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Mechanical metamaterials enable the creation of structural materials with
unprecedented mechanical properties. However, thus far, research on
mechanical metamaterials has focused on passive mechanical metamaterials
and the tunability of their mechanical properties. Deep integration of multi-
functionality, sensing, electrical actuation, information processing, and
advancing data-driven designs are grand challenges in the mechanical meta-
materials community that could lead to truly intelligent mechanical metama-
terials. In this perspective, we provide an overview of mechanical
metamaterials within and beyond their classical mechanical functionalities. We
discuss various aspects of data-driven approaches for inverse design and
optimization of multifunctional mechanical metamaterials. Our aim is to
provide new roadmaps for design and discovery of next-generation active and
responsive mechanical metamaterials that can interact with the surrounding
environment and adapt to various conditions while inheriting all outstanding
mechanical features of classical mechanical metamaterials. Next, we deliberate
the emerging mechanical metamaterials with specific functionalities to design
informative and scientific intelligent devices. We highlight open challenges
ahead of mechanical metamaterial systems at the component and integration

levels and their transition into the domain of application beyond their
mechanical capabilities.

Mechanical metamaterials can achieve distinct and exotic mechanical
properties through the rational design of their microstructures'™.
Obtaining programmable behavior through the interplay between
material and structure in mechanical metamaterials enables integrat-
ing advanced functionalities into their texture beyond their mechan-
ical properties. Examples are mechanical metamaterials capable of
sensing”’, energy harvesting®'?, actuation™, adaptation',
computation’%, information processing**°, among others. Mechan-
ical metamaterials have shown their potential as building blocks for
multifunctional intelligent matter” . Yet, researchers have only
begun to scratch the surface of what could be an immense scientific
field. Figure 1la illustrates the “mechanical metamaterial tree of
knowledge” within and beyond the mechanical domain, categorizing
mechanical metamaterials with respect to multifunctionality and

autonomy. The tree is inspired by several studies with focus on the
future direction of the entire metamaterials family, including the well-
established optical and electromagnetic metamaterials (e.g**.). Fig-
ure 1b illustrates the maturity level of typical mechanical metamater-
ials within and beyond the mechanical domain and outlooks the
development trend that leads to integrating a level of artificial cogni-
tion into the mechanical metamaterial fabric. The tree implies that
chiral, lattice and negative metamaterials (e.g., negative bulk modulus
or negative elastic modulus) are ripe followed by origami and cellular
metamaterials”’?°. Recent research trends have been entering a space
beyond merely exploring unprecedented mechanical properties.
Emerging directions envisioned are sensing®*”, energy harvesting®>*,
and actuating® mechanical metamaterials. Based on the dynamic
features of architected, photonic metamaterials®~°, topological wave

'Ocean College, Zhejiang University, Zhoushan, Zhejiang, China. 2Department of Civil and Systems Engineering, Johns Hopkins University, Baltimore, MD,

USA. ®Department of Mechanical Engineering and Applied Mechanics, University of Pennsylvania, Philadelphia, PA, USA. “Department of Materials Science
and Engineering, University of California, Berkeley, CA, USA. SDepartment of Civil and Environmental Engineering, University of Pittsburgh, Pittsburgh, PA,
USA. ®Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA, USA. " e-mail: alavi@pitt.edu

Nature Communications | (2023)14:6004


http://orcid.org/0000-0002-4808-2223
http://orcid.org/0000-0002-4808-2223
http://orcid.org/0000-0002-4808-2223
http://orcid.org/0000-0002-4808-2223
http://orcid.org/0000-0002-4808-2223
http://orcid.org/0000-0001-5329-9980
http://orcid.org/0000-0001-5329-9980
http://orcid.org/0000-0001-5329-9980
http://orcid.org/0000-0001-5329-9980
http://orcid.org/0000-0001-5329-9980
http://orcid.org/0000-0001-8685-5728
http://orcid.org/0000-0001-8685-5728
http://orcid.org/0000-0001-8685-5728
http://orcid.org/0000-0001-8685-5728
http://orcid.org/0000-0001-8685-5728
http://orcid.org/0000-0002-7593-8509
http://orcid.org/0000-0002-7593-8509
http://orcid.org/0000-0002-7593-8509
http://orcid.org/0000-0002-7593-8509
http://orcid.org/0000-0002-7593-8509
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-41679-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-41679-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-41679-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-41679-8&domain=pdf
mailto:alavi@pitt.edu

Perspective

https://doi.org/10.1038/s41467-023-41679-8

a . e
Maturity level ~ Cognitive \ MEMS NEMS
as of 2023
. (A
Data Nonlinear
storage )
- o Actuation
Computing | ( L )
¢ Quantum / )
h Energy Sensing Composites
arvesting = G ¢ y
Origami Cellular
{ ] Negative
&
b ' N
Maturity level Development
3 Debut trend Cognitive/MEMS/NEMS | _
w S L ] =
83 =
B < Medium Computing/data/actuation/nonlinear system | — 2
g | B el B
E = Matured Energy harvesting/sensing/quantum/composites S
© O -
rg = -
O 5 ; 5 o
é_ 5 Origami/cellular S
2 o
= Chiral/lattice/negative | =
2000 -+ 2012 2015 2018 2021 2024 - 2050
Year

Fig. 1| Mechanical metamaterial tree of knowledge. a Progression and future of
mechanical metamaterials within and beyond the mechanical functionalities and
toward achieving a level of cognition and autonomy. b Maturity level of mechanical

metamaterials with the development trend leading to cognitive integrated
mechanical metamaterial systems.

physics has also been reported as a promising direction for mechanical
metamaterials in recent studies® .

