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ARTICLE INFO ABSTRACT
Keywords: The extraordinary quasi-static mechanical properties of nacre-like composite metamaterials, such as high
Bio-inspired materials specific strength, stiffness, and toughness, are due to the periodic arrangement of two distinct phases in a

Block lattice metamaterials “brick and mortar” structure. It is also theorized that the hierarchical periodic structure of nacre structures

can provide wider band gaps at different frequency scales. However, the function of hierarchy in the dynamic
behavior of metamaterials is largely unknown, and most current investigations are focused on a single objective
and specialized applications. Nature, on the other hand, appears to develop systems that represent a trade-off
between multiple objectives, such as stiffness, fatigue resistance, and wave attenuation. Given the wide range
of design options available to these systems, a multidisciplinary strategy combining diverse objectives may be
a useful opportunity provided by bioinspired artificial systems. This paper describes a class of hierarchically-
architected block lattice metamaterials with simultaneous wave filtering and enhanced mechanical properties,
using deep learning based on artificial neural networks (ANN), to overcome the shortcomings of traditional
design methods for forward prediction, parameter design, and topology design of block lattice metamaterial.
Our approach uses ANN to efficiently describe the complicated interactions between nacre geometry and its
attributes, and then use the Bayesian optimization technique to determine the optimal geometry constants that
match the given fitness requirements. We numerically demonstrate that complete band gaps, that is attributed
to the coupling effects of local resonances and Bragg scattering, exist. The coupling effects are naturally
influenced by the topological arrangements of the continuous structures and the mechanical characteristics
of the component phases. We also demonstrate how we can tune the frequency of the complete band gap by
modifying the geometrical configurations and volume fraction distribution of the metamaterials. This research
contributes to the development of mechanically robust block lattice metamaterials and lenses capable of
controlling acoustic and elastic waves in hostile settings.

Wave prorogation
Nacre-like metamaterials

1. Introduction et al., 2018) nacre-inspired macroscopic structures for use in various
applications such as engineering materials, super-capacitors, and nano-

Nacre, a natural composite material found in seashells that is com- generators (Okumura and De Gennes, 2001; Neves and Mano, 2005;
posed of 95 volume percent inorganic plates (CaCO3) and 5 volume Studart, 2014). To construct artificial macroscopic materials, one viable
percent organic matrix (protein) in layered patterns, has long fascinated strategy is to mimic the nacre’s microscopic structure. This method

researchers for its unique highly organized structure and hierarchical
construction. These provide nacre-like structures with superior material
and physical qualities such as significantly better toughness (three
orders of magnitude higher than monolithic aragonite) and energy ab-
sorption (Jackson et al., 1988; Espinosa et al., 2009; Chen et al., 2008).
The brick-and-mortar structure of nacre’s inner layers has evolved over
millions of years to achieve these exceptional properties (Luz and
Mano, 2009; Tang et al., 2003; Barthelat and Espinosa, 2007). In recent

decades, researchers have successfully synthesized (Zhao and Guo, . ) .
2017; Gehrke et al., 2005; Corni et al., 2012; Yang et al., 2019; Yadav which are comparable to acoustic metamaterials (Lu et al., 2009), allow

could result in high-performance structural materials with numerous
uses.

Brittle mineral bricks are combined with soft biological layers along
two dimensions to form nacre brick-and-mortar constructions (Lu et al.,
2022). Nacre’s extraordinary toughness and other mechanical qualities
are a result of the existence of the soft organic thin layers (Gao et al.,
2017; Grossman et al., 2019; Mirzaeifar et al., 2015). Furthermore,
the structure’s periodic design and spatially variable elastic constants,
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Fig. 1. (a) Picture of a abalone seashell showing shiny nacreous layer, (b, ¢) secondary SEM images of abalone shell (Haliotis rufescens), (d) nacre representative structure, (e)
unit cell of nacre with various geometry parameters, (f) material behavior assigned to mineral phase, and (g) material behavior assigned to the organic phase.

