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performed on abalone nacre revealed that 
the material exhibits a toughness similar to 
aluminum even when it contains 95% cal-
cite, a ceramic.[1] Espinosa and co-workers 
showed that such toughness arises from a 
millimeter size process zone consisting of 
tablets sliding without pullout.[2,3] Recent 
developments in advanced manufacturing 
such as freeze casting and 3D printing have 
made possible the direct translation of the 
elegant architectures from natural mate-
rials to artificial materials and structures. 
More importantly, the new technologies 
have pushed the sizes of building elements 
to an even smaller scale for biomimicry.[4] 
These advances put further requirements 
on the characterizations of the structural 
and material properties of natural mate-
rials, which has always been challenging 
since most natural materials are aniso-
tropic and composed of complex hierar-
chies across several length scales.

The exoskeletons of crustaceans and 
beetles are of significant interest due to 

their multifunctional properties, such as supporting the ani-
mal’s body weight and resisting predator attacks and environ-
mental damage while enabling locomotion.[5–7] The core region 
inside the exoskeletons is composed of chitin fibrils arranged in 
a helicoidal stacking, which is also known as Bouligand type or 
twisted plywood structures.[8] Characterization of the Bouligand 
structure along with the constituent fiber properties is essential 
for understanding the intriguing structure-function relation-
ship. For example, using diffraction contrast transmission elec-
tron microscopy, Giraudguille et al. characterized the Bouligand 
structure in the cuticle of a crab and discussed the morphology 
of the crystalline chitin and its surrounded protein.[9] In other 
studies, Raabe and co-workers presented the plywood arrange-
ments of chitin-protein fibers in lobster samples by analyzing 
X-ray diffraction patterns.[10,11] Compared to crustacean cuticles 
in which the fibrous structures are mineralized, beetle cuticle 
is almost purely polymeric and the Bouligand structure inside 
generally appears at a smaller length scale.

Beetle cuticle has been extensively investigated to gain 
insight into its various functions.[6] Such studies showed that 
the mechanical properties of its constituents play key roles in 
the remarkable mechanical performance of the system. An 
example is the efficient wing attachment, consisting of elastic 
hinges and wear resistant articulations,[12] that affect aerody-
namic performance[13] and fatigue life.[14] Hence, characteriza-
tion of cuticle structure, as an inspiring structural composite 
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1. Introduction

Millions of years of evolution have produced fascinating biolog-
ical materials and structures that are optimized to perform a wide 
spectrum of functions essential for the survival of organisms. 
These biological materials have been intensively studied in order 
to decipher the intricate interplay between their superior material 
properties and structural design principles. For instance, studies 
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system, requires identification of geometrical and mechanical 
properties across spatial scales. For the exocuticle’s Bouli-
gand structure, this corresponds to pitch and angle of rotation 
between fibers in each layer[15] as well as stiffness and strength 
of the fibers. Previous studies made use of polarized micro-
scopy,[16] scanning electron microscopy,[17] and transmission 
electron microscopy[15] to examine the helicoidal arrangement 
of fibers. However, to the best of our knowledge, the aniso-
tropic elastic properties of the fibers in the Bouligand structure 
have not been identified.

Besides mechanical properties, other interesting features 
in beetles that also originate from the Bouligand structure are 
the iridescence of the cuticle and its structural coloration.[18,19] 
Specifically, many beetles have elytra (hardened forewings) with 
brilliant colors and metallic appearances. Such optical response 
of elytra has been studied by investigators in recent years.[20–24] 
Recognition of different forms of photonic crystal structures 
in natural biomaterials will likely inspire scientists to manu-
facture nonlinear optical devices. The basis for these optical 
properties of elytra is the periodic helicoidal structures where 
the layers show selective reflection for circularly polarized 
light. To examine this behavior, one needs knowledge about the 
nanoscale architecture such as the helicoidal pitch and angle of 
rotation between layers.[25]

In this paper, we present an atomic force microscopy (AFM)-
based characterization method to identify the Bouligand struc-
ture inside beetle cuticle. We employ not only the high image 
resolution of the AFM, but also perform nanoindentation 

experiments to identify the anisotropic elastic properties of the 
constituent fiber by means of anisotropic contact mechanics 
analysis. The methodology is general and can be applied to the 
study of other types of biocomposites that have features with 
characteristic dimensions of less than 100 nm.

