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ABSTRACT

In this work, through water contact angle (CA) measurements, we explore hydrophobic behavior of
different parts of the hind wings of a dragonfly, Gynacantha Dravida and of a damselfly, Pseudagrion
Microcephalum. As we move from the basal to distal region, the contact angle () was found to vary in
the range of 120-136° for both the species. Moreover, the wing of the dragonfly was seen to be more
hydrophobic than that of the damselfly one. An attempt has also been made to link roughness factor (r,)
and solid-water fraction (¢) through the simplified Wenzel and Cassie-Baxter models. We noticed that,
re and ¢ tend to follow a linear relation that gives r, = 1.47 in the limit, A6 <10.1°, latter being recognized
as the difference in angle between the measured CA over a surface to that of the CA (~105°) known for a
smooth surface. Our experimental data, however, revealed empirical relations which predicted higher ry
values, particularly when A# is large. While the overall reflectance response of the distal segment was
believed to be stronger than that of the basal part, the edge parts of the dragonfly and damselfly wings
exhibited exponential associated growing trends with increasing wavelength. The relative reflectance
response, corresponding to ~494 nm and 370 nm peaks, gets nearly doubled for the edge specimen as
compared to the distal and basal parts. The edge- specimen, which comprises of rectangular shaped,
periodic microstructures, displayed carotenoid based two broad peak maxima at ~422 nm and ~494 nm.
The surface roughness which arises through the distribution of oblate-shaped nano-fibrils is believed
to be the basis of sub-surface volume scattering. Interrelating nanostructure surface roughness based
wettability and reflectance characteristics would provide new insights on structure-property relationship
in naturally available soft matter systems including templates of biological origin.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

a CA greater than 150°. In this regard, the densely packed aligned
carbon nanotube (ACNT) surfaces are shown to exhibit CA values

Wetting of rough surfaces is a complex problem which contin-
ues to attract scientists, particularly due to the emergence of new,
functional materials that might offer desired surface structure at
micro as well as nanoscale level [ 1]. The wettability of solid surfaces
is an important property, which is dictated both by the chemi-
cal composition and surface architecture of well defined geometry
[2]. While wetting refers to spreading of liquid on a solid sub-
strate, the nature of wetting-dewetting phenomenon is pertinent
to numerous industrial applications [3]. During the past decade,
surface roughness based superhydrophobicity and self-cleaning
action, have emerged as an active field of research. Essentially, the
hydrophobic surface has a water contact angle (CA) greater than
90°. In contrast, the superhydrophobic surface is characterized by
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as large as 160°, both for oil and water drops [4]. Moreover, various
superhydrophobic surfaces with inclusion of functional materials
(e.g., ZnO, TiO,, CNT, silica, silver etc.) are shown to be extremely
effective as regards, self cleaning and anti-adhesion characteristics
[5]. For instance, snow sticking, contamination, oxidation, current
conduction etc. are greatly inhibited on such superhydrophobic
surfaces [6]. These superhydrophobic surfaces have gained much
interest owing to its usefulness in daily life as well as in industri-
ally relevant measures [7]. In the past, many artificial surfaces with
special wettability property have been processed through numer-
ous methods, and to name a few are, template assisted [8], sol-gel
processing [9], self-assembly [10,11], electrochemical [12], electro-
spinning [13], electro-less deposition [14], chemical etching [15]
and chemical vapour deposition (CVD) methods [16] etc.

On the other hand, one can also observe wetting-dewetting fea-
tures (including superhydrophobicity) in natural systems, such as,
plants and insects. For instance, a lotus leaf offers an excellent
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superhydrophobic surface where beads could be formed sponta-
neously, which then tend to roll off the leaf taking away all the
dirts along the way (Lotus effect) [4,17]. Such an event arise due
to two levels of rough structure at the immediate surface of the
leaves that comprise of both micrometer-scale bumps as well as
nanometer-scale hair like make-ups and the waxy composition of
the surface. Besides plants, noticeable dewetting response can be
witnessed in the avian systems, the insects, like water strider, bee-
tle, moth, butterfly, damselfly etc. Not surprisingly, a large class of
insects, moths and flies fly in the rain without getting wet owing to
their structurally impermeable wings. The dewetting response of
these insect wings is believed to alter with the surface construction
and microscopic geometry there in, thus giving rise to a very high
water CA. In particular, almost all dragonflies fly in the rain without
getting wet [ 18]. Exploiting the non-wetting property of a dragonfly
wing is of fundamental importance for directing research towards
making suitable artificial surfaces. In the past, the wettability of
a dragonfly’s wing was largely referred to its cuticle wax surfaces
[19,20]. The stenocara beetle found in the Namib desert could col-
lect drinking water from the fog-laden wind on their backs. These
droplets are formed by the insect’s bumpy surface, which consists
of alternate hydrophobic (wax-coated) and hydrophilic (non-waxy)
regions [21]. The water strider’s legs show good water repellent
property due to its unique microstructure pattern for which CA
is nearly 167° [22]. The butterfly wings too exhibit hydrophobic
characteristics on which water drops can move freely along certain
direction. The wettability of pigeon feather has also been worked
out with the proposition that the Cassie-Baxter wetting regime is
inherent in the pigeon pennae [23,24]. A two-fold hierarchical pat-
tern comprising of barbs and barbules was believed to be mainly
responsible for displaying larger CA values and water repellency.

While evaluating wetting-dewetting phenomena, the nature of
surface roughness is typically assessed for all types of above men-
tioned species. The Wenzel model is employed to represent the
collapsed state of the drop, whereas suspended state of the drop
is dictated by the Cassie-Baxter approach [19,24]. It is not known
however the limit of CA that predicts any departure from the condi-
tion of a smooth-flat surface while working with both the models,
simultaneously. On the other hand, vizualizing surface roughness
both by CA and reflectance/transmittance measurements is rarely
discussed in the literature. In this work, considering wings of the
dragonfly and damselfly as the test-bed, we exploit hydrophobic
behavior of the specimens while moving from one region to the
other across the wing surface. It is worth mentioning here that, both
the specimen types belong to the order Odanata. The specimens are
special in the sense that, dragonfly wings are kept fully extended
and stay flat away from the body when at rest, while the damselfly
wings are held back together across the body crossed. Unlike many
other insects, a dragonfly is fully dependent on its wings for move-
ment since it cannot walk with the help of legs. Usually, the time of
flight of a dragonfly is comparatively larger than that of a damselfly
species. The present work demonstrates an attempt to connect
surface roughness with dewetting and reflectance responses after
evaluating a simplified model on roughness factor and water solid
fraction.

2. Experimental: materials and methods
2.1. Sample specimens

The specimens to be investigated are basically the hindwings of
a matured female dragonfly of Odanata order acquired from natu-
ral environment during post-monsoon season (Fig. 1). The sample
dragonfly (Gynacantha Dravida) was belonging to the family of
Aeshnidae and order Odanata reported to be found in the west-

ern ghat, eastern and north-eastern regions of India. While the
abdomen of the dragonfly measures 4.4cm long, the respective
length and breadths of the wings are found as, ~4.5cm and 1.5 cm
(Fig. 1(a)). The enlarged view of the hind wing is acquired through
10x microscopic imaging, shown in Fig. 1(b). It illustrates a great
variety of polygons, both in size and shape as one moves along
the length and across the breadth. The other specimen consid-
ered was a blue riverdamselfly (Pseudagrion Microcephalum) and
belonging to the family Coenagrionidae, order Odanata and sub-
order Zygoptera. The digital and 10x microscopic photographs of
the wing are depicted in Fig. 1(c) and (d); respectively. Although in
some earlier works chemically treated wings are employed in order
to minimize the time dependent changes of the surface properties
[25], here the samples are left untreated to restore the chemical
and physical properties of the cuticle and waxy layer. The portion
of the wing close to the abdomen is recognized as the basal part,
while the region away from the abdomen is termed as the distal
part. The basal, central and distal parts of the dragonfly and dam-
selfly hindwings are chosen for assessing dewetting/hydrophobic
responses exploited through CA measurements.

