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SETTING THE STANDARD

Mechanical Metamaterials
Fabricated From Self-Assembly:
A Perspective

Mechanical metamaterials, whose unique mechanical properties stem from their structural
design rather than material constituents, are gaining popularity in engineering applica-
tions. In particular, recent advances in self-assembly techniques offer the potential to fab-
ricate load-bearing mechanical metamaterials with unparalleled feature size control and
scalability compared to those produced by additive manufacturing (AM). Yet, the field is
still in its early stages. In this perspective, we first provide an overview of the state-of-
the-art self-assembly techniques, with a focus on the copolymer and colloid crystal self-
assembly processes. We then discuss current challenges and future opportunities in this
research area, focusing on novel fabrication approaches, the need for high-throughput
characterization methods, and the integration of Machine Learning (ML) and lab automa-
tion for inverse design. Given recent progress in all these areas, we foresee mechanical
metamaterials fabricated from self-assembly techniques impacting a variety of applications
relying on lightweight, strong, and tough materials. [DOI: 10.1115/1.4064144]
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1 Introduction

The concept of Materials by Design has recently emerged as an
innovative approach to fabricating multifunctional metamaterials
with unprecedented properties through the strategic design of
their material constituents and architecture at various scales [1,2].
Mechanical metamaterials, alternatively termed architected meta-
materials, exhibit distinct mechanical properties governed by their
architectural features rather than their material constituents [3,4].
For example, architected materials made from polymer, metals,
or ceramics with nano- and microscale features exhibit enhanced
strength and stiffness [5,6], superior mechanical recoverability
[7,8], and impact resilience [9]. The advancement of metamaterials
can be attributed in part to the development of rapid fabrication
tools like additive manufacturing (AM) [10], which can fabricate
complex 3D architectures through a layer-by-layer approach.
Common AM techniques that can be used to fabricate mechanical
metamaterials include direct ink writing (DIW), vat-photopolymer-
ization techniques like digital light processing (DLP) and two-
photon polymerization (TPP), and powder bed fusion methods
[11-13].

Until now, the fabrication of mechanical metamaterials has pre-
dominantly relied on AM techniques. While these techniques
offer rapid production and custom design, they inherently limit
the structural resolution. For example, TPP can fabricate structures
with resolutions near 100 nm, resulting in unit cell sizes at the
microscale [14]. Consequently, using AM to fabricate mechanical
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metamaterials with sub-micron scale unit cell dimensions remains
challenging. Moreover, scaling nano- and microscale features to
sizes relevant to engineering applications (ranging from millimeters
to meters) demands substantial fabrication time [15]. Overcoming
these challenges would create invaluable opportunities for
nano-architected metamaterials with unparalleled resolution, usher-
ing in unprecedented mechanical properties. Recent advances in
nanotechnology have introduced an alternative fabrication method
for metamaterials, harnessing the power of nanoscale self-assembly
processes [16,17]. While self-assembly has been widely employed
to fabricate photonic crystals [18,19] and plasmonic metamaterials
[20], its application in the fabrication of load-bearing mechanical
metamaterial is still nascent. In this perspective paper, we first
provide a concise review of the fabrication and characterization
methods of self-assembled mechanical metamaterials, focusing on
copolymer and colloidal crystal self-assembly techniques. Subse-
quently, we outline our perspective for future opportunities and
forthcoming challenges in this field.

2 A Brief Review on Self-Assembly Methods

Self-assembly is a process where individual components autono-
mously organize into ordered patterns or structures driven by local
interactions [21]. These interactions can be based on different prin-
ciples through multiple scales, like chemical potentials and physical
forces. One advantage of self-assembly compared to AM is scalabil-
ity, which allows for synthesizing materials with homogeneous
mechanical properties over large dimensions. In this section, we
first briefly review copolymer self-assembly techniques and then
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delve deeper into the latest advancements in colloidal crystal self-
assembly methods.

