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While surface microstructures of butterfly wings have been
extensively studied for their structural coloration or optical proper-
ties within the visible spectrum, their properties in infrared
wavelengths with potential ties to thermoregulation are relatively
unknown. The midinfrared wavelengths of 7.5 to 14 pm are partic-
ularly important for radiative heat transfer in the ambient environ-
ment, because of the overlap with the atmospheric transmission
window. For instance, a high midinfrared emissivity can facilitate
surface cooling, whereas a low midinfrared emissivity can minimize
heat loss to surroundings. Here we find that the midinfrared emis-
sivity of butterfly wings from warmer climates such as Archaeopre-
pona demophoon (Oaxaca, Mexico) and Heliconius sara (Pichincha,
Ecuador) is up to 2 times higher than that of butterfly wings from
cooler climates such as Celastrina echo (Colorado) and Limenitis
arthemis (Florida), using Fourier-transform infrared (FTIR) spectros-
copy and infrared thermography. Our optical computations using a
unit cell approach reproduce the spectroscopy data and explain
how periodic microstructures play a critical role in the midinfrared.
The emissivity spectrum governs the temperature of butterfly
wings, and we demonstrate that C. echo wings heat up to 8 °C more
than A. demophoon wings under the same sunlight in the clear sky
of Irvine, CA. Furthermore, our thermal computations show that
butterfly wings in their respective habitats can maintain a moder-
ate temperature range through a balance of solar absorption and
infrared emission. These findings suggest that the surface micro-
structures of butterfly wings potentially contribute to thermoregu-
lation and provide an insight into butterflies' survival.

microstructures | spectral emissivity | thermoregulation | butterflies

tructural origins of thermoregulation and color in nature

have long been a topic of research for scientists and engi-
neers (1, 2) studying, for example, feathers (3) in peacocks (4)
and birds of paradise (5), the skins of squids (6—8) and chame-
leons (9), and coloration in plants (10-13) and insects, including
silver ants (14-16). In the case of butterflies, coloration of wings
arises from a combination of pigmentation and structural col-
oration by periodic chitin microstructures (17-19). For example,
Morpho butterflies’ vivid blue structural coloration is due to the
scattering of light by tree-like microstructures of 1- to 1.5-pm-
pitch branches and 0.15- to 0.2-pm-pitch lamellae (20-25).
Gyroid microstructures provide coloration in butterfly wings as
well (26). The vast array of different morphologies that give rise
to structural coloration in butterfly wings can be modeled as
periodic microstructures in most cases (27).

The role of periodic microstructures interacting with visible to
near-infrared (near-IR) wavelengths of electromagnetic radiation
leading to structural coloration has been studied extensively (20,
26-29). The interaction with visible to near-IR radiation also plays
an important role in the heating of butterfly wings and bodies (18,
20, 30-34). Butterflies heat up their wings by absorbing the heat
from the sun, in the ultraviolet (UV) to near-IR wavelengths of 0.3
to 2.5 pm. This heating is essential for facilitating thermoregulation
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in cold-blooded animals such as butterflies that rely on habitat,
climate, behavioral changes, and evolutionary adaptations. But-
terflies regulate their body temperature by controlling their ac-
tivity level (18, 31, 35-37). Most butterflies are required to attain a
body temperature of 20 to 50 °C, regardless of habitat, in order to
be able to fly (38-40). At a body temperature less than 7 °C, all
activity in the butterflies stops, and the same is also true for body
temperatures above 50 °C (41).

In order to evaluate the heating of butterfly wings and quantify
the absorption of solar radiation, Munro et al. (32) analyzed the
optical behavior of butterfly wings up to a wavelength of 1.1 pm,
encompassing roughly 83% of the incoming solar spectrum. An-
alyzing the optical properties over the entire solar spectrum up
to 2.5-pm wavelength could provide a fuller understanding of the
heating of the butterfly wings, as has been suggested by Bosi et al.
(33). However, the existing literature analyzing solar absorption
provides an incomplete thermal analysis, as it does not account for
the mid-IR optical properties of the butterfly wings.

