Structural Coloration in Caloenas Nicobarica Pigeons
and Refractive Index Modulated Sensing
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The Nicobar pigeon (Caloenas Nicobarica) belongs to the extinct dodo-bird
family and has been declared as an endangered species. Here, microscopic
and spectroscopic measurements are carried out on the bird’s feathers to
study the structural coloration originating from the barbule nanostructures.
A range of color shades is recorded with changing viewing and illumination
angles at different locations of the feathers. A spectacular variation in colors
is generated by photonic structures; red, green, and blue and their blends

are observed. Hydrophobicity of the optical material is also investigated.

A contact angle of =156° is observed demonstrating it to be superhydro-
phobic. Experimental observations of the optical properties are analyzed on
these feathers for sensing made possible due to the material and structural
properties at the interface between barbule’s surface and solution. An optical
response is observed with a redshift in optical spectra with increasing
refractive index of the solution, which is correlated with concentration values.
The structural coloration in Nicobar pigeon can be adopted for many practical
applications such as color selective filters, nonreflecting coatings, and

refractive index-based sensing.

1. Introduction

The earliest recorded study of iridescence of birds’ feathers
is found in Robert Hooke’s book Micrographia (1665), in
which he researched on Peacock feathers and discovered the
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effect of color changes in different refrac-
tive index media. However, birds are not
the only species which possess these
colors; — insects,”'2 marine life, 318l
and plants!’24 also exhibit pure struc-
tural coloration beside some examples
combining structural colorations with
colorants or pigments.”>) Morpho butter-
flies,[1% beetles,!'Yl and dragonflies!!Zl show
iridescent coloration purely due to their
complex structural nanoscale features on
their wings and bodies. Irish moss also
possesses layered structure in its cuti-
cles, where organization and dimensions
of lamellae are responsible for its blue
color.'l Bragg gratings and multilayer
reflectors are responsible for vivid colors
of marine crustaceans.! Anhydrous
guanine-based biogenic photonic crystal
plates have been reported to be found in
fish and spiders.'®l Additionally, the poin-
tillist appearance of blue Pollia fruit is
because of its multilayer stacks of cells.[?’]
Such structural coloration in nature has evolved to provide
Batesian mimicry, camouflage, conspecific recognition, preda-
tion, signal communication, and mating behavior.

Many species of birds show structural colors.[2-33] Multiple
optical processes can also be simultaneously present in one
species.?¥ Combination of these different optical processes
complements each other to generate brilliant colors. Optical
effects occur mainly because of photonic structures including
thin films,*! multilayer Bragg reflectors,?% diffraction grat-
ings.¥ The iridescent coloration of specula of ducks is because
of the single 2D hexagonal lattice of melanosomes as well as
thin film of keratin.’% Feathers of hummingbirds exhibit bril-
liant color because of optical periodic pallets containing layered
air gaps.?”] Investigation of structural coloration and underlying
nanoscale architecture has led to many practical applications
through adopting modern synthetic routes and nanofabrica-
tion techniques to bioinspired replication of nanophotonic
structures.’?¥* Their application s include self-cleaning sur-
faces,*! color-selective filters,** and antireflective coatings,*’!
sensors,*l supercapacitors,i*’l fabrics,*¥l tough materials,*%
and art.l>?)

Nicobar pigeon (Caloenas Nicobarica) is an iridescent near-
threatened bird species in the family of pigeons or doves.!
Nicobar pigeons inhabit Nicobar islands of Malay Archipelago,
Solomons, Palu, and south-eastern coastal regions of India,
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Figure 1. a) The Nicobar pigeon. b) The bright-field (BF) and dark-field (DF) microscopic images of a red-green (RG) feather showing the color shift
from red (i) to green (ii), respectively. c) The BF and DF microscopic images of a green-blue (GB) feather showing the color shift from green (i) to
blue (ii), respectively. d,e) BF and DF microscopic images were taken at different locations from the bottom of a GB feather showing no optical effects.
No optical effects were observed in all kinds of feathers when viewed from the bottom. f,g) Photographic images taken from the top of an RG and GB
feather. h) Photographic image taken from the bottom of a GB feather. All feathers appeared dark gray when viewed from the bottom.

