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Executive Summary

Advancing since the turn of the century, “metamaterials” are now used in many critical
technology spaces including defense, aerospace, and telecommunication. They are capable of
manipulating fields such as light, sound, magnetism, heat, and even elasticity in ways that would
not be possible with naturally occurring materials. Artificial intelligence (Al) is poised to be an
extremely effective tool for configuring metamaterials given their expansive design parameters.
However, while the incorporation of Al and machine learning (ML) into metamaterial design is
widely regarded as a positive shift, it carries with it manufacturing, traceability, and national
security concerns. In this report, we assess the current landscape of metamaterials and provide
insight into how Al and ML will shift conventions. Given the potential for rapid advancements,
we present an analysis of global leadership in the publication, patenting, and commercialization
of metamaterials, including a comparison with efforts relevant to AI/ML.

Key Findings:

e Al/ML-assisted designs are accelerating the development of novel metamaterials.
They exceed the performance of what could be designed using traditional, user-driven
techniques. Market assessments project these advancements will be central to market
growth over the next decade. However, concerns exist as to whether advancements in
nanofabrication will be sufficient to facilitate the commercialization of these increasingly
complex metamaterials.

e Fully AI/ML design is a strong alternative to physics-based modeling. AI/ML
algorithms demonstrate more efficient modeling and simulation when used in conjunction
with existing physics-based software. Researchers anticipate such data-driven design may
overcome shortcomings of physics-based methods. However, this approach could
negatively affect traceability and manufacturability and likely result in more demanding
testing phases.

e Asia is driving the metamaterial ecosystem. The PRC holds a strong lead in the
quantity and quality of metamaterial publications. Their dominance extends into the
granted or active patent landscape for metamaterials. South Korea eclipses efforts by the



PRC and US in pending metamaterial patents, almost entirely driven by one company:
Samsung Electronics Co., Ltd. Currently, North America leads in market revenue, but
rapid growth in Asia due to increasing 5G and 6G demands are projected to close the gap
in coming years.



Background

The term “metamaterial,” whose prefix is derived from the Greek word for “superior” or
“beyond,” is used in modern science to describe an engineered material that demonstrates a
functionality beyond what can be achieved by naturally occurring materials. Discussions of such
materials began in 1968 with a publication by Russian physicist Victor Veselago. His theoretical
study was foundational for what was later termed “negative refractive index” lensing (Veselago,
1968). The term “metamaterial,” however, did not emerge until the turn of the century.
Metamaterials began to gain traction following John Pendry’s groundbreaking work in 1999,
which demonstrated for the first time that such materials can be experimentally realized (Kumar
et al., 2022). The category has expanded beyond materials with a negative refractive index
(bending light in a way that “goes against nature”) to include materials that manipulate visibility,
elasticity, polarization, magnetism, and more (Zheludev and Kivshar, 2012).

The definition of metamaterials varies across disciplines. While electromagnetic field
manipulation dominated initial metamaterial research, the same principles have since been
applied to manipulate acoustic and thermal fields, and in some cases, are extended to those
which provide “unusual” mechanical properties. The common feature shared by all
metamaterials is field manipulation enabled by periodic arrays. The individual units within these
arrays are extremely small; in the case of electromagnetic or acoustic fields, they exist at a sub-
wavelength scale. The selection of these array geometries is central to a metamaterial’s unique
capabilities.

The potential material and geometric combinations for metamaterials are immense. With
so many degrees of freedom to explore in these designs, traditional modeling and simulation
requires the skillful selection of a few parameters to consider during optimization. Computation
times — ranging from seconds to days, depending on the complexity of the metamaterial being
simulated — limit potential parameter combinations further. In recent years, researchers have
found alternatives to manual parametric optimization that can more efficiently navigate this
complex design space. One alternative approach that demonstrates incredible potential is the
integration of Al. Experts turn to Al-based design with ML algorithms, citing the potential for
“accelerating the design process” and “facilitating the discovery of novel metamaterial structures
with enhanced performance” (Tezsezen et al., 2024).

To understand the significance of accelerated metamaterial design, one can consider the
fields where metamaterials are in demand. Current market assessments identify advanced
electronics, telecommunications, energy applications, and aerospace and defense as growing
sectors for investment in metamaterial technology (Markets and Markets, 2026). Globally,
aerospace and defense account for the largest end-user market, using the superior field
manipulation of metamaterials for advanced radar, stealth, and communication technologies
(Fortune Business Insights, 2026).