Despite its capacity to generate new generations of mechanical
metamaterials, the entire concept of composite mechanical metama-
terials is still in its infancy. However, the tree of knowledge reveals that
digital computing, digital data storage, and micro/nano-electro-
mechanical systems (MEMS/NEMS) applications are one of the pillars
of the mechanical metamaterials future research. The tree also shows
the road to achieve full autonomy for mechanical metamaterials. Along
this direction of evolution, the final target can be mechanical meta-
materials with a level of cognition. Cognitive abilities are crucial ele-
ments in a truly intelligent mechanical metamaterial. Cognition and
intelligence are intertwined but distinct concepts. Cognition is a pro-
cess through which knowledge is acquired, organized, and processed.
Intelligence integrates cognitive abilities for learning from experi-
ences, comprehending complex situations, adapting, and responding
purposefully. Similar to complex living organisms, intelligent
mechanical metamaterials can potentially deploy their cognitive abil-
ities for sensing, self-powering, and information processing to interact
with the surrounding environments, optimizing their response, and
creating a sense-decide-respond loop. Intelligent mechanical meta-
material can realize these advanced functionalities through the
rational design of their structures using responsive materials or living
biological cells. Interestingly, such multifunctional materials systems
already inherit all outstanding mechanical features of classical
mechanical metamaterials enabling them to operate and survive in
various environmental conditions.

This perspective article explains various research domains related
to the mechanical metamaterial tree of knowledge. The overarching
aim is to provide new roadmaps for the design and discovery of
mechanical metamaterials with advanced functionalities. We highlight
what unprecedented/counterintuitive mechanical characteristics can
be achieved by mechanical metamaterials and how; what advanced
functionalities are expected to be achieved by mechanical metama-
terials beyond the mechanical domain, how they can enable creating
multifunctional intelligent matter; how to surpass the challenges of

mechanical metamaterials at the component and integration levels,
and when mechanical metamaterial devices and systems with a level of
cognitive capabilities and intelligence are expected to be applied
beyond the mechanical domain. Starting with a review of mechanical
metamaterials developments in all domains (Box 1), we explain their
advantages and limitations with respect to multifunctionality and
responsiveness, adaptability, actuation, and autonomy. We then dis-
cuss data-driven and, in particular, artificial intelligence (Al) methods
for inverse design and optimization of mechanical metamaterials. We
present major advances in mechanical metamaterials which canlead to
the invention of informative and computing devices. The remainder of
this perspective article is organized as follows. Section 2 summarizes
the main characteristics of mechanical metamaterials within the
mechanical domain. Section 3 provides an overview of the current
capabilities of mechanical metamaterials beyond their mechanical
properties. Section 4 outlines a vision for future mechanical metama-
terials devices. Section 5 summarizes the main conclusions in this
perspective article.

Debut, recent developments, and current situation

The progress of human civilization has been extensively related to the
development of tools, which is significantly affected by the discovery
and application of materials such as metals, wood, textiles, etc. Prop-
erties and characteristics of these materials dominate the functionality
of these tools, and thus, it is desirable to create manmade materials
with predominant, controllable material properties***. To this end,
mechanical metamaterials have been proposed as a type of artificial
materials with rationally-designed microstructural units to achieve
unprecedented mechanical properties*™*’. Figure 2a illustrates the
formation of mechanical metamaterials from the material and struc-
tural levels'>*°*", The nm to ym material level determines the material
properties. The unit phases for the structural level and application
phases range from pum to mm and the mm to m, respectively. The unit
phase at the structural level refers to the microstructural unit cells.
Composition of the periodic unit cells to form mechanical metama-
terials is determined by the overall phase. The application phase
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BOX 1

Mechanical metamaterials in the materials history from natural to

manmade materials

The main development history in materials science is the history from
natural to manmade materials. As a type of manmade structural
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functionalizes mechanical metamaterials to devices for various
applications®. The unit cells in the unit phase can be similar while the
assembled structures in the overall phase are relatively different,
which leads to the overlap between the category of mechanical
metamaterials. For example, origami and lattice cells share similar
structural characteristics; however, origami and lattice metamaterials
are typically grouped in separate categories due to the folding nature
of the former and periodic assembly nature of the latter*®. In the unit
phase, the microstructures offer a localized structure-like perfor-
mance. In the overall phase, the performance resembles homogenous
materials®. Therefore, mechanical metamaterials may be classified as
the type of architected materials whose performance is between the
natural materials dominated by their intrinsic material properties and
the man-made structures influenced by their structural
characteristics™. Given the significant dependence of mechanical
metamaterials on their representative unit cells, their tunability is
typically achieved by rational tailoring of their unit cells. This leads to
the possibility of obtaining configurations with desirable mechanical
properties™ %, While the material level of mechanical metamaterials
tends to focus on the mechanism of intrinsic materials, the structural
level pays more attention to performance and applications™*? %
Hence, performance needs and application requirements of mechan-
ical metamaterials are typically satisfied by the design and optimiza-
tion of their microstructural units®**°. A major research gap is at the
material level where new characteristics should be explored for
mechanical metamaterials by incorporating functional materials into
their composition®*¢7¢5,