and its population has been decreasing due to lowland defor-
estations.*”l The bird’s feathers exhibit all colors (blue, green,
red) across the visible spectrum (Figure 1a). Surprisingly,
color mechanism/photonic effects of the Nicobar pigeon has
not reported. In this work, we use optical, microscopic, and
spectroscopic techniques to study the structural coloration in
Nicobar pigeon. With an incident broadband light, bird’s bar-
bule diffracted highly intense colors (red, green, blue), which
undergo a systematic shift at an angle of =45°. Feathers
showed low transmittance and hardly allowed light to pass
though indicating high absorption across a wide range of the
incident wavelengths. We rule out the consideration that low
transmittance across the entire visible range can be due to the
high reflectance from the feather top surface, as reflectance
occurs only for selective wavelengths recorded in reflection
experiments as discussed in the following discussion. We used
laser-induced far-field diffraction to reconstruct the micro-
scopic landscape and arrangement of barbules in the vane of
the feather. Super-hydrophobicity nature of Nicobar’s feathers
showed a large contact angle of =156°, comparable to those
of in the duck family.?% In our recent work, we reported on
advanced electrochemical and optical techniques for quantita-
tive sensing.*®>1-53 In the present work, we exploit interfacial
and geometric properties of the naturally structured feathers
for refractive index sensing.

2. Results and Discussion

The difference between both microscopic schemes enabled
imaging the feather from the same eyepiece location while
they were subject to normal and oblique illumination angles,
respectively (Figure S1, Supporting Information). The vane of
the red—green (RG) and green—blue (GB) feather exhibited a
blueshift from red to green and green to blue when viewing
mode was shifted from the bright field to the dark field
(Figure 1b,c). The downy barbs and afterfeathers are dark gray
and do not exhibit any structural coloration or photonic effect.
The downy barbs and afterfeathers were random and no par-
ticular arrangement/order was perceived at these locations for
both types of feather. The bottom side of both feathers was
also dark and exhibited no color or change in color when
viewed through either in bright field (BF) or dark field (DF)
modes (Figure 1f,g). In the transmission mode, light was
highly absorbed by the feather and yielded no patterns or
optical effects across the whole length and breadth of the
feather. Photographs of whole RG and GB feathers are shown
from the top and GB feather from the bottom in Figure 1f-h,
respectively. In general, the barbules and hooklets attached
with barbs (in the vane section) were responsible for irides-
cent colors and photonic effects. Barbs, rachis, or shaft did not
exhibit photonic effects.
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Figure 2. Optical spectra of a) RG and b) GB feathers at different locations, while feathers are illuminated at 0° and 45°, respectively. ¢,d) The
illumination angle at 0° and 45° shifted the spectra from red to green and green to blue for RG and GB feather, respectively. CIE images indicating
the visible shift of colors upon switching the incidence angle from 0° to 45° at different equidistant locations on RG and GB feathers, respectively.

Optical diffraction from different points at RG and GR
feathers were recorded at normal to the feather plane with 0°
and 45° illumination angles. A broadband light source was
used for the illumination and feathers were moved horizon-
tally by means of a translational stage. Spectra were recorded
with 5 mm increments (Figure 2). The spectra for RG (GB)
feather blueshifted, from longer wavelengths of red (or green)
to shorter wavelengths of green (or blue), as the angle of meas-
urement, increased from 0° to 45°. In both feathers, moving
from the point closer to the tip (5 mm) toward the hollow shaft
(25 mm) shifted the diffracted light to shorter wavelengths. To
perceive the color, all recorded diffraction curves were plotted
according to Commission Internationale de l'éclairage (CIE)
standards. The perceived colors and their shift with transla-
tion on the RG and GB feathers are highlighted in Figure 2¢,d,
respectively.