2.1 Copolymer Self-Assembly. A copolymer is a type of
polymer synthesized from two or more distinct monomer species
[22]. In block copolymers, the thermodynamically incompatible
monomers are covalently linked, which produces unique micro-
and nanoscale phase-separated morphologies [23,24]. Such interest-
ing morphologies endow copolymers with unique mechanical
properties such as exceptional dynamic toughness [25-28]. The
phase-separation morphology is primarily governed by the Flory—
Huggins parameter [29,30], x the degree of polymerization, N,
and the volume fraction of each component i, f;. As illustrated in
Fig. 1(a), by tuning these parameters and other specific solvent
environments or external fields, the mixture can self-assemble
into a variety of ordered structures like spheres, cylinders, lamellae,
and disordered gyroid phases. These controllable self-assembled
polymeric nanoarchitectures can be employed as nanolithography
templates, facilitating the production of advanced nano- and
microscale architectures [31,33-35]. For example, using copolymer
self-assembly followed by electro-deposition of nickel, double
gyroid films with a unit cell of ~45 nm and feature size ~10 nm
were fabricated [36]. Notably, nanoindentation tests revealed that
the strength of this double gyroid nickel structure approaches
the theoretical strength of bulk nickel [36], attributed to the
absence of dislocations, a well-known size scale feature observed
in metallic nanowires [37,38]. Beyond copolymer templates, other
self-assembly processes, like polymeric emulsions, can produce
porous bi-continuous templates [39]. For example, a nano-
labyrinthine shell-based material was fabricated through the spino-
dal decomposition of an epoxy resin emulsion [40]. This epoxy
spinodal structure was coated with Al,O3 through atomic layer
deposition. Afterward, the epoxy was removed using oxygen
plasma ashing, leading to a unique centimeter-scale spinodal archi-
tecture. Nanomechanical experiments and finite element simula-
tions revealed a strong mechanical resilience stemming from its
nodeless architecture and low principal curvature, which effectively
minimizes local stress concentration.

2.2 Colloidal Nanocrystal Self-Assembly: From Solid to
Architected Superlattices. Colloidal nanocrystal self-assembly is
another approach to fabricating mechanical metamaterials [41,42].
Figure 1(b) illustrates the self-assembly processes. Colloidal nano-
crystals, with diverse geometries, are first coated with surface
ligands such as polymer brushes [43] or DNA strands [44]. Then,
they self-assemble into nano- and micro-structures as a result of inter-
particle interactions, local geometric constraints, and the surrounding
environment [32]. Like atoms in a crystal lattice, these nanocrystals
can autonomously organize into various lattice structures, e.g., face-
centered cubic (FCC) or hexagonal close-packed (HCP), depending
on the particle geometry and environment.

Self-assembled colloidal crystals have been used as a template for
fabricating mechanical metamaterials. A notable example is inverse
opals, which have a 3D periodic nano- or microscale porous archi-
tecture [45,46]. As depicted in Fig. 2(a;), the fabrication process
involves the self-assembly of colloidal crystals, followed by infil-
trating the interstitial spaces with precursor materials like polymers
[47], ceramics [48], or metals [49]. After removing the colloidal
crystals through methods like calcination or dissolution, a three-
dimensional continuous phase defined by a uniform network of
interconnected voids emerges, as seen in Fig. 2(a;;). The resulting
materials exhibit superior mechanical properties when compared
with bulk phases. For example, porous nickel inverse opals
exhibit superior mechanical strength, an attribute controlled by plas-
ticity size effects associated with struct effective diameter (Figs.
2(ay;) and 2(a;y)), which is determined by the size of the colloidal
crystals [49]. However, this multi-step process, which requires the
synthesis of colloidal crystals, infiltration, and template removal,
can be time-consuming. Potential issues like shrinkage and cracking
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might occur during the template removal [45]. An alternative
approach is the direct fabrication of mechanical metamaterial
through the self-assembly of strong nanoparticle superlattices
[51]. For example, Au nanoparticle superlattices can be fabricated
using a DNA self-assembly technique [52-54].

