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ABSTRACT

Novel classes of tough composites inspired by natural biological materials like nacre, which possesses a multi-
scale structure with a lamellar microarchitecture, have attracted significant attention for use in structural and en-
ergy-related applications. The current theoretical understanding of the toughening and deformation mechanisms
of nacre, which could serve as guidelines for composite development, is based on limited material parameters.
Here, we report an experimental and numerical study on the transverse isotropic elastic constants of nacre and its
constituent inorganic tablets based on genetic-algorithm-assisted resonant ultrasound spectroscopy. The results
show that, among the five elastic constants measured, the out-of-plane and in-plane Young's moduli of nacre sam-
pled from Pinctada martensii were 72.3 + 1.7 and 74.8 + 2.0 GPa, respectively. The remaining out-of-plane and
in-plane Poisson's ratios and out-of-plane shear modulus were 0.23 + 0.01, 0.24 *+ 0.04, and 21.3 + 0.9 GPa,
respectively. Similar trends were observed for the constituent tablets, however, the Young's moduli were slightly
higher at 72.7 and 75.0 GPa, respectively. These results concerning the transverse isotropic elastic properties of

nacre and its constituent tablets aid in realizing the bio-duplication of novel nacreous composite materials.

1. Introduction

Some biological species in nature exhibit unique mechanical charac-
teristics by integrating inorganic ceramics with organic polymers in a
distinctive manner. Among them is nacre, which consists of ~95 vol%
inorganic polygonal tablets and only a minor percentage of organic in-
terlayer polymers arranged in a brick-and-mortar-like microstructure,
resulting in outstanding mechanical characteristics, including a combi-
nation of toughness and impact resistance. These properties have moti-
vated researchers to understand its toughening mechanisms [1-12] and
reproduce biomimetic composite materials based on its microstructural
features [14-17].

Numerous studies have been devoted for revealing the possible
mechanisms underlying the unique mechanical behavior of nacre mate-
rials from various points of view, including nanosize asperities on the
tablets [3,6], their hierarchical structures [2,18-21], and the effect of
the interlocked tablets and interlayers on the mechanical properties
[22,23]. Wang et al. [3] investigated the inelastic deformation mecha-

nism of nacre under external loads, with a focus on the nanosize min-
eral asperities present on the surface of the aragonite tablets. They re-
vealed that the stress at which the inelastic deformation proceeds is
governed by the asperities, and their interposing arrangements between
the tablets dictate the sliding resistance subject to an initial strain hard-
ening that facilitates the ductility. Young's moduli in the in-plane direc-
tions (edge-on and face-on directions) determined from the initial lin-
ear elastic region were essentially the same, averaging 73 GPa. Gao et
al. [21] discussed the fracture strength of inorganic tablets with a
thumbnail-like crack based on a Griffith criterion assuming an isotropic
body with a Young's modulus of 100 GPa. They also proposed an opti-
mum tablet aspect ratio by a virtual internal bond method, which im-
plements an atomic cohesive force law into the constitutive material
model, to describe the fracture mechanism of nanosize materials. Re-
cently, Cui et al. [23] developed a closed-form analytical solution for
bio-inspired nacreous composite materials with interlocked brick-and-
mortar structures considering the influence of the tension zones in an
interlayer material. Assuming isotropic tablets with a Young's modulus
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Fig. 1. (a) Photograph of the nacre sample subjected to vibration testing. (b,c) Electron microscope images of nacre fracture surfaces showing the lamellar structure

consisting of polygonal tablets and thin interlayers.
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Fig. 2. Experimental setup for resonance spectrum and harmonic vibration pat-
tern measurements.

of 100 GPa, they found that the mechanical characteristics of nacreous
composites can be optimized by tailoring the length of the tablet and
the interlocking angle.

Because of the limited accuracy of nacre material parameters, a
wide range of moduli have been applied for modeling purposes. For the
tablets, isotropic elasticity with Young's moduli in a wide range from
50 GPa to 100 GPa have been employed [3,24-30], and moduli for in-
terlayer materials ranging from 2.84 to 49 GPa have been used
[25,26,31-34]. As nacre and its constituent tablets could possess trans-
versely isotropic characteristics owing to their geometric features, the
quality of calculated predictions of their properties will inevitably suf-
fer from a lack of accurate elastic modulus information. As mentioned
above, previous research on nacre has exclusively focused on its tough-
ening and deformation mechanisms and on developing tough compos-
ites. In contrast, this work focused on measuring the transverse
isotropic elastic constants of nacre and its constituent polygonal tablets
based on a genetic-algorithm-assisted resonant ultrasound spectroscopy
technique.

