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Heat transfer properties of Morpho butterfly wings
and the dependence of these properties on the
wing surface structuret
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The heat transfer properties of a material strongly rely on its surface structure. The wings of the Morpho
butterfly have a unique surface structure with features of order and disorder. In this work, the surface
temperature and radiative heat flux of Morpho butterfly wings with structural colour when a ceramic
heater attached to the opposite surface of the wings was heated to 250 °C were evaluated in terms of
their heat transfer properties. Morpho menelaus butterfly (MM) wings and Cithaerias (CE) wings with no
periodic structure on their surface, were used as samples. The MM wings had higher surface temperature
and radiative heat flux than the CE wings, which is the first report of heat transfer properties of the
wings. The surface structure of the MM wings was changed by heat treatment in order to investigate the
effect of the surface structural change on their heat transfer properties. The treatment changed the

20 2019 colour of the wings to red and brown, distorting the periodic structure. The radiative heat flux increased
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Accepted 7th January 2020 due to the change in the structure on their surface. XPS spectra revealed that the treatment leads to
a slight change in the chemical structure of the wings. The spectral analyses results showed there was

DOI: 10.1039/c9ra09990e no obvious change in the mid-infrared absorbance. The heat radiative properties of the MM wings were
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Introduction

Thermal management through the fabrication of various structures
on the surface of materials to enhance their heat transfer proper-
ties has been investigated over a wide range of industries, such as
semiconductors,"* electronics,>* and photovoltaic cell applica-
tions.>® Two types of surface structure have been suggested for the
enhancement of heat transfer properties. The periodic microscopic
roughness on the material's surface causes an increase in surface
area, leading to the improvement of radiative heat flux from the
surface.” The periodic layered structures called photonic crystals
control the reflectance or absorbance of infrared light.** Mean-
while, Maire et al. demonstrated that heat conductive properties of
a Si surface with nanoscale-disordered holes increase compared
with surfaces with periodic holes.' Similar to this report, studies
about disordered surfaces have been gradually emerging."
Recently, the field of engineering, which was inspired by the
characteristic features of living organisms, has attracted many
researchers.”™* There are functional surface structures in
nature, which can possess various heat transfer properties.
Pachliopta aristolochiae butterflies have been reported to control
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strongly influenced by the surface structural changes due to the heat treatment.

the transmittance and absorbance in the solar spectrum by
holes of random size on their wing surfaces." Bitis gabonia
snakes have high solar absorbing properties due to the disor-
dered shape projections on their scale surfaces.'® Saharan silver
ants have triangle-shaped skin hair distributed randomly on
their body to control infrared solar absorbance and reflec-
tance.”” We assume that the control of both the order and
disorder structure of material surfaces would be the key to the
regulation of the heat transfer properties.

Morpho butterflies have roof tile-shaped scales on their
wings surface, which are arranged in periodic lines called
“ridges” with approximately 1 um between two ridges. These
ridges have shelf-like structures on their side surface, which are
called “lamellae” structures, with 200-300 nm between indi-
vidual shelves (Fig. S1t). Although there have been many optical
studies about Morpho butterfly wings inspired by their struc-
tural colouration,'° the actual heat transfer properties has not
been experimentally demonstrated. It has been reported that
the nano- and microscale asperities behave as heat conductive
paths to transfer the heat to the surrounding environment.*
Didari et al. suggested a way to design original and modified
structures of Morpho didius wings using algorithms.*” This
report revealed that the heat flux within the atmospheric
window (8-13 pm bandwidth) of the simulated structures varied
by changing the distance between the shelves and their sizes.
We speculate that the ridges and lamellae structures of Morpho
butterfly wings would act as effective paths for heat transfer,
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and changes in the surface structure would affect the radiative
heat flux. Pris et al. reported that the visible reflectance of the
wings showed a reduction of 5.4% by heating to AT = 30 °C.*
The heat treatment is thought to change the surface structure of
the Morpho butterfly wings. In this study, the heat transfer
properties of Morpho butterfly wing surfaces were investigated
to clarify the effect of surface structural changes due to heat
treatment on the heat transfer properties.

