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Abstract 

The impressive toughness and strength of natural nacre, attributed to its multi-scale and -material 

hierarchical architecture, has inspired biomimicry and bio-inspired materials development, and 

here we show that material compliance gradients are a motif that can help explain their advantaged 

mechanical performance. We present experiments enabled via additive manufacturing that allow 

direct evaluation of a compliance grading motif of the mortar between the relatively stiff bricks of 

the nacreous material. Spatial grading of the mortar compliance redistributes stresses away from 

critical regions (at, and around, brick corners), resulting in overall increases of ~60% in strength, 

~70% in toughness, and ~30% in strain-to-break, while maintaining macroscopic stiffness. 

Mechanistically, failure initiation threshold is delayed due to enhanced strain-tolerance and strain-

localization as revealed in pre-failure experimental strain maps, and in agreement with numerical 

analyses. We further demonstrate that this modulus grading motif, beyond the stiffness mismatch 

between the brick and mortar periodic architecture, is a significant contributor to the performance 
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of the much-studied nacreous systems, and is suggested as a natural but overlooked mechanism in 

such systems. 

Introduction 

 

Nature is rich with many hierarchical and heterogeneous biological materials that concurrently 

exhibit outstanding mechanical properties such as high specific strength, high specific toughness 

and impact resistance1-7. These materials have evolved towards optimal system-level properties, 

including in some instances exceptional mechanical properties, which can be superior to those 

achieved by engineered materials4, 6, 8-9.Focusing on mechanical properties such as those attributed 

to spider silk and nacre, the ultrahigh performance is credited to sophisticated hierarchical 

structures across multiple length scales together with advantaged spatial arrangement of the 

constituents consisting of different phases4, 10. Examples of such biological materials with 

exceptional structural motifs are bone, bamboo, wood, shell of mollusks and spider silk4, 11-14.  

Nacre is the iridescent material that is found in the shell of Abalone, a kind of mollusk. It is 

composed of 95 vol.% brittle mineral phase (aragonite ceramic) and 5 vol.% of a soft bio-

polymeric matrix (proteins and polysaccharides)6, 15-19. Numerous investigations have revealed that 

nacre’s microstructure resembles that of a brick-and-mortar architecture (see Fig. 1) where the stiff 

and brittle aragonite bricks are stacked and layered and the mortar acts as a compliant and energy 

dissipating bond between the bricks15. Despite having a primary brittle constituent, nacre possesses 

a desirable combination of properties such as toughness and strength, which are often antagonistic 

in practice3, 5-6, 20-21. As a result of its specific hierarchical composite architecture, the toughness 

of nacre is orders of magnitude higher than that of its major constituent-monolithic aragonite, while 

maintaining almost the same stiffness of the aragonite6, 15, 22. One of the key factors that govern 
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the extraordinary toughness of nacre is sliding of the bricks (macroscopic work hardening) over 

neighboring bricks6, 15, 23. The relatively compliant and structurally weaker mortar undergoes 

localized deformation (yielding and work hardening) and fails locally causing macroscopic 

fracture (pull-out of bricks)23. A similar hierarchical structure can also be found in bone-a 

composite structure made of stiff inclusions embedded in softer matrix in a staggered pattern4. 

Both nacre and bone exhibit several toughening mechanisms such as crack deflection, micro-

cracking, crack bridging and other energy dissipation modes operating at different length scales21, 

24-25. The identification of individual mechanisms is ongoing, with much recent progress focused 

on nanometer-scale constituents and particular molecular arrangements26-27. 

Understanding the biological engineering of nacre and other biomaterials is ongoing, and here we 

focus on a relatively simple, but overlooked and impactful, motif in nacreous systems: spatial 

compliance grading motifs (CGMs) of the compliant mortar. Such CGMs are observed in many 

biological materials such as elasmoid fish scale28-29, spider fang30, byssal thread31-32, horse hoof33-

34 and squid beak35-36. The outstanding properties of biological materials and their ability to inherit 

the beneficial properties of their constituents while dispensing their detrimental properties4, 25, 37 

have inspired researchers to emulate the structural motifs of these materials in order to engineer 

materials with enhanced performance. Though, various studies have shown that remarkable 

improvements in material properties can be achieved via bio-inspired strategies4, 9, 25, 37-49 including 

spatial gradients in material property and/or morphology47-49, none of the experimental studies has 

thus far considered the CGM widely found in many natural materials.  Several routes available to 

synthesize bio-inspired composites include large-scale layered composites, hot press assisted slip 

casting, ice templation, freeze casting, bio-mineralization and self-assembly6, 37, 39. Additionally, 

the latest advancements in additive manufacturing (AM, aka 3D printing) have opened a flexible 
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and accurate way to integrate multiple materials of contrasting material properties into a composite 

structure in a single build at micrometer resolutions11, 50-51. This, together with emerging advances 

in nanoscale AM empowers multi-material AM as a suitable tool for the creation of bio-mimicking 

structures51-52.  

