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a b s t r a c t

The concept of modular metamaterials and a machine learning-based method are introduced in this
Letter. The method starts from selection of the structural bases based on the existing studies and
then combines performance evaluation together with structural evolution to construct meta-atoms
with specified properties. Both genetic algorithm and neural networks model are adopted to executed
the designing process. Mechanical metamaterials with maximized bandgap and tunable bandgaps
are demonstrated using the proposed method. This approach offers an effective means to design
metamaterials. It is believed that the modular design of metamaterials based on machine learning
is capable to construct meta-atoms with specific properties for metamaterials in various fields.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Metamaterials exhibit extraordinary macroscopic properties
resulted from the collective response of the periodically con-
structed meta-atoms rather than the individual ones [1–5]. By
analogy with the representative volume elements in continuum
mechanics [6], on the one hand meta-atoms possess elaborated
structures, and on the other hand act as a fundamental element
thoroughly governing the macroscopic performances of metama-
terials. Thus, in the field of metamaterials, creation of various
meta-atoms with specific internal structures possesses a pivotal
role in the discovery of metamaterials with designated charac-
teristics. The exceptional properties of metamaterials that have
been realized include negative index [1,3,7,8], cloaking [4,9,10],
perfect lens [11], negative Poisson’s ratio [12–15], negative ther-
mal expansion [16–19], to state only a few [5,20,21]. Specifically,
in the field of phononic metamaterials [22–27], the main objec-
tive lies in constructing phononic meta-atoms to manipulate the
propagation of elastic/acoustic waves. Remarkable performances
have been achieved, including acoustic cloaking [28,29], nega-
tive refraction [30,31], sub-wavelength imaging [32,33], acoustic
nonreciprocity [34], among many others.

There are two mainstream design methods to create meta-
atoms, i.e., the ad hoc method and the topology optimization
[35–39]. The ad hoc method depends on gradually accumulated
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experiences and always requires a eureka moment, which may
not lead to inheritable methodology. Topology optimization is a
well-established mathematical method to spatially optimize the
material layout within a given design space, and has achieved
great success in designing metamaterials. Though topology op-
timization is easy to operate, a certain degree of blindness of its
starting point makes this method computational expensive. Addi-
tionally, fabrication is sometimes difficult when complex models
are obtained by topology optimization. In the field of phononic
metamaterial, the ad hoc designs have achieved mass-in-mass
structures [40], membrane-type structures [41–43], Helmholtz
cavity resonators [2,44], and so on. On one hand, achievements
obtained by the ad hoc design, though great, remain fragmented
given that the ad hoc design does not provide a general methodol-
ogy. On the other hand, the ad hoc method has led to accumulated
knowledge based on the case-by-case studies to design metama-
terials with diverse performance, similar to the development of
period table of elements after centuries of exploration of discrete
elements.

Inspired by the concept of materials genome [45,46], here we
propose the concept of modular metamaterials. The core of the
present method is the basis unit, or the modular unit. In biology,
the terminology ‘‘genetics’’ associates with its basis unit, namely
genes, which are a length of DNA. Each gene consists a string of
many modular chemical building molecules, namely nucleotides,
of which there are only four biological bases (i.e., adenine ‘‘A’’,
thymine ‘‘T’’, guanine ‘‘G’’, and cytosine ‘‘C’’, in Fig. 1a). Rich
biodiversity is rooted to various combinations of these bases. This
modular design has inspired applications in other areas, including
Lego toys, modular robots [47], and heterogeneously architected
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Fig. 1. Schematic of (a) biological genome and (b) modular design of meta-atoms; (c) Schematic of machine learning-based method to design modular metamaterials.

2D structures [48]. Thanks to the existing studies in the area
of metamaterials using either the ad hoc design or topology
optimization, useful bases have been discovered. In this Letter, we
introduce a machine learning-based method to create modular
metamaterials with specified performances, as shown in Fig. 1b.
This successfully takes the advantages of the existing knowledge
in metamaterials and provides a novel route to create meta-
atoms with desired performance. It starts from structural bases
that are appropriately selected based on existing knowledge, and
thus could save calculation time and is less time-consuming,
which balances the design performances and computational cost,
i.e., rapidly design metamaterials with sub-optimal performances
with a small cost. The fabrication problem is also solved from
the beginning when structural bases are selected. The following
examples are studied to show the implementation of the modular
design method: one-dimensional (1D) and two-dimensional (2D)
mechanical metamaterials with maximized bandgap, maximized
range of tunable bandgaps, and interconnection meta-atom for
stretchable electronics with specific figure of merit.

