
The Material Revolution: 
Self-Healing Surfaces and 
Programmable Matter 
(2025-2035)
A Global Analysis by Futurist Jim Carroll



Agenda

Part I: The Dawn of Regenerative Materials

Exploring the science, global innovations, and transformative 
applications of self-healing surfaces

Part II: The Advent of Malleable Reality

Understanding competing paradigms and emerging applications of 
programmable matter

Part III: The Global Ecosystem

Mapping key players, research hubs, and investment landscapes 
driving innovation

Part IV: The Next Decade (2025-2035)

Strategic outlook, technology roadmap, and convergence of these 
revolutionary fields



Part I: The Dawn of 
Regenerative Materials
Self-Healing Surfaces

A paradigm shift in materials science is underway, transforming passive structural 
components into active participants in their own maintenance.



The Fundamental Science of Self-Repair
Self-healing materials are designed to autonomously or non-autonomously repair damage, mimicking the regenerative capabilities of biological 
systems. By arresting the propagation of microcracks, these materials promise to revolutionize industries from aerospace to healthcare.

1

Economic Benefits

Reduced maintenance costs, minimized downtime, and enhanced 
safety

2

Environmental Impact

Significant contribution to the circular economy through extended 
product lifespans and reduced material waste



Core Classification: 
Intrinsic vs. Extrinsic Healing

Intrinsic Healing

The healing mechanism is woven 
directly into the molecular architecture 
of the material itself, relying on 
reversible chemical bonds or physical 
interactions.

Offers repeatability - can heal 
multiple times

Ideal for applications subject to 
continuous wear or repeated micro-
damage

Trade-off between dynamic mobility 
and mechanical robustness

Extrinsic Healing

Incorporates separate healing agents, 
typically in liquid form, stored in 
microscopic containers dispersed 
throughout the host matrix.

Rapid and highly localized healing 
response

Suitable for repairing significant 
damage

Typically a one-time solution - once 
the agent is depleted, healing ability 
is lost



Intrinsic Healing Mechanisms

Dynamic Covalent Bonds

Covalent bonds that can reversibly break 
and reform, such as the Diels-Alder 
reaction. At elevated temperatures, bonds 
break, allowing material to flow and heal 
cracks; upon cooling, bonds reform, 
restoring the cross-linked network.

Supramolecular Interactions

Non-covalent interactions including 
hydrogen bonds, metal-ligand 
coordination, host-guest interactions, and 
ionic aggregation. Weaker than covalent 
bonds but highly dynamic and reversible.

Ionomers

Polymers containing ionic groups that 
cluster to form electrostatically-driven 
physical cross-links known as "multiplets." 
These ionic aggregates act as reversible 
junctions that can be disrupted by impact 
and then reform.



Extrinsic Healing Systems

Microcapsule-Based Systems

Microscopic capsules containing healing agents are dispersed 
throughout the material matrix. When a crack breaks the capsules, the 
agent is released and reacts with a catalyst, polymerizing to "glue" the 
crack shut.

Key players: Autonomic Materials Inc., Arkema, Dow

Vascular Network Systems

Inspired by biological circulatory systems, this approach embeds a 
network of interconnected hollow channels or fibers within the 
material. These networks deliver larger volumes of healing agent and 
allow for replenishment.

Key research: University of Illinois, University of Bristol



Operational Classification: 
Autonomous vs. Non-Autonomous

Autonomous Healing

Occurs spontaneously, requiring no external intervention beyond the 
damage event itself. The damage acts as the trigger, for example, by 
rupturing microcapsules or disrupting dynamic bonds that then 
reform.

Ideal for applications where manual repair or external stimulation is 
impractical or impossible, such as in subterranean infrastructure or 
internal medical implants.

Non-Autonomous Healing

Requires an external stimulus to initiate the repair process. 
Common stimuli include heat, light (often UV), pressure, or changes 
in the chemical environment (e.g., pH).

Offers greater control over the healing process, allowing it to be 
targeted and timed. For example, a vehicle's coating could heal 
minor scratches only when exposed to the heat of direct sunlight.