Nanoindentation experiments using an atomic force microscope
(AFM) revealed that their stiffness can be modulated by tuning
both the DNA length and nanoparticle dimensions [52]. More
recently, Au nanoparticle superlattices were self-assembled using
polystyrene, as shown in Figs. 2(b;) and 2(b;) [50]. When these
superlattices were carved into samples with different surface area
to volume (SA/V) ratios using focused ion beam (FIB) milling,
they exhibited tunable mechanical behaviors as revealed by in
situ nanomechanical testing and discrete element method (DEM)
simulations (Figs. 2(by;) and 2(b;,)) [50].

To leverage the distinctive architectural properties of mechanical
metamaterials, it is desired to design self-assembled materials with
tailored architectures beyond solid nanocrystals. A contemporary
strategy employs DNA origami techniques to construct such archi-
tectural templates [55-57]. For instance, as illustrated in Fig. 3(«;),
DNA octahedron frames were synthesized using the DNA origami
technique [58]. These octahedron frames were then self-assembled
into a superlattice via vertex-to-vertex linkages between the frames.
Subsequently, silica was templated onto the DNA scaffold, forming
a strong nano-architected material with truss diameters ranging
from 4 to 20 nm (Fig. 3(a;;)). The material displayed a superior
compressive yield strength between 1 and 5 GPa, as unveiled by
in situ nanomechanical tests (see Fig. 3(a;;)). When compressive
yield strength and density are represented in an Ashby diagram
(Fig. 3(a;)), these DNA-templated silica metamaterials surpass
most known engineering materials with similar density. Similar
findings are reported in Ref. [60].

Another synthesis strategy involves the use of open-channel
metallic nanocrystals to fabricate metamaterials using DNA self-
assembly [59]. As shown in Fig. 3();), the metamaterials were fab-
ricated through three key steps: (1) designing truncated cubic Au
nanoparticles; (2) undertaking edge-selective or facet-selective
growth of Pt on these truncated Au nanoparticles followed by selec-
tive etching of Au; and (3) employing DNA to self-assemble these
open-channel nanocrystals [59]. These structures, with unit cell
sizes of ~100 nm and feature sizes of ~15 nm (Figs. 3(b;) and
(byy)), offer high turnability in their topologies and densities, and
consequently in their mechanical properties. We performed com-
bined in situ nanomechanical experiments (Fig. 3(b;,)) and finite
element analysis (FEA) (Fig. 3(b,)) to understand their structural-
property relations. We found that architected nanolattices possess
six times higher specific strength compared to solid nanolattices,
attributed to the compressibility of unit cells, which can prevent
DNA from premature failure, and a smaller-is-stronger nanoscale
material size effects [6]. Remarkably, as shown in Fig. 3(b,;),
their specific strength is similar to millimeter-scale lattices produced
via AM, emphasizing the potential of self-assembly techniques in
pioneering ultra-strong nano-architected mechanical metamaterials
with unprecedented resolution.

3 Perspectives

In the previous sections, we summarized selected advances in the
utilization of self-assembly techniques to fabricate mechanical
metamaterials with exceptional mechanical properties, architectural
design versatility, and fabrication at scale. These features make the
technology particularly suitable for a variety of applications ranging
from microelectronics to medical devices to aerospace protective
coating. In this section, we delve into current challenges in the
field and discuss opportunities for research directions in self-
assembled mechanical metamaterials.