2. Methods

Sample preparation and resonance frequency measurements.
A nacre material sampled from Pinctada martensii (Uwajima, Japan)
was mechanically polished into a sample of dimensions 9.033 mm
(width) x 11.312 mm (length) x 0.185 mm (thickness), such that
the basal plane was parallel to the in-plane direction of the polygonal
tablets. Fig. 1a shows the nacre sample that was subjected to vibra-
tion testing. Electron microscopy observations revealed that the
tablets were arranged in a lamellar structure with some overlap (Fig.
1b) and were surrounded by a thin interlayer material (Fig. 1c) such
that the cross section resembled a brick wall. Measurements of more

than 200 tablets showed that the out-of-plane thickness and basal sur-
face area were approximately 370 nm and 12 pm?, respectively; these
values are reasonably consistent with the literature [26,35]. The bulk
density of the sample, calculated by dividing the mass by the volume,
was 2.386 Mg/m3; this value was considered for vibration analysis
using the finite element (FE) method.

Fig. 2 schematically shows the experimental setup for measuring
the resonance spectrum and harmonic vibration patterns of the nacre
sample. A sinusoidal continuous wave signal to oscillate the nacre
sample was indirectly applied through air by simply placing the sam-
ple on a custom-designed support such that it did not experience the
out-of-plane displacement distribution of the piezoelectric exciter.
This treatment allowed the sample to vibrate with no external force
causing the motion. The resonance spectrum and vibration patterns
were measured using a laser Doppler interferometer (PSV-500 Scan-
ning Vibrometer, Polytec) [36]. Measurements in the frequency range
from 50 to 250 kHz were carried out at room temperature (approxi-
mately 25 °C) under ambient conditions (approximately 45% relative
humidity) using He-Ne laser with an excitation wavelength of
633 nm. As different material behaviors have been reported between
dry and wet nacres [24], only dry nacre was considered in this study.
Therefore, nacre sample subjected to vibration testing was stored at
ambient temperature and humidity, following the manner of Jackson
et al. [24].

Determination of equivalent elastic constants of nacre. The
derivation of elastic constant tensors by resonant ultrasound spec-
troscopy (RUS) involves indirect iterative procedures. Using the sam-
ple dimensions, density, and resonance frequencies, the elastic con-
stant tensor of solid materials can be theoretically calculated [37-41].
In this study, equivalent elastic constants were efficiently determined
considering nacre as a homogeneous body by employing a genetic al-
gorithm (GA) [42-44] to ensure that the resonance frequencies and
corresponding harmonic vibration patterns acquired from FE analysis
were equivalent to those obtained experimentally. The optimization
procedures for the elastic constants can be found as Supplementary
Fig. S1(a) online. Five elastic constants (£y,, £, vy, vy, and Gy)
were determined assuming the nacre possesses a transverse isotropic
elastic body with five independent elastic constants Cj:

C, Cp Cp 0 0 0

Cha Cy Cy3 0 0 0

— C12 C23 C22 0 0 0
[Cl="%" 0 Cy 0 0 M

0 0 0 0 Cs O

0 0 0 0 0 Css

where Cyy = (C22 - C23) /2. A three-dimensional FE mesh with ap-
proximately 1.6 x 10° eight-node full-integration hexahedral elements
was implemented for the eigenvalue analysis under free boundary con-
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Fig. 3. (a) FE model for microscopic PUC analysis. (b) Thin interlayer domain and (c) tablet domain. The green and blue domains in (¢) indicate one full tablet and
eight cut-in-quarters tablets, respectively. In the composite model in figure (a), the green full tablet domain shown in image (c) is completely covered with the inter-
layer domain. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Resonance spectrum of the nacre sample. The arrows indicate the 15 res-
onance peaks used in the Fryg calculations.

ditions. Assuming that an initial estimate of material parameters is
given, it is possible to assemble the stiffness K and mass M matrices
and solve the generalized eigenvalue problem described below.