Mechanical metamaterials reported in the literature are mainly
studied at the structural level. In particular, mechanical metama-
terials are obtained by designing different microstructural units in
certain assembly manner in the unit phase, and presented by dif-
ferent overall performance (e.g., negative Poisson’s ratio® ") and
responses (e.g., negative stiffness’”’*) in the overall phase.
Mechanical metamaterials can be classified according to the design
of the microstructural units in the unit phase, for example, as ori-
gami, chiral, and lattice metamaterials (Fig. 2a). Origami metama-
terials are the 3D structures obtained by folding 2D sheets following
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Fig. 2 | Principles, main categories, and properties of mechanical metamater-
ials. a Formation of mechanical metamaterials at the material to structural
levels. Categories of mechanical metamaterials, such as origami, chiral, and
lattice metamaterials, based on the microstructures and their typical
applications' **', b Extraordinary mechanical characteristics of mechanical
metamaterials as ultra-lightweight, ultra-stiffness, negative response, and pro-
grammable response? 7% 8% 9% 95,96,
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Table 1| Main mechanical categories of mechanical metamaterials and their typical mechanical characteristics

Formation

Material level Material

Metallic

Polymeric

Constitutive
relationship

Mechanism

» Work hardening constitutive relationship (e.g., Johnson-
Cook model and Zerilli-Armstrong model)

« Thermoviscoelasticity-based models
« Phase evolution-based models

» Dynamic recovery constitutive relationship (e.g., Arrhenius

model)

» Dynamic recrystallization constitutive relationship (e.g.,

Sellars model)

« Unified constitutive relationship (e.g., Miller model and

Walker model)

Structural level Overall

2D beam or plate

3D cube and others

Origami or kirigami

- Origami metamaterials with square twist’®
« Reconfigurable origami metamaterials®'

« 3D transformable origami metamaterials with multiple
degrees of freedom”

- Reentrant origami metamaterials’'

« Programmable self-locking origami metamaterials’®

Unit Chiral - Chiral, anti-chiral and hierarchical honeycombs®¢® « 3D chiral metamaterials with a twist*
« Double-negative mechanical metamaterials’®’® « Self-rotating 3D chiral mechanical metamaterials®
« 3D chiral metamaterials with topological design®®
- 3D chiral metamaterials with modular design®’
Lattice « Hierarchical lattice materials® « Nanolattices"®*'”*
« Functionally graded cellular composites with auxetics'™® - Alternating pentamode lattices®”""*
- Cellular flexible metamaterials' - 3D plate-lattices™
- Reversibly assembled cellular composite materials®®
« 3D cellular metamaterials with anti-chiral topology®'
Performance

Mechanical characteristics Current status

Advantages

Limitations

- Impact resistance**®
« Energy absorption
« Vibration reduction

Response Ultra-stiffness

- Difficulties in design, characterization and
application'”
- Difficulties in fabrication (e.g., ultra-fine complex

Ultra-lightweight
+» Low consumables and cost

«» Sound insulation, absorption and reduction

nanostructures, multi-material systems and super-
large structures)'”®

54,104

Negative response

« Negative Poisson’s ratio (e.g., shear, impact and damage

resistance, and energy absorption)*>¢%7"”

+ Negative Stiffness (e.g., large bearing capacity and small
deformation, and low natural frequency)”

«» Negative thermal expansion (e.g., high thermal and elec-

trical conductivity)'®"7°

Programmable
response

« Controllability
« Tunable stimuli

certain periodic patterns and shapes”’¢. Origami metamaterials are
designed using origami microstructures’’’%, Origami metamaterials
have been reported to have desirable mechanical characteristics
controlled by the order, number, and orientation of folds”*. In
order to build chiral metamaterials, left- or right-handed unit cells
should be used. These unit cells cannot be superimposed on the
mirror images®. Chiral metamaterials are typically created using
periodic polygons with chiral ligament connections®> %, Lattice
metamaterials are periodically assembled by numerous uniform
lattice cells (e.g., nodes and struts), which are originally inspired by
natural lattice solids such as foams®**°, Lattice metamaterials are
composed of multiple tessellated lattice elements®. As a typical kind
of lattice metamaterial, cellular metamaterials are obtained using
origami design strategy in lattice metamaterials®**°. Designing
micro/nanostructures in new patterns, cellular metamaterials are
often 3D structures composed of interweave tessellations or indi-
vidual origami layers stacked into lattice patterns® "2,

Some of the well-studied mechanical characteristics of mechan-
ical metamaterials include ultra-lightweight, ultra-stiffness, negative
response (e.g., negative Poisson’s ratio, negative stiffness) and pro-
grammable response, as shown in Fig. 2b”78%396  Ultra-stiffness
was initially reported as the deformation stiffness of mechanical

metamaterials in the loading direction’ . Ultra-lightweight is
another key mechanical characteristic since ideal construction mate-
rials are expected to be ultra-stiff and ultra-light'”'. However, it is very
challenging to simultaneously tune the stiffness and density of mate-
rials. Mechanical metamaterials enable tackling this issue and design-
ing material systems with tunable stiffness and density'®. For instance,
ceramic octet-truss nanolattices have been reported, with beam
thickness of -5nm, density of -6.3 kg/m? and a scaling relationship
between the Young's modulus (E) and relative density (q) of E-g*"*%.
Another study found a scaling relationship of £~¢**! for ceramic octet-
truss nanolattices with beam thickness of -60nm and density of
~258 kg/m*®, Negative stiffness means that the metamaterial deforms
in the same direction as the external force to assist with the
deformation'®*', Negative stiffness often results in extreme defor-
mation, associated with instability. An example of negative Poisson’s
ratio is when a material undergoes negative volumetric changes under
compression”*, Mechanical metamaterials with negative Poisson’s
ratio can be categorized into two major categories’*'%, including the
negative response that is obtained because of the cellular structure of
mechanical metamaterials or the combination of different materials.
Table 1 presents the main mechanical categories and typical mechan-
ical design goals for mechanical metamaterials.
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Mechanical metamaterials beyond mechanical properties
Recent research efforts have begun to explore the advanced perfor-
mance of mechanical metamaterials beyond mechanical character-
istics. Although mechanical metamaterials are primarily defined by
structure-induced mechanical superiority, it is desirable to expand
such superiority to other fields by manipulating their material level
features through using various types of functional materials. Examples
are found in thermal materials;**'"'*° energy harvesting"°", power
absorption™'5, energy storage"*” and monitoring;"*"’ magnetic
materials for electromagnetic energy harvesting® and absorption'?"'%,
etc. Table 2 summarizes the mechanical metamaterials beyond
mechanical and their main functionalities. Some of the emerging
functionalities and applications are based on similar electro-
mechanical, thermomechanical, magneto-mechanical or optomecha-
nical principles.

