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ABSTRACT  

To date, it is still unclear why all mineral bridges linking neighboring platelets in various 

types of mollusk nacres have sizes of 10–50 nanometers. We answer this question by 

investigating the strength of platelet-platelet interfaces, and found only when mineral bridges 

have diameters of a few tens nanometers, the interfaces can achieve an optimal strength. It is the 

uniformity of stress distributions in mineral bridges that dictates the selection of their 

characteristic sizes. The philosophy underlying interfacial optimization via mineral nanobridges 

simultaneously optimizes the load-bearing efficiency of materials. This study provides 

inspirations for biomimetic design of advanced composite materials. 
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After millions of years of evolution, natural biological materials have acquired superior 

mechanical properties via their elegant hierarchical structures from the nanoscale up.
1-4

 

Mounting evidence has suggested that nanosized structural features play a critical role in 

enhancing the strength of biological materials.
5-9

 Investigations on the size effect of 

microstructures in biological materials could help to reveal novel strengthening strategies 

adopted by nature, and provide inspirations for biomimetic design of high-performance 

engineering materials.
10-13

 

Nacre (or the mother-of-pearl) has attracted the interest and security of many scientists 

because of its outstanding mechanical strength and fracture toughness in comparison to those of 

its constituent counterparts, which mainly include aragonite (~ 95% vol.) and protein-rich 

organic phase (~ 5% vol.) assembled in a hierarchical fashion.
14-22

 At the micro scale, nacre has 

an elegant “brick-and-mortar” structure, which is composed of microsized mineral platelets 

(“bricks”) interspersed in an organic matrix (“mortar”).
14,15,17

 At the nano scale, the mineral 

platelets are composed of aragonite nanograins, which are the structural elements in the growth 

of nacre.
16,17,21,22

 As a critical connection, the structural transition from mineral nanograins to 

microsized platelets and the “brick-and-mortar” structure in nacre is mediated by the formation 

of nanosized mineral bridges at the platelet-platelet interfaces.
16,17

 Interestingly, the diameters of 

mineral bridges in various types of mollusk nacre all fall in a narrow range of 10–50 nm.
23-27

 

Regarding the superior mechanical properties of nacre, previous studies have revealed a number 

of strengthening mechanisms across multiple length scales,
4,19,23,24,27-37

 among which an optimal 

strength of platelet-platelet interfaces is of critical importance.
37,38

 However, it is still unclear 

whether and how the characteristic nanosizes (10–50 nm) of mineral bridges in nacre help to 
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optimize the platelet-platelet interface strength, which further contributes to the outstanding 

macroscopic mechanical properties of nacre. 

To answer this question, we here establish a theoretical model to investigate the size effect 

of mineral bridges on the interface strength in nacre. According to our dimensional analysis and 

finite element simulations, it is the optimization of platelet-platelet interface strength under shear 

that dictates the characteristic sizes of mineral bridges in the range of about 10–40 nm, in 

consistency with relevant experimental observations. By analyzing the stress distribution and the 

material’s load-bearing efficiency, the mechanisms underlying the size effect of mineral bridges 

are also revealed, providing insights for innovative design of high-strength engineering materials 

mimicking the interface nanostructures in nacre. 

On the basis of experimental observations, a theoretical model is established for the 

microstructure of nacre (Figure 1). It is composed of a periodic array of mineral bridges linking 

two neighboring platelets in nacre (Figure 1a,c). According to the tension-shear chain model of 

nacre, the platelet-platelet interfaces predominantly transfer shear stresses.
29

 Therefore, we focus 

on the interface strength under remote shear stress, τ, applied to the mineral platelets 

sandwiching the interfacial layer. On the basis of previous experimental observations, individual 

mineral bridge has curvilinear morphology
23,25-27

 and is approximated in our model by a 

columnar structure with meniscus-like exterior surfaces of curvature radius h/2, where h is the 

thickness of the two-phase interface layer (Figure 1b,d). To investigate the size effect of mineral 

bridges, their characteristic size is defined by the diameter of their minimal cross-section, 2a. In 

this model, the interstitial space outside the mineral phase is occupied by the soft organic phase, 

separating neighboring mineral bridges by periodicity 2c. It is notable that the dimensionless 

parameter a/c characterizes the volume percentage of mineral phase in the interfacial layer. 
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Therefore, we define a/c as a constant in the following analysis in order to provide a control, 

demonstrating that the size effect we study is not due to simply changing the amount of load-

bearing mineral phase in the interface. To keep it as that observed in nacre, we choose the ratio 

a/c to be 1/3, reflecting the bridge-bridge distance about 50 – 80 nm and average bridge diameter 

as 25 nm.
24,27

 Furthermore, since the organic phase is softer than the mineral phase by a factor of 