Kv, = A;Mv; 2)

where Vi is the eigenvectors and 4, = (27;}’1-)2. Consequently, the reso-
nance frequencies can be numerically determined by solving the eigen-
value problem using Lanczos eigensolver implemented in ABAQUS/
Standard [45,46]. In the GA optimization, the elitist selection scheme
was implemented to determine the next generation by excluding the
best-fitting individuals of each generation, and the roulette selection
scheme, which changes the selection probability according to the fit-
ness, was adopted to determine the parent individuals to generate the
next generation. The population size, number of generations, genera-
tion gap, probability of crossover, and probability of mutation as GA
parameters were set at 100, 100, 0.9, 0.6, and 0.05, respectively. De-
tails on the role of the GA's parameters can be found can be found else-
where [47]. To evaluate the fitness of the resonance frequencies deter-
mined by the experiment and FE analysis, a fitness function Frus was
defined and determined using equation (3):

3

Frus =

where f;and f; are the i-th resonance frequencies determined by the
experiment and FE analysis, respectively. Theoretically, Frus decreases
to zero as the elastic constants input to the FE analysis approach their
true values. However, the resonance frequencies f; may not correspond
fully to defined by the material constants because they are scattered by
experimental errors. The search range of the five variables was deter-
mined to sufficiently encompass the previously reported elastic con-
stants [3,23-29], which can be found as Supplementary Table S1 on-
line. Three GA optimizations were performed under different initial
conditions to obtain different elastic constants for the first generation.
The standard deviation of the optimization results, in addition to the
averaged values, are reported in subsequent sections. Please note that
the inversion code was verified by two approaches, a benchmark prob-
lem and a test sample with known elastic constants, and found that it
has a high search capability under the conditions used in this study (de-
tails can be found in the Supplementary Information).

Determination of tablet elastic constants. A three-dimensional
periodic unit cell (PUC) mesh of approximately 2.1 x 10° ten-node
second-order tetrahedral elements was modeled based on SEM obser-
vations to determine the elastic constants of the polygonal tablets,
assuming a known Young's modulus and volume fraction of the thin
interlayer material. For the microscopic PUC analysis, a static-
explicit FE code employing the direct sparse solver PARDISO [48], a
direct method solver for simultaneous linear equations with sparse
matrices, was developed and implemented to speed up the FE calcu-
lation. Fig. 3 depicts the FE composite model (Fig. 3a), interlayer
domain (Fig. 3b), and polygonal tablet domain (Fig. 3c) used for mi-
croscopic PUC analysis. In this study, we assumed the geometrical
configuration of the polygonal tablets to have a cuboid shape; hence,
accurate modeling of the three-dimensional polygonal structure
would be difficult. The tablet domain consisted of one full tablet and
eight cut-in-quarters tablets (Fig. 3c), each separated by an inter-
layer domain (Fig. 3b). The ratios of the interlayer to tablet thick-
ness in the out-of-plane (x-axis) and in-plane (V- and z-axes) direc-
tions are modeled to be 1:20 and 1:140, respectively. As the average
thickness of the tablets determined by SEM was approximately 370 nm,
the thickness of the interlayer material in the composite model corre-
sponds to approximately 18.5 nm. The volume fraction of tablets was
95%. The tablets were modeled as transverse isotropic elastic bodies
with five independent elastic constants, Cj, as given in equation (1),
while the interlayer material was assumed to be an isotropic elastic
body. The tablets and interlayers were assumed to be perfectly bonded,
in order to focus exclusively on the elastic constants.

The five individual elastic constants of the tablets were determined
by employing the above-mentioned GA optimization procedures for ob-
taining elastic constants from the composite model equivalent to those
determined by RUS. The elastic constants of the tablets were deter-
mined by applying three tensile deformations and three shear deforma-
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Fig. 5. Vibration patterns determined experimentally (al-al5) and by preliminary FE analysis (b1-b15).

tions in each principal direction of the composite model (details can be
found in the Supplementary Information). The Young's modulus and
Poisson's ratio of the interlayer material were set to 11.3 GPa and 0.3,
respectively, as determined by Xu et al. with the aid of a combination of
three-point bending using atomic force microscopy and inverse FE
analysis [34]. Based on the report by Xu et al. [34], the interlayer mate-
rial exhibited a bilinear trend of elastic-inelastic deformation during
loading, and the above-mentioned Young's modulus was determined
from the initial elastic range. Possible mechanisms about the deforma-
tion behavior of the interlayer material can be found elsewhere [34].
The following equation was implemented to calculate the fitness Fpyc
between the five elastic constants determined by PUC analysis and RUS.