Programmable response: adaptability, actuation, and
autonomy

Programmable response is an emerging direction for mechanical
metamaterials beyond mechanical properties’'>"”. Electrical
responsiveness is an important functionality for designing adaptive,
actuating, and autonomous mechanical metamaterials’®™°. For
example, research ideas have been opened by active and adaptive
mechanical metamaterials that design electrical materials into the
microstructural units of metamaterials to autonomously convert
mechanical-strain input into electrical-signal output®**°. As a con-
sequence, active and adaptive mechanical metamaterials have been
developed with outstanding mechanical properties, electrical perfor-
mance, and excitation sensitivity>>"’. Significant work has also been
done on energy harvesting from various sources in the environment,
such as mechanical waves®", acoustic sources ™, etc., and sensing
and monitoring in different application scenarios such as civil
infrastructures'>*®, vehicle velocity”, etc. Self-actuated mechanical
metamaterials are obtained by integrating with functional materials
such as magnetic-">*"*, thermal-**'°*¥, and electrical-driven®~%¢71
materials. Mechanical materials with the ability to adapt, actuate, and
exhibit some degree of autonomous behavior are summarized in Fig. 3.
These efforts can be built upon by discovering new functional mate-
rials and optimizing microstructures at the material level to effectively
stimulate these functional materials at the structural level.

Figure 3a displays a summary of programmable mechanical
metamaterials reported in the literature’***° Active tunability and
programmability are two major emerging directions for mechanical
metamaterials”*'*'*, In active mechanical metamaterials, time is
considered as an additional dimension such that mechanical meta-
materials can be dynamically adjusted over time to obtain new func-
tionalities in advanced devices*". Active mechanical metamaterials
are generally created with various functional materials such as shape
memory polymers (SMPs)*?, shape memory materials (SMMs)", etc.
Using functional and self-adaptive materials enables realizing active
metamaterials that can automatically respond to different external
stimuli®*"*"*21%3_ programmable mechanical metamaterials often refer
to tunable mechanical characteristics (e.g., stiffness’'°’, Poisson’s
ratio”**” and elastic wave propagation®), or overall tunable char-
acteristics (e.g., the ability to adapt in response to external
excitations™ and self-stimulated under certain stimuli®®). The second
type of tunability is achieved using functional materials and is an
important element to design active mechanical metamaterials.

Actuation in response to electricity, heat, magnetic fields,

and light

Integrating functional materials and mechanical design is an emerging
research area to explore responsive mechanical metamaterials'>'***
(Fig. 3a). Recent studies have revealed the possibility of designing
mechanical metamaterials with efficient energy harvesting and

electrical performance, i.e., mechanical energy metamaterials™.
Researchers have studied the electrical response of this class of
metamaterials to different excitation types such acoustic'®"'?°,
thermophotovoltaic'” and magnetic'°'?. Hyperbolic™, lattice™, and
multistable microstructures® have been used in energy harvesting and
energy absorption applications in mechanical metamaterials, using
functional materials (e.g., metallic microlattices®®) and by different
fabrication technologies (e.g., additive manufacturing®). Energy har-
vesting mechanical metamaterials (e.g., piezoelectric®®” and
triboelectric®”>*°) are developed to generate electrical power in
response to vibrations**** and waves""'".

In addition, mechanical metamaterials composed of rationally
chosen thermal or photovoltaic materials can serve as thermal energy
harvesters®**'?’, Different from triggering mechanical metamaterials by
temperature fluctuation for configuration or property changes, ther-
mal mechanical metamaterials have been designed to generate elec-
tricity. Implanting or embedding magnetic materials in mechanical
metamaterials, magnetic mechanical metamaterials are developed as
multistable microdevices*'?>*?, Memory mechanical metamaterials
were developed using the mechanical bits consisting of magnetic-to-
mechanical binary elements. The mechanical bits can be switched
between bistable states under magnetic actuation. Light-driven mate-
rials such as liquid-crystal elastomers have been used to 3D print
mechanical metamaterials that are stimulated under external light
from a blue LED'. Figure 3b compares the maturity levels of the
functionalities beyond mechanical properties with respect to the
programmable response and actuation. Energy harvesting, sensing,
and soft robotics are relatively mature functionalities, followed by
basic information processing capabilities. The integrated systems are
found with the least maturity level.