it to manipulate mechanical wave propagation (Chen and Wang, 2015b,
2014). The phenomena of complete band gap (CBG) development
within a specific frequency range, which originates from the nacre’s
microstructure organization, is of great interest. The large impedance
mismatch between the mineral and organic phases caused by the nacre
structure results in a wide band gap. The CBG specifies a frequency
range in which waves are completely reflected, regardless of incident
wave orientation (Chen and Wang, 2015a; Vadala et al., 2018).
Several studies have been undertaken over the last decade to eval-
uate the mechanical properties of nacre structures utilizing experi-
mental (Katti and Katti, 2006), numerical (Greco et al., 2020), and
analytical methods (Cui et al., 2020). Computational and analytical
approaches to studying CBG development in nacre-like structures have
also been explored (Chen and Wang, 2014; Pranno et al., 2022).
Additionally, numerous studies on the structure’s microstructure opti-
mization for the greatest toughness, stiffness, and a number of other
mechanical properties are carried out. The microstructure of nacre has
recently been the subject of much research in an effort to achieve the
greatest potential material characteristics. These studies concentrated
on the optimization of a specific target, usually the mechanical or wave
attenuation. The fact that strong wave attenuation over broad band
gaps is frequently coupled by poor mechanical properties is a significant
disadvantage of band gap optimization in acoustic metamaterials (Chen
and Wang, 2015a). Therefore, for applications operating in mechani-
cally demanding situations, it is essential to design a framework that

takes into account the mechanical and bad gap qualities. In this study,
a novel multi-objective optimization technique is proposed to analyze
trade-offs and obtain fair mechanical and band gap parameters.
Designing architected materials with the desired qualities is an in-
verse problem that is computationally expensive, and it is considerably
more complicated when employing an experimental approach because
this process requires trial and error, which is a more economically
expensive process. However, several computational techniques have
been developed in recent years as useful alternatives for precisely
evaluating material properties at various length scales (Fish et al.,
2021). Optimization methods have grown in popularity for designing
materials with specific properties, but many of them, such as gradient-
based optimization, require hundreds of simulations to evaluate the
objective function, making them computationally expensive and prone
to local optima (Ashby, 2000). Other optimization methods, such as
Genetic Algorithm (GA) and mixed-variable programming, may ne-
cessitate hundreds of simulations before reaching a global optimum.
Response surface approaches, while providing a thorough perspec-
tive of the variable design space, are frequently biased (Chakraborti
et al., 2009). In contrast, Bayesian optimization (BO) offers an adaptive
paradigm for more effectively sampling the design space and deter-
mining the overall best material design (Zhang et al., 2020). BO still
calls for extensive simulations to evaluate the objective function, which
can be computationally expensive when investigating changes to the



R.K. Bollineni et al.

Nacre geometry _
@) e
1 1 1 1 1 1
[ T T T T T 1
T T T T T T
[ T T T T T |
1 1 1 1 1 1
! 1 1 1 1 1 1|
1 1 1 1 1 1
! 1 1 1 1 1 J
1 1 1 1 1 1
! 1 1 1 1 1 1|
T T T T T T
Unit cell
Geometry
parameters
L=1,10
h=1,10
(b)
©
= — T T T T 4
Z 30 ]
=z "\ Toughness = fc de| o
g I 88 1z3
3 8 2
5 20p AR 1=
= L (Jessasd Stiffness =— | 22
I AP g
S ROIRSRAN =4
PR B SRS 128!
[1] ARNOURASR N L L
0.0 1.0 2.0 3.0 4.0
Strain (mm/mm) or Displacement (mm)

Material properties =

Journal of the Mechanical Behavior of Biomedical Materials 154 (2024) 106511

(d) Dataset

r—— ==

< lGeometry parameters |

of Nacre geometry
L,h,V;
e e e e
Initial
population

.

5
sonodoxd pejorparg

Optimized design candidate

Fig. 2. (a) Nacre 2D geometry and unit cell, geometry parameters used in simulations, (b) ANN with input neurons, output neurons, and hidden layers, (c) mechanical properties
and bandgap properties from the phonic crystal, (d) geometry dataset used as input to Bayesian optimization, (e) optimization surface after Bayesian optimization, and (f) optimized

nacre geometry for the fitness function.

objective function. As a result, there is a need for effective and precise
optimization methods that can reduce the amount of computation
required to evaluate material parameters and objective functions. In
this study, the proposed algorithm uses machine learning and BO
techniques to significantly reduce the computational cost of microstruc-
ture optimization, making it a valuable tool for researchers interested
in developing high-performance structural metamaterials for use in a
variety of applications.

