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Abstract
Biological materials such as nacre, found in mollusk shells and Bouligand structures, found in the armor of many arthro-
pods, exhibit values of toughness that are much higher than their constituent materials. This is achieved via specific 
arrangements and combinations of natural materials. In all biomimetic studies seen in literature so far, any one type 
of material alone is chosen for mimicry. The present work aims to create a set of biomimetic designs that incorporate 
macroscopic features of both nacre and Bouligand structures, so as to achieve toughness amplification in the given 
material. Finite element analysis (FEA) of relevant geometric designs are initially performed using ABAQUS software 
and experimental validation of the most promising model (which was found to show a 46.15% improvement over the 
reference model) is done. The testing method selected for both simulations as well as experiment is the Charpy impact 
test (ASTM E23).
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1 Introduction

Nature, over the course of millions of years of evolution, is 
able to offer optimized solutions to many contemporary 
engineering problems. The field of biomimicry tries to 
draw upon these and adapt these solutions, as far as pos-
sible, to be used in synthetic systems. The present study 
is concerned with two prominent materials, namely nacre 
and Bouligand structures, which are found in biological 
structures whose functions are to provide structural integ-
rity and protection from impact loads. The ability of these 
materials to show much higher values of toughness than 
those of their constituents has piqued the interest of the 
research community, as unlocking the mechanics behind 
the behavior of these materials can lead to the creation 
of structures with high values of specific strength and/or 
toughness.

1.1  Nacre

Nacre, found in the shells of mollusks, in spite of being 
composed of 95% volume of brittle ceramic, boasts a 
toughness that is much higher than its constituent mate-
rial [1]. It consists of a brick and mortar arrangement of 
Aragonite plates (bricks) in a protein matrix (mortar), as 
shown in Fig. 1. The protein layer can be further classified 
into two types, namely the ‘interlaminar’ and ‘intralami-
nar’ layers. The former is found between adjacent layers 
of bricks, while the latter is found in the gap between adja-
cent tablets [2]. Nacre is found right below the hard outer 
calcite layer of the mollusk shell, as a fine coating. As in 
most biological growth processes, the tablets are formed 
by mineralization of Aragonite at specific nucleation sites, 
and as such, each layer of bricks exhibits Voronoi tiling [3]. 

During an impact event (usually normal to the plane of 
the nacre layers), the individual tablets tend to slide away 
from each other (Fig. 2). The displacement of the tablets 
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leads to the dissipation of the impact energy, thereby 
resulting in toughness amplification.

Barthelat et al. showed that each layer of nacre has a 
long range order surface waviness, which led to the forma-
tion of a dovetail joint with tablets from adjacent layers. 
This feature was primarily responsible for the strain hard-
ening and toughness amplification in nacre, during tablet 
sliding [1]. Along with the surface waviness, nano-asper-
ities on the tablet surfaces and mineral bridges between 
overlapping tablets also contribute to strain hardening 
and a corresponding increase in toughness. Zhang et al., 
with the help of molecular dynamics simulations, showed 
that the behavior of the protein layer enabled the growth 
of intra granular cracks in nacre, which increases the 
toughness of nacre, through crack extension [4]. At the 
nanoscale, Wang et al. studied the effect of intra crystal-
line organics, present as inclusions in nacre, and showed 
that these modify the crack propagation paths, thereby 
increasing toughness [5].

1.2  Biomimetic structures of nacre

Many researchers have attempted to manufacture nacre-
mimetic materials. But so far, none of the designs are 
feasible for large scale manufacturing. The most suitable 
method for capturing the geometry of nacre is 3D printing. 
But the limitations in usable materials, and the difficulty to 
print metals is a cause for concern. Askarinejad et al. [6], 
Zhang et al. [7] and Gu et al. [8, 9] used 3D printing to cre-
ate samples for experimental studies, while Mirkhalaf et al. 

