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Abstract 

Novel classes of tough composites inspired by natural biological materials like nacre, 

which possesses a multiscale structure with a lamellar microarchitecture, have attracted 

significant attention for use in structural and energy-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 sampled from Pinctada martensii were 72.3 and 74.8 GPa, respectively. 

The remaining out-of-plane and in-plane Poisson’s ratios and out-of-plane shear 

modulus were 0.23, 0.24, and 21.3 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. 

 

Introduction 

Some biological species in nature exhibit unique mechanical characteristics 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 interlayer polymers arranged in a brick-and-mortar-like 

microstructure, resulting in outstanding mechanical characteristics, including a 
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combination of toughness and impact resistance. These properties have motivated 

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 materials 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 mechanism of nacre under 

external loads, with a focus on the nanosize mineral asperities present on the surface of 

the aragonite tablets. They analyzed the stress–strain relationship under strain hardening 

conditions using the asperity characteristics and a tablet Young’s modulus of 

approximately 70 GPa obtained from three-point bending tests, and reported that the 

experimental results were closely duplicated by the proposed model. 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 optimum tablet aspect ratio by a virtual internal bond method, 

which implements an atomic cohesive force law into the constitutive material model, to 

describe the fracture mechanism of nanosize materials. Recently, 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 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 
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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 interlayer materials ranging from 2.84 to 49 GPa have been used 

[25,26,31–34]. As nacre and its constituent tablets could possess transversely isotropic 

characteristics owing to their geometric features, the quality of calculated predictions of 

their properties will inevitably suffer from a lack of accurate elastic modulus 

information. As mentioned above, previous research on nacre has exclusively focused 

on its toughening and deformation mechanisms and on developing tough composites. 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. 

 

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) × 11.312 mm (length) × 0.185 mm (thickness), 

such that the basal plane was parallel to the in-plane direction of the polygonal tablets. 

Figure 1a shows the nacre sample that was subjected to vibration 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 surface area were 

approximately 370 nm and 12 μm2, respectively; these values are reasonably consistent 

with the literature [26,35]. The bulk density of the sample, calculated by dividing the mass 
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by the volume, was 2.386 Mg/m3; this value was considered for vibration analysis using 

the finite element (FE) method. 

 

 

Figure 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. 

 

 Figure 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 sample 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 Scanning Vibrometer, Polytec) [36]. Measurements in the 

frequency range from 50 to 250 kHz were carried out at room temperature under 

ambient conditions 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. 
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Figure 2. Experimental setup for resonance spectrum and harmonic vibration pattern 

measurements. 

 

Determination of equivalent elastic constants of nacre. The derivation of elastic 

constant tensors by resonant ultrasound spectroscopy (RUS) involves indirect iterative 

procedures. Using the sample dimensions, density, and resonance frequencies, the 

elastic constant 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 algorithm (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 (𝐸𝐸11n , 𝐸𝐸22n , 𝜐𝜐12n , 𝜐𝜐23n , and 𝐺𝐺12n ) were determined assuming the nacre possesses 

a transverse isotropic elastic body with five independent elastic constants 𝐶𝐶𝑖𝑖𝑖𝑖: 
�𝐶𝐶𝑖𝑖𝑖𝑖� =

⎣⎢⎢
⎢⎢⎡
𝐶𝐶11 𝐶𝐶12 𝐶𝐶12 0 0 0𝐶𝐶12 𝐶𝐶22 𝐶𝐶23 0 0 0𝐶𝐶12 𝐶𝐶23 𝐶𝐶22 0 0 0

0 0 0 𝐶𝐶44 0 0

0 0 0 0 𝐶𝐶55 0

0 0 0 0 0 𝐶𝐶55⎦⎥⎥
⎥⎥⎤,    (1) 
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where 𝐶𝐶44 = (𝐶𝐶22 − 𝐶𝐶23)/2. A three-dimensional FE mesh with approximately 1.6 × 