10
2
 – 10

3
,
19,39

 its effect on the interfacial stress is negligible (as we will demonstrate below) and 

the externally applied shear load is mainly undertaken by the mineral bridges. In the following 

analysis, we only incorporate the mechanical property of the mineral phase unless mentioned 

otherwise. For the sake of simplicity, we will first focus on the two-dimensional (2D) model 

(Figure 1), and the main conclusions drawn from 2D analysis will be demonstrated also in the 

three-dimensional (3D) case. 

Recent experiments showed that the aragonite phase in nacre is not just a simple brittle 

monocrystal but composed of nanocrystal grains.
21,22

 In addition, the pure aragonite may undergo 

a certain amount of nanoscale ductile deformation.
40

 Therefore, we reckon it is necessary to 

include the possibility of ductile failure of nanosized mineral bridges into our model. In 

particular, we study the interface strength under external shear loading before the occurrence of 

yielding of mineral bridges, and choose the maximal von Mises equivalent stress, Mises

maxσ , as the 

failure criterion. It is a function of the following parameters: 

 ( )Mises

max , , , , ,σ τ= f a c h H E , (1) 

where a is the radius of the mineral bridge at the minimal cross section, c is the spacing between 

two neighboring mineral bridges, h is the interface thickness or the mineral bridge height, τ is the 

remote shear stress, 2H is the thickness of a mineral platelet due to the top-bottom symmetry of 

our model (Figure 1a), and E is the Young's modulus of the mineral material. The mineral phase, 
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including the mineral bridges and platelets, is treated as a homogeneous and linear elastic 

material with Poisson’s ratio ν = 0.3. Using the Pi theorem for dimensional analysis, Eq. (1) 

reduces to a dimensionless function: 

 
Mises

*max , , , .
a a a

f
c h H E

σ τ
τ

 =  
 

 (2) 

Since a/c is taken as a constant and a/H << 1, Eq. (2) can be simplified as 

 
Mises

*max ,
a

f
h E

σ τ
τ

 =  
 

. (3) 

Thus the failure of the mineral phase depends only on two normalized parameters, a/h and τ/E. 

The former describes the geometric feature of the mineral bridges, and the latter stands for their 

mechanical property. Given the linear elasticity of the mineral phase and the complete force 

boundary condition in the interface model, the theory of elasticity concludes that the stress 

solution for the problem is independent of the elastic modulus, E.
41

 Thus, one has 

 
Mises

*max ,
a

f
h

σ
τ

 =  
 

 (4) 

suggesting a size effect wherein the internal stress and failure of mineral bridges depend mainly 

on a single normalized geometric parameter, a/h. 

 To verify the above conclusion derived from dimensional analysis, 2D plane-strain 

numerical simulations are performed to calculate the stress distribution by using the software 

Abaqus 6.9.1. For the microstructure-based model for the platelet–platelet interface illustrated in 

Figure. 1, the stress state within the mineral bridge is determined from the finite element 

simulations. Considering the periodic boundary conditions, we only calculate a representative 

volume element of the interface, as shown in Figure 1b. Although geometric nonlinearity has 

been implemented in the finite element simulations, the numerical results (Figure 2a) agree well 
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with our result from dimensional analysis based on the theory of linear elasticity. This shows that 

the maximal von Mises stress Mises

maxσ  is indeed independent of the elastic modulus E of the 

mineral phase but highly sensitive to the change in the characteristic size of mineral bridges, a/h. 

The value of Mises

maxσ  decreases with decreasing a/h and reaches an asymptotic value when a/h is 

smaller than 0.6 (Figure 2a). 