2. Unit cell analysis and methodology to inverse and forward
design of the nacre lattice materials

Nacre is a one-of-a-kind periodic composite made up of multiple
mineral plates embedded in an organic matrix. The image and sec-
ondary scanning electron microscopy (SEM) pictures at different sizes
of the abalone shell (Haliotis rufescens) that illustrate the nacre like
structure are shown in Fig. 1(a, b, and c). The representative front views
of the nacre, as shown in Fig. 1(d), have a brick and mortar-like archi-
tecture, with a rhombus lattice that characterizes its two-dimensional
microstructure. The length (L) of the mineral brick structure, the height
(h) of the mineral layer, and the thickness (d) of the organic matrix in
the x- and y-axis directions establish the lattice parameters of the nacre
structure. Furthermore, the mineral phase volume fraction (V) in the
unit is expressed as V;=Lh/((L +d)(h+d)).

The nacre’s unique three-dimensional staggered microstructure
makes numerical modeling of the material behavior computationally

demanding. To address this issue, a two-dimensional representative
volume element (RVE) model is shown in Fig. 1(d, e) whose behavior
is believed to represent the complete material. RVE models are used
to assess the toughness, bending stiffness, and CBG of nacre. The
material parameters given to the mineral phase and organic matrix of
the nacre are shown in Fig. 1(f, g). The mineral phase’s elastic modulus
is 100 GPa, whereas the organic phase’s is 20 MPa; both exhibit linear
elastic brittle fracture material behavior. Furthermore, the stress—strain
behavior of different phases reveals that the mineral phase is stiffer
and has less ductility than the organic matrix. The following sections
contain more information on the computational models.

For the inverse and forward design of the nacre lattice materi-
als, a deep learning-based approach is proposed using desired ma-
terial attributes as toughness, bending stiffness, and band gap. The
potential influence of bio-inspired structures with superior mechanical
and energy-absorbing qualities on real-world engineering applications
serves as the driving force behind this study. The approach’s major
objective is to identify 2D unit cell designs with the most advantageous
mechanical behavior and energy absorption characteristics. However,
this proposed method’s applications might be expanded to 3D struc-
tures or other fields (Zhang et al., 2022). For the sake of simplicity,
all analyses are performed using 2D models, and geometries with all
feasible combinations of lattice parameters are investigated in this
work. The band gap is numerically calculated using the 2D unit cell
presented in Fig. 1(e). A finite element (FE) study is carried out for
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Fig. 3. (a, b) Finite element model setup used for simulating the toughness and bending, (c, d) Von Mises stress distribution for toughness and bending deformation in the models,
(c) stress—strain curve from the toughness calculation simulations, and (d) load-displacement curve from the bending stiffness simulation calculation.

each nacre geometry, taking into account three cases: uniaxial test
strength, three-point bending, and elastic wave propagation simulation.
To compare alternative nacre geometries fairly, we assume constant
density and material attributes for the mineral and organic phases. For
a given set of material qualities, changes in nacre structure geometry
parameters result in varying mechanical and band gap properties. The
performance of the various structures is thus assessed using a fitness
function that takes into account the effective properties due to varying
loading and boundary conditions. The top-performing nacre structure is
then chosen based on its fitness values and merged to form a unit cell,
which may subsequently be tessellated to generate a periodic pattern.

Initially, the nacre structures are created in the computational
framework with varied geometry parameters for the length and height
of the brick, as well as the volume fraction of the mineral phase, as
illustrated in Fig. 2(a). Then, on the resulting geometries, the corre-
sponding FE simulations are run, and from those simulations, their
material constants are determined as illustrated in Fig. 2(c). In order
to train three neural networks for each network and material attribute,
the geometrical parameters of the nacre and the evaluated materials
constants are used as input and output parameters, respectively, as
illustrated in Fig. 2(b). The details of network architectures and training
are provided in the following sections. Indeed, the design space in our
study consists of three parameters, yet our objective function involves

multiple variables. To address this, we employed the BO technique
to determine the optimal geometry for all three material parameters
together. Finally, as illustrated in Fig. 2(d), the nacre shape is generated
using the BO process with the specified material attributes. Instead of
conducting the simulations, the output from the trained network is em-
ployed to lower the computational cost during the optimization phase.
The geometry parameters are fed into the optimizer and then provided
to the trained ANN networks during the nacre structure optimization
phase. As demonstrated in Fig. 2(e), the predicted material properties
are then used to fit the objective function. Finally, the optimizer returns
the geometry parameters for fitting the objective functions, as shown
in Fig. 2(f).

