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Figure S1. (a) Optimization procedures for identifying nacre equivalent elastic constants 
from which the resonance frequencies measured in the experiment are obtained. (b) 
Optimization procedures for identifying tablet elastic constants from which the 
equivalent elastic constants of nacre estimated in (a) are obtained. 
 
 
Table S1 Search ranges and resolutions for determination of equivalent elastic constants 
of nacre. The superscript indicates the first letter of nacre. 

Variables Search range Resolution 

Out-of-plane Young’s modulus (GPa), 𝐸𝐸11n  50.0 – 100.0 7.6 × 10-4 

In-plane Young’s modulus (GPa), 𝐸𝐸22n  (= 𝐸𝐸33n ) 50.0 – 100.0 7.6 × 10-4 

Out-of-plane Poisson’s ratio (-), 𝜐𝜐12n  (= 𝜐𝜐13n ) 0.10 – 0.40 4.6 × 10-6 

In-plane Poisson’s ratio (-), 𝜐𝜐23n  0.10 – 0.40 4.6 × 10-6 

Out-of-plane shear modulus (GPa), 𝐺𝐺12n  10.0 – 50.0 6.1 × 10-4 

 
 
The validation of the inversion code for determine the elastic constants of nacre 
 The validation of the inversion code was done through generating a FEM 
forward model with known five elastic constants, computing virtual resonance 
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frequencies, and then using these resonance frequencies to challenge the inversion 
code return the values used for the FEM forward model. First, assuming that transverse 
isotropic elastic constants of nacre sample listed as "Given constant" in Table S2 are 
known constant values, 11 resonance frequencies were determined by the FE analysis 
under free boundary conditions. Consequently, the virtual resonance frequencies 

determined by above-mentioned forward FEM analysis were as follows: 𝑓𝑓1̅ = 50.772 
kHz, 𝑓𝑓2̅ = 64.242 kHz, 𝑓𝑓3̅ = 71.214 kHz, 𝑓𝑓4̅ = 88.165 kHz, 𝑓𝑓5̅ = 99.985 kHz, 𝑓𝑓6̅ = 
117.117 kHz, 𝑓𝑓7̅ = 120.084 kHz, 𝑓𝑓8̅ = 144.180 kHz, 𝑓𝑓9̅ = 149.112 kHz, 𝑓𝑓1̅0 = 225.499 
kHz, and 𝑓𝑓1̅1 = 236.372 kHz. Next, combination of input elastic constants were 
investigated by employing the GA technique, with the aim of ensuring that calculated 
resonance frequencies were equivalent to those determined by the forward analysis. 
Fig. S2 shows the relationship between the number of generations and the best fitness 
in each generation. A fitness was calculated using equation (3) in the main text. The best 
fitness in each generation decreases with the increasing number of generations, and the 
value is sufficiently small before reaching the 100th generation. The combination of the 
elastic constants, which gives the best fitness at the 100th generation, was listed as 
"Estimated constant" in Table S2. The maximum percentage error is quite small, 
indicating that the GA optimization procedure have a high search capability under the 
conditions used in this study. 
 

 
Figure S2. Relationship between the number of generations and the best fitness in each 
generation in the validation of the inversion code analysis. 
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Table S2. Elastic constants of nacre sample used for the forward analysis and those 
determined by the inverse analysis. The percentage errors between them are also 
indicated. 

Variables Given constant Estimated constant Error (%) 

𝐸𝐸11n  72.503 72.503 6.1 × 10-4 

𝐸𝐸22n  (= 𝐸𝐸33n ) 74.696 74.696 6.2 × 10-4 

𝜐𝜐12n  (= 𝜐𝜐13n ) 0.219 0.219 9.6 × 10-3 

𝜐𝜐23n  0.240 0.240 1.3 × 10-3 

𝐺𝐺12n  21.542 21.542 6.0 × 10-4 

 
 
Determination of equivalent elastic constants of nacre by PUC analysis 

The transverse isotropic elastic constants of nacre were determined by applying 
three tensile deformations and three shear deformations in each principal direction to 
the composite model, assuming that the tablet and interlayer material are elastic 
bodies. For each numerical analysis, the stress (𝜎𝜎�𝑖𝑖)𝑗𝑗 and strain (𝜀𝜀�̅�𝑖)𝑗𝑗 fields of the FE 

model are averaged by homogenization scheme: 