2. Results and Discussion

The beetle, Cotinis mutabilis (Cetoniinae), a field crop pest in 
the western U.S., was studied as a model system in this paper. 
As shown in Figure 1a, the exoskeleton of the adult male is 
2 cm in length and 1 cm in width. The optical image of the 
cross section of the exoskeleton (Figure 1b), taken in the lon-
gitudinal direction, shows three structural layers: epicuticle, 
exocuticle, and endocuticle. At the bottom, there are periodic 
voids bridged by trabeculae, a typical lightweight design found 
in nature.[26] The epicuticle layer is the outermost part of the 
cuticle with a thickness of less than 10 µm, which mainly con-
sists of wax, protein, and lipids, and acts primarily as an envi-
ronmental barrier. The procuticle includes both the exocuticle 
and endocuticle, and is made of chitin fibers embedded in a 
proteinaceous matrix.[27,28] The endocuticle, formed during 
metamorphosis of larvae into adult beetles, provides rigidity 
and strength to the exoskeleton. The brick-like pattern on the 
sectioned surface of the endocuticle, as shown in Figure 1c, 
arises from cutting bundles of fibers along different orienta-
tions. By contrast, the exocuticle, developed in larval beetles,[29] 
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Figure 1. Images of the beetle exoskeleton. a) Male adult of Cotinis mutabilis. b) Optical image of the cross-section of the beetle exoskeleton with the 
epicuticle, exocuticle, and endocuticle visually defined by grayscale contrast. c) SEM image of the flat fractured surface of the epicuticle and exocuticle, 
and the brick-like structure of the endocuticle. d) STEM image of the multilayered pattern of the exocuticle, with estimated layer thickness of ≈220 nm.
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does not show any observable features at this scale, suggesting 
a finer structure. Interestingly, the scanning transmission elec-
tron microscopy (STEM) image of the exocuticle cross-section, 
shown in Figure 1d, reveals a layered periodic structure with a 
periodicity estimated to be 220 nm.

This exocuticle layered pattern (STEM image, Figure 1d) 
is consistent with the helicoidal Bouligand structure that was 
suggested by previous studies.[9] Figure 2 shows a schematic 
of the helicoidal structure, which is composed of many layers 
of fibers, stacked with a constant twist angle θ, with each layer 
consisting of fibers aligned in the same orientation.[30] The total 
number of layers n in one pitch (a distance for a rotation of π) 
can be calculated as 

n p d/=  (1)

where p is the pitch length and d is the diameter of a single 
fiber. Then, the twist angle between two adjacent layers can be 
written as 

n/θ π=  (2)

Considered to be the fundamental building blocks of the 
helicoidal structure, the fibers are bundles of chitin polymer 
chains wrapped with proteins.[31] Owing to this chain struc-
ture, each fiber has a larger modulus along the axial or lon-
gitudinal direction than that along the transverse direction. 
Thus, an individual fiber can be approximately considered as 
a transversely isotropic material with five independent elastic 
constants, as suggested by previous studies.[32] It is quite chal-
lenging to characterize these elastic constants when the fibers, 
possessing nanoscale dimensions, are embedded within a 
matrix. In the following sections, we discuss an approach that 
combines AFM-based nanoindentation and anisotropic inden-
tation analysis to identify the dimension of individual fibers as 
well as their elastic properties.

First, the topography of a surface sectioned 90° with respect 
to the longitudinal direction of the elytra is characterized 
by AFM with a scan size of 980 nm × 980 nm. As shown in 