—log (D;+1)}’ )

5
Fpyc = J %Z{log (D;+1)
i=1
where D; and D; are the equivalent elastic constants of nacre ob-
tained from the PUC analysis and RUS, respectively; and £}, £, 0y,
v}, and Gy, are parameters for the Fpyc calculation. In the PUC analy-
sis, whereln five elastic constants are used to calculate the fitness, the
root mean square logarithmic error (RMSLE) shown in equation (4) was
used as the fitness function. The RMSLE is a metric that is used when
the number of digits in the prediction differs significantly. The search
range and resolution of the tablet elastic constants were identical to
those of nacre. Optimization procedures for the tablet elastic constants
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Table 1

Experimentally measured and numerically calculated resonance frequencies
and the percentage errors between f; and f;. Results obtained from three GA
optimization calculations are shown on columns 3 through 5. The percentage
error for each calculation is indicated in parentheses.

i Experiment, f;, kHz FE calculation, f;, kHz

1st 2nd 3rd
1 52.66 51.96 (1.35) 51.77 (1.71) 52.18 (0.92)
2 60.00 62.49 (3.98) 62.26 (3.63) 62.35 (3.77)
3 7250 73.41 (1.24) 72.95 (0.62) 73.06 (0.77)
4 7719 76.90 (0.37) 76.63 (0.73) 77.43 (0.31)
5 8219 85.66 (4.05) 85.45 (3.82) 85.32 (3.67)
6 8797 88.76 (0.89) 88.75 (0.88) 88.30 (0.37)
7 102.97 101.55 (1.40) 101.79 (1.16) 101.53 (1.41)
8 117.81 117.09 (0.61) 116.70 (0.95) 116.57 (1.06)
9 124.38 122.91 (1.20) 123.03 (1.10) 122.78 (1.30)
10 133.13 132.27 (0.65) 132.48 (0.49) 132.28 (0.64)
11 168.91 168.55 (0.21) 168.91 (0.00) 169.01 (0.06)
12 197.19 196.91 (0.14) 196.74 (0.23) 197.90 (0.36)
13 203.91 204.45 (0.26) 204.09 (0.09) 204.95 (0.51)
14 225.47 225.46 (0.00) 225.73 (0.12) 225.08 (0.18)
15 229.69 229.72 (0.01) 229.65 (0.02) 228.39 (0.57)

can be found as Supplementary Fig. S1(b) online. The population size,
number of generations, generation gap, probability of crossover, and
probability of mutation as GA parameters were set as 100, 100, 0.9, 0.6,
and 0.05, respectively. The search capability of GA for the PUC analysis
was also investigated by solving a benchmark problem, which indicated
that it has a high search capability under the conditions used in this
study (details can be found in the Supplementary Information).

3. Results and discussion

Resonance frequency measurements. First, the values and num-
ber of resonance frequencies to be used for comparison between the ex-
periment and FE analysis were determined. The amplitude-frequency
response of the nacre sample obtained from vibration testing is shown
in Fig. 4. As the spectrum contains many resonance peaks that provide
no information on the vibrational modes, the correct vibrational modes
must be identified to determine Cj; inversely. To address this, we con-
ducted a preliminary FE analysis and compared the results with the ex-
perimental vibration patterns. Consequently, clear vibrational mode
matching was observed at 15 resonance frequencies, as indicated by the
arrows in Fig. 4. The series of vibration patterns determined experimen-
tally and by the preliminary FE analysis are shown in Fig. 5. Based on
these observations, the equivalent elastic constants of nacre were inves-
tigated using the experimentally observed resonance frequencies, f;,
listed in Table 1. Due to the plate-like shape of the sample, the sensitiv-
ity of the few first resonant modes is anticipated to be low to some of
the elastic constants. However, the evaluation process used in this study
is expected to identify five elastic constants, on the basis of the match-
ing of vibration patterns at each resonance frequency and the identified
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search range for elastic constants based on the results of previous stud-
ies [3,24-34]. Furthermore, the authors' expectation is supported by
the fact that they were able to identify the elastic constants of a plate-
shape test sample with known elastic constants, as described in the Sup-
plementary Information.