The use of thermoregulation to maintain a body temperature
in the 20 to 50 °C range in butterflies is not just limited to ab-
sorption of solar heat. Butterflies also emit heat from their wings,
providing a heat loss mechanism. Most terrestrial beings emit
heat from their surface within the mid-IR wavelengths of 7.5 to

Significance

The optical properties of microstructures on butterfly wings
are well studied in the visible spectrum, providing an under-
standing of the origins of structural coloration. Meanwhile,
there is a need for evaluating their midinfrared optical prop-
erties, due to the critical role these properties play in thermo-
regulation. While a high visible absorptivity offers heating by
absorption of solar radiation, a high midinfrared emissivity
offers heat loss via thermal emission. Here we evaluate the
midinfrared optical properties of 4 butterfly species from dif-
ferent habitats and analyze the effect of this emissivity on
wing temperature. With the wing temperatures attaining similar
values irrespective of their habitats of origin, our findings dem-
onstrate the potential influence of butterfly wing microstructures
on midinfrared optical properties and thermoregulation.
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14 pm as described by Wien’s Law (42). Earth’s atmosphere is
also highly transmissive in the same spectral range (36, 37). A
high emissivity in the mid-IR wavelengths would thus increase
heat loss via thermal emission by the butterfly wings and lower
their temperature. Similarly, heat loss can be minimized with low
emissivity in the mid-IR wavelengths, maintaining the tempera-
ture of the wings.

While visible coloration and solar absorption characteristics
have been extensively studied in butterflies (2, 17, 22, 23, 28),
their mid-IR optical properties and thermoregulation have not
(18, 43). Butterfly wings also scatter mid-IR radiation apart from
UV, visible (Vis), and near-IR radiation (43). This could be due
to the presence of unique microstructures that specifically in-
teract with the mid-IR wavelengths. To effectively regulate their
wing temperatures, butterflies may have evolved microstructures
that affect their solar absorptivity and mid-IR emissivity (18, 33,
44-46). Analyzing the role of microstructures in thermoregulation
could enhance our understanding of the survival mechanisms of
butterflies.

We analyze 4 species (Archaeoprepona demophoon mexicana,
Celastrina echo sidara, Heliconius sara sprucei, and Limenitis
arthemis astyanax) from distinct geographical regions ranging from
the Ecuadorian rainforests to the Front Range of Colorado’s
Rocky Mountains. The varying geography is also accompanied by
climatic variation ranging from hot and humid in the rainforests to
the mountainous cold climates. A. demophoon is found in Oaxaca,
Mexico, through the year, where the air temperature remains
around 20 to 35 °C (warm/dry) (47). C. echo is found in abundance
in the Rocky Mountains in Colorado between the months of April
and July, with air temperatures between 10 and 25 °C (cool/dry)
(47). H. sara is found in Ecuador throughout the year, where the
air temperatures are between 25 and 35 °C (warm/humid) (48). L.
arthemis is found in Florida in abundance from March to October,
where the air temperatures are around 15 to 30 °C (moderate/
humid) (48). The 4 species could thus serve as arbiters for spe-
cies from differing climatic and geographical conditions. These
4 species also lack optical data in the mid-IR spectrum, and
have not been evaluated for their thermoregulation. With
measured and computed optical data, we performed analytical

computations and measurements of the thermal performance of
these specimens to analyze their behavior both in the temperatures
of their respective habitats and when placed in a uniform control
environment.

Results

Scanning Electron Microscopy of Butterfly Wings. The periodic mi-
crostructures present in the butterfly wings were analyzed using
scanning electron microscopy (SEM) imaging with a Philips XL-30
microscope of the right dorsal hindwing of each specimen. The
images shown in Fig. 1 depict the mesh-like microstructures pre-
sent on the wing scales of the butterfly specimens. These mi-
croscale meshes contain periodic ridges linked together by
cross-links in the transverse direction.

Periodic microstructures have been hypothesized to corre-
spond to structural coloration of butterfly wing scales (17-20, 23,
28, 49). Hence, we compared the SEM images from various lo-
cations on the butterfly wing specimens (SI Appendix, Fig. S1).
From optical imaging, A. demophoon and L. arthemis wings have
distinct structurally colored regions, while H. sara appears mostly
blue except for the edge of the wing. C. echo displays uniform visible
coloration. Under SEM imaging, however, the varying regions of
the wing all display periodic mesh-like microstructures across the
varying colored regions (SI Appendix, Fig. S1).