Experimental

Small pieces with dimensions of 10 x 10 mm?® were collected
from three types of butterfly wings: two types of Morpho (M.)
menelaus (MM) obtained from Brazil and M. adonis (MA) from
Giana and Cithaerias (CE) with no periodic structure on their
surface from Peru (Fig. S21). The thickness of MM, MA and CE
wings measured by a micrometer were 0.26 mm, 0.25 mm and
0.23 mm, respectively. The weight of MM, MA and CE wings with
the size were 0.53, 0.47 and 0.37 mg, respectively. The ventral
surface of the wings was attached to a ceramic heater (10 x 10
mm) using a thermally conductive tape (Z5008, HIOKI) to change
from room temperature to 250 °C. The temperature change in the
opposite surface, which has the structural colour, due to the
heating was monitored by using a thermocouple (ST-51-100-C,
RKC Instrument). The radiative heat flux of the wings surface
was also measured by a radiation sensor (10 x 10 mm RF series,
Captec), which was 10 mm from the wings and connected to
a chiller (MC-02, Advanced Thermal Science) to maintain the
thermal difference between the wings and the sensor. In the
measurement of the radiative heat flux, surface temperature of
the dorsal wings with the structural colour were monitored by an
infrared camera (CPA-E6, FLIR systems). ¢ of the camera was set
as 0.95, which was the closest to surface temperature of the wings
measured by the thermocouple. The measured wavelength of this
infrared camera was 7.5-14 pum. The heat transfer property
measurements were carried out at least three times for each wing,
and the uncertainly was evaluated as the standard deviation of
the measurements.

In our preliminary experiment, treatment at over 250 °C for
10 minutes caused surface structural changes of the wings.
Therefore, the wings were heated at 250 and 300 °C for 10
minutes on a hot plate to change their surface structure. The
surface morphology of the wings was observed by an optical
microscope (VHX2000, Keyence) and a field emission-scanning
electron microscope (SEM, JSM-6301, JEOL). The transmittance
and reflectance properties of the wings in the near infrared
(NIR) range were evaluated by UV/VIS/NIR spectrometer (V770,
JASCO) with an integrated sphere. The mid-infrared (MIR)
absorbance of the dorsal surface with the inherent structure of
the MM, MA and CE wings was evaluated by Fourier transform
infrared spectrophotometer (FT-IR 4100, JASCO).

Results and discussion
Heat transfer properties of the Morpho butterfly wings

Fig. 1(a) shows the time dependence of surface temperature
changes of the MM wings and CE wings when the heater
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Fig. 1 (a) Surface temperature changes of the MM (solid line) and CE
(dashed line) wings during heating them from room temperature to
100 °C for 80 minutes. (b) Relationship between the surface temper-
ature of the MM (@) and CE (H) wings and the heater temperature.

temperature increased to 100 °C. This result reveals that the
increased rate of the surface temperature of the MM wings was
higher than that of CE wings, which is fit to the heat equation as
follows.

oT  &T

FriR e (1)
where « is the coefficient of thermal diffusion (m* s™) and T is
the surface temperature of the sample (K). Each wing surface
shows almost constant temperature after 40 minutes. It seems
that surface temperature of the both wings becomes the steady
state after heating for 40 minutes. These results imply that the
MM wings have a higher coefficient of thermal diffusion than
that of CE wings. Fig. 1(b) shows the relationships between the
surface temperature of the wings after 40 minutes of the heating
and the heater temperature. It is clear that MM wings had higher
surface temperature than that of CE wings. The MA wings, which
have a similar surface structure to that of the MM wings (shown
in Fig. S371), had almost the same surface temperature as that of
the MM wings (Fig. S41). From these results, the surface structure
of Morpho butterfly wings has the ability to enhance their heat
conductive properties.

Fig. 2 shows the dependence of the radiative heat flux on the
surface temperature of the wings. The radiative heat flux of MM
wings exceeded that of the CE wings under this experimental
condition. The heat radiative property of a material depends on
the emissivity, surface temperature, and surface area based on
the Stefan-Boltzmann law as follows,

Q = gedT?, (2)

where ¢ is Stefan-Boltzmann constant (=5.67 x 10°% W (m”
K" ™), e is emissivity (—), A is the surface area (m”) and T is the
surface temperature of sample (K). The surface area of a material
can be a projection area in horizontal plane.** This implies that
the surface area of the MM and the CE wings is determined to be
the same value. The radiative heat transfer property of a material
is strongly affected by its emissivity and surface temperature. The
MM wings had higher radiative heat flux with lower surface
temperature than that of the CE wings. Absorptivity and emis-
sivity of a material can be equal at a given surface temperature
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Fig. 2 Relationship between the radiative heat flux of MM (@) and CE
wings (O) and their surface temperature.

based on the Kirchhoff's law. Fig. 3 shows MIR absorbance
spectra of the MM and the CE wings. The wavelength with the
highest spectral-radiance characteristics in the range of surface
temperature of the wings is determined to be 5.5-7.0 pm by
Planck's radiation law. The absorbance properties of the MM
wings were higher than those of the CE wings in the wavelength
attributed to the surface temperatures of the wings. This suggests
that the higher radiative heat flux of the MM wings compared
with the CE wings is caused by the higher emissivity. The
calculated emissivity of the wings by using the eqn (2) showed
less than 0.1, which is smaller than the emissivity obtained from
the MIR spectra. The convective heat transfer under the atmo-
spheric experiments would lead to decline of the heat flux. In
addition, the MA wings showed similar values in radiative heat
flux as that of the MM wings (Fig. S5 and S67). These results
imply that the emissivity of the Morpho butterfly wings contrib-
utes to enhance their heat radiative properties.