[10] used a doctor blading technique to fabricate nacre 
mimetic specimen. Other methods include freeze casting, 
infiltration and lithography techniques [11]. But each of 
these methods have their respective shortcomings, which 
prevents them from being used for manufacturing nacre 
mimetic materials on a larger scale. Kakisawa et al. through 
a powder processing method using glass fibers, coated 
with silver as the raw material, created nacre mimetic com-
posites that could be used in structural applications [12], 
while Bouville et al. proposed a method for the production 
of nacre mimetic bulk ceramics [13].

1.3  Bouligand structures

Another example of a toughness amplification is observed 
in the dactyl limbs of the Mantis shrimp, as shown in Fig. 3. 
The structure consists of different zones, comprised of dif-
ferent kinds of arrangements of crystalline and amorphous 
hydroxyapatite. The forces generated upon impact from 
the club are high enough to break aquarium glass (~ 500 N) 
[14]. Despite multiple impacts, there is no catastrophic fail-
ure of the limb, which indicates a very high specific tough-
ness. The major energy absorbing component is region II 
(shown in Fig. 3c), which consists of helicoidally arranged 
fibrous composite layers, called Bouligand structures, first 
identified by Bouligand [15]. A SEM image of its cross sec-
tion is shown in Fig. 3d, while a 3D model of the material 
is shown in Fig. 3e. Upon impact, cracks propagate along 
a helicoidal path through the material, thereby leading to 
considerable energy dissipation, through multiple mecha-
nisms [16]. A theoretical model was created for crack prop-
agation by Suksangpanya et al. [16].

Ribbans et al. showed that fiber-matrix modulus ratios 
and pitch angles of helical reinforcements greatly influ-
enced the interlaminar shear strength of helicoidal fibril 
structures [17].

1.4  Biomimetic structures of dactyl limbs

Grunenfelder et al. [18] showed that helicoidal carbon 
fiber-epoxy composites reduced through thickness dam-
age propagation in laminates during impact, thereby 
improving the toughness of the composite. Mirkhalaf et al. 
conducted analytical, numerical and experimental studies 
on 3D printed helicoidal specimen subjected to impact 
loads, in which the crack propagation paths were con-
trolled [19]. The biomimetic models were found to have 
improved fracture toughness over conventional laminate 
specimen. Ginzburg et al. [20] conducted numerical stud-
ies of helicoidal composites subject to Low Velocity Impact 
(LVI), and found that helicoidal composites had the least 
amount of fiber damage, post-impact.

Fig. 1  A schematic diagram of the microstructure of nacre, show-
ing the brick and mortar arrangement of ceramic tiles in a protein 
matrix. The thickness of the protein layer between adjacent tablets 
is ~ 50 nm [1]

Fig. 2  Schematic showing tablet sliding. The tablet separation gen-
erates voids at the end of the tablets [1]
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1.5  Scope of the current study

The present study is an attempt to combine the salient 
features of nacre and Bouligand structures, so as to pro-
duce a specimen with superior toughness compared to its 
constituent materials. As of the time of submission of this 
article, no such work had been found in published litera-
ture, wherein a combination of multiple natural structures, 
with similar functions was studied.

In this work, each horizontal layer of the geometry of 
nacre is reproduced at the millimeter scale by machin-
ing grooves onto 2 mm thick metallic plate, as shown in 
Fig. 4. The reason for the selection of a 2 mm thick plate 

as the base material is that a thinner plate has a tendency 
to warp during machining, while a thicker plate would 
make handling the material more difficult, while at the 
same time, decrease the number of layers. In case a non-
conventional method such as laser cutting is employed, 
the plate thickness may be reduced, and the number of 
layers increased, which should (theoretically) give bet-
ter results. But the improvements cannot be justified by 
the corresponding rise of manufacturing costs (especially 
when it comes to manufacture of large specimens for use 
in practical applications).

All outer dimensions of the cut pieces correspond to 
the requirements of an ASTM E23 Charpy impact specimen 
(55 mm × 12.7 mm).

The grooves act as joints between the bulk portions of 
the plate (similar to the protein layer between adjacent 
ceramic tablets in nacre). The aspect ratio of natural nacre 
is 20:1, but that of the thicker metallic portions of the 
synthetic model are kept at 5:1 in order to facilitate ease 
of manufacture, as a higher aspect ratio at these length 
scales would cause premature bending and/or oversized 
tablets.