Equivalent elastic constants of nacre. For determining the equiv-
alent elastic constants of nacre, the five elastic constants were opti-
mized such that the 15 resonance frequencies calculated by FE analysis
were equivalent to those obtained from the experiment.
Supplementary Fig. S8 shows the relationship between the number of
generations and the best fitness in each generation. As mentioned
above, since the sensitivity to in-plane shear motion is anticipated to
be low due to the thinness of the sample, optimization was performed
under three different initial conditions to obtain different elastic con-
stants for the first generation. Frys decreased rapidly with increasing
number of generations and then plateaued approximately at the 20th
generation regardless of the differences in the initial conditions. The
combination of elastic constants that gave the best fitness at the 100th
generation was considered as the optimal set of values. Experimentally
measured f; and numerically calculated f; are listed in Table 1; no sig-
nificant difference was observed between the three FE calculation re-
sults and the maximum percentage error for each FE calculation was
less than 4%. Furthermore, the vibration patterns at each resonance fre-
quency were confirmed as identical to those determined experimen-
tally, suggesting that the GA optimization process was performed well.
The five optimized elastic constants of nacre and those reported by oth-
ers [3,24-30] are summarized in Table 2. Limited data have been re-
ported thus far by conventional mechanical testing approaches owing
to the difficulty in measuring the shear stiffness and out-of-plane Pois-
son's ratio. The out-of-plane (£},) and in-plane (£j,, E7) Young's mod-
uli of nacre determined in this study are 72.3 * 1.7 and
74.8 = 2.0 GPa, respectively, which are slightly different between the
out-of-plane and in-plane directions. These observations are consistent
with the results obtained by conventional mechanical testing methods
[24,30]. One of the major advantages of the RUS technique is that full
elastic constants can be determined in a single measurement. The RUS
results revealed for the first time that the out-of-plane (v%,) and in-plane
Poisson's ratio (v},) and the out-of-plane shear modulus (G},) of nacre,
which have rarely been reported [25,27], are 0.23 = 0.01,
0.24 * 0.04, and 21.3 *= 0.9 GPa, respectively.

Elastic constants of tablets. The transverse isotropic elastic con-
stants of the individual constituent tablets were determined by PUC
analysis combined with GA optimization to ensure that the elastic
constants acquired from the PUC analysis were equivalent to those
obtained by RUS. As described in the Methods section, the elastic
constants and volume fraction of the interlayer material were as-
sumed to be known constant values. Thus, the variables were five
elastic constants (£, £, v, V}z, and G,,) of the tablets. The fitness,
Fpyc, calculated from equation (4) decreased with increasing the
number of generations and then flattened before reaching the 100th
generation (Supplementary Fig. SO online). Comparing the equivalent

Table 2
List of transverse isotropic elastic constants of nacre and those reported in the literature. The units of £7,, E;y, and G;'y are GPa.
E E:“ v;‘,y v;‘,z Gj:), Shell species Method Reference
723 = 1.7 74.8 = 2.0 0.23 = 0.01 0.24 = 0.04 21.3 = 0.9  Pinctada martensii RUS + GA This study
73+9 70 = 11 - - - Pinctada Three-point bending test 24
- 77 + 12 - - - Pinctada maxima Three-point bending test 3
54.4 = 3.2t062.5 = 11.2 - 0.2 £ 0.03 to 0.25 = 0.03 - - Pinctada maxima Indentation test 25
- 66 + 2 - - - Haliotis rufescens Three-point bending test 3
79 = 15 - - - - Haliotis rufescens Indentation test 26
- 90 0.3 - Haliotis rufescens Tensile test 27
53.2-80.1 - - - - Haliotis rufescens Indentation test 28
70 - - - - Haliotis rufescens Indentation test 29
97.63 + 5.31 79.75 £ 1.35 - - - Abalone Atomic force microscopy 30




G. Yamamoto et al.

Table 3
List of quantified elastic constants of nacre tablets and those reported in the

o . t
literature. The units of E., Efw,, and ny are GPa.