The dimensions for the ridge periodicity (@), cross-link peri-
odicity (b), ridge thickness (c), and cross-link thickness (d) were
measured from the SEM images and are reported with their re-
spective SD values from measurements at 100 locations across
multiple scales for each specimen (Fig. 1). The dimensional pa-
rameters vary across the different species, with a ranging between
1 and 2 pm, b ranging between 0.5 and 1 pm, ¢ between 0.25 and
0.5 pm, and d at 0.2 pm. The parameter e was taken from mea-
surements of angled SEM images of the specimens (SI Appendix,
Fig. S2), with e = 1.2 + 0.1 pm, and is comparable to the existing
literature (50-52). The biological nature of the specimens presents
an inherent natural variation in the structural parameters ranging
between 0.01 and 0.2 pm, and could lead to broadband optical and
thermal control (53-55) (SI Appendix, Fig. S3).

—n
2pm ' 0.5pm

Sample Name Location a [pm] b [um] ¢ [um] d [um]
Ar prep Azulillo, Oaxaca, México 2x0.1 0.5+0.1 0.5£0.05 0.2 +0.01
Celastrina echo sidara Sugar Creek, Colorado, U.S.A. 2x01 1+0.2 0.25+0.05 0.2+0.01
Heliconius sara sprucei Unién del Toachi, Pichincha, Ecuador 1£0.1 0.5+0.1 0.5 +0.05 02001
Limenitis arthemis astyanax Bronson, Florida, U.S.A. 2101 0.85+0.2 0.5 £0.05 0.2+0.01

Fig. 1.

Optical images and SEM images for the right dorsal hindwings from (A) A. demophoon, (B) C. echo, (C) H. sara, and (D) L. arthemis. The images depict

the presence of periodic microstructures on the wing scales of the butterflies. The periodic microstructures are present as mesh-like features with prominent
ridges and cross-links that traverse the ridges (depicted as Inset schematics). (E—H) The microstructures are modeled as a unit cell based on dimensions from

the SEM images.
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Optical Properties of Butterfly Wings. Spectroscopy on the butter-
flies was carried out on the right dorsal hindwing of individual
specimens of A. demophoon (n =5), C. echo (n = 4), H. sara (n =
4), and L. arthemis (n = 9) (56). The measurements provide the
emissivity [and, consequently, the absorptivity, assumed equal
to the emissivity by Kirchhoff’s Law (42)] as unity minus the
sum of the reflectivity and transmissivity (42, 57) (Fig. 2).

The UV/Vis spectroscopy yields absorptivity/emissivity dips
(and, hence, reflectivity peaks; SI Appendix, Fig. S4) for A.
demophoon (with a reflectivity peak of 0.26 centered at
0.4 pm), H. sara (reflectivity peak of 0.11 around 0.37 to
0.41 pm), and L. arthemis (reflectivity peak of 0.32 between
0.38 and 0.42 pm), with a near-uniform reflectivity of 0.33 for
C. echo. The solar absorptivity allows for absorption of incident
solar irradiation to aid in heating of the butterflies by absorp-
tion of incident solar irradiation (30). We observed moderately
high solar absorptivity values for all 4 species (>0.5) within the
Vis spectrum (0.3 to 0.7 pm), slowly tapering down to 0.2 to 0.6
as the near-IR wavelength regions are approached (Fig. 24).
The average solar absorptivity of the specimens contains an
uncertainty of +0.03 for A. demophoon and C. echo, +0.05 for
H. sara, and +0.04 for L. arthemis.

The mid-IR emissivity values were then recorded by Fourier-
transform IR (FTIR) measurements (SI Appendix, Fig. S5). While
the mid-IR emissivity in the wavelengths of 8 to 14 um remained
at 0.2 to 0.3 for C. echo and L. arthemis, A. demophoon and H. sara
showed a mid-IR average emissivity of 0.4 to 0.6 (Fig. 2B). The
average mid-IR emissivity of the specimens contains an un-
certainty of +0.03 for A. demophoon, +0.02 for C. echo, and +0.05
for H. sara and L. arthemis. There are prominent emissivity peaks
in the wavelengths of 3 and 6 um due to the presence of chitin (43)
(SI Appendix, Fig. S7), seen across all butterfly specimens. The
mid-IR wavelengths of 7.5 to 14 pm are critical for thermoregu-
lation by means of mid-IR heat loss (58-61). Changes in thermal
performance of butterfly wings by varying mid-IR emissivity as
observed here might aid in thermoregulation of the butterflies.

