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stract 
The cuticle of the scarab beetle Cotinis mutabilis reflects left-handed polarized light indicating the presence of a helicoidal 
structure. Different in-depth pitches in the cuticle are corroborated by optical microscopy images of the cuticle which originally 
is yellowish or reddish but becomes greenish after gently scratching its top side. Using the Mueller-matrix formalism the degree 
of polarization (total and circular) of reflected light is determined for unpolarized incident light. The effects of the finite thickness 
of the cuticle on the broadening and strength of the selective Bragg reflection are discussed on the basis of dispersion relations 
for optical modes in helicoidal structures and simulated spectra. 
© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-NDlicense 
(http://creativecommons.org/licenses/by-nc-nd/4.0/). 
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Introduction 
Natural helicoidal structures producing metallic like shine are widespread in the plant and animal kingdoms [1]. 
Cellulose-based helicoidal structures are found in the epidermal cell wall of Pollia condensate fruit and the leaves of 
Danaea nodosa [2]. In the animal kingdom, chitin-based helicoidal structures can be found in the exoskeleton 
(cuticle) of some scarab beetles [1,3]. The brilliant colors reflected of such helicoidal structures are directly detected 
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by the human eye, but it is blind to light polarization. The discovery of this latter property in light reflected from 
scarab beetles is attributed to Michelson [4]. During the last century, several achievements like the invention of 
scanning and transmission electron microscopes, the discovery and research on chiral nematic (cholesteric) liquid 
crystals, and entomological studies have contributed to make possible to classify the cuticle of some beetles as an 
optical analogue to chiral nematic liquid crystals [5]. Within the theoretical framework of cholesteric liquid crystals 
[6], the polarization eigenstates at normal incidence of a helicoidal structure are left- and right-handed circular 
polarization. At certain wavelengths, the mode with the same handedness as the helicoidal structure gives rise to the 
circular Bragg phenomenon. This selective Bragg reflection takes place in a band centered at wavelength 0=nav 
with bandwidth =n, where  is the helix pitch, n the in-plane birefringence, and nav is the in-plane average 
refractive index of the structure. In this description, a monodomain structure is assumed, i.e. single-valued pitch and 
helix orientation. However, monodomain structures in the cuticle of scarab beetles are rather rare [7] and multiple 
pitches are commonly found. Indeed, other authors have explained reflectance spectra measured from the cuticle of 
some beetles by simulations using chiral structures of two pitches in series [8,9], chirped, [10,11] and other more 
complex structures [12,13]. In our research group, the Mueller matrix measured on the cuticle of the beetle Cetonia 
aurata was analyzed by regression analysis with a model considering a lateral pitch distribution [14]. More recently 
we proposed that the cuticle of the scarab beetle Cotinis mutabilis might be comprised of a series of chiral slabs with 
different pitches [15]. The latter structure was deduced by analysis of interference oscillations in Mueller-matrix 
spectroscopic ellipsometry data in terms of optical modes for wave propagation in a helicoidal structure. 

In this contribution, we demonstrate that by scratching the cuticle of C. mutabilis the spectral (color) and 
polarization properties of inner zones corroborate the model of a series of chiral slabs with different pitches. In Sec. 
2 the experimental methods and basics of Mueller matrix formalism are described. In Sec. 3 a brief theoretical 
background on the dispersion relations in helicoidal structures is given. An overview of the cuticle structure is given 
in Sec. 4.1. The analysis employed to determine the dispersion relation in the cuticle from Mueller-matrix data is 
presented in Sec. 4.2. In Sec. 4.3 optical microscope images showing the original and scratched (inner) cuticle reveal 
the pitch structure through the cuticle. Additionally, the polarization properties of reflected light from intact and 
scratched zones are discussed for unpolarized incident light. In Sec. 4.4 some effects on light reflected from the 
cuticle due to its finite thickness are discussed. In the last section some concluding remarks are summarized. 