The orientations of adjacent layers of the geometry 
were varied by equally spaced angular distances, in 
such a manner as to obtain an angular difference of 90 
degrees between the first and last layers. This is similar 

Fig. 3  a The Mantis shrimp, showing its dactyl club (inset), b 3D model of the club, c transverse section of the club, d SEM image of a frac-
tured surface, e 3D illustration of Bouligand structures [16]

Fig. 4  The geometry of each layer of a sample synthetic, bioin-
spired metallic specimen. In this sample, the width of each groove 
is 2 mm, while the depth is 1 mm
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to the arrangement of composite layers in natural Bou-
ligand structures. Although the angle of twist lies within 
10 degrees for natural structures, the synthetic layers are 
inclined at much larger angles (~ 22.5 degrees), due to the 
lower number of layers in the synthetic model.

In this work, fifteen different geometries are created 
and analyzed using Finite Element Analysis (FEA). All 
specimens of interest were either directly taken from 
available designs in literature, or are a modification of 
previously studied designs. The selection criterion was 
the ease of manufacture using conventional manufactur-
ing processes.

A material model validation study is performed using 
the most promising geometry, the results of which are 
given in the next section. This is followed by a com-
parative study of different kinds of proposed geometric 
combinations.

2  Material model validation

The specimen selected for validation is subjected to a 
Charpy impact test (ASTM E23) [21]. An initial Finite Ele-
ment Analysis of different geometries are performed using 
ABAQUS Explicit (ver. 6.13), so as to identify the optimum 
arrangement, and the optimized geometry is validated 
experimentally. The details of the FEA study are given in 
the following sections. The material chosen was Aluminum 
due to its ease of availability in different sizes in the market 
and machinability (which in turn, drastically brings down 
the cost of production of the required geometries), whose 
properties were taken from literature [22], and modelled 
based upon the Johnson–Cook ductile damage model 
[23].

The geometry of the model, subject to experimental 
validation is shown in Fig. 5.

Each layer consists of a 2 mm thick aluminum sheet, 
with 1 mm deep grooves, machined on it. Although nacre 
tablets are composed of brittle ceramic, aluminum was 
chosen as the material due to its ease of availability and 
good machinability. Also, the dimensions of the grooves 
were selected in such a manner so as to keep them within 
the minimum resolution of equipment available in the 
industry; the goal is to be able to manufacture these speci-
men using commonly available industrial tools, without 
the need for specialized/custom equipment.

The orientations of the grooves are (bottom to top) are 
0, + 45, 90, − 45, 0 degrees. The grooves create weak joints 
between stiffer tablet (full thickness) sections, thereby 
mimicking the arrangement of nacre. The helicoidal twist-
ing of the grooves mimics the arrangement of laminae in 
Bouligand structures.

2.1  Finite element analysis

Finite Element Analysis was performed using the commer-
cial package, SIMULIA ABAQUS Explicit (version 6.13), a 
product of Dassault Systèmes. A mesh of size 0.25 mm con-
sisting of C3D8R elements was used. These 3-dimensional 
reduced integration elements are suitable for explicit 
analyses due to better stability of each iteration. Although 
convergence was obtained at a mesh size of ~ 1.75 mm 
itself, an additional reduction in size was made, in order to 
improve the accuracy of the results, considering the high 
amount of geometric and contact non-linearities in the 
model. The average time taken for a 2 mm mesh model 
was about 4 h, while that for that for the 0.25 mm mesh 
model was about 10 h. The impactor was modeled as a 
rigid body, using R3D3 and R3D4 elements.

The meshed model is shown in Fig. 6. The impactor and 
the supports are modelled as shell bodies, with reference 
points, denoted by ‘RP’. The laminate specimen is placed as 
a stack in the supports, and the impactor is given a linear 
velocity, into the plane of the top surface. The supports 
are given an ‘Encastre’ boundary condition (0 degrees of 
freedom), while the hammer tip is constrained to move 
linearly, along the line of impact (normal to the top face 
of the material).