Recent experimental studies fabricated nacre-inspired structures via AM and the performance 

quantified in relation to the constituents20, 37, 43, 50. Several recent studies demonstrated enhanced 

mechanical response under quasi-static tension20, 53-54, damping characteristics under cyclic 

tension55 and low velocity impact resistance56 of AM-enabled nacreous materials. In such nacreous 

structures, a large stiffness mismatch (e.g. modulus ratio of ~1500 and ~3000 53-54) between the 

brick and mortar is engineered to facilitate dissipation of energy through the complaint mortar 

layer. Nevertheless, the stress distribution in the mortar is non-uniform with high stress gradients 

and localized stress concentrations around the corners of the bricks57-58. These regions of high 

stress concentration are oftentimes sites of failure initiation and we postulate that CGMs in the 

mortar of nacre, apart from the bulk stiffness mismatch between the brick and mortar, play a role 

in toughening and strengthening the nacreous system (similar to compliance gradients found in 

nature). Spatially tailoring the elastic stiffness of the mortar such that the compliance of the mortar 

in the zone of stress concentration is lower than that away from stress concentration zones will 

enhance strength and toughness. Such spatial compliance grading of mortar in either discrete-steps 

or smoothly varying (more akin to nature) diffuses the stresses and moves the concentration away 

from the potential sites of failure initiation, imparting strain tolerance. 

Numerous studies have demonstrated the use of AM to realize nacre-like physical models11, 41, 55, 

59-65. Their performance is governed by multiple factors: stiffness mismatch between the brick and 

mortar, aspect ratio of the overlap region between two neighboring bricks, periodic arrangement 
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of structural elements, hierarchical architecture, and the volume fraction of the bricks in the 

nacreous material23, 55, 66. The geometric and the material properties (both mono- and multi-layer 

models have been employed) of the nacre must be chosen such that the shear stress distribution in 

the mortar is quasi-uniform over the overlap length23. A non-dimensional elastic shear transfer 

number23, 𝛽0, is typically employed to determine the nature of shear stress distribution in the 

mortar of nacreous system, given by 

𝛽0 = 𝜌0√
𝐺𝑚

𝐸𝑏

𝑤𝑏

𝑤𝑚
                                                                                                  (1) 

where, 𝜌0 is the overlap length ratio given by 𝜌0 =
2𝑙

𝑤𝑏
 (see Supplementary Fig. 1 and 

Supplementary Table 1).  𝐺𝑚 and 𝐸𝑏 are the shear modulus of mortar and Young’s modulus of 

brick respectively. 𝑤𝑏 and 𝑤𝑚 are the widths of brick and mortar respectively. Herein, in addition 

to other geometric and material properties, compliance of the baseline mortar (ungraded) of the 

nacreous materials is chosen such that the shear stress distribution is quasi-uniform along the 

overlap length to match the behavior of natural nacre. The mortar chosen here is nearly 

incompressible (Poisson’s ratio =
1

2
 ), which renders  𝐺𝑚 =

𝐸𝑚

3
, and the elastic shear transfer 

number can be recast as: 

𝛽0 = 𝜌0√
1

3

𝐸𝑚

𝐸𝑏

𝑣𝑏

𝑣𝑚
                                                              (2) 

where 𝐸𝑚 is the modulus of mortar. 𝑣𝑏 and 𝑣𝑚 are the volume fractions of brick and mortar in the 

nacreous material, respectively. For smaller 𝛽0 values (𝛽0 ≈ 1 or smaller), shear stress distribution 

in the horizontal mortar is quasi-uniform along the overlap length. For larger 𝛽0 values, steep 

gradients of shear and peel stresses occur at the overlap ends causing premature failure inconsistent 

with natural nacre. For the geometric and material parameters used in this study (see 

Supplementary Table S1 and S2), the elastic shear transfer number 𝛽0 is calculated to be 0.12, 
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indicating that proper quasi-uniform shear stress distribution is achieved as in natural nacre. 

Numerical models are utilized to study the effect of step-wise spatial compliance grading of the 

mortar (see Fig. 1b) on the stress distribution in the structure and design graded solutions for 

experimentation. Realization of model nacreous structures is achieved using multimaterial 

polymer AM, followed by macroscale testing to assess the effects of the hypothesized motif of 

compliance gradients in the mortar on the mechanical performance of the nacreous materials. 

Results and Discussion 

Baseline (ungraded) and graded nacreous specimens are experimentally realized and tested to 

failure in tension. A tough nacre-like response from the AM specimens with two-layer brick-

mortar structure, designed as discussed in the introduction utilizing appropriate volume fractions 

of constituents and the non-dimensional elastic shear transfer number 𝛽0, is observed in 

preliminary mechanical testing of ungraded nacreous structures whose geometrical details are 

given in Supplementary Fig. 1. The load-displacement response of these nacreous structures for 

different choices of mortar material i.e., 𝐸𝑏 𝐸𝑚 = [3309, 2044, 1468, 834⁄ ] and non-

dimensional elastic shear transfer number, 𝛽0 = [0.079, 0.1001, 0.1187, 0.158] respectively is 

shown in Supplementary Fig. 2. Note that the tensile response of the AM-realized brick-and-mortar 

nacre-like structures shows two load peaks, exhibiting significantly improved toughness, relative 

to homogeneous plates (see Supplementary Fig. 3). These results are consistent with other studies 

of nacre utilizing AM-enabled physical models43, 53. 