2.2. Water contact angle (CA) measurements

A custom made contact angle setup is employed for CA studies
in the static mode. First, the desired wing specimen is kept hori-
zontally on the platform of an XYZ stage that has 3D movement.
One droplet of water of volume ~80 .l is then gently placed over
theregion under study. Anindependent PC—interfaced microscopic
camera (Digimicro, 10x), fixed on a vertical stand, was screw-
adjusted to image the solid-water interface along with the whole
water droplet itself. The CAs are measured several times over the
basal, central and distal segments of the hindwing separately. The
top view and the side view of each of these parts have been captured
for analysis. The image analysis was carried out by using Image/
software® [26].

2.3. Imaging through optical and electron microscopy

The complex architecture of the dragonfly and damselfly wings
are initially viewed under an inverted optical microscope (Leica DM
IL LED) by employing a 20X objective. In this microscope, trans-
mitted light is considered for optical imaging. Further, scanning
electron microscopy (SEM, JEOL, JSM 6390 LV) was employed for
detailed microstructure analysis of the given specimen. Prior to
loading for SEM imaging, the surface of the specimens was sub-
jected to a few nm layers of Pt coating to avoid charging effect
during imaging. The images are captured at 10kX and 20kX to
reveal microstructural details along with the chitinous elements
that make up the fibrils.

2.4. Measurement through UV-VIS-NIR reflectance spectroscopy

The reflectance responses of the basal, distal and edge- regions
of the hindwing are studied independently by using a UV-VIS-
NIR spectrophotometer (2450 Shimadzu Co.). Since the overall
spectra of the basal and distal were quite similar, we preferred
to include a third specimen (edge-part) of the dragonfly wing
instead of the central part. Owing to smaller wingspan of the dam-
selfly we deliberated only off-central edge part of the specimen.
The reflectance maxima were identified by way of deconvolution
employing multi-peak Gaussian curve fitting technique. For assess-
ing surface roughness feature of both the Odanata species, the edge
specimens are preferred and analyzed for each case.

All the experiments were carried out at room temperature
(300K) and without chemical processing.
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Fig. 1. (a) Digital photograph of the dragonfly (Gynacantha Dravida). An enlarged, microscopic view of the hind-wing is imaged by a 10x digicam, shown in (b). The digital
and microscopic images of the hind-wing of the blue riverdamselfly are presented in (c) and (d); respectively. The scale bar shown in (b) and (d) represents 2 mm.

3. Results and discussion

The analysis with regard to electron microscopic imaging,
dewetting feature and reflectance measurements are as detailed
below.

3.1. Microstructural analysis of surface structure

Fig. 2(a)-(d) basically represent a set of micrographs of
the dragonfly and damselfly wings examined under SEM. The
microstructural network of both the wing types was found to
comprise of a number of closed regions with cage-like morpholo-
gies. Essentially, the surface construction of the wing consists of
polygonal makeups which appear in the form of rectangular, pen-
tagonal and hexagonal units or combination of these. Each of
the microstructure regions of the dragonfly wing is entrapped by
five to six chitinous fibres that result in pentagonal and hexago-
nal structures (Fig. 2(a)). In contrast, square/rectangular-shaped
morphology can be revealed as regards the hindwing of the blue
riverdamselfly (Fig. 2(c)). This is, because, the dragonfly wing
microstructure network has three-end junctions (shown by red
arrows), whereas the damselfly wing structure contained four-
end junctions (shown by blue arrows). The average span area
of the polygonal unit is approximately, ~10° wm?2. Each of the
polygonal regions is bound by several hundred, micron size long
(200-700 pm) chitin-based fibres, having an average thickness of
~21wm and ~12 um, as for the dragonfly and damselfly cases
(Fig. 2(a),(c)). Occasionally, the side-fibres of the enclosed region
contained short ridges that give thorn like appearances. The feature
is more prominent in the dragonfly specimen, whereas damselfly
specimen showed uniformly spaced bright spots on the side-edges,
which may indicate broken positions of the thorns. The number of
whole polygons was seen to increase as one moves from the basal
to the distal region (Fig. 3(a)-(c)). Moreover, the triple junctions in
all these three regions vary from one another. They are either Y-
shaped or, T-shaped, but appear with varying dimensions. Some of
them are perfectly T-shaped i.e., the angle between the fibre-stems

is 90°, whereas the Y-shaped ones are characterized by at least one
obtuse angle.

Essentially, the inside area of a polygon has a 2d membrane like
planar architecture. At a higher magnification, we noticed the exis-
tence of randomly distributed oblate and rod- shaped units with
tip-end diameters in the range of ~100-125 nm, as evident from the
figure inset (Fig. 2(b),(d)). The damselfly specimen seems to have
more extended regions unoccupied by chitin-oblates. The filled
region of the damselfly specimen is however similar to the drag-
onfly species (Fig. 2(d)). At a higher magnification, the chitinous
oblates were observed to be more tilted with occasional airgaps
in the basal part (Fig. 3(d)-(f)). With pronounced packing charac-
teristics, the packing density of the nanofibrils experienced by the
distal part (~72/mm?) is substantially higher than that of the basal
section (~43/mm?). The chitinous nanofibrils are spread in the cen-
tral region with a moderate packing density of 50/mm?. The overall
spread of chitinous nano-oblates, to a great extent, gives an impres-
sion of the silt-filled black-tap road when viewed from a closer
distance. It is important to note that, the mechanical strength and
the flatness of typical wings are largely dependent on the nature of
packing and microstructural polygonal design available in the wing
part.

3.2. Water contact angle studies on hind-wing parts

In order to explore the hydrophobic response of different parts
of the wing, we considered three prime regions, namely, basal
(close to the insect-body), central and distal (farthest from the
insect-body). The water CAs are measured in the vicinity of the
indicated parts both for the dragonfly and damselfly wings repet-
itively. The side view of different parts can be found in Fig. 4
and measured angles are presented in Table 1. The wing surface,
as one moves from the basal to the distal regions, gives a vary-
ing hydrophobic response and with a CA>90°. The measured CA
values are in the range of 120-136° and well below the super-
hydrophobic criterion (CA>150°) [22]. According to Wenzel, the
homogenously developed cuticle wax surface is primarily respon-
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Fig. 2. SEM images of the central parts of (a,b) dragonfly wing and (c,d) damselfly wing. At a low magnification, microstructural polygonal network with triple (red arrow)
and square (blue arrow) junctions are indicated in (a) and (c). The nano-oblate shaped randomly distributed fibrils present in the entrapped (polygonal) region are shown at
(b) and (d). The inset is a histogram which depicts distribution of chitin-oblates with varying tip-end diameter. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. SEM micrographs of (a) basal (b) central and (c) distal parts of the dragonfly hindwing captured at a lower magnification (upper panel). The magnified images are
shown in sub-figures (d-f); respectively (lower panel).

Table 1
The water CA, surface roughness factor and water solid fraction measured through different experiments and models. The values corresponding to dragonfly and damselfly
cases are separated by a comma in the same row.

Part of the wing Average CA (degree) Roughness factor, r, (Wenzel) Water-solid fraction, ¢ (Cassie-Baxter)
Basal 121(£1), 123(£1) 1.98,2.10 0.65, 0.61
Central 127(£1), 124(+1) 2.33,2.16 0.53, 0.60

Distal 133(£1), 130(x1) 262,248 043,048
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Fig. 4. The side view of the water droplets sitting on different parts of the hind-wing of the (a-c) dragonfly and (d-f) damselfly specimens. The basal, central and distal
regions corresponded to (a,d), (b,e), and (c,f); respectively. The scale bar shown in each of the images corresponds to 2 mm.

sible for the hydrophobicity of the wing [27]. Although the nature
of hydrophobicity is influenced by a number of factors, however
chemical composition and surface morphology normally play dom-
inant role. The distal part is observed to be more hydrophobic with
respect to both the basal and central segments, in each species
(Fig. 4(a)-(f), Table 1) [27]. It can also be noticed that, the base
part of the water droplet shape is not perfectly flat, but forms
curvy patterns with side-ends supported by the polygonal arms.
For conducting CA experiments on flat surfaces, large sized drops
are normally not considered in order to avoid the influence of the
atmospheric pressure. Moreover, the size of the drop is kept smaller
than the water capillary length (~2.5 mm) in order to avoid grav-
itational effect. Since an extremely small drop may get entrapped
by the microstructure of bumpy rough surfaces, the CA measure-
ments are dealt with drop sizes of comparable radii (~2.5 mm). A
higher CA response of the distal part is due to the fact that, the
region comprises of a sufficiently large number of microstructural
polygonal units, as compared to the central and basal parts, and
when all are covered with the water drops of similar size. Recently,
it has been predicted that, a typical dragonfly wing would char-
acterize a double surface roughness feature with fine and coarse
segments [27]. Such a situation can arise when there is a tolerable
variation in the surface roughness feature, which is quite differ-
ent in the bound region (fine surface roughness) than that would
be exhibited by the stiff fibrous stems (coarse roughness). Quali-
tatively, the surface roughness factor (ry) gives an idea about the
overall roughness available in the specimen but gives no clue on
how to isolate independent contributions accurately and precisely.