3.1 Main Challenges in Scaling-Up and Opportunities in
Nanomechanics. While self-assembled mechanical metamaterials
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Mechanical metamaterials fabricated from two self-assembly techniques. (a) Block copolymer self-assembly: (i) block

copolymer phase diagram calculated from self-consistent mean-field theory and experiments (Reprinted with permission from
Ref. [24]. Copyright 1999, American Institute of Physics). (ii) The equilibrium self-assembled morphologies, Spherical (S), Cylin-
drical (C), Gyroid (G), and Lamellar (L). (iii) SEM images of different block copolymer phases (Reprinted with permission from
Ref. [31]. Copyright 2020, Elsevier). (b) Colloidal nanocrystal self-assembly: In this technique, colloidal crystals are functiona-
lized with a layer of surface ligands (e.g., polymer, DNA, surfactant) and then self-assembled into nano- and micro-structures,
which are controlled by interparticle interactions, geometric constraints, and environment (Reprinted with permission from

Ref. [32]. Copyright 2016, ACS).

exhibit superior mechanical behaviors, scaling up these materials
from a laboratory scale to a practical engineering scale remains a
formidable challenge. For instance, the 3D copolymer self-
assembly technique was demonstrated up to centimeter-scale, yet
the nanostructures are restricted by the phase-separation process,
limiting the tunability of their mechanical properties. Inspired by
hierarchical architectures commonly observed in load-bearing
natural materials, we envision opportunities driven by recent devel-
opments in macromolecular engineering, particularly sequence-
controlled copolymers, which could provide new strategies for
coding macromolecules into 3D construct complexes. Furthermore,
postprocessing techniques, such as electro-plating metallic coatings
on large-scale polymer templates, are likely to produce nonuniform
structures. Therefore, refining current nanofabrication methods
appears crucial to synthesize spatially uniform and reproducible
nanostructures emerging from the copolymer self-assembly
process.

In contrast, the colloidal self-assembly technique has been pri-
marily used for microscale 3D structures or 2D metasurfaces, such
as photonic metamaterials for waveguiding. One of the current
challenges in colloidal self-assembly is producing large quantities
of high-quality nanocrystals with low polydispersity. As synthesis
methods advance, we anticipate that large volumes of nanocrys-
tals will be readily available, including customization of architec-
ture, feature size, and constituents. It is worth mentioning that
scaling up is not solely about producing larger volumes of meta-
materials. Synthesis defects and imperfections, such as vacancies,
declinations, and/or grain boundaries, could potentially impact
their mechanical properties. While producing perfect crystals
may be desirable in some applications, it’s important to recognize
that, like in traditional materials, scaling of dimensions will inev-
itably result in various defect types that can play a crucial role in
material performance. This underscores the need for comprehen-
sive fundamental studies across scales on synthesis-property
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relationships, including the role of defect engineering on mechan-
ical behaviors.

3.2 Developing Next-Generation Self-Assembly
Techniques. Looking forward, we anticipate fabrication technique
advances that will result in mechanical metamaterials with un-
precedented precision, scalability, and adaptability. One promising
direction is the advancement of open-channel colloidal crystal meta-
materials, which can serve as a foundational platform because of
their versatility [59]. By innovating on unit cell architecture based
on mechanics analysis, new structures with superior mechanical per-
formance, insensitivity to defects, and structural integrity can be
engineered. Furthermore, dual- or multi-phased open-channel colloi-
dal crystal metamaterials can be designed and synthesized to exhibit
mechanical behaviors like sequential buckling. Also, itis desirable to
engineer multiscale colloidal crystal metamaterials with hierarchical
structures. Initial self-assembly could first generate a superlattice
scaffold, which could then serve as building blocks for a secondary
assembly process, creating complex multi-level open-channel archi-
tectures. Beyond metallic building blocks, there is potential to inte-
grate other material constituents, like hydrogels or ceramics,
depending on the applications.