 In this study, we assume that a mineral bridge will start to fail when its maximal von 

Mises stress Mises

maxσ  reaches the critical value bσ . Thus the interface strength, bτ , is defined as 

the remote shear stress satisfying this critical condition. Since the yield stress of a material is 

usually smaller than the elastic modulus by orders of magnitude,
42

 we take the yield stress as 

b 1 200Eσ = , which is estimated from previous experimental reports
43

 and represented by a 

hyperbola in Figure 2a. Therefore, the interface strength bτ  can be determined as the critical 

shear stress in Figure 2a where each horizontal line meets the yielding curve. It is emphasized 

that so far we have kept the theoretical model as dimensionless in order to demonstrate the 

dominant role of mineral bridge aspect ratio a/h in interface strength, as well as the generality of 

our model potentially for guiding interface design at different length scales. In the following, 

however, we will introduce nacre-specific parameters and length scale to understand how the 

mineral bridges of diameters 10 – 50 nm specifically affect the interface strength in nacre. 

To more clearly reveal the size effect by the nanosized mineral bridges, we calculate the 

failure strength of the interface via finite element simulations. On the basis of relevant 

experiments of nacre, we take the following representative values: E = 80 GPa,
43

 Mises

bσ  = 400 

MPa (tensile strength estimated as a fraction of measured compressive strength of 1 GPa),
43

 h = 

25 nm, H = 300 nm,
18,19

 and c = 3a.
27

 The characteristic size 2a is varied in the range from 14 to 
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200 nm, wherein the lower limit of 2a is determined by the geometric feature of the mineral 

bridge and the periodicity in our interface model. Figure 2b gives the simulation results 

regarding the dependence of interface strength, bτ , on the mineral bridge diameter 2a. It is clear 

that bτ  increases almost linearly as the size of mineral bridges shrinks, and it reached a plateau 

only when the diameter of mineral bridge is around or smaller than 40 nm. This result 

unequivocally shows that the characteristic nanometer sizes of mineral bridges usually observed 

in nacre, i.e., 10–50 nm in diameter, belongs to an optimal range of sizes that maximizes the 

interface strength under shear. As is well known, enhancing the interface at nanoscale is of 

crucial significance for improving the macroscopic tensile strength of materials. In addition, our 

simulations show that the incorporation of a soft organic phase
39

 with organic / 0 001E E .=  and 

organic 0 49.ν =  has negligible influence on the interface strength (Figure 2b), justifying our 

approach that only considers the mechanical property of the mineral phase. It is also notable that 

unlike many size effects of nanomaterials resulting from surface effect, the size effects and the 

optimal interface strength revealed in this study raise mainly from the nanosized geometry of 

mineral bridges and the strength optimization of the nanostructured interface in nacre. 

Further, to gain insights into the mechanisms underlying the size effect described above, 

we look into the stress state within individual mineral bridges, the most important load-bearing 

elements in platelet-platelet interfaces. In particular, we examine the von Mises stress 

distribution across the critical plane within a mineral bridge, where the maximal stress and 

failure starts to occur (Figure 3a, inset). The simulation results in Figure 3a clearly demonstrate 

that the uniformity of stress distribution within the mineral bridge is dependent of its sizes. The 

global stress distribution becomes more and more uniform as the mineral bridge diameter 2a 

decreases down to a value of 50 nm, echoing the linear increase in interface strength in Figure 2b. 
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However, when 2a is smaller than 50 nm, the stress distribution in the vicinity of the ends 

continues becoming more uniform while that in the central region undergoes de-unification as 

the size decreases further. Therefore, the two counteracting trends might cancel out and result in 

the plateau for the size effect when the diameter of mineral bridges reaches the optimal range 

between 10 and 40 nm (Figure 2b).  

In principle, more uniform distribution of stress suggests more efficient usage of the 

material. Here we introduce the following parameter to describe the load-bearing efficiency of 

material: 

 
( )Mises

eff
avg Mises

total total bcritical plane

1
d

SS
S

S S

σ
ε

σ
= = ∫  (5) 

where ( )Mises Sσ  is the distribution of von Mises stress in the critical plane, effS  the effective 

load-bearing area, and totalS  the total area in the critical plane. The parameter avgε  reflects the 

average usage of the load-bearing potential of mineral phase in the critical plane of individual 

mineral bridges. It is calculated from the stress distribution curve in the critical plane. Figure 3b 

illustrates the relation between the normalized material efficiency avgε  and the mineral bridge 

diameter 2a. An optimal efficiency is found when the diameter is smaller than 40 nm, reflecting 

a similar size effect as observed in Figure 2b. In fact, the relation between the normalized 

effective load-bearing area effS  and the mineral bridge diameter 2a is also plotted in Figure 3b. It 

also illustrates a similar size effect as avgε  although they have a slight difference. This difference 

is due to the fact that the critical plane is offset from the mid-plane of the mineral bridge (Figure 