3.3. Assessment of theoretical models for wettability

The apparent water CA of a water drop on a typical rough surface
can be explained either by using the Wenzel model or, the Cassie-
Baxter model [28,29]. The Cassie-Baxter model generally describes
the suspended state of a water droplet on a pillar-like rough sur-
face, where it does not fill up the grooves and air is likely to get
entrapped beneath the water drop. In contrast, the Wenzel model
is applicable to surfaces where the droplet makes its way into the
grooves, and therefore signifies the collapsed state. Typically, the
size of the water drop is larger than the average dimension of the
microstructural elements and thus can accommodate many units.
When the droplet is large compared to the surface roughness, the
droplet is withdrawn by the roughness and in that case, the Wen-

zel mode becomes more prominent [30]. According to Wenzel et al.
[19,28], if 6 and 6, represent the respective water CAs of perfectly
smooth and rough surfaces, then

Cos 6y =r,Cos0, @)

where, 1, is the roughness factor and defined as the ratio between
the actual surface area and the geometric projected area. Rough-
ness factor, as the name suggests, gives the idea about the overall
unevenness present at the specimen surface. For a smooth surface,
ro =1.The Cassie-Baxter approach is a modified version of the Wen-
zel model which accommodates the solid-water fraction, ¢ at the
interface, and is given by:

CosO.=¢(1 + CosB)—1. (2)

One can predict the limiting value of incremental CA by using
the aforesaid equations independently and assuming 8 =105° for
a smooth surface proposed by Holdgate [20]. These two models
are regularly used by the research community while examining
hydrophobic surfaces and immiscible interfaces of technological
interest. The coexistence of these models has also been predicted on
the same surface [31]. Even though the Wenzel model is best suited
to the collapsed state and the Cassie-Baxter model to the suspended
state, provided that the increment, A8 <6, at equilibrium, one can
write,

Oc.=0w=0 + A0,

and

AO= (ro—1)(0/2-1/0) 3)
AO= [(4-6%)(1-¢)]/26. (4)

Here, Egs. (3) and (4) are derived by expanding Cosf in each of
theEgs.(1)and (2)and by neglecting higher order terms for the sake
of convenience. For a very small increment in CA, i.e., for A6 <6, one
can find a relation between r, and ¢ expressed by:

re=[2—@(4-6%)]/(6*-2), (5)
and, thus we obtain
re= —0.47¢ +1.47, (6)

with 8=105°, for a smooth surface and considering it in radian
units. We noticed that, the above expression has a validity up to
a maximum change of CA, A6 max ~10.1°. The Eq. (6) essentially
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Fig. 5. The response of surface roughness factor vs. water-solid fraction in the (a)
theoretical framework, and experimental results obtained from the (b) basal (c)
central, and (d) distal parts of the dragonfly hind wing.

represents a straight line and with a negative slope, as can be
found from Fig. 5(a). Apparently, with an increasing value of the
water-solid fraction the surface roughness drops off slowly, giving
ro=1.47 when ¢ =0, and ry, =1 when ¢ =1 (smooth surface).

On the other hand, through repeated experiments performed
on the basal, central and distal specimens, we found A6 values as
high as ~31° (Table 1). Using different data sets of measured CAs
and employing Wenzel and Cassie-Baxter models to each part inde-
pendently, r, and ¢ values are determined and their dependency
for a given wing-type could be established. The individual char-
acteristics corresponding to basal, central and distal segments of
the dragonfly hindwing understudy are highlighted in lower three
panelsin Fig. 5(b)-(d). However, an average response for every part
would give a common trend for the wing specimen. Accordingly,
the dragonfly and damselfly wings were seen to obey the following
empirical relationships:

re98 = —2.91¢ 4 3.88(dragonfly) (7)

red™= —2.81¢ + 3.83(damselfly)

Thus, the fly wings characterize similar trends with a slope varia-
tion close to 4%. We anticipate that, many flies belonging to Odanata

order would follow this trend and provided that, A# is sufficiently
large.

In a recent work, the wettability of Odanata species was shown
to exhibit a strong dependency on the amount of epicuticular waxes
[32]. In principle, roughness factor cannot be in isolation from the
solid-water fraction though the former rely on geometrical con-
struction, while the latter on the efficiency of adhesion. While
mimicking natural surfaces of biological origin, their interrelation
could help immensely in the construction of artificial hydrophobic
surfaces with desired wettability. In this regard, not only dimen-
sion, but also ordering and shape of the inbuilt microstructural
networks would play deterministic role on the behaviour of the
surface structure. Accordingly, we have observed altered wetting
response (CA) when moving from the basal region to the extreme
end-part. Second, the distribution of oblate- shaped nanostructures
also vary substantially as one moves from the basal to the distal
region and more so that make-up the fibrous boundaries (Fig. 3).
The empirical relations, as highlighted in Eq. (7) can be different for
species of different order while belonging to the same class. This is
because; the density of the nano-oblates within a bound region is
capable of manifesting the wettability strength when a droplet of
water comes in contact with the local surface structure. In case of
the dragonfly wing under study, the reason behind exhibition of a
higher CA and hydrophobic response of the distal region is chiefly
due to the availability of large number of polygonal units and high
packing density of nanoscale chitinous oblates entrapped within a
unit.

3.4. Reflectance response of the hind wings and its linkage with
surface roughness

Fig. 6(a) depicts a series of reflectance spectra corresponding
to the basal, distal and edge parts of the dragonfly hindwing. The
respective microstructural micrographs are shown on the right
hand side of the spectra. The semi-transparent specimens gave
multi- reflectance peaks in the visible region apart from a distinct
peak located at ~275nm due to the chitinous material present
in the wing [33,34]. The peak at ~370 nm is relatively broad and
asymmetric for both the basal and distal parts (Fig. 6(a)). Upon
deconvolution through multi-peak Gaussian fitting on the basal
and distal curves, we acquired two additional peaks located at
~422 nm and ~494 nm. It may be worth mentioning here that, the
reflectance in the region 400-500 nm can be attributed to the pres-
ence of carotenoid, and therefore, the dip located at ~460 nm is
ascribed to the absorption response of 3-carotene [34]. The over-
all reflectance response, is stronger for the distal part than for the
basal region. While moving from the basal to the distal region,
the microstructural parameter tend to decrease (and nanostruc-
ture roughness increase) [27,35], as a result of which a higher
re, and water CA can be witnessed. We anticipate an improved
reflectance response in the distal region owing to the availability
of densely packed nano-oblate light scatterers beneath the cuticle.
Nevertheless, any departure from the arrangement and periodic-
ity of microstructural network introduces heterogeneity into the
system and might suppress the reflectance response with increas-
ing wavelength. Consequently, in the long wavelength regime,
the reflectance is substantially repressed both for the basal and
the distal parts. Earlier the nature of reflectance spectra has been
extensively studied to unravel pigmentary and structural effects
in butterflies [35-37]. Nanostructure surface mediated wettability
as well as bifunctional characteristics, such as, anti-reflection prop-
erty and super-hydrophobic response of Cicada wings have recently
been demonstrated [38,39].

