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ABSTRACT

Based on the recent observation of the asymmetry of light energy flow through a material system that is similar to an
iridescent beetle’s cuticle, we discuss the key roles of chiral molecular organization (responsible for the iridescent color
of beetles) and of asymmetric boundary conditions (defined by the position of their cuticle) in the evolution of such
photonic biological structures. Question is raised about the possible role of such energy flow asymmetry in the radiative

thermoregulation of those beetles.
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1. Introduction

Color is omnipresent in the biological world and the
mechanisms of its generation by absorption (pigment
based) or by the structural (periodic) modulation are
rather well known (see, e.g., Ref. [1] and references
therein). It is also well known that the structural color
mechanism may generate iridescent (angle dependent)
colors. Particularly interesting, in this family, are the
cases of helicoidal (chiral) structures, frequently found in
beetle cuticles [1,2]. In some of those cases (e.g., for the
P. optima [2]), the cuticle has a solid material layer made
with helicoidally aligned molecules; the axis of that helix
pointing towards the normal of the cuticle. In fact, the
layer in question is a self-assembly of multiple molecular
monolayers. The molecules are oriented in the same di-
rection (described by a unit vector n) in each of those
locally uniaxial anisotropic monolayers. The direction of
n in each monolayer is oriented at slightly different angle
with respect to the n of the previous molecular mono-
layer. Those molecular assemblies may be compared
with an optical mirror that reflects circularly polarized
light 3 (having the same helicicity as the molecular
alignment, further called resonant polarization) and trans-
mits light ¢; having the opposed helicicity, Figure 1(a).
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In addition, given the interferential character of reflection,
this layer is wavelength selective and is generating an
iridescent color of the beetle when observed at different
angles (colors shifting to blue with higher angles). Very
often these layers are compared to the frozen form of
cholesteric liquid crystals (CLC) [1,3,4]. While the op-
eration principle of such layers was well detailed in the
scientific literature, to the best of our knowledge, there
was no analysis of their biological origins in the beetle
cuticle. In fact, the presence of such a layer could be ex-
plained by the abundance of chiral molecules such as
chitin derivatives [1]. However, in some cases (e.g., the P.
resplendens [2]), the cuticle contains a sequence (com-
bination) of three layers (Figure 1(c)): the first one made
with helicoidally aligned molecules (as described above),
followed by a second layer (see Figure 1(b)) that is com-
posed of uniformly aligned molecules (e.g., uric acid)
and finally a third layer that also has helicoidally aligned
molecules, with slightly different periodicity but with the
same helicicity as the first one (Figure 1(a)). From the
optical point of view, the second layer (Figure 1(b)) may
play the role of so called “half wave plate” (i.e., with
thickness d and local optical anisotropy of the material
An chosen in such way that the differential phase delay is
equal to m) that transforms the circular polarization of the
incident light » with given helicicity into its opposed
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helicicity in the transmitted light %. This combination
(Figure 1(c)) of two polarization and wavelength selec-
tive mirrors with the half wave plate (between them) is a
rather complex optical system (see, e.g. [5]). We think
that, there must be an evolutionary reason (a selective
advantage in natural selection) why those beetles have
developed such a structure.

Of course the first manifestation (to the human eye) of
the “function” of this combined triple-layer structure is

optical: generation of strong iridescent color of the beetle.

Several reasons have already been discussed for the color
development in the biological world: camouflage [6],
sexual attraction [7] and aposematism [8] are among the
most cited ones. It is worth to note that all above men-
tioned functions may be obtained also by simple pig-
mentation (absorption of specific wavelengths). However,
in contrast to the pigment based coloration, the periodic
helicodial nature of molecular organization introduces
three specific properties of light reflection from such a
structure. First of all this is the polarization dependence
of reflection; and a question naturally rises: is there any
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Figure 1. Schematic presentation of various “optical” layers
composing the beetle cuticle (bold linear double arrows
show the local orientation of optical axes; dashed horizontal
layer shows the axes of the helix; thin solid and dotted ar-
rows show light propagation directions, curved arrows
show thecircular polarizations of opposed sign for (&) single
helicoidal structure of P. optima (only one period P, of com-
plete molecular rotation is shown for simplicity), where ¢
and ¢ correspond, respectively, to the incident and trans-
mitted light of non-resonant helicicity, g and 4 correspond,
respectively, to the incident and reflected light of resonant
helicicity; for (b) single uniaxial anisotropy structure with
thickness d and local anisotropy An, where y and x4 corre-
spond, respectively, to the incident and transmitted light of
opposed helicicity, and for (c) combined “helicoidal-planar -
helicoidal” structure of P. resplendens.
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specific biological function that the polarization depend-
ence enables in addition? (As a matter of fact, it was
shown that there are some crustaceans with circular po-
larization discriminated vision [9]). The second specific-
ity is the minimization of light absorption by the beetle
cuticles in the case of structural coloration (by reflec-
tion).