A change in the viewing elevation angle shifted the overall
peak, while the broadband light was incident from the normal,
whereas, rotation of feathers along vertical-axis (azimuthal
angle) showed only the change in overall intensity of particular
color as viewed from certain elevation and, in general, did not
shift the colors. In a rotation setup to characterize the feathers,
the broadband light was illuminated from the normal (top)

and optical spectra were recorded between normal to 45° with
an increment of 5°, while feather was rotated between 0° and
90° on a stage (Figure 3a). Measurements in Figure 3b,c were
taken from the mid-section for both feathers, where the color
was the most brilliant. The spot size of the broadband light was
=2 mm. For RG (GB) feather, elevation-dependent recording of
colors showed a shift from 600 nm (yellow) to 550 nm (green),
while viewing angle was moved from normal 0° to oblique 45°.
For the z-axis rotation (azimuthal angle), measurements were
carried out at 0° and 45° elevation angles. The azimuthal angle
variation was resulted solely intensity changes between a max-
imum of =600 nm (550 nm) and a minimum 550 nm (500 nm)
for RG (GB) feathers and showed no shift in the peak values of
the wavelength (Figure 3). Therefore, one of the repercussions
of the change in the azimuth was that both feathers appeared
dark at certain angles and bright at others — no detectable
diffraction was observed at certain illumination and viewing
settings.

Observers viewing from different locations perceive colors
of Nicobar pigeon differently. Two interchangeable broadband
light sources were used to illuminate the samples at 0° and
45° with respect to the normal defining the illumination plane
(Figure 4). A diffused tungsten light source illuminated the
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Figure 3. Optical characterization of the feathers. a) Schematic for rotational measurement setup. b,c) Variation in optical intensities at 6 = 0° and

45°, while ® was rotated through 0°-90°.

whole feather and, a fiber optic source illuminated the feathers
from a small =1 cm circular spot. Photographs were then taken
at 0° and 45° in the recording plane. At 0° (45°) of recording
for the RG feather, the spot exhibited predominant red (to
green) color, whereas surrounding part of the feather irradiated
green (and red) color. Similarly, 0° (45°) of recording for the
GB feather, the spot showed green (to blue) color, whereas sur-
rounding part reflected blue (to green) color. Hence, both the
illumination angle and different viewing positions define the
perceived color.

There is a distinction between our selected RG and GB
feathers in terms of their mechanical and optical properties.
The RG feather is a neck (capital) feather which is softer than
the BG wing (humeral) feather — a generic feature of all birds.
Figure 5a-1 provides magnified microscopic images of the
Nicobar pigeon feathers. Beside optical response to the broad-
band light, melanosomes might also play a part in coloration.
Investigation of the RG feather revealed rich coloration, espe-
cially close to the main shaft, and other locations in the vane.
Each barbule consisted of several segments that showed a spec-
tacular range of colors in the visible spectrum. Basic colors
including red, green, and blue were observed. These colors
can be observed in one barbule alone, where red, green, and
blue can be seen in adjacent segments. However, the change
in hue within these segments are not merely the pigments that
are strictly localized in well-defined segments in the barbule but
are coupled with photonic effects at different tilt angles, which
are responsible for the vivid show of the range of colors at cer-
tain angles (Figure 5). The variation in relative structural orien-
tation in adjacent segments of single barbule results in color
change. The selected BG wing feather was hard and almost
all barbules along the vane showed identical optical behavior.

When viewed under the microscope, the straight horizontal
part of barbules provided a light-blue color and became green
along the curved part, the curve angle being almost 45°. Under
high magnification the color of the barbule on either side of the
main shaft was different, the upper being green and the lower
being blue, showing the difference in the effective viewing
angles (Figure 5il). The difference in colors was due to curves
(change in angle) present in barbules.

The most dominant coloration mechanism in bird feathers
is due to multilayer films.[®262854 Similarly, the pigeon and
dove family of birds have multilayer structures in their bar-
bules.l32335%] We suggest that barbules of Nicobar pigeon pos-
sess a multilayer photonic structure, in which transparent
keratin film encapsulates air-filled multilayered melanosome
cavities — the tilt in the illumination or/and observation angle
result in the change in the brightness and shift in colors.
In the investigation of the Nicobar pigeon feathers, the peaks
of the spectra shifted to shorter wavelengths with an increase
in the angle of incidence. Additionally, at larger angles of
incidence, the diffraction amplitude decreased considerably —
complete blackening below the spectrometer sensitivity was
observed at certain angles. The differences in refractive indices
of the structured layers and their spatial periodicity, as well as
the relative thickness of barbules, play a key role in determining
which wavelengths are coherently backscattered. One of the
main characteristics of structural iridescent feathers is that the
color varies depending on the angle between illumination and
observation as well as between the feather orientation and the
plane of examination. The change in the thickness of layers and
thereby characteristic of photonic structures within the layers
dictate the incident light to travel shorter or longer distances
through the layers with increasing or decreasing angle with the
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Figure 4. Angle-dependent characterization of the feathers. a) Schematic
of two-source illumination of the feathers using two interchangeable light
sources: a diffused incandescent tungsten lamp and a collimated broad-
band light to observe two colors at same viewing angle simultaneously.
b,c) Photographs of RG and GB feathers taken from two different angles.

