, and protective gear applications.

Autonomous Soft Matter. Materials capture the essence of autonomy, self-management, and smart
adaptation. They could revolutionize robotics, medical devices, and environmental monitoring through
self-regulatory abilities and intrinsic repair mechanisms.

Responsive Soft Matter. This involves materials that exhibit sensitivity and adaptability. Innovation in
sensing and control systems could impact consumer products, healthcare, and adaptive architecture by
offering smarter interactiveness with the environment.

Active Soft Matter is featuring Energy Harvesting Materials and Smart Actuators. This focus has the
potential to transform renewable energy sectors, create more interactive devices, and provide novel
solutions in soft robotics.
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Suggested roadmap of Soft Matter science

The common characteristics across these future materials and methods encompass multifunctionality,
dynamism, bio-integration, sustainability, scalability, and interdisciplinarity. They reflect a universal
trend towards materials that are not passive substances, but active participants within their intended
environments. These interconnected attributes reveal a clear pattern of growing sophistication and
versatility in material science that strives not only for technological prowess.

Future directions that may lead to significant breakthroughs.

There is the need for materials with greater adaptability, resilience, and functionality. The breakthroughs
will be achieved through interdisciplinary research, combining principles from physics, chemistry,
biology, and engineering to create materials with properties that are currently beyond our reach.
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Diagram connects current soft matter materials with the potential future directions, showing the
transition from existing limitations to new capabilities. It also links existing methods to the
development of these new materials, illustrating possible future evolution of the field.

Quantum Soft Matter: Current soft matter materials are limited by classical interactions, restricting their
use in high-precision quantum technologies. By integrating quantum properties such as superposition
and entanglement, future quantum soft matter could overcome these limitations, enabling the creation of
materials with highly tunable electronic, optical, and magnetic properties. The key to this development is
the design of soft materials that can maintain quantum coherence at larger scales and at room
temperature, which would be a significant breakthrough for quantum computing and communication.



Programmable Matter with Al Integration: Present soft materials lack the ability to autonomously
adapt their properties over time. Embedding Al within the material matrix would allow for real-time
reconfiguration in response to environmental stimuli, leading to materials that can self-optimize for
various functions. This requires the development of new synthesis methods that can incorporate
microscale computational elements into soft matter, enabling a level of adaptability and responsiveness
that is currently unattainable.

Hybrid Biological-Synthetic Active Matter: Today's materials are static and cannot self-replicate or self-
repair like biological systems. Merging biological components with synthetic materials could result in
materials that possess the regenerative properties of living systems. Achieving this will involve
bioengineering and materials science working in tandem to create hybrid materials that can integrate
with living tissues, respond to biological cues, and have the structural integrity of synthetic materials.

Non-Equilibrium Materials with Autonomous Functionality: Soft matter materials typically require
external stimuli to function and cannot maintain active states indefinitely. Designing materials that can
operate autonomously out of equilibrium would enable continuous functionality without external energy
inputs. This involves engineering materials with internal feedback mechanisms that can sustain non-
equilibrium states, a feature that would revolutionize energy autonomy in material design.

Extreme Conditions-Resistant Soft Matter: Current soft materials are often sensitive to extreme
conditions, limiting their application in harsh environments. Developing materials that can withstand high
radiation, extreme temperatures, and corrosive chemicals would expand the frontier of material
applications. This requires the design of novel polymer networks and composite materials with inherent
stability and self-healing capabilities, which would be invaluable for space exploration, deep-sea
technologies, and hazardous waste management.

Key characteristics of future Soft Mater materials:

Multifunctionality and Integration: A core characteristic of these materials is their multifunctional
nature—that is, their ability to perform multiple roles concurrently or switch between them dynamically.
The integration of diverse properties within a single material platform permits innovative applications
that transcend conventional limitations. By harmoniously amalgamating previously disparate
functionalities, such as conductivity and transparency, or flexibility and toughness, these materials
embody the holistic approach that is increasingly favored in cutting-edge research.

Dynamism and Responsiveness: Unlike traditional static materials, this group represents dynamic
systems capable of responding to environmental stimuli, including changes in temperature, pH, light, and
mechanical stress. This responsiveness is often enabled by underlying structural properties at the
molecular or nanoscale level, allowing for real-time adaptability. It is this adaptive capacity—whether
manifested as self-healing, shape memory, or reactivity to external stimuli—that imparts these materials
with their groundbreaking potential.

Biocompatibility and Bio-integration: Many of the materials within this group are designed with a focus
on compatibility and integration with biological systems. Whether intended for use within biomedical
devices, prosthetics, or as scaffolds for tissue engineering, these materials are engineered to interface with
biological entities without eliciting adverse responses. This characteristic is key to their application in
health-related fields and aligns with the growing trend of personalized medicine and biologically
integrated technologies.



Energy Efficiency and Sustainability: A significant number of these materials are either energy-efficient
in their application or contribute to sustainable practices. Materials that facilitate energy harvesting or
storage, those that minimize waste through self-repair mechanisms, or possess photocatalytic properties
for environmental remediation are indicative of a broader commitment within the scientific community
to address energy and environmental challenges.

Scalability and Manufacturing Viability: Despite their advanced nature, there is a clear emphasis on the
scalability and manufacturability of these materials. This consideration ensures that the proposed ideas
are not mere academic curiosities but are feasible for widespread production and deployment. Scalability
is critical in determining whether a high-impact material can transition from the laboratory to the market,
influencing global communities and industries.

Synergism and Interdisciplinarity: A pattern of synergistic interdisciplinarity is evident throughout
these materials, as they often emerge at the confluence of diverse scientific disciplines. This cross-
pollination of ideas—from materials science to artificial intelligence, and from polymer chemistry to
photonics—generates innovative solutions that surpass the sum of their individual parts, embodying the
richness of collaborative scientific endeavor.

Need for new tools and methods for future Soft Matter

To achieve the futuristic visions in soft matter science, several experimental and computational methods
that are not yet fully developed or are currently missing need to be established.

1. Room-Temperature Quantum Coherence Preservation: Experimental techniques for maintaining
quantum coherence in soft materials at room temperature, which is a significant challenge due to
decoherence effects in such environments.

2. AlI-Embedded Material Networks: Development of methods to integrate artificial intelligence at the
molecular level within materials, enabling real-time processing and decision-making capabilities
within the material structure itself.

3. Synthetic Biology for Material Assembly: Advanced synthetic biology techniques that can program
cells or DNA to assemble materials with precise structures, which goes beyond current biofabrication
capabilities.

4. Far-From-Equilibrium Synthesis: New chemical synthesis methods that can create materials in a
far-from-equilibrium state, allowing for the continuous operation of material functions without the
need for external energy inputs.

5. Ultrafast Spectroscopy at Extreme Conditions: Spectroscopic techniques that can capture the
behavior of materials under extreme conditions (e.g., high pressure, temperature, radiation) on
ultrafast timescales to understand their dynamic responses.

6. High-Performance Computing for Quantum Materials: Computational infrastructure and
algorithms capable of accurately simulating the quantum mechanical behavior of materials at a large
scale, which is beyond the capability of current quantum chemistry and material science simulations.

7. Nanoscale In Situ Sensors: Development of sensors that can be embedded within materials to
monitor and report on their condition and environment at the nanoscale, in real-time.



8. Adaptive Material Interfaces: Methods to create material interfaces that can dynamically adapt their
properties based on external stimuli or internal material states, which is not currently possible with
static interfaces.

9. Predictive Modeling for Self-Healing: Advanced predictive models that can simulate and predict the
self-healing process of materials, guiding the design of materials that can repair themselves under
specific conditions.

10. Controlled Self-Assembly in 4D: Techniques for controlling the self-assembly of materials not just
in three dimensions, but also over time (the fourth dimension), allowing for the creation of materials
that evolve or change their structure after synthesis.

11. Cross-Scale Material Modeling: Computational methods that can seamlessly transition between
different scales, from quantum to macroscopic, to predict material behavior across all relevant length
scales.

12. Energy Conversion in Soft Matter: Experimental methods for efficiently converting mechanical,
thermal, or chemical energy into electrical energy within soft materials, which is a challenge due to
the typically low energy conversion efficiency of soft materials.

Thematic Road 1: Programmable Materials and
Responsive Surfaces

Development of soft materials with programmable properties for smart applications.

The elaboration on future research directions in programmable soft materials introduces multifunctional
materials for energy and lighting systems, bio-integrated systems for regenerative medicine, and
cognitive materials interfaced with Al for smart applications. Programmable soft materials encapsulate
the convergence of precise control and adaptability that is requisite for a range of smart applications.
However, actualizing such materials demands a mastery of material science, particularly in tailoring
response mechanisms to specific stimuli. The drive to prolong the operational life cycle of these materials,
along with ensuring that they perform consistently and revert to their original state after actuation,
constitutes a formidable research and engineering challenge. Advancing the field of programmable soft
materials involves a focus on specific research directions to overcome current limitations and unlock new
applications:

1. Multifunctional Soft Materials: This research direction aims to create materials with multiple
programmable properties, such as materials that can change shape, conduct electricity, and respond
to light simultaneously. For example, a multifunctional film could serve as a solar panel that morphs
to maximize sunlight absorption during the day and serves as an efficient, shape-adaptive lighting
system at night.

2. Bio-integrated Soft Systems: These systems would integrate closely with biological tissues,
offering innovative healthcare solutions. Imagine a soft, programmable scaffold that promotes tissue
regeneration; it could gradually change its biochemistry to guide stem cell differentiation precisely
as needed for organ repair.



3.  Cognitive Soft Materials: The integration of artificial intelligence or intrinsic logic with material
design could lead to materials capable of ‘learning’ and ‘decision-making.” An example of a potential
application could be in smart packaging that adjusts its permeability to optimize the shelf-life of food
based on environmental sensing.

Soft Matter Photonics with Active Control for real-time tunable properties.

Future research will likely focus on creating materials that can interact with and modulate light in real-
time. Research could yield adaptive optical devices for personalized vision correction, responsive
photonic crystals for displays or concealment, therapeutic devices for light-guided healing with tunable
photonic outputs, and dynamic energy harvesting skins to optimize solar cell efficiency. These
possibilities suggest a future where soft photonics actively enhance functionality across medical, military,
consumer electronics, and renewable energy sectors. Major research directions include:

1. Tunable Waveguides for Flexible Electronics: Research into soft photonic waveguides with real-
time tunability could lead to the development of flexible, rollable screens. These waveguides could
dynamically adjust light transmission paths within flexible displays, leading to devices that could be
reshaped or resized to the user’s preference without affecting display quality.

2. Active Photonic Textiles: Beyond static color-changing textiles, the next wave could be fabrics that
adjust light emission and reflectance properties for mood, health, or aesthetic purposes. An example
is clothing material that alters its brightness and color based on the wearer’s body temperature or
UV exposure, enhancing user comfort and skin protection.

3. Autonomous Photonics: Soft matter photonics that automatically modulate their luminescence in
response to ambient light conditions can improve visibility and safety. During different times of the
day or weather conditions, these devices would maintain optimal illumination levels for various
applications.

4.  Smart Photonic Skins for Architecture: Envision buildings coated with a skin capable of actively
tuning its transparency, infrared emissivity, and UV-blocking properties. Such smart skins could
significantly reduce energy consumption for heating and cooling, automatically modulating in
response to indoor and outdoor environmental conditions.

Soft Matter Electronics for flexible, deformable circuits and devices.

The integration of soft matter into electronics paves the way for radically new device paradigms. Looking
forward, Soft Matter Electronics is gearing towards more integrated and human-centric designs, such as
stretchable energy storage for wearables, biocompatible interfaces for medical treatments, flexible
circuits for adaptive soft robotics, and self-assembling electronic systems for use in emergencies or
unconventional settings. The major directions that research could take include:

1. Stretchable Energy Storage: Development of soft, stretchable batteries and supercapacitors that
maintain high performance when deformed. For example, power sources for wearable electronics
might be integrated into textiles that can be stretched and washed without a loss in capacity.

2. Bioelectronic Interfaces: Soft electronic materials that can interface with biological tissues to
record and stimulate activity seamlessly. A high-level example would entail implantable sheets of
conductive polymers that can wrap around organs or nerves to monitor health or restore function
without irritation or immune response.



3.  Soft Robotics with Embedded Electronics: Incorporation of deformable circuits into soft robotic
structures, enabling robots to change shape or stiffness on demand. A potential application might
involve underwater exploration robots that adapt their form to navigate through various
environments with integrated sensors and actuators.

4. Self-Assembling Electronic Systems: Research into materials with intrinsic self-assembly
properties that allow circuits to form specific patterns and functions on demand. Imaginable
applications include emergency electronics kits that can assemble into communication devices or
medical diagnostic tools when activated by, say, water or body heat.

Photocatalytic Soft Surfaces that respond to light to break down pollutants.