AT’s exceptional potential to accelerate the design of advanced materials also comes with
risks. In a 2025 December report, the UK Centre for Emerging Technology and Security
(CETaS) examined some of these risks, including how the shift of “complex innovation”
timelines from decades to months may impact national security. Their observations highlight
potential conflicts between national security and environmental safety, where Al-accelerated
design has already presented a bias towards easier-to-optimize but less environmentally safe
materials for photovoltaic applications. The report specifically addresses next-generation 6G
network technology, where the Al-enabled inverse design of metamaterials is changing the
landscape. CETaS cautions that these Al-designed metamaterials may result in a “broader attack
surface.” Given that metamaterials are expected to play key roles as antennas, sensors, and edge

devices in the developing 6G ecosystem, such vulnerabilities should be addressed early
(Attridge, 2025).

In this work, we present a global literature review that provides insight into the state of
Al- and ML-enabled metamaterial design. This includes a brief discussion of the infrastructure
landscape relevant to metamaterial design, including the most notable AI/ML algorithms being
employed. Strengths and shortcomings in interoperability and cost-benefits relevant to this shift
are outlined. Our quantitative assessment of global leadership compares publication, patent, and
market performance for metamaterials as a whole as well as a selection of those related to AI/ML
topics.

Infrastructure

The design, fabrication, and characterization of metamaterials is a notoriously complex process,
requiring cutting-edge infrastructure at each phase. The design phase requires highly skilled
personnel capable of modeling the expected field response through the metamaterial while
simultaneously restricting the designed geometry to configurations that are manufacturable. The
fabrication and characterization of metamaterials also demand trained personnel and advanced
fabrication and testing facilities, capabilities which are not always available to researchers, even
at research-intensive universities.

For the purposes of this study, the discussion will focus on the infrastructure
requirements of metamaterial design and how the incorporation of AI/ML may affect these
requirements. Computational demands for the modeling and simulation of metamaterials varies
significantly, depending primarily on the field being simulated, minimum feature size and
“dimension” of the metamaterial, and whether the function will be passive or active (Averitt,
Sim, and Zhao, 2025). In physics-based modeling and simulation, these factors define the
minimum requirements to effectively predict the field interactions of the metamaterial.

Metamaterials are commonly categorized within four geometric types, from one- to four-
dimensional. Four-dimensional (4D) metamaterials remain in the experimental phase. One-
dimensional (1D) metamaterials vary along a single axis while remaining uniform in all
directions, generally represented as multilayered structures like dielectric stacks. Two-
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dimensional (2D) metamaterials, commonly known as metasurfaces, are planar and use
subwavelength patterning to control field responses like phase and polarization (Ali, Mitra and
Aissa, 2022). This type is highly compatible with current fabrication methods. Three-
dimensional (3D) metamaterials extend into all spatial dimensions, allowing for more complex
field interactions and requiring advanced fabrication techniques. Building on this complexity, 4D
metamaterials introduce time-dependent components that are dynamic or “active” and evolve
when interacting with external stimuli. These systems often incorporate programmable materials
such as shape memory polymers (SMPs) and may allow for a combination of thermo-, photo-,
electro-, and magneto-responses (Yang et al., 2025). Although there are some experimental
studies of 4D metamaterials, created by “4D printing,” metamaterial designs of this geometric
type remain in the early stages of development due to scalability, control, and fabrication
techniques.

Several commercially available software options are frequently used for metamaterial
design. Upon reviewing the capabilities of five of the leading software, substantial differences in
the “minimum” versus “recommended” computing specifications appear. The software reviewed
were COMSOL Multiphysics, CST Studio Suite, Ansys Lumerical and HFSS, and Optiwave.
RAM of four or eight GB comes standard on most personal computers manufactured today, and
most of these software options indicated a minimum required RAM within this range (CST
Studio Suite was the lone exception, requiring 32 GB). However, a search for the recommended
specifications increased the range to 32-128 GB, with most mentioning that demands will
increase with model complexity. Further, some websites included detailed discussions about core
optimization. While these recommended specifications do exceed the normal range for most
personal PCs, they are still widely available and common in research spaces.