3. Stiffness and toughness mechanism of the nacre composite

The linear elastic brittle fracture material models are allocated to
the mineral and organic phases of the structure in the FE simulations,
with material constants specified in the manuscript. The unit cells are
combined to have a rectangular geometry of a length of 50 mm and a
height of 30 mm for evaluating the toughness. In the simulation, a static
general step is assigned for toughness calculation. The model’s loading
and boundary conditions are as follows: the assembled model’s left
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Fig. 4. (a) The nacre structure along with the unit cell used in this study, (b) The first Brillouin zone for the unit cell in (a) which is true for (d > L —2h). The high symmetry
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band gap. The real and pure imaginary k vectors represent the propagating and evanescent waves passing through the unit cell. The subplots represent a zoomed region around
the second complete band gap. (d) The transmission coefficient (¢) of the nacre structure showing a high attenuating band gap along the frequency of interest, (e) The contour

plots of the total displacement fields of the eigenmodes highlighted in the band diagram in (c).

vertical edge is fixed in the x-direction, symmetric boundary conditions effects indicated by Askarinejad et al. (2018), Alavi et al. (2022). The

are applied to the top and bottom horizontal edges, and a positive bottom borders of the beam’s two sides are fixed in the x- and y-axes
displacement load along the x-axes is applied to the assembled model’s for three-point bending simulation, while a focused displacement of
right vertical edge as shown in Fig. 3(a). The distribution of Mises 10 mm along the y-axis is applied at the center of the beam as shown
stresses in the mineral and organic phases of the nacre structure is in Fig. 3(c). The Mises stress distribution, as illustrated in Fig. 3(d),
depicted in Fig. 3(c). When both phases are deformed with a constant is comparable to that of a traditional three-point bending beam, with

displacement simultaneously, less stress is concentrated in the softer
phase than in the stiffer mineral phase, which is rational because the
softer phase experiences less stress than the stiffer phase. The stress—
strain curve is plotted as illustrated in Fig. 3(e) as a result of this
simulation. The area under this curve is used to compute toughness
for a specific nacre unit cell geometry.

A three-point bending simulation is used to test the bending stiffness
of the nacre lattice. The global dimensions of the bulk beam model
are 40 mm width and 200 mm length. These dimensions allowed us to
incorporate a minimum of four layers of bricks in the vertical direction

stress concentration near the load action position and at the fixed
edges. Stress is more concentrated in the mineral phase than in the
soft organic layers, as demonstrated in the toughness simulation. The
load—displacement plot illustrated in Fig. 3(f) is created by collecting
reaction force and displacement from the load action edge. The slope
of this curve is used to calculate the simulation’s bending stiffness.
Using FE simulation approaches, we calculated the toughness and
bending stiffness of the given unit cell dimensions. Subsequently, by
assembling these unit cells, we determined the homogenized material

for a unit cell with a maximum width of 10 mm. However, considering properties of the entire nacre composite. However, it is important to
a wider beam width was not an option since the unit cell width to note that these evaluated properties are specific to the alignment of the
1 mm (minimum) in the vertical direction would necessitate 40 layers. ~ nacre unit cell with respect to the loading direction, for both toughness
Solving such a configuration would be computationally demanding. and bending stiffness cases (Peng et al., 2022). In this work, we did
As a result, we used a fixed width of 40 mm for all cases to ensure not consider these anisotropic behaviors however, we did consider the
consistency across all unit cell simulations and to minimize the edge loading direction for both bending and tensile tests based on similar
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works conducted on nacre composites to evaluate the overall material
properties (Raj et al., 2020; Tang et al., 2022; Greco et al., 2020).