Unlike basal and distal parts, the edge- part of the dragonfly hind
wing exhibited a much stronger reflectance feature, particularly in
the long wavelength regime. Typically, the edge- part comprises
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Fig. 6. (a) UV-vis reflectance spectra of the basal, edge and distal parts of the hind-wing of the dragonfly. As for the damselfly wing, response due to the edge-specimen only

is presented. (b) The curve fitting features of the reflectance curves of the edge parts.

of highly ordered, rectangular (500 um x 700 wm) microstructural
units without any triple junction build up. It is worth mention-
ing here that, a high reflectance is realized when light scattered
from the concerned interfaces appear in phase. This is possible
when every surface layer present in the 2D chitinous plane has
an optical thickness comparable to that of a quarter wavelength
(A/4). While realizing the average tip-end diameter of the ran-
domly distributed chitin oblates and rods as approximately 125 nm
(Fig. 2(b)), significant coherent scattering is expected to occur from
these nano-structured elements, giving rise to a characteristic peak
maximum at ~494 nm. An enhanced reflectance response may also
be caused by multilayer interference occurring through thin chiti-
nous elements and air-gaps. In this regard, existence of nearly
2-3 thin layers has been observed in the wings of a similar insect
type, namely Calopteryx Japonica [40]. However, an overall grow-
ing reflectance trend with increasing wavelength, as noticed in the
edge-specimen, calls for an analogy in terms of roughness limited
scattering. The reason behind selecting this specimen is that, the
edge-subpart would exist in every main-part of the wing, be it basal,
central or distal. Moreover, the edge-part is free from the diverse
microstructure types and is made up of only rectangular elements
spread uniformly across the specimen.

Essentially, light scattering from a surface structure is charac-
terized either by specular reflection or inelastic diffusive process.
In order to assess reflectance response of a rough surface, we define
root mean square roughness, r,, as the root mean square deviation
of the surface-top from the mean surface level. Earlier, the specular
reflectance at normal incidence for a polished conducting surface
was put forward by Davies et al. as [41,42]:

R = Roexp[—(4mry)?/A2], (8)

where Ry is the reflectance of a perfectly smooth surface of the same
material, A is the incident light wavelength and that, A and r,, are
measured in the unit of length. It may be noted that, r,, has a charac-
teristic dimension of length, but ry, is a dimensionless entity (being
a ratio of the actual surface area to the projected area). For a sur-
face of biological origin, as in the present case, the overall surface
feature accounts for two scattering processes: surface reflectance
and sub-surface volume scattering. Since the edge-specimens of the
dragonfly and damselfly wings are made of periodic arrangement of
microstructural units along with the growing reflectance features
with increasing wavelength (Fig. 6(b)), we intended to determine
associated roughness parameters in these samples. The dragonfly
wing gives a progressive reflectance curve, featuring a steep rise
beyond 370 nm and exhibiting additional peak maxima at ~422 nm.

The reflectance peak maxima, positioned at ~494 nm, are common
features of both the dragonfly and the damselfly edge-specimens.
As the specimen of the damselfly wing exhibited a rapid fall in the
low wavelength regime, the edge-specimen, in this case might be
a strong absorber of UV light (<350 nm). The relative strength of
reflectance corresponding to ~494 nm and 370 nm peaks, both for
the basal and distal segments of the dragonfly wing, is close to 0.7,
which shoots up to ~1.4 in the edge-specimen (Fig. 6(a)). In other
words, the association of periodic rectangular structures and inner
surface irregularities present in the edge-part are chiefly respon-
sible for growing reflectance characteristics at longer wavelength.
In particular, plentiful nano-bumps would experience significantly
high sub-surface volume scattering and hence, contribute more to
the reflectance response in the extended visible region. By employ-
ing a standard software, the reflectance data sets of the edge parts
were subjected to appropriate curve fitting over a broad wave-
length range while ensuring a minimal chi-square value (Fig. 6(b)).
The overall spectral response is close to the associated exponential
curve fitting trend of the form given by:

R = Ro[1—exp(—22/ruy?) —exp(-A*/rush)]. 9)

This is quite different from the representative feature of the
polished conducting surfaces given in Eq. (8). Here, rys and
ruv characterize average surface roughness contributions asso-
ciated with the surface reflectance and the sub-surface volume
scattering; respectively. Consequently, as for the dragonfly edge
specimen, the respective roughness parameters are estimated to be
s ~368.5 nmand ryy ~ 241 nm. The respective parameters for the
damselfly wing are, ~372 nm and 280 nm. The submicron rough-
ness, 1, is comparable to ~370 nm peak maxima and is believed to
have originated from the overall surface make up of chitinous nano-
oblate assemblies undergoing specular reflection. In contrast, r,,y is
a consequence of diffusive scattering aroused via curved surfaces
and interfaces between chitin oblates. We anticipate that, it is ryy
which really matters for water repellency and thus can be linked to
r
? In order to deal ry and ry,y on equal footing, the latter needs to be
standardized with the two strong peak maxima which character-
ize carotenoid support, i.e., A;; =422 nm and 494 nm. These are the
characteristic wavelengths meant for coherent scattering events. In
this situation, roughness factor can be redefined as, r,w/ =Am/Tpv-
Consequently, the dragonfly specimen can have rw/ in the range of
1.75 and 2.05. The damselfly specimen has rpw/ between 1.5 and
1.76. When these values are fitted for ry, in the empirical Eq. (7),
we noticed that, the effective water-solid fraction, ¢ takes a value
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between 0.62 and 0.73. This is indicated by shadowed circles at
the tail-end of the basal and central-parts of the dragonfly hind-
wing (Fig. 5). In the absence of repetitive measurements of CA and
reflectance response from various parts of the damselfly wing, such
a connection could not be made with certainty. This is because,
the wing span was not only thin but also mechanically unstable.
It was extremely difficult to extract complete diffusive scattering
occurring within a confined geometry, because localized heating is
likely to destroy the internal microstructure makeup. In this back-
drop, a direct connection between the overall reflectance feature
and wetting property may be realistic with advanced versions of
reflectance spectroscopies including polarization dependency and
total internal reflection aspects into account. Nevertheless, apart
from composition, studies as regards isolation of nanostructure
surface roughness that govern dewetting response and superhy-
drophobicity in certain biological specimens are in progress.

4. Conclusions

The hydrophobic and reflectance responses of two Odanata
species have been demonstrated through CA measurements and
reflectance spectroscopy; respectively. A simplified model is
worked out assuming Wenzel and Cassie-Baxter models to hold
simultaneously. In both the dragonfly and damselfly wings, the dis-
tal parts are found to be more hydrophobic than the other parts
owing to the exhibition of a relatively higher CA in the former case.
We anticipate an improved surface structure in this part owing
to the availability of relatively densely packed chitinous nanofib-
rils. Appropriate empirical relations connecting ry and ¢ have been
worked out for the parts independently, as well as collectively with
an average effect. The overall reflectance is observed to be stronger
in the distal part than the basal counterpart. In contrast, the edge-
parts showed a growing reflectance trend along with the exhibition
of broadened peak maxima at ~422 nm and 494 nm, for both the
dragonfly and damselfly wings. The analysis of reflectance spectra
of the edge specimens provided a clue to interrelate sub-micron
surface roughness with the roughness factor, and consequently
with the hydrophobic response. The scope of interrelating optical
window and microstructure roughness can be widened further to
unravel bifunctional features in a more precise manner, which is
underway.
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Abstract

The present work reports microstructure-based wettability and reflectance responses of three varieties of Indian Rosaceae (Rosa)
cultivars, viz. white rose (Rosa chinensis var spontanea), light pink rose (Rosa chinensis var minima) and dark pink rose (Rosa chinensis
var minima). As for wettability, static and advancing and receding Contact Angles (CA) have been measured, for each type of matured rose
petals. The surface roughness factors (r,,), which are largely dependent on the micro-papillae assembly within the rose petal, are estimated
to be, 2.74,2.27 and 2.94 in case of White (W), Light Pink (LP) and Dark Pink (DP) petals; respectively. Moreover, the respective Contact
Angle Hysteresis (CAH) values are measured as 51°, 27° and 59°. In order to exploit structural colouration through the reflectance char-
acteristics, the specimens were dipped in three different media of different Refractive Indices (R), viz. ethanol (RI = 1.36), propanol
(RI=1.39) and glycerine (RI = 1.47) for about 24 h. Upon ethanol and propanol adsorption, the LP and DP rose petals showed unusually
similar reflectance patterns over a wide range of wavelengths, thus indicating a common microstructural share and structural colour
contribution. The wetting-dewetting and structural colouration in natural systems, to a great extent, are dictated by the surface structure
and solid-liquid and liquid-air interfaces, not only offer fundamental interest but also give scope for mimicking in artificial designs of

technological interest.