2. Methods 

The scarab beetle C. mutabilis (Gory and Percheron, 1833) is found in Mexico and the southwestern part of the 
United States of America [16]. Its ventral side shows a shiny metallic-like color. The specimens under study were 
collected at Querétaro, Mexico. For the study, three segments from the abdomen were removed with a knife and the 
interior was cleaned to remove soft tissue. The piece of the cuticle was mounted on a glass slide with double-sided 
tape for Mueller-matrix spectroscopic ellipsometry measurements performed with a dual rotating compensator 
ellipsometer (RC2, J. A. Woollam Co., Inc.). Since the cuticle is curved, focusing probes were used to achieve a 
beam spot with size below 100 µm. More details about the instrument can be found in [14-15,17-18]. The inner 
parts of the cuticle were exposed by gently scratching with a knife on the outside. Measurements were performed on 
the intact cuticle and on scratched areas. In this work we present data from two specimens. The measurements were 
performed at angles of incidence between 20 and 70° in steps of 5° in the wavelength () range of 210 to 1000 nm. 
Optical microscopy images were acquired with an Olympus BX60 microscope (Olympus, Tokyo). Reflectance 
spectra of unpolarized light was measured with a CHEM4 system (Ocean Optics, Inc.) using an optical fiber probe. 
The latter has six illumination fibers around one read fiber. The effective angle of incidence is 25° on a spot size 
about 0.4 mm in diameter. A silicon wafer was used to calibrate the measurements. 

The Stokes-Mueller formalism provides a complete description of polarization and depolarization properties for 
light-matter interaction [19]. In this formalism, light beams are represented by Stokes vectors, 

  ,,,, TVUQIS    (1) 
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where I accounts for the total irradiance, Q and U are irradiances related to linear polarization, V is the irradiance of 
the component of circular polarization, and T means transpose. Quantities of particular interest in the present work 
are the degree of circular polarization IVP c  and the (total) degree of polarization, 

.222 IVUQP     (2) 

Negative (positive) values of Pc correspond to left-handed (right-handed) polarized light. On the other hand, the 
polarization and depolarization properties of a sample are contained in the 44 Mueller matrix M={mij}. Thus, the 
Stokes vectors of incident (Si) and reflected (Sr) beams are related simply by ir MSS  . In this work we use 
normalized Mueller matrices (m11=1) and Stokes vectors with I=1. We deal the case of unpolarized incident light 

 Ti 0,0,0,1S for which the reflected beam is  T413121r ,,,1 mmmS , i.e. the first column of the Mueller matrix. 
This formalism was introduced rather recently to study the polarization properties of scarab beetles [20]. 

3. Theoretical background 

In this section we provide theoretical calculations based on the theory of wave propagation in chiral nematic 
liquid crystals [6,21,22]. First, we briefly discuss the case of normal incidence and later oblique incidence. The 
purpose is to strengthen the importance of the attenuation length of the selectively reflective mode in thin samples. It 
is known that in a helicoidal structure, four modes of electromagnetic waves are allowed for the wave vector (K); 
two in the forward and two in the backward directions. The nature of these modes depends upon the principal 
components of the dielectric tensor (1,2,3) (or refractive indexes (n1,n2,n3)) of the structure, pitch length, angle of 
incidence, incident ambient, and wavelength. For the case of normal incidence there exists an analytical solution for 
the modes [6]. These solutions are expressed as Kj=βj+n/2 where n is an integer and [6], 

.4,3,2,1,4 22222  jj    (3) 

where j=1 and 4 (j=2 and 3) correspond to the positive (negative) sign under the radical. The quantities in Eq. (3) are 
defined as, 
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and, 
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Furthermore, neglecting reflection from the boundaries of a sample of thickness L, the reflectance of circularly 
polarized incident light with the same handedness as the helicoidal structure is given by the expression [6], 
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Figure 1 shows Kj and RCP calculated for n1=1.58, n2= n3=1.52, =385 nm, and different values of L. The values 
of nj are typical for chitin-based materials in the cuticle of insects [14,23,24]. In Fig. 1(a) the wave vectors have 
been translated to the boundary of the Brillouin zone by adding reciprocal lattice vectors 2n  (/2=16.32 µm-1). 
We use the photon energy (E)-dependence because it is convenient to study dispersion relations of optical modes. 
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The photon energy is E=hc/ where h is Planck’s constant and c the vacuum speed of light. The modes 
corresponding to β1 =- β4 are real-valued in the whole spectral range. Within the Bragg-band β2 and β3 become 
imaginary and an attenuation length defined by =Im{K2,3}

