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Morphological transformation from fibers to sheets in embiopteran silk
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Embioptera (webspinners) are insects that construct domiciles using silk produced from their front feet. This
silk is the finest known with measured single fiber diameters in the 30-140 nm range. In the wild, some
webspinner silk on trees is observed to have a clothlike or shiny sheetlike appearance. Both forms of silk
shield the occupants from rain water effectively: presumably valuable in tropical environments. In this article we
elucidate the mechanism by which silk fibers are transformed into these structures through interaction with water.
We quantify the evaporation rates of single water droplets which have been suspended on unmodified as-spun
silk for two Trinidadian arboreal species: Antipaluria urichi (Clothodidae) and Pararhagadochir trinitatis
(Scelembiidae). These rates are compared to those of droplets suspended on rose petals due to similar wetting
properties (both hydrophobicity and pinning). We observe that on sufficiently thick silk, droplet evaporation
rates decrease with time. This behavior is a result of a thin soluble film developing on the drop surface that later
becomes a solid residual film. Experimentally verified theoretical models are invoked to support the results.
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I. INTRODUCTION

Embioptera is an order of insects more commonly known
as webspinners; a distinguishing characteristic is that they
produce silk from their front tarsi (feet) [Figs. 1(a) and
1(d)]. An estimated 2000 species occur worldwide. Unlike
insects which produce 5-10 pum diameter silk as part of
their metamorphosing process (e.g., cocoon construction by
domesticated silkworms, Bombyx mori) or spiders which use
silk to catch prey (1-4 pum), webspinners use their silk for
constructing domiciles where they gain protection from the
elements and natural enemies [1,2]. They produce the finest
known natural silks; a recent study of nine species found
diameters in the 30-140 nm range [3]. The especially fine
diameters of embiopteran silks appears to set them apart from
the industrial and applied work conducted thus far that have
focused on the macroscale silks of silkworms and spiders
[4-7]. The characteristics of the nanoscale embiopteran silks
remain largely unexplored despite some progress in charac-
terizing proteins [8], genes [9—12], and ecological contexts of
their silk [13,14]; however, many questions remain about the
qualities of these natural fibers. Our report seeks to further
explore an intriguing characteristic that typifies their silk: the
interaction between silk and water [3,14,15].

Webspinner silk domiciles fall into two general categories:
in leaf litter or on tree bark (arboreal) [1,16]. Continuing an
ongoing comparison, we focus on two arboreal species found
in Trinidad, Antipaluria urichi (Clothodidae) and Pararha-
gadochir trinitatis (Scelembiidae) [14]. They live in colonies
exposed on tree bark and other vertical surfaces that support
the growth of epiphytic algae and lichens, upon which they
graze. Silk forms a covering that protects them from rain and
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natural enemies. Field observations have shown that their silk
is waterproof but transforms when wetted.

Detailed investigation of the tarsal silk glands has char-
acterized the mechanism of silk extraction. Biisse et al.
discovered that webspinners produce a silk dope within the
silk glands and when the hairlike silk ejectors are pressed
against the surface an adhesion disk forms to stick the silk to
the substrate [17]. The insects then pull the foot back, shearing
the emerging silk dope into solid silk fibers. This process is
known commonly as “spinning silk.” That they hold their feet
in seemingly peculiar orientations suggests that the extraction
of silk is involuntary and may account for their proclivity to
run backward with their silk ejectors held up off the ground
[17]. Microscopic imaging of the tarsi also confirms that the
silk is produced in bundles of single fibers with each fiber
emerging from one silk gland [8]. This observation contrasts
with some cricket species which can produce silk in various
morphologies (sheets as well as fibers) [18].

The small diameter range of webspinner silk is inaccessible
with standard optical microscopy, so our investigations utilize
a Hitachi S-4800 scanning electron microscope (SEM). In
order to visualize low electrical conductance silk structures,
20-30 nm Al layers are thermally evaporated onto samples
before imaging [for example, Figs. 1(c) and 1(f)]. For unal-
tered and uncoated diameter measurements, a technique was
developed to image as-spun fibers on graphite substrates [3].
The graphite allows for sufficient conduction to produce good
quality SEM images as long as the fibers themselves are
securely fastened by the webspinners to the substrates. The
graphite is also a substrate on which the insects are willing to
spin silk. Our unpublished preliminary observations revealed
that they exhibit an aversion to metallic substrates in addition

©2022 American Physical Society
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FIG. 1. Comparison images for the two species studied: (a) An-
tipaluria urichi (typical body length, 1.6 cm), (b) previously wetted
A. urichi silk as it appears on a tree, (c) SEM image of previously
wetted A. wurichi silk, (d) Pararhagadochir trinitatis (typical body
length, 0.98 cm), (e) previously wetted P. trinitatis silk as it appears
on a tree, and (f) SEM image of previously wetted P. trinitatis silk;
inset from the same sample at 5x relative magnification with an
underlying fiber highlighted in a black rectangle. Note the large front
tarsi (feet) that contain the silk glands. The white scale bar is 20 um
for both SEM images.

to dielectric materials (e.g., glass and plastic). As a result,
we have continued the approach of using graphite substrates
whenever possible.