The future of photocatalytic soft surfaces is focused on enhancing environmental sustainability by
degrading pollutants using light. The further research into photocatalytic soft surfaces delves into
responsive skins for buildings, air filters for HVAC systems, biocompatible medical coatings, and eco-
responsive aquaculture systems that could lead to significant improvements in managing environmental
and indoor pollution. These advanced concepts emphasize the need for photocatalytic efficiency across
various conditions and the importance of understanding the longevity and integration challenges of these
materials. Experimental studies will need to investigate the photocatalytic action mechanisms and their
performance stability to demonstrate viability and make a compelling case for high-impact publication
opportunities. Important research directions include:

1. Responsive Photocatalytic SKkins: Envisioning architectures coated with flexible, responsive layers
that not only degrade pollutants but also adapt their photocatalytic activity in response to the
fluctuating light and pollution levels, optimizing the self-cleaning process throughout the day. For
example, a building with a skin that intensifies its activity during peak sunlight hours or in response
to increased pollutant detection.

2. Integrated Photocatalytic Air Filters: Existing HVAC systems can be retrofitted with soft
photocatalytic panels that actively purify air as it circulates within buildings. High-level concept:
HVAC filters that not only capture but also break down airborne toxins, significantly improving
indoor air quality with minimal energy input.

3. Biocompatible Photocatalytic Coatings for Medical Devices: Soft photocatalytic surfaces could
find application in healthcare environments, where sterilization and reduction of nosocomial
infections are paramount. Example: A patient’s bed surrounded by a curtain coated with a
photocatalytic material, rendering it sterile using ambient light from windows and standard room
lighting.

4. Eco-Responsive Aquaculture Systems: Soft photocatalytic materials can be integrated into
aquaculture systems to maintain water quality by actively reducing harmful organic compounds and
pathogens, enabled by sunlight exposure or artificial UV light. High-level example: flexible mats with
photocatalytic properties lining aquaculture ponds, actively detoxifying the water while being non-
toxic to aquatic life.

Implementing Soft Metafluids with properties control for advanced fluid dynamics.

Soft metafluids represent a frontier in fluid dynamics and materials science, focusing on fluids with tailor-
made properties for specialized applications. Soft metafluids present an opportunity to reshape fluid
dynamics through externally controlled properties for applications in smart drug delivery, oil recovery,
aerodynamics, and optical systems. These fluids can selectively adjust characteristics like viscosity,
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wettability, and refractive index for enhanced performance and functionality. The exploration of soft
metafluids has broadened to consider their role in climate-adaptive clothing, responsive construction
materials, dynamic optics, and medical devices with adjustable stiffness. These ideas are marked by their
responsiveness and adaptability, positioning metafluids as enablers of technological solutions not feasible
with traditional materials. Several forward-looking research directions include:

1. Smart Drug Delivery: Metafluids that can alter their viscosity or surface tension in response to
external signals, such as magnetic fields or light, to precisely control the release of therapeutics in
the body. For example, a metafluid encapsulating a drug could be ingested and later become more
viscous to delay release until it reaches a specific gastrointestinal tract region.

2.  Enhanced Oil Recovery: Designing metafluids that can change their wettability to more efficiently
displace oil from reservoir rocks. High-level concept: Injecting a soft metafluid into an oil well that
initially spreads easily through pores and then adjusts its properties to push oil towards extraction
points.

3. Aerodynamic Surfaces: Metafluids applied to the surfaces of aircraft or wind turbines that can
adapt their slipperiness or texture in real-time to optimize airflow and reduce drag. Example: A
coating on an airliner’s wings that becomes smoother during cruising to minimize resistance or
rougher during takeoff and landing for better control.

4.  Fluid Lenses: Metafluids with dynamically tunable refractive indices could be used to create lenses
that adjust their focus without mechanical parts. High-level example: A camera with a metafluid lens
changes its focal length in response to light intensity, enabling instant zoom or focus without moving
parts.

5. Deformable Optics: Soft metafluids with electrically tunable optical properties could revolutionize
the field of deformable optics, enabling the creation of adaptable mirrors and lenses that overcome
traditional glass and plastic limitations. An example could be a telescope mirror that changes shape
to correct for atmospheric distortions in real time.

6. Climate Control Fabrics: By embedding soft metafluids within textile fibers, we can create fabrics
that respond to environmental temperature and humidity changes, regulating wearer comfort. For
example, a jacket could automatically become more breathable on a warm day or provide better
insulation when it’s cold.

7.  Guided Surgical Tools: Metafluids allowing for the stiffness and shape to be precisely controlled
could lead to the creation of minimally invasive surgical tools that navigate the body’s fluid
pathways, adapting their rigidity and form for targeted treatments without the need for open
surgery.

Dynamic Topological Soft Materials for information encoding and adaptability.

Dynamic Topological Soft Materials (DTSMs) could revolutionize how we manipulate and store
information, offering vast adaptability. From tactile interfaces for communication to soft robotics with a
learning capacity, architectural surfaces as environmental indicators to novel sensors for data capture,
DTSMs herald a shift towards materials that respond dynamically to informational needs. Here are several
pioneering ideas:

1. Autonomous Soft Machines: Engineering DTSMs for fully soft, autonomous machines that can
travel through constrained environments by continuously adapting their shape. This could facilitate
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on-site exploration and data collection in hazardous locations, such as disaster sites or within
pipelines.

Wearable Tactile Interfaces: DTSMs could be utilized in wearable devices that transform digital
information into tactile feedback through changes in their topography. For instance, a wearable
device could receive text messages and convert them into braille-like patterns on the user’s wrist,
allowing for discreet, non-visual communication.

Soft Robotic Actuators with Memory: DTSM actuator components that remember pastactions and
stimuli can create robots that learn and adapt over time without conventional electronics. For
instance, a robotic gripper made from DTSMs could adjust its grip based on the size, weight, and
fragility of objects it has previously encountered, optimizing handling and efficiency.

Architectural Skins with Passive Information Exchange: Embedding DTSMs into building
exteriors could allow for a passive exchange of information with the environment. Imagine
architectural skins that change texture to display environmental data, like temperature and air
quality, through patterns that are visually or tactilely readable by the occupants or passersby.
Next-Generation Soft Sensors: Leveraging the topological adaptability of DTSMs to create sensors
with applications ranging from environmental monitoring to human-computer interaction. For
example, a DTSM-based sensor pad could detect and store a sequence of physical interactions, using
its structure to encode data over time.

Ultra-Responsive Gels and Biomimetic Soft Matter Surfaces for smart interactions.

Ultra-responsive gels and biomimetic surfaces stand out for their potential to mimic biological functions
and respond to minute changes in the environment. Ultra-responsive gels and biomimetic soft matter
surfaces continue to present some of the most exciting avenues for future technology, with applications
extending to energy-efficient enclosures, nuanced soft robotic actuators, eco-friendly marine coatings,
and novel diagnostic tools. As these materials evolve toward practical use, the focus must remain on their
ability to perform consistently under different stimuli and their capacity for mass production. The
research community will need to address the challenge of developing responsive material systems that
can be seamlessly integrated into our daily lives, with a spotlight on functional demonstration and
ecological viability. These could serve as the basis for the following breakthroughs:

1.

Biomimetic Actuators for Soft Robotics: Responsive gels that mimic organic movement, lending
soft robotics enhanced fluidity and force sensitivity. High-level concept: Gel-based robotic fingers
that adjust their grip strength and patterns to delicately handle fragile objects or adapt for complex,
diversified tasks.

Anti-fouling Marine Coatings: Surfaces that can change their properties to resist biological buildup,
based on a design inspired by the dynamic skins of marine creatures. For instance, a coating on ship
hulls that alters its texture to prevent barnacle attachment without the use of environmentally
harmful chemicals.

Smart Diagnostic Platforms: Gels that shift their mechanical properties or color in the presence of
specific biomarkers, making them suitable for both medical diagnostics and research applications.
High-level example: A petri dish that changes color or elasticity in the presence of cancerous cells.
Responsive Hydrogels for Agriculture: Soil conditioning hydrogels that alter their water retention
properties in response to soil moisture levels, helping to sustain plant growth during drought
conditions by smartly releasing or conserving water.
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5.  Smart Wound Dressings: Gels that respond to pH changes in wound environments to indicate
healing progress or release antimicrobial agents. High-level example: A gel dressing that changes
color when a wound is infected, simultaneously delivering targeted medication without the need for
dressing removal.

6. Adaptive Camouflage SKkins: Biomimetic surfaces that replicate dynamic coloration and texture
changes found in cephalopods like squids or cuttlefish, allowing objects or wearables to blend into
their surroundings or communicate information through visual cues.

Thematic Road 2: Self-Repair and Sustainability

Self-Healing Interfaces that extend the lifespan of materials by autonomous repair.

The development of self-healing interfaces aims to enhance the functionality and longevity of materials
across various industries. A primary research focus will be the development of materials that can self-
repair without external intervention, in a variety of conditions, and with a speed and efficiency that make
them commercially viable. Self-healing interfaces represent a leap towards materials with unprecedented
durability and resilience, potentially reducing the need for maintenance and prolonging material service
life across several domains. Infrastructure could become safer and less costly to maintain, aerospace
components could push the boundaries of reliability, wearable tech could endure through demanding
usage, and medical implants could last longer within the body. Research must converge on creating self-
repair mechanisms that are dependable and swift, with empirical evidence supporting the material’s
restored integrity and capabilities. Study designs will need to prioritize longevity and functionality to
resonate within academia and industry circles. Future strategic directions could include:

1. Infrastructure Longevity: Self-healing concrete and coatings that autonomously repair cracks or
damage, significantly increasing the safety and lifespan of bridges, roads, and buildings. Example: A
highway with a self-healing surface that seals small fissures before they become large cracks,
preventing costly and disruptive repair work.

2. Adaptive Aerospace Components: Materials for aircraft and spacecraft that can repair themselves
from the stress of repeated use or minor impacts. Imagine a wing coating that can detect and mend
microfractures caused by high-altitude flight or small debris collisions, thus enhancing flight safety
and reducing maintenance.

3. Marine Vessel Coatings: Coatings that can self-repair after being damaged by abrasion or corrosive
environments, maintaining the integrity of vessels and reducing the frequency of dry dock repairs.
For instance, a shipping container coated in a material that automatically fixes rust spots or breaches
from impacts at sea.

4. Wearable Technology Durability: Flexible electronics and textiles that integrate self-healing
polymers, potentially extending the life of smart clothing and devices. For instance, a smartwatch
band that can mend itself after being cut or worn down, retaining its functionality and appearance
over an extended period.

5. Advanced Medical Implants: Bioinspired self-healing materials for use in medical implants that
can repair wear and tear or integrate better with human tissue over time. An example is an implant
that self-repairs after minor degradation, reducing the need for additional surgeries or
replacements.
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Soft Matter for Sustainable Packaging with biodegradable, eco-friendly features.

The future of sustainable packaging lies in the innovative use of soft materials that return to the earth
safely after use. Soft matter sustainable packaging is reimagining how products are encased, transported,
and disposed of. Innovations include time or condition-triggered disassembly, edible and nutritive
wrappers, degradation indicators for consumer awareness, and packaging that contributes to green space
by integrating plant growth. Achieving these ambitious goals will necessitate breakthroughs in
biodegradable material technologies that address usage demands and end-of-life ecological integration,
all while navigating market regulations and public perceptions. The potential impact on waste reduction
and resource conservation places this research direction at the forefront of ecological innovation.
Successful implementation of these ideas will require advancements in material science to ensure
functional rigidity and protection during the use phase, paired with controlled biodegradability post-use.
Additionally, regulatory compliance and consumer education will be crucial for market acceptance. Here
are visionary research paths and examples:

1. Self-Disassembling Packaging: Designing materials that disintegrate at a predetermined time or
in response to certain environmental conditions, like moisture or microbes. Example: A food
wrapper that begins to biodegrade after its expiry date, ensuring proper waste handling without
consumer intervention.

2. Edible Packaging Solutions: Expanding the use of biodegradable, edible films made from natural
polymers for packaging perishable goods, which could reduce waste and provide an additional
nutritional benefit. For example, a sandwich wrap that can be eaten along with the product, offering
convenience and zero waste.

3.  SmartDegradation Indicators: Integrating indicators within the packaging that signal the onset of
degradation, helping consumers understand product freshness and the packaging’s position in the
lifecycle. Example: A bottle that changes color as the material begins to break down, indicating it’s
time for disposal or composting.

4. Plantable Packaging: Soft matter packaging embedded with seeds that, when disposed of in soil,
grow into plants. This could include pots for plant seedlings that, instead of being removed before

planting, are placed directly into the ground to degrade and release seeds for beneficial plants or
herbs.

Creating Photocatalytic Soft Surfaces (also under Road 1) for environmental
sustainability.

Photocatalytic soft surfaces present a sustainable solution to reduce pollution and promote cleaner
environments through the power of light-activated processes. The concept of photocatalytic soft surfaces
is paving the way for proactive environmental management with applications that address urban air
purification, reduce water contamination, and cut down on domestic energy and water usage.
Advancements in this field could see buildings and clothing actively breaking down pollutants, and
enhance self-sufficiency through integrated energy harvesting. Success in these areas hinges on
optimizing the responsiveness and durability of the photocatalytic agents, proving scalability and
demonstrating distinct benefits to the environment and society. To move such innovations forward, it will
be important to focus on optimizing the efficiency and longevity of the photocatalytic action. Research will
also need to validate the effectiveness of these surfaces under a variety of real-world conditions and their
ability to scale up from small prototypes to large-scale applications. As this field matures, research must
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concentrate on achieving a balance between technological innovation, economic viability, and integration
with existing environments. Potential groundbreaking applications include:

1. Urban Pollution Control: Incorporating photocatalytic soft materials into urban structures like
pavements, building facades, or even noise barriers to break down harmful pollutants from car
exhaust and industrial emissions. Example: A city deploying these materials as part of its green
infrastructure to actively reduce smog levels, particularly in high-traffic areas.