Today, Al is often associated with the most computationally demanding algorithms,
especially large language models like OpenAI’s GPT or Google’s Gemini. Despite this, when it
comes to metamaterial design, AI/ML are commonly cited as making computations more
efficient and thus less computationally burdensome (Kim and Suh, 2024; Lupoiu and Fan, 2023;
Tezsezen et al., 2024). A handful of ML algorithms are frequently cited for metamaterial design.
Table 1 includes the leading five algorithms based on publication data between 2019 and 2024
(Cerniauskas, Sadia, and Alam, 2024). The frequency of each technique as well as the type is
indicated.



Usage (%) Technique Type
25% Convolutional Neural Network (CNNs) Deep Learning
17% Support Vector Machine (SVMs) Deep Learning
13% Recurrent Neural Network (RNN5s) Generative Machine Learning
10% Autoencoders Classic Machine Learning
9% Generative Adversarial Network (GANs) | Sequential Machine Learning

Table 1: Most prevalent machine learning methodologies based on publication frequency between 2019 and 2024.
The percent of publications using a technique is indicated by “Usage.” Additionally, the type of machine learning
algorithm is provided (Cerniauskas, Sadia, and Alam, 2024).

Some groups view AI/ML not as an “upgrade” to existing modeling techniques but as a
more efficient alternative entirely. In a recent perspective published in ASME Journal of Applied
Mechanics, the authors state that, compared to traditional modeling and simulation approaches
(e.g., finite-element analysis or topological), “Al methods, such as machine learning (ML),
enable metamaterial design without requiring explicit knowledge of the underlying physics”
(Averitt, Sim, Zhao, 2025). Similarly, a Nature Computational Science editorial emphasizes that
“[i]n order to overcome the challenges faced by physics-based models, machine learning (ML)
and data-driven methods have emerged as effective alternatives for metamaterials design”
(Nature Computational Science, 2024). In both cases, the articles posit that an advantage of using
Al/ML-based design is a simplified user experience.

Naturally, without a skilled workforce capable of pioneering the use of these advanced
design tools, these advantages would have little impact on the field. Metamaterial design is a
highly interdisciplinary effort, combining concepts and utilizing technology from material,
optical, computer, and electrical sciences as well as aerospace, biology, chemistry, magnetics,
acoustics, and more depending on the intended application. Presently, there is no single “field”
under which the researchers and manufacturers of metamaterials fall. However, there are a few
career sectors that account for the majority of metamaterials products, and performance across
those sectors can help us assess the strengths and concerns of the metamaterials workforce
(Markets and Markets, 2026).

A Markets and Markets report published in January 2026 identifies antennas and radar
systems as the current leading products for metamaterials, followed by several “metamaterial-
enabled” products such as reconfigurable intelligent surfaces (RIS) and optical components (e.g.,
lenses, sensors, beam-steering modules, anti-reflection films). The US Bureau of Labor
Statistics’ “Occupational Outlook Handbook” group antenna and radar system development
within the duties of Electrical and Electronics Engineers. Their handbook projects a growth of
7% for this profession between 2024 and 2034, over twice the average for all occupations (3%).

While we could not locate an international overview of workforce demands for Electrical
and Electronics Engineers, nation-specific resources referred to a “talent crisis” in the US. A late
2025 K2 Staffing Inc. report found that there are declining enrollments in electrical engineering
programs. It also notes that within these programs, curriculums are failing to keep pace with the



“breakneck speed” at which the field is evolving. Of particular concern is an aging workforce.
The National Society of Professional Engineers estimates that nearly 40% of electrical engineers
are over 50 years old. Companies experience increased difficulty finding talent in this field. In
2020, 43% of companies reported challenges filling open positions within six months. In 2025
this increased to 73% (K2 Staffing Inc, 2025).

Interoperability

Al and ML techniques have accelerated both the design and modeling stages of metamaterial
development. Al and ML enable exploration of high-dimensional parameter spaces that would
not be feasible using traditional trial-and-error approaches, allowing scientists to predict material
properties and optimize structures more efficiently. This is a necessary evolution given typical
design spaces are on the order of 10* to 10° parameters (Ma et al., 2021). These techniques have
resulted in improved designs, error reduction, and more opportunities for discovering additional
functionalities.

Despite these technological advancements, commercialization remains a challenge. The
gap in interoperability between design algorithms, simulation tools, and fabrication currently
inhibits the expansion of metamaterial for use in technology for the general public.

