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Abstract: Nacre is a highly organized hierarchical structure of the mineral and organic components
at all scales down to the molecular-scale guided by organic molecules. The mechanical properties of
the mineral component of nacre have been studied and well established for decades. In the present
work, the shear modulus of the organic matrix of nacre was obtained using two of its important
proteineous components, Perlucin and Lustrin A. The shear modulus value of the organic matrix was
computed to be in the range of 1.25–1.45 GPa using atomistic molecular dynamics (MD) simulations.
Moreover, finite element (FE) simulations were conducted on the three-dimensional (3D) models of
the nacre-like composite while varying the relative composition of mineral and organic constituents.
The nacre-like composite models with 10–20% by volume of organic part estimated high toughness.
The exact optimum value will depend on the mechanical properties of the organic matrix used in the
synthesis of nacre-like material. The study is an advancement in the modeling of nacre, sheds light
on macroscale properties of nacre-like composites, and opens up new avenues for continuum studies
of nacre mechanics, including its mysterious toughening mechanism.
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1. Introduction

Nacre, or mother of pearl as it is more commonly known, is a biomaterial derived from the inner
part of the common mollusk shell. The material has high strength and toughness and is lightweight.
The major reason nacre has such excellent properties can be attributed to its highly organized
hierarchical structure as well as the self-sustaining properties of its organic matrix. These factors
make nacre abalone an ideal biomaterial, whose properties will be useful in developing biomimetic
technologies [1–5].

Nacre is composed of inorganic as well as organic layers. The inorganic layer is made up of calcium
carbonate (CaCO3), referred to as aragonite tablets, which are arranged in parallel to each other and in
an overlapping pattern, which from the mesoscale appears as a columnar stack [2,6]. The aragonite
tablets have high stiffness and low toughness [7–10]. However, the disadvantage of merely considering
aragonite alone or as dry nacre, as it is referred to, is that such material fails in a brittle fashion [2,7,9–12].
Interspersed between the organic and inorganic layer is the intra-lamellar protein chitin, which from a
nanoscale view, is visibly entwined within and around the aragonite platelets [2,13,14]. The organic
layer is composed mainly of various proteins and glycoproteins that are randomly interspersed.
This organic layer is, in part, responsible for generating the inorganic aragonite structure into the
overlapping stacks via mineral bridges and growth enhancers (as well as through inhibition) [15].
This layer also possesses elastic properties that, when impinged upon, distributes the deformation
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along the membrane and reinforces the entirety of nacre in resisting crack formation [6,16,17]. Although
nacre is composed of only 5% by organic matrix weight (the remaining 95% being that of the inorganic
matrix), it follows that the organic matrix must be in part responsible for nacre’s unique strength,
flexibility, and toughness, and, thus, deserves further attention [18,19].

Although the mechanical properties of the organic matrix are not fully understood, the basic
structure and protein-specific properties are well-known. Several proteins make up the organic
matrix of nacre abalone: Perlucin, Lustrin A, Perlwapin, Perlinhibin, and Perlustrin. Perlinhibin and
Perlwapin are both inhibitory proteins, whose role is mainly to control unrestrained biomineralization
within nacre. It is considered that they are playing a minor role with regards to the specific mechanical
properties sought in this study [20,21]. Furthermore, there are only trace amounts of Perlinhibin
per shell, supporting its role in contributing to nacre’s overall mechanical strength being minor [4,5].
The effects of Perlustrin are not unlike the process of bone growth. However, this is also a minor
component of the organic matrix, as it is only approximately 10 µg/shell [22]. Lustrin A is an abundant
multi-domain protein, which consists of both proline- and cysteine-rich domains [23]. Additionally,
Lustrin A has the largest discrete structural domain of 275 residues, of which 250 are either glycine (G)
or serine (S). Shen et al. [24] and Zhang et al. [15] suggested that this additional domain has a high
elastic property, which could prevent the fracture and separation within the mineral phase. Although
Perlucin’s function is not yet fully understood, it also has a clear role in helping with biomineralization
as well as being a promoter of calcium carbonate nucleation [22,25,26]. Therefore, it is clear that
the organic matrix of nacre has two main proteineous components, Perlucin and Lustrin A, which
are responsible for its pertinent mechanical properties. In the present work, a combination of both
components was used in the MD simulations of the organic matrix.

