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Insect cuticle is a biological composite with a high degree of complexity in

terms of both architecture and material composition. Given the complex

morphology of many insect body parts, finite-element (FE) models play

an important role in the analysis and interpretation of biomechanical

measurements, taken by either macroscopic or nanoscopic techniques.

Many previous studies show that the interpretation of nanoindentation

measurements of this layered composite material is very challenging. To

develop accurate FE models, it is of particular interest to understand more

about the variations in the stiffness through the thickness of the cuticle. Con-

sidering the difficulties of making direct measurements, in this study, we use

the FE method to analyse previously published data and address this issue

numerically. For this purpose, sets of continuous or discontinuous stiffness

profiles through the thickness of the cuticle were mathematically described.

The obtained profiles were assigned to models developed based on the

cuticle of three insect species with different geometries and layer configur-

ations. The models were then used to simulate the mechanical behaviour

of insect cuticles subjected to nanoindentation experiments. Our results

show that FE models with discontinuous exponential stiffness gradients

along their thickness were able to predict the stress and deformation states

in insect cuticle very well. Our results further suggest that, for more accurate

measurements and interpretation of nanoindentation test data, the ratio of

the indentation depth to cuticle thickness should be limited to 7% rather

than the traditional ‘10% rule’. The results of this study thus might be

useful to provide a deeper insight into the biomechanical consequences of

the distinct material distribution in insect cuticle and also to form a basis

for more realistic modelling of this complex natural composite.
1. Introduction
Insect cuticle is one of the most complex biological composites. It is known to

have a spatial hierarchical architecture, which in the lowest level of hierarchy

can be divided into several layers. A simplified insect cuticle traditionally con-

sists of three layers [1]: (i) epicuticle, (ii) exocuticle, and (iii) endocuticle.

Epicuticle is the outermost layer that is usually thin and has a cement-like

chitin-lacking structure [2]. The other two layers, in contrast, have lamellar

organizations and contain chitin [3]. Exocuticle is a stiff and highly sclerotized

layer [4]. The sublayers in the exocuticle are dense and they usually form a

three-dimensional (3D) helicoidal configuration [5]. Endocuticle, however, is

less dense, softer, more hydrated and often resilin-bearing [6,7].

Depending on its concrete location on the insect body and its function, cuticle

may have different chemical composition, thickness and layer configurations. The

cuticle of the galeal wall of the moth Deilephila elpenor, for example, has an

additional layer beside those mentioned before [8]. This layer, known as mesocu-

ticle has a porous microstructure [9]. Such a layer can also be found in the cuticle of

wing veins in Odonata [6]. However, the mesocuticle in the veins is unusually

located between two exocuticle layers. In other arthropods, such as ticks, different
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layering of cuticle was previously reported. One good example

is the cuticle of the mite Tydeus sp. (Tydeidae). The epicuticle in

this species is exceptionally thick and does not fit the typical

thickness profile of an insect cuticle [10].

Recently, the development and application of new

microscopy techniques have helped to understand several

aspects of insect cuticle histology and morphology. Confocal

laser scanning microscopy (CLSM) allows the differentiation

between the strongly, weakly and non-sclerotized chitinous

materials [7,11,12]. Nano- and micromechanical testing

methods allow researchers to measure material properties

of micrometre-sized cuticle samples [1,13,14]. These studies

indicate a large variation in the stiffness along the thickness

of the cuticle. However, the quality and quantity of these

variations are still largely unknown.

So far, two main hypotheses regarding the distribution of

stiffness in insect cuticle can be found in the literature.

According to the first one, the stiffness distribution through

the thickness of the cuticle should be approximated as a gra-

dient with a continuous increase from the softest (inside) to

hardest (outside) layer [11,15]. The second hypothesis states

that the stiffness is best represented using a discontinuous

profile [16,17]. The discontinuity in this profile occurs at the

interface of the layers. Which one is the correct model?