2.  Self-Cleaning Textiles: Clothing and fabrics that can decompose organic stains and odors upon
exposure to sunlight, minimizing the need for frequent washing and reducing water consumption.
For instance, a line of activewear that remains fresh due to its intrinsic photocatalytic fibers.

3.  Water Purification Systems: Soft surface coatings for water bodies or treatment facilities that
target and degrade contaminants using natural sunlight. Example: A photocatalytic liner for
retention ponds or waterways in agriculture that neutralizes pesticides and herbicides, improving
runoff water quality.

4. Energy-Generating Walls: Developing soft building materials that not only break down pollutants
but also harness the photocatalytic process to generate a small amount of electricity, contributing to
the building’s energy needs. Example: A commercial building whose exterior walls partially power
its lighting through integrated photocatalytic cells.

Multiscale Responsive Foams with custom mechanical and acoustic properties for
sustainability.

Multiscale responsive foams open up a broad spectrum of applications in sustainability by harnessing
custom mechanical and acoustic properties. Here are some inspired directions for research:

1. Sustainable Building Insulation: Foam materials designed to respond to temperature and
humidity changes, adjusting their insulating properties to optimize energy usage in buildings.
Example: A responsive foam within wall panels that expands to improve insulation on cold days and
contracts to enhance breathability on hot days.

2.  Acoustic Modulators in Public Spaces: Foams with tunable acoustic properties adaptable to
varying noise levels in public spaces, such as airports or train stations. High-level concept: An
acoustic foam ceiling tile system that hardens to reduce noise during peak traffic hours but softens
during quieter times to maintain ambiance.

3. Vibration-Damping Materials in Transportation: Responsive foams integrated into vehicles or
infrastructure to adaptively dampen vibrations, improving comfort and reducing maintenance
caused by mechanical stress. Example: A car with seats made of foam that adjusts stiffness based on
road texture for a smoother ride.

4. Eco-Friendly Packaging Solutions: Foams that can be precisely engineered for cushioning
properties based on the specific requirements of the item being packaged, reducing material usage
while providing optimum protection. Example: Packaging foam that molds perfectly to electronic
devices during shipping and can be composted after use.

Thematic Road 3: Bio-Inspired Actuation and Robotics
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Soft Robotics with Integrated Sensing, for materials that actuate and adapt
autonomously.

The integration of sensing within soft robotics heralds a new age of automation where materials can adapt
intelligently to their environments. As soft robotics with integrated sensing matures, the horizon
broadens with the potential for transformative applications across agriculture, architecture, medicine,
and disaster relief. Each application leverages the unique qualities of soft materials—such as flexibility,
resilience, and responsiveness—combined with sophisticated sensing to deliver unrivaled functionality
and autonomy. The next research phase will involve engineering the materials and sensors to withstand
the physical demands of varied tasks while maintaining precision and adaptability. Success will hinge on
interdisciplinary research that integrates materials science, mechanical engineering, and computer
science to provide comprehensive solutions that are both performant and reliable. Here are some
groundbreaking research trajectories:

1. Bioinspired Prosthetics: Soft robotic limbs infused with sensors that not only match the user’s
movements but also adapt to tactile feedback, akin to natural reflexes. Example: A prosthetic hand
that automatically adjusts its grip strength when picking up different objects, enhancing the user’s
interaction with their environment.

2. Responsive Architectural Elements: Soft robotic materials integrated into smart homes or offices
that adapt structurally in real-time to optimize energy consumption. High-level concept: Windows
covered with a soft robotic film that tints or untints automatically in response to sunlight intensity,
thereby regulating indoor temperature and light.

3. Soft Surgical Tools: Minimally invasive surgical instruments with enhanced tactile feedback,
allowing for adaptive responses to tissue resistance, reducing patient trauma and improving surgical
outcomes. Example: A catheter that senses blood flow resistance and autonomously adjusts its
softness and shape to navigate a patient’s vasculature more safely.

4.  Soft Robotic Skins: Materials that sense environmental factors such as temperature, pressure, or
chemical presence and promptly actuate in response, offering protection or signaling changes. High-
level concept: A soft robotic suit with a ‘skin’ that stiffens upon impact to protect the wearer, or that
changes color on contact with hazardous chemicals.

Synthetic Biological Soft Matter for bio-hybrid devices and tissue engineering.

Synthetic biological soft matter is set to revolutionize bio-hybrid devices and tissue engineering with
materials that closely interface with biological systems. The viability of this research trajectory will be
greatly influenced by progress in the biocompatibility and long-term stability of these materials.
Furthermore, ethical considerations around the integration of living and synthetic components must be
addressed. Anticipated research directions include:

1. Living Actuators in Soft Robotics: Bio-hybrid actuators that combine synthetic soft materials with
living cells, enabling robots to exhibit self-healing and self-assembling behaviors. Example: A bio-
hybrid robotic gripper that can repair itself when damaged using living cellular components.

2.  Customizable Organ-on-a-chip Systems: Incorporating synthetic soft matter into microfluidic
devices to create organ mimics for drug testing, reducing reliance on animal models. For instance, a
heart-on-a-chip featuring soft matter that replicates the mechanical properties of heart tissue for
high-fidelity cardiac drug responses.
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3. Bio-hybrid Wearable Devices: Wearables that symbiotically work with the wearer’s biological
functions for health monitoring or enhancement. High-level concept: A smart sleeve with embedded
biosynthetic fibers that monitor muscle performance and fatigue, offering real-time biofeedback for
athletes.

4. Engineered Tissue Scaffolds: Designing scaffolds with synthetic biological soft matter that not only
supports tissue growth but actively contributes to its organization and development. Example: A
scaffold for skin regeneration that gradually transforms into functional tissue, integrating with the
body’s healing process.

Thermo-Chemical Soft Actuation for non-electric actuation systems.

Thermo-chemical soft actuation is paving the way for novel mechanical systems that operate without
electricity, instead relying on responsive materials that change in response to heat and chemical stimuli.
Essential research challenges include the precision and specificity of the actuators’ responses as well as
their long-term stability and repeatability under various conditions. Scientific advancements in this area
would have significant implications for the development of sustainable and energy-efficient technologies.
Thermo-chemical soft actuation systems are envisioned as transformative in medical, industrial,
construction, and exploration contexts, where the utility of non-electric, environmentally adaptive, and
responsive actuation can be fully exploited. However, achieving predictable, stable, and sensitive
actuation across diverse operating conditions poses distinct research hurdles. The balance between
functional material responses, their integration into user-friendly designs, and the ability to maintain
consistent performance over time forms the crux of advancing this technology. High-quality studies will
need to address material composition, rate of actuation in response to stimuli, and the challenges of
integrating these systems into existing technological paradigms. Future research could focus on:

1. Thermo-responsive Medical Devices: Soft actuators in medical stents or valves that respond to
body temperature or the presence of specific enzymes to modulate blood and fluid flow. Example:
An implantable valve that automatically adjusts to maintain optimal blood pressure in response to
changing body conditions, but must be carefully designed to prevent accidental actuation.

2.  Autonomous Soft Grippers: Thermo-chemical actuating materials in industrial settings, capable of
lifting or releasing objects based on temperature changes, without the need for electric power. High-
level concept: A factory arm with soft grippers that handle heat-sensitive materials, closing when
exposed to colder items and opening when heat is applied. The challenge lies in fine-tuning the
actuation to work reliably across a range of temperatures and object weights.

3.  Self-Regulating Ventilation Systems: Building materials that react to ambient temperature or air
quality, opening or closing vents as necessary to maintain optimal indoor air conditions. Example: A
thermo-chemically actuated vent that automatically adjusts its aperture size in response to indoor
CO2 levels; however, long-term durability and sensitivity to a wide range of environmental factors
remain key challenges.

4. Chemically-Powered Soft Robotics for Exploration: Exploration robots that use soft actuators
powered by reactions with environmental chemicals or liquids, useful for areas where electricity is
not an option. High-level example: A rover designed to traverse icy moons, with actuators that move
limbs by reacting to contact with water or other chemicals found on the moon’s surface. Ensuring
that the actuator’s reactants are available and that the motions produced are controlled and
repeatable is a significant challenge.
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Liquid Crystal Elastomer Actuators for precise actuation control.

Liquid Crystal Elastomer (LCE) actuators harness the unique properties of liquid crystals within an
elastomeric matrix, allowing for controlled and precise actuation. Liquid Crystal Elastomer Actuators are
being positioned to bring unparalleled precision to medical devices, optics, wearable technology, and soft
robotics. These actuators provide a unique capability for controlled movement in response to stimuli such
as temperature and light, but challenges persist in material consistency, actuation speed, and long-term
performance. Future research will focus on expounding response mechanisms, enhancing durability, and
developing scalable manufacturing processes to meet the demands of varied applications. However,
significant research will be needed to understand and improve the response times, recovery behaviors,
and actuation cycles of these materials. Additionally, investigating how LCEs function under various loads
and environmental conditions is crucial. Exciting research directions could include:

1. Adaptive Optics: Incorporating LCEs into lens systems that can adjust focus automatically without
mechanical input. High-level concept: Camera lenses with LCE internal structures that rapidly adapt
focal length in response to varying light conditions, where the uniformity of response across the
entire lens surface presents a design challenge.

2. Smart Textile Interfaces: Fabrics with embedded LCE fibers that change form or stiffness in
response to external stimuli, allowing for dynamic clothing that can adapt to environmental changes
or user movement. Example: An LCE-based sportswear line that provides more or less support as
the user’s body temperature changes during exercise, with challenges including durability and the
integration of activation mechanisms into textiles.

3. Adaptive Vibration Damping Systems: Exploiting LCEs’ capacity to change stiffness with thermal
or light stimuli, creating smart dampers for buildings or vehicles that adapt to varying vibration
frequencies. For example, a seismic damper within a skyscraper’s structure that adjusts its damping
properties in real time during an earthquake. The challenge here involves creating a fast and reliable
activation mechanism that functions in fluctuating environmental conditions.

4. Precision Agriculture Tools: LCE-based devices for agriculture could precisely control the opening
of seed or fertilizer dispensers depending on soil conditions or temperature. High-level concept: A
smart dispenser for greenhouses that opens to release water or nutrients in response to real-time
data from the surrounding environment, with longevity under constant operational stress being a
notable challenge.

Mechano-Electrical Transduction in Soft Matter for health monitoring applications.

Mechano-Electrical Transduction in Soft Matter is poised to revolutionize health monitoring with
applications in wearable joint health monitors, implantable meshes for post-surgery care, soft robotics
for physical therapy, and unobtrusive respiratory tracking systems. These systems aim to harness natural
bodily movements to generate vital health data, offering a non-invasive route to healthcare insights.
Challenges such as sensor fidelity, seamless body integration, and ensuring long-term use without
affecting tissue integrity are central to advancing this field. Making use of the mechanical properties of
soft matter to produce electrical signals, mechano-electrical transduction offers insightful means for
health monitoring. Immediate challenges include ensuring consistent sensor accuracy and reliability
amidst the complex biomechanical movements of the human body. Overcoming issues related to sensor
integration with soft tissues and long-term biocompatibility without compromising the mechanical-to-
electrical signal conversion will be key to these technologies’ success. Few examples are:
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1. Wearable Joint Health Monitors: Soft matter sensors that wrap around joints to detect and
translate motion and stress into electrical signals, providing data on joint health and alerting to
potential injuries. Example: A knee sleeve that monitors the gait and stress distribution while
walking, identifying irregular patterns that may indicate the risk of injury. The challenge lies in
creating sensors sensitive enough to detect subtle changes yet robust against false positives due to
normal activity variation.

2. Implantable Pressure Mapping: Soft transducers that can be implanted post-surgery to monitor
the healing process by measuring pressure distributions and changes within the body. High-level
concept: An implantable mesh that provides real-time feedback on organ function after a transplant,
where maintaining sensor precision and avoiding tissue irritation pose significant hurdles.

3.  Soft Robotics for Rehabilitative Therapies: Mechano-electrical soft robotic systems designed to
assist patients with mobility challenges, providing both movement support and health monitoring.
Example: A soft robotic glove for stroke rehabilitation, which not only helps patients move their
fingers but also tracks recovery progress over time. A challenge is to harmonize the therapeutic
movement with accurate health data capture without impacting the patient’s comfort.

4. Respiratory Volume Sensors: Flexible, thin-film transducers that conform to the chest, accurately
measuring respiratory volume and patterns for early detection of respiratory conditions. Concept:
A wearable, inconspicuous chest patch that tracks pulmonary function through daily activities, with
challenges involving unobtrusive integration and reliable long-term operation without skin
irritation.

Magnetic Soft Matter Composites for advanced robotic applications.