Detailed Chemical Mechanisms

Reversible Covalent Bonds

The Diels-Alder reaction is a cornerstone of robust intrinsic healing. 
This thermally reversible cycloaddition enables the creation of covalent 

adaptable networks (CANs), bridging the gap between durable 
thermosets and re-processable thermoplastics.

Disulfide bond exchange, present in proteins like keratin, can be 
cleaved and reformed under mild conditions, enabling rapid healing in 
elastomers and gels.

Supramolecular Chemistry

Hydrogen bonds create networks that can be easily disrupted and 
reformed, allowing materials to heal efficiently at ambient 

temperatures.

Metal-ligand coordination offers another level of control, where metal 
ions form reversible coordination bonds with ligands attached to 
polymer chains.

Host-guest interactions represent a more sophisticated approach, 
where a "host" molecule with a cavity reversibly binds a "guest" 
molecule.



Fuel-Driven "Out-of-Equilibrium" Systems
A frontier of self-healing research is moving beyond simple stimulus-response to create materials that operate in a transient, out-of-equilibrium state, 
much like biological systems that consume energy to maintain themselves.

Chemical Fuel Input

Systems powered by chemical fuels like 
carbodiimide or ammonium carbonate

Temporary Property Change

Transient increase in material stiffness or 
modulation of electrostatic charges

Return to Original State

As fuel is consumed, material returns to its 
original soft state

This paradigm allows for the programming of time-dependent properties, such as creating a temporary "healing window" in an otherwise kinetically 

inert material.



Global Innovations 
and Breakthroughs
Innovation in self-healing materials is a vibrant, global endeavor with research hubs 
across Europe and Asia making significant contributions, often with distinct focuses 
that reflect regional industrial strengths and funding priorities.



European Hubs of Innovation

Germany (University of Bayreuth 
& Fraunhofer Institutes)

German research excels in bridging 
fundamental materials science with 
industrial application. The University of 
Bayreuth designed ultra-thin synthetic 
clay nanosheets that, when incorporated 
into a hydrogel, create a material with 
both high strength and the ability to self-
heal completely within 24 hours at room 
temperature.

United Kingdom (University of 
Cambridge & Imperial College 
London)

The UK has established multi-university 
consortia like the Resilient Materials 4 
Life (RM4L) project to tackle major 
challenges in materials science. 
Researchers have pioneered "engineered 
living materials" by genetically modifying 

bacteria to sense damage and regrow 
material to repair it.

Belgium (Vrije Universiteit 
Brussel - BruBotics)

A leading center for soft robotics, 
BruBotics is a key partner in the EU-
funded SHERO (Self-Healing Soft 
Robotics) project, developing intrinsic 
self-healing polymers for soft robots that 
can recover from damage.



Asian Hubs of Innovation

Japan (University of Tokyo)

Japanese researchers have unveiled a novel 
plastic named VPR (Vitrimer Incorporated 

with Polyrotaxane). This material combines 
the properties of vitrimers with polyrotaxane, 
resulting in a material that not only self-
repairs when heated but also retains its 
original shape and is partially recyclable.

Singapore (National University of 
Singapore & A*STAR)

Researchers at NUS have invented AiFoam, a 
smart foam designed to mimic skin for 
robotic prostheses. Created by mixing a 
fluoropolymer with a surface-tension-
reducing compound, AiFoam can regenerate 
to heal cuts and can sense and transmit 
tactile sensations.

South Korea (Korea Research 
Institute of Chemical Technology)

KRICT has developed a transparent protective 
coating for cars that can self-heal scratches 
in just 30 minutes using the heat from natural 
sunlight. The coating converts light energy 
into thermal energy, activating a reversible 
chemical reaction in the polymer network.



Multi-functional and High-Performance Materials
A major thrust of recent innovation is the move beyond simple repair to create materials that are not only self-healing but also possess superior 
mechanical properties and additional functionalities.