2. General methodology of modular metamaterial design

For a specified performance, the general methodology of meta-
material modular design includes two steps, i.e., step 1: the
selection of basic components, and step 2: the iteration of perfor-
mance evaluation and structural evolution, as shown in Fig. 1c.
Step 1: number of basic components (hereinafter called ‘‘struc-
tural bases’’) are selected based on the existing studies. The
chosen structural bases have related properties to the required
performance of the to-be-designed meta-atom. Specific geometry
is also prescribed, for example, 1D or 2D, to place the structural
bases in a certain arrangement. Different arrangements define
different meta-atoms. Step 2: Through sequential iteration be-
tween performance evaluation of the meta-atoms with a given
arrangement using available methods (e.g., finite element analy-
sis) and the structural evolution using various means (e.g., genetic
algorithm or machine learning), a meta-atom with an optimal
arrangement of structural bases for the required performance is

thus achieved. Due to the attribute of modular property and the
preselection of structural bases based on the existing knowledge,
the modular design methodology is a computational-effective to
design metamaterials. This approach could combine the advan-
tages of topology optimization and ad hoc designs: ad hoc designs
could provide a library of existing structural bases while topology
optimization helps to search for the optimal arrangement of the
preselected structural bases.

3. Examples: modular design of four meta-atoms with various
performance

In this section, four examples are given to show the implemen-
tation of the present method to design meta-atoms: designing
phononic meta-atoms with the objectives to achieve broader
or tunable bandgaps [49], as well as the optimization of in-
terconnects for stretchable electronics with a specific figure of
merit.

The structural bases were chosen based on the knowledge
from the existing studies. Finite element analysis was carried
out for the performance evaluation of the meta-atom candi-
dates. The structural evolution process was performed to find
out the optimal meta-atom. Here, we used the genetic algorithm
(GA) and neural networks (NN) model as the machine learning
methods. GA could be readily combined with the COMSOL Multi-
physics finite element simulations via LiveLinkTM for MATLAB R⃝.
The schematic of the GA process is shown in Fig. S1, and details
could be find in the literature [50]. By applying GA, a population
size of meta-atoms is initially generated with each representing
a candidate to the problem. Then, the genetic algorithm is em-
ployed to find out an optimal solution by genetically breeding
a population of individuals over a series of generations until
the change of fitness function between two adjacent generations
is smaller than the tolerance [50]. Machine learning was also
employed in these examples, which could be processed by the
neural networks model with details in the supporting informa-
tion. It must be pointed out that the structural evolution can
be conducted in other means, not limited to GA or NN, but by
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Fig. 2. Meta-atom with maximized relative bandgap based on four structural bases with circular inclusions embedded in a square matrix. (a) A meta-atom consisting
of N structural bases with circular inclusions inside a square matrix. (b) The evolution of the relative bandgap using the genetic algorithm (GA). The inset shows the
configuration of the optimal meta-atom. (c) Bandgap structure of the optimal meta-atom obtained by GA optimization. (d) The predicted result produced by machine
learning. The contour shows the number of configurations predicted by the machine learning method. The dashed line indicates the maximum bandgap as verified
by the finite element simulation.

other methods as well, such as colony optimization, simulated
annealing and so on.

Four case studies are the following. (Case I) Designing a 1D
metamaterial with maximized relative bandgap among the first
six bands. (Case II) Designing a 1D metamaterial with maximized
tunable bandgap region among the first six bands under 50%
strain. (Case III) Designing a 2D metamaterial with maximized
relative bandgap among the first six bands. (Case IV) Designing
an optimal interconnect for stretchable electronics with a specific
figure of merit. It should be noted that, these examples are
selected solely to demonstrate the implementation of the present
approach and their practical importance is not concerned. One
can readily change the geometry and/or fitness function for their
designated properties.