Two compliance grading schemes are experimentally realized and tested, to compare with the 

baseline ungraded case, as shown in detail in Supplementary Fig. 4 (and conceptually in Fig. 1) 

together with the variation of Young’s modulus. In both schemes, the compliance of the isotropic 

mortar is varied in the loading direction around the corners of the bricks in discrete step(s) as 
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shown in Fig. 1 and Supplementary Fig. 4. In the single-step grading scheme, the mortar modulus 

is reduced from 𝐸𝑚 to 𝐸𝑚𝐴 in region-A at the end of the bricks, of length equal to the width of the 

mortar (see Fig. 1). In the double-step grading scheme, the mortar modulus is reduced in two 

discrete steps (i.e., from 𝐸𝑚 to 𝐸𝑚𝐵 at region-B of length 𝑙𝐵 and it is further reduced to 𝐸𝑚𝐴 at 

region-A). Working within the palette of available AM materials, Shore50 (𝐸𝑚 = 1.42 MPa,

𝐸𝑏 𝐸𝑚 = 1468⁄ ) is used for the baseline mortar. Note that tailoring the mortar compliance in this 

way maintains or improves the quasi-uniform shear transfer mode discussed earlier – see 

discussion and equations (1) and (2). By tuning the compliance of the horizontal mortar spatially, 

particularly near the corners of the bricks where the stress is concentrated, strain-tolerance is 

imparted without altering the global stiffness of the nacreous system (as can be seen in 

Supplementary Fig. 5, Supplementary Fig. 6 and Table 1). Maintaining stiffness is critical for a 

complete comparison of the mechanical performance. Figure 2 shows the experimentally realized 

representative load-displacement response of the baseline and graded specimens together with 

optical images corresponding to the first and second load peaks, representing vertical mortar 

failure and horizontal mortar (as well as complete) failure, respectively. Immediately after the first 

peak, the load-transfer between bricks begins to wholly occur through the horizontal bridges, 

exhibiting a work-hardening type response, as observed by others in nacreous-system modeling 

and experiments43, 53. With further loading, the resistance increases to a maximum (corresponds to 

a global maximum in the load-displacement curves, see Fig. 2b) where pull-out failure of the bricks 

occurs along the horizontal mortar. The results indicate significant improvement in strength 

(+62 % for single-step grading, and +65 % for double-step grading) and modulus of toughness (+ 

68 % for single-step grading and +71% for double-step grading) of graded structures compared to 

the tough baseline nacre, with negligible change in the initial stiffness and the load at first peak 
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(see Table 1). Synchronized video of the load-displacement response and the corresponding optical 

images of the samples provided in Supplementary Video 1 shows the failure progression just 

described. Additionally, Fig. 3 shows deformation and damage evolution maps of the samples at 

different of stages of loading (as indicated in the load-displacement response shown in Fig. 2). 

Figure 3a shows the failure of the vertical mortar that corresponds to the first peak in the load-

displacement response. Subsequent strain hardening coupled with damage accumulation is clearly 

visible in Fig. 3b and 3c during which the load transfer between bricks wholly occurs through 

shearing, leading to failure of the horizontal mortar, corresponding to the second peak in the load-

deflection response as seen in Fig. 3d. After the horizontal and vertical mortar failures, final failure 

is localized near the sample free edge in all cases. The optical images corresponding to final failure 

of the samples are shown in Fig. 3e, showing the deflection of cracks into the mortar. All three 

sample types fail in a self-similar fashion having the same trajectory and modes of failure in the 

same order, however, the CGM samples delay failure of the horizontal mortar due to the strain-

tolerance engineered via the local increased compliance at the brick ends. 2D surface strain fields 

for the samples calculated at a load of 90N (slightly lower than the first peak) using digital image 

correlation (DIC) technique is presented in Supplementary Fig. 5 (lower resolution) and 

Supplementary Fig. 6 (higher resolution). The strain field indicates increased strain-tolerance 

(higher strains in the graded regions) and strain-localization in the nacreous structures due to the 

compliance gradients. DIC results show 28%, 29% and 19% increase in maximum longitudinal 

strain (𝜀𝑥𝑥), peel strain (𝜀𝑦𝑦) and shear strain (𝜀𝑥𝑦) respectively due to compliance grading of the 

mortar (see Supplementary Fig. 6 and Supplementary Table 3), as expected. Note that these strain 

maps are evaluated before the first failure to correspond with the numerical results for the CGM 

design.  