MD simulations are capable of gaining insight into the deformation mechanisms from an
atomistic-scale. Moreover, influences of the mechanical response of the organic matrix in biological
minerals [19], as well as the role of the minerals to the proteins, have been investigated [27] using MD
simulations. Furthermore, Atomic Force Microscopy (AFM) and inverse FE simulations were used to
determine the elastic modulus of the organic matrix [28]. In the literature, due to various experimental
techniques and computational methods, shear modulus of the organic matrix of nacre varies between
150 Mpa and 15 GPa [1,2,11,18,19,28–34]. Therefore, these studies evidently estimated a wide range of
values of shear modulus.

In the past few decades, numerous studies have been done, including experimental, theoretical,
and computational approaches, to unveil the mystery of the extraordinary mechanical properties
of nacre. Special attention was given to the FE simulation techniques that measure the mechanical
properties, as well as structural feature effects, such as the organic matrix properties [32,35], tablet
interlocking [33], and surface waviness [11]. Furthermore, there have been many attempts made to
replicate the structural organization of nacre in artificial composites [36–39]. The percentage of each
of the constituents plays a significant role in determining the overall behavior of the nacre. A recent
study on the interface strength of such composite materials has been performed to obtain optimal
overall mechanical properties [40].

In this work, the shear modulus was computed using the organic matrix between two slabs of
aragonite tablets. The mechanical properties obtained from the proposed molecular-based models can
be used in the continuum models, which do not require any empirical parameters. In the continuum
models of nacre, the percentages of the constituents are varied while keeping an intact brick–mortar
structural arrangement. Furthermore, finite element (FE) simulations were conducted to study the
macroscale properties, and comparisons were made with previous works in the literature. This work
will contribute towards an improved understanding of nacre mechanics during deformation. The
quantitative analysis of the viscoelastic properties of the organic matrix presents an essential step
towards the development of multiscale modeling approaches of nacre.
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2. Materials and Methods

2.1. Organic Matrix

The organic matrix of nacre consists primarily of proteins, glycoproteins, and chitin [22,41],
which play a critical role in the functional and behavioral properties of nacre. Different proteins
derived from various species of seashells are reported to have unique properties and functions in the
nacre [42–45]. However, the biological properties and specific functions are not as much of a concern,
and each of the isolated proteins was examined with regards to the overall mechanical impact of the
organic matrix as an entity. Lustrin A (GS), isolated from haliotis rufescens, is the most widely studied,
consisting of a domain with 275 residues, 250 of which are either glycine (G) or serine (S) [4,19].
Lustrin A is huge and has an overall structure that is not quite fully known. As a characteristic of its
domain, Lustrin A is elastic (GS)x with (GSSS)y serine loops, which are assumed to protect aragonite
during mineralization from fracture or separation [4,15]. Therefore, the GS domain was utilized
as one of the organic matrix constituents in the study of the organic matrix’s mechanical behavior.
The primary sequence of the GS domain is as follows:
GSGSGSGSGSGSGSSSSSSSGSTSGSGSGSGSGSSSGSGSGSSSASGSGSGSGSSSASGSGSSSGSG
SGSSSGSGSGSGSGSGSSSGSSSVSNSWTGSGSSSGSGSGSSSWSGSSSGTGSGSSSWFGSGSSGS
GSDSSSGSSSASGSGSSSGSSSGSGSGSSLWFGSGSSSGTGSGSSSGSSSGSGSDSSSGSTSGSSSGS
GSASGSGTGS.

The second constituent of the nacre organic matrix is Perlucin (PR), which consists of
155 amino acids, including a glycosylated asparagine, which was isolated from the aragonite layer of
the shell of the Mollusc Haliotis laevigata [25,26]. The amino-acid sequence of Perlucin is as follows:
GCPLGFHQNRRSCYWFSTIKSSFAEAAGYCRYLESHLAIISNKDEDSFIRGYATRLGEAFNYWL
GASDLNIEGRWLWEGQRRMXYTNWSPGQPDNAGGIEHCLELRRDLGNYLWNDYQCQKPS
HFICEKERIPYTNSLHANLQQRDSLHANLQQR.