(𝜎𝜎�𝑖𝑖)𝑗𝑗 = 1
𝑉𝑉 ∫ (𝜎𝜎𝑖𝑖)𝑗𝑗𝑑𝑑𝑑𝑑𝑉𝑉 ,       (S1) 

for the elemental stress 𝜎𝜎 in direction 𝑖𝑖, and 

(𝜀𝜀�̅�𝑖)𝑗𝑗 = 1
𝑉𝑉 ∫ (𝜀𝜀𝑖𝑖)𝑗𝑗𝑑𝑑𝑑𝑑𝑉𝑉 ,       (S2) 

for the elemental strain 𝜀𝜀 in direction 𝑖𝑖. With the volume-averaged stresses from the 
six analysis, the equivalent stress tensor, 

𝐶𝐶𝑖𝑖𝑗𝑗 =
(𝜎𝜎�𝑖𝑖)𝑗𝑗
(𝜀𝜀�𝑖𝑖)𝑗𝑗

,        (S3) 

can be calculated. The procedures for determining equivalent stress tensor are 
illustrated in Fig. S3. The constitutive equation for a 100% global strain loading in 1 
direction is given as follows: 
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The stiffness matrix can be obtained by performing this process in the remaining five 
principal directions. 
 

 

Figure S3. Illustration of combined deformations to determine equivalent stiffness 
tensor. 
 
 
The validation of inversion code for determine the elastic constants of tablet 

The validation of the inversion code was done through generating a PUC 
forward model with known five elastic constants of tablet domain, computing virtual 
elastic constants of the composite model, and then using the composite elastic 
constants to challenge the inversion code return the values used for the PUC forward 
model. The interlayer domain was assumed to have isotropic characteristics with a 
modulus of 3.2 GPa and Poisson's ratio of 0.38. First, assuming that transvers isotropic 
elastic constants of the tablet domain shown as "Given constant" in Table S3 are known 
constant values, the equivalent elastic constants of the composite model were 
calculated by the PUC analysis. Consequently, the elastic constants of the composite 
model calculated were as follows: 𝐸𝐸11c  = 136.721 GPa, 𝐸𝐸22c  = 7.319 GPa, 𝜐𝜐12c  = 0.248, 
𝜐𝜐23c  = 0.571, and 𝐺𝐺12c  = 4.260 GPa. Next, a combination of input elastic constants were 
investigated by GA, with the aim of ensuring that calculated equivalent elastic constants 
of composite model were equivalent to those obtained from the PUC forward analysis. 
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Fig. S4 shows the relationship between the number of generations and the best fitness 
in each generation. A fitness was calculated using equation (4) in the main text. The best 
fitness in each generation decreases with increasing number of generations, and the 
value is sufficiently small before reaching the 100th generation. The combination of the 
elastic constants of the tablet domain, which gives the best fitness at the 100th 
generation, was listed as "Estimated constant" in Table S3. The maximum percentage 
error is quite small, indicating that the GA optimization procedure have a high search 
capability under the conditions used in this study. 
 

 
Figure S4. Relationship between the number of generations and the best fitness in each 
generation in the validation of the inversion code analysis. 
 
Table S3. Elastic constants of the tablet domain used for the PUC forward analysis and 
those determined by the inverse analysis. The percentage errors between them are also 
indicated. 

Variables Given constant Estimated constant Error (%) 

𝐸𝐸11t  230.00 230.00 - 

𝐸𝐸22t  (= 𝐸𝐸33t ) 17.50 17.50 6.3 × 10-4 

𝜐𝜐12t  (= 𝜐𝜐13t ) 0.170 0.170 5.9 × 10-4 

𝜐𝜐23t  0.460 0.460 3.0 × 10-3 

𝐺𝐺12t  37.00 37.00 6.2 × 10-4 
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Figure S5. Relationship between the number of generations and the best fitness in each 
generation in the RUS analysis. Three sets of optimization calculations were conducted 
under different initial conditions in order to demonstrate that the inverse code can 
reliably estimate five elastic constants. 
 