As discussed in the Infrastructure section, metamaterials are often categorized by
dimensionality, ranging from one-dimensional multilayered structures to 4D time-modulated
materials. Lower-dimensional structures (1D and 2D) have achieved commercial success due to
their practicality and compatibility with existing fabrication techniques, whereas higher-
dimensional structures (3D and 4D) offer the potential for more dynamic field control but are
more complex to manufacture.

The implementation of Al is positioned to improve even these more complex geometries
to levels that would be hard to achieve through traditional computation or trial-and-error
experiments. However, Al-generated structures are often optimized purely for targeted field
responses without considering fabrication constraints, neglecting realities such as material losses
and sample non-idealities (e.g., variation in size, alignment, layer thickness). The impacts of
fabrication on the physical structure, and in turn error in the designed field response of the
metamaterial, are scarcely taken into account. This can be detrimental as metamaterial designs
often rely on subwavelength accuracy on the order of a tenth of the wavelength or smaller. With
limited availability of datasets that can provide “guard rails” to ensure manufacturability, there
will continue to be standardization discrepancies in Al-designed structures (Song et al., 2024).
This highlights a lack of interoperability between Al-assisted design and the fabrication process.

AI/ML bridge design and simulation by approximating field responses of metamaterials,
reducing the need to repeat full-scale simulations. This approach reduces the amount of time and
computational power needed by several orders of magnitude (Peurifoy et al., 2018). However,
this is not a seamless process. There appears to be an incompatibility between the Al-generated
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designs and traditional simulation frameworks. ML models produce geometries that need to be
translated into formats compatible with traditional models, such as finite element or finite
difference methods. This is especially true for physics-based inverse design and generative
models, creating inefficiencies where they conflict with the AI’s understanding. The fabrication
of specific geometries also leads to a lack of uniqueness among the field responses and the
metamaterial structure. This remains an issue with the design and reliability of using standard
AI/ML techniques (Ma et al., 2021).

Even with the constraints it imposes, fabrication presents a major opportunity for
commercialization. Advancements in manufacturing techniques, such as nanoimprint lithography
(NIL), have made it possible to produce metamaterials at larger scales. Using NIL, sub-100 nm
resolution is an achievable benchmark in most controlled environments, with recent
demonstrations taking this to sub-10 nm levels (Malkiel et al., 2020; Maruyama ef al., 2023).
One- and two-dimensional metamaterials are more compatible with existing semiconductor
fabrication techniques, making them more viable for real-world applications. Manufacturing in
these dimensions offers a path toward addressing the common scalability concerns around
metamaterials development.

While two-dimensional structures are most promising, three-dimensional metamaterials
remain significantly more difficult to produce at scale. Since traditional fabrication processes are
optimized for planar etching and deposition, they are incompatible with higher-dimension
geometries. Three-dimensional metamaterials require alternative fabrication systems, such as
three-dimensional printing or nanoimprint lithography. These systems come with higher upfront
costs, are not widely available, restrict potential material selections, and do not currently offer a
clear solution to scaling concerns.

Ultimately, the current challenge is not the lack of innovation in metamaterial design, but
rather inconsistencies in the design process. While AI/ML provide powerful tools for exploring
complex parameter spaces and expanding discovery, they have limited ability to adequately
integrate simulation with manufacturing. In order for metamaterials to transition from laboratory
experiments to something commercially viable, manufacturability must become more central to
the design process, particularly in models that rely on Al and ML algorithms. This integration
will aid in improving interoperability and thereby lead to commercial success. Such
improvements include adding fabrication constraints into AI models, standardizing formats, and
using ML approaches that unify design and simulation processes (Raissi, Perdikaris, and
Karniadakis, 2019).

Global Competition

The field of metamaterials has experienced continued growth over the past two and a half
decades. The catalyst of this growth appears to succeed Pendry’s work in the field, which was



crucial to shifting metamaterials from the realm of theoretical curiosity to applied science
(Kumar et al., 2022). In this section, we identify the global leaders in metamaterials, comparing
the quantity and quality of both their publications and patent filings (pending and current).
Identical comparisons are provided for metamaterial works which include Al and ML topics,
providing insight into leaders who are pursuing this growing sub-field. The section concludes
with a discussion of regional market performance for metamaterials.

To identify nations that are leading in metamaterial research, as well as AI/ML-enabled
metamaterials specifically, author affiliations for publications involving these topics were
analyzed globally. OpenAlex, an open-source bibliographic database, was used to extract
publications for analysis. As of February 2026, this database includes more than 243 million
articles, reviews, editorials, chronologies, abstracts, proceedings, and technical papers with
works dating back to the 1400s (Priem, Piwowar, and Orr, 2022).