E., E, Vi v, G, Shell Method Reference
species

72.7 75.0 0.21 0.24 21.3 Pinctada PUC + GA This
martensii study

96.75 * 5.67 - 0.17 £ 0.05 - - Pinctada Indentation 25

maxima  test

82.7 - - - - Haliotis  Indentation 26
rufescens  test
69 +7 - - - - Haliotis  Indentation 34
rufescens test
103.1 87.00 - - - Abalone  Atomic 30
force
microscopy

elastic constants of the nacre obtained by RUS and PUS analysis at
the 100th generation, the maximum percentage error was small
(Supplementary Table S7), indicating that the optimization was per-
formed well. The optimized tablet elastic constants and those re-
ported by others [25,26,30,34] are summarized in Table 3. In this
study, we assumed the geometrical configuration of the polygonal
tablets to have a cuboid shape, but the optimized variables fall within
the range of experimentally determined values. The calculated out-of-
plane (£.) and in-plane moduli (E;y) were slightly larger than those
of nacre (£}, and E},) owing to the presence of interlayer materials
with lower isotropic Young's modulus and the low volume fraction of
interlayer material in nacre.

The range of reported Young's moduli of the interlayer material is
wide, ranging from 2.84 to 49 GPa [25,26,31-34]. As the method for
evaluating the tablet elastic constants in this study depends on the
Young's modulus (and Poisson's ratio) of the interlayer material, the ef-
fects of the interlayer Young's modulus on the tablet elastic constants
was further investigated using the lowermost and uppermost values of
2.84 [26] and 49 GPa [34], respectively. With a Young's modulus of
2.84 GPa and Poisson's ratio of 0.3 the calculated E'_and ELy were 76.1

and 78.1 GPa, respectively, whereas for modulus of 49 GPa and Pois-
son's ratio of 0.3, the values were 57.0 and 59.6 GPa, respectively (de-
tails on the optimization procedures and a full list of the elastic con-
stants are provided in the Supplementary Information). These observa-
tions indicate that £} and E}}, of the tablets are in line with the reported
Young's modulus under the conditions of interlayer Young's modulus in
the range of 2.84-49 GPa.

Creating tough, fracture-resistant materials that mimic the unique
structural characteristics of biomaterials has been a central focus of ma-
terials science research. Numerical analyses have been conducted to un-
derstand the toughening and deformation mechanisms of nacre, but all
were based on the assumption of isotropic characteristics for nacre and
its constituent tablets or on unfounded elastic constants. This study is
the first in which the transverse isotropic elastic constants were simul-
taneously determined by measuring the natural nacre vibrations. Fur-
thermore, the transverse isotropic elastic constants of the constituent
tablets were also determined based on the equivalent elastic constants
of nacre obtained by RUS. These results may help to provide new in-
sights into the toughening and deformation mechanisms of nacre and
suggest a new design methodology for man-made nacreous composite
materials with remarkable mechanical performance.

4. Conclusions

We have reported a combined experimental and numerical study in
which we determined the transverse isotropic elastic constants of a
nacre sample by utilizing the resonant vibration phenomenon observed
in solid materials. The out-of-plane displacement distribution caused by
resonant vibration of the nacre sample was measured using laser
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Doppler interferometry to unambiguously identify the vibration pat-
terns. The measured Young's moduli in the out-of-plane and in-plane di-
rections, 72.3 = 1.7 and 74.8 = 2.0 GPa, respectively, were character-
ized by near isotropy and are reasonably consistent with the literature
data obtained by conventional experimental methods. Using the esti-
mated equivalent elastic constants of nacre, we also determined the
transverse isotropic elastic constants of the constituent tablets by imple-
menting GA-assisted PUC analysis. The calculated out-of-plane and in-
plane moduli of 72.7 and 75.0 GPa, respectively, were slightly higher
than those of nacre, because of the presence of interlayer materials with
the lower isotropic Young's modulus and the low volume fraction of or-
ganic interlayer polymer in nacre.
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