The limited thickness of cuticle samples and their fast

desiccation rate make it still very difficult to verify the val-

idity of either of the above two hypotheses by means of

direct measurements. Hence, a possible way to answer this

question is to numerically test both models and analyse the

best fit. In this study, we developed sets of finite-element

(FE) models based on the gula cuticle of the beetle, Pachnoda
marginata, the elytra cuticle of the dung beetle, Copris ochus
(Motschulsky), and the sternal cuticle of the locust, Locusta
migratoria. The three mentioned cuticles generally show a

typical pattern of epi-, exo- and endocuticle, except the last

example which also includes a mesocuticle layer. These

cuticles were selected based on their relatively well-studied

microstructure and mechanical behaviour. We assigned sev-

eral different stiffness profiles to these geometric models to

simulate their mechanical behaviour subjected to nanoinden-

tation. The aim was to find the vertical distribution of

stiffness that results in the most accurate predictions of the

mechanical behaviour compared to the available experimen-

tal data. The different layered structures and thickness

ratios of individual layers in the selected species demonstrate

the sensitivity of our models to variations in the geometric

parameters and also enable us to test the general validity of

the hypothesized stiffness profiles.
2. Material and methods
2.1. Stiffness profiles
To test the different stiffness gradient hypotheses, we developed

an ABAQUS (v. 6.14) user-subroutine (USDFLD) with seven gra-

dients of stiffness along the thickness direction of insect cuticle

models. The tested stiffness gradients had either a continuous

(C) or a discontinuous (DC) profile.

When considering a continuous stiffness profile, three func-

tions were derived. The first one in this group represents a

continuous linear stiffness profile increasing from a minimum

elastic modulus at the innermost level (zero thickness) of the

model to a maximum elastic modulus at its outermost level
(figure 1a, C-LIN). The following function was employed to

define the distribution of the elastic modulus along the thickness

EðtÞ ¼ Atþ B, ð2:1Þ

where E(t) is the stiffness function and t is the thickness of the

cuticle model. A and B are the rate of change of the elastic mod-

ulus along the thickness and the elastic modulus of the innermost

level, respectively.

The second stiffness profile has a continuous exponential

growth (figure 1b, C-EXP). The exponential function describing

the variation of stiffness along the thickness in this profile is

EðtÞ ¼ CeDt: ð2:2Þ

Here, C and D are constants and can be determined by sub-

stituting the values of the maximum and minimum elastic

moduli in the above equation.

A generalized continuous logistic function was used to

define the variation of the stiffness in the third profile

(figure 1c, C-LG). This function can be expressed in the following

form [18]:

EðtÞ ¼ Fþ G� F

ð1þHe�Iðt�JÞÞ1=K : ð2:3Þ

In the above equation, F and G are the lower and upper

asymptotes, respectively. These two parameters can be deter-

mined using the minimum and maximum values of the elastic

modulus, respectively; H and J characterize the magnitude of

the elastic modulus in the inflection point and the position of

this point along the thickness, respectively; I is the growth rate

of the stiffness function; and K is the shape parameter.

Three other stiffness gradients were developed by consider-

ing discontinuous profiles with discontinuities at the interface

of layers in the cuticle. The first and second profiles in this cat-

egory have linear (figure 1d, DC-LIN) and exponential

(figure 1e, DC-EXP) stiffness gradients through each of their

single layers, respectively. Although the distribution of the stiff-

ness in individual layers in any of these two profiles has the same

functional form (linear/exponential), they have their own dis-

tinct functions with a set of certain parameters. In the third

stiffness profile (figure 1f, DC-CST) belonging to this category,

each layer has an elastic modulus, which remains constant

across the thickness of that layer. The modulus assigned to

each layer is different from those of other layers and its value

depends on the material composition of the layer itself.