Overcoming the Strength-vs-
Healing Trade-off

Researchers are developing strategies 
to create self-healing polymers with 
high toughness, tensile strength, and 
modulus by tailoring molecular 
structures, controlling the condensed 
state of the polymer, and using 
reinforcing fillers.

Environmental Stability

Significant progress is being made in 
designing self-healing systems that 

remain stable and functional when 
exposed to water, sweat, or varying pH 
levels, which is critical for applications 
like wearable devices and medical 
implants.

Integrated Sensing and Healing

The next generation of smart materials 
will not only heal but also communicate, 

allowing a material to detect and report 
the location and extent of damage 
before a repair is initiated, and then 
confirm that the repair has been 
successful.



Transformative Applications 
Across Industries
The translation of self-healing technology from the laboratory to the marketplace is 
accelerating, driven by clear value propositions in sectors where material failure is 
costly, dangerous, or difficult to address.



Aerospace & Defense Applications

Primary Drivers

Enhancing safety and mission reliability

Extending operational life of high-value assets

Reducing weight to improve fuel efficiency

Key Applications

Impact Mitigation: Ionomer-based polymers that instantaneously 
self-heal after high-velocity projectile punctures

Structural Composites: Self-healing polymer matrix composites for 

aircraft structures

Protective Coatings: Self-healing coatings to prevent corrosion on 
lightweight alloys



Automotive Applications

Scratch-Resistant Coatings

Transparent topcoats for automotive paint that 
can heal minor scratches and scuffs over time, 
often activated by the heat from sunlight. 
KRICT has demonstrated a coating that repairs 

itself in 30 minutes in the sun.

Self-Sealing Tires

Tires with an inner liner made of a soft, sticky 
self-healing polymer. If punctured, the liner 
automatically flows into and seals the hole, 
preventing air loss and allowing the driver to 

continue safely.

Structural Components

Lamborghini and MIT explored incorporating 
microvascular networks into carbon fiber 
composite chassis components, allowing them 
to "bleed" healing resin into cracks to repair 

structural damage.



Construction Applications

Self-Healing Concrete

One of the most promising applications for self-healing technology. 
The most common approach is bio-based, where limestone-
precipitating bacteria and a nutrient source are embedded in the 
concrete mix.

When water enters a crack, it activates the dormant bacteria, which 
consume the nutrient and precipitate calcite (CaCO₃), sealing the crack.

While the initial cost is higher than traditional concrete, lifecycle cost 
analyses show significant long-term savings of up to 33% by 
eliminating the need for manual crack repair.

Self-Healing Asphalt

Researchers are developing asphalt that can be healed using induction 
heating. By mixing conductive fibers or particles into the asphalt binder, 
microcracks can be repaired by passing an induction coil over the road 

surface.



Healthcare & Biomedical 
Applications

Wound Care and Tissue Engineering

Self-healing hydrogels can mimic the properties of natural tissue and can be 
engineered to be injectable, allowing them to fill irregularly shaped wounds. 
They can be loaded with drugs or growth factors and used as scaffolds for 
tissue engineering.

Durable Medical Devices and Implants
Self-healing polymers and composites can create more durable and long-
lasting prosthetics, dental composites, and orthopedic implants, reducing the 
need for costly and invasive replacement surgeries.

Flexible and Wearable Electronics
Self-healing conductive polymers are critical for wearable health sensors and 
"electronic skin." These devices are constantly subjected to stretching and 
flexing, which can cause microcracks in the conductive pathways.



Electronics & Energy Applications

Flexible Displays and Wearables

Self-healing materials are essential for ensuring the durability of 
conductive traces and substrates in flexible and stretchable electronic 
devices that must withstand constant bending and deformation.

Energy Storage

Self-healing polymer binders can accommodate the massive volume 
changes (up to 300%) that silicon anodes undergo during charging and 
discharging, preventing pulverization and rapid capacity fade.

Self-healing properties are also being introduced into solid-state 
electrolytes and capacitors to prevent failures caused by dendrite 
growth or dielectric breakdown.