-1 characterizes these modes. Outside the Bragg-band 
K2,3 are real-valued. In Fig. 1(a) the minimum attenuation length is min=3.3 µm. On the other hand, in Fig. 1(b) the 
calculated spectra of RCP show oscillations outside the Bragg-band which are dependent upon sample thickness. 
However, these oscillations are not due to interference as in thin films (reflections from the boundaries are not 
considered) but they are due to diffractive effects and are known as Pendellösung fringes [25,26]. In Fig. 1(b), it is 
clear that as the sample becomes thinner, two strong effects are produced on RCP: i) the strength of the maximum 
decreases and ii) the bandwidth increases. In reported data for Lomaptera beetles [7], the maximum in RCP is in the 
range of 0.1 to 0.3, considerably lower than the ideal value. Also, the reflectance for unpolarized incident light (RU) 
reported for the beetle P. boucardi is 0.25 [8], half of the expected value RU=0.5. Higher values of RU (0.3< RU <0.4) 
have been reported for the broadband reflector found in the cuticle of Chrysina beetles [10]. These deviations from 
the ideality might be caused (partially at least) by the finite thickness of the cuticle as compared to the attenuation 
length. Further evidence is given in Sec. 4.4. 
 

 

Fig. 1. (a) Dispersion relation of the modes for normal incidence calculated according to Eq. (3); Im{β2} is not shown for simplicity because 
β2=-β3 and reciprocal lattice vectors (n /2, n-integer) were added to bring the wave vectors to the boundary of the Brillouin zone. (b) Reflectance 
of circularly polarized light calculated according to Eq. (6) for different values of sample thickness (L). 

In the case of oblique incidence the propagation of electromagnetic waves in a helicoidal structure has not an 
analytical solution. However, numerical and approximate methods have been developed and applied successfully. In 
particular, we have applied a two-wave approximation developed by other authors [21,22] to evidence for a 
dispersion relation in the cuticle of C. mutabilis [15]. This was accomplished by solving a quartic equation for K║ 
the component of the wave vector parallel to the helicoidal axis. Though, the details are not repeated here and we 
only present the results. Figure 2(a) shows the calculated dispersion relation for K║ (in an extended zone scheme) for 
modes in the forward direction. For the calculations, we use  =20° and the same parameters of the helicoidal 
structure as in the case of normal incidence in Fig. 1(a). In Fig. 2(a) we notice the shift of the Bragg-band to shorter 
wavelengths as compared with the data in Fig. 1(a). Furthermore, the polarization eigenstates differ between normal 
and oblique incidence. For the latter, the polarization eigenstates of K║ are in general elliptic, ranging from near 
circular (left- and right-handed) at small angles of incidence to near linear (p- and s-polarized) at large angles of 
incidence [22]. Outside of the band of selective reflection both modes propagates without attenuation alike those of 
an anisotropic crystal with one of the principal axes perpendicular to the surface. On the other hand, in Fig. 2(b) we 
show K║ calculated for the mode selectively reflected using two values of the pitch,  =357 and 385 nm. The 
calculations were performed for three values of birefringence n=0.03 (1.565,1.535), 0.06 (158,1.52), and 0.09 
(1.595,1.505), where data in parenthesis are the refractive indices (n1,n2=n3) chosen in such a way that we have 
nav=1.55 in all cases. The values of n considered are in the range 0.018 ≤n ≤ 0.097 reported for helicoidal layers 
of beetles [14,27]. Uniaxial anisotropy was considered for simplicity. As expected, in Fig. 2(b) shorter pitches shift 
the Bragg-band to higher photon energies and Re{K║} increases. The effect of an increasing birefringence on the 
broadening of the Bragg-band is evident in Fig. 2(b). However, an additional effect is the decrease of the attenuation 
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length =Im{K║}-1 with increasing birefringence. From data in Fig. 2(b) we obtain min=6.2, 3.1, and 2.1 µm for 
n=0.03, 0.06, and 0.09, respectively. We stressed that this attenuation length is not a material property and should 
be not confused with optical absorption of materials in the cuticle (e.g. chitin and proteins) because only one of the 
modes is affected, i.e. for a left-handed structure the right-handed mode propagates without attenuation. The 
property stems from structural circular dichroism in the cuticle of beetles [28]. 
 