     

9 

 

To understand the stress-transfer between bricks through the mortar, finite element (FE) analysis 

of the ungraded baseline nacreous structure with Shore50 (𝐸𝑏 𝐸𝑚 = 1468⁄ ) as the mortar material, 

is conducted and the stress distribution around the corners of the bricks in the mortar is analyzed. 

The stress distribution in the horizontal and vertical layers of the mortar are shown in Fig. 4b 

before the first peak (~ 90 N, see Fig. 2b). On the left side of Fig. 4b is the stress distribution in 

the horizontal mortar at the midline of the top brick-mortar structure layer and near the brick-

mortar interface (0.15 mm from the interface) along the length of the unit cell (𝐿), while the right 

side of Fig. 4b shows the stress distribution in the vertical mortar at the  midline of top brick-

mortar structure layer and near the brick-mortar interface (0.15 mm from the interface) along the 

width of a brick (see Supplementary Fig. 7 for lines of stress extraction). During the early stages 

of loading, tensile stresses in the vertical bridges are dominant, i.e., the longitudinal stress, 𝜎𝑥𝑥 

dominates the stress-state and the magnitude of the shear stress, 𝜎𝑥𝑦 is small compared to the 

longitudinal stress, while the peel stress, 𝜎𝑦𝑦 is compressive. Therefore, the longitudinal stress 

(tensile) dictates the failure of the vertical mortar (represented by the first peak in load-

displacement curves shown in Fig. 2b). As shown in Fig. 4b, the magnitudes of the different stress 

components in the horizontal mortar are comparable before the first peak, exhibiting a complex 

tri-axial stress-state. From the FE analysis, stress concentrations and steep gradients are observed 

in regions close to the horizontal and vertical mortar junctions, which lead to failures of the 

nacreous material. 

To shed light on change in stress-transfer behavior of the CGM nacreous structures, FE analyses 

of all experimentally realized baseline and graded cases are performed and the normalized 

longitudinal, peel, shear and equivalent stress distributions in the horizontal mortar (of the baseline 

and graded structures) over the length of a unit cell (at the middle 𝑧-plane of a brick-mortar 
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structure but near the brick-mortar interface) under a tensile load of 90 N are presented in Fig. 5 

(see Supplementary Fig. 1 for geometric details and Supplementary Fig. 7 for lines of stress 

extraction). As can be seen, the engineered strain-tolerance via compliance grading of the 

horizontal mortar has favorably redistributed the stresses in the mortar and has diffused the peak 

stresses, delaying the onset of failure. Significant reduction in the stress peaks obtained for the 

longitudinal, peel and shear stresses are summarized in Table 2. Stress peak reduction is relatively 

larger for double-step grading than for the single-step grading, as expected.  Supplementary Video 

1 and Fig. 3 show that the failure initiation in horizontal mortar begins near the corners of the 

bricks from the outer edges of the samples where the bricks are less constrained (i.e., prone to 

bending), experiencing high peel stresses. This indicates that the failure initiation of the horizontal 

mortar occurs predominantly due to peel stresses. FE analyses of experimentally realized graded 

cases indicate that the reduction in peak peel stresses for single-step and double-step grading 

schemes is almost the same (difference of ~5%). Therefore, the nearly identical experimental 

performance of single-step and double-step graded structures is attributed to the same extent of 

peel stress reduction in both grading schemes employed. Thus, despite significant reductions in 

shear and longitudinal stress concentrations due to the double-step grading, the dominance of the 

peel stresses in the observed failure do not evidence further improvement from the double-step 

tailoring over the single-step as this stress is not additionally reduced significantly from the single- 

to the double-step. 

These significant improvements in load-carrying capacity suggest that material property gradients, 

such as the CGM of mortar introduced here, can help explain advantages of the much-studied 

nacreous system via the new CGM designs. Additional performance enhancement should be 

possible with more sophisticated grading schemes (such as smoothly and nonlinearly varying 
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mortar and/or brick compliance) than those realized here experimentally. To investigate the 

potential of additional property variation beyond what could be experimentally realized in this 

work to improve the nacreous system, a number of linear FE analyses are performed by varying 

the material properties of both ungraded and graded structures with the same criterion of reduced 

stress concentration used in designing the single- and double-step tailoring schemes, and analyzing 

the experimental results. The combinations of material properties (which can’t be realized via 3D 

printing) that produce the most desirable stress-state (as defined by lowest peak stresses) in the 

nacreous structure are identified. FE analyses are initially conducted for ungraded nacreous 

structures varying the moduli mismatch between of the bricks and the mortar (𝐸𝑏 𝐸𝑚⁄ ) from 1 to 

6000, while keeping the brick aspect ratio (𝑏̅ = 𝑙𝑏/𝑡) and overlap length ratio (𝑙 ̅ = 2𝑙/𝑙𝑏) constant. 