105 eight-node full-integration hexahedral elements was modeled and implemented for 

the eigenvalue analysis under free boundary conditions. Assuming that an initial 

estimate of material parameters is given, it is possible to assemble the stiffness 𝑲𝑲 and 

mass 𝑴𝑴 matrices and solve the generalized eigenvalue problem described below. 𝑲𝑲𝜈𝜈𝑖𝑖 = 𝜆𝜆𝑖𝑖𝑴𝑴𝜈𝜈𝑖𝑖,        (2) 

where 𝜈𝜈𝑖𝑖 is the eigenvectors and 𝜆𝜆𝑖𝑖 = (2π𝑓𝑓𝑖𝑖)2. Consequently, the resonance 

frequencies can be numerically determined by solving the eigenvalue 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 fitness, was adopted to 

determine the parent individuals to generate the next generation. The population size, 

number of generations, generation gap, probability of crossover, and probability of 

mutation as GA parameters were set at 100, 100, 0.9, 0.6, and 0.05, respectively. To 

evaluate the fitness of the resonance frequencies determined by the experiment and FE 

analysis, a fitness function 𝐹𝐹RUS was defined and determined using equation (3): 𝐹𝐹RUS = �1𝑁𝑁∑ �𝑓𝑓�̅�𝑖 − 𝑓𝑓𝑖𝑖�2𝑁𝑁𝑖𝑖=1 ,      (3) 

where 𝑓𝑓�̅�𝑖 and 𝑓𝑓𝑖𝑖 are the 𝑖𝑖-th resonance frequencies determined by the experiment and 

FE analysis, respectively. Theoretically, 𝐹𝐹RUS decreases to zero as the elastic constants 

input to the FE analysis approach their true values. However, the resonance frequencies 𝑓𝑓�̅�𝑖 may not correspond fully to 𝑓𝑓𝑖𝑖 defined by the material constants because they are 

scattered by experimental errors. The search range of the five variables was determined 

to sufficiently encompass the previously reported elastic constants [3,23–29], which can be 
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found as Supplementary Table S1 online. Please note that we validated the search 

capability of GA by solving a benchmark problem and found that it has a high search 

capability under the conditions used in this study (details can be found in the 

Supplementary Information). 

 

Determination of tablet elastic constants. A three-dimensional periodic unit cell 

(PUC) mesh of approximately 2.1 × 106 ten-node second-order tetrahedral elements was 

modeled based on SEM observations 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 47, a direct method solver for simultaneous linear 

equations with sparse matrices, was developed and implemented to speed up the FE 

calculation. Figure 3 depicts the FE composite model, interlayer domain, and polygonal 

tablet domain used for microscopic 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 interlayer domain (Fig. 3b). The ratios of the interlayer to tablet 

thickness in the out-of-plane (𝑥𝑥-axis) and in-plane (𝑦𝑦- and 𝑧𝑧-axes) directions 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 corresponds 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, 𝐶𝐶𝑖𝑖𝑖𝑖, as given in equation (1), while the interlayer 
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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. 

 

 

Figure 3. (a) FE model for microscopic PUC analysis. (b) Thin interlayer domain and 

(c) tablet domain. The green and blue domains in (c) 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 interlayer domain. 

 

 The five individual elastic constants of the tablets were determined by 

employing the above-mentioned GA optimization procedures for obtaining elastic 

constants from the composite model equivalent to those determined by RUS. The elastic 

constants of the tablets were determined by applying three tensile deformations and 

three shear deformations 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. using a combination of atomic force microscopy and inverse FE analysis [34]. 

The following equation was implemented to calculate the fitness 𝐹𝐹PUC between the five 

elastic constants determined by PUC analysis and RUS. 
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𝐹𝐹PUC = �15∑ {log(𝐷𝐷𝑖𝑖 + 1) − log (𝐷𝐷�𝑖𝑖 + 1)}25𝑖𝑖=1 ,    (4) 

where 𝐷𝐷𝑖𝑖 and 𝐷𝐷�𝑖𝑖 are the equivalent elastic constants of nacre obtained from the PUC 

analysis and RUS, respectively; and 𝐸𝐸11n , 𝐸𝐸22n , 𝜐𝜐12n , 𝜐𝜐23n , and 𝐺𝐺12n  are parameters for 

the 𝐹𝐹PUC calculation. In the PUC analysis, wherein 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 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). 