Part II: 
The Advent of Malleable Reality
Programmable Matter

While self-healing materials react to damage to restore a fixed state, programmable 
matter represents a far more radical concept: materials whose fundamental physical 
properties can be actively and reversibly changed on command.



Core Principles of Programmable Matter
Programmable matter is defined by the idea that the material itself is a computer—an ensemble of elements that inherently performs information 
processing to alter its bulk physical characteristics.

From Theory to Practice

First formally articulated in 1991 by 
Toffoli and Margolus, who envisioned a 
computing substrate composed of fine-
grained computational nodes arranged 
in space. The convergence of advances 
in semiconductor technology, 
nanotechnology, robotics, and self-
assembly is now making it possible to 
fabricate physical ensembles that can 
be programmed to change their 

properties.

Information is Physical

Based on physicist Rolf Landauer's 
insight that "information is physical." 
The programmable matter community 
inverts this concept: if computation is a 
physical process, then physical 
processes can be controlled and 
directed by computation.

Convergence of Hardware and 
Software

Programmable matter represents a 

fundamental convergence of hardware 
and software at the most basic material 
level. Its final form or function is not 
pre-determined but is an emergent 
result of a distributed computation 
performed by its constituent parts.



Competing Paradigms and Technologies
The quest to realize programmable matter is proceeding along several distinct technological pathways, categorized by their scale and fundamental 
operating principle.



Modular Robotics (The "Bottom-Up" Approach)
This paradigm envisions programmable matter as an ensemble of discrete, autonomous robotic modules that can physically move relative to one 

another, communicate, and latch together to form larger, functional structures.

Claytronics

Perhaps the most ambitious vision, 
pioneered at Carnegie Mellon University. 
The goal is to create "synthetic reality" with 
ensembles of sub-millimeter scale robots 

called "catoms" that would form dynamic, 
three-dimensional physical objects a user 
could interact with.

MIT's M-Blocks

Small cubes with no external moving 
parts. Each contains an internal flywheel 
that spins at high speed. When suddenly 
braked, its angular momentum is 

transferred to the cube, causing it to pivot. 
Magnets allow the blocks to climb over 
one another and form structures.

Sliding Cubes Model

Research at the FEMTO-ST Institute in 
France focuses on the algorithmic 
challenges of reconfiguring ensembles of 
cube-shaped modules that can slide over 

one another, developing efficient, 
distributed control software.



Metamaterials (The "Top-Down" Approach)

The metamaterials approach seeks to create programmable matter by 

engineering the internal structure of a continuous material at the micro- 
or nanoscale. The material's bulk properties are determined by its 
exquisitely designed internal architecture.

Tunable Optical Properties

By engineering materials whose internal structure can be actively 
tuned, it becomes possible to control the path of light in unprecedented 
ways, leading to research into "invisibility cloaks" that could guide light 
waves around an object.

Kirigami and Origami-Inspired Materials

Drawing inspiration from paper cutting (kirigami) and folding (origami), 
researchers are creating 2D sheets that can transform into complex 3D 
structures when actuators are selectively activated.

Programmable Mechanical Metamaterials

Materials whose mechanical properties like stiffness, damping, and 
shape can be intelligently programmed and controlled, for example by 
embedding magnetorheological elastomers into a cellular structure.



Bio-Inspired and Chemical Approaches

Synthetic Biology

Engineering biological cells with novel 
functions by designing synthetic gene 
networks. Programmed bacteria can be grown 
into larger systems, like biofilms, that can be 
instructed to change their color, produce 
specific proteins, or adhere to surfaces in 
response to a chemical signal.

Shape-Changing Molecules

Research into molecules that can switch 
between different shapes when exposed to 
light or other stimuli. Complex fluids, such as 
liquid crystals, are a well-established example 
of simple programmable matter used in 
modern LCDs.

Peptide-Plastic Hybrids

A breakthrough from Northwestern University 
combines the self-assembly of biology with the 
electronic properties of polymers, creating 
nano-ribbons that are both ferroelectric and 
piezoelectric, with polarity that can be flipped 
with extremely low voltages.