The GS and PR domains were modeled using the primary sequences mentioned above. The fully
stretched length of the GS and PR domains are 72 and 53 nm, respectively. Therefore, the resultant
simulation systems for equilibration, as well as for pulling simulations, are not computationally
feasible. Thus, both domains were modeled as three U-pins (three 180◦ turns), and were combined
to make four independent peptide chains. The main goal of this work was to study the mechanical
properties of the organic matrix, in particular the internal friction. This was accomplished by pulling
domains in opposite directions with maximum contact of the residues. By dividing the GS and PR
domains into four separate chains, this purpose is well served.

For the shear modulus calculation, 2GS-2PR (two units of GS and two units of PR) organic matrix
was constructed by using the software Visual Molecular Dynamics (VMD) [46]. For subsequent MD
simulations, the GROMACS 5.0.2 package was used [47] along with an OPLS-AA force field [48].
The organic matrix was placed between two aragonite tablets, as schematically shown in Figure 1.
A system box was created for the shearing simulation with a size of 16.1×41.1×16.1 nm3. The combined
system was solvated in TIP4P water [49] and had an overall system size of ∼1.2 million atoms.

In the shear simulations at a nanoscale level, the bottom aragonite tablet was constrained in
all directions, and a constant velocity loading was applied on the top surface of the upper tablet
(see Figure 1). The pulling force was applied by attaching one-dimensional harmonic springs with a
force-constant of 1000 kJ/mol/nm2.

2.2. Aragonite

Aragonite is a brittle material with anisotropic properties. Its elastic modulus ranges between
25 and 170 GPa, depending on the loading direction [50,51]. In the tensile test, the load on aragonite
platelets was majorly in a longitudinal plane and almost uniform on the transverse plane. The predicted
elastic modulus and Poisson’s ratio for the load in a longitudinal plane were 107 GPa and 0.25,
respectively [52]. The yield strength of aragonite was found to be 160 MPa [11].
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Figure 1. Schematic representation of shearing of the organic matrix. Bottom tablet of aragonite is
constrained in all directions, and velocity (red arrow) is applied on the upper surface of the top tablet
(blue box).

2.3. Construction of 3D FE Model

For the construction of 3D FE models, first, a unit two-dimensional (2D) hexagonal plate of
aragonite was constructed, which was surrounded by a 2D layer of the organic matrix (inter-tabular).
The plate was later partitioned in a unique way to build the brick and mortar structure of the nacre.
The 2D plate has a mesh with quadrilateral elements in an organized pattern. This mesh structure
was replicated over the desired 2D surface and hence completed the plan of the model. Then, the
2D elements were extruded to generate 3D eight-noded elements with the desired element size
perpendicular to the plane direction. Similarly, the other two lamellae of aragonite and the inter-tabular
organic matrix were created. The elements of middle lamella were re-organized into the aragonite and
organic components to generate the brick and mortar structure. The inter-lamellar and inter-tabular
gaps were varied to get the composite material with the different volume fractions of the constituents
of the nacre.

The composite model was fixed at one end and pulled from the other end (see Figure 2b).
The displacement curve was chosen to be a scaled form of sigmoid function in time. This reduced the
possibility of impulsive force at the beginning and end of the simulation. All the simulations were
performed using an explicit integration finite element (FE) solver LS-DYNA (version: ls971 R7.1.1.
Livermore Software Technology Corporation: Livermore, CA, USA) [53,54].

The oriented crack and plastic kinematic material models were used to set the material properties
of the aragonite and organic matrix, respectively. The oriented crack material model enabled the use
of maximum principal stress theory, Equation (1), as the failure criteria for aragonite. However, this
material model came with a restriction for the solid elements to be of type-1, i.e., only one integration
point was defined per element. The fracture plane was perpendicular to the direction of maximum
principal stress. Once the material failed along a plane, the normal and shear stresses on it were
gradually reduced to zero over some time steps. The gradual reduction was there to avoid ringing in
the model due to the otherwise sudden fracture.

f (σ, σy0) = |max (σI , σI I , σI I I)| − σy0

{
< 0 for elastic loading

> 0 brittle failure
(1)
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Figure 2. (a) Mesh partition pattern of a unit aragonite tablet surrounded by inter-tabular organic
matrix; (b) boundary conditions; (c) 3D view of the nacre model; and (d) top view of the model
resembling the brick and mortar structure.