 
Figure S6. Relationship between the number of generations and the best fitness in each 
generation in the PUC analysis. 
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Table S4. Comparison of the equivalent elastic constants of the nacre obtained by RUS 
and PUS analysis at the 100th generation. Also included is percentage error between 𝐷𝐷�𝑖𝑖  
and 𝐷𝐷𝑖𝑖. 

Variables RUS, 𝐷𝐷�𝑖𝑖  PUC, 𝐷𝐷𝑖𝑖  Error (%) 

𝐸𝐸11n  72.3 72.2 0.08 

𝐸𝐸22n  (= 𝐸𝐸33n ) 74.8 74.8 0.04 

𝜐𝜐12n  (= 𝜐𝜐13n ) 0.23 0.23 0.30 

𝜐𝜐23n  0.24 0.24 0.12 

𝐺𝐺12n  21.3 21.3 0.18 

 
 
Determination of elastic constants of the tablet under different elastic properties of the 
interlayer material 
 The reported lowermost Young's modulus for the interlayer materials, 2.84 GPa 
[S1], was implemented to determine the transverse isotropic elastic constants of the 
tablet. A Poisson’s ratio of 0.3 was used in the PUC analysis. Table S5 shows the 
equivalent elastic constants of nacre determined by RUS and those calculated using 2.84 
GPa as the Young's modulus of the interlayer material at the 100th generation. It can be 
seen that the elastic constants determined by the PUC analysis are in reasonably 
consistent with those acquired from RUS. The combination of the elastic constants of 
the tablet, which gives the maximum fitness at the 100th generation, were as follows: 
𝐸𝐸11t  = 76.1 GPa, 𝐸𝐸22t  = 78.1 GPa, 𝜐𝜐12t  = 0.22, 𝜐𝜐23t  = 0.24, and 𝐺𝐺12t  = 22.5 GPa. 
 
Table S5. Equivalent elastic constants of nacre determined by RUS and PUC analysis 
under the conditions that the Young’s modulus of the interlayer materials is assumed to 
be 2.84 GPa and Poisson’s ratio of 0.3. Also included is percentage error between 𝐷𝐷�𝑖𝑖  
and 𝐷𝐷𝑖𝑖. 

Variables RUS, 𝐷𝐷�𝑖𝑖  PUC, 𝐷𝐷𝑖𝑖  Error (%) 

𝐸𝐸11n   72.3 72.3 0.01 

𝐸𝐸22n   74.8 74.5 0.35 

𝜈𝜈12n  0.23 0.23 0.01 

𝜈𝜈23n   0.24 0.24 0.93 

𝐺𝐺12n  21.3 21.3 0.00 
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 Next, we considered the situation in which the transverse isotropic elastic 
constants of the tablet were determined assuming that the interlayer material has a 
Young's modulus of 49 GPa [S2], which is the uppermost value. A Poisson’s ratio of 0.3 
was used in the PUC analysis. Table S6 shows the equivalent elastic constants of the 
nacre determined by RUS and those calculated using 49 GPa as the Young's modulus of 
the interlayer material at the 100th generation. A reasonable consistency can be seen 
between them. The combination of the elastic constants of the tablet, which gives the 
maximum fitness at the 100th generation, were as follows: 𝐸𝐸11t  = 57.0 GPa, 𝐸𝐸22t  = 59.6 
GPa, 𝜐𝜐12t  = 0.18, 𝜐𝜐23t  = 0.21, and 𝐺𝐺12t  = 15.0 GPa. 
 
Table S6. Equivalent elastic constants of the nacre determined by RUS and PUC analysis 
under the conditions that the Young’s modulus of the interlayer materials is assumed to 
be 49 GPa and Poisson’s ratio of 0.3. Also included is percentage error between 𝐷𝐷�𝑖𝑖 and 
𝐷𝐷𝑖𝑖. 

Variables RUS, 𝐷𝐷�𝑖𝑖  PUC, 𝐷𝐷𝑖𝑖  Error (%) 

𝐸𝐸11n   72.3 72.3 0.05 

𝐸𝐸22n   74.8 74.8 0.04 

𝜈𝜈12n  0.23 0.23 0.07 

𝜈𝜈23n   0.24 0.24 0.01 

𝐺𝐺12n  21.3 21.2 0.28 
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