Magnetic soft matter composites combine the versatility of soft materials with the precise control offered
by magnetic fields, opening new doors for robotic applications. This technology promises a new class of
robots that can traverse the human body for targeted therapy, adapt manufacturing tools on the fly, mimic
delicate surgical procedures, and emulate aquatic life for unobtrusive marine exploration. However, the
precise manipulation of magnetic fields, the long-term durability of materials, and the synergy between
soft and magnetic properties present significant research challenges. Other challenges to address in this
research include achieving fine-tuned control over the magnetic fields for specific task completion, and
reconciling the soft material’s integrity with the magnetic components. Overcoming these hurdles
requires a combination of advanced material synthesis, magnetic field optimization, and system
integration strategies. Proposed research could explore:

1. Targeted Drug Delivery Systems: Utilizing magnetic soft matter composites to navigate drugs to
specific locations within the body. Example: A micro-robot comprised of magnetic soft particles that
can be directed to a tumor site using external magnetic fields; the challenge lies in achieving the
precision in navigation and control within the complex environment of the human body.

2.  Reconfigurable Molding: Fabricating robotic tools that change their form to mold various shapes
using magnetic composites, enabling quick manufacturing adjustments. High-level concept: An
industrial robot with magnetic soft matter fingertips that reconfigure to grip and assemble different
components, posing the challenge of designing systems that can rapidly switch between
configurations with high repeatability.
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Thematic Road 4: Information and Energy Systems

Advanced Photonic Structures for nanoscale light control in information processing.

Advanced Photonic Structures represent the next frontier in controlling light at the nanoscale to
revolutionize information processing. Advanced Photonic Structures are primed to redefine information
processing by enabling unprecedented control of light at the nanoscale. From on-chip optical processors
to quantum computing, ultra-compact storage, and photonic neural networks, these structures could
facilitate the next leap in computing performance, efficiency, and complexity. The challenges are
substantial, including the creation of nanostructures to maintain light coherence, executing precise
fabrication, and developing compatible system architecture for seamless integration into current
technologies. Nevertheless, these ideas entail overcoming critical obstacles such as nano-scale
manufacturing tolerances, maintaining signal integrity at such small dimensions, and integrating with
existing technology platforms. Robustness, thermal stability, and resistance to environmental
degradation will also be imperative considerations as research advances. Examples are:

1. On-Chip Optical Processors: Photonic structures embedded within semiconductor chips that
manipulate light for data transmission and processing, potentially replacing electronic components
for faster and more energy-efficient computing. Example: A processor with an integrated photonic
crystal that can modulate light signals for high-speed, low-heat data computation. One challenge
involves ensuring the precise fabrication of nanostructures to guide and control light on such a
minuscule scale.

2. Quantum Computing with Photons: Utilizing advanced photonic structures to manipulate
individual photons for quantum computation, offering vast improvements in speed and security over
traditional computing. High-level concept: A quantum computer that employs engineered
nanostructures to create and control entangled photon states, where maintaining coherence and
reducing quantum decoherence are significant challenges.

3. Ultra-Compact Data Storage: High-density data storage systems based on the manipulation of light
within nanophotonic structures. Example: A photonic-based storage device that writes and reads
data by changing the refractive index on a nanomaterial surface, requiring breakthroughs in
nanofabrication techniques to reliably control and detect these subtle index changes.

4. Photonic Neural Networks: Hardware that mimics the way the brain processes information using
light instead of electrons. Conceptually, a neural network made of photonic structures could handle
complex computations atlightning speeds due to the absence of electrical interference, the challenge
being the development of an architecture that effectively simulates neural pathways with light.

5.  Photonic-based Ultra-Secure Communication: Implement photonic crystals and waveguides to
transmit data via light within secure channels that are impervious to traditional eavesdropping
methods. Example: A secure communication network that uses entangled photons distributed
through nano-engineered waveguides for quantum key distribution, with the critical challenge of
keeping the quantum entanglement intact over long distances.

6. Photonic Topological Insulators for Light: Leverage topological insulators’ properties to guide
and protect the flow of light against scattering, enabling robust information channels in photonic
circuits. High-level concept: Creating nanoscale circuits within photonic chips that can route light
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without loss, even around imperfections, where challenges include fabrication precision and
managing thermal effects on the topology.

7.  All-Optical Machine Learning Platforms: Develop machine learning hardware platforms that use
photonic structures to perform computations with light for tasks like pattern recognition and
decision-making. Example: An all-optical neural network interface that processes visual data at the
speed of light for real-time object detection, posing the challenge of integrating high-bandwidth light
sources and detectors with photonic computational architectures.

8. Nano-Optomechanical Sensors: Create sensors using photonic nanostructures sensitive to
mechanical changes for applications in biomedicine and industrial monitoring. Example: A biosensor
with a photonic lattice that detects minute pressure changes due to cellular growth, with challenges
revolving around scalable nanofabrication and integration within biological systems.

Quantum Soft Matter for quantum sensing and computing.

Quantum Soft Matter merges the properties of soft materials with the peculiarities of quantum mechanics,
presenting exciting transformative possibilities for technology. Quantum Soft Matter stands at the
vanguard of scientific inquiry, offering potential breakthroughs in the enhanced precision of quantum
sensors and the evolution of quantum computing and communication technologies. Possibilities include
leveraging intricate quantum states within soft materials for unprecedented sensitivity in diagnostics,
maintaining quantum coherence during information transfer, converting mechanical energy for quantum
applications, and embedding topological protection within flexible computing architectures. Achieving
distinguished results within this nascent field involves surmounting challenges related to the
management of quantum phenomena within inherently disorder-prone soft systems and seamlessly
incorporating them into functional, scalable, and durable technologies. These proposals entail tackling
significant hurdles, most notably achieving the precise control required over quantum states within soft
materials and ensuring their coherent manipulation against environmental disturbances. Fabrication at
nanoscales, understanding the interplay between softness and quantum traits, and integrating these
materials into practical devices are key challenges. Examples are:

1. Quantum Soft Sensors: Soft materials that entrap quantum particles like quantum dots, electrons,
photons, or ions, which can then be utilized for high-precision measurements of fields, forces, or
temperatures. Example: A soft quantum sensor that measures magnetic fields at the cellular level for
medical diagnostics, where isolating the quantum system from environmental noise remains a
challenge.

2. Quantum State Transfer Materials: Exploring soft matter that can be used for transferring
quantum information with minimal decoherence. High-level concept: A soft photonic material that
transports entangled photon states between quantum processors, with the challenge of maintaining
the delicate entanglement over macroscopic distances without loss.

3.  Quantum Flexoelectric Devices: Utilizing the flexoelectric effect in soft quantum materials to
convert mechanical energy into quantum states that can be manipulated for computation or
communication. Example: A wearable device that harnesses mechanical motion to power a quantum
computing process, where optimizing the quantum conversion efficiency is a core challenge.

4. Topologically Protected Quantum Circuits: Soft matter that supports the formation of topological
states to preserve quantum information against local perturbations. Concept: A soft, pliable circuit
that can be bent or stretched while allowing quantum bits (qubits) to remain coherent longer, where
engineering the material for the desired quantum resilience is the primary difficulty.
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Soft Matter Waveguides for Computing, using light for soft matter computing systems.

Soft Matter Waveguides offer a novel and flexible approach to light manipulation in computing, combining
the adaptive qualities of soft materials with the speed of optics for information processing. Soft Matter
Waveguides for Computing present a forward-looking approach to evolve the integration of optical data
processing with the inherent flexibility of soft materials. From elastic OPUs and tunable optofluidic
circuits to soft interactive holography and photonic smart materials, the potential use cases uncover new
horizons for hardware that is not only lightweight and deformable but also dynamically reconfigurable.
Addressing the uniformity of light propagation within soft structures, precision of external control
mechanisms, and consistent performance throughout material manipulation are the primary hurdles.
However, the feasibility of these systems is subject to overcoming significant challenges, such as
engineering stability and repeatability while retaining the soft matter’s responsiveness to stimuli.
Fabricating these materials to allow fine-tuned control over light properties, and ensuring they can
withstand operational wear and data processing loads, are daunting yet critical obstacles. Potential key
research directions and examples include:

1.  Elastic Optical Processing Units (OPUs): Developing optical processors that feature stretchable
waveguides, allowing for dynamic reconfiguration of the optical paths and processing capabilities.
Example: A stretchable soft matter OPU that can be physically manipulated to alter computational
load distribution, presenting challenges in maintaining consistent light transmission and avoiding
signal loss during deformation.

2. Adaptive Optofluidic Circuits: Creating optofluidic soft matter waveguides that can adjust their
light-guiding properties based on fluidic changes, enabling dynamic computational architectures. A
high-level example is a bio-analysis chip where the computational circuit can adjust in real-time to
optimize for different biochemical assays, with particular challenges in achieving precise fluidic
control within the soft waveguides.

3.  Soft Holographic Computing Interfaces: Utilizing soft matter waveguides to project and compute
with holographic data, allowing for flexible display and input surfaces. Concept: A foldable tablet
screen that uses embedded soft matter waveguides to display and process 3D holographic images,
where ensuring holographic fidelity across the flexible medium is a significant challenge.

4. Photonically Active Smart Materials: Engineering smart materials that can both guide light and
actively change its properties for photonic computing applications. Example: A soft waveguide
material whose refractive index can be modulated by external stimuli to perform logical operations
with light; challenges include interconnected material responsiveness and computational speed.

5.  Soft Photonic Al Chips: The creation of flexible chips for artificial intelligence applications, where
soft waveguides can process optical signals through machine-learning algorithms. High-level
concept: Abendable Al processor implanted into dynamic surfaces, like vehicle interiors, that adjusts
settings based on the user’s gestures, positioning, and ambient lighting conditions, with the
challenge of developing adaptable algorithms that function effectively across deformable substrates.

6. Biocompatible Computing Devices: Soft matter waveguides for in-vivo medical devices that
compute and relay critical data within the body using light signals. Example: A diagnostic implant
that provides real-time health monitoring by processing physiologic information through integrated
photonic circuits, where biocompatibility and non-invasive signal transmission represent significant
technical challenges.

7. Dynamic Data Encryption Systems: Exploiting the reconfigurability of soft matter waveguides to
create encryption keys for secure data transmissions that are physically rather than digitally
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modulated. Concept: A physical encryption device that alters light paths in intricate ways to encode
information, offering a new layer of security against cyber threats, with fabrication precision and
key management as technical obstacles.

Biohybrid Soft Circuits merging living cells into electronics.

Biohybrid Soft Circuits promise a future where living cells and soft electronics coalesce to create devices
with novel functionalities, such as prosthetic ‘living’ skin with inherent sensing capabilities, wearable
monitors that analyze biochemical signals, biological computers with enhanced processing power, and
circuits capable of self-repair. Such bio-integrated systems pose substantial challenges in maintaining the
life functions of cells within non-biological structures, providing necessary biocompatibility, and ensuring
the longevity of electronic performance. The fusion of living cellular structures with soft electronics offers
an interdisciplinary path for creating biohybrid systems with unique capabilities. The intertwining of
living cellular systems with electronics opens a panorama of inventive applications that carry the
potential to shift paradigms within biological interfaces and intelligent systems. Notable challenges that
need addressing involve securing coexistence between living cells and non-biological components,
managing nutrient supply and waste removal for cellular components, and ensuring the overall system’s
functional integrity. Few examples are:

1. Living SKkin Electronics: Developing soft electronic circuits that integrate living cells to create
‘living’ skin for prosthetics, providing natural-looking appearances with embedded sensing
capabilities. Example: A prosthetic arm covered with a biohybrid skin that can sense temperature,
pressure, and texture, almost like real skin. Challenges include ensuring long-term viability of the
cells, preventing rejection in host integration, and maintaining electronic functionalities.

2. Biohybrid Wearable Monitors: Wearables that combine biocompatible circuits and living cells to
monitor body functions and skin health, reacting and adapting to changes in the wearer’s
biochemistry. High-level concept: A fitness tracker with a biohybrid interface that detects changes
in metabolic rate or detects early signs of infection through direct interaction with sweat. The
challenge lies in creating a durable interface that remains sensitive to the biochemical markers over
time.

3. Enhanced Biological Computers: Integrating neuronal cells with soft electronic components to
create hybrid computing elements that can process information using both electronic and biological
signals. Example: A computing device that leverages neuronal networks for advanced pattern
recognition, facing challenges of scaling up cell cultures and interfacing them reliably with
electronics.

4.  Self-Repairing Circuits: Creating soft circuit systems with living cells capable of repairing or
regenerating circuitry when damaged. Concept: An environmental sensor that uses biohybrid
circuits to self-repair after exposure to harsh conditions, ensuring consistent operation. Overcoming
the complexities of directing cellular growth to effectively repair specific circuit elements poses a
technical challenge.

5. Biohybrid Sensory Arrays: Embedding living sensory cells within soft electronics to create devices
with heightened sensitivity akin to biological organisms. Example: A chemical detection system
incorporating olfactory sensory neurons capable of identifying a broad range of odors for security
or environmental monitoring. The challenge lies in preserving the sensory cells’ functionality
outside of a biological context while effectively transducing their signals into electronic data.
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6. Organic Energy Harvesters: Utilizing biohybrid circuits that harness biochemical reactions from
living cells to generate power. High-level concept: Microbial fuel cells integrated with soft electronics
for powering low-energy sensors or devices, where optimizing energy extraction without disrupting
cellular metabolism presents a primary challenge.