The choice of 𝑏̅ = 10 and 𝑙 ̅=0.48 enables retention of a quasi-uniform shear stress distribution in 

mortar. Supplementary Figure 8 shows the normalized peak longitudinal, peel, shear and 

equivalent stresses in the mortar for different choices of 𝐸𝑏 𝐸𝑚⁄ . As the 𝐸𝑏 𝐸𝑚⁄  ratio increases 

from 1, the stress-state in the mortar changes from simple tension to a complex tri-axial stress-

state (consistent with the stress states evaluated for the baseline nacreous system) evidenced by 

the increase in peak peel and shear stresses, and a decrease in peak longitudinal stress. Further 

increase of  𝐸𝑏 𝐸𝑚⁄  from 250 is found to have negligible effect on the mortar peak stresses. For 

the subsequent analyses, we therefore use 𝐸𝑏 𝐸𝑚⁄ = 500. We further continued FE analyses for 

single-step compliance graded structures (see Fig. 1) by keeping 𝐸𝑏 𝐸𝑚⁄ = 500 and varying the 

ratio of modulus of mortar and modulus of region-A of the mortar, 𝐸𝑚 𝐸𝑚𝐴⁄ . The normalized peak 

longitudinal, peel, shear and equivalent stresses in the mortar for different choices of 𝐸𝑚 𝐸𝑚𝐴⁄  are 

shown in Supplementary Fig. 9. It can be observed that as 𝐸𝑚 𝐸𝑚𝐴⁄  increases from 1, the peak 

stresses reduce considerably, but further increase of 𝐸𝑚 𝐸𝑚𝐴⁄  over 100 has negligible effect on the 
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peak stresses. A value of 100 is therefore chosen for 𝐸𝑚 𝐸𝑚𝐴⁄  for subsequent FE analyses. Double-

step compliance graded structures are analyzed by varying the ratio of modulus of mortar and 

modulus of region-B (𝐸𝑚 𝐸𝑚𝐵⁄ ) as well as the length of region-B (indicated by 𝑙𝐵 𝑙⁄ -the ratio of 

length of region-B, 𝑙𝐵 and the length, 𝑙 as shown in Supplementary Fig. 4). Analyses were 

performed by keeping 𝐸𝑏 𝐸𝑚⁄ = 500 and 𝐸𝑚 𝐸𝑚𝐴⁄  = 100. Peak normalized stresses for different 

choices of 𝐸𝑚 𝐸𝑚𝐵⁄  as a function of 𝑙𝐵 𝑙⁄  ratio are shown in Supplementary Fig. 10. For 𝑙𝐵 𝑙⁄  ≤

0.5, the lowest peak longitudinal and peel stresses can be seen for 𝐸𝑚 𝐸𝑚𝐵⁄ = 35 at 𝑙𝐵 𝑙⁄  = 0.4 

while for all other cases, minimum peak stresses occur at  𝑙𝐵 𝑙⁄ = 1.0 for 𝐸𝑚 𝐸𝑚𝐵⁄ = 50. The trend 

is different for peak shear stresses: except for lower 𝑙𝐵 𝑙⁄  values, peak shear stresses increase as 

𝑙𝐵 𝑙⁄  increases from 0 to 0.8 and reduces when 𝑙𝐵 𝑙⁄  increases further from 0.8. It can be observed 

that a 𝑙𝐵 𝑙⁄  ratio of 0.4 and 𝐸𝑚 𝐸𝑚𝐵⁄  value of 35 give a desirable stress-state, reducing peak 

longitudinal and peel stresses by over 70% with a concomitant minor increase in peak shear stress 

(≅ 4%) compared to the single-step grading scheme ( 𝑙𝐵 𝑙⁄ = 0) and the case where 𝑙𝐵 𝑙⁄  = 1 (the 

region-B with modulus 𝐸𝑚𝐵 everywhere in the horizontal mortar except for the region-A). As 

noted earlier, peel stress reduction is most strongly correlated with overall performance 

enhancement in the experiments. Note that the peak stresses are the lowest for 𝑙𝐵 𝑙 = 1.0⁄  but this 

choice may not have enough stiffness to efficiently transfer load between the bricks and is therefore 

not considered. Thus, the parametric FE studies indicate that for a different choice of modulus 

gradient(s), different to those realized experimentally, higher reduction in peak peel stresses 

(shown to dominate first failure in the experimental work) can be achieved, up to a 70% reduction 

vs. the ~30% reduction noted in the single- and double-step CGM realized here experimentally. 

These predicted higher-performance CGM designs are not experimentally realized due to the 

limited choice of material options available for multimaterial 3D printing. The parametric finite 
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element studies presented here can be considered preliminary and not an optimization due to both 

the material linearity assumption and the focus on peak stresses in this region, but is instructive to 

show even further advantage beyond the two (single and double-step) compliance grading schemes 

considered here, i.e., the CGM is clearly significant and potentially dominant in the mechanics of 

nacreous materials. 