 

Fig. 2. Dispersion relations for the wave vector parallel to the helicoidal axis (K||) in an extended zone scheme. (a) The left-handed mode 
(superscript L) is complex-valued in the Bragg-band whereas the right handed (superscript R) is real-valued. (b) Real and imaginary parts of K||

L 
calculated for two pitches 1= 385 nm (solid lines) and 2=357 nm (broken lines). Im{K||

L] is shown for three values of birefringence (n) and 
for simplicity Re{K||

L} is shown only for n = 0.09. The calculations are for =20°. 

4. Results and discussion 

4.1. Overview of cuticle structure 

Figure 3(a) shows a picture of C. mutabilis where the segmented ventral side clearly shows metallic shine. As 
was previously reported, the reflected light is left-handed polarized [15,18]. In general, the cuticle of beetles is 
divided in three layers: the epicuticle, the exocuticle and the endocuticle. The epicuticle is the outermost layer and is 
comprised of wax, cement, hydrocarbons and other compounds giving protection to environmental agents. In 
C. mutabilis the epicuticle is about 100 nm thick [15,18] and is comprised of an arrangement of polygons of 
different number of sides as can be seen in Fig. 3(b). The helicoidal Bouligand structure is found in the outer part of 
the exocuticle with a thickness ranging between 7 to 12 m depending on the specimen. Figure 3(c) shows a cross-
sectional optical image of the exocuticle between crossed polarizers. In this image, the outer exocuticle appears 
whitish as can be seen in the lower right corner; other zones look lightly reddish probably because the polarizers 
were slightly misaligned. The inner part of the exocuticle is about 3 m thick and is tanned with a dark brown 
pigment. The endocuticle is found beneath the inner exocuticle and provides mechanical support. 

4.2. Interference oscillations and dispersion relation in the cuticle of C. mutabilis 

The dependence on the angle of incidence () of the Mueller matrix measured on the two specimens studied in 
this work is similar to previously reported data [15,18] and is not further discussed here. We consider only data for 
=20°, i.e. the case of near-circular polarization. In this section, we briefly describe the analysis of minima and 
maxima due to interference oscillations in the elements of the Mueller matrix. This type of analysis was previously 
developed and applied to data from the cuticle of C. mutabilis [15]. Figure 4(a) shows the spectrum of m21 measured 
at =20° on specimen 1 as function of photon energy. For thin films, minima and maxima appear in optical spectra 
at wavelengths where the phase factor equals a multiple integer (m) of , that is, mdK ||2 where d is the film 
thickness. Therefore, integer values on m are associated to the minima and maxima in Fig. 4(a). However, the actual 
values of the index m have an unknown integer offset. We therefore use a temporary index m. First, we select a clear 
minimum (or maximum) and label it m=1. Subsequent maxima and minima are indexed consecutively (m=2,3,4…) 
as shown in Fig. 4(a). In the next step, m is plotted as a function of photon energy (not shown) and, from that plot, 
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the actual index m is obtained through an off-set correction [15]. By applying this procedure, we obtain the spectral 
dependence of index m  /2 ||dK  as shown in Fig. 4(b). We emphasize the interpretation of the spectral 
dependence of index m in Fig. 4(b) as a dispersion relation resulting from some average of the modes like those in 
Fig. 2(b) plus the non-attenuated ones. In Fig. 4(b) we included the spectrum of 41c mP   for unpolarized incident 
light because it is correlated with the dispersion relation curve as is discussed below. 
 

 

Fig. 3. (a) Pictures of a specimen of Cotinis mutabils taken under normal conditions (top) and through a right circular polarizer (bottom). (b) 
Optical microscopy image of the epicuticle. (c) Cross-sectional view of the cuticle, the epicuticle cannot be seen on the scale. 