3a, inset) because of its curvilinear morphology and thus the total area of critical plane, Stotal, 

undergoes a slight variation for different mineral bridge sizes. Both size effects in avgε  and effS  
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reflect the intrinsic optimization mechanism of interface strength and thus implicates that the 

optimal characteristic size of mineral bridges is determined by the size-dependent uniformity of 

stress distribution and the load-bearing efficiency of material in the nanostructured interface. In 

other words, if the mineral bridge diameter is larger than 50 nm, higher stress concentration 

would appear, lowering both the load-bearing ability of platelet–platelet interfaces and the 

overall utilization efficiency of material. By contrast, the mineral bridges in the size range of 10 

– 50 nm readers to uniform stress distribution and optimal interface properties. 

Additionally, to verify that the size effect and the optimal interface strength mechanism 

derived from the 2D model have a general meaning, we build three-dimensional (3D) finite 

element models (Figure 4a). Using the same values of parameters given above, the results from 

3D simulations are shown in Figure 4b. It is clear that our conclusions obtained in 2D context are 

confirmed by 3D simulations. In spite of that the numerical values of 2D and 3D results have 

slight difference, they do share the same optimal characteristic size range of mineral bridges, 10–

40 nm, which correlates with the optimal strength of interfaces (Figure 4b). This result verifies 

that the difference between 2D and 3D models have no significant effect on the conclusions, 

which thus holds the potential of the size effect and our biomimetic philosophy in helping 

designing and optimizing real 3D-structured interfaces. 

In summary, we have unraveled a size effect of nanoscale mineral bridges in nacre. It is 

found that the mineral bridges diameter in the range of about 10–40 nm can optimize the 

interface strength. This size effect is attributed to the nanostructure of platelet–platelet interfaces. 

The size-dependent uniformity of stress distribution and the load-bearing efficiency of material 

are identified as dominant mechanisms underlying the size effect by mineral bridges. The results 

could deepen our understanding of the role of nanostructures in regulating interface mechanics in 
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natural biological materials and also provide clues for design and fabrication of materials 

mimicking their nanostructured interfaces.  
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Figure Captions 

 

Figure 1. 2D model for a platelet–platelet interface with mineral bridges in nacre. (a) Interface 

with a periodic array of mineral bridges (blue) interspersed in a soft organic phase (yellow). (b) 

Zoom-in schematic of a representative volume element (dashed blue box in (a)) of the interface. 

(c) Scanning transmission electron microscopy (STEM) image of platelet–platelet interface in 

nacre. Array of mineral bridges was observed in the interfacial layer. Adapted with permission.
25

 

(d) TEM image of a single mineral bridge between mineral platelets (boundary of the mineral 

phase marked by yellow dashed lines). Adapted with permission.
26

 

 

Figure 2. Theoretical and numerical results of size effect. (a) Finite element results on the 

relation between the reduced maximal von Mises stress Mises

maxσ τ  and the normalized shear stress 

τ/E. Effect of the reduced mineral bridge size a/h is illustrated as separated curves, and the yield 

condition (orange curve) is also plotted. (b) Finite element results for the relation between the 

interface strength τb and the nanosizes of mineral bridges. The results both with and without the 

soft organic phase are shown. The yellow line is drawn for the guidance of eyes. The inset shows 

2D finite element models.  

 

Figure 3. Size-dependent stress distribution and load-bearing efficiency of material. (a) 

Normalized distribution of von Mises stress Misesσ  across the critical plane (inset, orange lines) 

in the mineral bridge of different sizes. (b) Variation of normalized materials efficiency avgε  and 

normalized effective load-bearing area effS  with respect to the mineral bridge size.  

 

Figure 4. 3D finite element simulation results. (a) Left: 3D interface model with a periodic array 

of mineral bridges (blue) between two neighboring platelets, and right: zoom-in schematic of a 

representative element of the interface model. The organic phase filling the interstitial space is 

not shown for the sake of clarity. (b) Simulation results showing the dependence of interface 

strength on the mineral bridge size. The yellow line is drawn for the guidance of eyes. 
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Graphical Abstract 

 

 

 

The nanosizes of mineral bridges linking neighboring platelets in various types of 

mollusk nacres dictates the optimal interfacial strength. 

Page 19 of 19 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