In addition to the stiffness gradients mentioned above, we

developed another stiffness profile which is fully based on the

material properties of the exocuticle (figure 1g, EXO). In this stiff-

ness profile, the material properties, including the stiffness, were

taken to be constant through the thickness. The stiffness was

chosen to be equal to the elastic modulus of the exocuticle (§2.3).

2.2. Geometric models
The stiffness profiles developed in the previous section were

assigned to FE models made based on the geometry of cuticles

of three different species. The first geometric model is a model

of the gula cuticle of the beetle P. marginata. The gula of P. mar-
ginata is formed by a typical cuticular structure consisting of

three layers [1]: (i) an outermost cement-like epicuticle layer

with a thickness of about 3 mm, (ii) a dense and relatively

thick, 22 mm, exocuticle, and (iii) an innermost thicker, 50 mm,

endocuticle layer. The same thickness as that of the gula cuticle,

75 mm, was assigned to the geometric model of this cuticular

structure (see the sketch in the top-left corner of figure 1). The

other dimensions of the model were also considered to be

equal to 75 mm, forming a cube-shaped structure (figure 2a).
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Figure 1. Model of the gula cuticle of the beetle P. marginata (the sketch in the top-left corner) with different distributions of the elastic modulus across the
thickness. (a) Continuous linear stiffness profile (C-LIN), (b) continuous exponential stiffness profile (C-EXP), (c) continuous generalized logistic stiffness profile (C-LG),
(d ) discontinuous linear stiffness profile (DC-LIN), (e) discontinuous exponential stiffness profile (DC-EXP), ( f ) discontinuous constant stiffness profile (DC-CST) and
(g) constant stiffness to the same as that of the exocuticle (EXO). The red curves show the variation of the elastic modulus through the thickness of the model.
(Online version in colour.)
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When assigning a continuous stiffness profile to this model

(figure 1a–c), the minimum and maximum values of the elastic

modulus were chosen to be equal to the minimum value of

that of the innermost layer (endocuticle) and the maximum

value of that of the outermost layer (epicuticle), respectively.

The logistic function (C-LG), compared to the linear (C-LIN)

and exponential ones (C-EXP), has more parameters. Therefore,

as an additional constraint, we set the position of the inflection

point at the interface of the exocuticle and endocuticle layers.

The magnitude of the elastic modulus at this point was assumed

to be equal to the average of the maximum and minimum values

of the elastic modulus of the endocuticle and exocuticle, respect-

ively. We have chosen the growth rate and the shape parameter

of the stiffness function in a way to reach the widest possible dis-

tribution of the elastic modulus across the thickness, while still

satisfying the constraints mentioned before.

In the discontinuous stiffness profiles, when considering

either a linear (figure 1d, DC-LIN) or an exponential (figure 1e,

DC-EXP) gradient within each single layer, the parameters of

the stiffness function were obtained using the maximum

and minimum values of the elastic modulus of that layer.
In DC-CST, which has a constant distribution of the elastic

modulus within individual layers (figure 1f ), the elastic moduli

were taken as the average of the maximum and minimum

values of the elastic modulus of those layers.

The stiffness gradients proposed in this study were also

applied to two more cuticular structures with different layer con-

figurations from that of the gula cuticle. One is the elytra cuticle of

the dung beetle C. ochus (Motschulsky) [19]. With an average over-

all thickness of 65 mm, this cuticle consists of epi-, exo- and

endocuticle layers, which can reach thicknesses up to 17.5 mm,

12.5 mm and 35.0 mm, respectively (see the sketch in the bottom-

right corner of figure 3). It can be seen that, compared to the cuticle

of the gula, the elytra cuticle has a relatively thick epicuticle whose

thickness exceeds the thickness of the exocuticle.