Figure 3a, the scan exhibits periodic alternating dark and 
light contrasts, and notably the line section on the image 
(Figure 3b) shows that the periodicity of this pattern is around 
200 nm, which is consistent with the length of the helicoidal 
pitch (≈220 nm) estimated from the STEM image (Figure 1d).  
It is also worth noting that there is significant nonuniformity 
of the layer thickness. Moreover, it can be clearly seen from 
Figure 3 that each pitch is closely packed with circularly 
shaped features generated from the cross-section of indi-
vidual fibers. The height of each cluster depends on the fiber 
orientation, as schematically illustrated in Figure 2b. We ana-
lyzed the topographical images to identify the dimension of 
these circular-shaped features. As shown in Figure 3c, the 
image is partitioned into many small units with closed con-
tours according to the topographical contrast. Then, based on 
the areas of these units, the equivalent circular diameters are 
calculated and plotted in Figure 3d. The averaged diameter of 
the fiber, d is estimated to be around 20–30 nm. This value is 
in good agreement with values reported for the chitin-protein 
fibers in other beetles.[15] From Equations (1) and (2), one can 
estimate a total of around n = 10–15 fiber layers stacked to 
make an individual pitch, leading to a rotation angle between 
adjacent fibers of around θ = 12°–18°. Furthermore, we note 
that the topological difference on the scanned surface can 
be attributed to the fiber’s anisotropic mechanical property. 
Fibers that are sectioned perpendicular to their axial direction 
would have more protrusions upon the scanned surface due 
to the larger longitudinal modulus of the fibers. This can be 
further confirmed by our AFM-based nanoindentation on the 
sectioned surface.

The AFM-based nanoindentation was performed on a series 
of points along a single pitch, as shown in Figure 3c. A typical 
force–displacement curve is shown in Figure 4a, in which the 
maximum applied force was around 150 nN with a displace-
ment of 200 nm. The displacement is the subtraction between 
the travel distance of the piezo actuator and the vertical deflec-
tion of the cantilever. The contact stiffness, S, is obtained as the 
slope at the inception of the unloading curve. Vlassak et al.[33] 
showed that S can be written as 

Adv. Funct. Mater. 2017, 27, 1603993
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Figure 2. Schematic drawing of the helicoidal structure. a) Depiction of helicoidal structure with 18 layers within one pitch (size p). b) The 90° cross-
section cut by the plane shown in (a), on which AFM scanning and indention was performed.
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where F is the applied load, U is the vertical displacement of the 
indenter, and AC is the projected contact area. M, defined as the 
indentation modulus, is a function of elastic constants and, in 
general, dependent on the shape of the indenter. For isotropic 
materials and axisymmetric geometries, M can be simplified to 
reduced modulus E/(1 − ν2). To experimentally determine the 
indentation modulus from Equation (3), we have to estimate 
the projected area of contact, which is an elliptic shape in the 
case of anisotropic materials. The estimation of the contact 

ellipse area AC based on the analysis from Swadener and Pharr 
is given by[34]

A RUπ= 2C C  (4)

where R is the radius of the indenter, and UC is the mean con-
tact depth averaged over the perimeter of contact. The value of 
UC can be calculated using Oliver–Pharr method as[35]

U U
F

S
C max

maxε= −  (5)
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Figure 4. AFM-based nanoindentation in the exocuticle. a) Representative force–displacement curves from nanoindentation. b) Indentation moduli, 
obtained from the unloading curve, are plotted as a function of distance over one pitch following the line shown in Figure 3c.

Figure 3. AFM images identifying the Bouligand structure in the exocuticle. a) Tapping mode image of exocuticle showing approximately seven 
nonuniform pitches (scale bar: 200 nm). b) Height profile of the line section in (a). c) Zoom-in image of the region within the white-dashed box in 
(a). According to the topographical contrast, the image is partitioned into small units with closed contours, which indicate the cross-sections of indi-
vidual fibers (scale bar: 50 nm). Nanoindentation was performed following the line shown in c) to obtain the indentation modulus within one pitch  
(Figure 4b). d) Fiber diameter distributions identified from the image shown in (c).
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where Umax and Fmax are, respectively, the maximum indenta-
tion depth and force at the onset of unloading. The factor ε can 
be estimated as 0.75 for spherical indentation to the first order 
approximation.[36] It is noted that Equation (5) was initially pro-
posed for isotropic materials but can be extended for anisotropic 
materials. Using Equations (3)–(5), we can calculate the values 
of indentation modulus. The values of indentation moduli as 
a function of line scan distance along one pitch are shown in 
Figure 4b. Since there are roughly six fiber layers within a 90° 
half pitch, the neighboring data points in Figure 4b were aver-
aged to have six points (in Figure 5b) for the anisotropic contact 
mechanics analysis. Note that the modulus exhibits the same 
periodicity as what is measured from the topological scan. 
Moreover, the modulus has the highest value when the inden-
tation direction is aligned with the fiber axial direction, and 
it gradually decreases when the indentation direction moves 
toward the fiber radial direction, which agrees with the trans-
verse anisotropy of the fiber.