The organic matrix was modeled as a bilinear elastoplastic material. Due to the large elastic
deformation, the failure criterion for the organic matrix was not considered. The plastic kinematic
material model provided a parameter β ∈ [0, 1], which was used to set constitutive laws with a
combination of kinematic and isotropic plasticity. In this work, the isotropic model (β = 1) was used.
The material model used standard elastic predictor and plastic corrector method to incorporate the
plastic behavior of the organic matrix.

σ̂n+1
ij = σn

ij + λδij∆εel
kk + 2µ∆εel

ij (2)

Ŝn+1
ij = σ̂n+1

ij − 1
3

δij(σ̂
n
kk + λδkk∆εel

kk + 2µ∆εel
kk) (3)

Equation (2) is called the elastic predictor equation and represents the discretization of the
deformation process. Equation (2) predicts the stress state (σ̂y) by assuming the increment in strain
(∆εij) to be total elastic. Hence, the superscript el is used to distinguish the assumed elastic strain from
the actual strain. λ and µ are, respectively, the first and second Lame’s parameters. The deviatoric
components (Ŝn+1

ij ) of stress and von Mises stress (σ̂n+1
eq ) are computed using Equation (3). It should be

noted that theˆsymbols are used to distinguish predicted quantities from the actual quantities.

f (σ, σy) = σ̂n+1
eq − σy

{
< 0 for elastic loading

> 0 for plastic hardening and yielding
(4)

The yielding criterion is checked using the flow rule given in Equation (4). If the material yields
locally, Equations (5)–(7) are solved iteratively to obtain the increment in equivalent plastic strain. In
Equation (7), H, Et, and E are the tangent modulus, hardening modulus, and the elastic modulus of
the organic matrix, respectively.

∆ε
p
e f f =

f (σ, σy)

3µ + H
(5)
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ε
p,n+1
e f f = ε

p,n
e f f + ∆ε

p
e f f , ε

p,n
e f f =

∫ tn

0

(
2
3

ε̇
p
ij ε̇

p
ij

) 1
2

dt (6)

σy = σy0 + Hε
p
e f f , H =

EtE
E− Et

(7)

σn+1
ij = σ̂ij −

3µ∆ε
p
e f f

σeq
Ŝij . (8)

After this, the total increment of the current step is split into its elastic and plastic part, and
the other physical quantities such as actual stress (σij) and yield stress (σy) are updated using
Equations (7) and (8), respectively, to get the actual values.

3. Results and Discussion

3.1. Shear Modulus of Organic Matrix

In our previous work, the rate-dependent behavior of the amorphous phase and viscous
friction between the crystalline and amorphous phase of dragline silk were investigated using
MD simulations [55,56]. In the present work, the 2GS-2PR simulation models were considered for
computing the shear modulus. Figure 3 shows a shear stress–strain curve with snapshots of the
shearing of the organic matrix. Shear stress was calculated from the applied shear force on the top
aragonite tablet using harmonic spring and tablet contact area with the organic matrix. Shear strain
was calculated from the lateral displacement of the center of mass of the aragonite tablets and vertical
distance between them, i.e., the height of the organic matrix. In the combined model simulations,
initially, much resistance offered from the interactions between the tablet and organic matrix resulted
in a negligible shear strain. Therefore, initially, a vertical line (black colored line in Figure 3) in the
shear stress–strain curve was observed.

The shear modulus is defined as the slope of the shear stress–strain curve. The calculation of one
of the typical simulation example is shown in Figure 3. The computed shear modulus is 1.387 GPa.
The shear modulus can alternatively be calculated using shear stress–strain curves obtained from the
sliding of polypeptide chains.

Linear regression

(σ = 0.109+1.387ε)

Shear strain (-)

Initial portion,

no shearing

Shearing curveS
h

ea
r 

st
re

ss
 (

G
P

a)

Figure 3. Shear stress versus shear strain curve for the combined model. The initial part of the curve
(black) shows nearly no displacement of the upper aragonite tablet. Linearization of the shearing curve
is shown with the blue dotted line. Snapshots show the shearing of the organic matrix taken at strains
that are marked by arrows.
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The shear modulus value for the organic matrix was computed from a number of MD simulations
to be in the range of 1.25–1.45 GPa. The value of the shear modulus allowed us to study the influence
of the organic matrix on the mechanical properties of nacre using FE simulations.