A total of 74,939 publications were identified when searching for the term
“metamaterial” in titles and abstracts. Duplicate works (12,858) were identified and removed,
leaving 62,081 unique works. Of the remaining works, 53,205 provided at least one author-
affiliated country. The first available author-affiliated country was extracted for analysis. Fig. 1
compares the ten leading countries based on quantity (Any Citations) and quality (Top 20%
Cited) of publications. The top 20% of publications include works with citations falling above
the 80™ percentile, determined to be those with at least 38 citations when considering
publications with at least one citation. While 40,348 works had at least one citation and an
affiliated country, only 8,613 fell within the top 20% of citations.

Leading Countries in Metamaterials Publications

France = Top 20% Cited
Japan B Any Citations
Russia
Italy

South Korea
Germany
UK

India

UsS

PRC 35.8%

33,1%

0% 5% 10% 15% 20% 25% 30% 35% 40%
Percent of Total Publications

Figure 1: The top 10 countries based on quantities of relevant publications. Blue bars indicate the percentage of
publications produced from a given country with any number of citations. Orange bars indicate the percentage of
publications produced which fall within the top 20% in terms of citation count. Based on OpenAlex data extracted in
March 2026 (Priem, Piwowar, and Orr, 2022).
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The PRC dominates both in terms of quantity (33.1%) and quality (35.8%) of
metamaterial relevant publications. The PRC is followed by the US, accounting for 16.4% of
publications overall and 21.3% of high impact publications. A more than 10% gap separates the
US from the remaining global leaders, both in quantity and quality of works produced. These
countries include India, the UK, Germany, South Korea, Italy, Russia, Japan, and France.

An identical analysis was conducted of AI/ML metamaterial-relevant publications. 1,119
works were identified to have relevance to the terms “metamaterial” and “artificial intelligence”
or “machine learning” during a title and abstract search. As a still emerging topic, these
publications account for only ~1.5% when considering metamaterial publications over all time.
After removing duplicate entries (76), 1,043 unique works remained. Of these, 845 had at least
one author-affiliated country provided. The top 20% of high-impact publications (125 works)
were identified as those having at least 35 citations.

A comparison is provided in Fig. 2 of the leading 10 nations based on quantity and
quality for AI/ML metamaterial-relevant publications. The PRC continues to lead in both
quantity (33.8%) and quality (32.0%). The US maintains secondary rank, accounting for 22.4%
of total publications and 19.5% of high impact works. Following similar trends to metamaterials
as a whole (Fig. 1), there is more than a 10% gap in contributions between the US and the next
global leader for both categories. The following eight countries again include India, the UK,
South Korea, and Germany as well as four not identified in metamaterials as a whole: Australia,
Saudi Arabia, Canada, and the Netherlands.

Leading Countries in AI/ML Metamaterials Publications

Netherlands H Any Citations

Canada m Top 20% Cited

Saudi Arabia

Australia
Germany
South Korea
UK

India

us

PRC

32.0%
il 33.8%

0% 5% 10% 15% 20% 25% 30% 35% 40%
Percent of Total Publications

Figure 2: The top 10 countries based on quantities of AI/ML metamaterials-relevant publications. Blue bars indicate
the percentage of publications produced from a given country with any number of citations. The orange bars indicate
the percentage of publications which fall within the top 20% in terms of citation count. Based on OpenAlex data
extracted in March 2026 (Priem, Piwowar, and Orr, 2022).
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Comparing Figs. 1 and 2, the PRC has clear dominance not only in the quantity of
publications but also in terms of producing high-quality works, both for metamaterials as a
whole and for metamaterials works with AI/ML relevance. To determine if this leadership has
been persistent, or if there was a shift in efforts over time, annual publications produced by the
PRC and US in metamaterials between 2005 and 2025 were compared. Additionally, the
contributions to AI/ML metamaterials were considered. These results are plotted in Fig. 3, where
the solid curves indicate total publication contributions for a given year to metamaterials, and the
dashed curves indicate contributions to AI/ML metamaterials. AI/ML metamaterial contributions
were restricted to 2018 to 2025. Prior to 2018, publications in this space were scarce (~0-2/year).