barbule plane, respectively. The backscattered coherent light
changes its color according to the direction of the reflection
(Figure 5m). These observations are consistent with the barb

behaving as a set of multilayer Bragg mirrors. See Figure S2
(Supporting Information) for transmission experiments in the
far-field setup carried out to observe the light transmission and
diffraction behavior of the feathers in the transmission mode.

Nicobar feathers exhibited superhydrophobic characteristics.
A contact angle of 156° was measured at the colored part of
the vane of a GB feather (Figure 6). When the tilt angle was
changed from 0° to 90°, the droplet (1 puL) remained clung to
the feather surface. The feather was rotated in a way that the
horizontal component of gravity pulled the droplet in oppo-
site to the growth direction of the feather. Figure 6¢ shows
different droplet sizes sprinkled over the feather, where supe-
rhydrophobic nature of the feather kept all droplets in sta-
tionary and spherical shapes. The dark part of the feather, the
afterfeather, also exhibited hydrophobicity, where two droplets
have been shown to retain a large contact angle at colored vane
and afterfeather regions of the feather of the Nicobar pigeon
(Figure 6d). Notice that in the afterfeather the barbs and bar-
bules have no particular distribution and are placed randomly,
their random distribution does not deteriorate the hydrophobic
properties. The Nicobar Islands experience heavy rainfall (up to
3800 mm per year), especially in the monsoon season, the
superhydrophobic properties of the Nicobar pigeon's feathers
explain the natural selection necessary for the bird’s survival in
such climatic conditions.

Micro- or nanoscale surface texturing has been used to
enhance the hydrophobic properties of the range of different
materials. Naturally occurring texturing is ubiquitous and pre-
sent in the animal and plant kingdom. We used scanning elec-
tron microscopy (SEM) to analyze the surface of the barbules
(Figure 6e-h). The feather was Au coated (thickness =10 nm)
using DC sputtering, before loading into in the SEM to prevent
the charging effect. The barbule density in the mid-section of
the vane had a value of =170 mm™; and therefore, the inter-
spacing between the adjacent barbules was =6 um. SEM images
revealed a nonsmooth surface with protruded parts of keratin.
In magnified SEM images, a long-range 1D periodic structure
was also observed. The 1D structure resembled a grating and
exhibited a duty cycle of 1000 mm™!, having a feature size of
100 nm (Figure 6h). These structure spanned over the length of
the segment within the barbule.

We demonstrate an RG feather-based sensor that shows a
linear response over a large range of refractive index values.
Although the feather is superhydrophobic, the interfacial and
geometric properties can be exploited to sense the change in
the refractive index of the liquid media by pouring it directly on
the top of the feather and measuring the colorimetric response.
For sensing experiments, deionized water and different glucose
concentrations ranging between 10 and 200 x 107 M were uti-
lized (Figure 7). Dark-field optical microscopy with a spectro-
photometer fixed at the objective was used to record the spectra
for concentration measurements. The feather was placed under
the optical microscope and the reference images (and related
spectra) were taken in the dark field. The sensing zone was
selected close to the end point of the main shaft, where optical
effects were the strongest. After selecting the sensing zone,
droplets with increasing glucose concentration were carefully
poured using a micropipette. For each concentration, optical
spectra were recorded and the droplet was removed from the
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feather using a microsuction syringe. The wave-
length initially redshifted with DI water, fol-
lowed by the positive trend with increasing glu-
cose concentration; and thereby to an increasing
refractive index. The underlying mechanism of
sensing is due to the focusing properties of the
curved droplet poured on the feather. The long
wavelength initially diffracting at a large angle
without a droplet now bends toward the normal
of the feather plane. The increasing refractive
index due to increasing glucose concentration
guides the longer wavelengths more toward the
objective lens, resulting in the observed red-
shift. The initial sensor response was large (sen-
sitivity =0.28 nm/x 1073 M) and linear for con-
centrations between 0 and 50 x 1073 m, which
tends to flatten for higher concentrations. The
response (sensitivity =0.03 nm/x 1073 m) satu-
rated at 80-200 X 103 m glucose concentration.