Conclusions 

Nacre, although comprised primarily of a brittle “brick” constituent, concurrently exhibits 

extraordinary strength and toughness, due to several noted and studied features including its 

periodic and hierarchical microstructures, and nanostructured composition. Here, we reveal that 

spatial compliance gradients in the compliant “mortar” between the bricks is a new motif that 

contributes to nacreous materials’ advantaged mechanical properties. Herein, we have realized 

nacreous structures with CGMs of mortar via multimaterial AM. Performance measurement of 

compliance graded nacreous materials reveals ~60% improvement in strength, ~70% in toughness, 

and ~30% in strain-to-break, while importantly retaining the macroscopic stiffness. The enhanced 

tensile behavior of the CGM nacreous materials suggests that engineered strain-tolerance via 

spatial compliance gradients improves work hardening, leading to enhanced strength and 

toughness. Numerical models of the experimentally realized graded schemes indicate an ~30% 

reduction in peak peel stresses from the baseline non-graded case, which primarily dictates the 

failure. Numerical parametric studies of graded structures reveal that further improvements can be 

achieved with other ratios of compliance mismatch in the single- and double-step grading 

configurations considered here: over 70% decrease in peak peel stress is observed for compliance 

grading schemes that produce desirable stress-states in the initial linear response regime, more 

than doubling the peel stress reduction of the experimentally-realized CGMs herein. CGMs of 
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mortar in nacreous materials with strongly spatially varying compliance can allow them to be 

engineered with stiff, tough, and damage tolerant properties and our results suggest that the 

mechanical performance (here, tensile, but performance evaluation under bending and other 

loadings is left to a subsequent study) can be further enhanced via bio-inspired spatial compliance 

motifs in one or more phases of the nacreous material, e.g., CGMs in vertical mortar. Emerging 

advances in nanoscale AM that enable spatial compliance grading of the materials at micro and 

nano-length scales in conjunction with bio-inspired compliance grading of periodic and 

hierarchical structures could lead to development of next-generation high-performance 

multifunctional materials with unprecedented mechanical properties. 

Materials and Methods 

Finite element analysis to design the nacreous structures for 3D printing is described, followed by 

the experimental specifics, including 3D printing and mechanical testing procedures. Geometric 

and material properties are chosen to ensure quasi-uniform shear stress-state in the mortar (as 

discussed above) and are further detailed below. The geometric parameters of AM-enabled nacre 

(see Supplementary Fig. 1) are: 𝑙𝑏 = 20 𝑚𝑚 and 𝑤𝑏 = 2 𝑚𝑚, and mortar thickness  𝑤𝑚 =

0.8 𝑚𝑚 with brick aspect ratio, 𝑏̅ = 𝑙𝑏 𝑤𝑏⁄ = 10 and overlap length ratio, 𝑙 ̅ = 2𝑙 𝑙𝑏⁄ = 0.48. 

Finite Element Analysis 

 

Numerical analysis for the nacreous structures were performed using Abaqus/Standard FEA 

Version 6.12. A 3-dimensional linear-elastic finite element model was created using 8-node linear 

brick elements (C3D8) and all the geometric parameters matched the experimentally realized and 

tested specimens. The linear-elastic finite element analysis is performed to understand the effect 

of different compliance grading schemes on strain and stress redistribution in the linear elastic 

regime (where the nacre, as a structural system, should spend effectively all its life), to make 
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rational choices about the form of the CGMs, and not to predict the failure and toughness of the 

system. Failure prediction would involve nonlinear constitutive and damage modeling of all the 

digital materials used in the AM system and is beyond the scope of this investigation. A mesh 

convergence study was conducted on the nacreous structure which showed that refining the mesh 

below a mesh size of 0.15 mm has little effect on the stress distribution in the mortar, near the 

mortar – brick interface (less than 1 % change in the peak stresses). The entire model is meshed 

with an element size of 0.1 mm. Material properties obtained from the mechanical tests of dogbone 

samples (see Supplementary Fig. 11 and Supplementary Table 2) are used for the finite element 

analysis. The 𝑦 planes and 𝑧 plane of the tabs that pass through the center of the tabs are constrained 

in 𝑦 and 𝑧 directions, respectively, with one side subjected to a tensile stress, 𝜎∞ as shown in Fig. 

4a.  

3D Printing and Mechanical Testing 

 

Nacreous structures explored in this study are fabricated using multimaterial AM of 

photopolymers. The CAD models of the samples are created using Solidworks (Dassault Systems, 

France) and an Object Connex260 3D printer (Stratasys Ltd., USA) is utilized to fabricate the 

samples. This multimaterial 3D printer utilizes polymer jetting technology and builds parts layer-

by-layer on the print tray by dispensing the liquid polymer through the print head nozzles. The 

jetted photopolymers are effectively instantly cured by the UV light from a UV lamp housed in 

the print head. The printer has a resolution of 16 µm in the 𝑧- direction (out of the build plane) and 

42 µm in the 𝑥- and 𝑦- directions (in the build plane)67. The printer uses a polymeric support 

material named Objet Support SUP705 that helps to attain desirable surface finish and also to print 

overhanging structures. In order to avoid the effect of printing direction on the mechanical 
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properties of the printed structures, which is a common and noted issue with such 3D printed parts, 

all samples are printed in the same x- direction. 