A grid independent study was performed on the model 
(Fig. 7) using mesh sizes varying from 0.5 to 2.75 mm, with 
the maximum von Mises stress in the specimen as the 
variable (shown in Fig. 6). It may be observed that conver-
gence is obtained at a mesh size of 1.75 mm itself. But, a 
smaller mesh size (0.25 mm) has been used in all further 
models, so as to account for accurate geometric modelling 
of fine features, as well as nonlinear effects at the contact 
regions.

A frictional contact (with a frictional coefficient of 0.3; 
arbitrarily chosen at first, and subsequently validated 
by the experimental results) was provided between the 

Fig. 5  The geometry for material data validation. Each layer of 
metal is 2  mm thick, while the overall dimensions are selected as 
per the requirements of the ASTM E23 standard. The grooves in the 
second (from top), third and fourth layers are oriented at − 45, 90 
and + 45 degrees respectively
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different layers using the ‘General Contact’ formulation in 
ABAQUS/Explicit, and an initial velocity of 5.92 m/s (which 
was the velocity of the hammer tip, when it struck the 
specimen in the experimental model) was assigned to the 
impactor head, to simulate the drop from a height of 1 m. 
The mass of the hammer was 17.12 kg, and the step time, 
0.005 s (which is the time required for complete penetra-
tion of the hammer tip into the material). The results of the 
FEA study is shown in Fig. 8. The von Mises stress is con-
sidered here due to the complex nature of the geometry, 
and the loading conditions. Since it is not easy to predict 
in advance the type of deformation in the material during/
after impact, it is better to consider the von Mises stress 
over the principal stresses.

2.2  Experimental validation

The optimized specimen was validated by fabrication of 
the specimen, followed by testing in an impact testing 

Fig. 6  The mesh of the assembled components. The specimen is placed between the hammer tip (top) and the supports (bottom plates)
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vergence is initially obtained at a mesh size of 1.75 mm itself



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1022 | https://doi.org/10.1007/s42452-019-1062-7

machine, manufactured by FIE (Fuel Instruments & Engi-
neers Pvt. Ltd.), with a maximum capacity of 300 J. The 
specimen was fabricated by machining aluminum sheets 
of thickness 2 mm (Fig. 9), and then laying them out in 
stacks. In order to keep the plates in contact, the entire 
arrangement was wrapped up in adhesive tape. The fab-
ricated specimen, prior to and after impact testing are 
shown in Figs. 10 and 11, 12,  respectively. The energy 
absorbed by tape rupture is negligible (~ 5% of the impact 
energy), when compared to the energy absorbed by the 
specimen, and can be safely neglected. A certain amount 
of randomness was brought in via slightly staggered 
arrangement of the plates, and varying thickness at the 
edges of the laminates.   

Upon impact, the energy absorbed by the specimen 
was found to be 38 J. This is a 46.15% increase over the 
base value of bulk aluminum alloy, which is 26  J [24]. 
The energy absorbed by the FEA model was found to be 
36.60 J. The difference between experimental and FEA val-
ues is 3.68%, which is within the acceptable limit (gener-
ally 10–30%, depending upon the software and type of 
analysis).

A comparison of the shapes of the deformed specimens 
(Figs. 11, 12) show that there is reasonable agreement 
between FEA and experimental values. At the same time, 
spring back of the specimen (observed in the experimental 
specimen) is neglected in the FEA study, in order to sim-
plify the process. Also, unlike the experimental model, the 

Fig. 8  von Mises stress distribution at the end of the step time. It 
may be noted that the Mises stress has been distributed through-
out each layer of material, instead of being concentrated at the 

center portions alone (as seen in a bulk material, subject to similar 
loading conditions)

Fig. 9  A single plate unit (45° slotted). The thickness and depth of 
each slot is 2 mm, while the overall dimensions of the plate corre-
spond to ASTM E23 standards

Fig. 10  The fabricated specimen, prior to testing. The layers of 
metal have been enclosed in a layer of adhesive tape, in order to 
maintain the shape of the specimen, during the testing process, as 
only frictional contact is considered amongst the layers
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FEA model does not have any toss energy associated with 
it (Toss energy is the energy used up when the specimen 
gets thrown off the support, during experimental testing. 
This phenomenon does not occur in the FEA analysis, as 
accounting for this energy loss would require considerably 
larger analysis times ~ 10 times more and is not worth the 
computational effort). Moreover, the impactor head, being 
a rigid body, does not absorb any energy at all.