Another intriguing prospect is to develop 4D self-assembly tech-
niques, which are advancing the field of “programmable matter”.
Similar to contemporary 4D printing techniques [61-63], which
introduce time as an additional dimension, 4D self-assembly tech-
niques enable functionalized nanocrystals to change their packing
geometry, mechanical properties, and hence functionality in
response to environmental stimuli such as far-field pressure [64],
light [65], or magnetic field [66] are envisioned. Such dynamic
response could be achieved through the integration of phase-
changing constituents, e.g., stimuli-responsive polymers or embed-
ded microactuators. Such capability will enable self-assembled
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Fig.2 (a)Inverse opals fabricated from colloidal crystal self-assembly: (i) fabrication process of nickel inverse opals; (ii) scan-
ning electron microscopy (SEM) images showing cross sections of nickel inverse opals; (iiij) SEM images showing inverse opal
micropillars, scale bar is 3 um; (iv) mechanical responses of inverse opal micropillars with different structure diameters
(Reprinted with permission from Ref. [49]. Copyright 2019, the authors). (b) Self-assembled Au superlattices by polystyrene:
(ii) Fabrication of Au superlattices; (ii) SEM images of superlattices and cross-sectional view; (iii) shape morphing of superlat-
tices by focused ion beam (FIB), scale bar is 2 um; (iv) tunable mechanical responses of different surface area/volume (SA/V)

ratios (Reprinted with permission from Ref. [50]. Copyright 2023, ACS).

metamaterial to transition between various programable mechanical
states.

To synthesize multi-phase metamaterials, hybrid fabrication
approaches combining top-down methods (like photolithography
or AM) with bottom-up self-assembly can be employed [67]. For
instance, macro-scale templates fabricated from AM could be
used to guide the self-assembly at micro- or nanoscales. For
example, the combination of 3D bioprinting and DNA nanotechnol-
ogy could fabricate bio-architected materials with resolutions at the
sub-cellular level, thus paving the way for innovative bio-synthetic
systems and applications [68]. Moreover, it is desirable that next-
generation metamaterials be produced sustainably. For instance,
by leveraging bio-derived building blocks and green chemistry,
advanced hybrid fabrication processes can provide sustainable
routes to mass-produce green metamaterials.

3.3 Developing New Characterization Methods. Character-
izing mechanical metamaterials requires advanced techniques that
can provide insights into their structure-property relations across
multiple scales. As these metamaterials grow in complexity, devel-
oping new experimental and computational techniques is crucial.
Here are some new techniques we think could address future char-
acterization needs. First, to understand the complex self-assembly

040801-4 / Vol. 91, APRIL 2024

processes and their mechanical properties, techniques that allow
real-time observation under nanoindentation or nano-compression
are needed. Integrating high-resolution microscopy, such as TEM
and SEM, with miniaturized mechanical testing stages would be
invaluable to understanding their deformation mechanisms
[6,69,70]. Additionally, techniques like in situ X-ray micro- or
nano-tomography can offer comprehensive structural insights into
these metamaterials, helping to correlate nanostructures with
mechanical properties [71]. Combining in situ nanomechanical
testing with Raman and 3D tomography can provide concurrent
insights into their mechanical, chemical, and structural aspects.
Another opportunity in mechanical characterization is the develop-
ment of high-throughput testing. Given the small size of these
self-assembled crystals, manual identification of samples and data
acquisition can be labor intensive. Hence, developing automated
and high-throughput testing platforms would expedite sample iden-
tification and mechanical testing. Techniques we created to auto-
mate single-cell manipulation and analysis appear promising [72—
74]. Moreover, such experiments would also provide a rich
dataset for an inverse design workflow of metamaterials.

Besides experimental characterization, multiscale simulations are
needed to uncover their self-assembly during synthesis, as well as
the emergent properties of synthesized materials. For example,
molecular dynamics (MD) can provide insights into self-assembly
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Fig. 3 (a) Mechanical metamaterials fabricated from DNA origami techniques: (i) Fabrication process from DNA origami to
silica-coated structure; (ii) transmission electron microscopy (TEM) and SEM images for DNA origami frames and final assem-
bled structures; (iii) in situ nanomechanical testing; (iv) Ashby diagram with comparison to previously reported lattices
(Reprinted with permission from Ref. [58]. Copyright 2023, the authors). (b) DNA self-assembled ultra-strong colloidal
crystal mechanical metamaterials: (i) Fabrication process from open-channel metallic frame to self-assembled metamaterials
(Reprinted with permission from [59]. Copyright 2022, Springer Nature); (ii) schematic and SEM images of investigated meta-
materials, scale bar is 1 um; (iii) comparison between TPP printed lattice and self-assembled nanolattices; (iv) in situ nanome-
chanical testing, scale bar is 2 um; (v) deformation mechanisms as revealed by FEA; (vi) feature size versus specific strength
Ashby diagram (Reprinted with permission from Ref. [6]. Copyright 2023, the authors).