Al-driven inverse design and prediction

Data-driven techniques have been recently used for inverse design of
mechanical metamaterials and optimizing their complex
microstructures'’'*, Traditional experimental, theoretical and com-
putational research paradigms have encountered technical bottle-
necks in design, analysis and fabrication of mechanical metamaterials
due to the vast design space™’™. Applications of the data-driven
methods, particularly Al-based approaches, in mechanical metama-
terials are mainly in the two directions of performance prediction and
inverse design, as shown in Fig. 3c. Al is used to describe the complex
relationships between inputs (e.g., material and structural level para-
meters) and outputs (e.g., mechanical characteristics and beyond). Al
models have been recently developed to assess the structural prop-
erties of mechanical metamaterials**>, such that to address the
technical challenges of fabricability in industrialized fabrication'?,
complexity in microstructural validation™*, designability™, and opti-
mization in performance control™.

In general, Al can contribute to the mechanical metamaterial sci-
ence in four areas: finding the trade-off between microstructural
complexity and fabrication feasibility, optimization to maximize/
minimize certain characteristics, response prediction, and inverse
design of microstructures for a designated functionality. The Al
methods are capable of exploring functional materials at the material
level (e.g., nano-composites) and microstructures at the structural
level (e.g., cellular or origami units)™*. They can clarify the relationship
between the microstructures and the characteristics within and
beyond mechanical, and predict and optimize the characteristics™*.
They may also be used to develop optimization tools for designing
more complex functional metastructures™>"°,

More recently, inverse design has been reported to obtain
mechanical metamaterials with performance-oriented characteristics.
Here, performance-oriented implies that a specific performance is
predefined as a target to optimize mechanical metamaterials'"*%, The
Al paradigms can be used to process response data obtained from
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a Programmable response of mechanical metamaterials in responsiveness, adapt-
ability, actuation and autonomy’* %1% and actuation of mechanical metama-
terials subjected to electrical, thermal, magnetic and light-driven
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with respect to programmable response and actuation. ¢ Al-enhanced mechanical
metamaterials in performance prediction that collects and processes response data
to train and validate algorithms to develop Al models to predict key response such
as stress-strain relationship, and performance inverse design that inverses the
procedures to determine the variables based on predefined response.

various performance-oriented tests on mechanical metamaterials,
train and validate the appropriate algorithms to predict the response
of mechanical metamaterials, analyze the sensitivity of inputs,
approach the desirable response by tuning the dominant variables,
and inverse the procedures to determine the dominant variables of
mechanical metamaterials based on predefined responses. To this end,
there are challenges to be addressed in the future: (1) establishing
robust and comprehensive databases to calibrate the Al models, (2)
minimizing the computation costs for extensive simulations often
required to explore the mechanical metamaterials design space; (3)
developing uncertainty quantification approach for the Al models, and
(4) introducing physics-based approaches and physical constraints to
improve the reliability and performance of the Al models™. Table 3
compares the Al algorithms used for the prediction of mechanical
metamaterials properties and their inverse design in recent studies.

Emerging mechanical metamaterial devices

Emerging mechanical metamaterials have begun to enter the era of
devices. Mechanical metamaterials have been assembled into larger,
integrated networks to form devices capable of completing more
complex operations. Mechanical metamaterial devices are mainly
functionalized using one or more of three strategies, including (1)

merging different mechanical metamaterial components into overall
devices to meet certain requirements, (2) combining mechanical
metamaterial components with other structures to enhance func-
tionality, and (3) integrating with microprocessors to trigger or control
other components, as shown in Fig. 4a. Mechanical metamaterial
devices have debuted in active sensing and energy harvesting (e.g®".).
Mechanical metamaterials have been used as components and/or
alternatives to combine with other structures and/or replace the parts
made of traditional materials. For example, mechanical metamaterial
gears fabricated by metal 3D printing have been used to replace certain
parts in vehicles as the replaceable components with rapid fabrication
period and low cost™. Third, mechanical metamaterials have been
used as mechanical triggers for microprocessors in various electronic
systems. Sensitively stimulated by the external environment,
mechanical metamaterials have been used as controllable terminals to
trigger the chips for multifunctional applications, such as advanced
sensing' or logic operation®, data processing®, etc. In general, the
challenges associated with these applications cannot be easily resolved
by traditional design strategies at the structural level (see Fig. 2).
Instead, it is necessary to treat mechanical metamaterials as compo-
nents, and integrate them with other functional parts to achieve the
entire multifunctional system.
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implants are capable of self-powering, automatically responding to their environ-
ments, and monitoring their condition: (a) A metamaterial cardiovascular stent for
continuous measurement of the artery radial pressure changes due to tissue
overgrowth™. b A self-powered metamaterial spinal fusion interbody device for
monitoring bone healing progress®. ¢ Tileable mechanical metamaterial with stable
memory at the unit-cell level. d Cellular mechanical metamaterials composed of

' Quanp

Assembly

—Fs1 ——Fs2
Fs3 Fs4
FS5 (Osseous union) = =Load

600/

Load (N)

Implanted
Metamaterial

Quor=1

EoamlV 3

Quor=0

A:l
Pt o8

(0,1)

(00) (L1 (1,0

QAND

1

1

1

:

:

:
000 !
Lol .
:

1

1

:

:

- State 2

AND (1,1) EE

NAND (1,0)
XOR (0,1)
AND (1,0)
NOR (0,1)
XOR (0,0)

XNOR (0,1)

OR (0,0)
NAND (1,1)

9, Layer1 -~ Layer2 Stored Data
Layer3 Binary: 101
1 Decimal: 5

conductive polymers to realize all digital logic gates and gate assemblies™.