4. Physical mechanisms of the attenuation zones: local resonance
and Bragg scattering

We employed composite Bloch’s theorem to evaluate the band gap
of the periodic nacre unit cell illustrated in Fig. 4(a), and Floquet peri-
odic boundary conditions are applied to the unit cell boundaries. In this
study, the FE approach is utilized to solve for the dispersion relations
illustrated in the band diagram in Fig. 4(c) by scanning the reduced
wave vector (k) in the first Brillouin zone along the symmetry path I'-
X-S-Y-T'. Here “im” denotes a purely imaginary wavenumber. The band
diagram is divided into branches that correspond to propagating (real
k vector) and evanescent (pure imaginary k vector) waves. When the
optimum parameters are used, a complete band gap opens up at the
frequency range of 30-133 kHz, as shown in Fig. 4(c).

It is vital to understand that band gaps are formed by two mecha-
nisms: Bragg scattering and local resonance. The constructive interfer-
ence of reflected waves from various scatterings within the structure
causes Bragg-band gaps. As a result, it is mostly determined by the
periodicity of the nacre structure (Chen and Wang, 2014; Xiao et al.,
2012; Raghavan and Phani, 2013). Local resonance band gaps, on
the other hand, are caused by localized modes in the structure and
hence only depend on the unit cell’s resonance frequency (Chen and
Wang, 2014; Raghavan and Phani, 2013; Sayed Ahmed et al., 2022;
Ahmed et al., 2022). Red and green shaded spots show complete and
directional band gaps, respectively. Directional band gaps happen when
eigenvalues are undefined in specific directions, whereas full band gaps
exist when no eigenvalues are defined in all directions of the irreducible
Brillouin zone. The nacre structure’s presumed non-symmetric unit cell
causes directional band gaps induced by Bragg scattering (Cheng and
Shi, 2014).

The optimized full band gap is thought to be the outcome of the
coupling between Bragg scattering and local resonance in this study.
The nature of the bands at real and imaginary wavenumbers, as seen in
Fig. 4(c), supports this. For example, the bands at imaginary wavenum-
bers around the second complete band gap illustrated in the zoomed

subplot at 144-145 kHz mimic a pattern often associated with Bragg
band gaps (Krushynska et al., 2017).

Local resonance band gaps have a unique pattern of non-uniformly
changing bands. Flat bands at real wavenumbers, on the other hand,
show very confined modes (zero group velocity), implying the presence
of local resonance. However, the structure of bands around a local
resonant band gap is usually observed to exhibit a link between the
flat dispersion of the resonator and the dispersion of the underlying
medium (Liu and Hussein, 2012). As a result, Liu and Hussein (2012)
establishes a unique criterion for local resonance by verifying the
gradient of the group velocity (dc,/0k) where k is the dimensional
wave number. A band gap bounded from above by an optical band is a
local resonance band gap if dc,(x/d)/dk < 0, where z/d indicates the
Brillouin zone’s X-point.

Fig. 4(e) shows the contour plots of the total normalized displace-
ment fields of the eigenmodes highlighted in the band diagram in
Fig. 4(c). The eigenmodes correspond to the boundaries of the complete
band gaps. From Fig. 4(e)A, near I' point, there exists a torsional mode
in the mineral layer with average displacement in the organic layer.
The wide band gap is bounded by mode B which represents a localized
mode in the organic layer indicating a standing wave that prohibits
energy transmission through the structure. This indicates the contri-
bution of the local resonance to the optimized band gap. Likewise,
modes C and D bands form the second band gap. Mode C shows a
nearly flat band (standing wave) while mode D band is growing with
the wavenumebr. Given the aforementioned conditions, this indicates
that the wide band gap shown in Fig. 4(c) is a result of the coupling be-
tween Bragg scattering and local resonance band gaps. Bragg scattering
mechanism dominates the formation of the second band gap according
to the imaginary spectrum of the bands. For the incident displacement
wave, the transmission coefficient is determined for a finite number of
unit cells. As demonstrated in Fig. 4(a), an assembly of 4 x 8-unit cells
sandwiched between the homogeneous organic matrix and perfectly
matched layers (PML). The PMLs are employed at both ends of the
uniform section to eliminate reflections caused by waves scattering at
the boundaries of the domain. To calculate the transmission coefficient,
a harmonic displacement of 10 nm amplitude is applied to the assembly
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in the vertical direction. The transmission coefficient is calculated as
follows:

& = 201og [(|ul + [v]) / (lul + lvgl)] )

Here u;, and v, are incident displacements applied at the top inter-
face between the organic layer and the PML layer, and u and v are
horizontal and vertical displacements collected along the bottom inter-
face between the organic homogeneous and PML layer. The frequency
domain is swept from O to 180 KHz, as shown in 4(d). The band gap
shown in Fig. 4(c) indicates that both values are in good agreement.
This demonstrates the potential applicability of the finite periodic
composite by confirming the reliability of the simulated complete band
gaps in the band structure using the Bloch theorem. Fig. 4(f) depicts
the absolute displacement in the finite nacre assembly at the same
frequencies as the unit cell.

5. Artificial neural networks training and predictions

Approximately 2000 simulations are conducted to analyze various
simulation data for training the ANN’s, covering a range of brick length
and height from 1 to 10 mm and mineral phase volume fractions from
0.6 to 0.9. Two Python scripts are employed to take the geometry
parameters as inputs and simulate all of these models in ABAQUS,
estimating the values of toughness and bending stiffness. Additionally,
a MATLAB script performs simulations in COMSOL using the given
geometry parameters as inputs and calculates the associated band gap
property. The automation strategy streamlines the simulation and data
collection processes.

In this work, three fully connected ANN networks are utilized to
predict the material properties of the nacre structure. The dimensional
vector consists of geometry parameters (L, h, and V) are passed
through the input layer. The input vector (geometry parameters, x;)
is passed through the input layer and the passing through the hidden
layers to generate the output vector (material properties y;) using the
following relation (Riedmiller, 1994).

yj:f<ZI/V,-jxj+bi> @

J

Here, W;; and b; are the weights and biases between the layers, and
f is the non-linear activation function. The ANN networks as shown
in Fig. 5(a) with the specified number of hidden layers with varying
number of neurons in each layer and use the ReLU activation function.
The mean squared error (MSE) is employed to evaluate the difference
between the predictive value and the ground truth material property.
The gradient based weight update step at the end of each training step
is given as.

@y =, — 1.V, MSE (a,) 3)

Here n refers to the number of iterations used for fitting the func-
tion, and « refers to the weights and biases, and 5 is the learning
rate. Using the above relationship, the weights and biases are changed
iteratively. The Adam (Kingma and Adam, 2014) optimizer is used to
train the ANN networks with a learning rate of 10-3. The ANN networks
are trained over 200 epochs with varying batch sizes. When the model
trains through the whole training dataset of 1800 data points, the
remaining 200 data points are used to evaluate the validation losses
for training the network. The training and validation loss of the three
ANN networks are depicted in Fig. 5(b). The predictions that match the
expected outputs of the trained networks are shown in Fig. 5(c). Keras
is used to train and build all of the networks (Gulli and Pal, 2017).

6. Effects of mineral layer dimensions on phononic band gaps and
mechanical properties

The trained ANN networks were used to create the contour plots for
each material attribute, such as toughness, bending stiffness, and band
gap, as shown in Fig. 6(a, b, and c). To achieve this, the length (L) and
height (h) for a certain volume fraction instance with Vf = 0.9 were
changed. The toughness of the nacre structure is high for small length
and higher breadth mineral bricks in the contour plots for V, = 0.9
scenario. This is mostly because the organic layer thickness values for
this design are smaller. Bending stiffness, on the other hand, follows
a nearly opposite pattern to toughness, with higher stiffness reported
for mineral bricks of greater length and smaller breadth. The complete
band gap, on the other hand, follows a completely different trend, with
larger frequency band gaps for smaller length and breadth bricks. This
phenomenon can be explained by the observation that as the thickness
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Fig. 7. (a),(b) Bayesian optimization curves for forward and inverse design, and (c) residual error between the predicted and simulated properties.