 

 

Fig. 4. (a) Labeling of minima and maxima in element m21 of the Mueller matrix of specimen 1 measured at =20°. (b) Spectral dependence of 
index m accounting for the dispersion relation of the wave vector component parallel to the helix axis (K) and Mueller matrix element m41. 

Four spectral regions can be identified in Fig. 4. The near-linear E-dependence of m (or equivalently K║) in 
region I indicates that both modes, right- and left-handed, propagate without attenuation at photon energies smaller 
than the onset of Bragg reflection. Regions II and III are distinguished by the selective reflection of the left-handed 
(m41<0) mode and with a change in the slope of the index m (K║). Region IV is located above the cut-off of selective 
reflection and shows features similar to region I. The penetration depth  in each spectral region is estimated from 
the relationship for the phase factor in optics of thin films, 

.sin4 22
av   nm    (7) 

Linear fittings to m in different ranges I-IV give estimate penetration depths of I) 9.0, II) 3.3, III) 6.4, and IV) 7.0 
m, using nav=1.55 representative for chitinuous materials in the cuticle of insects [14,23,24]. The largest 
penetration depth I= 9.0 m is an estimate of the thickness in the cuticle producing selective reflection, because in 
region I electromagnetic waves propagate without attenuation. The smallest penetration depth in the long 
wavelength side of the band of Bragg reflection implicates a larger pitch closer to the surface of the cuticle. In fact, 
the starting hypothesis for the present work was that removing material from the surface of the cuticle, colors of 
shorter wavelength might appear. That hypothesis is proven in the next section. 
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4.3. Exposing different pitches in the cuticle of C. mutabilis 

Figure 5(a) shows an optical microscopy image of three segments of the cuticle of specimen 1of C. mutabilis. In 
this image the yellow areas correspond to the intact cuticle whereas the green areas appeared after scratching. The 
polarization properties P and Pc for unpolarized light incident at =20º are shown in Fig. 5(b) for measurements 
performed on zone A of Fig. 5(a) before and after scratching. In Fig. 5(b) it can be noticed that unpolarized incident 
light is selectively reflected from the intact cuticle with and appreciable degree of polarization in a band located 
between 500 and 640 nm. Within this band, P shows a maximum at 585 nm and a shoulder at 540 nm. Therefore, for 
natural unpolarized incident light the intact cuticle looks yellow and the left-handed character of the reflected light is 
obvious because Pc0. From the maximum value of P the pitch is 387 nm according to tav cos   n where 
nav=1.55 and t is the angle of propagation in the helicoidal structure as determined from Snell’s law, 

tav sinsin  n [29]. On the other hand, the pitch from the shoulder is found to be 357 nm. The full-width-at-half-
maximum (FWHM) of the Bragg reflection is 93 nm and the estimated in-plane birefringence is n=/=0.23. 
The latter value is unrealistically larger than the reported birefringence in helicoidal layers of beetles [14,27]. After 
scratching the cuticle, the maximum in P at 585 nm is suppressed leaving a maximum at 540 nm and the band of 
selective reflection is now centered in the green part of the visible spectrum with a FWHM of 72 nm. Similar results 
were obtained in measurements performed on other parts of the cuticle as shown in Fig. 3(c) for intact (zone B) and 
scratched (zone C) areas. It should be noticed that the pitches (387 and 357 nm) determined from spectra in Fig. 5 
were used to calculate dispersion relations in Fig. 2. The selective Bragg reflection bands in Fig. 2(b) coincide with 
regions II and III in Fig. 4(b). 
 

 

Fig. 5. (a) Optical microscopy image of three segments from the ventral side of specimen 1 of C. mutabilis; the red circles locate zones measured 
on the yellowish intact cuticle (B) and on greenish scratched zones (A and C). (b) Degree of polarization, total (P) and circular (Pc) from zone A 
before and after scratching. (c) Pc and P for zones B and C. Unpolarized incident light was considered. (d) Magnification of the border between 
the intact (yellowish) and scratched zone (greenish) just below the measurement zone B and (e) magnification of zone C. 