3. Conclusions

We studied color plumage of Nicobar pigeon
(Caloenas Nicobarica) using spectroscopy and
angle-resolved measurements. The irides-
cence of colors was linked with the photonic
structures coupled with melanosome layered
structures in barbules. The feathers exhibited
wavelength-selective diffraction of light at cer-
tain illumination/observation angles. These
feathers also showed different colors when
observed and probed at different locations on
the feather, resulting in a rainbow-like behavior.
We also carried out contact angle experiments
to assess the feathers’ response against water.
Superhydrophobic properties were measured
resulting in a large contact angle of =156°. We
also used the optical response of these feathers
for refractive index sensing. Due to the interfa-
cial and geometrical properties at the interface
between feather surface and solution, a redshift

Figure 5. Mechanism of structural coloration in
Nicobar pigeon feathers. a—f) Microscopic images of
predominant RG feather showing a range of colors
spanning the whole visible spectrum at some selected
locations of the feather, where each segment pos-
sessed different colors. g-l) Microscopic images of
GB feather showing two dominant colors. In a single
GB feather, angle resolution was the clearest, where tilt
in the feather resulted in two different colors. Internal
structural features were assumed to be different in each
segment of the RG feather. The internal structural pro-
file was supposed to be more uniform that persisted
almost all along the feather. Therefore, only two colors
were visible because of the curve at almost midpoint
of the feathers. m) Schematic of the proposed color-
selective diffraction mechanism from a barbule struc-
ture of the feather.
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Figure 6. Contact angle measurements on a feather of Nicobar pigeon. a) A water droplet (1 uL) having a contact angle of 156° at the vane of the feather.
b) Feather holds the water droplet when rotated such that gravity pulls the droplet opposite to the direction of growth of the barbules. c) Different sizes
of water droplets sprinkled on the feather. d) Two droplets cast on the colored vane and afterfeather showing the superhydrophobicity of the feathers
across its entire length. e—h) SEM images of the top surface of the Nicobar’s feather. Feathers feature a periodic having an average interspacing of
~6 um. Nanoscale texturing has a periodicity of =100 nm. Such texturing enhances the hydrophobicity of the feathers.

in optical spectra was measured with increasing glucose con-  understanding of structural coloration in Nicobar pigeon
centrations. Two linear sensing regions have been defined in  and provide design criteria for engineering applications
low and high concentration regimes. We anticipate that the in wavelength-selective filters, sensors, and nanophotonic
underlying mechanism of light diffraction can provide a deeper  devices.
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Figure 7. Refractive index sensing with Nicobar pigeon’s feather.
a) Measurement of glucose concentrations from 0 to 200 x 107 m.
b) Spectral shift with increasing glucose concentration. c) Variation of the
refractive index with increasing glucose concentration. d) Visual illustra-
tion of glucose sensing under an optical microscope. The feather surface
undergoes a redshift upon pouring the glucose solution. The pristine
region is unchanged.

4. Experimental Section

Optical microscopy (Zeiss, 5-100 x) was carried out mainly on two kinds
of feathers, both of which show predominantly two alternating colors: a
RG and a GB when viewed at different angles. Calami of feathers were
placed on glass slides to bring reasonable numbers of barbs (thereby
barbules) in the horizontal plane in order to enhance their simultaneous
visibility under the microscope. Bright field (BF) and dark field (DF)
microscopy were used to visualize both feathers. Optical response
of feathers at different angles was characterized using Ocean Optics
(DH-2000) spectrometer in standard and in-house developed setups.
Field emission scanning electron microscopy was used to visualize the
surface of the feathers from different locations. The sessile drop method

was used to measure the contact angle of the liquid on the feather’s
surface.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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