7. Biologically Enhanced Data Storage: Leveraging the inherent data storage capabilities of DNA
within cells to create biohybrid memory systems. Example: A storage device with cells programmed
to carry digital information in their genetic material, capable of vast storage densities. Challenges
include developing reliable read-write mechanisms and ensuring the stability of genetically stored
data over time.

8. Regenerative Circuit Therapies: Innovating implantable biohybrid devices that can interface with
tissues and promote healing through electrical stimulation while monitoring recovery. Concept: A
regenerative biohybrid patch that not only stimulates tissue repair but also reports recovery
progress. A significant challenge is integrating the device with the physiological system without
inducing immune responses or inflammation.

Soft Energy Storage Devices for flexible, integrated power solutions.

Soft Energy Storage Devices promise to transform traditional notions of energy solutions, offering flexible,
wearable, self-healing, and even biodegradable alternatives to conventional rigid batteries. These devices
can potentially integrate into various aspects of daily life and advanced applications, such as in wearable
technology and medical implements, providing a seamless power supply. Nonetheless, achieving a
balance between flexibility, durability, power capacity, and environmental safety continues to present
formidable challenges. Research must focus on the creation of novel materials and device designs that can
withstand real-world applications while meeting all requisite power and safety standards. Challenges
such as maintaining energy density, cycle stability, and safety under deformation are concerns that span
across these applications. Preventing degradation over the lifetime of the devices, and ensuring they
operate safely in close contact with the human body, where applicable, are hurdles that will require
innovative solutions. Soft Energy Storage Devices bring forth the advent of more adaptable and
conformable energy solutions. Examples are:

1. Wearable Power Sources: Stretchable and bendable batteries that can be seamlessly integrated
into clothes or worn on the body. Example: A jacket with soft battery fibers woven into it, capable of
charging portable electronics. Challenges include ensuring the energy storage is safe, stable under
mechanical stress, and has sufficient power density to be useful.

2.  Self-Healing Energy Systems: Energy storage devices made from materials that can self-repair
after damage or wear, prolonging their lifecycle. High-level concept: A drone battery with a self-
healing electrolyte that maintains performance even after experiencing minor punctures or tears
during operation. Maintaining electrical performance during and after the healing process presents
significant challenges.

3.  Multifunctional Energy Textiles: Fabrics that can store energy and provide other functions, such
as sensing or heating. Example: A smart curtain that stores solar energy during the day and emits
light or heat as needed. Challenges include integrating multifunctional capabilities without
compromising the device’s energy storage efficiency or textile flexibility.

4. Biodegradable Energy Storage: Developing energy storage devices that can be safely broken down
and absorbed by the environment at the end of their lifecycle. Concept: A biodegradable battery used
in temporary medical implants, where it powers the device and then seamlessly breaks down in the
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body. The primary challenge is creating a storage medium that meets power requirements while
being safe and degradable.

Thematic Road 5: Dynamic and Adaptive Materials

Responsive Polymer Networks for dynamic response.

Advancing the capabilities of Responsive Polymer Networks can lead to transformative changes across
multiple industries. A consistent challenge throughout is the merger of high responsiveness with strong
material properties over multiple cycles of actuation. Moreover, as these networked polymers are
prepared for use beyond controlled environments, issues such as cost-effectiveness, scalability, and
compatibility with current infrastructure become imperative. The drive to realize these materials’ full
potential confronts challenges that include the fine-tuning of response mechanisms, durability across
repeated cycles, integration into diverse application areas, and upscaling for commercial viability.
Examples are:

1. Dynamic Optical Materials: Polymers that change their optical properties, such as refractive index
or transparency, in response to external stimuli for applications in smart windows or displays. High-
level concept: Windows that darken in response to bright sunlight but return to full transparency at
night or in the shade, with challenges centering on controlling the rate of change and achieving
uniform transitions.

2.  Precision Agriculture: Polymer-based soil sensors and treatment systems that release water or
nutrients in response to the monitored needs of plants. Example: Agriculture mats that release
moisture when the soil becomes too dry but encapsulate water when conditions are wet, where
precision and responsiveness to microclimate changes represent key challenges.

3.  Smart Filtration Systems: Networks of selective filtration polymers that can adapt pore size or
chemical affinity to optimize purification processes. Concept: A water purification system that
adjusts its filtering capabilities based on pollutant levels, presenting challenges in real-time water
quality monitoring, and maintaining filter lifespan.

Non-Equilibrium Soft Matter for unique, time-dependent material properties.

Non-Equilibrium Soft Matter offers avenues to create materials with dynamic responses that evolve over
time, holding potential for smart damping systems in structural engineering, evolving tissue scaffolds in
regenerative medicine, reconfigurable electronics, and surfaces responsive to environmental stimuli. Key
research directions involve developing strategies for imparting precise time-dependent behavior to
materials and ensuring that responses are predictable and reversible. Challenges span from achieving
long-term material stability to devising manufacturing processes that can produce these sophisticated
materials at scale. Non-Equilibrium Soft Matter hold the potential to introduce adaptive capabilities to
static systems. These materials’ inherently transient properties raise a set of challenges that revolve
around controlling and predicting their evolution over time and ensuring their functionality aligns with
the desired time-dependent responses. Durability, stability under fluctuating conditions, and scalability
of fabrication techniques are universal concerns across these applications. Examples of various
applications:
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1. Smart Damping Materials: Materials that alter their damping properties over time or in response
to dynamic stimuli, suitable for use in vibration control systems in vehicles or buildings. Example: A
seismic damping material installed in bridge supports that changes viscosity when subjected to the
periodic stress of traffic or during seismic events, where achieving consistent performance across
varied conditions and time frames is challenging.

2.  Self-Organizing Tissue Scaffolds: Biodegradable scaffolds that evolve their mechanical properties
as cells proliferate and form tissues, providing customized support for tissue engineering. High-level
concept: A scaffold for bone regeneration that gradually stiffens as the new bone forms, with the
technical challenge of synchronizing the scaffold’s property changes with the natural tissue growth
rates.

3. Reconfigurable Circuit Elements: Electrical components fabricated from non-equilibrium soft
matter that can change their conductive state or electrical properties, facilitating adaptable
electronics. Example: A soft matter diode for use in wearable electronics that adjusts its rectifying
properties based on usage patterns, presenting challenges in controlling property evolution over
time for consistent device performance.

4.  Environmental Response Surfaces: Coatings that respond to environmental changes by adjusting
their surface properties, such as transparency, wettability, or texture. Concept: A window coating
that transitions from transparent to opaque during a rainstorm based on changes in surface
humidity but returns to transparency after, where response predictability and reversibility are
considerable challenges.

Soft Matter maintaining function in extreme conditions.

Extreme conditions-Resistant Soft Matter transcends traditional material limits, offering great promise
for creating resilient aerospace components, polar research tools, volcanology instruments, and high-
pressure fluidic systems. The endeavor to engineer such materials challenges current understanding,
necessitating innovative strategies that ensure materials remain functional under extreme thermal
fluctuations, intense pressures, and corrosive atmospheres. The journey ahead includes precise material
design, rigorous environmental simulation, and safety considerations, all crucial for progress from
experimental stages to deployable solutions. However, the development of such materials faces significant
barriers in characterizing and validating their behavior under the designated extreme conditions.
Creation of predictive models that can accurately forecast long-term material performance, developing
testing rigs that can simulate extreme environments, and addressing the lifecycle and safety aspects of
using these materials all present considerable challenges. Expanding the envelope of functionality for Soft
Matter in extreme environments uncovers a range of specialized applications:

1. Aerospace Elastomers: Development of elastomers that can maintain elasticity and recovery
properties under the thermal extremes encountered in space travel. High-level example: Sealants
used in spacecraft hatches that can expand and contract efficiently with temperature fluctuations
experienced during various mission phases, where the challenge involves material formulations that
avoid brittleness at low temperatures or softening at high temperatures.

2. Antarctic Research Materials: Soft Matter tailored for polar research equipment that remains
supple and durable despite sub-zero temperatures and icy conditions. Example: Tents and other
research equipment fabricated from soft polymers that don’t become brittle in the Antarctic cold,
where synthesizing materials with enduring low-temperature mechanical performance is difficult.
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Soft Matter for Volcanology: Instruments and protective gear made from materials that resist
melting or degradation when in close proximity to volcanic activity. Concept: Drones or sensors with
components from heat-resistant soft materials, enabling the collection of key volcanic data.
Overcoming the challenge of maintaining these materials’ function while in contact with high
temperatures and corrosive gases is paramount.

High-Pressure Fluidics: Soft Matter systems capable of withstanding the pressures found in oil
drilling or deep underwater for fluid regulation and machinery operation. High-level example:
Flexible hydraulic hoses for deep-sea drilling made of polymers that resist compression and
maintain functionality at extreme ocean depths, with challenges including the risk of material
implosion and ensuring reliable performance under cyclic loading.

Autonomous Soft Matter Structures adapting autonomously to environmental changes.

Autonomous Soft Matter Structures stand out for their potential to transform the effectiveness of
insulation materials, protective skins, medical implants, and robotics with their inherent ability to react
to changes in their environment naturally. This adaptability can offer increased energy efficiency, greater
protection capabilities, improved medical outcomes, and enhanced robotic versatility without human
intervention. The leap from concept to practicality revolves around perfecting the material’s response
timing, ensuring structural integrity under different stimuli, and balancing sensitivity with stability.
Additional hurdles include the materials’ integration into existing systems, the potential for emergent
behaviors in collective systems, and maintenance of active function under complex and potentially
unpredictable environmental conditions. Few examples:

1.

Self-Regulating Insulation Materials: Soft matter compositions integrated into building materials
that automatically adjust insulation properties by expanding or contracting in response to ambient
temperatures. Example: An insulation foam within walls that autonomously thickens to trap heat
when exterior temperatures drop, the challenge being the crafting of a material that responds
adequately and consistently to fluctuating weather patterns.

Environmental Sensing and Response Skins: Material layers with embedded autonomous
responses suitable for use in sectors such as wearables or protective covers, capable of adjusting
properties like color or texture based on environmental stimuli. High-level concept: A protective car
cover that changes its porosity to release trapped heat in sunny conditions or becomes waterproof
in response to rain, where durability in the face of UV exposure or harsh weather remains difficult
to achieve.

Bio-Signal-Adaptive Medical Implants: Soft matter devices that can dynamically adapt their
properties based on physiological signals to better integrate with or support bodily functions.
Example: A soft cardiac support mesh that tightens or relaxes in synchronization with cardiac
muscle signals, presenting challenges in fine-tuning sensitivity and avoiding interference with native
tissue.

Morphing Soft Robots: Robots constructed of soft matter capable of altering their shape or mimicry
to navigate different terrains or perform various tasks. Concept: An exploration robot that can shift
form to move through collapsed structures during search and rescue missions, where programming
material to reliably morph in complex, uncontrolled environments is challenging.

Swarming Nano-Robots for Medical Diagnostics: Utilization of schools of nano-scale robots
comprised of Active Matter components that can navigate bodily fluids to target areas requiring
analysis or treatment. High-level concept: Nano-robots that aggregate near inflamed tissues and

27



disperse diagnostic agents, with the challenge of steering and energy management over microscopic
distances and in complex biological environments.

6. Responsive Architectural Features: Active Matter integrated within structural elements or
furnishings that change shape for comfort, utility, or energy conservation. Example: A window
shutter system made from Active Matter structures that continuously adjust opening angles
throughout the day for optimal light and heat management, facing challenges in synchronization and
energy-efficient actuation.

7.  Pollution Cleanup Swarms: Collective arrays of Active Matter agents designed for environmental
remediation, such as oil spill containment or micro-plastics collection. Concept: Marine skimmer
bots with Active Matter-enabled surfaces that actively collect and degrade pollutants, but must
overcome the challenges of robustness in harsh sea conditions and selective interaction with specific
contaminants.

Challenges for future materials

Soft matter research stands on the precipice of driving fundamental changes across scientific disciplines
and practical applications. As we extrapolate from the current state of the art in soft matter field, several
key areas that promise to shape future materials confront us with substantial challenges:

Manufacturing and Sustainability. The scalability of soft matter production poses a multidimensional
challenge. Future endeavors will focus on not just scaling the quantities but also enhancing the
sustainability of these materials. Research must push towards sourcing eco-friendly raw materials and
energy-efficient synthesis while ensuring the end-of-life recyclability or biodegradability of products.

Material Longevity and Self-Healing. The dynamic and often reversible nature of soft matter is a double-
edged sword. While advantageous for adaptability, it also poses questions regarding the longevity and
reliability of these materials under continuous and long-term use. The development of self-healing
mechanisms, akin to biological systems, may hold the key, presenting avenues for materials that not only
resist wear but can actively repair themselves when damaged.

Device Integration and Interfacing. Integration of soft matter within existing technological frameworks,
particularly in electronics, presents challenges of compatibility. Future research must streamline the
interface between the mechanical flexibility of soft matter and the rigid requirements of electronic
components. Addressing issues of communication between these two realms, through improved
transduction mechanisms or new paradigms of electronics design, is essential for functional hybrid
systems.