Another geometric model was developed based on the sternal

cuticle of the locust L. migratoria. According to the data reported by

Klocke & Schmitz [13], in addition to the three common cuticular

layers, there is a layer of mesocuticle in the cuticle of the sternal

plate (figure 4f ). The layers forming the sternal cuticle from the

outermost to the innermost layer are (i) an epicuticle with a thick-

ness of 1.0–1.5 mm, (ii) an exocuticle with a thickness of 3–5 mm,
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Figure 2. Comparison of the results obtained from nanoindentation tests [1] and those from numerical simulations of the same experiment on the geometric model of
the gula cuticle of the beetle P. marginata. (a) A schematic view of the FE model of the gula cuticle, the layers within the model, the Berkovich tip and the location of the
applied force. (b) Comparison of force – displacement curves obtained from nanoindentation tests on the fresh gula cuticle (red line) and the models with a continuous
linear (C-LIN), a continuous exponential (C-EXP), a continuous logistic (C-LG), a discontinuous linear (DC-LIN), a discontinuous exponential (DC-EXP) and a discontinuous
constant (DC-CST) stiffness profile. (c) A magnified view of the force – displacement curves obtained from the experiment and numerical analysis of the models with C-EXP,
DC-EXP and C-LG stiffness profiles. A very good agreement can be seen between the experimental data and those from the stiffness profile DC-EXP. (d ) A good agreement is
seen between the force – displacement curves obtained from nanoindentation tests on the desiccated gula cuticle [1] and the model made up of only exocuticle (EXO).
(e,f ) Plastic deformations of the gula cuticle model with the stiffness profile DC-EXP and the fresh cuticle sample. There is a good agreement between the deformed shapes
and the maximum permanent deformations of the model and the gula cuticle subjected to the same imposed displacement.
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(iii) a mesocuticle with a thickness of 15–22 mm, and (iv) an endo-

cuticle with a thickness of 15–22 mm. The stiffness gradients were

assigned to the elytra and sternal cuticle models by the same

method used for the gula cuticle.

The developed geometric models were meshed using C3D20R

elements, which are general-purpose quadratic twenty-node conti-

nuum elements. A second-order interpolation scheme resulted in

an excellent performance of this type of elements. On the other
hand, the use of reduced integration remarkably reduced the

computational cost when these elements were employed.

2.3. Material properties
Most of our recent knowledge of the mechanical properties

of insect cuticle is based on a limited number of experimental

studies [20–23]. The currently available data indicate large
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variations in such properties. The variations in the reported data

may come from several factors, including variations in humidity

[11,21,22], measurement site [11] and even the used testing

methods [24]. Here, we focus on the most recent data from the

literature, in order to complete our models.

It is known that the development of highly localized normal

and shear stresses, which is the case in our simulations, may

result in the plastic deformation of insect cuticle [24,25]. Hence,

here an elastic–perfectly plastic material model was used to

simulate the mechanical behaviour of the cuticle under loading.

To predict the onset of yielding, the von Mises criterion was

employed. Based on this criterion, yielding occurs when the

von Mises stress in an element of the model equals or exceeds

the yield strength of the cuticle [26].

The results obtained from previous experimental studies

indicate that the elastic modulus of the exocuticle may vary

between 1.0 GPa and 7.5 GPa [1,21]. The variation in the reported

data is much smaller for the epicuticle with an elastic modulus of

about 9.0 GPa [1]. However, the variation of the elastic modulus

is more pronounced for the endocuticle, ranging from 2.32 MPa

to 700 MPa [13,21,27]. In contrast, there are comparatively

few data in the literature regarding the material properties of

the mesocuticle. The empirical data suggest the stiffness of the

mesocuticle to be about 850 MPa [13]. This value corresponds

to the elastic modulus of the mesocuticle of the rewetted sternal

cuticle from the locust Locusta migratoria.

Based on the data from the measurements on fresh tibia of the

locust Schistocerca gregaria, insect cuticle was assumed to have a

yield strength of 72 MPa [22,28]. However, considering the effect

of desiccation on the material properties of insect cuticle, the

yield strength of the dried cuticle was chosen to be 85 MPa [28].