Figure 5 demonstrates that in spite of the harsh mechanical treatment the scratched areas exhibit remarkable 
polarization properties. Considering that the scratching was performed manually, the removal of material from the 
cuticle is done with little control. Therefore, it is expected that the exposed zones are non-homogeneous both, 
laterally and in-depth which is clear from Fig. 5(d) and 5(e). Figure 5(d) is a magnification of the border between the 
intact and scratched areas just below zone B of Fig. 5(a). In Fig. 5(e) which is a magnification o the scratched zone 
C, the irregularity of the surface and a few remains of the original cuticle can be noticed. Small light-gray areas 
indicating a more deep scratch and some pores are seen too. Effects of the inhomogeneity produced by the 
scratching can be observed in data Figs. 5(b) and 5(c) as a slow onset of the Bragg reflection at the long wavelengths 
side evidencing remains of the chiral slab at the original surface. 
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The repeatability of the method was tested on several specimens. As an example, Fig. 6(a) shows an image of the 
cuticle of specimen 2. Similar as in Fig. 5(a), scratched areas look greenish whereas the intact surface looks yellow 
with some reddish zones. Indeed, the Bragg reflection from the intact cuticle of this specimen is red-shifted with 
respect to the data in Figs. 5(b) and 5(c). As can be noticed in Fig. 6(b), for unpolarized incident light the reflected 
beam is left-handed polarized in a spectral band located between 520 and 660 nm with center at 595 nm implicating 
a pitch of 393 nm. After scratching, the Bragg reflection band ranges from 530 to 618 nm with center at 580 nm 
giving a pitch of 383 nm. This apparently small difference of pitch as compared with specimen 1 is because the 
pitch of the original cuticle was evaluated from the absolute minimum in m41. However, in data of the intact cuticle, 
m41 shows a local minimum at wavelength 611 nm and the pitch evaluated from this wavelength is 404 nm which is 
assigned to the pitch at the surface of the original cuticle. The latter assignment is further supported by noticing that 
the scratching eliminates the selective Bragg reflection in a band centered at wavelength 610 nm. The scratching 
reduces the FWHM of the Bragg reflection from 80 nm to 46 nm. The birefringence estimated from the 46 nm 
FWHM is 0.11 which is a more realistic value for the materials comprising the cuticle. The more abrupt onset 
observed in Fig. 6(b) is indicative of a more homogeneous removal of material at the top of the cuticle. To ensure 
the complete removal of the longer pitch slab it is necessary to obtain a steeper onset of the Bragg reflection 
produced by inner parts in the cuticle. 
 

 

Fig. 6. (a) Optical microscopy image showing intact (reddish/yellowish) and scratched zones (greenish) of specimen 2 of C. mutabilis. (b) Degree 
of polarization circular (Pc) and total (P) measured in zone A of the image in (a) before and after scratching. Unpolarized incident light was 
considered. 

Double-peak reflectance spectra due to two different pitches have been previously reported [8,9]. Those findings 
were supported by electron microscopy images. Also, a sudden jump in the orientation of chitin microfibrils located 
at some depth in the cuticle, has been suggested to explain double-peak spectra in the cuticle of a specimen of the 
Lomaptera pygmaea species [7]. Those authors assume that the pitch and in-plane birefringence are the same below 
and above the jump. Scratching the cuticle of the L. pygmaea beetle would confirm the modeling, that is, intact and 
scratched areas should appear with the same color. Spectral measurements on intact and scratched zones should 
show the same FWHM of the Bragg band. It should be noticed that the FWHM of the Bragg band in Figs. 5 and 6 is 
comparable to that observed in the reflectance spectra of L. pygmaea. Therefore, scratching the cuticle is proposed 
as an alternative method to screen multiple pitches in the cuticle of beetles. If performed carefully it is quantitative 
and not much sample preparation is required. 