Validation of Mid-IR Emissivity by IR Thermography. Next, we sought
to validate the FTIR measurements of mid-IR emissivity by using
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Fig. 2. Spectral emissivity (absorptivity) values for the butterfly wing spec-
imens (right dorsal hindwing). (A) UV/is spectroscopy for A. demophoon
(yellow), H. sara (red), C. echo (gray), and L. arthemis (blue) measures the
spectral emissivity in the wavelength range of 0.3 to 2.5 pm. The results
depict moderately high emissivity (absorptivity) values throughout the UV/
Vis spectrum, with the average values being around 0.82 for H. sara, 0.69 for
C. echo, 0.67 for L. arthemis, and 0.55 for A. demophoon. (B) FTIR spec-
troscopy performed in the wavelength range of 2.5 to 20 um to evaluate the
mid-IR emissivity (absorptivity) profiles for the butterfly wing specimens. The
results depict mid-IR (7.5 to 14 um) emissivity (absorptivity) values ranging
from around 0.54 for H. sara (red), 0.42 for A. demophoon (yellow), 0.3 for L.
arthemis (blue), and 0.18 for C. echo (gray), in decreasing order. The spectra
are depicted with an overlay of the atmospheric transmission spectrum (7.5
to 14 pm) which aids in reemission of heat to outer space and, consequently,
heat loss (58).
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IR thermography to measure the average mid-IR emissivity of
the butterfly wing specimens between the wavelengths of 7.5 and
14 um (SI Appendix, Fig. S6). The spectral average mid-IR
emissivity values from IR thermography range from a low of
0.24 + 0.04 for C. echo to a high of 0.52 + 0.05 for H. sara, with
intermediate values of 0.33 + 0.04 for L. arthemis, and 0.42 +
0.05 for A. demophoon. The IR thermography results were then
compared with the average emissivity (in the 7.5- to 14-pm-
wavelength range) taken from FTIR spectroscopy and
showed similar values (Fig. 3).

The IR imaging in Fig. 3 depicts nearly uniform mid-IR emis-
sivity across the right dorsal hindwing specimens, measured as a
function of the perceived temperature on the IR map. On the
A. demophoon wing, we noticed regions of lower emissivity closer
to the proximal region, with a nearly uniform higher emissivity
present toward the edge of the wing. For the C. echo wing, we
observed a near-uniform low emissivity across the specimen, with
a near-uniform high emissivity on the H. sara wing barring high
emissivity black regions closer to the wing hinge. The L. arthemis
wing depicts minimal variation in emissivity across the wing
moving from the hinge to the edge. The IR imaging thus depicts
no clear mid-IR distinction across the visibly distinct colored re-
gions of the specimens (SI Appendix, Fig. S5), and indicates the
possibility that different microstructures are responsible for ther-
moregulation and coloration. The measurement of mid-IR emis-
sivity by IR imaging at a temperature of 69 to 70 °C yields
comparable results to the FTIR spectroscopy done at 20 to 22 °C,
depicting negligible variation of optical properties with changes in
specimen temperature.

Optical Computations. Using the microstructures obtained from
the SEM imaging of the butterfly wing specimens (Fig. 1), we
evaluated the spectral absorptivity/emissivity for the specimens
by rigorous coupled-wave analysis (RCWA) (61-63), with custom-
modified open-source code (61-63). The geometric dimensions for
computation were gathered from the SEM images as shown in Fig.
1, and the refractive index and extinction coefficient of chitin were
taken from the literature (43, 64, 65). The natural variations and
disorder in the structural parameters (SI Appendix, Fig. S3) do not
permit perfect periodicity, and hence we used the measured av-
erage of each of the geometric dimensions of the microstructures
in order to impose periodicity.