e Mechanological metamaterials to obtain logical computing by imposing sequential
excitations'. f Elastic mechanical metamaterials with multistable states during the
active regulation to adjust the starting and ending frequencies and broaden the
frequency ranges of bandgaps and control the elastic wave propagation”. g Working
mechanism of the mechano-responsive data storage metamaterials'®. h An example
that shows processing a string of codes “101” and decimal “5” incorporated into the
structure of the mechano-responsive metamaterials'®.
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Mechanical metamaterial devices with a level of artificial
cognition

Electronic devices have dominated digital computation and informa-
tion processing ever since their debut, mainly due to their superior
potential for miniaturization and integration. Enabling mechanical
metamaterials with sensing, energy harvesting, digital computing and
information storage functionalities is a critical step toward achieving
electronic mechanical metamaterials with a level of cognition and
primitive intelligence. Cognition is the process of acquiring and using
information, while intelligence is a broader concept encompassing a
wider range of cognitive abilities. By integrating cognitive abilities into
the mechanical metamaterials’ fabric, it is possible to equip them with
intelligence, even at the most primitive levels, through which they can
acquire knowledge, process it, communicate it, and thus create a
sense-decide-respond loop'®. Such intelligent metastructures can
utilize their entire constituent components for self-powering, self-
diagnostics, self-repair, self-degradation, digital computing function-
ality, etc.

To enable mechanical devices with informative processing and
data storage in the information era, significant paradigmatic chan-
ges have happened in these devices from the conventionally passive
to innovatively autonomous®**'*_ Autonomy in these passive
devices is realized by integrating with active sensing and feedback
mechanisms, and therefore, autonomous systems are significantly
dependent on intelligent matter with the multifunctionalities of
actuation, adaptation, and information processing”?. Taking
advantage of the response beyond mechanical (e.g., electro-
mechanical or magneto-mechanical characteristics), mechanical
metamaterials have been expanded to be a novel type of mechanical
logics'”. The functionalities of mechanical metamaterials in digital
computing and information storage are realized at the structural
level, embedding mechanical logic in mechanical metamaterials to
produce local morphological computation”'. Mechanical infor-
mative and computing systems have the potential to complement
traditional electronic computing system by tackling some of their
limitations such as unstable performance in extreme environments.
Given the multidisciplinary nature of the mechanical devices with
informative and scientific functions, researchers in mechanical
metamaterials will need to be involved with insights and contribu-
tions from other fields such as materials science, computer science,
information theory, microelectronics, advanced manufacturing, etc.

Emerging mechanical metamaterial devices (especially as singular
entities) also exhibit potential advantages in robotic applications.
Current robotic systems often require integrating various traditional
electronic components into one system leading to challenges in
maintaining functionality, especially under harsh conditions. Examples
are robotic operations in extreme environments such as deep sea or
deep space, applications with specific purposes such as high pressure/
high radiation in power plants, or applications where bully electronics
cannot be deployed (e.g., medical implants). It is desirable to minimize
the complexity associated with integrating numerous electronic pieces
into robotic systems, and to move beyond form factor limitations
imposed by traditional electronics. Some decision-making capabilities
of robots (e.g., trajectory control in response to environmental cues'*?)
may be able to be embodied as metamaterial-based multifunctional
devices, to increase reliability, robustness, and maintainability. How-
ever, this emerging direction is still in its infancy, and it remains to be
fully explored. Figure 4a and b display a new generation of multi-
functional metamaterial implantable devices capable of automatically
responding to their environments and monitoring their conditions®'.
The limited studies in this area reveal how miniaturized cardiovascular
stents (Fig. 4a) can be used to monitor the artery radial pressure
changes due to tissue overgrowth without relying on external
electronics”, or self-powered mechanical metamaterial spinal fusion
constructs (Fig. 4b) can monitor healing progress®.

Mechanical logic can be functionalized to enhance traditional
robotics controls, but the lack of digital electrical output is a severe
limitation of the current embedded mechanical logic systems". Recent
studies have demonstrated metamaterial switches designed with
conductive ink patterns to convert programmable mechanical defor-
mation into reconfigurable electrical circuits®. The mechanical
switches encoded different mechanical states into ones “1” and zeros
“0” based on their electrical signals. Consequently, mechanical meta-
materials with active response are necessary to achieve intelligent
devices with self-powered information processing functionalities.
Figure 4c presents the design framework for the tileable mechanical
metamaterial with stable memory at the unit-cell level”. The
mechanical metamaterials were designed with an array of physical
binary elements (i.e., m-bits that can independently and reversibly
switch between two stable states under magnetic actuation), analo-
gous to digital bits, with clearly delineated writing and reading phases.
Figure 4d displays the cellular mechanical metamaterials composed of
conductive polymers to realize all digital logic gates and gate
assemblies”. The authors used conductive polymer networks in the
metamaterial constituents and correlated mechanical buckling modes
with network connectivity to realize conventional logic gates in the
soft, conductive matter. Figure 4e presents the mechanological
metamaterials to obtain logical computing by imposing sequential
excitations”. The authors reprogrammed the metamaterials via
selectively imposing and releasing the excitations and realized the
universal combinatorial logic and sequential logic (memory). The
reported mechanological metamaterials can serve as a platform for
constructing reusable and multifunctional mechanical systems with
strong computation and information processing capability. Figure 4f
reports the elastic mechanical metamaterials with multistable states
during the active regulation to adjust the starting and ending fre-
quencies and broaden the frequency ranges of bandgaps and control
the elastic wave propagation’’. The authors implemented a bi-stable
logic-gate elastic metamaterial to correctly execute simple wave logic
operations. Figure 4g and h present a new class of mechanical meta-
materials with self-powered digital information storage capability'*°. In
the so-called mechanically-responsive data storage metamaterials, the
authors incorporated the data into a set of self-recovering unit cells
that form the material lattice. These self-powered data storage mate-
rials can potentially be used to tackle problems related to developing
low-cost, non-volatile, and long-term storage solutions'®*'®>, Table 4
summarizes the existing mechanical metamaterial devices for infor-
mative and computing applications along with their key advantages.