Next, we identified the anisotropic material properties based 
on the measured indentation modulus. As shown in Figure 5a, 
the fiber is considered as a transversely isotropic material with 
stiffness tensor Cijkl defined in a Cartesian coordinate system 
(e1, e2, e3), where ei denotes the unit vector on the ith direc-
tion. e1 is aligned with the axial direction of the fiber, and e3 
lies in the sectioned plane along the Bouligand stacking direc-
tion. It is noted that the direction of the major axis of the con-
tact ellipse coincides with the e3 direction due to the nature of 
the transverse material property. The indentation direction n 
is normal to the cross-section, and the angle γ between n and 
e1 describes the orientation of the fiber. To establish the rela-
tionship between elastic constants of the material and indenta-
tion modulus, we employed the method proposed by Vlassak 
et al.[33] Such a method has been successfully applied to study 
the conical indentation on wood cell walls.[37] The method is 
based on the surface Green’s function for anisotropic mate-
rials proposed by Barnett and Lothe.[38] Upon a unit load on the 
indentation direction n, the displacement of a point P at a posi-
tion r on the surface is given by 

w
r

n B n
h

r
j jk krr ee

π
θ

=   =−( )
1

8
( )

( )
2

1
3
*

 
(6)

where nj are the components of unit vector n, and ee3
* is the 

unit vector along vector r. w(r) is inversely proportional to the 
distance r, and has an angle-dependent part h(θ), where θ is 
defined as the angle between e3 and ee3

*. The function h(θ) is 
related to a symmetric and positive definite second order tensor 
B, which is defined by 

B D D D Djk jk js sr rkee ∫π
ϕ= − 

π
− ( )

1
8

d1
3
*

2
11 12 22 21

0

2

 (7)

where 

D e C ejk
mn

m i ijkl n l= ( ) ( )* *  (8)

Here, in order to compute tensor B, another Cartesian coor-
dinate system ee ee ee( , , )1

*
2
*

3
*  is constructed by three sequential 

rotations from the original coordinate (e1, e2, e3): the first rota-
tion from e1 to n about e3 by angle γ, the second rotation from 
e3 to ee3

*  about n by angle θ, and the final rotation from n to ee1
*  

about ee3
*  by angle ϕ. Note that the components of unit vectors 

mee*  and elastic tensor C in Equation (8) are expressed in coordi-
nate (e1, e2, e3). Based on the surface green function, the rela-
tion between indentation force F and indentation displacement 
U is given by 

F e
U

e C eα ( )
( )

( )
=

−
4

3 2

3/2

2
 (9)

where the constant C is related to the geometry of the indenter, 
and α(e) is a function of the eccentricity of the contact ellipse 

e b a( )= −1 /2 2 , which is given by 

e
h

e
∫α θ

θ
θ( ) ( )=

−

π

1 cos
d

2 2
0

 (10)
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Figure 5. Contact mechanics analysis of beetle fiber's anisotropic elastic properties. a) Coordinate systems used for contact mechanics analysis.  
b) Indentation moduli from experiment are compared to the values predicted from contact mechanics analysis.
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where h(θ) is obtained from Equation (6). According to Barber’s 
theorem,[39] for a given indention depth, the eccentricity e is that 
which maximizes the indentation force F under the Rayleigh–
Ritz approximation. This is equivalent to finding the value of e 
that minimizes the term e eα −( ) (2 )2  in Equation (9). Then, 
the contact stiffness can be derived as 

S
F

U
A

e eπ α
= =

−
d
d

2 1
( )(1 )

C 2 1/4  (11)

By comparing Equation (11) and Equation (3), the indenta-
tion modulus can be written as 

M
e eα

=
−
1

( )(1 )
T

2 1/4
 (12)

where the MT is used to differentiate from the indentation 
modulus M measured from experiment.