The Poisson’s ratio of the cuticle was taken as 0.3 [29].

Table 1 lists the stiffness functions developed using the

above-mentioned material properties.

2.4. Loading and boundary conditions
After assigning the appropriate material properties, an implicit

analysis was carried out to simulate the nanoindentation tests

conducted on the cuticle of the three mentioned insect species

[1,13,19]. Similar to the experiments, simulations were performed

by applying a concentrated force on the top surface of the models

by means of a Berkovich indenter (figure 2a). For this purpose,
the rigid indenter was placed at the centre of the model surface.

Considering the fact that simulations were performed to replicate

the experimental results, either a force or a displacement bound-

ary condition was imposed on the indenter. The magnitude of

the displacement/force applied to the models were also set to

be equal to those applied to the cuticle samples in the exper-

iments as follows: 3 mm displacement on the fresh gula cuticle

[1], 1.9 mm displacement on the dried gula cuticle [1], 255 nm dis-

placement on the elytra cuticle [19] and a force of 1 mN in the

case of the sternal cuticle [13].

We used a surface to surface contact pair to constrain

the penetration of the indenter into the models. On the other

side, the displacements and rotations of the bottom surface of

the models were fixed in all directions. A mesh convergence

analysis was conducted, in each simulation, to find the suita-

ble mesh size resulting in reasonably accurate results. All

simulations were performed by consideration of geometric non-

linearity to capture the effect of potential large displacements

during the indentation.
3. Results
The results from the numerical simulation of the nanoinden-

tation test on the geometric model of the gula cuticle of

P. marginata with different stiffness profiles are shown in

figure 2. As illustrated in figure 2b, the force–displacement

curves of the continuous linear (C-LIN), continuous logistic

(C-LG), discontinuous linear (DC-LIN) and discontinuous

constant (DC-CST) stiffness profiles do not represent the

results of the experiment on the fresh cuticle sample very

well. In contrast, the results obtained from the exponential

gradients of stiffness (C-EXP and DC-EXP) are found to clo-

sely match with the experimental data (figure 2c). When,

for example, predicting the force required for a 3 mm displa-

cement (as used in the experiments by [1]), the continuous
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Table 2. Mean and maximum absolute errors of the predicted force values measured for the different stiffness gradients assigned to the geometric models of
the gula cuticle of the beetle P. marginata and the elytra cuticle of the dung beetle C. ochus.

stiffness gradient

gula cuticle elytra cuticle

mean absolute
error (mN)

maximum absolute
error (mN)

mean absolute
error (mN)

maximum absolute
error (mN)

C-LIN 12.2 � 103 35.8 � 103 43.3 70.2

C-EXP 87.2 29.1 � 101 40.6 89.1

C-LG 13.1 � 102 30.9 � 102 82.3 11.1 � 101

DC-LIN 58.5 � 102 14.9 � 103 10.6 � 101 14.0 � 101

DC-EXP 39.9 10.3 � 101 23.8 45.5

DC-CST 82.9 � 102 22.9 � 103 83.1 15.3 � 101
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stiffness profile (C-EXP) results in a mean absolute error of

87.2 mN. This error is lower for the discontinuous stiffness

profile (DC-EXP), giving a mean absolute error of 39.9 mN.

Figure 2c shows a detailed view of the force–displacement

curves of these two stiffness profiles and that of the exper-

iment. The mean and maximum absolute errors in the

predicted force obtained from the analysis of all the devel-

oped stiffness profiles assigned to the geometric model of

the gula cuticle are listed in table 2. It can be seen that the

continuous linear profile (C-LIN) gives the worst prediction

with a mean absolute error of 12.2 mN.

The force–displacement graph obtained from the model

of the gula cuticle with a constant distribution of material

properties (EXO) is presented in figure 2d. Interestingly, the

mechanical response of this model to the nanoindentation

is found to be in a good agreement with that of the desiccated

cuticle. Both numerical and experimental curves in this figure

have nearly the same shape and slope. The mean absolute

error of the model in prediction of the force required for

1.9 mm is estimated to be less than 0.8 mN.