The RCWA results for each of these specimens depict mid-IR
emissivity values ranging between 0.2 and 0.6, show similar op-
tical behavior across the computation and spectroscopic mea-
surements, and demonstrate the suitability of using a unit cell
approximation to model the butterfly wing microstructures
(Fig. 4). The results were also compared with finite-difference
time-domain (FDTD) methods (66) (SI Appendix, Fig. S7B) for
validation.

Thermal Properties of Butterfly Wings. We comparatively evaluated
the steady state temperatures attained by the wings under a
control environment to analyze the effects of structural ther-
moregulation. The measurements were performed between 9
AM and 3 PM on July 31, 2018, with the air temperature ranging
from 20 to 27 °C, wind speeds between 0.26 and 0.44 m-s~,and a
near-constant humidity of 46 to 48%.

Our wing temperature measurements using an FLIR A655sc
IR camera (Fig. 5C) showed a wing temperature of 36 to 38 °C
for A. demophoon, with C. echo attaining 42 to 45 °C at 12 noon
(56). The temperature of the specimens was also predicted using
an energy balance analysis (59, 61, 67), with the specimens ex-
posed to solar irradiation (Py,,”) and heat radiated from the
atmosphere  (P,u,") = [cos® dQ[o®Igp(T,A1)e(482)e0mm(4£2)
dA (Igp: blackbody radiation; €: emissivity of the specimen and the
atmosphere (atm); 0: zenith angle [taken to be 30° on average]; £2:
solid angle interacting with the specimen surface). The specimens
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Fig. 3. Comparison of average mid-IR emissivity for various right dorsal
hindwing specimens between the wavelengths of 7.5 and 14 pm using IR
thermography and FTIR measurements for (A) L. arthemis, (B) C. echo, (C)
H. sara, and (D) A. demophoon. The IR mapping presented here depicts
variations in emissivity values across the wing specimens, with lower
emissivity regions moving toward the blue colors on the map, and higher
emissivity regions moving toward the red. While C. echo depicts an av-
erage mid-IR emissivity of 0.24, the values remain at 0.33 for L. arthemis
and at 0.42 for A. demophoon, and reach a value of 0.54 for the H. sara.
The uncertainty of the measured emissivity values includes the uncertainty
in the measurement temperature and the inherent uncertainty of the
instrument itself. The results for the 4 species depict close similarity in
values for the different methods and validate the measurement obser-
vations.

emit radiation to outer space at 3 K (via the atmospheric
transmission window) with P,,," = [cost dQ [®Ipp(T,2)e(4,2)
d2, and exchange heat with the environment via conduction
and convection (Peongrcom” = heg{(T-Toi); hegy: effective heat
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transfer coefficient; 7,;,: ambient air temperature). This gives a
net radiative power (P,."), given by Eq. 1 (59, 61, 67), of

Prad”(T) - Patm”(Tair) - Poy” + Pcond+conv” = Pt [1]
The net heat flux into the specimens at an ambient air
temperature of 27 °C at 12 noon (Py,," + Pa,,,, ") was computed
to be 575 W-m~2 for A. demophoon, 642 W-m~2 for C. echo, 786
W-m~2 for H. sara, and 613 W-m™2 for L. arthemis. The net heat
flux out of the specimens at an ambient air temperature of 27 °C
at 12 noon (P,ad”) was computed to be 320 W-m~2 for A4. demo-
phoon, 276 W-m~> for C. echo, 538 W-m™ for H. sara, and 270 W-m™
for L. arthemis. The sum of the net heat flux into and out of the
specimens gives the net heat flux required to maintain the spec-
imen at its steady-state temperature from the ambient tem-
perature. The steady-state temperature of the specimen is
attained when the sum of all heat fluxes for the specimen is zero.
The steady-state temperatures of the specimens were then com-
pared with the measured values (Fig. 5C). C. echo and L. arthe-
mis, in general, heat up throughout the day consistently higher
than A. demophoon and H. sara under similar ambient condi-
tions in a controlled environment. The relatively lower wing
temperature values for the warmer climate butterflies A. demo-
phoon and H. sara thus depict the effects of mid-IR heat losses by
periodic microstructures in the butterfly wings.