Equation (12) provides the relationship between indenta-
tion modulus and elastic constants of the material. The fiber 
is transversely isotropic with five independent elastic con-
stants, namely, El, Et, Gtl, νtt, and vtl, where subscripts l and t 
refer to the longitudinal and transverse direction of the fiber. 
The identification of the elastic constants of the fiber is based 
on an error minimization procedure, which has been applied 
previously to study the mechanical properties of wood cell 
walls.[37] As noted in conventional indentation problems, the 
influence of two Poisson’s ratio on the indentation modulus are 
negligible compared to the influence of the other three elastic 
moduli. Therefore, only three elastic moduli are considered in 
the error minimization calculation, while both Poisson’s ratios 
are set to 0.3. As such, the error η can be defined by 

M M E E Gi i
T

i

i

n

∑η γ γ( )( ) ( )= −
=

, , ,1 2

2

1

 (13)

where γi describe different orientations of fiber with respect to 
the indentation direction (see Figure 5a). As previously men-
tioned, for the material under investigation, there are about six 
fibers across half of the Bouligand structure period, thus there 
are six points when the indentation angle varies from 0° to 90°. 
Minimization of Equation (13) leads to longitudinal, trans-
verse, and shear moduli of 710, 70, and 90 MPa, respectively. 
With these elastic constants, the indentation moduli MT are 
computed and compared with experimental measurements in 
Figure 5b. The identified moduli of fibers are within the range 
of the values reported previously for the insect cuticle (0.1 and 
1 GPa),[40] but it is noted that the present method allows for 
identification of material anisotropy by taking advantage of the 
helicoidal feature inside the cuticle.

The anisotropy of the fiber, as indicated by the ratio between 
the maxima and minima of the moduli, comes from the atom-
istic structure of chitin chains inside the fiber. The covalent 
bonded backbone along the chain direction results in a much 
higher elastic modulus, as compared to the one perpendicular 
to the chain direction.[32] The anisotropy from chitin chains is 
reduced when the chains are wrapped by soft protein complexes 
to form fibers. Moreover, as discussed in a previous study on 
lobster cuticle,[32,41] the level of mineralization in cuticle strongly 

affects the anisotropic material property, since the absorption 
of inorganic particles to the polymeric structure increases the 
material isotropy. As a result, the fibers in beetle cuticle, mostly 
composed by polymeric materials, exhibit higher level of ani-
sotropy than the cuticles in crustaceans such as mantis shrimp, 
crab, and lobster, which also possess a helicoidal structure but 
contains abundant inorganic materials.[32,41,42] The heavy pres-
ence of inorganic materials in crustaceans also results in much 
larger elastic moduli[43,44] as compared with the values obtained 
on beetles. Since the mineralization level in beetle exocuticle is 
very low,[45] consistent with our AFM data in Figure 3 that show 
a tight packing of soft fibers in each layer of exocuticle, we con-
sider that homogenization is not required in our analysis. It is 
noted that, in comparison to previous indentation experiments 
on lobster cuticle conducted with a classical nanoindenter,[46] 
we used AFM with a sharp tip to perform the indentation, since 
the beetle cuticle requires much finer indentation resolution 
due to the nature of its structure. Moreover, we were not only 
able to observe the material anisotropy, but also obtained the 
material properties by combining experimental measurements 
with anisotropic indentation theory.

The Bouligand fibrous arrangements in general can improve 
mechanical properties and provide the structure with adapt-
ability to the loading environment.[47] For example, one of the 
effects of this architectural arrangement is to enhance the 
material toughness by deflecting the paths of crack propaga-
tion.[48] Another effect is the shear wave filtering capability 
exhibited when the material is subjected to dynamic loads.[43] 
Understanding these mechanisms requires fine characteriza-
tion of the Bouligand structure and materials, such as the pre-
sent method developed on the beetle exocuticle.

The methods and findings we have derived from studying C. 
mutabilis exoskeleton can be extended to other beetle species. 
For example, correlating mechanical properties with the geom-
etries of exocuticle and endocuticle layers from diverse beetle 
species will use the results of natural selection to better under-
stand structure/function of exoskeleton architecture. Coleoptera 
(beetles) is the largest order of insects and the millions of beetle 
species vary greatly from each other in taxonomic relatedness, 
body size, and ecology (e.g., diet, locomotor ability, predation 
pressure). Comparison of beetles with different demands on 
their exoskeleton is expected to reveal insights into how natural 
selection has shaped nanofiber composition, spatial scale, and 
orientation.