3  Biomimetic study of combination 
geometries

Different types of geometries were designed (shown in 
Table 1) and studied using FEA simulation of a Charpy 
impact test.

All specimens were subjected to in plane normal impact 
by a rigid body impactor, having a point mass of 2.10 kg, 
travelling at an initial velocity of 7 m/s, which are the 
values used in experimental tests of high-grade ballistic 
armor steel [25]. The results of the bioinspired geometries 
were compared with a reference solid block of the same 
material, subject to similar loading conditions.

The final geometries that were obtained by relevant 
combinations can be grouped into two categories:

3.1  Bulk material geometries (B1–B9)

Initially, a set of models were created where the only 
features were the presence of cylindrical holes in a bulk 
Charpy specimen. The objective of studying these blocks 
were to understand the effects of removing material from 
different regions of the bulk material and check if such 
a procedure could yield a desirable level of toughness 
amplification.

These focus upon the manufacturability aspect of the 
specimen. The sizes of the specimen are maintained at 
the order of a few millimeters and the components are 
designed in way that allows for manufacturing on a very 
large scale, using existing, conventional techniques.

It consists of different specimens, each drilled with 
varied arrangements of 5 mm diameter (minimum size 
of cutting tool available in most CNC machines in indus-
try) holes/elongated holes. The position of the holes, the 
depth of cut and orientation are varied, so as to create 
multiple models.

It may be noted that the bulk specimens are intended 
to be used for the purpose of comparison with the lami-
nate specimens (explained in the subsequent sections), 
and no in depth analyses have been performed upon 
these samples. For such a study would be too generic and 
is not within the scope of the present research.

Fig. 11  The figure given here 
shows the FEA simulation 
results of the experimentally 
validated specimen. It may be 
noted that unlike a standard 
Charpy test in which the test 
specimen gets split into two 
separate pieces, in the case of 
the laminate model, the speci-
men is highly deformed, yet 
remains as a single unit

Fig. 12  The deformed specimen (experimental result) is shown 
here. Unlike the FEA result, some amount of springback of the 
laminates are observed in the experimental specimen. A single, 
undeformed laminate layer has been placed before it, in the photo-
graph, in order to have a rough idea about the extent of deforma-
tion in the specimen
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Table 1  Summary of finite element analysis of different specimens, 
and the energy absorbed by each

Model ID Image Energy 
absorbed 
(J)

Reference (R) 26.30

Bulk model (B1) 10.03

B2 39.93

B3 28.45

B4 15.54

Table 1  (continued)

Model ID Image Energy 
absorbed 
(J)

B5 16.32

B6 19.44

B7 14.70

B8 24.87

B9 8.48
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3.2  Laminate geometries (L1–L5)

Another method is to create the same geometry using stacks 
of sheet metal, in order to form a laminated specimen. The 

advantage here is that smaller features can be modelled as 
grooves or features on the sheet metal.

This is the proposed method to create truly nature 
mimetic geometries.

All laminate geometries (L1–L5) were designed using 
existing works in literature that mimic nacre, as a starting 
point [26–30]. All nacre mimetic models stipulate a brick 
and mortar combination of ceramic tablets, surrounded by 
a viscoelastic polymer layer. Due to the difficulties of mod-
elling, as well as manufacture of dual material models, only 
single material models have been considered in this study. 
This study intends to check for the presence of toughness 
amplification at these dimensions (millimeter scale). So far, 
no study has been performed on bioinspired specimens at 
these scales. The results of this work pertain to a feasibility 
study of such an approach, and may be used to form the 
basis for further parametric studies at these scales. Upon 
verification of this, dual material models may also be con-
sidered in subsequent works. The protein interface between 
adjacent nacre tablets have been replaced by weak joints 
(grooves in the laminate, which create weak links). The pro-
tein layer between adjacent tablet layers has been elimi-
nated completely, and frictional resistance alone is present 
here.