Figure 2e shows the permanent deformation of the

gula model with the discontinuous exponential stiffness

profile (DC-EXP) after removal of the load. Based on the

numerical results, the maximum plastic deformation of

the gula cuticle is 818 nm. This prediction is in very good

agreement with the results from the experiments indicating a

permanent deformation of about 847 nm under the same

imposed displacement. A good accordance can also be

observed between the shape of the deformed regions in the

model and the test sample illustrated in figure 2e and f,
respectively.

The force–displacement curves obtained from the FE

simulation of the nanoindentation test on the geometric

model of the elytra cuticle of the dung beetle C. ochus are

given in figure 3 and compared with that of the experiment.

The numerical curve is plotted for a displacement up to

255 nm, as used in the experiment [19]. As can be seen

here, similar to the geometric model of the gula cuticle, the

continuous and discontinuous exponential stiffness profiles

(C-EXP and DC-EXP) are found to result in the best predic-

tions of the mechanical behaviour of the elytra cuticle. In

comparison to the continuous exponential stiffness profile

(C-EXP), the model with the discontinuous exponential stiff-

ness profile (DC-EXP) still leads to more accurate results

(table 2). The mean absolute error of the numerically
predicted force obtained from C-EXP and DC-EXP stiffness

profiles are found to be 40.6 mN and 23.8 mN, respectively.

Figure 4 presents the indentation depths of several geo-

metric models of the sternal cuticle of the locust L. migratoria
under an indentation force of 1 mN and compares them with

the data from the experimental study performed by Klocke &

Schmitz [13]. The developed FE models have different thick-

nesses, layer configurations and levels of desiccation in

accordance with those used in the experiments. Considering

the absence of information on the indentation depths of the

test specimens, we had no opportunity to examine the accuracy

of all the stiffness profiles for the geometric models of the ster-

nal cuticle. Therefore, the example of the sternal cuticle is used

here, as an additional case study, only to examine the validity

of the discontinuous exponential stiffness profile (DC-EXP).

Klocke & Schmitz [13] have reported that, for tested cuticle

samples with such different characteristics, the indentation

depth ranged between 0.25 mm and 1.10 mm (no force–

displacement curve was given by the authors). The numerical

results, in contrast, lie between 0.41 mm and 1.53 mm.

The models shown in figure 4d and f were developed

based on the characteristics of the fresh sternal cuticle. They

contain all the layers of the cuticle; however, their respective

thickness was considered to be equal to the minimum and the

maximum values measured for the sternal cuticle (34.0 mm

and 50.5 mm, respectively) [13]. The indentation depths of

these two models are seen to be 0.46 mm (figure 4f ) and

0.51 mm (figure 4d ). The model presented in figure 4g is simi-

lar to that shown in figure 4f, but with the properties of

the dried sternal cuticle. This model exhibited the smallest

indentation depth in this series of simulations (0.41 mm).

In the next step, similar to the experimental study, the epi-,

exo- and mesocuticle layers were removed from the top of the

sternal model, one by one (figure 4e, c and b). Compared to the

complete model (figure 4f ), the removal of epi- (figure 4e),

exo- (figure 4c) and mesocuticle (figure 4b) increases the

measured indentation depth to 0.50 mm, 0.73 mm and

1.53 mm, respectively.
4. Discussion
Among the developed models in this study, those with con-

tinuous and discontinuous exponential distributions of

stiffness (C-EXP and DC-EXP) through their thickness were
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found to represent the mechanical behaviour of insect cuticle

with good agreement. Comparing these two stiffness profiles,

the discontinuous stiffness profile (DC-EXP) showed a rela-

tively better fit to the experimental data. This finding is of

great importance because the discontinuous stiffness profile

(DC-EXP) is likely to represent the natural material distri-

bution within the histological layers of insect cuticle. Based

on this profile, although the stiffness within each single

layer in cuticle microstructure has an exponential gradient,

there may be at least one discontinuity at the interface of

each two layers. The validity of this stiffness profile can be

verified by the data reported in several previous studies indi-

cating a microscopically distinguishable border between the

layers in insect cuticle [30,31]. Such a border can also be

seen between the colours in CLSM images of cross sections

of dragonfly wing veins, showing the layers with different

levels of sclerotization [6].