Outlook and roadmap

After nearly two decades of rapid development, mechanical metama-
terials have transformed our understanding of advanced functional-
ities that can be integrated into mechanical materials and structures.
Next-generation mechanical metamaterials may possess a degree of
intelligence, i.e., the ability to autonomously acquire and process
information and act purposefully, while naturally inheriting all
unprecedented/counterintuitive mechanical features of classical
mechanical metamaterials. These intelligent mechanical metamater-
ials can be designed as integrated devices and systems to satisfy the
requirements in the directions of generalized functionality and specific
application, as shown in Fig. 5. Figure 5a illustrates the development
context of mechanical metamaterials within and beyond the
mechanical domain in terms of the key milestones since 2010. Fig-
ure 5b further compares the development of mechanical metamater-
ials at different stages. Based on the literature reviewed in this work,
the studies of mechanical metamaterials during the last two decades
are mainly focused on fundamentals (i.e., ~70%), with the remainder
being more application-oriented (30%). Different functionalities and
potential applications of mechanical metamaterials have been repor-
ted within and beyond the mechanical domain at different stages,

Nature Communications | (2023)14:6004

10



//doi.org/10.1038/s41467-023-41679-8

https

Perspective

soseyd Buipeas pue Buium psiesu
-Nop Alea)d yum (S11g-w) siusws)e Aleuiq 1eo

PO10AD AlqIsional ©q ued pue dliseld ANy sl soladoud jeolueyosw Jo Aljigew  -IsAyd BulAelie AQ 19A8) 1190-1HuUN 8y} 18 Alowawl peseq Buisseooud
87l 1eylasuodsal jediueyoswl Jusialip Apounsig -welb0o.id puewsp-uo pue Alowaw 9)qelS  9)gelIS YUM jeLisleulelowl |eolueyosw a1qesil] -olpubewo.os)3 Alowsw ejeq eleq
suied Buinow Jo »oe) pue Jo1oe) JoAe) 1eaisAyd ayy ul uoissaidwoo
wioy Jjews ayl Aq seniiqeded Buibewl anem wioylad 0} alempJey ainuade woisnd yum  siellys aseyd Jo suied Buirow ‘sesus) INoyum Buibew Buisseooud
y1Z -1919WI|IW pue 9ABMOIOIW Y] Buipuslx] yoeoidde Buibew jeuoneindwod Buiquod BuiBbew) anemo.dlw Joj ainuade a)1joid-mo Jeuoneindwo) abew|
s10sse00.d eiep pue jeubis jeondo paseq e8] alempiey sy} $00]q 8say1 ybnoyy
-SU9] |eUOIIUSAUOD UBY) Jauulyl Ajueolyiu e Buisseooud jeubis pue ‘Buinjos uonenbe ‘uon  eAaem Buibuidwi ue Bunebedoud Ag suonesado suonesado
el -BiIs swaisAs Bunndwod peseq-anepy  -eindwod Bojeue paseg-enem ‘Isejel)|n 1091iq  |ednewsyiew wioped 0} $4001q eLeieweIa paseq-anepm 1eonewsyiey Bunndwo)
BuIpoo 11g-7 uo waIsAs
paseq seAem MOJS pue ‘Bulpo9 11g-Z Uo paseq 1e16Ip e pue sediAep BAloe Yum papeo) diils
sJ1allys aseyd jeubip ‘BuIpod Ug-| Uo paseq wielsAs 1011u00 elbip eyl pue adAjoloud  OljjeIsW pe1ebn.iiod ulylenn ue Ag suoilejod suojejod
zle sa1eb 1e0160) Jo suonouny Bojeue-lenbiq  9)Buls e Buisn swiy jeal ul suojliejod Bulyoumg  uowseld Jsubisep sjqewwelBold pue Buipo) paseq-|eolueyosiy uowseld aoeng
(ssuo1RI00E.)
(Bunenioe 1199 10y pue SI0}0E8I JESIONU U SP)Sl} UoNeIpel
1o Buisuss ‘0160] uesjoog “6°9) suonouny  ybiy “6°8) sjuswUoIIAUS Ysiey ul uolelado Joy S]190 1uN Qg Jo asuodsal Bunong ayi 0160] 1eol
1LZ‘09L'EZ SnolieA wioyiad 01 S32IA8p 0160 1BdIUBYOSIAl  SOIUOJI08)8 J01ONPUODIWSS 8yl Bunusws)ldwo)  uo paseq uofelado 2160) uesjoog Bujwiopiad paseq-jedlueyosiy -ueyosw uesjoog
suoneolndde Bunndwod jeo
sooInep o)qewwelboid  -ndo pue ‘Buneinpow 1e2160] aAIoe ‘Bulyolms uolnejnpow 1eaibo) aAoe
pue youms jeondo jusiole-ybiy e Buizn jeuonounynw ul ssnigissod snoliea sepinoid 10} (eLS1eWEIDW JBAS)UED padeys-Buipuim SEDENEIETT]
OlZ  -eaJ ‘@ouewlojied Buiyoums jeondo Jeneg Yyolym ‘esbuel Aousnbaiy Bunessdo syy Buibieju3  8)geyduMS UO paseq saolrspelaw peseq-SINIIN (zH1) Zusyeis|
'slojeuosals Bul-ids
¥MD 8Y3 JO S0URISIP |EeOI1ISA BY} 90BJ-0}-90B§ OM} PBYDIMPUES (YD) 10}eUOSS) s|elI9)ewelBW
60z Buibueyo Aq psyoums aq ued sibip Buipod UouMs uolieziiejod 81geis  aJ4IM-1Nd YUM Sielisieweiswl ZH| sjqewwelftold (zH1) zueyels]
selousnbaly
swialsAs 1eubip Bunonpuoosadns uonelBbalul Jo 9ABMOIDIW JB SI0}0NPUODIadns Jo SsO) 8jnor
ab.e) 01 AJaAnep Jemod usiolyje-ABisus  sjaAs] SOIND 01 SUINDJID 1e1IBIp Jo1onpuoosadns  MO)eJlIN 8Y) S8ZI)IIN PUB 8POW 90UBUOSS Japlo }lomisu
80¢C 104 3J0M]IBU %0010 JUBUOSS. |elI9leweIB|N ul yJ0Mm18u uonnguUIsip Jemod ay) Buneos -y10.4az Yyibusjenem-aiiulul ue yum paubiseq paseq-enep 300]0 JUBUOSSY se1eb 01607
‘Joy sabejuenpy suoneoidde jenuslod sonsuvoRIEYD AioBajen