Keywords: microstructure, surface roughness, wettability, structural colour, reflectance
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1 Introduction

Nature provides innumerable examples of living
systems which are known to display two important, yet
distinctly different phenomena: structural colouration
and wettability property. Natural systems are coloured
due either to pigmentary constituents present within the
system, or due to its microstructural build-up that results
in structural colour"l. In plant kingdom, among flowers,
Rosaceae (rose family) finds a distinct place not only by
virtue of its brilliant appearance but also due to its placid
fragrance, while captivating the attention of many by-
standers. In the recent past, the bright colours and di-
verse varieties of rose have stimulated research interest
to exploit underlying phenomena in these delicate
specimens. With a biochemical perspective, the pig-
mentary or chemical colours have been extensively
studied in naturally occurring species and it was found
that, the colours due to these macromolecular constitu-
ents are generally dull, owing to the absorption of only
certain wavelengths of light!'?. In contrast, the struc-

*Corresponding author: Dambarudhar Mohanta
E-mail: best@tezu.ernet.in

tural colour arises as a result of highly select micro-
structural make-ups, which largely dictate the surface
feature of the specimen under consideration. In other
words, patterned surfaces and sub-surfaces normally
participate in structural colouration by way of numerous
light scattering events at appropriate angles. There exist,
numerous naturally occurring photonic structures which
display tuneable structural colour™™. The examples in-
clude, but not limited to butterflies, bird feathers, beetles,

insects and flower-bearing plantst* "\

Recently, the
hyperfine ultrastructure of Trogonoptera Brookiana
studied by Han et a/. gave indication that these structures
are sensitive to liquid medium''"). While viewing under
3D microscope, they also witnessed the discolouration
effect of the scales in response to the liquid medium. The
bright, iridescent colour normally occurs in the nano-
scale architecture of confined geometry, which is capa-
ble of producing a narrow-band spectral purity but of
ultrahigh reflectivity!".

The colour characteristics have been studied in

great detail particularly, in insect covers, aquatic species

@ Springer
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and in bird feathers; but scarcely in plants because of its
rapid change of microstructure with aging and also due
to physiological reasons. A report on flowers, primarily
Hibiscus Trionum suggests iridescence as a unique
property of structural colour which mainly depends on
the microscopic diffraction gratings present in the flower

1'% In plants, along with the diffraction grating

peta
feature, the regularly spaced ridges and spacing are ca-
pable of enabling multiple interference, which in turn
offer bright colour to the flowers!"*). Moreover, the op-
tical features of the petals were shown to be strongly
dependent on the types of cell forming tissues and with
the surface covering in the form of nanoscale gaps and
patterningm]. The intrinsic assembly of the diffraction
gratings of the flower petal is believed to be used by the
bees and select flies as cues for precise identification of
the naturally rewarding flowers'>.

On the other hand, the wetting-dewetting property
of natural specimens is a vital aspect which helps in
predicting the physiological state and environmental
stability at large. The lotus (Nelumbo Nucifera) and taro
(Colocacia Esculenta) leaves are excellent examples of
non-sticky, super-hydrophobic surfaces that allow water
droplets to roll off easily (water Contact Angle, CA
>150“)[14]. The super-hydrophobic surfaces exhibit ex-
cellent water repellency and are obvious choices for
self-cleaning action. As regards wettability property and
structural colour, independent studies have been made
previously on different rose varieties along with the
characteristic rose petal effect!"'*'*]. However, a quali-
tative account connecting wettability and structural
colouration of these soft, delicate specimens has not yet
been addressed. Furthermore, the colour-spread in the
chromaticity diagram before and after chemical proc-
essing is rarely discussed in the literature. The present
work highlights a comparative view on microstructural
make-ups, reflectance and wettability features of certain
rose cultivars belonging to Indian Rosaceae family and
with off-to-dark pink appearance.

2 Materials and methods

2.1 Specimen collection

The specimens opted for our work were three va-
rieties of the Rosaceae cultivars, namely, white rose
(Rosa chinensis var spontanea), light pink rose (Rosa

chinensis var minima), and dark pink rose (Rosa
chinensis var minima) and labelled as, W, LP and DP;
respectively. To retain surface property, specimens were
generally collected prior exposure to direct sun light.
Accordingly, fresh flower specimens were gently col-
lected from our university garden during morning hours.
Moreover, in order to retain the physiological state intact,
the time gap between the plucking of flower and actual
experiment was kept minimum (< 60 min), for every
sample. The average dimension of the petals examined
varied in the range of 12 mm — 25 mm. In order to ex-
ploit the nature of discolouration effect each of the
specimens was treated with ethanol, propanol and glyc-
erine separately (Fig. 1).

2.2 Microstructural assessment of rose petals

Apart from capturing images with the help of a
digital camera, morphological details of the specimens
could be revealed by employing a scanning electron
microscope (JEOL, JSM-6390LV), working at 20 kV.
The sectioned specimens were subjected to several
nanometer platinum coatings in order to prevent the
surfaces from charging effect during imaging. In order to
extract detailed information about a particular region,
micrographs were captured at different magnifications.

2.3 Wettability study on rose petal surface

The wetting-dewetting features of the specimens
were carried out through measuring static water Contact
Angles (CA) by employing a contact angle meter (Kyowa
Interface Science Co.Ltd.). At first, ~3 puL volume droplet
of water is gently placed on the petal specimen mounted
on the base plate positioned in between the locations of a
white light source and CCD camera meant for imaging.
The tilting base methodology was also employed to
measure the advancing and receding angles and conse-
quently, the Contact Angle Hysteresis (CAH). This forms
an important part in understanding the wetting-dewetting
feature of a system under study. The base of the petal
surface was subjected to an intermittent tilt mode, and the
tilt was varied in the range of 0° — 90°. Advancing
(maximum) and receding (minimum) angles were meas-
ured with a repetition of 10 times for every degree of
tilting. The data acquisition was made on a PC equipped

@ Springer
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Ethanol-treated

Propanol-treated

Glycerine-treated

Fig. 1 Treatment of rose petals with immersion in (a) ethanol, (b) propanol and (c) glycerine. The labels (i), (ii) and (iii) essentially rep-
resent white (W), light pink (LP) and dark pink (DP) rose petals; respectively.

with the standard FAMAS software®.

2.4 Spectral response and chromaticity diagram

In order to exploit optical features of the flower
petals, UV-Vis-NIR reflectance spectroscopy (Shimadzu
Co.) has been employed in ambient environment.
Moreover, in order to evaluate the structural and pig-
mentary contributions qualitatively, the whole rose-
petals were treated with different organic media of
known Refractive Indices (R]) viz. ethanol (R = 1.36),
propanol (R/ = 1.39) and glycerine (R = 1.47). Ac-
cordingly, the reflectance spectra of the untreated and
treated specimens were acquired and analysed. The air
gaps and voids to be temporarily filled by these liquids
were believed to affect the spectral behaviour im-
mensely over a given range of wavelengths. Moreover,
using the reflectance data of the rose petals, appropriate
CIE chromaticity diagrams were plotted using CIE 1931
colour space!'®.

All the experiments were carried out at room tem-
perature. The experimental results were discussed in the
light of some theoretical treatment while discussing
structural colouration and wettability feature of different
cultivars, on a comparative basis.

3 Results and discussion

The wettability and structural colour characteristics
of the Rosaceae family were analysed for each specimen
type under ambient conditions. Similar experimental
conditions were also set by Kinoshita while studying

structural colour in morpho butterflies!'”.