This could reduce the heat generation due to absorp-
tion. Finally, this reflection is often spectrally narrow-
band (with a typical spectral width of Adg = 50 nm), but
the central (or resonant) wavelength of light reflection Ag
is typically centered in the visible spectral band where
sun has maximum spectral power.

2. Materials & Sample

Based on a recent observation of optical non-reciprocity
in a slab of CLC [10], we first show (in the present work)
that in addition to the well-known iridescent reflection of
circularly polarized light, the beetle cuticle should pos-
sess another interesting property: light transmission coef-
ficients in and out from the beetle’s body should be dif-
ferent. This phenomenon is then analyzed as a possible
evolutional development mechanism of such helicoidal
structures: the energy regulation. Indeed, each of the de-
scribed above optical layers is known to be optically re-
ciprocal (that is, light transmission is the same in op-
posed directions of propagation) when they are stand-
alone. However, given the specific position of the beetle
cuticle, its boundary conditions are optically asymmetric
since the outside world (air) and sub-cuticle (body) con-
stituents of the beetle have quite different optical proper-
ties, Figure 2. As we have shown recently [10], light
transmission then may become strongly asymmetric
(non-reciprocal), which, for the beetle would mean that
the non-resonant electromagnetic energy flow is stronger
in one direction (from the center of beetle’s body towards
outside) than in the opposed direction. This, in turn,
could create improved heat evacuation in stressful light
conditions (high intensity and long exposure), in a way,
opposite to the traditional “greenhouse” effect (when
more energy enters the system than exits).

A brief description of the work performed to experi-
mentally demonstrate this effect of non-reciprocal trans-
mission follows (see also [10]). We have constructed
CLC cells with asymmetric boundary conditions (as cuti-
cle “models”). To create such asymmetric cells, we have
built sandwiches where the CLC layer was confined be-
tween two substrates having unidirectional rubbed poly-
imide (PI) layers coated on internal sides of beetle’s sub-
strates [4,11-13]. Only one of those substrates had an
ITO coating between the substrate and the PI layer (such
cells are used for lens fabrication [14]), providing thus
optically asymmetric boundary conditions for the CLC
layer (see Figure 3). The first substrate was made from a
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standard microscope glass with 1 mm of thickness, while
the second one was an ITO coated glass of 0.7 mm
thickness. Cells were fabricated by spacing the two
above mentioned substrates at 8 pm distance (using
spacers dispersed in the peripheral glue walls) and by
using the standard method of capillary injection of the
CLC mixture (see below).

To obtain stronger reflection from the ITO layer
(compared to the uncoated glass), we have decided to
make our demonstration in the near infra-red (NIR) spec-
tral band for which the Fresnel reflections of our ITOs
are significantly higher compared to the NIR light reflec-
tion from the simple glass interface. Thus, it was neces-
sary to use a CLC mixture that would have a resonant
reflection band in the NIR area. This mixture was ob-
tained by adding 33 wt% of CB15 molecules and 67 wt%
of MLC 2048 mixture (both purchased from Merck). The
first component (CB15) is a right handed chiral composi-
tion (not disclosed by Merck). Note that the period Py of
molecular rotation (when molecules of various consecu-
tive monolayers rotate by 360°) of CLC is related to the
reflection bandwidth Alg and to the wavelength Ag of
resonant reflection, respectively, by equations Adg = Py
An and Ar = Py Ny, where An is the local anisotropy
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Figure 2. Schematic presentation of the helicoidal layer
(only one period of molecular rotation is shown) and its asym-
metric boundary conditionsin the case of beetle cuticle.
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Figure 3. Schematic presentation of the experimental set-up
and itskey elements: BBP—broad band polarizer, BBQWP—
broad band quarter wave plate. The right side of the figure
shows the tested asymmetric CLC cell. The surface A con-
tains both the ITO and polyimide layers. The surface B
containsonly a polyimide layer.
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and Ny, is the local average refractive index of the CLC.
Some optical characterization results of mixtures with
CB15 are reported in Ref. [15].

The second component (MLC2048) is a nematic liquid
crystal (NLC) having a dielectric anisotropy that is posi-
tive for “low” frequencies (~1 kHz) and is negative for
“high” frequencies (~50 kHz, at room temperature), often
called “dual frequency” NLC [16]. The addition of the
MLC2048 to the CB15 helps us to tune the pitch and to
shift the spectral resonance of the mixture to the NIR
spectral band where the reflection of our ITO is more
important.