The current study focuses on the exocuticle layer with Bou-
ligand structure, but to understand the properties of the whole 
exoskeleton requires studies on other layers as well, such as the 
endocuticle. It can be seen from Figure 1c that the exocuticle 
and endocuticle layers have different structural architectures, 
although they appear to share the same building blocks, i.e., 
chitin fibers. Here, we also performed high resolution AFM 
imaging on the endocuticle, as shown in Figure 6. Interestingly, 
we found that the nanofibers of endocuticle and exocuticle 
have similar diameters, but the nanofibers in endocuticle are 
arranged orthogonally with only two orientations rather than 
helicoidally with many layers as in the exocuticle. Further, the 
image seems to show a transition layer from exocuticle to endo-
cuticle. It is important to understand why and how the beetle 
exoskeleton evolved such elegant structures, and additionally, 

Adv. Funct. Mater. 2017, 27, 1603993
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how to learn the underlying principles for advanced material 
design. The AFM nanoindentation based method developed 
here will be useful for such studies. The detailed investigations 
on the endocuticle and the transition layer as well as the inte-
grated structural performance are left for future studies.

3. Conclusions

Quantification of pitch size, diameter, and twisting angle, as 
well as the anisotropic elastic constants of the constituent fibers 
of C. mutabilis cuticle was performed using an experimental–
theoretical framework that combines AFM nanoindentation 
and anisotropic contact mechanics analysis. This approach pro-
vided direct characterization of beetle cuticle at the nanoscale 
and enabled identification of the fiber-matrix structural 
arrangement. Determination of the material properties of the 
constitutive elements will provide insight into how a particular 
fibrous arrangement evolved to achieve a particular mechanical 
behavior. Thus, further studies across beetle species should 
be carried out to understand the formation of fiber structures 
as well as the diversity of cuticle designs and properties. The 
methodology developed here can in principle be applied not 
only to beetles but also broadly to other animal and plant taxa to 
reveal their fibrous arrangements as well as material properties. 
Such work will bring us closer to answering questions about 
how particular fiber arrangements relate to mechanical prop-
erties as well as questions about why particular fiber arrange-
ments evolved.

4. Experimental Section
Sample Preparation: Male, adult specimens of C. mutabilis beetle 

were acquired from BioQuipBugs.com. Upon arrival, all specimens were 
received air-dried. To investigate the elytra structure and its mechanical 

properties, in particular the cuticle layers, small rectangular samples 
were cut from the insect specimens with double-edge razor blades. 
Samples for light optical microscopy were embedded in epoxy (EpoThin 
2) and then polished with different grits from 35 µm down to sub-
micrometer. Samples for scanning electron microscopy (SEM) were 
mounted onto aluminum stubs with double-sided adhesive conductive 
carbon tape, sputter coated with 8 nm osmium, and viewed in a Nova 
NanoSEM 600 (FEI Co., Hillsboro, OR, USA). Samples for STEM were 
fixed with 2.5% glutaraldehyde, stained, and fixed with 2% osmium 
tetroxide dehydrated in ethanol and infiltrated in ethanol-resin mixture 
as well as pure resin. Finally, the treated samples were polymerized 
in fresh resin for 48 h at 65 °C. Samples for AFM were similarly 
prepared. Cured blocks containing the samples were trimmed and 
sectioned normally to the outer surface in 200 nm thick slices using an 
ultramicrotome (Leica UC7/FC7 Cryo-Ultramicrotome). The sections for 
AFM were placed on a glass slide, and the ones for STEM were collected 
onto formvar carbon-coated copper grids and observed with a Hitachi 
HD-2300 STEM.

Atomic Force Microscopy: Sectioned beetle cuticle samples were 
imaged with the Park Systems XE-120 AFM (Park Systems, Santa 
Clara, CA) using noncontact mode. A silicon probe from Bruker Nano 
Surface (Santa Barbara, CA) was used with a nominal spring constant 
of 42 N m−1 and nominal tip apex diameter of 20 nm. The precise 
spring constant was calibrated with thermal tune method before each 
experiment. Nanoindentation experiments were performed with the 
same probe under contact mode.
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Figure 6. AFM images of beetle endocuticle. a) The band-shaped configuration reveals the orthogonal fiber arrangement in the endocuticle (scale bar: 
2 µm). The light bands, almost parallel to the aligned fibers, are zoomed-in (b) (scale bar: 200 nm). The dark bands, almost perpendicular to the fibers 
(with diameters of 20–40 nm), are zoomed-in (c) (scale bar: 100 nm).
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