The distribution of stiffness is hypothesized to strongly

influence the functionality of insect cuticle. Referring to

figure 1e, it can be seen that the mean value of the elastic mod-

ulus in the stiffness profile DC-EXP is somewhat shifted to the

upper levels. This supports that the epi- and exocuticle in this

profile are considerably stiffer than the endocuticle. In a pre-

vious study, we showed that the presence of a stiff cover can

protect the insect exoskeleton against mechanical damage and

wear [32,33]. Such stiff layers in the cuticle may also provide a

better active controllability and stability during locomotion

[34]. On the other hand, the presence of a soft core has been

suggested to improve the dynamic behaviour of the cuticle by

increasing its damping ratio and, therefore, avoiding unwanted

oscillations [32]. The soft endocuticle may also prevent the trans-

mission of mechanical stress to internal structures of the insect

body, protecting inner organs from damage.

The proposed presence of material discontinuities at the

interface of cuticle layers may be a strategy to prevent or

reduce crack propagation. In a single layer structure (com-

posed of only one material), a propagating crack encounters

no potential barrier and would be able to traverse the

whole thickness [35]. However, such material discontinuities

may arrest the crack propagation and prevent the progress of

the crack from one layer to another one. A similar mechanism

has already been found in some multilayered biological com-

posites, such as nacre [36]. The presence of material gradients

within single layers, on the other hand, may serve as a mech-

anism that avoids sudden changes of the stiffness at the

interfaces and, therefore, minimizes stress concentrations.

The observed nonlinearity in the force–displacement

curves illustrated in figure 2 may arise from three sources:

(i) the inhomogeneous stiffness distribution through the

thickness of the models, (ii) the use of a geometric nonlinear

analysis, and (iii) material plasticity. The former may lead to

the displacement of the softest level in each model prior to

the others. Subsequently, the other softer levels are displaced

before the relatively stiffer ones. Such a consecutive displace-

ment results in a continuous change in the slope of the

force–displacement curve and, therefore, yields a nonlinear

behaviour. The other two factors, in contrast, result in the

nonlinear response of the models by including nonlinear

terms in the compatibility and constitutive equations.

The robustness of our modelling approach was tested by

performing a sensitivity analysis. Using this analysis, we

evaluated the effects that resulted from variations in the

dimension and material stiffness of the sternal cuticle
(figure 4). Although the results showed the expected changes

and, therefore, indicated the robustness of the model, a clear

difference can be seen between the upper and lower limits

obtained from experiments and numerical simulations. In

other words, one can notice that the computational results

are somewhat up-shifted, compared to the experimental

data. This difference may arise from the fact that the exper-

imental measurements were conducted on rewetted cuticle

specimens rather than fresh ones. Depending on their water

content after rehydration, the rewetted cuticle samples

could be stiffer than those in the fresh state. Klocke & Schmitz

[13] have also indicated that the values of the elastic modulus

obtained in their study were considerably higher than those

reported by other researchers [20,21], providing additional

support for our hypothesis.

Previous studies showed that desiccation may remarkably

influence the material properties of insect cuticle [21,22]. It

has also been suggested that a dried endocuticle exhibits

mechanical properties similar to those of the exocuticle

[11,34]. These observations can be verified by our numerical

results indicating that the gula cuticle model with constant

material properties the same as those of the exocuticle

(EXO) exhibited a displacement in agreement with that

of the desiccated cuticle subjected to nanoindentation

(figure 2d ). Considering this and our previous study on the

dynamic behaviour of insect cuticle [33], we may suggest

that the stiffness profile EXO can be potentially employed

to predict the mechanical behaviour of dried cuticle samples.