3.2. Stress–Strain Response of the 3D FE Nacre Models

Finite element simulations were conducted for two values of elastic modulus of the organic matrix.
The shear modulus of 1.387 GPa obtained from MD simulations was converted to the elastic modulus
of 3.78 GPa by using the Poisson’s ratio of the organic matrix as 0.36. Another set of simulations were
run for Eo = 11 GPa [28]. Nominal stress and strain values were computed at all the time steps and for
all the simulations. Stress was computed by summing the reaction forces over the pulled nodes and
dividing the force by the initial area of cross-section. The strain was directly computed from dividing
the applied displacement by the initial longitudinal length of the model. The toughness value was
found by numerically integrating the area under the stress-strain curve.

The stress–strain curves obtained from FE simulations were found to be in close agreement with
the experimental result [11] (see Figure 4). Figure 5 shows the distribution of maximum principal
stress during the loading process. The initial increase in stress was observed to be at the center of the
aragonite tablets. As can be observed from the successive contours in Figure 5, the rise in stress, due to
load increments, propagated from the center of aragonite tablets towards the respective peripheries of
the tablets.

Figure 4. Comparison of FE simulation results with experimental result [11] of 5% organic matrix
for two different values of elastic modulus: Eo = 3.78 GPa and Eo = 11 GPa of organic matrix. Inset:
Enlarged view of the stress-strain curves. Excellent agreement can be observed between the simulations
and the experiment in the elastic region.

Figure 5. Evolution of maximum principal stress with longitudinal strain increment. The failure is
observed when local maximum principal stress reaches to 160 MPa at the fixed end of the composite as
encircled in red. The contours are shown for Eo = 3.78 GPa and 5% organic matrix by volume.
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It was found that the composite models with the organic matrix of 5% and 10% for Eo = 3.78 GPa
as well as 5%, 10%, and 20% for Eo = 11 GPa showed yielding behavior characteristic (see Figure 6). The
yielding in these cases was the consequence of fracture of aragonite as the local maximum principal
stress in it reached the yield strength of 160 MPa. On the contrary, the remaining cases (generally with
a comparatively higher percentage of the organic matrix) did not show any yielding behavior. This
phenomenon can be attributed to the high percentage of the organic matrix. With the increase in the
volume percentage of the organic matrix, the strain in the mineral component decreased as the total
strain along the direction of the load had to be consistent with the externally applied displacement.
The low strain values in aragonite resulted in a fall in the stress as well. Therefore, the stress in
aragonite platelets did not reach the critical failure value (yield strength) for a high percentage of
the organic matrix. It suggests that increasing the percentage of the organic matrix would delay the
yielding/fracture and, thus, would increase the toughness of the composites. However, the decrease in
global maximum stress (tensile strength) in the composite with the increased percentage of the organic
matrix would reduce the toughness as well. Therefore, the change in the toughness of the composite
by increasing the volume fraction of the organic matrix was determined by the two opposing factors:
(i) delayed failure; and (ii) fall in yield strength.

The effective elastic modulus of nacre-like composite decreases with an increase in the volume
percentage of the organic matrix. The effective elastic modulus of the composite for Eo = 3.78 GPa
was lower than the case where Eo = 11 GPa for a fixed volume percentage of the organic matrix
(see Figure 7). It was found that there was a nearly linear decline in the elastic modulus as the organic
matrix percentage increased.

Figure 6. Stress–strain response of nacre-like composites for varying organic volume percentage. The
considered elastic modulus of organic matrix are: (a) Eo = 3.78 GPa; and (b) Eo = 11 GPa.

3.3. Toughness–Strength Trade-Off

The toughness of nacre-like composites showed a downward parabolic variation for both high and
low values of Eo with changes in the percentage of the organic matrix (see Figure 8a). The toughness of
the composite for both low and high elastic modulus of the organic matrix increased as organic matrix
fraction increased from 5% to around 10%. The rise in the toughness of the composite with a lower
elastic modulus of the organic matrix was more than that of composite with higher elastic modulus.
The value remained more or less constant, with an increase in the organic matrix volume fraction from
10% to 20% and from 10% to 30% for Eo = 3.78 GPa and Eo = 11 GPa, respectively. Beyond 20% for
Eo = 3.78 GPa and 30% for Eo = 11 GPa, the toughness declined significantly. Therefore, an optimum
value of toughness was expected somewhere between 10% and 20% of the organic matrix. Moreover,
as shown in Figure 8, for 10–20% of the organic matrix, the toughness of composite with Eo = 3.78 GPa
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was higher than that of composite with Eo = 11 GPa, suggesting that low elastic modulus (∼3.78 GPa)
of the organic matrix is desired for designing a tough composite.