Some of these models were subsequently modified to 
incorporate related features, from other, suitable geometries 
such as Bouligand structures [14, 20, 31–34] and biological 
sutures [25]. Bouligand structures were mimicked by orient-
ing each layer of nacre mimetic aluminum plates at a slightly 
different angle in the plane of the lamina, while sutures were 
created as jigsaw interlocks between adjacent tablets in the 
same plane (L3, L4).

Another set of geometries involves jigsaw-like interlock-
ing between adjacent pieces of metal, in the same plane, 
while another involves projections on the surface of each 
plate, which lock into grooves at the bottom of the adja-
cent plate. These two types create a form of strain hardening 
mechanisms in the material. The corresponding features in 
nacre are surface waviness of the tablets (forming dovetail 
joints) and mineral bridges [1].

A set of models based upon work by Al-Maskari et al. has 
also been included for the analysis [26]. In this model, each 
lamina (which consists of a row of individual bricks) has a 
triangular wave shape at the boundaries. This causes tablet 
interlocking and resistance to relative sliding of adjacent lay-
ers (analogous to strain hardening in natural nacre).

Table 1  (continued)

Model ID Image Energy 
absorbed 
(J)

L1 12.50

L2 12.63

L3 8.50

L4 10.36

L5 8.75

The bulk specimens are prefixed by ‘B’, while the laminate speci-
mens are prefixed by ‘L’
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4  Results and discussion

Finite Element Analysis was conducted upon different geo-
metric configurations (shown in Table 1), and the energy 
absorbed by each specimen when subject to a Charpy 
Impact test was noted.

The reference specimen shows a value of 26.30 J, which 
is a 1.16% deviation from the experimental value [24], and 
is within acceptable error limits, thereby further validating 
the material model used.

In order to have a better comparison amongst the 
geometric models, a normalized chart of total energy 
absorption as well as specific energy absorption (energy 
absorbed per unit mass of material) has been plotted 
(Fig. 13). The values are normalized with respect to those 
of the reference model (R).

4.1  Bulk models

From the normalized chart, it may be observed that mod-
els B2 and B3 show properties that are better than the 
reference specimen, i.e., these are the models that show 
significant toughness amplification. Model B8 shows bet-
ter specific properties than the reference model.

In the case of B2 and B3, it may be observed that maxi-
mum material is present in the region that lies along the 
striking path of the pendulum hammer. At the same time, 
material may be removed from the edges of the specimen, 
so as to improve its specific properties. At the center, the 
specimen behavior is similar to that of the bulk specimen. 
But the presence of voids on the side portions allows for 
some movement. At the same time, the irregular geometry 

allows for multiple reflection of stress waves within the 
specimens, similar to the phenomenon observed in the 
hyoid structure of a woodpecker’s head [35]. This is not 
possible in the reference model, which provides a smooth, 
straight path for the propagation of any stress waves that 
are generated during the dynamic impact event.

Generally speaking, in all the bulk models, energy 
absorption occurs only in the regions that lie within a 
20 mm radius, away from the point of initial impact and 
most of the remaining portion of the material does not 
contribute significantly to the toughness of the specimen.

Even in the case of the functionally graded model, the 
presence of a gradually varying set of features (holes) does 
little to contribute to toughness amplification. This may be 
attributed to the large dimensions of the features, when 
compared to natural systems (tree trunks, plant stems, 
nacre etc.).

4.2  Laminate models

All the laminate models show a decrease in energy absorp-
tion by about half (on average). Among the laminates, L2 
shows high energy absorption, while L1 shows excellent 
specific characteristics, as L2 is a closely packed structure 
and L1 has voids in between.