Two acrylic based photopolymers, VeroWhitePlusTM RGD835 and TangoPlus FLX930, which 

exhibit contrasting mechanical properties are used in this study. VeroWhitePlusTM RGD835 is a 

stiff polymer (Young’s modulus 𝐸𝑏=2,085 MPa) and TangoPlus FLX930 is a soft rubbery material 

(𝐸𝑚𝐴=0.63 MPa). The printer is capable of combining the two polymers in varying proportions to 

produce a range of materials with intermediate properties called digital materials. Structures with 

spatially varying material properties can be fabricated by using the two base polymers and/or the 

digital materials. First, homogeneous dogbone samples of all the material combinations explored 

in this study are printed and their constitutive properties are individually evaluated. The elastic 

properties of the different materials, including the digital ones used in this study are given in 

Supplementary Table 2 and their constitutive response is shown in Supplementary Fig. 11. The 

wide range (4 orders of magnitude, from 0.63 to 2,085 MPa) of elastic moduli of these materials 

makes them suitable for the fabrication of nacreous materials with spatially varying compliance of 

the mortar. The smallest geometric feature of the nacreous structure fabricated is 0.5 mm which is 

over an order of magnitude larger than the printer’s resolution given above. The geometrical 

features of the nacreous structure are shown in Supplementary Fig. 1 with values given in 

Supplementary Table 1. One-layer and two-layer brick-mortar structures were fabricated and 

experimentally evaluated. The layers in the two-layer brick-mortar structure are arranged in a 

staggered pattern in both the 𝑥- and 𝑦- directions to each other together with an intervening mortar 

layer. The load-displacement response and optical images corresponding to the first and second 

peaks of baseline and graded one-layer samples are shown in Supplementary Fig. 12 and the results 

are summarized in Supplementary Table 4. We find that the mechanical performance of two-layer 
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structure (discussed in the results section) is superior to that of the one-layer structure due to the 

enhanced load transfer enabled by an intervening layer between the two layers of brick-mortar 

structure. The baseline of two-layer nacreous structure has a maximum load (150.03 N) that is 

408% higher than the maximum load of one-layer baseline case (30.6 N). Thus, our study 

concentrates primarily on the two-layer structure, as it also exhibits periodicity in z direction as in 

natural nacre. For ungraded cases, the bricks are printed using VeroWhite, 𝐸𝑏=2,085 MPa and the 

mortar is printed using Shore50-a relatively complaint digital material with elastic modulus, 

𝐸𝑚=1.42 MPa. For graded nacreous structures, the compliance of the mortar is varied (increased) 

in the stress concentration zone (at and around the corners of the bricks) to diffuse the stress 

concentrations. The two compliance profiles (single-step and double-step) of the mortar that are 

experimentally realized and tested are shown in Fig. 1. In single-step grading, region-A (see 

Supplementary Fig. 4) is printed with TangoPlus (the most compliant polymer) having a modulus, 

𝐸𝑚𝐴= 0.63 MPa, and for the double-step grading, region-A is printed with TangoPlus and region-

B (see Supplementary Fig. 4) is printed with Shore40 – a digital material with modulus 𝐸𝑚𝐵=1.02 

MPa, enabling spatially graded designs by varying the mortar’s properties in fine discrete steps. 

Together with nacreous structures, grip spacers are printed with VeroWhite having modulus of 

2080 MPa in order to clamp the samples for the mechanical testing as described in the 

supplementary information, section S2. 

Mechanical testing of the dogbone samples and nacreous structures are performed using a Zwick-

Roell mechanical testing machine. A 2.4 kN load cell with an accuracy of better than ± 0.25 % for 

the measurement range of 10 to 2500 N is used. Tensile load in the longitudinal direction of the 

sample is applied at a crosshead speed of 5mm/minute while the displacement is measured with a 

travel resolution of 0.04 μm at the grips, i.e., crosshead displacement. Digital image correlation 
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was performed on dogbone samples and on the nacreous structures. A random speckle pattern was 

generated on the specimen surface by spraying white and black color acrylic paints using an air 

brush. Images of the speckled specimen surface were captured using a 5.0 MP monochrome 

camera and Vic-snap software (Version 8, Build 489) at 1 Hz. Vic-2D software was used to analyze 

the images of the speckle pattern and evaluate the 2D strain field of the specimen surface. In order 

to ensure the repeatability of results, 3 samples of each case were fabricated and tested. From the 

load-displacement response obtained from the mechanical tests, initial stiffness, load at first peak, 

maximum load, deflection at break and modulus of toughness are calculated along with standard 

error on all measured values. 
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Supplementary Information 