3. Experimental Setup and Results

We started our investigations by polarization dependent
transmission measurements by using Varian (Cary 500
scan) spectrophotometer, which can measure light trans-
mission in a broad range. In order to obtain various po-
larization states of the broadband probe beam (e.g., cir-
cularly polarized), we have built a specific setup inside
the spectrophotometer (see Figure 3). We used a broad
band polarizer (BBP) that transformed the original unpo-
larized beam into linearly polarized one and a Fresnel
rhomb, as broadband quarter wave plate (BBQWP),
which generated the circularly polarized probe beam.
The polarizer’s axis’ direction was tilted at 45° relative to
the horizontal (Y, Z) plane (Figure 3) and, when needed,
we could turn it to 90° to change the circularity handed-
ness (left—right) of the probe beam (after the BBQWP).
A second Fresnel rhomb (not shown here) transformed
the probe’s polarization back to linear one (if there were
no polarization changes in the CLC cell) and also
brought its propagation axis into the original one. The
CLC cell (with parallel but dissimilar interfaces, see Fig-
ure 3) was placed between two BBQWPs, in the area
where the probe beam was circularly polarized.

The experimental procedure was the following: we
placed the cell of CLC and measured its transmission
spectrum; then we turned the cell at 180° (with respect to
the vertical axis that is parallel to axes X, Figure 3) and
we measured the spectrum again (for the opposed direc-
tion of propagation of the same probe beam through the
same cell). We have repeated this procedure many times
for various polarization states of the probe beam and for
each position of the cell (cells were also removed and
placed back again multiple times to evaluate the contri-
butions of various experimental errors).

The obtained transmission spectra of our cells clearly
show non-reciprocal behavior. However, before describe-
ing this behavior, let us remind that the uniform helix of
a CLC usually provides a clear resonant reflection band,
which is only slightly asymmetric (when going from
short to long wavelengths of the resonance) if there are
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no other causes of losses. In our case, the ITO coating
provides strong reflection for the NIR spectra (where the
resonance of the CLC is tuned by the addition of the
MLC2048), which generates some Fabry-Perrot oscilla-
tions. In addition, this ITO introduces significant losses,
which grow with the wavelength. That is why, the trans-
mission spectra for our samples is noticeably tilted (de-
creasing with the increase of wavelength) with Fabry-
Perrot oscillations, Figure 4.

As we have already mentioned, this resonance should
be visible only for the circularly polarized light with the
same helicicity (as the CLC); while we should observe a
relatively flat (uniform) transmission spectra for the op-
posed circularly polarized light. However, because of
above-mentioned reasons, here also the transmission
spectra is tilted and contains Fabry-Perrot oscillations
Figure 5(a). Most importantly, one can clearly see, from
the Figure 5(a), that the transmittance of the cell in the
spectral bandgap area is noticeably higher for the case
when the left circularly polarized light (which is non-
resonant with the CLC) is incident from the side B (see
Figure 3). In fact, in our experiments, the non-reciproc-
ity was observed for various states of incident beam’s
polarization (including for linear states that are parallel
and perpendicular to rubbing direction, etc.) with maxi-
mal transmission direction being defined by the type of
the polarization. The corresponding results will be de-
tailed in a following full length article [17] (for the sake
of the shortness of this communication).

In addition, there was no such effect of non-reciprocity
for the same asymmetric cells, which was containing only
an NLC (non-chiral) and for all individual elements of
used cells (ITO coated glass substrates, etc.). This con-
firms that the chiral character of CLC layer plays a key
role in the observed non-reciprocal transmission effect.
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Figure 4. Transmission spectra of the cell for resonantly
(right circular) polarized light. Fabry-Perrot oscillations
and the spectral tilt are generated due to the high reflection
and absorption of the I TO layer for NIR wavelengths.
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Figure 5. Non resonant circularly polarized light transmis-
sion spectra (through the same planar cell of CLC) detected
for two opposed directions of light propagation (see Figure
3 for the definitions of incidence from the side A & B) for
the (a) asymmetric and (b) symmetric optical boundary con-
ditions; from [10].

Finally, the same measurement, performed with the
same type of the cell of the same CLC mixture, but con-
taining two ITO coated substrates (and thus with opti-
cally symmetric boundary conditions for the CLC layer)
shows no such effect (Figure 5(b)). This is emphasizing
also the key role of the asymmetric boundary conditions
in the observed non-reciprocity. Note that the lower
transmission and additional oscillations (seen in Figure
5(b)) are resulted by the presence of the second ITO and
the corresponding Fabry-Perrot effect.