of the organic layer is lowered, the band gap increases. Furthermore,
upon comparing the contour plots of the three material properties, a
notable symmetry is observed in the band gap property along the line
traversing between (L = 0, h = 0) and (L = 10, h = 10). This symmetry
arises from the consideration of wave directional anisotropy in the band
gap simulation calculation. However, such symmetry is not observed
in the toughness and bending stiffness contour plots, attributable to
the omission of these anisotropic behaviors concerning the loading
direction, as explained in the simulation section. The contour plots
clearly show that optimizing the nacre geometry for desired material
attributes is a difficult optimization task, especially when one of the
nacre geometry parameter volume fractions varies discretely. As a
result, employing gradient-based optimization to estimate the geomet-
rical parameters of the nacre while also determining ideal material
constants may be impractical. The produced geometries with varied
unit cell parameters are shown in Fig. 6(d, e, and f).

7. Bayesian optimization for inverse and forward design of the
nacre composite

We present a Gaussian-based Bayesian-based optimization approach
for solving forward and inverse design optimization issues in this paper.
In this optimization step, function evaluations were performed using
the trained ANN network, eliminating the need to run computationally
expensive physical finite element simulations. This strategy greatly
decreases optimization time, taking only a few minutes to solve a
problem that would otherwise take several hours to solve using the
direct approach. The Gaussian technique is used first to pick the input
geometry parameters, which are determined by the fitness function
and domain space. Two problems are considered to demonstrate the
potential of the proposed computational technique. The first one is
the inverse problem, which entails directly optimizing the geometry
parameters for the desired material constants. The second problem in
forward design is to optimize the geometry for the optimal material
parameters.

The fitness function utilized in this study for Bayesian optimization
for forward and inverse design is defined by the following Egs. (4) and
(5), respectively.

FD = max 10g Tpred - Tmin n log BSpred - BSmin
Tmax - Tmin BSmax - BSmin

(€]
BGpred - BGmin
+ log| ——————
BGmax - BGmin
ID = min |Tpred - T;‘argetl 4 |BSpred - BSmrgerl
Tmrget BSmrget
(%)

BG,

target

i |BGpred - BGtargerl >

The optimization is aimed to maximize and minimize the three inde-
pendent parameters in the multi-objective functions found in Egs. (4)
and (5). Fig. 7(a, b) depicts the objective function fitting in each itera-
tion for both inverse and forward design. From the optimization curves
it reveals that the forward design objective function was evaluated
350 times, while the inverse design objective function required 800
evaluations by the trained ANN to reach the optimal values during the
optimization process. The results are validated using direct simulation
results, and the residual error determined for both scenarios between
simulation and predicted results from trained ANN is given in Fig. 7(c)
as a bar plot. The bar plot clearly shows that the error percentage for
all parameters is less than 10 percent. The nacre structure with the
appropriate material qualities can be generated with minimal compu-
tational time by employing these trained networks and the Bayesian
optimization process. The proposed method holds a lot of promise for
solving complex optimization problems in materials design.

8. Conclusions

In order to address the drawbacks of conventional design meth-
ods for forward prediction, parameter design, and topology design of
metamaterials, this paper describes a class of hierarchically-architected
block lattice metamaterials with simultaneous wave filtering and en-
hanced mechanical properties. In our method, artificial neural networks
were used to effectively explain the complex connections between nacre
geometry and its properties, and the best geometry constants that
satisfy the specified fitness requirements were subsequently found using
the BO strategy. The method was demonstrated to be a computationally
efficient strategy for altering the nacre structure to achieve optimal ma-
terial properties. The suggested approach not only allows for forward
design of the nacre structure, but it also allows for structure design for
selected material constants by significantly altering the fitness function
of the optimization process. This method is not only applicable to
the design of nacre structures; it can also be used to solve many
design optimization problems for artificial metamaterials, enhancing
material design for desired material constants that can be confirmed
with experimental findings in separate communications. Overall, the
proposed method appears to be a potential tool for developing mate-
rials with precise desired features while minimizing computing costs.
The methodology can be a valuable resource for materials scientists,
engineers, and designers who want to improve material performance
and contribute to the creation of new architected acoustic materials
and holographic lenses (Bakhtiari-Nejad et al., 2018).
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