Biocompatibility and Health Implications. For biomedical applications, the biocompatibility of soft
matter is of the utmost importance. Research must address the body’s response to these materials,
mitigating any potential immunogenicity or toxicity. Additionally, long-term studies are necessary to
understand the health implications of chronic exposure or integration of such materials into the human
body.

Cognitive Material Systems. Looking to the horizon, the line between materials and machines will
continue to blur. The next leap in soft matter could see materials that not only respond to environmental
conditions but also learn and adapt over time — cognitive materials. These would require not only
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advancements in material science but also a collaboration with Al and machine learning fields, posing
challenges related to control systems, data processing, and the ethical implications of such semi-
autonomous systems.

Conclusion

The future of soft matter is a convergence of adaptability, mechanical resilience, and environmental
harmony. The pursuit within the soft matter field is directed towards creating materials that think,
respond, and self-regulate — mirroring life itself. The outlined directions, while ambitious, align with the
progression towards materials that not only meet but also anticipate and dynamically respond to the
needs of our rapidly evolving world. We propose the following types of Soft Matter of the future: Photonic
Soft Matter with the capability of controlling light at a nanoscale, advanced photonic structures push the
limits of data processing speed and efficiency. Exploiting phenomena such as quantum entanglement
within photonics will usher in a new era of quantum computing, high-density optical storage, and ultra-
secure communications. Addressing challenges like nano-scale manufacturing tolerances and signal
integrity will be central to the success of these structures. Resistant Soft Matter that maintain their
function under the harshest conditions — be it deep-sea exploration, aerospace ventures, or hostile
chemical environments — embodies a significant advancement. The twin challenges of maintaining
material integrity under stress and enabling feature reversibility or self-healing mechanisms are key
research priorities. Autonomous Soft Matter that spontaneously adapt to environmental changes offer
potential for climate-adaptive habitats, agricultural systems that respond to soil and weather, and
interactive architectural elements. Necessary breakthroughs will involve scalable, precise responsiveness
and integration with smart city and agrotech infrastructure. Responsive Soft Matter that adapt their
properties to changes in the environment set the stage for self-regulating wearables, adaptable robotic
actuation systems, and responsive medical devices. Overcoming the control of stimuli-responsive
behaviors and maintaining mechanical integrity under repeated use will form the crux of research
challenges. Active Soft Matter that expends energy to generate motion and force allows materials to
autonomously interact with their surroundings. This will pave the way for new responsive materials
capable of complex, programmed tasks. Technical obstacles include energy autonomy, programmable
responses, and emergent behavior control.

To ensure that future soft matter materials possess these properties, it is crucial to meet the following key
requirements: (i) Material Durability in Dynamic Environments: Creating soft matter systems that
maintain long-term stability and performance under dynamic interactions with their environments will
be paramount. (ii) Multiscale Integration Bridging the gap between responsiveness at the microscale
with macroscopic applications remains a fundamental challenge. The integration of systems from nano to
building scales demands innovative approaches. (iii) Energy Efficiency and Autonomy Meeting the
demand for self-sufficient materials that can drive their actuation without external power sources is a
barrier to real-world application, requiring major advancements in energy capture and storage.
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Annex. List of ideas for Soft Matter

Key ideas from the Overview as a list.

While some ideas may not seem groundbreaking overall, they can be novel for the soft matter field. Please
view them with an open and creative mind. These concepts are presented at a high level, but they can be
further developed through an interdisciplinary and distributed science approach. Consider this an
invitation to collaborate for anyone interested in exploring these ideas together.

1.

Multifunctional Soft Materials: This research direction aims to create materials with multiple
programmable properties, such as materials that can change shape, conduct electricity, and
respond to light simultaneously. For example, a multifunctional film could serve as a solar panel
that morphs to maximize sunlight absorption during the day and serves as an efficient, shape-
adaptive lighting system at night.

Bio-integrated Soft Systems: These systems would integrate closely with biological tissues,
offering innovative healthcare solutions. Imagine a soft, programmable scaffold that promotes
tissue regeneration; it could gradually change its biochemistry to guide stem cell differentiation
precisely as needed for organ repair.

Cognitive Soft Materials: The integration of artificial intelligence or intrinsic logic with material
design could lead to materials capable of 'learning' and 'decision-making." An example of a
potential application could be in smart packaging that adjusts its permeability to optimize the
shelf-life of food based on environmental sensing.

Tunable Waveguides for Flexible Electronics: Research into soft photonic waveguides with
real-time tunability could lead to the development of flexible, rollable screens. These waveguides
could dynamically adjust light transmission paths within flexible displays, leading to devices that
could be reshaped or resized to the user's preference without affecting display quality.

Active Photonic Textiles: Beyond static color-changing textiles, the next wave could be fabrics
that adjust light emission and reflectance properties for mood, health, or aesthetic purposes. An
example is clothing material that alters its brightness and color based on the wearer's body
temperature or UV exposure, enhancing user comfort and skin protection.

Autonomous Photonics: Soft matter photonics that automatically modulate their luminescence
in response to ambient light conditions can improve visibility and safety. During different times
of the day or weather conditions, these devices would maintain optimal illumination levels for
various applications.

Smart Photonic SKkins for Architecture: Envision buildings coated with a skin capable of actively
tuning its transparency, infrared emissivity, and UV-blocking properties. Such smart skins could
significantly reduce energy consumption for heating and cooling, automatically modulating in
response to indoor and outdoor environmental conditions.

Stretchable Energy Storage: Development of soft, stretchable batteries and supercapacitors that
maintain high performance when deformed. For example, power sources for wearable electronics
might be integrated into textiles that can be stretched and washed without a loss in capacity.
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10.

11.

12.

13.

14.

15.

16.

17.

Bioelectronic Interfaces: Soft electronic materials that can interface with biological tissues to
record and stimulate activity seamlessly. A high-level example would entail implantable sheets of
conductive polymers that can wrap around organs or nerves to monitor health or restore function
without irritation or immune response.

Soft Robotics with Embedded Electronics: Incorporation of deformable circuits into soft
robotic structures, enabling robots to change shape or stiffness on demand. A potential
application might involve underwater exploration robots that adapt their form to navigate
through various environments with integrated sensors and actuators.

Self-Assembling Electronic Systems: Research into materials with intrinsic self-assembly
properties that allow circuits to form specific patterns and functions on demand. Imaginable
applications include emergency electronics kits that can assemble into communication devices or
medical diagnostic tools when activated by, say, water or body heat.

Responsive Photocatalytic Skins: Envisioning architectures coated with flexible, responsive
layers that not only degrade pollutants but also adapt their photocatalytic activity in response to
the fluctuating light and pollution levels, optimizing the self-cleaning process throughout the day.
For example, a building with a skin that intensifies its activity during peak sunlight hours or in
response to increased pollutant detection.

Integrated Photocatalytic Air Filters: Existing HVAC systems can be retrofitted with soft
photocatalytic panels that actively purify air as it circulates within buildings. High-level concept:
HVAC filters that not only capture but also break down airborne toxins, significantly improving
indoor air quality with minimal energy input.

Biocompatible Photocatalytic Coatings for Medical Devices: Soft photocatalytic surfaces
could find application in healthcare environments, where sterilization and reduction of
nosocomial infections are paramount. Example: A patient's bed surrounded by a curtain coated
with a photocatalytic material, rendering it sterile using ambient light from windows and
standard room lighting.

Eco-Responsive Aquaculture Systems: Soft photocatalytic materials can be integrated into
aquaculture systems to maintain water quality by actively reducing harmful organic compounds
and pathogens, enabled by sunlight exposure or artificial UV light. High-level example: flexible
mats with photocatalytic properties lining aquaculture ponds, actively detoxifying the water
while being non-toxic to aquatic life.

Smart Drug Delivery: Metafluids that can alter their viscosity or surface tension in response to
external signals, such as magnetic fields or light, to precisely control the release of therapeutics in
the body. For example, a metafluid encapsulating a drug could be ingested and later become more
viscous to delay release until it reaches a specific gastrointestinal tract region.

Enhanced 0Oil Recovery: Designing metafluids that can change their wettability to more
efficiently displace oil from reservoir rocks. High-level concept: Injecting a soft metafluid into an
oil well that initially spreads easily through pores and then adjusts its properties to push oil
towards extraction points.
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18.

19.

20.

21

22.

23.

24.

25.

26.

27.

Aerodynamic Surfaces: Metafluids applied to the surfaces of aircraft or wind turbines that can
adapt their slipperiness or texture in real-time to optimize airflow and reduce drag. Example: A
coating on an airliner's wings that becomes smoother during cruising to minimize resistance or
rougher during takeoff and landing for better control.

Fluid Lenses: Metafluids with dynamically tunable refractive indices could be used to create
lenses that adjust their focus without mechanical parts. High-level example: A camera with a
metafluid lens changes its focal length in response to light intensity, enabling instant zoom or
focus without moving parts.

Deformable Optics: Soft metafluids with electrically tunable optical properties could
revolutionize the field of deformable optics, enabling the creation of adaptable mirrors and lenses
that overcome traditional glass and plastic limitations. An example could be a telescope mirror
that changes shape to correct for atmospheric distortions in real time.

Climate Control Fabrics: By embedding soft metafluids within textile fibers, we can create
fabrics that respond to environmental temperature and humidity changes, regulating wearer
comfort. For example, a jacket could automatically become more breathable on a warm day or
provide better insulation when it's cold.

Guided Surgical Tools: Metafluids allowing for the stiffness and shape to be precisely controlled
could lead to the creation of minimally invasive surgical tools that navigate the body's fluid
pathways, adapting their rigidity and form for targeted treatments without the need for open
surgery.

Autonomous Soft Machines: Engineering DTSMs for fully soft, autonomous machines that can
travel through constrained environments by continuously adapting their shape. This could
facilitate on-site exploration and data collection in hazardous locations, such as disaster sites or
within pipelines.

Wearable Tactile Interfaces: DTSMs could be utilized in wearable devices that transform digital
information into tactile feedback through changes in their topography. For instance, a wearable
device could receive text messages and convert them into braille-like patterns on the user’s wrist,
allowing for discreet, non-visual communication.

Soft Robotic Actuators with Memory: DTSM actuator components that remember past actions
and stimuli can create robots thatlearn and adapt over time without conventional electronics. For
instance, a robotic gripper made from DTSMs could adjust its grip based on the size, weight, and
fragility of objects it has previously encountered, optimizing handling and efficiency.

Architectural Skins with Passive Information Exchange: Embedding DTSMs into building
exteriors could allow for a passive exchange of information with the environment. Imagine
architectural skins that change texture to display environmental data, like temperature and air
quality, through patterns that are visually or tactilely readable by the occupants or passersby.

Next-Generation Soft Sensors: Leveraging the topological adaptability of DTSMs to create
sensors with applications ranging from environmental monitoring to human-computer
interaction. For example, a DTSM-based sensor pad could detect and store a sequence of physical
interactions, using its structure to encode data over time.
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28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

Biomimetic Actuators for Soft Robotics: Responsive gels that mimic organic movement, lending
soft robotics enhanced fluidity and force sensitivity. High-level concept: Gel-based robotic fingers
that adjust their grip strength and patterns to delicately handle fragile objects or adapt for
complex, diversified tasks.

Anti-fouling Marine Coatings: Surfaces that can change their properties to resist biological
buildup, based on a design inspired by the dynamic skins of marine creatures. For instance, a
coating on ship hulls that alters its texture to prevent barnacle attachment without the use of
environmentally harmful chemicals.

Smart Diagnostic Platforms: Gels that shift their mechanical properties or color in the presence
of specific biomarkers, making them suitable for both medical diagnostics and research
applications. High-level example: A petri dish that changes color or elasticity in the presence of
cancerous cells.

Responsive Hydrogels for Agriculture: Soil conditioning hydrogels that alter their water
retention properties in response to soil moisture levels, helping to sustain plant growth during
drought conditions by smartly releasing or conserving water.

Smart Wound Dressings: Gels that respond to pH changes in wound environments to indicate
healing progress or release antimicrobial agents. High-level example: A gel dressing that changes
color when a wound is infected, simultaneously delivering targeted medication without the need
for dressing removal.

Adaptive Camouflage Skins: Biomimetic surfaces that replicate dynamic coloration and texture
changes found in cephalopods like squids or cuttlefish, allowing objects or wearables to blend into
their surroundings or communicate information through visual cues.

Infrastructure Longevity: Self-healing concrete and coatings that autonomously repair cracks
or damage, significantly increasing the safety and lifespan of bridges, roads, and buildings.
Example: A highway with a self-healing surface that seals small fissures before they become large
cracks, preventing costly and disruptive repair work.

Adaptive Aerospace Components: Materials for aircraft and spacecraft that can repair
themselves from the stress of repeated use or minor impacts. Imagine a wing coating that can
detect and mend microfractures caused by high-altitude flight or small debris collisions, thus
enhancing flight safety and reducing maintenance.

Marine Vessel Coatings: Coatings that can self-repair after being damaged by abrasion or
corrosive environments, maintaining the integrity of vessels and reducing the frequency of dry
dock repairs. For instance, a shipping container coated in a material that automatically fixes rust
spots or breaches from impacts at sea.