3.1. Case I: Maximizing relative bandgap for 1D phononic metama-
terials

For Case I (Fig. 2a), a meta-atom consisting of N unit cells
was constructed and each unit cell (i.e., the structural base) is a
square matrix embedded with a circular inclusion as suggested
by the existing studies [51–53], in which these structures have
presented phononic bandgap properties. The material for the
matrix is fixed, while that for the inclusions is to be determined.
Four candidate materials (A, B, C, and D) for the inclusion was
provided, and their properties are listed in Fig. S2a. Although
only four candidate materials are provided, a great quantity (4N )
of meta-atom configurations could be constructed. In this study
case, N was set to be 10. The periodicity a1 of the simulated
models equates 80 mm and the radius of the circular inclusion R
is 3.5 mm. The population size of 30 was used, which means there
are 30 finite element simulations in each generation to evaluate
the band structure

The relative width of bandgap was selected as the fitness
function for the optimization process, which is defined as the
ratio between the bandgap width and its corresponding midgap
frequency. The bandgap for a specific structure is calculated by
the difference between the maximized value of the jth band

and minimum value of the j + 1th band. Therefore, the fitness
function f1 was given by

f1 = max

{
min(ωj+1) − max(ωj)

min(ωj+1)+max(ωj)
2

}
j = 1, 2, 3 . . . (1)

where ωj and ωj+1 are the frequencies of jth and j + 1th bands,
respectively. For the sake of simplicity, we only considered the
first six bands in this example.

The GA calculation process is shown in Fig. 2b, from which one
can see that a maximized fitness function value of 0.265 was ob-
tained in the 14th generation. Given that there are 30 populations
in each generation, one only needs 30× 14 = 420 finite element
simulations to achieve the maximized configuration, which is
only a very small fraction (i.e., 0.04%) of the total possible con-
figurations (410

= 1,048,576), which shows the efficiency of this
modular design method. The structure of the optimal meta-atom
with relative bandgap of 0.265 is shown in the inset of Fig. 2b.
Based on this meta-atom, a 1D phononic metamaterial with max-
imized relative bandgap could be constructed. Its band structure
with a wide bandgap between [458 Hz, 598 Hz] is shown in
Fig. 2c. In order to show that the present modular design method
can use other evolution algorithm, we also carried out the opti-
mization process by adopting the neural network method. Here,
we randomly generated 1000 configurations of the meta-atoms
and calculated the relative width of the bandgap (e.g., Eq. (1)).
Using these 1000 data as the samples for training and testing, the
neural network method predicts combinations that might have
optimal performance. Detailed calculation process is provided in
the supporting information. From the prediction result shown in
Fig. 2d, we can see that a maximized relative bandgap of 0.258
was predicted, which closely agrees with the result obtained from
the GA process.

3.2. Case II: Maximizing tunable bandgap region under 50% strain
for 1D phononic metamaterials

In this example, the structural bases was composed of a square
matrix with different voids, which have shown to possess tunable
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Fig. 3. A tunable phononic bandgap by applying a uniaxial tension strain. (a) Schematic of an arbitrary mechanical metamaterial model at free state. (b) Configuration
of the mechanical metamaterial under a uniaxial strain of 50%, where the contour is displacement in the y-direction. (c) Genetic algorithm optimization history. The
inset shows the structure of the optimal meta-atom. (d) and (e) are bandgap structures for the optimal metamaterial at free state and under uniaxial strain of 50%,
respectively.

phononic bandgaps upon strains [54–57]. Four candidate shapes
for the voids, including an equilateral triangle, a circle, a square,
and a hexagon, were chosen, as shown in Fig. 3a. The length
of the square matrix is 20 mm, and each meta-atom is com-
posed of four bases. These voids are designed to have identical
area and thus, their dimension s1, s2, s3, and s4 are 16.16 mm,
12.00 mm, 10.63 mm, and 6.60 mm, respectively. The periodicity
a2 is 80 mm. The Young’s modulus, Poisson’s ratio and mass
density of the matrix is 3 MPa, 0.46 and 1130 kg/m3, respectively.
The population size of 30 was used. A tensile force was applied
on the soft 1D metamaterial along y-direction as shown in Fig. 3b.

The objective is to find out an arrangement of the four given
voids so that a maximized tunable bandgap region could be
achieved by applying a uniaxial tension strain of 50%. The fit-
ness function f2 is the change of the maximized bandgap after
a 50% strain is applied on the meta-atom and was given by⏐⏐∆ωfree

− ∆ωdef
⏐⏐, where ∆ωfree and ∆ωdef are defined as{

∆ωfree
= max[min(ωfree

j+1) − max(ωfree
j )]

∆ωdef
= max[min(ωdef

j+1) − max(ωdef
j )]

j = 1, 2 . . . 5 (2)

where ω
free
j and ω

def
j are the frequency of jth band for the meta-

atom at the free and the 50% deformed state, respectively. The
bandgap structure of the randomly generated initial configuration
(Fig. 3a) and that under a 50% uniaxial tensile strain are plotted
in Fig. S3, which shows the change of the maximized bandgap
(i.e., from ∆ωfree to ∆ωdef ) upon deformation.