 

Results and discussion 

Resonance frequency measurements. First, the values and number of resonance 

frequencies to be used for comparison between the experiment 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 𝐶𝐶𝑖𝑖𝑖𝑖 inversely. To address this, we conducted a 

preliminary FE analysis and compared the results with the experimental vibration 
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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 experimentally and by the preliminary FE analysis are shown in Fig. 5. 

Based on these observations, the equivalent elastic constants of nacre were investigated 

using the experimentally observed resonance frequencies, 𝑓𝑓�̅�𝑖, listed in Table 1. A 

sufficient number of resonance frequencies need to be evaluated for identifying the five 

elastic constants of transversely isotropic materials. However, the evaluation process 

used in this study is expected to identify five elastic constants, on the basis of the 

matching of vibration patterns at each resonance frequency and the identified search 

range for elastic constants based on the results of previous studies [3, 24–34]. 

 

 

Figure 4. Resonance spectrum of the nacre sample. The arrows indicate the 15 

resonance peaks used in the 𝐹𝐹RUS calculations.  
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Figure 5. Vibration patterns determined experimentally (a1–a15) and by preliminary FE 

analysis (b1–b15). 
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Table 1. Experimentally measured and numerically calculated resonance frequencies 

and the percentage errors between 𝑓𝑓�̅�𝑖 and 𝑓𝑓𝑖𝑖. The percentage error for each FE 

calculation is indicated in parentheses. 

𝑖𝑖 Experiment, 𝑓𝑓�̅�𝑖, kHz 
FE calculation, 𝑓𝑓𝑖𝑖, 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 72.50 73.41 (1.24) 72.95 (0.62) 73.06 (0.77) 

4 77.19 76.90 (0.37) 76.63 (0.73) 77.43 (0.31) 

5 82.19 85.66 (4.05) 85.45 (3.82) 85.32 (3.67) 

6 87.97 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) 
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Equivalent elastic constants of nacre. For determining the equivalent elastic constants 

of nacre, the five elastic constants were optimized such that the 15 resonance 

frequencies calculated by FE analysis were equivalent to those obtained from the 

experiment. Supplementary Fig. S5 shows the relationship between the number of 

generations and the best fitness in each generation. To demonstrate that the inverse code 

can reliably determine five elastic constants, three sets of optimization calculations 

under different initial conditions were considered. 𝐹𝐹RUS 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 𝑓𝑓�̅�𝑖 and numerically calculated 𝑓𝑓𝑖𝑖 are 

listed in Table 1; no significant difference was observed between the three FE 

calculation results and the maximum percentage error for each FE calculation was less 

than 4%. Furthermore, the vibration patterns at each resonance frequency were 

confirmed as identical to those determined experimentally, suggesting that the GA 

optimization process was performed well. The five optimized elastic constants of nacre 

and those reported by others [3,24–30] are summarized in Table 2. Limited data have been 

reported thus far by conventional mechanical testing approaches owing to the difficulty 

in measuring the shear stiffness and out-of-plane Poisson's ratio. The out-of-plane (𝐸𝐸11n ) 

and in-plane (𝐸𝐸22n , 𝐸𝐸33n ) Young’s moduli 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 
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RUS results revealed for the first time that the out-of-plane (𝜐𝜐12n ) and in-plane Poisson’s 

ratio (𝜐𝜐23n ) and the out-of-plane shear modulus (𝐺𝐺12n ) 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. 
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Table 2. List of transverse isotropic elastic constants of nacre and those reported in the literature. The units of 𝐸𝐸11n , 𝐸𝐸22n , and 𝐺𝐺12n  are 

GPa. 𝐸𝐸11n  𝐸𝐸22n  𝜈𝜈12n  𝜈𝜈23n  𝐺𝐺12n  Shell species Method Reference 

72.3 ± 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 ± 3.2 to 

62.5 ± 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 
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Elastic constants of tablets. The transverse isotropic elastic constants 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 assumed to be known constant values. 