The Scale and Complexity Gap
Different paradigms of programmable matter exist on a spectrum of scale and complexity, with a significant gap currently separating the 
approaches.

1Macro/Meso-scale (cm to mm)

Modular robotics offers high mechanical complexity and the 
ability to form arbitrary shapes, but at the cost of slow 

reconfiguration and challenges in power management and 
control as modules shrink.

2 Micro/Nano-scale

Metamaterials and chemical systems offer very fast response 
times and fine control over properties like light or conductivity, 
but with limited ability to achieve large-scale mechanical 
shape change.

3Future Hierarchical Systems

The ultimate realization of a true "smart clay" will likely require 
bridging this gap. Future systems may combine the strengths 

of each approach, with metamaterials acting as the "muscles" 
or "skin" of larger modular robotic components.



Emerging Applications 
and Use Cases
While the grand vision of a universal, shape-shifting substance remains on the 
horizon, research into programmable matter is already spawning prototypes and 
concepts that point toward transformative applications.



Robotics and Manufacturing Applications

Shape-Shifting Robots

Programmable matter could enable truly versatile robots that adapt 
their form to their environment or task. A single robot could reconfigure 
itself to walk on legs across rough terrain, roll as a ball for speed on flat 
surfaces, and then morph into a multi-limbed gripper.

This is particularly revolutionary for soft robotics, where adaptable 
stiffness and shape are paramount.

Rapid Prototyping and Haptic Interfaces

In industrial design, programmable matter offers the ultimate 
interactive modeling tool. Designers could work with a physical 
"claytronic" model that they can physically push, pull, and sculpt, with 
changes instantly reflected in the digital design file.

This provides a level of tangible, haptic feedback that is impossible 
with current methods, potentially accelerating the design cycle.



Medicine and Healthcare 
Applications

Minimally Invasive Surgery

A tiny robotic device could be introduced into the body through a small incision 
or blood vessel. Once at the target site, it could reconfigure itself into a larger, 
more complex tool to perform a precise operation, before collapsing back for 

extraction.

This would drastically reduce patient trauma and recovery time.

Smart Medical Devices and Implants

A prosthetic limb could change its stiffness and grip pattern on the fly. A smart 
bandage could be programmed to release different drugs in response to 
biological signals from the wound.

Biocompatible, piezoelectric materials made from peptide-plastic hybrids could 
lead to sticker-like implants that sense biological signals and provide 
therapeutic stimulation.



Aerospace and Defense 
Applications

Adaptive Structures

An aircraft's wings could change shape 
and curvature mid-flight, optimizing 
their aerodynamic profile for maximum 
efficiency and maneuverability under 
any condition.

Similarly, reconfigurable antennas could 
change their shape to focus beams, 
switch frequencies, or become stealthy.

On-Demand Logistics

Programmable matter offers the vision 
of a "universal spare part" or a single 
canister of material that could be 
programmed on-site to form any 
needed tool, from a wrench to a splint to 
a structural support beam.

When the task is complete, the object 
would dissolve back into the canister, 
ready to be reformed into something 
new, dramatically simplifying the 
military supply chain.



Consumer Electronics and Architecture

Transformative Devices

A single device could function as a smartphone, then expand its screen 

to become a tablet, and finally wrap around the wrist to become a 
wearable device. Clothing could become a dynamic display, with fabrics 
that change their color, pattern, and texture.

Adaptive Environments

Interior walls could move and reconfigure themselves to create larger or 

smaller spaces on demand. Furniture could emerge from the floor when 
needed and retract when not in use, creating highly flexible and efficient 
living and working environments.



Part III: The Global Ecosystem 
and Commercial Landscape
The advancement of self-healing materials and programmable matter is propelled by 
a complex and interconnected global ecosystem of corporate giants, agile startups, 
government-funded research consortia, and leading academic institutions.



Key Global Players and Research Hubs
While US institutions like MIT and Carnegie Mellon are undeniable leaders, particularly in programmable matter, the global landscape is rich with 
formidable players driving innovation forward.