But the best improvement was shown by the experi-
mentally validated model. This may be attributed to the 
smaller size of the grooves in the model, when compared 
to L1.

On the other hand, in L1 (Fig. 14), the stress at the V 
notch tends to remain at a uniform value of ~ 400 MPa, 
even though there is a drastic failure of the top portion 
(in contact with the hammer tip). This phenomenon, apart 

Fig. 13  Normalized total and 
specific energy absorption of 
different geometries, from FEA 
studies. The specimens with 
a ‘B’ prefix denote the bulk 
models, while those with ‘L’ 
denote the laminate models. 
All energy values have been 
normalized with respect to 
that of the reference block
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from indicating failure at the top surface, also shows that 
the bottom layer does not fail, but is still intact, i.e., dam-
age in the material is arrested, prior to reaching the lower 
layers of the model, which is the case with natural armor 
systems. It may be noted that unlike the bulk specimen, no 
fracture occurs at the notch. This indicates that despite the 
presence of a major stress concentration point, the model 
is able to avoid catastrophic failure, as is the case with bulk 
specimens.

In the case of jigsaw structures (L3, L4), elastic deforma-
tions which occurred at the sutures appeared to lead to 
weakening and rapid disintegration of the entire structure. 
A decrease in the size of the sutures can lead to a solution 
to this problem, but it comes at the cost of manufactur-
ability. Hence, no further studies were conducted in this 
aspect.

The Al-Maskari model (L5) also had a similar problem 
as the jigsaw models. An absence of the viscoelastic inter-
face could be the reason for the lower energy absorption 
observed.

Also, while fracture is the dominant form of energy 
absorption in the bulk specimens, the biomimetic lami-
nate specimens use elasto-plastic deformations as the 
dominant form of energy absorption. This characteristic 
is useful when designing structures that need to maintain 
structural integrity, in spite of being damaged by impact 
loads.

Thus, even though the energy absorbed for the 
improved laminate specimen (L1) is not significantly dif-
ferent from the reference specimen, the main advantage 
lies in the use of relatively lesser material, and effective 
redistribution of the stresses within the material. While the 
bulk specimen exhibits brittle failure at the midpoint (with 

failure initiating at the V-notch), a more ductile behavior 
is observed in the case of the laminate specimen, as seen 
from the FEA and experimental results. This is advanta-
geous when creating light-weight materials that are 
required to act as protective barriers against impact forces.

5  Conclusion

In the present work, a set of novel geometries have been 
proposed, which try to implement a combined biomim-
icry of nacre and Bouligand structures. From the FEA and 
experimental results, it is observed that some of the new 
designs indeed shows improved toughness, when com-
pared to the bulk material (46.15% improvement in energy 
absorption, for the experimentally validated specimen).

Moreover, sheet metal manufacturing and machining 
systems can be set up very easily in industry and thus, the 
proposed design can be manufactured very easily and in 
an economic manner; no special tools or equipment are 
required for the same. This work is an initial step towards 
making biomimetic systems feasible for manufacturing 
using existing methods.

At the same time, parametric studies need to be con-
ducted in future works to ascertain the optimum combi-
nation of dimensions, groove spacing, orientation and 
number of layers required for maximum toughness ampli-
fication. Another probable course of future work could be 
the inclusion of adhesives or viscoelastic material between 
the layers of metal plates, which could improve the tough-
ness of the structure. Also, other types of tests, such as 
Low Velocity Impact (LVI) tests need to be performed to 

Fig. 14  Variation of Mises 
stresses at different pints of the 
L1 (laminate) specimen. The 
stress at the V notch remains 
approximately constant 
(~ 400 MPa), while that at the 
top surface decreases with the 
progress of time. A change in 
stress is indicative of damage 
to the material, which is seen 
on the top surface, but does 
not progress to the bottom 
surface of the specimen
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make further assessment of the delamination behaviour 
and failure mechanisms in these materials.

Prospective applications of this material include 
improved shock absorption systems, with higher specific 
strength, as well as bullet proof armour materials.
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