Thus, the variables were five elastic constants (𝐸𝐸11t , 𝐸𝐸22t , 𝜈𝜈12t , 𝜈𝜈23t , and 𝐺𝐺12t ) of the 

tablets. The fitness 𝐹𝐹PUC calculated from equation (4) decreased with increasing the 

number of generations and then flattened before reaching the 100th generation 

(Supplementary Fig. S6 online). Comparing the equivalent elastic constants of the nacre 

obtained by RUS and PUS analysis at the 100th generation, the maximum percentage 

error was small (Supplementary Table S4), indicating that the optimization was 

performed well. The optimized tablet elastic constants and those reported 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 (𝐸𝐸11t ) and in-plane moduli (𝐸𝐸22t ) were slightly larger than those of nacre (𝐸𝐸11n  

and 𝐸𝐸22n ) 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 effects 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 
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of 0.3 the calculated 𝐸𝐸11t  and 𝐸𝐸22t  were 76.1 and 78.1 GPa, respectively, whereas for 

modulus of 49 GPa and Poisson’s ratio of 0.3, the values were 57.0 and 59.6 GPa, 

respectively (details on the optimization procedures and a full list of the elastic 

constants are provided in the Supplementary Information). These observations indicate 

that 𝐸𝐸11t  and 𝐸𝐸22t  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 to 49 GPa. 

 Creating tough, fracture-resistant materials that mimic the unique structural 

characteristics of biomaterials has been a central focus of materials science research. 

Numerical analyses have been conducted to understand 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 simultaneously determined 

by measuring the natural nacre vibrations. Furthermore, 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 provide new insights into the 

toughening and deformation mechanisms of nacre and suggest a new design 

methodology for man-made nacreous composite materials with remarkable mechanical 

performance. 
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Table 3. List of quantified elastic constants of nacre tablets and those reported in the literature. The units of 𝐸𝐸11t , 𝐸𝐸22t , and 𝐺𝐺12t  are 

GPa. 𝐸𝐸11t  𝐸𝐸22t  𝜈𝜈12t  𝜈𝜈23t  𝐺𝐺12t  Shell species Method Reference 

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

96.75 ± 5.67 - 0.17 ± 0.05 - - Pinctada maxima Indentation test 25 

82.7 - - - - Haliotis rufescens Indentation test 26 

69 ± 7 - - - - Haliotis rufescens Indentation test 34 

103.1 87.00 - - - Abalone Atomic force microscopy 30 
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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 Doppler interferometry to unambiguously identify the vibration 

patterns. The measured Young’s moduli in the out-of-plane and in-plane directions, 72.3 

± 1.7 and 74.8 ± 2.0 GPa, respectively, were characterized by near isotropy and are 

reasonably consistent with the literature data obtained by conventional experimental 

methods. Using the estimated equivalent elastic constants of nacre, we also determined 

the transverse isotropic elastic constants of the constituent tablets by implementing 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 organic interlayer polymer in nacre. 
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Figure and Table legends 

Figure 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. 

Figure 2. Experimental setup for resonance spectrum and harmonic vibration pattern 

measurements. 

Figure 3. (a) FE model for microscopic PUC analysis. (b) Thin interlayer domain and 

(c) tablet domain. The green and blue domains in (c) 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 interlayer domain. 

Figure 4. Resonance spectrum of the nacre sample. The arrows indicate the 15 

resonance peaks used in the 𝐹𝐹RUS calculations. 

Figure 5. Vibration patterns determined experimentally (a1–a15) and by preliminary FE 

analysis (b1–b15). 

Table 1. Experimentally measured and numerically calculated resonance frequencies 

and the percentage errors between 𝑓𝑓�̅�𝑖 and 𝑓𝑓𝑖𝑖. The percentage error for each FE 

calculation is indicated in parentheses. 

Table 2. List of transverse isotropic elastic constants of nacre and those reported in the 

literature. The units of 𝐸𝐸11n , 𝐸𝐸22n , and 𝐺𝐺12n  are GPa. 

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

literature. The units of 𝐸𝐸11t , 𝐸𝐸22t , and 𝐺𝐺12t  are GPa. 
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