European Strength

Established chemical industry and 
collaborative research frameworks

Asian Advantage

Dynamic high-tech manufacturing sector 
and rapid commercialization

Corporate Leaders

Chemical giants with scale, R&D budgets, 
and market access

Academic Consortia

Publicly funded research driving 
foundational breakthroughs



European Corporate Leaders

2016
BASF SE (Germany)

One of the world's largest chemical producers, 
actively developing self-healing coatings and 
bio-based polymers. Acquired Chemetall to 

bolster its surface treatment capabilities and 
unveiled a new bio-based self-healing polymer 

for packaging in 2023.

2009
Arkema SA (France)

In partnership with ESPCI, developed a self-
healing rubber based on supramolecular 

chemistry and began industrial production. Has 
a comprehensive portfolio of products with 

self-repairing characteristics for various 
applications.

5+
Other Key Players

Covestro AG (Germany), AkzoNobel N.V. 
(Netherlands), Evonik Industries (Germany), 

and Acciona S.A. (Spain) are all actively 
developing and commercializing self-healing 

technologies.



Academic & Research Consortia

Europe

Fraunhofer Cluster of Excellence Programmable Materials 
(Germany)

FEMTO-ST Institute (France)

UK Research Consortia (M4L/RM4L)

Imperial College London (UK)

Asia

National University of Singapore (NUS) - Institute for Functional 
Intelligent Materials (I-FIM)

Nanyang Technological University (NTU), Singapore

Leading Chinese Universities (Tsinghua, Peking)

Indian Institutes of Technology (IITs) - Programmable Matter Lab at 
IIT Kharagpur



Investment and Funding Overview
The financial landscape supporting these advanced materials comprises a mix of corporate R&D spending, venture capital, and substantial government grants, with the balance shifting depending on 
the technology's maturity and risk profile.
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Projections indicate growth from approximately USD 135 billion in 2024 to over USD 275 billion by 2035, driven by persistent demand from the automotive, aerospace, healthcare, and electronics 
industries.



Venture Capital and Corporate Investment

Corporate Venture Capital

Large chemical and materials corporations like BASF, Dow, and Solvay 
have established their own venture arms. These firms typically pursue 
an "insider" investment thesis, funding startups whose technologies 
can be integrated into their existing product lines.

A corporate partnership provides not just capital but also market 
validation, pilot opportunities, and access to customers, though it may 
come with restrictive exclusivity agreements.

Independent Venture Capital

Traditional VC firms, particularly those focused on "deep tech" or "hard 
tech," often take an "outsider" approach, seeking disruptive innovations 
that could create entirely new markets.

Firms like Phoenix Venture Partners and ARCH Venture Partners 
specialize in this sector, backing high-risk, high-reward companies spun 
out of university research.



Government and Public Funding

United States

The Defense Advanced Research Projects 
Agency (DARPA) has been a pivotal funder 
of programmable matter research. The 
Department of Energy (DOE) also plays a 
key role through its Advanced Materials 
and Manufacturing Technologies Office 
(AMMTO).

Europe

The European Union's Horizon Europe 
program is the primary instrument for 
public R&D funding, with a total budget of 
approximately €93.5 billion for the 2021-
2027 period, supporting enabling 
technologies like AI, robotics, and 
advanced materials.

Asia

The government of Singapore has 
committed significant capital through its 
Research, Innovation and Enterprise (RIE) 
plans, including S$120 million for an "AI for 
Science" program to accelerate scientific 
discovery in fields like materials science.



Want to learn more?

Contact Jim Carroll
Jim Carroll is one of the world's leading futurists, trends, and innovation experts. His clients include NASA, 
Disney, Godiva, the PGA, the World Government Summit in Dubai, and the Swiss Innovation Forum.
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needs. He brings deep insight, real-world experience, and practical innovation strategies to every 
engagement.

Visit manufacturing.jimcarroll.com to learn more about Jim's expertise in manufacturing innovation 
and to inquire about booking him for your next event.
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