processes under different environmental conditions [75]. Further-
more, MD can also help extract constituent properties, e.g., the
cohesive law of DNA-assembled interfaces, facilitating subsequent
FEA simulations designed to reveal deformation and failure modes
at the structural level. As in other applications of multiscale model-
ing, challenges arising from differences in time scales between MD
and experiments need to be accounted for [76]. While multiscale
computational simulations offer valuable insights into metamaterial
designs, they can be time-consuming. Hence, other rapidly evolving
numerical methods, such as the direct element method (DEM) or
coarse-grained MD, should be considered.

3.4 Machine Learning Assisted Inverse Design. Currently,
the design of self-assembled mechanical metamaterials is primarily
a forward- process based on laboratory trial and error. In our view,
scientific machine learning (SciML), together with advanced exper-
imental characterization and computational modeling, will play a
pivotal role in designing and optimizing future self-assembled
mechanical metamaterials [77]. Machine learning (ML) has
already shown potential in the inverse design of mechanical meta-
materials from AM [78]. This task becomes inherently complex
and computationally challenging for metamaterials synthesized by
self-assembly, where the interplay of interparticle interactions and
the effect of defects become critical, rendering the design space
hyper-dimensional and non-intuitive. The hyper-dimensionality
challenge calls for the utilization of unsupervised ML algorithms,
e.g., principal component analysis and clustering, to narrow down

Journal of Applied Mechanics

the design space to the most important variables [79]. Likewise,
the use of symbolic regression for dimensionality reduction and
extraction of governing laws from experiments appears promising
[80]. Then, a more manageable number of simulations and experi-
ments will be needed to optimally design and validate solutions. In
this respect, a variety of neural network architectures can be com-
bined with other optimization methods like Genetic Algorithm
(GA) to select the most desirable designs [81]. In years to come,
we envision the utilization of SciML, like physics-informed
neural networks or neural operators [8§2—85], integrated with auto-
mated labs, to design and optimize self-assembled metamaterials
in real time for desired multifunctional properties. The inverse
design of mechanical metamaterials with desired mechanical perfor-
mance will not only assist in the selection of material constituents,
unit cell geometry, and self-assembly environments but also
provide insights into governing principles through ML interpret-
ability [86], an emergent research topic.

4 Conclusion

Self-assembly offers a potentially scalable route to fabricate
mechanical metamaterials with unprecedented properties. In this
perspective, we first provide an overview of self-assembly tech-
niques for mechanical metamaterials, with a focus on copolymer
and colloid crystal self-assembly processes. Then, we provide our
perspectives in this field, spanning fabrication, characterization,
and ML-assisted inverse design. We hope this perspective could

APRIL 2024, Vol. 91 / 040801-5

/818022 /YY1 Y90 L/GL | L 0L/10p/Apd-ojoiue/solueyoewpsaldde/Bio swse  uonos|joole)Bipawsey/:diy Lol papeojumoq

¥ 16 we

€20z Jaquieda( G| U Jasn AJisIaAiun uie}semynoN Aq jpd- 108010



provide valuable insights for researchers in this field to design, fab-
ricate, and characterize next-generation mechanical metamaterials
from self-assembly. As this field undergoes rapid evolution, foster-
ing collaborations and building bridges between disciplines such as
materials science, computation mechanics, and chemistry becomes
necessary to address challenges and opportunities. Likewise, inspi-
ration from other scientific endeavors, e.g., cell biology and medi-
cine, which are achieving great success based on the merger of
lab automation and ML, seems very promising.
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