Wearable Technology Durability: Flexible electronics and textiles that integrate self-healing
polymers, potentially extending the life of smart clothing and devices. For instance, a smartwatch
band that can mend itself after being cut or worn down, retaining its functionality and appearance
over an extended period.
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38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Advanced Medical Implants: Bioinspired self-healing materials for use in medical implants that
can repair wear and tear or integrate better with human tissue over time. An example is an
implant that self-repairs after minor degradation, reducing the need for additional surgeries or
replacements.

Self-Disassembling Packaging: Designing materials that disintegrate at a predetermined time
or in response to certain environmental conditions, like moisture or microbes. Example: A food
wrapper that begins to biodegrade after its expiry date, ensuring proper waste handling without
consumer intervention.

Edible Packaging Solutions: Expanding the use of biodegradable, edible films made from natural
polymers for packaging perishable goods, which could reduce waste and provide an additional
nutritional benefit. For example, a sandwich wrap that can be eaten along with the product,
offering convenience and zero waste.

Smart Degradation Indicators: Integrating indicators within the packaging that signal the onset
of degradation, helping consumers understand product freshness and the packaging's position in
the lifecycle. Example: A bottle that changes color as the material begins to break down, indicating
it's time for disposal or composting.

Plantable Packaging: Soft matter packaging embedded with seeds that, when disposed of in soil,
grow into plants. This could include pots for plant seedlings that, instead of being removed before
planting, are placed directly into the ground to degrade and release seeds for beneficial plants or
herbs.

Urban Pollution Control: Incorporating photocatalytic soft materials into urban structures like
pavements, building facades, or even noise barriers to break down harmful pollutants from car
exhaust and industrial emissions. Example: A city deploying these materials as part of its green
infrastructure to actively reduce smog levels, particularly in high-traffic areas.

Self-Cleaning Textiles: Clothing and fabrics that can decompose organic stains and odors upon
exposure to sunlight, minimizing the need for frequent washing and reducing water consumption.
For instance, a line of activewear that remains fresh due to its intrinsic photocatalytic fibers.

Water Purification Systems: Soft surface coatings for water bodies or treatment facilities that
target and degrade contaminants using natural sunlight. Example: A photocatalytic liner for
retention ponds or waterways in agriculture that neutralizes pesticides and herbicides, improving
runoff water quality.

Energy-Generating Walls: Developing soft building materials that not only break down
pollutants but also harness the photocatalytic process to generate a small amount of electricity,
contributing to the building's energy needs. Example: A commercial building whose exterior walls
partially power its lighting through integrated photocatalytic cells.

Sustainable Building Insulation: Foam materials designed to respond to temperature and
humidity changes, adjusting their insulating properties to optimize energy usage in buildings.
Example: A responsive foam within wall panels that expands to improve insulation on cold days
and contracts to enhance breathability on hot days.
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Acoustic Modulators in Public Spaces: Foams with tunable acoustic properties adaptable to
varying noise levels in public spaces, such as airports or train stations. High-level concept: An
acoustic foam ceiling tile system that hardens to reduce noise during peak traffic hours but softens
during quieter times to maintain ambiance.

Vibration-Damping Materials in Transportation: Responsive foams integrated into vehicles or
infrastructure to adaptively dampen vibrations, improving comfort and reducing maintenance
caused by mechanical stress. Example: A car with seats made of foam that adjusts stiffness based
on road texture for a smoother ride.

Eco-Friendly Packaging Solutions: Foams that can be precisely engineered for cushioning
properties based on the specific requirements of the item being packaged, reducing material
usage while providing optimum protection. Example: Packaging foam that molds perfectly to
electronic devices during shipping and can be composted after use.

Bioinspired Prosthetics: Soft robotic limbs infused with sensors that not only match the user's
movements but also adapt to tactile feedback, akin to natural reflexes. Example: A prosthetic hand
thatautomatically adjusts its grip strength when picking up different objects, enhancing the user's
interaction with their environment.

Responsive Architectural Elements: Soft robotic materials integrated into smart homes or
offices that adapt structurally in real-time to optimize energy consumption. High-level concept:
Windows covered with a soft robotic film that tints or untints automatically in response to
sunlight intensity, thereby regulating indoor temperature and light.

Soft Surgical Tools: Minimally invasive surgical instruments with enhanced tactile feedback,
allowing for adaptive responses to tissue resistance, reducing patient trauma and improving
surgical outcomes. Example: A catheter that senses blood flow resistance and autonomously
adjusts its softness and shape to navigate a patient's vasculature more safely.

Soft Robotic Skins: Materials that sense environmental factors such as temperature, pressure, or
chemical presence and promptly actuate in response, offering protection or signaling changes.
High-level concept: A soft robotic suit with a 'skin' that stiffens upon impact to protect the wearer,
or that changes color on contact with hazardous chemicals.

Living Actuators in Soft Robotics: Bio-hybrid actuators that combine synthetic soft materials
with living cells, enabling robots to exhibit self-healing and self-assembling behaviors. Example:
A bio-hybrid robotic gripper that can repair itself when damaged using living cellular
components.

Customizable Organ-on-a-chip Systems: Incorporating synthetic soft matter into microfluidic
devices to create organ mimics for drug testing, reducing reliance on animal models. For instance,
a heart-on-a-chip featuring soft matter that replicates the mechanical properties of heart tissue
for high-fidelity cardiac drug responses.

Bio-hybrid Wearable Devices: Wearables that symbiotically work with the wearer's biological
functions for health monitoring or enhancement. High-level concept: A smart sleeve with
embedded biosynthetic fibers that monitor muscle performance and fatigue, offering real-time
biofeedback for athletes.
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Engineered Tissue Scaffolds: Designing scaffolds with synthetic biological soft matter that not
only supports tissue growth but actively contributes to its organization and development.
Example: A scaffold for skin regeneration that gradually transforms into functional tissue,
integrating with the body's healing process.

Thermo-responsive Medical Devices: Soft actuators in medical stents or valves that respond to
body temperature or the presence of specific enzymes to modulate blood and fluid flow. Example:
An implantable valve that automatically adjusts to maintain optimal blood pressure in response
to changing body conditions, but must be carefully designed to prevent accidental actuation.

Autonomous Soft Grippers: Thermo-chemical actuating materials in industrial settings, capable
of lifting or releasing objects based on temperature changes, without the need for electric power.
High-level concept: A factory arm with soft grippers that handle heat-sensitive materials, closing
when exposed to colder items and opening when heat is applied. The challenge lies in fine-tuning
the actuation to work reliably across a range of temperatures and object weights.

Self-Regulating Ventilation Systems: Building materials that react to ambient temperature or
air quality, opening or closing vents as necessary to maintain optimal indoor air conditions.
Example: A thermo-chemically actuated vent that automatically adjusts its aperture size in
response to indoor CO2 levels; however, long-term durability and sensitivity to a wide range of
environmental factors remain key challenges.

Chemically-Powered Soft Robotics for Exploration: Exploration robots that use soft actuators
powered by reactions with environmental chemicals or liquids, useful for areas where electricity
is not an option. High-level example: A rover designed to traverse icy moons, with actuators that
move limbs by reacting to contact with water or other chemicals found on the moon's surface.
Ensuring that the actuator's reactants are available and that the motions produced are controlled
and repeatable is a significant challenge.

Adaptive Optics: Incorporating LCEs into lens systems that can adjust focus automatically
without mechanical input. High-level concept: Camera lenses with LCE internal structures that
rapidly adapt focal length in response to varying light conditions, where the uniformity of
response across the entire lens surface presents a design challenge.

Smart Textile Interfaces: Fabrics with embedded LCE fibers that change form or stiffness in
response to external stimuli, allowing for dynamic clothing that can adapt to environmental
changes or user movement. Example: An LCE-based sportswear line that provides more or less
support as the user's body temperature changes during exercise, with challenges including
durability and the integration of activation mechanisms into textiles.

Adaptive Vibration Damping Systems: Exploiting LCEs' capacity to change stiffness with
thermal or light stimuli, creating smart dampers for buildings or vehicles that adapt to varying
vibration frequencies. For example, a seismic damper within a skyscraper's structure that adjusts
its damping properties in real time during an earthquake. The challenge here involves creating a
fast and reliable activation mechanism that functions in fluctuating environmental conditions.

Precision Agriculture Tools: LCE-based devices for agriculture could precisely control the
opening of seed or fertilizer dispensers depending on soil conditions or temperature. High-level
concept: A smart dispenser for greenhouses that opens to release water or nutrients in response
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to real-time data from the surrounding environment, with longevity under constant operational
stress being a notable challenge.

Wearable Joint Health Monitors: Soft matter sensors that wrap around joints to detect and
translate motion and stress into electrical signals, providing data on joint health and alerting to
potential injuries. Example: A knee sleeve that monitors the gait and stress distribution while
walking, identifying irregular patterns that may indicate the risk of injury. The challenge lies in
creating sensors sensitive enough to detect subtle changes yet robust against false positives due
to normal activity variation.

Implantable Pressure Mapping: Soft transducers that can be implanted post-surgery to monitor
the healing process by measuring pressure distributions and changes within the body. High-level
concept: An implantable mesh that provides real-time feedback on organ function after a
transplant, where maintaining sensor precision and avoiding tissue irritation pose significant
hurdles.

Soft Robotics for Rehabilitative Therapies: Mechano-electrical soft robotic systems designed
to assist patients with mobility challenges, providing both movement support and health
monitoring. Example: A soft robotic glove for stroke rehabilitation, which not only helps patients
move their fingers but also tracks recovery progress over time. A challenge is to harmonize the
therapeutic movement with accurate health data capture without impacting the patient's comfort.

Respiratory Volume Sensors: Flexible, thin-film transducers that conform to the chest,
accurately measuring respiratory volume and patterns for early detection of respiratory
conditions. Concept: A wearable, inconspicuous chest patch that tracks pulmonary function
through daily activities, with challenges involving unobtrusive integration and reliable long-term
operation without skin irritation.

Targeted Drug Delivery Systems: Utilizing magnetic soft matter composites to navigate drugs
to specific locations within the body. Example: A micro-robot comprised of magnetic soft particles
that can be directed to a tumor site using external magnetic fields; the challenge lies in achieving
the precision in navigation and control within the complex environment of the human body.

Reconfigurable Molding: Fabricating robotic tools that change their form to mold various
shapes using magnetic composites, enabling quick manufacturing adjustments. High-level
concept: An industrial robot with magnetic soft matter fingertips that reconfigure to grip and
assemble different components, posing the challenge of designing systems that can rapidly switch
between configurations with high repeatability.

On-Chip Optical Processors: Photonic structures embedded within semiconductor chips that
manipulate light for data transmission and processing, potentially replacing electronic
components for faster and more energy-efficient computing. Example: A processor with an
integrated photonic crystal that can modulate light signals for high-speed, low-heat data
computation. One challenge involves ensuring the precise fabrication of nanostructures to guide
and control light on such a minuscule scale.

Quantum Computing with Photons: Utilizing advanced photonic structures to manipulate
individual photons for quantum computation, offering vast improvements in speed and security
over traditional computing. High-level concept: A quantum computer that employs engineered
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nanostructures to create and control entangled photon states, where maintaining coherence and
reducing quantum decoherence are significant challenges.

Ultra-Compact Data Storage: High-density data storage systems based on the manipulation of
light within nanophotonic structures. Example: A photonic-based storage device that writes and
reads data by changing the refractive index on a nanomaterial surface, requiring breakthroughs
in nanofabrication techniques to reliably control and detect these subtle index changes.

Photonic Neural Networks: Hardware that mimics the way the brain processes information
using light instead of electrons. Conceptually, a neural network made of photonic structures could
handle complex computations at lightning speeds due to the absence of electrical interference,
the challenge being the development of an architecture that effectively simulates neural pathways
with light.

Photonic-based Ultra-Secure Communication: Implement photonic crystals and waveguides
to transmit data via light within secure channels that are impervious to traditional eavesdropping
methods. Example: A secure communication network that uses entangled photons distributed
through nano-engineered waveguides for quantum key distribution, with the critical challenge of
keeping the quantum entanglement intact over long distances.

Photonic Topological Insulators for Light: Leverage topological insulators' properties to guide
and protect the flow of light against scattering, enabling robust information channels in photonic
circuits. High-level concept: Creating nanoscale circuits within photonic chips that can route light
without loss, even around imperfections, where challenges include fabrication precision and
managing thermal effects on the topology.

All-Optical Machine Learning Platforms: Develop machine learning hardware platforms that
use photonic structures to perform computations with light for tasks like pattern recognition and
decision-making. Example: An all-optical neural network interface that processes visual data at
the speed of light for real-time object detection, posing the challenge of integrating high-
bandwidth light sources and detectors with photonic computational architectures.

Nano-Optomechanical Sensors: Create sensors using photonic nanostructures sensitive to
mechanical changes for applications in biomedicine and industrial monitoring. Example: A
biosensor with a photonic lattice that detects minute pressure changes due to cellular growth,
with challenges revolving around scalable nanofabrication and integration within biological
systems.