The results obtained from tensile tests on insect wings

suggested that the mechanical behaviour of insect cuticle up

to fracture can be approximated by a linear elastic material

model [22]. Our previous numerical studies have also demon-

strated the validity of such an assumption [32,33,37–40].

However, consideration of material plasticity is expected to

have a crucial role in the realistic prediction of the stress state

in insect cuticle subjected to the localized forces due to inden-

tation [25]. This may consequently influence the displacement

of the models. The good agreement observed between the

experimental and numerical results in this study leads us to

suggest that an elastic–perfectly plastic material model could

be successfully employed to simulate the mechanical behav-

iour of insect cuticle subjected to localized stresses.

In this study, we used the von Mises stress criterion to

predict the onset of yielding in our models. This criterion cap-

tures the overall shear stress in the material, which leads to

the movement of dislocations and consequently causes yield-

ing. Considering that yielding in insect cuticle may also occur

by the same mechanism, the use of the von Mises criterion

seems to be a reasonable choice.

When performing an indentation test on a thin specimen

mounted on a substrate, indentation measurements may be

influenced by the mechanical properties of the substrate

[41]. Previously, it has been suggested that, for a thin film,

the influence of the substrate on the results obtained from

an indentation test can be eliminated if the indentation

depth does not exceed 30% of the film thickness [42].

Although later it was shown that the indentation depth at

which the substrate has no significant influence on indenta-

tion measurements may vary with several parameters [43],

its value is often recommended to be less than 10% of the

thickness of the specimen [44]. Our computational analyses,

however, suggest that the traditional ‘10% rule’ [41] may be

only valid for homogeneous specimens. We have seen that,
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Figure 5. (a) A scheme of the gula cuticle of the beetle P. marginata. (b) Distribution of the von Mises stress in a section of the gula cuticle with a discontinuous
exponential stiffness gradient (DC-EXP). The stress is shown in the section shown by the dash line in (a). (c) A high stress concentration can be seen in the region
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when performing an indentation test, the use of specimens

with different stiffness gradients might change the stress

field in the indentation zone. For example, looking at the

shear stress beneath the indenter in the geometric model of

the gula cuticle illustrated in figure 5 (and electronic sup-

plementary material, video S1), one can notice a high stress

concentration in this region. As can be seen here, in this

model having an exponential stiffness gradient, in a depth

of almost 15 times the indentation depth, the stress is one-

tenth of the material yield strength. This level of shear

stress is still high enough to cause the influence of the sub-

strate on indentation results when the test specimen is not

thicker than 15 times the indentation depth. This finding

suggests a more conservative limit of almost 7% (one-to-fif-

teenth), rather than the 10% rule, which should be applied

to the ratio of the indentation depth to the specimen thickness

when indenting insect cuticle.
5. Conclusion
This article presents the first numerical simulation of a nanoin-

dentation test on insect cuticle. We use a combination of a

continuous/discontinuous stiffness distribution, an elastic–

perfectly plastic material model and a geometric nonlinear

analysis to numerically simulate the mechanical behaviour of

the cuticle from three insect species. The results from compu-

tational models with a discontinuous stiffness profile, but

exponential stiffness gradients within individual layers were

found to be in very good qualitative and quantitative agreement
with the previous experimental data. The models with the men-

tioned stiffness profile were capable of predicting both stress

distribution and deformation pattern (elastic and inelastic) of

insect cuticle. Taking into account that direct experimental

measurements on fresh cuticle samples of different organisms,

not just insects, are still very challenging, the results of this

study may provide a foundation for future numerical studies

exploring the design principles underlying the functioning of

the cuticle.
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