4. Discussion

We can theoretically show [10,17], by considering light
propagation in a weakly chiral media with asymmetric
boundary conditions, that there exist indeed a non-re-
ciprocity of transmission T (by intensity) that may be
expressed as
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R= TA-to-B/TB-to-A ~ (1 +Ry + RZBR/Z-x Z/(l +R,+ RiRQB ) >
where Rp and R, are reflection coefficients (by intensity)
of two opposed surfaces of the CLC. Thus, the difference
in reflections R, and Rgis necessary for non-reciprocity
the theoretical limit of which is R < 2. Also, in the
framework of the same theoretical model, we can show
that the chiral character of the CLC is necessary for the
non-reciprocity, since, otherwise, even if Ry # Rp the
travel of light in the media will be quite different and the
ratio of transmissions in opposed directions will be ex-
pressed as

Tyion /TB-to-A = (1 +RgR, + RZBRi )/(1 +R, Ry + RiRZB ) =1
Those two theoretical results confirm our experimental
observations, described above.

Optical non-reciprocity phenomenon was thus demon-
strated [10], in a structure that is similar to the cuticle of
beetle P. optima, [2]. This non-reciprocity is conditioned
by two key parameters of the media: the chirality of the
layer and the asymmetry of its boundary conditions. We
hope that those observations could stimulate discussions
about the role of this non-reciprocity in the evolution of
such cuticle structures. While we understand that, at this
stage, this is very speculative; we think that the thermal
regulation might be one of possible mechanisms driving
that evolution. In fact, several works have already been
published with analyses of the role of the color in the
thermal regulation of beetles. For example, it is known
that both black and white colored beetles may co-exist in
the Namibian desert, creating thus the so called “black
beetle paradox”, see, e.g., Ref. [18] and references there-
in. It was shown that the direct and reflected visible light
illumination of O. bicolor (white) and O. unguicularis
(black) beetles may create significant difference of tem-
perature elevation AT in different areas of their body [18].
Thus, the corresponding ratio r = ATpa/ATwhie may
achieve values as high as 2.56, 2.22 and 1.89 in beetle’s
Thorax, Elytron and Abdomen, respectively [18]. The
maximum temperature elevation here could achieve
>10°C, which is rather high if we take into account that
the beetle’s body damage may be observed at above 45°C
[18]. However, the combined effect of real life habitat
(air temperature in Namibian desert, convection, etc.) is
such that the role of the visible light illumination is
strongly reduced in those beetles (the wind speed being
the most important thermoregulation factor), which ap-
parently have pigment based coloration (we could not
find a mention about the iridescence of their color). Thus,
as the authors of Ref. [18] mention, while the color does
matter to beetle’s thermal energy fluxes, its effect can be
modified, obviated and negated in many ways by other
environmental conditions. It is also worth mentioning
that many species of the iridescent colored beetles are
living in the forests of Central America [6] where the
environmental conditions and the corresponding influ-
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ence may be quite different from Namibian desert.

5. Conclusions

The reasons why we raise this question for iridescent
colored beetles (such as the P. optima [2]), are several.
First, their cuticles reflect light of given helicicity with
minimal net absorption and this reflection has highest
efficiency in the spectral area of maximum sun power
(other wavelengths of sun light also may be diffracted at
different angles). We know that the unpolarized sun light
may be presented as a sum of two non-coherent polariza-
tions of opposed helicicity (except the scattered one,
which may be even plane polarized and thus may also be
presented as a sum of two circularly polarized light
components). So only the half of sun light may be re-
flected by the cuticle. Thus, even if the second half of
sun power (light with non-resonant polarization helicicity)
may still penetrate into this structure, according to our
study, its back propagation (evacuation) is significantly
favored. The reflection of that second half of sun light
could be achieved if the cuticle would contain a second
layer of opposed (to the first layer) helicicity. However,
while in principle being possible [1], inverting the
helicicity of molecules or molecular structures in natural
lifeis an extremely complicated (if possible) process [19]
because of the breakdown of chiral symmetry in nature
[20]. This might be the reason why the P. resplendens,
has developed two layers of the same helicicity with an
uniaxial layer in between to transform the non-resonant
helicicity of light, passed through the first chiral layer
and to make it reflected by the second chiral layer [2],
thus always using materials and structures of the same
helicicity.

This being said, additional experiments must be con-
ducted on (ideally live) beetles to establish the validity of
this hypothesis. Perhaps the monitoring of differential
temperature elevation of such beetles in air and in an
index matching liquid environment (at least on the cuti-
cle) could bring us closer to the answer. However, the
other channels of energy exchange (e.g., air convection)
should then be difficult to take into account at the same
time [18]. Finally, other aspects of such cuticle formation
(structural, deformational, etc.) must be also taken into
account to answer this question [1,3,21].
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useful discussions and the Natural Sciences and Engi-
neering Research Council of Canada (NSERC) for their
financial support.
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