Share of Global Metamaterial Publications:
PRC and US from 2005 to 2025

B PRC m All Metamaterials
M US “ suns A[/ML Metamaterials

50%

W N
S )
X X

Y
N
X

Percent of Total Publications

10%

0% s I L ! L 1 L 1 . 1 s I 4 1 s I s !
2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025

Year

Figure 3: Publication efforts are compared for the PRC and US for works identified as relevant to all areas of
metamaterial (solid) and those which are relevant to AI/ML metamaterials (dashed). The percents plotted represent
the country’s contribution to the total global publications for the given publication year. Based on OpenAlex data
extracted in March 2026 (Priem, Piwowar, and Orr, 2022).

Across these two decades, the PRC has steadily contributed to a greater share of global
publications in metamaterials while the US has experienced a decline in prevalence. The US
maintained leadership between 2005 and 2014. The PRC surpassed the US in 2015 and has
continued to increase efforts over the last decade. In 2025, the PRC accounted for a staggering
45.2% of publications while the US accounted for only 9.4%. In 2015, the PRC published 568
works in this field while the US published 492. In 2025, the PRC published 2,048 works while
the US only published 424. The volume of US contributions has leveled over the past decade,
while PRC contributions have continued to steadily increase in volume since the country entered
the field around 2003.

When considering the AI/ML-specific metamaterial publications in Fig. 3 (dashed
curves), we observe a similar trend but on a shorter timeline. Once again, the US dominated
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early on but failed to keep pace with the PRC over time. In 2021, the PRC contributed 16 works
while the US contributed 20. In 2025, the PRC contributed 101 works while the US contributed
only 28. Without sufficient competition, it is evident that the PRC will saturate the field of
metamaterials, as well as AI/ML metamaterials, in academic spaces.

Patent efforts were also considered for global leaders in metamaterials. Full text searches
using Digital Science’s Dimensions platform were used for this analysis. As of March 2026,
Dimensions’ database includes over 178 million patents dating back to the late 1700s (Digital
Science, 2026). As with the publication assessment, metamaterial-relevant patents as a whole, as
well as AI/ML metamaterial-specific patents, were considered.

Patents that include the term “metamaterial” were identified (71,656 patents) and
separated based on their status. Patents with “granted” (16,360) or “active” (15,848) statuses
were grouped, and “pending” (22,488) patents were considered individually. Patents for AI/ML-
specific metamaterials were identified by including the terms “metamaterials” and “artificial
intelligence” or “machine learning” in our search (16,522 patents). These patents were also
grouped by status, with “granted” (1,285) and “active” (1,316) patents separated from those
identified as “pending” (10,076). Note that not all patents fall within these three statuses; patents
identified as other statuses such as “ceased,” “withdrawn,” or “abandoned” were not included in
the assessment.

Figure 4 illustrates the results of the patent search. Patents published/filed per year are
plotted for the leading three nations: the PRC (orange), US (blue), and South Korea (yellow).
Patents with the status “granted” or “active” are plotted on the left side and those with “pending”
status on the right. Results from the metamaterials-as-a-whole search are included in the upper
plots, and AI/ML-specific metamaterials in the lower plots. Additionally, the patents filed by
Samsung Electronics Co., Ltd., the primary contributor to South Korea’s patents, are indicated
separately (dashed yellow).
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Figure 4: Four plots are shown comparing patenting efforts between 2011 and 2025 in metamaterials and AI/ML
metamaterials by the leading three nations; the PRC (orange), US (blue), and South Korea (yellow). The
contributions to South Korea’s patent totals by Samsung Electronics Co., Ltd. are plotted separately (yellow
dashed). The left-most plots include patents which have been granted, or which are active, while the right-most plots
include currently pending patents. All data was extracted from dimensions.ai in March 2026 (Digital Science, 2026).

The PRC leads in granted or active patents in metamaterials as a whole. A notable
increase in the PRC’s annual patents with these statuses began in 2019 and continued until 2023
where, for the first time since 2016, fewer granted or active patents were awarded than the
previous year. US patents with these statuses gradually increased over this time until, like the
PRC, they experienced a drop-off in 2023. Unlike the PRC, which has trended upwards since
2023, the US has continued a downward trend. South Korean contributions fall below the PRC
and US for granted or active patents but have trended upward over this time period.