3.1 Microstructural analysis of rose petals
The digital snap-shots as well as SEM micrographs

(captured at different magnifications) of the White (W),
Light Pink (LP) and Dark Pink (DP) roses are depicted
in Fig. 2. While the appearance of flowers clearly illus-
trates varied colour strength, the micrographs showed
numerous micro-papillaec assemblies with varying di-
mension, orientation and folds. The presence of mi-
cro-papillae, essentially the papillae on the rose petals
appear with circular wrinkles or folds that are mainly
responsible for enhancing the surface roughness of the
petals'"™. Each of the papillae, essentially comprised of
single cells, and therefore, every petal would contain
several thousands of these micro-papillae. Further, the
magnified SEM images depict the presence of nano-
folders and nano-binders within each papillac. Even
though each of the micro-papillae varies in dimension,
distribution and orientation they exist in isolation from
each other. Microscopically, the white rose petals signify
aperiodic distribution of oblate to conical units at large
(Fig. 2a). The light-pink petals, however, gave better
homogeneity in terms of microscopic distribution of
oblate units while they differ in dimension and tilt
(Fig. 2b). As a result, the LP rose petals can have rela-
tively more unfilled space within its surface structure. In
contrast, the DP rose petal possessed round shaped mi-
cro-papillae, which gives the impression of a cage-like
network (Fig. 2c). Nevertheless, the W and LP rose
specimens offered short, elongated micro-papillae that
are packed loosely or tightly at the regular surface sites.
However, the periodic array of nanoscale entities within
micro-papillae systems resembles photonic crystal
structure, and might contribute considerably to the iri-
descence feature. The DP specimen, owing to its spec-
tacular, periodic morphological micro-papillae assembly
prohibits surface scattering events, to a great extent,
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giving off deep, dark pink colour. This kind of micro-
morphological periodicity can also be apprehended in
butterflies, beetles, insect efc. which were believed to be
the primary sources of iridescent structural colour"’, A
side view of the nano-folders and nano-oblates can be
clearly seen at a higher magnification, for each rose-
petal type. The physical parameters as regards, mi-
cro-papillae size, distribution etc. were determined di-
rectly from the micrographs and by employing Image J

®[20], as can be found in Table 1.

software
3.2 Surface wettability property of rose petals
3.2.1 Theoretical treatment and model on micro-papillae
assembly

Two well accepted models are generally employed
to describe wetting-dewetting phenomena: Cassie-
Baxter (C-B) and Wenzel models®*?, The C-B model
describes the suspended state of the liquid droplet,
whereas, the Wenzel model explains the state of the
droplet when the water fills up the grooves.

The contact angle of water droplet on any rough
surface in the Wenzel mode is represented by:

cos@, =r,cosb,, (1)
where r, is the roughness factor and 6, is the contact
angle on a flat, smooth surface.

Typically, contact angle in the C-B model is for-
mulated as:

cosd, =p(l1+cosd,)—1. 2)

Here, ¢ represents the solid-liquid fraction.
It is worth mentioning here that, surface roughness

100 um |

. L LS
Fig. 2 SEM images of the three varieties of Rosaceae cultivars: (a) white (W), (b) light pink (LP) and (c) dark pink (DP) rose petals. The
upper left corners depict digital snapshots of the rose specimens, whereas upper right corners highlight microscopic distribution of mi-
cro-papillae assembly, in each case. The lower panels illustrate SEM micrographs captured at higher magnifications. Note the dimension
and orientation of the micro-papillae along with nano-folders within a single micro-papillae.

J Ay X10000 Tpm 0800 10 % ST

and chemical composition both play dominant roles for
displaying hydrophobicity'**!. On the other hand, the CA
Hysteresis (CAH) is an important feature for examining
(high or low) surface adhesion to water, especially for
the hydrophobic surfaces®". Thus the determination of
CAH is an important aspect while assessing hydropho-
bic/hydrophilic nature of the surface structure. In this
regard, tilted plate methodology has been a versatile and
proven technique for exploiting the advancing (max.)
and receding (min.) angles of water droplet on a given
sample under study and measured for different tilting
angles'®!. As regards, CAH, two modes are already in
place: rose effect and lotus effect. Generally, low hys-
teresis value indicates low solid-liquid adhesion,
whereas, high CA hysteresis signifies a high solid-liquid
adhesion™. A surface that has high CA as well as high
CAH is said to exhibit rose petal effect, while, the lotus
effect is displayed by a surface that has high CA and low
CAH". To be precise, surface roughness mediated
adhesion could largely affect CAH and that, the pinning
effect causes the droplet to stick to the surface. In this
regard, being a unique surface phenomenon, the petal
effect is characterized by a large CA, CAH and strong
adhesion to water. Not surprisingly, a transition between
the wetting regimes has also been predicted in earlier

works!?"?8

1 Accordingly, different rose varieties can
have petals with both high and low

adhesion characteristics that largely depend on their
[14]

surface
surface microstructure In reality, for a surface
make-up with sub-micron or nanoscale protuberances in
each of the micro-papillae, water is believed to get
adsorbed into the pockets of the air gaps slowly while

@ Springer
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Table 1 Physical parameters of the Rosacea specimens under study

Approximate base-width of the

Height of the micro-papillae,

Micro-papillae peak-to-peak

Specimen micro-papillae, d (um) h (um) Aspect ratio, 4; distance (pitch, p) (um) ph
White rose (W) 11.06 + 4.6 12.80 £ 6.5 1.16 1595+6.1 1.25
Light pink rose (LP) 9.78 £3.6 9.57+4.5 0.97 1520+4.1 1.58
Dark pink rose (DP) 12.0+4.5 12.65+4.8 1.04 15.67+4.6 1.23

undergoing a continuous transition from de-wetting to
wetting point**.

Referring to schematic illustrations, shown in
Figs. 3a and 3b, physical parameters that would help in
determining wetting and dewetting characteristics are:
pitch value (p), diameter (d) and pitch-base height (4).
The pitch value is defined as the average peak-to-peak
distance between any two micro-papillae, whereas,
pitch-base height represents the approximate height of
the micro-papillae™. A smaller value of p/h ratio ap-
plies to the C-B regime, which tends to increase the
static water CA. This ratio is important in the sense that,
a lower value enhances the formation of air-pockets
between the microstructures, and consequently, the wa-
ter droplet cannot come in contact with the bottom sur-
face®. In other words, when the effective contact area
between the water droplet and the microstructure is
minimized, the static CA increases for surfaces with low
adhesion. Undoubtedly, numerous factors are quite re-
sponsible as far as hydrophobic feature of a surface
make-up is concerned. For instance, for a water droplet
of size comparable to the pitch value, bottom liquid may
penetrate deep inside the grooves, but if the droplet is
large enough then it will be supported only by the top
surfaces of the pillars of the micro-papillae, forming
numerous air gaps beneath the droplet base™. Not sur-
prisingly, a surface with prevailing micro- and nanoscale
roughnesses, the hydrophobic response is a consequence
of the combined effect, though it is difficult to isolate
individual contributions in a quantitative way.

For simplicity, the approximate microstructure
roughness factor (r,,) can be calculated by visualizing the
micro-papillae as regular cylinders characterized by
diameter (d), height (%) and pitch value (p) that can be
found over a square area (Fig. 3b). The roughness factor,
r, can be defined as the ratio of the actual, effective
surface area to the projected, geometrical surface area.
In a square area of length equal to the pitch value, the
projected surface area is, p°; whereas actual area is the

sum of the curved surface area of the cylinder and the
exposed surface area. To a good approximation, the
actual surface area can be written as, p2+7rdh. Therefore,
for a cylindrical system with its top being in contact with
the water droplet™?”,

r =1+ 3)
p

The fraction of the solid-liquid contact under the droplet
that would participate in the wetting-dewetting transition
can be expressed as:

_nd2
4p2.

Combining the above two relations, one can interrelate

@ 4)

surface roughness with the fractional solid-liquid con-
tribution given as:

d
o= D )

The aforesaid parameters for the rose petals under study
are enlisted in Table 1 and Table 2.