Quantum Soft Sensors: Soft materials that entrap quantum particles like quantum dots,
electrons, photons, or ions, which can then be utilized for high-precision measurements of fields,
forces, or temperatures. Example: A soft quantum sensor that measures magnetic fields at the
cellular level for medical diagnostics, where isolating the quantum system from environmental
noise remains a challenge.

Quantum State Transfer Materials: Exploring soft matter that can be used for transferring
quantum information with minimal decoherence. High-level concept: A soft photonic material
that transports entangled photon states between quantum processors, with the challenge of
maintaining the delicate entanglement over macroscopic distances without loss.
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Quantum Flexoelectric Devices: Utilizing the flexoelectric effect in soft quantum materials to
convert mechanical energy into quantum states that can be manipulated for computation or
communication. Example: A wearable device that harnesses mechanical motion to power a
quantum computing process, where optimizing the quantum conversion efficiency is a core
challenge.

Topologically Protected Quantum Circuits: Soft matter that supports the formation of
topological states to preserve quantum information against local perturbations. Concept: A soft,
pliable circuit that can be bent or stretched while allowing quantum bits (qubits) to remain
coherentlonger, where engineering the material for the desired quantum resilience is the primary
difficulty.

Elastic Optical Processing Units (OPUs): Developing optical processors that feature stretchable
waveguides, allowing for dynamic reconfiguration of the optical paths and processing capabilities.
Example: A stretchable soft matter OPU that can be physically manipulated to alter computational
load distribution, presenting challenges in maintaining consistent light transmission and avoiding
signal loss during deformation.

Adaptive Optofluidic Circuits: Creating optofluidic soft matter waveguides that can adjust their
light-guiding properties based on fluidic changes, enabling dynamic computational architectures.
A high-level example is a bio-analysis chip where the computational circuit can adjust in real-time
to optimize for different biochemical assays, with particular challenges in achieving precise fluidic
control within the soft waveguides.

Soft Holographic Computing Interfaces: Utilizing soft matter waveguides to project and
compute with holographic data, allowing for flexible display and input surfaces. Concept: A
foldable tablet screen that uses embedded soft matter waveguides to display and process 3D
holographic images, where ensuring holographic fidelity across the flexible medium is a
significant challenge.

Photonically Active Smart Materials: Engineering smart materials that can both guide light and
actively change its properties for photonic computing applications. Example: A soft waveguide
material whose refractive index can be modulated by external stimuli to perform logical
operations with light; challenges include interconnected material responsiveness and
computational speed.

Soft Photonic Al Chips: The creation of flexible chips for artificial intelligence applications, where
soft waveguides can process optical signals through machine-learning algorithms. High-level
concept: A bendable Al processor implanted into dynamic surfaces, like vehicle interiors, that
adjusts settings based on the user's gestures, positioning, and ambient lighting conditions, with
the challenge of developing adaptable algorithms that function effectively across deformable
substrates.

Biocompatible Computing Devices: Soft matter waveguides for in-vivo medical devices that
compute and relay critical data within the body using light signals. Example: A diagnostic implant
that provides real-time health monitoring by processing physiologic information through
integrated photonic circuits, where biocompatibility and non-invasive signal transmission
represent significant technical challenges.
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Dynamic Data Encryption Systems: Exploiting the reconfigurability of soft matter waveguides
to create encryption keys for secure data transmissions that are physically rather than digitally
modulated. Concept: A physical encryption device that alters light paths in intricate ways to
encode information, offering a new layer of security against cyber threats, with fabrication
precision and key management as technical obstacles.

Living Skin Electronics: Developing soft electronic circuits that integrate living cells to create
'living" skin for prosthetics, providing natural-looking appearances with embedded sensing
capabilities. Example: A prosthetic arm covered with a biohybrid skin that can sense temperature,
pressure, and texture, almost like real skin. Challenges include ensuring long-term viability of the
cells, preventing rejection in host integration, and maintaining electronic functionalities.

Biohybrid Wearable Monitors: Wearables that combine biocompatible circuits and living cells
to monitor body functions and skin health, reacting and adapting to changes in the wearer's
biochemistry. High-level concept: A fitness tracker with a biohybrid interface that detects changes
in metabolic rate or detects early signs of infection through direct interaction with sweat. The
challenge lies in creating a durable interface that remains sensitive to the biochemical markers
over time.

Enhanced Biological Computers: Integrating neuronal cells with soft electronic components to
create hybrid computing elements that can process information using both electronic and
biological signals. Example: A computing device that leverages neuronal networks for advanced
pattern recognition, facing challenges of scaling up cell cultures and interfacing them reliably with
electronics.

Self-Repairing Circuits: Creating soft circuit systems with living cells capable of repairing or
regenerating circuitry when damaged. Concept: An environmental sensor that uses biohybrid
circuits to self-repair after exposure to harsh conditions, ensuring consistent operation.
Overcoming the complexities of directing cellular growth to effectively repair specific circuit
elements poses a technical challenge.

Biohybrid Sensory Arrays: Embedding living sensory cells within soft electronics to create
devices with heightened sensitivity akin to biological organisms. Example: A chemical detection
system incorporating olfactory sensory neurons capable of identifying a broad range of odors for
security or environmental monitoring. The challenge lies in preserving the sensory cells'
functionality outside of a biological context while effectively transducing their signals into
electronic data.

Organic Energy Harvesters: Utilizing biohybrid circuits that harness biochemical reactions from
living cells to generate power. High-level concept: Microbial fuel cells integrated with soft
electronics for powering low-energy sensors or devices, where optimizing energy extraction
without disrupting cellular metabolism presents a primary challenge.

Biologically Enhanced Data Storage: Leveraging the inherent data storage capabilities of DNA
within cells to create biohybrid memory systems. Example: A storage device with cells
programmed to carry digital information in their genetic material, capable of vast storage
densities. Challenges include developing reliable read-write mechanisms and ensuring the
stability of genetically stored data over time.
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99. Regenerative Circuit Therapies: Innovating implantable biohybrid devices that can interface
with tissues and promote healing through electrical stimulation while monitoring recovery.
Concept: A regenerative biohybrid patch that not only stimulates tissue repair but also reports
recovery progress. A significant challenge is integrating the device with the physiological system
without inducing immune responses or inflammation.

100. Wearable Power Sources: Stretchable and bendable batteries that can be seamlessly integrated
into clothes or worn on the body. Example: A jacket with soft battery fibers woven into it, capable of
charging portable electronics. Challenges include ensuring the energy storage is safe, stable under
mechanical stress, and has sufficient power density to be useful.

101.  Self-Healing Energy Systems: Energy storage devices made from materials that can self-repair
after damage or wear, prolonging their lifecycle. High-level concept: A drone battery with a self-
healing electrolyte that maintains performance even after experiencing minor punctures or tears
during operation. Maintaining electrical performance during and after the healing process presents
significant challenges.

102.  Multifunctional Energy Textiles: Fabrics that can store energy and provide other functions,
such as sensing or heating. Example: A smart curtain that stores solar energy during the day and emits
light or heat as needed. Challenges include integrating multifunctional capabilities without
compromising the device's energy storage efficiency or textile flexibility.

103. Biodegradable Energy Storage: Developing energy storage devices that can be safely broken
down and absorbed by the environment at the end of their lifecycle. Concept: A biodegradable battery
used in temporary medical implants, where it powers the device and then seamlessly breaks down in
the body. The primary challenge is creating a storage medium that meets power requirements while
being safe and degradable.

104. Dynamic Optical Materials: Polymers that change their optical properties, such as refractive
index or transparency, in response to external stimuli for applications in smart windows or displays.
High-level concept: Windows that darken in response to bright sunlight but return to full
transparency at night or in the shade, with challenges centering on controlling the rate of change and
achieving uniform transitions.

105. Precision Agriculture: Polymer-based soil sensors and treatment systems that release water or
nutrients in response to the monitored needs of plants. Example: Agriculture mats that release
moisture when the soil becomes too dry but encapsulate water when conditions are wet, where
precision and responsiveness to microclimate changes represent key challenges.

106. Smart Filtration Systems: Networks of selective filtration polymers that can adapt pore size or
chemical affinity to optimize purification processes. Concept: A water purification system that adjusts
its filtering capabilities based on pollutant levels, presenting challenges in real-time water quality
monitoring and maintaining filter lifespan.

107. Smart Damping Materials: Materials that alter their damping properties over time or in
response to dynamic stimuli, suitable for use in vibration control systems in vehicles or buildings.
Example: A seismic damping material installed in bridge supports that changes viscosity when
subjected to the periodic stress of traffic or during seismic events, where achieving consistent
performance across varied conditions and time frames is challenging.
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108.  Self-Organizing Tissue Scaffolds: Biodegradable scaffolds that evolve their mechanical
properties as cells proliferate and form tissues, providing customized support for tissue engineering.
High-level concept: A scaffold for bone regeneration that gradually stiffens as the new bone forms,
with the technical challenge of synchronizing the scaffold's property changes with the natural tissue
growth rates.

109. Reconfigurable Circuit Elements: Electrical components fabricated from non-equilibrium soft
matter that can change their conductive state or electrical properties, facilitating adaptable
electronics. Example: A soft matter diode for use in wearable electronics that adjusts its rectifying
properties based on usage patterns, presenting challenges in controlling property evolution over time
for consistent device performance.

110. Environmental Response Surfaces: Coatings that respond to environmental changes by
adjusting their surface properties, such as transparency, wettability, or texture. Concept: A window
coating that transitions from transparent to opaque during a rainstorm based on changes in surface
humidity but returns to transparency after, where response predictability and reversibility are
considerable challenges.

111. Aerospace Elastomers: Development of elastomers that can maintain elasticity and recovery
properties under the thermal extremes encountered in space travel. High-level example: Sealants
used in spacecraft hatches that can expand and contract efficiently with temperature fluctuations
experienced during various mission phases, where the challenge involves material formulations that
avoid brittleness at low temperatures or softening at high temperatures.

112.  Antarctic Research Materials: Soft Matter tailored for polar research equipment that remains
supple and durable despite sub-zero temperatures and icy conditions. Example: Tents and other
research equipment fabricated from soft polymers that don't become brittle in the Antarctic cold,
where synthesizing materials with enduring low-temperature mechanical performance is difficult.

113.  Soft Matter for Volcanology: Instruments and protective gear made from materials that resist
melting or degradation when in close proximity to volcanic activity. Concept: Drones or sensors with
components from heat-resistant soft materials, enabling the collection of key volcanic data.
Overcoming the challenge of maintaining these materials' function while in contact with high
temperatures and corrosive gases is paramount.

114. High-Pressure Fluidics: Soft Matter systems capable of withstanding the pressures found in oil
drilling or deep underwater for fluid regulation and machinery operation. High-level example:
Flexible hydraulic hoses for deep-sea drilling made of polymers that resist compression and maintain
functionality at extreme ocean depths, with challenges including the risk of material implosion and
ensuring reliable performance under cyclic loading.

115.  Self-Regulating Insulation Materials: Soft matter compositions integrated into building
materials that automatically adjust insulation properties by expanding or contracting in response to
ambient temperatures. Example: An insulation foam within walls that autonomously thickens to trap
heat when exterior temperatures drop, the challenge being the crafting of a material that responds
adequately and consistently to fluctuating weather patterns.

116. Environmental Sensing and Response Skins: Material layers with embedded autonomous
responses suitable for use in sectors such as wearables or protective covers, capable of adjusting
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properties like color or texture based on environmental stimuli. High-level concept: A protective car
cover that changes its porosity to release trapped heat in sunny conditions or becomes waterproof in
response to rain, where durability in the face of UV exposure or harsh weather remains difficult to
achieve.

117. Bio-Signal-Adaptive Medical Implants: Soft matter devices that can dynamically adapt their
properties based on physiological signals to better integrate with or support bodily functions.
Example: A soft cardiac support mesh that tightens or relaxes in synchronization with cardiac muscle
signals, presenting challenges in fine-tuning sensitivity and avoiding interference with native tissue.

118. Morphing Soft Robots: Robots constructed of soft matter capable of altering their shape or
mimicry to navigate different terrains or perform various tasks. Concept: An exploration robot that
can shift form to move through collapsed structures during search and rescue missions, where
programming material to reliably morph in complex, uncontrolled environments is challenging.

119. Swarming Nano-Robots for Medical Diagnostics: Utilization of schools of nano-scale robots
comprised of Active Matter components that can navigate bodily fluids to target areas requiring
analysis or treatment. High-level concept: Nano-robots that aggregate near inflamed tissues and
disperse diagnostic agents, with the challenge of steering and energy management over microscopic
distances and in complex biological environments.

120. Responsive Architectural Features: Active Matter integrated within structural elements or
furnishings that change shape for comfort, utility, or energy conservation. Example: A window shutter
system made from Active Matter structures that continuously adjust opening angles throughout the
day for optimal light and heat management, facing challenges in synchronization and energy-efficient
actuation.

121. Pollution Cleanup Swarms: Collective arrays of Active Matter agents designed for
environmental remediation, such as oil spill containment or micro-plastics collection. Concept:
Marine skimmer bots with Active Matter-enabled surfaces that actively collect and degrade
pollutants, but must overcome the challenges of robustness in harsh sea conditions and selective
interaction with specific contaminants.
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