In contrast to the granted and active patents in metamaterials, South Korea leads by a
large margin in terms of pending patents. Their aggressive upward trend in patent applications
appears to have begun in 2023 and continued through 2025. Unlike the PRC and US, the
majority of South Korea’s patent applications can be traced to a single company, Samsung
Electronics Co., Ltd. (dashed yellow in Fig. 4). Samsung filed 80% of South Korea’s patents in
2025, representing 42% of the pending metamaterial patents globally for this same year.
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When considering AI/ML metamaterials, South Korea leads both in granted and active
patents, as well as pending patents as of 2025. This lead can again be traced to contributions by
Samsung, which had a spike in granted or active patents in 2022 and contributed 72% of the
patents globally for AI/ML metamaterials in 2025. While the PRC and US continue to trend
upward for patents in these statuses, their contributions pale in comparison to current South
Korean efforts.

Experts indicate that South Korea is prioritizing protection of advanced tech IP, which
has likely contributed to the surges observed in this assessment (Park, 2026). Federally-led
efforts are expanding; on February 27", 2026, Kim Yong Sun, Minister of the South Korean
Ministry of Intellectual Property, announced an “ultra-fast” patent examination program (1
month) for Al and bio startups (Ministry of Intellectual Property, 2026). This expedites the initial
phase of their patent process, which has formerly taken 2-2.5 years on average from application
to award (IP-Coster, 2026).

When it comes to South Korea’s largest filer, Samsung Electronics Co., Ltd., filings in
the metamaterials space are reflective of much larger trends. In 2022, Samsung surpassed IBM as
the top filer of US patents, and has maintained this lead through 2025 (Konwar, 2026). This shift
to prioritize protection of IP has been linked to Samsung’s ongoing court battles, where the
company is active on both defensive and offensive fronts. In 2024 alone, the company faced 86
lawsuits, over twice the filings leading competitors received — such as Apple, Amazon, Google,
and Meta (Hae-Lee, 2025). The company proactively challenges potential patent infringements,
using Inter Partes Reviews (IPRs) and Post-Grant Reviews (PGRs) to identify and initiate
litigation (Konwar, 2026).

Despite Asia’s domination in publication and patenting of metamaterial technology,
North America continues to hold the largest market revenue share, ~40% in 2025. (Grand View
Research, 2026). However, even in market performance, North America does not maintain
leadership in their rate of growth. Multiple reports identify the Asia-Pacific market as the fastest
growing (Grand View Research, 2026; Markets and Markets, 2026). Markets and Markets
estimates a more than 50% increase in their market revenue share by 2032. One report suggests
the growth in Asia may be driven by the PRC, Japan, South Korea, and India, who are actively
increasing demand for metamaterial antennas and waveguides for use in 5G and 6G systems
(SNS Insider, 2025b).

Cost Benefits

The commercial potential of metamaterials continues to evolve, a change driven by advances in
manufacturing capabilities. A market assessment conducted by SNS Insider in 2025 highlights
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several contributing factors to the field's strong growth forecast (18.82% Compound Annual
Growth Rate 2024-2032). This report cites “Al-driven innovations in metamaterials™ as the
primary contributor to this growth trajectory. Al and ML are “enhancing efficiency and
scalability” which, along with high fabrication costs, are widely regarded as the major hurdles to
achieving commercially successful metamaterial products (SNS Insider, 2025).

As highlighted in Infrastructure, using AI and ML models in metamaterial design is a
natural progression within the field and can be achieved through open-source and commercial
software. While computational demands may vary compared with more fundamental modeling
and simulation methods, most researchers employing such algorithms on existing workstation
computers will not require upgrades.

Currently, metamaterial products are in the highest demand for radar and antenna
systems. The primary sectors for investments in metamaterial technology include aerospace and
defense at the forefront, as well as advanced electronics, telecommunications, and energy
(Markets and Markets, 2026; Fortune Business Insights, 2026). Metamaterials are of particular
interest for the next generation of telecommunication technology like 6G, which has clear
overlaps with aerospace and defense initiatives. Terahertz (THz) metamaterial-based MIMOs, or
“multiple-input multiple-output” devices, are being heavily investigated to meet the data rate and
bandwidth demands of these next-gen devices (Armghan et al., 2025; Shlezinger, et al., 2021;
An et al., 2023). Compared to conventional components, these metamaterial-based antennas
offer more dynamic tunability and lower volumes and weights, all while remaining durable
enough for satellite deployment (Joosting, 2024).