4.4. Effects of finite thickness on the strength and broadening of the selective Bragg reflection 

To investigate in more detail the relationship structure-optical property in the cuticle of C. mutabilis, reflectance 
spectra of unpolarized incident light measured on specimen 1 are shown in Fig. 7(a). The spectrum of intact cuticle 
shows a maximum of 0.26 at 590 nm and two less intense maxima around 550 nm. In agreement with the Mueller 
matrix results, the scratching partially suppresses the selective reflection at 590 nm. Next, using simulated spectra 
we provide a possible explanation of the low value of the maximum in RU as compared to the expected one of 0.5. 
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The modeling of a chiral layer in the CompleteEASE (J. A. Woollam Co., Inc.) software has been described in detail 
before [14]. Briefly, a single-pitch chiral layer of thickness d is modeled as twisted anisotropic slices with a variable 
azimuth angle given by Tzz 360)( 0   where T is the parameter representing the number of turns, 0 the azimuth 
offset of 1 and the plane of incidence, and z (0≤ z ≤1) the position within the chiral layer measured from the inner 
interface. Defining the number of pitches as Np(z)=((z)-0)/360, we get .)( TzNdzdw p Thus, the pitch of the 
helicoidal structure is =d/T. For the simulations, the values of some parameters were presented in the theoretical 
background and other determined from results discussed above. We set 0=0 in all cases for simplicity. 

First, we consider a two-layer structure with pitches 357 and 385 nm as deduced in Sec. 4.3. Their thicknesses 
were chosen to nearly sum 9.0 m, the total thickness determined in Sec. 4.2. The values of birefringence 
correspond to the refractive indices used to calculate the data in Fig. 2. The other thicknesses of the layers and 
number of turns are specified in the insert of Fig. 7 where the results are presented. The optical constants of the 
substrate were those used before to analyze data from the beetle C. aurata [14]. In Fig. 7(b) we note that the two-
layer model with n=0.09 gives RU nearly 0.5 because we have min=2.1 µm < d1, d2 for this value of birefringence. 
A similar result (not shown) was obtained for the two layer model with n=0.06 because still min=3.1 µm < d1, d2. 
Increasing the number of layers to four and distributing the total thickness into the chiral layers, the line shape of the 
simulated RU is qualitatively similar to the experimental spectrum in Fig. 7(a). However, the maximum is still very 
high because min ~ d1, d2. A considerable matching between the experimental and simulated spectra of RU was 
obtained for the four-layer model with n=0.03, in this case min=6.2 µm > dj. Therefore, how d and min compare 
each other, has strong effects on the Bragg reflection band. The corresponding spectra of Pc (=m41) for unpolarized 
incident light shown in Fig. 7(c) look reasonably similar to spectra in Fig. 3(b). A better agreement is expected 
increasing the complexity of the model by including the epicuticle, dispersion in the refractive indices, graded pitch 
profile, and sources of depolarization. However, the latter requires regression analysis and is subject of future work. 
 

 

Fig.7. Reflectance spectra of unpolarized light measured on the intact and scratched zones of the cuticle of specimen 1of C. mutabilis. (b) 
Reflectance spectra for unpolarized light calculated for three values of birefringence (n) and two or four helicoidal layers. (c) Calculated degree 
of circular polarization (m41) corresponding to the cases of (b). The insert shows a schematics of the two and four layers models. 

The optical analysis has shown that nature has designed highly specialized structures as the ones found in the 
cuticle of beetles. Whether the color and polarization properties of light reflected add some functionality to the 
cuticle is still an open question. However, the cuticle is the exoskeleton, the major functionality must be mechanical 
because it provides protection from the exterior and supports internal organs. In fact, mechanics-based analysis of 
the cuticle of the beetle Popillia japonica suggests that the pseudo-orthogonal arrangement in the endocuticle and 
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the helicoidal structure in the exocuticle are an optimal combination. The helicoidal structure is providing overall 
high interfacial fracture strength [30]. All these findings are interesting for understanding cuticle morphogenesis and 
functionality. Such knowledge is essential for designing new structured materials with outstanding optical and 
mechanical properties. 

4. Concluding remarks 

We have shown that scratching the top of the cuticle of the scarab C. mutabilis reveals inner parts of smaller pitch 
as compared to structures near the surface. This investigation represents an alternative method to corroborate 
different in-depth pitches deduced from the analysis of experimental optical data. The method may also be 
applicable when simulations of optical spectra indicate a jump in the orientation of chitin microfibrils. It was shown 
how the finite thickness and small birefringence of the chiral layer contribute to the broadening and strength of the 
Bragg reflection band. 
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