In this case, we just adopted GA optimization approach since
the total possible configurations is rather small (i.e., 44

= 256).
The iteration history was given by Fig. 3c, from which one can
observe that a meta-atom with a maximized range of tunable
bandgap has been achieved at the 8th generation. The bandgap
structure of the optimal meta-atom in free and the deformed
state upon 50% uniaxial tensile strain are shown in Fig. 3d, and e,
respectively. By comparing Fig. 3d and e, we can also see when
the optimal meta-atom is deformed by applying a uniaxial strain
of 50%, a will decrease and the range of k will increase. Therefore,
the wave number range in Fig. 3e (deformed configuration of the
optimal meta-atom) is larger than that of Fig. 3d (initial config-
uration of the optimal meta-atom). It is found that the phononic
wave at frequency range of [255.50 Hz, 305.16 Hz] is forbidden

to propagate in the optimal one-dimensional metamaterial at the
free state but can easily transmit through it upon a 50% tensile
strain. This example clearly shows the discovery of a meta-atom
with tunable bandgap structure upon deformation.

3.3. Case III: Maximizing relative bandgap for 2D phononic metama-
terials

This example is a 2D case, a meta-atom consisting of a square
matrix embedded with 9 layers of circular inclusions (Fig. 4a),
and the 2D phononic metamaterial is the replication of the meta-
atoms in the planar direction. The radius of the largest circular
inclusion R is 18 mm, and the increment of the radius ∆r is 2 mm.
The periodicity of the simulated model a equates 40 mm. The
material of the matrix was given, while that of each layer was to
be determined. Four candidate materials for the inclusion were
provided, and their properties are listed in Fig. S2b. Thus, the
total possible configurations is 49

= 262, 144. Similar to the 1D
case (Section 3.1), the relative width of bandgap is selected as the
fitness function of the optimization process (e.g., Eq. (1)). Here,
we also consider the first six bands. Both GA optimization and
neural networks model were adopted for comparison.

The calculation process by the GA is shown in Fig. 4b. At
the 30th generation, a maximized fitness function value of 1.098
was obtained and the corresponding structure of the optimal
meta-atom is shown in the inset of Fig. 4b. The total accessed
configurations in this process are 30×30 = 900, only a small frac-
tion (≈ 0.3%) of the total configurations, showing the efficiency of
the present method. Based on this meta-atom, a two-dimensional
phononic metamaterial with maximized relative bandgap could
be constructed. Fig. 4c shows the band structure of 2D metama-
terial constructed by the optimal meta-atom. It has a bandgap
between [119.03 Hz, 409.19 Hz], preventing wave propagation
along all directions. We also studied the sensitivity of the ini-
tial configurations on the final result. We used different initial
configurations and evolve to the same final state (Fig. S4).

Similar to case I, the neural networks model was also adopted
to produce an optimal meta-atom. 1000 sample configurations
were randomly created and used as training and testing data to
train the neutral network model. Then, 100 meta-atom candi-
dates were predicted, which are most likely to have large relative
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Fig. 4. A 2D phononic meta-atom with maximized relative bandgap. (a) A meta-atom consisting of nine layers of circular inclusions inside a square phononic matrix.
(b) Genetic algorithm optimization history. The insets present the structure of best individual for the 1st, 9th, and 30th iteration generation, respectively. An optimal
meta-atom is obtained in 30th generation. (c) Bandgap structure of the optimal meta-atom. (d) The predicted result produced by machine learning. The contour
shows the number of configurations predicted by the machine learning method. The dashed line indicates the maximum bandgap as verified by the finite element
simulation.

bandgap. Details can be found in supporting information. The re-
sult predicted by neural networks is shown in Fig. 4d, from which
we can clearly see that the maximum predicted relative bandgap
value is 1.097, which agrees well with the GA optimization.