In terms of performance, metamaterials show great promise, and AI/ML-assisted design
should accelerate innovation. Already, there are concerns about the rapid increase in complexity
of metamaterials, which may exacerbate the persisting challenges in development costs,
manufacturability, and scalability. Thankfully, these concerns have not fallen on deaf ears. Over
the last few decades, federally-funded programs around the globe have focused on both advances
in nanofabrication technology and the accessibility of nanofabrication facilities (Jia, 2005).

In 2015, the US National Science Foundation (NSF) expanded upon the National
Nanotechnology Initiative (est. 2000) by launching the National Nanotechnology Coordinated
Infrastructure program. This program has funded 16 open-access advanced research facilities for
“students and professionals from around the country and globe” for over a decade. In 2026, an
adjacent program was launched by NSF: the National Quantum and Nanotechnology
Infrastructure program. This program incentivizes nanofabrication and characterization facilities
to join an “open-access network of research facilities” with grants ranging from $500k to $2M
per year for up to five years.

The PRC has similarly invested heavily in the creation of accessible nanofabrication
facilities, many of which were built in the early 2000s including the Nanoscience and
Nanotechnology Center of the Chinese Academy of Science and the Shanghai Nanotechnology
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Promotion Center (Jia, 2005). The PRC’s dedication to infrastructure shows no signs of slowing.
Recent reports discuss active legislation aiming to further expand the PRC’s infrastructure with
the goal of “greater self-reliance and strength in science and technology in 2026 (Menghan,
2026).

While investments in nanofabrication accessibility around the globe will certainly aid in
addressing many of the concerns of metamaterial commercialization, one cannot confidently
determine if these advancements will keep pace with the increasing complexity of metamaterials,
which will only be accelerated by Al- and ML-assisted design (see Interoperability). It will
continue to be critical to invest in domestic resources to effectively take advantage of the
potential offered by metamaterials.

Conclusions

A global literature review was conducted to assess the potential impact of artificial intelligence
and machine learning on the field of metamaterials. Included was an overview of the
infrastructure requirements specific to metamaterial design and how AI/ML is being
incorporated. AI/ML tools are expected to have a positive impact on the efficiency of design and
associated computational demands. However, an aging workforce and shortage of skilled
candidates are points of concern for companies within the US.

The interoperability of metamaterials was also assessed, given concerns about the
challenges to manufacturability posed by AI/ML functions. This complication poses a barrier to
widespread commercialization. To navigate these concerns, next steps will likely include
optimization of less complex geometries (1D and 2D) as well as improved AI/ML databases to
consider fabrication constraints and non-idealities.

An independent analysis of global competition with respect to publishing and patenting
efforts in metamaterials, as well as those with AI/ML relevance, was presented. The PRC was
found to have a strong lead in the quantity and quality of publications for both metamaterials as a
whole and AI/ML-related metamaterials topics. A temporal assessment revealed that this lead
was formerly held by the US until 2015, when publication stagnated. While still emerging,
similar trends were observed for works with AI/ML themes, with the PRC again surpassing the
US in 2022. Patent assessments identified a third global leader, South Korea. While the PRC
maintained the lead for awarded patents in metamaterials, South Korea’s pending metamaterials
patents eclipsed those of the PRC and US, as did its awarded and pending patents for AI/ML-
related metamaterials technology. Further analysis revealed that these gains were primarily due
to contributions from Samsung Electronics Co., Ltd.

On a federal level, South Korea is aggressively funding the protection of intellectual
property related to advanced technology. We determine that Samsung is prioritizing defensive
and offensive patent behavior, in part due to recent litigations. In terms of market performance,
North America’s current leadership is in jeopardy, as experts emphasize rapid revenue growth in
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Asia. This growth is projected to continue as a result of increasing demands for metamaterials in
5G and 6G technology. While the cost benefits of metamaterials still limit their use in
widespread, public applications, they continue to dominate the market in military, aerospace, and
telecommunications technologies.

Global leaders have begun to confront obstacles to commercialization, seeking to
minimize research and manufacturing hurdles. However, anticipated design acceleration due to
AI/ML adoption is causing concerns beyond increases in manufacturing and testing demands.
Even in this early stage, a European security group has identified the potential for negative
environmental effects and vulnerabilities due to future Al-designed communication systems.
Design enhanced by artificial intelligence will inevitably become standard practice in coming
years. The resulting accelerations in innovation will require nations to be ready to pivot, as the
ripple effects will certainly evolve the metamaterial ecosystem.
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