3.2.2 Experimental features on wetting-dewetting tran-
sition

The static CA features of the three varieties of the
rose petals are shown in Figs. 4a—4c and Table 2. The
shape of the water droplets at a base-tilting of 0° and 90°
are depicted in Figs. 5a—5c and the curves representing
advancing (max.) and receding (min.) CA with varying
tilting angles as well as CA hysteresis traces can be found
in Figs. 6a—6d. The petal surfaces are essentially hydro-
phobic with a maximal CA exhibited by the DP petals at a
higher tilting angle. As can be noticed, the DP rose petals
exhibited a superbly high CA and r, value owing to a
comparatively low p/h ratio (Table 1 and Table 2). To be
specific, in this case, r,=2.94 and ¢ = 0.46. Amongst all,
the off pink, LP rose petals offered comparatively low

values of wetting-dewetting parameters, with r,=2.27
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Table 2 Measured parameters related to dewetting phenomena witnessed in rose-petal surfaces
Bump density . . o Critical Surface
Sample (110,000 Static CA (*) Rf‘;“fhness Sf";l‘szater :e\ge";i‘fmgg??) Transitional oAl () angles, energy
') dorre  meeme > g aiay () (mIm?)
Whg;)mse 27 1225402 2.74 0.37 137; 86 123 514031 18° - 49.8
Light pink R o &mo X
33 111.2+0.2 2.27 0.32 117; 90 1.83 27+0.27 29°% 57 152.8; 264
rose (LP)
Dark pink .. 20°
24 133.3+0.2 2.94 0.46 142; 83 1.15 59+0.33 18% 39 13.1; 28.6
rose (DP)
14

Fig. 3 (a) Schematic representation of an assembly of micro-papillae within a rose petal along with light scattering aspect and (b) side
view of four micro-papillae in a square area highlighting pitch and height of the micro-papillae.

(a) l (®) I © I

Fig. 4 Static water Contact Angle (CA) values measured on flat
surfaces of (a) white (W), (b) light pink (LP), and (c) dark pink
(DP) rose petals.

o 1 |
.ﬂ-.ﬂ-
&uﬂ-

C

&-ﬂ-

Fig. 5 The measured CA in tilting base methodology, with left
and right columns representing views corresponding to a base
tilting of 0" and 90; respectively. Note the advancing and receding
surface contacts in the latter case. Here (a), (b), (c) represent
characteristic features of W, LP, DP specimens; respectively.

and ¢ = 0.32. In fact, a higher value of the roughness
factor is likely to improve surface hydrophobicity with
marginal enhancement in the solid-water fraction as per
Eq. (5). Apparently, an improved CA, high CAH and
large r,, values are mainly responsible for displaying
enhanced hydrophobic feature. On the other hand, the
water droplet may develop a tendency to impregnate into
the grooves for a moderate rough surface. In contrast, a
different correlation has been realized by us in insect
systems, such as, damsel and dragonfly wings"”..
Wetting transition is an important mechanism
which needs to be understood for the development of
super-hydrophobic surfaces. Normally, a particular sys-
tem has a single, Young’s CA value, relevant for a
genuinely smooth surface structure. But one could ob-
serve altered CA values due to a variation in the local
geometrical construction between any two sites. It has
been explained theoretically that, Gibbs energy of a
system has multiple minima and a single global mini-
mum. Each of the CA value corresponds to the metast-
able state of the system and the global equilibrium is
I We have
measured the advancing (max.) and receding (min.) CA

given by the so-called most stable CA®

for every unit degree of base-tilting, from 0° to 90°
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(Figs. 6a—6d). With tilting progression, certain critical
angles () are defined at which the droplet tends to slide.
The angle at which the first displacement of the contact
line occurs and the angle for which both the uphill and
downhill contact lines are displaced are termed as criti-
cal angles®"). The critical tilt angles are predicted as, 18°
for W rose; 29° and at 57° for the LP rose; and 18° and
39° for the DP rose petals. The parameters as regards,
CAH, critical angle and surface energy can be found in
Figs. 6a—6d and Table 2.

Here, we witnessed significant changes in ad-
vancing and receding angles, which are in consistency
with the petal effect. Since the rose petals under study
vary in surface structure, wetting-dewetting feature also
changes as can be noticed by CA and CAH plots. The
CAH essentially foretells the state of a liquid droplet,
with small CAH representing the droplet in Cassie state.
As the droplet is allowed to slide on a surface with the
tilting angle varying from 0° — 90°, the localised
roughness is at work which prevents the droplet from
rolling/rapid sliding. For a water droplet in case of
Wenzel state, normally the CAH value increases with
increasing surface roughness[32]. In the C-B state,
however, the CAH is largely influenced by the
solid-liquid fraction. Noting that, the DP rose petals
which exhibited high values of 7, ¢ and CAH; when the
droplet undergoes sliding, it would certainly experience
changes along smaller pockets in terms of roughness,

causing changes in the shape and curvature of the droplet.

This will definitely allow transition between Cassie and
Wenzel states. As the drop bends, it will develop ten-
dency to penetrate the empty space between papillae,
thus increasing the difference between the CA maxima
and minima. Revealing CAH along with static CA en-
hances our insight on the effect of microstructure on
water-repelling surfaces. The CAH influences the pin-
ning of the droplet, which does not allow the droplet to
roll off and consequently, while retaining the hydro-
phobicity the droplet did not roll off the surface, even
though the base tilting reached a maximal value of 90°.
The pseudo super-hydrophobic nature of the rose petals
and gecko feet has already been referred in literature.
Despite hydrophobic nature of the surfaces, the droplets
do not necessarily roll off owing to the pinning effect

predicted in earlier works?.

The Wenzel and C-B models can be simultaneously
applied to reveal the transitional roughness (7;) at the

[34

transitional point®®¥, given by:

r=p—(1-@)/cosl,,, (6)

with 6,4, as the equilibrium CA. Note the extrapolated
black dotted line drawn from the saturation part of the
advancing CA curve towards y-axis. Whereas, the red
dotted line gives the receding angle (Figs. 6a—6c¢). The
values of the transition point in the three rose varieties
are listed in Table 2. For r, < r,, the droplet penetrates
into the grooves, and thus in the Wenzel mode. Whereas,
for r,>r;, the droplet is said to be in the Cassie state.
Accordingly, the water droplet in all the rose petals
would ensure Cassie state. While undergoing transition
from the Wenzel to the Cassie state™", it is marked by
significant changes in the advancing and receding CA,
witnessed in all the three rose-cultivars.

3.3 Structural colouration in rose petals

A comparative analysis of structural colour has
been performed with the help of reflectance responses
and chromaticity diagrams.

3.3.1 Manifestation of reflectance features

The characteristic reflectance spectra of the three
varieties of rose specimens, namely White (W), Light
Pink (LP) and Dark Pink (DP) studied with and without
chemical treatment, are depicted in Figs. 7a—7c. As for
surface treatment, the matured petal specimens were
dipped in three different liquids, namely ethanol
(RI=1.36), propanol (R/=1.39) and glycerine (R/ = 1.47).
The idea behind the liquid adsorption was to alter the
micro-morphological features by varying the R/ of the
environment, which could bring in significant changes
in the reflectance spectra. Earlier, the appearance of
colour was believed to be caused by the change in the R/
of the building elements or through transient modifica-
tion in its dimensions''?. The specimens offered either
similar or different reflectance curves in a particular
range of wavelengths. Referring to W and LP petals, the
former exhibited a steadily growing reflectance trend
beyond 400 nm along with a broad peak observable at
~510 nm. Whereas, the LP specimen displays a distinct
reflectance maximum located at ~455 nm and a dip at
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Fig. 6 Advancing (maximum) and receding (minimum) contact angles measured in tilting base methodology as for (a) white (W), (b) light
pink (LP), and (c) dark pink (DP) rose petals. The histograms depicting CAH for the respective specimens are shown in (d).
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Fig. 7 Reflectance spectra of three varieties of Rosaceae cultivars before and after liquid immersion: (a) white (W), (b) light pink (LP),
and (c) dark pink (DP) rose petals. The histograms highlighting comparative area under reflectance curves, before and after liquid im-

mersions are depicted in (d).
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~545 nm, beyond which reflectance feature showed a
growing trend (Fig. 7b). On the other hand, the DP
specimen has a poor reflectance up to ~590 nm, fol-
lowed by a sharp rising trend afterwards. In other words,
the petals of the dark pink rose would offer a dark im-
pression to the unaided eyes, owing to intense light ab-
sorption in the visible wavelength range and excluding
largely the orange-red part of the main electromagnetic
spectrum. As can be noticed, the untreated specimen is
highly reflective in the infrared regime (Fig.7c¢).