Figure 7. Trend of elastic modulus of the composites with varying percentage of the organic matrix.

Figure 8. Trend of (a) toughness and (b) maximum stress with variation in percentage of the organic
matrix.

The maximum nominal stress, a measurement of strength, declined rapidly (see Figure 8b)
irrespective of the elastic modulus of the organic matrix. The strength for Eo = 3.78 GPa was always
less than that of Eo = 11 GPa for all compositions of the organic matrix. Therefore, a low value of the
elastic modulus of the organic matrix would also result in a decline in the strength of the composite.

In cases of both high and low values of organic matrix stiffness, it could be observed that the
change in the toughness of the composite with the increasing percentage of the organic matrix was
the result of two counteracting factors. The first one was the increase in yield/fracture strain, which
tended to increase Area C (see Figure 9) under the strain–strain curve. However, the second factor was
the tensile strength, which increased with a decrease in the percentage of the organic matrix. The rise
in maximum stress resulted in an increase in the toughness value, i.e., Area B increased (see Figure 9).
As long as the increase in the area due to delayed failure (Area C) is more than the decrease due to
reduced strength (Area B), the toughness of the composite is going to increase. Therefore, the increase
in toughness comes at the cost of a decrease in strength.
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Figure 9. Trade-off between toughness and strength as the organic matrix percentage increases from
5% to 10%.

As shown in Figure 8, the toughness of the composite with Eo = 3.78 GPa was likely to be less than
that of Eo = 11 GPa for 5% and lower composition of the organic matrix. However, the trend reversed
as the percentage of organic matrix increased from 5% to 10%. This observation again suggests that
the use of low stiffness organic matrix with its low percentage in the composition is not advisable for
optimum toughness.

4. Conclusions and Future Work

The organic matrix of nacre abalone has two main constituents, Lustrin A and Perlucin. Here,
it was found that the mechanical response is independent of the constituents themselves as well as the
size of the organic matrix. The shear modulus of the organic matrix was obtained by performing the
shearing of a bundle of organic polypeptide chains using MD simulations. The shear modulus value
was computed to be in the range of 1.25–1.45 GPa. It is an essential mechanical property that can be
used to perform complex FE simulations of nacre models, which may not be otherwise feasible in the
laboratory-setting.

Moreover, the results obtained from the FE simulations of nacre were found to be in good
agreement with the experiment. By varying the volume fractions of the constituents of the nacre, it
was found that a higher toughness in the synthetic nacre-like composite can be achieved by increasing
the volume fraction of the organic matrix. However, it would come at the cost of a decrease in yield
strength. It was also found that comparatively lower elastic modulus of the organic matrix would
result in higher optimum toughness of the nacre-like composite for 10–20% of the volume fraction of
the organic matrix. For a high value of elastic modulus of the organic matrix (>11 GPa), the toughness
value is expected not to vary much in the 0–30% volume fraction range of the organic matrix. Therefore,
if a composite with high toughness is to be designed, an organic matrix of low elastic modulus, as well
as an optimum volume fraction, must be selected.

This study is an advancement towards a physical structure-based model for nacre. The final
aim of the ongoing effort in the field of nacre mechanics is to link the nanoscale structure mechanics
of nacre to its macroscopic properties. A correct model of the nacre structural architecture and the
use of best-estimated properties gives us valuable insights in order to design new nacre-inspired
high-performance materials. As the current model does not reflect the plastic regime of nacre,
improvements can be made by incorporating more features such as nano-asperities and the mineral
bridges in the model. This can be achieved by stochastically placing the mineral bridges and
nano-asperities in the inter-lamellar layers. Hence, a better model will help us to establish a more
reliable relationship between the properties of the constituents of nacre to the macro properties of the
composite, such as toughness and strength.
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