Relationships between the surface structure change and the
heat transfer properties of the wing

The heat treatment of the MM wings was conducted to explore
the relationships between the surface structural change and
heat radiative properties of the Morpho butterfly wings. Fig. 4
shows the colour changes of the MM surface before and after
the heat treatments. The colour of the wing surfaces changed
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Fig. 3 MIR absorbance spectra of the MM (solid line) and the CE
(dashed line) wings.
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Fig. 4 Optical images of the MM wings before (a) and after the heat
treatment at 250 °C (b) and 300 °C (c). Scale bar shows 50 um.

from blue to red-purple due to treatment at 250 °C and became
brown due to the treatment at 300 °C.

The SEM observation (Fig. 5) reveals that the heat treatment
changes in the ridge structure. The treatment at 250 °C caused
distortion of the ridge structure. In the case of the wings treated
at 300 °C, some ridges on the wings surface disappeared. The
average scale size of the wings calculated from the SEM images
and an image analysis soft (Image]) was 66.3 um before the
treatment, 65.1 pm after the treatment at 250 °C and 70.4 um
after the treatment at 300 °C, which indicates almost the same
size before and after the treatment. The width between the two
shelves in the lamellae structure of the wings surface also seems
not to be changed dramatically under this experimental
conditions (Fig. S71). These results show that the heat treat-
ment changes the colour of the MM wings due to the surface
structural changes. The heat treatment at 300 °C led to a decline
in the surface area.

Fig. 6 shows the XPS C,, spectra of the MM wings before and
after the heat treatment. The peak was fitted by two peaks using
Gaussian functions; one peak at approximately 284 eV (peak 1),
assigned to the carbon of glucosamine that composes the
framework of chitin, and the other peak at approximately 287 eV
(peak 2), assigned to the carbon that is connected with amino
groups of the side chain of chitin.*®*?® The peak position of peak
1 shifted slightly to the lower energy, indicating decline of the
binding energy attributable to chitin due to the heat treatment.
The integrals ratio of peak 2/peak 1 for the wings before and
after heat treatment at 250 and 300 °C were determined to be
0.86, 1.08 and 0.68. It has been already proposed that the side
chains of organic materials, such as proteins* and poly-
saccharides,?® prevent the heat conductive property of a mate-
rial. However, all the wings showed similar trends in surface
temperature change, as shown in Fig. S8.f Fig. 7 shows MIR
absorbance spectra of the MM wings before and after the heat
treatment. There was almost the same spectra before and after
the heat treatment. These imply that the chemical structural

(c)

Fig. 5 SEM images of the MM wings before (a) and after the heat
treatment at 250 °C (b) and 300 °C (c). Scale bar shows 5 pm.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 XPS spectra of the C;5 of the MM wings before (a) and after the
heat treatment at 250 °C (b) and 300 °C (c). Solid and dashed lines
represent original and fitted spectra.

changes due to the heat treatment have little effect on the heat
transfer properties of the wings.

Fig. 8 shows the relationships between the radiative heat flux
and the surface temperature of the MM wings before and after
the heat treatment. The wings treated at 250 °C have the highest
radiative heat flux among the wings under this experimental
condition. Radiative heat flux of the wings tends to enhance due
to the treatment, although the emissive properties of the wings
were almost the same. This implies that the enhancement of the
radiative heat flux was mainly derived from the surface struc-
tural change. We suppose that surface design for enhancement
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Fig. 7 MIR absorbance spectra of the MM wings before (blue line) and
after the heat treatment at 250 °C (red line) and 300 °C (green line).
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Fig. 8 Dependence of the radiative heat flux of the MM wings before
(@) and after the heat treatment at 250 °C () and 300 °C (A) on the
surface temperature.
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of their heat radiative properties of the material is to maintain
the periodic structure and introduce a distortion into it.

Conclusions

The surface temperature and radiative heat flux of Morpho
butterfly wings before and after the heat treatment were inves-
tigated to clarify the effects of surface structure on the heat
transfer properties. The time dependence of surface tempera-
ture measurement showed that the heat conductive properties
of Morpho menelaus and Morpho adonis wings were higher than
those of Cithaerias wings, which have almost the same thick-
ness and main components as the Morpho butterfly wings, due
to their surface structure. The wings of Morpho menelaus and
Morpho adonis had higher heat radiative properties than those
of the Cithaerias wings due to their emissivity. The heat treat-
ment of the Morpho butterfly wings caused surface structural
changes, leading to the enhancement of the radiative heat flux.
Understanding the structural effects of Morpho butterfly wings
on the heat transfer properties is a potential approach to
develop a new surface design for thermal management
applications.
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