Supplementary information includes material characterization of additively manufactured 

materials, geometric and material architecture of the nacreous structure, mechanical performance 

of ungraded nacreous structures, and performance comparison of baseline and graded nacreous 

structures, including synchronized video of load-displacement curves (Supplementary Video 1). 
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ToC Entry 

The study demonstrates through experiments (enabled via multi-material additive manufacturing) 

and computations that compliance grading motifs in the mortar of nacre with optimal spatial 

gradients, apart from the bulk property mismatch between the brick and mortar and periodic 

architecture, can allow nacreous materials to be engineered with strong, tough, and damage 

tolerant properties. 
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Figures 

 

 

Figure 1. Nacre and its model showing the brick-and-mortar architecture: (a) Shell of ramose 

murex with SEMs of cross-section showing brick structure, and (b) 3D printed nacreous structure 

and unit cell of model indicating region of mortar modulus tailoring.  
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Figure 2. Performance comparison of baseline and tailored nacreous structures: (a) Schematic 

illustration of test specimen, (b) Representative load-displacement response together with optical 

images of the samples that indicate failure of vertical mortar (indicated by the first peak in the 

load-displacement response) and failure of horizontal mortar (ultimate failure) indicated by the 

second peak in the load-displacement response.   
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Figure 3. Optical images of deformation and failure behavior of AM-realized nacreous materials 

at different stages of loading (as indicated in the load-displacement response shown in Fig. 2a): 
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(a) failure of vertical mortar corresponding to the first peak in load-displacement response, (b) load 

transfer begins through horizontal mortar, (c) load is transferred wholly through horizontal mortar; 

damage evolution/growth in the horizontal mortar is clearly visible, (d) failure of horizontal mortar 

corresponding to second peak in load-displacement response and (e) final failure of structures 

exhibiting crack deflection. 

 

 

Figure 4. Finite element analysis of non-tailored (baseline) nacreous structures and stress 

distributions in the mortar: (a) Finite element model of the nacreous structure under far field stress 

𝜎∞ and boundary conditions that replicate the mechanical testing scenario. Brick length, 𝑙𝑏 =
20 mm, brick width, 𝑤𝑏 = 2 mm and the mortar thickness, 𝑤𝑚 = 0.8 mm. The inset image shows 

mesh refinement near the brick edges where the stress concentrations arise. (b) Normalized 

longitudinal (𝜎𝑥𝑥), peel (𝜎𝑦𝑦) and shear stress (𝜎𝑥𝑦) distributions in the horizontal and vertical 

mortars through the midline of a brick-mortar structure layer and near the brick mortar interface 

(0.15 mm from the interface) under a tensile load of 90 N (See Supplementary Fig. 7 for the lines 

of stress extraction). 
 



     

32 

 

 

Figure 5. Normalized longitudinal (𝜎𝑥𝑥), peel (𝜎𝑦𝑦), shear stress (𝜎𝑥𝑦) and equivalent stress (𝜎𝑒𝑞) 

distributions in the horizontal mortar of the baseline and tailored structures over the length of a 

unit cell, at the layer midline of brick-mortar structure and near the brick-mortar interface (0.15 

mm from the interface, see Supplementary Fig. 7) under a tensile load of 90 N (before the first 

peak load, see Fig. 2). 
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Tables 

 

Table 1. Summary of the experimental performance of baseline and tailored nacreous AM 

structures with standard error. Significant changes from the baseline (non-tailored) case are shown 

in red. 

 

Design 

Configuration 

Initial 

stiffness 

(N/mm) 

Load at first 

peak (N) 

Maximum 

load (N) 

Deflection 

at break 

(mm) 

Modulus of 

toughness 

(Nm × 𝟏𝟎−𝟑) 

Baseline 52.73 ± 0.44 121.69 ± 0.21 150.03 ± 0.35 8.12 ± 0.04 818.66 ± 0.28 

Single-step 

tailoring 
51.46 ± 0.78  

117.76 ± 2.54 

(-3.2%) 

243.39 ± 3.12 

(+62.2%) 

10.67± 0.09 

(+31.4%) 

1375 ± 8.46 

(+67.9%) 

Double-step 

tailoring 
52.32± 0.34  

111.6 ± 0.97 

(-8.3%) 

246.76 ± 1.56 

(+64.5%) 

10.59 ± 0.09 

(+30.4%) 

1401.6 ± 7.21 

(+71.2%) 

 

Table 2. Summary of the stress peaks in baseline and tailored nacreous structures obtained from 

numerical analysis. Significant changes from the baseline (non-tailored) case are shown in red. 

 

Design 

Configuration 

Maximum 

longitudinal stress 

(MPa) 

Maximum peel 

stress (MPa) 

Maximum shear 

stress (MPa) 

Baseline 0.542 0.397 0.169 

Single-step 

tailoring 

0.341 

(-37 %) 

0.277 

(-30 %) 

0.147 

(-13 %) 

Double-step 

tailoring 

0.319 

(-41 %) 

0.263 

(-34%) 

0.111 

(-34%) 
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