We also predicted the steady-state temperatures attained by
the wings in their respective habitats, with the temperature and
solar irradiation data taken for July over the past decade (2007—
2017) (47, 48, 68, 69) in Santa Marfa Huatulco, Oaxaca, Mexico,
for A. demophoon (70), and Deckers, CO, for C. echo (47, 48).
The temperature data were also compared with other weather
stations within their habitats, such as Azulillo, Oaxaca, Mexico,
and Estes Park, CO (48, 71) (SI Appendix, Figs. S8 and S9).
While inherent variation in data exists across multiple sources,
the sources we used are considered reliable and should account
for locational variation. The data are thus expected to accurately
depict the thermal environment of the butterflies, barring other
sources of variation in their thermal microhabitat as discussed
below. The specimens were assumed to be exposed to incident
solar irradiation (Py,,") taken to be varying at 580 to 1,000 W-m >
for each location correspondingly. While the butterflies’ habi-
tats may offer forest cover or other obstacles to solar irradiation,
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butterfly species (with schematics for the specimens) for (A) A. demophoon, (B) H. sara, (C) C. echo, and (D) L. arthemis. (E) The emissivity values are computed
using RCWA based on structural dimensions (A-D) from SEM imaging. The emissivity values are plotted with respect to the wavelength and corresponding

blackbody temperature [calculated using the Wien's displacement law (75)]. Both the measured and computed emmisivity values indicate distinct differences

among the four butterfly species.
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the butterflies generally bask under direct sunlight (31, 72, 73),
and, as such, the forest cover can be assumed to have minimal
effect on the incident solar radiation. The specimens interact
with the surroundings by means of convective and conductive
losses (Peond+comy”), With Ay taken to be 5 W-m 2K! (for calm
air), 10 W-m=2K~" (for a gentle breeze), or 20 W-m 2K~ (for a
strong breeze). Increasing convection from the wings to the
surrounding air for both butterflies would result in surface
temperatures that gradually approach the air temperature. We
computed the net radiative power (P,,") using Eq. 1 (61).

The calculations (Fig. 5 D and E) show a steady-state wing
temperature of 47 to 51 °C attained by both specimens with re-
spect to their corresponding habitats at 12 noon with peak solar
irradiance. The temperatures remained within 20 to 50 °C and
likely aid in survival by thermoregulation (30, 34, 36). The
analysis predicts the upper limit for daytime wing temperature,
as it assumes clear skies, and overpredicts nighttime radiative
losses by assuming the entire dorsal wing is exposed to the cold
sky. The actual butterflies at nighttime are likely perched under
leaves, within rock crevices, in clusters, or with the dorsal side
of the wings hidden (37, 74).

The present study analyzes the steady-state wing temperatures
of the butterflies at rest. During flight, the energy balance is
expected to differ from the rest condition, due to changes in
the thermal processes associated with the butterflies. While the
major changes involve variations in convection, there is also the
possibility of metabolic heat generation (72), and other related
thermal processes. Flight is expected to increase the convection
coefficient (/) for the butterflies, due to increase in associated
wind velocity over the wings, leading to possible lowering of wing
temperatures (Fig. 5 D and E). For example, an increase in the /
from 10 W-m==K™' to 20 W-m~2.K~! leads to a decrease in the
wing temperature for A. demophoon and C. echo from 50 to
51 °C to 40 to 44 °C. Meanwhile, the flight activity itself could
lead to increased metabolism and, correspondingly, a possible
increase in the butterflies’ temperatures. The temperature predic-
tion for butterfly wings during flight requires further investigations
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and transient heat transfer analysis with information about con-
vection and metabolic properties (73).

Discussions

The mid-IR emissivity values for the butterfly wing microstruc-
tures range from high to low, roughly corresponding to the habitat
temperature for the butterflies ranging from warm to cool. The
results illustrate the role played by periodic microstructures on
butterfly wings’ mid-IR optical properties, and their impact on
butterfly thermoregulation. Further evaluation of the correlation
of habitat temperature with solar and mid-IR optical properties of
butterfly wings would likely advance our understanding of how
butterflies adapt to varying habitat environments. For instance,
the current study depicts warmer climate butterflies with increased
mid-IR emissivity values. Meanwhile, existing literature indicates
increased flight duration for butterflies from warmer climates (73).
The link between the warmer climates, increased mid-IR emis-
sivity, and increased flight duration could possibly be explained
due to the decreased thermalization time for increased mid-IR
emissivity. However, the hypothesis would require further analysis
to yield conclusive results.