sabejuenpe A9y 1191 yum Buoje ‘Buissacoid uonew.ojul o) pajejas suoneondde 10} s90IASp |elISIEWEISW JESIUBYDaW paYiodal Jo Alewwns y | 7 8jqel

6004

Nature Communications | (2023)14



Perspective

https://doi.org/10.1038/s41467-023-41679-8

a @ Debut

Integrated
systems

Emerging in
application —
9%

- @ Characterization

‘% M Property control

S A Functional

t:',’ materials

ok e
Devices to

x systems.
@ Debut
s @ Characterization

k=] »w | s Mechanical H
B =h 2 B 5 pplications -%
2 & |2 , Optimization & ks
Z  “ inverse design -3
< e < - o
% 4 Devicedlevel <

% applications

S * System-level

applications

Mechanical in * o Milestones of

applizclﬂg/lﬂn 2 ] A mechanical metamaterials
3 ; M, x
lechy, . (@S
- a"lr.;/ ge &
Mechanical in Emerging in
functionality — functionality -
53% Functionality 17%

*Statistics from the reviewed literature in this work

Fig. 5 | Roadmap toward next-generation intelligent mechanical metamaterial
devices and systems. a Development context of mechanical metamaterials within
and beyond the mechanical domain in terms of the key milestones since 2010.

Mechanical

s w4

Deeply integrated Z,X e
/

; devices for system-level
Device-level applications e
LA

application ///

-
=
—

Multifunctional
mechanical
systems
Multifunctiona
ﬁ mechanical devices

Next-generation

Current

Past

Mechanical

Functionality

b Functionality and application of mechanical metamaterials within and beyond
mechanical properties at different stages® *® 5% 96 157,1637166, 165171, 203,

including the architected structural materials prior to 2010'*'*, the
structurally functional materials in the 2010s*55%9¢16571%7 the integrated
systems with property control® and combination’’, inverse
design™”"° and multifunctional devices®'*”" in the 2020, and the
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The next-generation mechanical metamaterials are approaching
integrated systems. More studies are expected to be conducted with
the goal of further optimizing their functionalities and expanding the
application domains. To this end, current studies of mechanical meta-
materials have been conducted in the following three directions. First,
materials science has become more and more dominant in the direction
of structural materials. In particular, functional materials have been
deployed to obtain mechanical metamaterials that are active, adap-
table, and capable of actuation. For example, electromechanical, ther-
momechanical, magneto-mechanical, or optomechanical materials
have been used in mechanical metamaterials to achieve tunable, self-
adapted responses actuated by external stimuli. Second, data-driven
methods have begun to play a key role for researchers exploring the
design space of mechanical metamaterials, from the analysis of
mechanisms to performance optimization. Third, mechanical meta-
materials have begun to be considered as integratable components in
devices with controllable functions and performance.

Expansion of mechanical metamaterials beyond mechanical
does not exclude other types of metamaterials. Instead, multi-
functional applications (e.g., sensing, energy harvesting and com-
municating) typically require the technical solutions combined by
different types of metamaterials in the interdisciplinary fields.
Integrating different types of metamaterial components to a sys-
tem to achieve the functionalities that are impossible for any single
type of metamaterial could become an emerging direction to the
metamaterials family. Although many recent studies have demon-
strated the potential for mechanical metamaterials with function-
alities beyond mechanical, these three directions are still facing
theoretical and technological challenges. Integrating functional
materials has severely increased the difficulty of manufacturing
mechanical metamaterials, especially for multiscale fabrication
with well reliability and feasibility. Al-enhanced mechanical meta-
materials are still at an early stage that mainly emphasizes
mechanical properties. Therefore, expanding Al applications to
improve the characteristics beyond the mechanical domain will
open a bright development avenue for mechanical metamaterials.
Deep integration is of significance to fully functionalize mechanical
metamaterial devices with high effectiveness. However, this criti-
cally relies on the cooperation of the metamaterial components. It
is still challenging to maintain the full functionality of the

components due to issues of robustness and fabrication imper-
fections, let alone combining them into one piece for high-
effective operation. Further research in these important areas
will accelerate the functionality and utility of mechanical meta-
materials for various real-life applications.
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