The insertion of these solvents with varying re-
fractive indices into the air-pockets and sub-micron
voids would change the R/ of the petals as a whole. Note
the modified reflectance curves (after liquid treatment)
for W, LP and DP specimens (Figs. 8a—8d). Each of the
soaked petals gave distinctly different characteristics
with the emergence or disappearance of peak for a given
specimen type. While ethanol dipped W rose petal, ex-
hibited a similar, yet broadened reflectance feature in
reference to the untreated one; propanol and glycerine
treated W specimens provided significantly lowered
reflectance features. Upon ethanol uptake, the LP rose
petal gave a shifting of the reflectance peak from
~455 nm to 478 nm, however, the DP specimen offered
the emergence of a new peak (located at ~465 nm),
which was otherwise absent for the untreated case. As
clearly seen from the reflectance curves of both LP and
DP specimens, the colour tend to fade away for the
specimens immersed in the liquids of propanol and
glycerine. In these cases, we could also witness bleached
view of the petals through the unaided eyes. It is inter-
esting to note that, geraniol, a mono-terpenoid and al-
cohol, which constitutes an important component of rose
oil, has R/ = 1.46 in ambient environment. Most likely
when voids are filled by glycerine, the whole specimen
would behave as an entity dispersed with geraniol. As a
result, structural contribution to colour is drastically
suppressed and pigmentary contributions become more
prominent (Fig. 8d). Thus one can say that, a substantial
difference in RI within the treated petals can be set by
ethanol and propanol media (Figs. 8b and 8c). To be
specific, in case of ethanol treatment, one could realize a
great similarity in the reflectance responses exhibited by
the LP and DP petals. In contrast, after propanol uptake,
all the specimens fade away and give similar trends.

These aspects are ascribed to the momentary structural
resemblance in the aforesaid petals. Consequently, they
signify suppression/removal of the dyes.

Even though the colour that appears is a combina-
torial effect of pigmentary and structural colour, the
latter component gets altered once the R/ of the envi-
ronment is varied. Since the bands are generally broad,
with reflectance responses between any two specimens
different, we intended to focus on the LP petals, which
exhibited a clear peak shifting upon chemical processing.
A simple relationship between the optical stop bands and
the periodicity of the nano-structured pattern can be
given by the Bragg’s law!':

A=2dn,,, 7

A= 2dn'y =2d(n, +An)=2dn[1+20, (8)

eff
where n. is the effective RI of the system under study
and d is the period which is assumed to be unaltered
before and after ethanol adsorption. The respective R/ of
the air gap, geraniol, ethanol, propanol and glycerine are
approximately, 1.0, 1.46, 1.36, 1.39, 1.47. Consequently,
the negr values can be 1.23, and 1.27, 1.28 and 1.31; as for
the untreated, and specimens treated with ethanol,
propanol and glycerine. Here, many ultra-small air
pockets are still assumed to remain unfilled even after
liquid adsorption. Inserting A =455 nm and n.s=1.23 in
Eq. (7), we obtain d~185 nm. Apparently, this cannot be
compared to the pitch of the micro-papillae which has
micron scale dimension. However, the periodicity could
be linked to the average repeat units of the nano-folders
and air gaps that make up the micro-papillae. On
substituting the values, d~185 nm and n.g =1.27, 1.28
and 1.31 in Eq. (8), we obtain A/'~470 nm, 474 nm and
485 nm which can be witnessed in the corresponding
reflectance curves, shown in Figs. 7 and 8. It is, however,
worth mentioning that, while the strength of reflectance
is largely described through the surface microstructure,
the wavelength at which most of the light is reflected has
its origin on the conditions set by specular and diffuse
scattering events. Earlier, the peak maximum at a higher
wavelength for the rose petals was ascribed to the
contribution due to a mutual combination of structure

and pigment!!).
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3.3.2 Chromaticity features

We have also translated the reflectance data into
chromaticity diagrams, employing CIE 1931 colour
space!'”. Essentially, a chromatogram characterizes the
loci of the wavelength reflected with different intensities,
by converting the wavelength to the (x, y) coordinates,
known as chromaticity coordinates. The chromaticity
diagrams can be extremely useful as they are capable of
identifying and assigning the exact colour of a given
specimen in the colour space. Such diagrams are ex-
tremely meaningful for describing coloured species even
for multi-coloured butterflies’®”. The diagrams for dif-
ferent rose petals can be found in Figs. 9a-9d. Here, an
arbitrary point on the line joining between any two apex
colours would represent a proportionate mixture of those.
The triangular gamut formed as a result of the line joining
B, G and R depends on the choice of focus with the cen-
troid, identified as pure white (W"). The white rose petals,
without and with ethanol treatment, exhibited scattered
points around W with slight stretching along terminus R
(Figs. 9a, 9b, col.1). However, a more precise accumu-
lation of points within the central region along with di-
rected extension towards R has been clearly witnessed in
the LP specimen (Fig. 9a, col.2). Upon ethanol treatment,
the points representing reflectance response around the
central region is much scattered without loss of general-
ity with regard to the untreated case (Fig. 9b, col. 2). Not
surprisingly, the DP rose specimen gave a continuous
stretch of the reflectance points from around the vicinity
of W to the R terminus (Fig. 9a, col.3). In other words,
the dark appearance of DP specimen could be due to the
dominance of R segment in the aligned gamut of the
colour space. Upon ethanol uptake, the distribution of
reflecting points of the LP specimen is more open at the
centroid and the chromaticity pattern becomes quite
similar as to the treated DP rose specimen (Fig. 9b, col. 2
and 3). At the microstructural level, both the LP and DP
rose petals would share a common physical trend after
the ethanol insertion. Accordingly, similar reflectance
and chromaticity features have been ensured. This is,
because, ethanol uptake is likely to cover up many of the
rough surfaces by way of filling air pockets/voids
available within and around the micro-papillac. The
visible light would experience adequate surface scatter-
ing from the bumpy assembly of micro-papillae which

essentially depends on varying p/h value. Moreover, a
lowered bump density and pitch value in the DP petals
offered a stronger absorption response and consequently,
a deep pink colour appears to the unaided eye. Further-
more, the chromaticity diagrams, particularly for the
propanol and glycerine treated specimens (Figs. 9c, 9d,
col.2 and 3), exhibited apparent accumulation of points
around the W*, thereby indicating colour fading in these
cases as discussed above. In fact, propanol medium of-
fered strongest discolouration effect while displaying
similar reflectance features as well as colorigrams for all
rose-specimens (Figs. 8c and 9c).

4 Conclusion

The cultivars of Indian Rosaceae family have been
examined to exploit surface wettability and structural
colouration characteristics. The surface roughness, r,
which is highly dependent on the nature of arrangement
of micro-papillae with different p/h ratio plays an
important role for displaying de-wetting feature. With a
lowered pitch-to-height ratio, the DP rose petal exhibited
maximal values of static CA (= 133), 7o (= 2.94) and
CAH (= 590). As compared to the other two varieties, the
reflectance response of DP specimen is significantly
lowered over the whole visible wavelength range.
However, immersion in ethanol, propanol and glycerine
could facilitate distinct roles for improving reflectance
feature. In particular, a prominent reflectance peak
appeared after ethanolic uptake. Moreover, the
reflectance features of the LP and DP specimens after
ethanol-treatment are quite similar owing to the
establishment of a common micro-morphological and
optical trend. Similarly, propanol treatment gave quite
alike reflectance features, for all cultivar-types. The
dimension and distribution of the micro-papillae or
micro-bumps, were believed to influence the surface
morphology drastically. Connecting wettability with
reflectance trend mediated via surface roughness
characteristics would find scope in softonics by way of
bridging soft matter physics and biophotonics at large.
More work, in this direction is in progress for other
natural systems.
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