3.4. Case IV: optimization design of interconnect for stretchable
electronics

One of the most important topics in stretchable electronics
is the development of stretchable interconnects to link the rigid
functional devices [58–62]. In addition to large stretchability,
other requirements for the interconnects may include smaller
out-of-plane deformation and small electrical resistance. In this
example, we selected 9 interconnect structural bases with dif-
ferent patterns and thicknesses as shown in Fig. S5a (also in
Fig. 5a–c), namely spiral patterns (A), self-similar serpentine pat-
terns (B), and serpentine patterns (C). Detailed geometry sizes can
be found in literature [58]. For each pattern, three cross-sectional
thicknesses (i.e., 1 µm, 2 µm, and 3 µm) were assigned. For
the sake of discussion, the subscripts 1 to 3 are used to denote
the cross-sectional area. For example, A1 is the spiral pattern
with 1 µm cross-sectional thickness. Our purpose is to obtain
an optimal meta-atom composed by three units that are selected
from the above-mentioned 9 structural bases, as shown in Fig.
S5b. An example of meta-atom composed by A1, B1 and C1 is
presented in Fig. S5c. We defined a figure of merit to evaluate
the performance of the meta-atom, i.e., the fitness function f4 by

f4 =
(S|max .prin=1%)4

ω · R
(3)

where ω is the maximum out-of-plane displacement during the
stretching process in mm, S|max .prin=1% is the maximum applied
strain when the maximum principal strain in the interconnects
reaches 1%, R is the electrical resistance of interconnects in Ω .

To simplify the analysis, we assume that R takes the value of
1, 1/2, and 1/3 when the cross-sectional thicknesses thickness
of interconnects equals to 1 µm, 2 µm, and 3 µm, respectively.
It must be pointed out that this figure of merit was solely to
implement the present modular design method and its physical
meaning only superficially reflects the possible need to optimize
the stretchable interconnects. The rationale of the figure of merit
is not the concern of this paper.

The material parameters are Young’s modulus of 119 GPa and
Poisson’s ratio of 0.34. Here, we did not consider the plasticity
of the material. The finite element results for A1, B1 and C1 are
shown in Fig. 5a–c, respectively. The results for other 6 struc-
tural bases (A2, B2, C2, A3, B3, C3) are presented in Figs. S6–S11,
respectively.

Here, the neural networks model was used to find the op-
timal configuration. 95 samples with random configurations of
meta-atoms was constructed and their fitness functions were
calculated. Then those data were utilized as the input data to
train the neural networks model. Details could be found in the
supporting information. The result predicted by machine learning
is shown in Fig. 5d, from which one can clearly see that the
maximum predicted value of f4 is 124.01, which corresponds to
an optimal meta-atom with configuration of A2A2A2. The rela-
tionship between its maximum out-of-plane displacement and
applied strain is shown in Fig. 5e, while the relationship between
the maximum principal strain and applied strain is shown in
Fig. 5f. This optimal meta-atom offers large stretch ability, small
out-of-plane displacement and small electrical resistance.

4. Concluding remarks

This Letter introduces the machine-learning based method
for the design of modular metamaterials with specified prop-
erties. The method combines performance evaluation together
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Fig. 5. Meta-atom design of interconnect for stretchable electronics. The structure pattern, the relationship between maximum out-of-plane displacement and applied
strain, and the relationship between maximum principal strain with applied strain for (a) Archimedean spiral pattern, (b) self-similar serpentine pattern, and (c)
serpentine pattern. (d) The predicted result produced by machine learning. The contour shows the number of configurations predicted by the machine learning method.
The dashed line indicates the maximum bandgap as verified by the finite element simulation. (e) The relationship between maximum out-of-plane displacement and
applied strain. (f) The relationship between maximum principal strain and applied strain for the predicted optimal meta-atom. The insets for (a-c) and (e-f) are the
corresponding deformation configuration calculated by FEA simulation.

with structural evolution to construct meta-atoms with optimal
performance based on the preselected structural bases. Four case
studies have been provided to demonstrate the implementation
of the present method. The results show that the present method
can take advantage of the existing knowledge of metamaterials
from the ad hoc method or the topology optimization method
and offer an effective means to design modular metamaterials.
Though the demonstration is just for mechanical metamateri-
als, it is believed that the machine learning-based method and
the concept of modular metamaterials are capable to construct
meta-atoms with specific properties for metamaterials in various
fields.

Like any design methods, the present method also has some
limitations. Though the preselection of the structural basis en-
dows the modular method the ability to effectively achieve the
desired meta-atom, the selection itself has also limited the possi-
bility to include other configurations that are either not chosen
from the existing knowledge base or not discovered yet. Thus,
to apply this method to design meta-atoms, one needs to exten-
sively comprehend the existing knowledge in order to preselect
proper structural basis. In other words, the present modular
design provides an engineering methodology to harness the com-
prehended knowledge on metamaterials to effectively design new
meta-atoms with desired performance.
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