Apart from butterflies, studies on the structural thermoregu-
lation of other geographically and climatically diverse animals
could lead to better insights as to the role of IR optical prop-
erties in the ability of organisms to adapt to their surroundings.
For instance, insects such as ants are widespread and found in
extreme climates. Analysis of the mid-IR optical properties in
such ants could enhance our understanding of the role of struc-
tural thermoregulation in their survival and dispersal.

The natural variations in the structural parameters of the
microstructures could also act as a basis for the development of
bioinspired designs for broadband thermal control. Unlike the
narrowband requirements of photonic systems, thermal systems
favor broadband properties that do not require perfectly periodic
structures, making the butterfly wing microstructures potential
candidates for the design of thermal control systems. Our results
thus present an improved knowledge of surface microstructures
in nature and their relationship to thermoregulation.
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Fig. 5. Thermal analysis of butterfly wings. (A) Schematic of temperature measurement setup under a control environment with the energy balance con-
sidered for the thermal analysis, including incoming heat from the sun and atmosphere, outgoing radiation to outer space, and conductive and convective
losses. (B) Optical image of temperature measurement on the A. demophoon right dorsal hindwing specimen. The specimen is held with clamps placed on a
specimen holder mounted on thermal isolation legs. (C) Measured temperature comparison of the 4 specimens of butterflies under similar ambient climate
conditions in a control environment (Irvine, CA) on July 31, 2018. While A. demophoon (yellow) and H. sara (red) attained wing temperatures of 37 °C at noon,
C. echo (gray) and L. arthemis (blue) heated up further to 41 to 42 °C, highlighting the role of mid-IR heat losses in warmer climate butterflies. The mea-
surements are validated by computational temperature predictions. (D and E) Theoretical predictions of the butterfly wing temperatures in their respective
habitat conditions for the 2 species, (D) A. demophoon and (E) C. echo, depicting a surface temperature of 47 to 51 °C [within the habitable range of 20 to
50 °C (30, 34, 35)] with an effective heat transfer coefficient of 10 W-m=2.K™" (a gentle breeze) at 12 noon. The habitat air temperatures were taken as an
average in July for the past decade (2007-2017) and the dashed lines representing the incident solar irradiation (47).
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Methods

Spectroscopic data, thermal measurements, and related codes used in the
work are available at DOI 10.17605/OSF.IO/F8RN7.

Specimen Collection. Male butterflies were collected from Sugar Creek, CO (C.
echo sidara) in 2008, Azulillo, Oaxaca, México (A. demophoon mexicana) in
2008 and 2012, Unién del Toachi, Pichincha, Ecuador (H. sara sprucei) in
2011, and Bronson, FL (L. arthemis astyanax) in 2016 and 2018. Wings were
removed and stored in glassine envelopes in the dark.

Measurement of Optical Properties. The optical properties of the butterfly
wing specimens in the UV to NIR wavelengths were characterized using the
Cary 7000 Universal Measurement Spectrometer and the Jasco V-670 with a
60-mm integrating sphere. The inherent uncertainty in the optical properties
is +0.003, with the wavelength uncertainty being +0.3 nm at a stable room
temperature of 20 °C. In the mid-IR wavelengths, the optical properties of
the specimens were characterized using Jasco 4700 and Thermo Nicolet
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6700 spectrometers. The uncertainty in wavelength during measurement
is +0.03 pm.

For the IR thermography, we used an FLIR A655sc IR camera. The specimen
was placed on a reflective surface on a heated stage at 69 to 70 °C and
secured in place with an IR transmissive, AR-coated ZnSe lens. The average
mid-IR emissivity of the specimens was then measured by variation of the
emissivity (an input parameter) to match the temperature of the specimen.
The resolution of the IR camera is 0.03 K with an inherent uncertainty
of +0.5 K for a measurement range of 273 to 343 K.
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