Dry silk forms into different structures after being wetted
depending on the species. Figure 1(b) shows the clothlike
appearance of the silk from A. urichi, while Fig. 1(e) displays
the shiny plastic-sheet-like appearance of P. trinitatis silk.
The difference in the optical quality is due to the charac-
teristic length scale of continuous films formed as the dry
silk interacts with the water. If the wavelength of light is
shorter than the roughness length scale, then the reflected
light will be dull [19]. For Al coated films that also exhibited
a shiny metallic appearance, the underlying good electrical
conductivity suggested roughness length scales smaller than
optical wavelengths [3]. This effect is borne out in the micro-
scopic observation of the wetted silk of the two species [14].
The microscopic difference in the film structure is evident
in Figs. 1(c) and 1(f). Also apparent in the SEM images are
remnants of an underlying silk fiber support structure [see
highlighted detail in Fig. 1(f) inset]. The difference between
the two species in how the surface film forms after wetting
appears to be related to the packing of the fibers; in general
A. urichi fibers are more diffuse than P. trinitatis fibers. The
denser the fibers in a patch, the more continuous the film after
wetting [14]. However, P. trinitatis is sometimes reluctant to
produce thick silk, as our results will show below.

Chemical analysis of webspinner silk by Addison et al.
[8] has revealed a structure with a water-soluble protein core
surrounded by a hydrophobic lipid layer. Their conceptual
model suggests a protein core consisting of about 70% S-sheet
nanocrystallites surrounded by random domains. Analysis of
amino acid sequences for the two silk proteins indicates that

FIG. 2. Graphite trinitatis.

substrate for Pararhagadochir
Grooves shown are 3.2 mm wide and 4.8 mm deep. Circular films
from dried water droplets are apparent near the center of the image.
In order to encourage the silk placement to be higher, later substrates
used a shallower (2.4 mm deep) groove with the same width.

both are largely hydrophilic along the length of the pro-
tein core [12]. The soluble core surrounded by an insoluble
sheath is also consistent with SEM imaging of single fibers
that were covered with water and then allowed to dry ([3],
Fig. 3(a)). That image shows a ruptured tube-shaped structure
surrounded by residue apparently from inside, indicating that
the inner material is soluble. Experimental evidence of the in-
soluble sheath—soluble core structure of the silk fibers coupled
with the observation of film structures in previously wetted
silk raises another question: How does wetting webspinner
silk lead to film formation? In previous work we investigated
how water droplets wet the silk of different species: specifi-
cally, the contact angle of water drops placed on the silk and
the tilt angle for which the silk sheds the drops [3]. Earlier
work showed that the unwetted fibers grab onto (pin) the
water droplets [15]. Both contact angles and tilt angles for
previously wetted samples were lower than those on as-spun
silk indicating that the previously wetted samples interacted
more strongly with water droplets (more wetting) but also
shed them more easily (lower tilt angle) [3]. These results
are consistent with the expectation that arboreal silk structures
show improved protection after being exposed to rainfall. In
the wetting and tilt angle studies, it was also noted that water
drops dried more slowly than would be expected for pure
water.

Absent from this previous work was a detailed inves-
tigation of the structural process by which water droplets
transform nanoscale silk fibers into the sheet- or clothlike
morphology. In this article we elucidate this mechanism.

II. EXPERIMENTAL METHODS

Graphite substrates were machined with grooves (Fig. 2)
and enclosed in Petri dishes containing a few adults and late-
stage nymphs of either A. urichi or P. trinitatis and left for
up to a week to allow the insects to produce silk. Because
of the different sizes of the two species, two different groove
sizes were used. For P. trinitatis (body length roughly 1 cm)
grooves were initially 3.2 mm wide and 4.8 mm deep. In order
to keep the silk closer to the top surface of the graphite, a
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FIG. 3. Asymmetrical 2 ul water drop suspended on Antipaluria
urichi silk showing (a) wrinkled surface film during drying and (b)
final dried film.

later version used grooves that were 2.4 mm deep. Antipaluria
urichi (body length roughly 1.5 cm) were given larger grooves
6.4 mm wide and 4.8 mm deep due to their larger size and
more prolific silk production.

Once the silk was collected, various sized de-ionized wa-
ter drops were placed onto the regions of silk suspended
above the grooves. These water drops were then observed
using a Zeta-20 3D (three-dimensional) optical microscope
to produce a time series of images as they dried. At the 5x
magnification setting on this instrument, we could just fit the
largest water drops in our view. At this setting the images had
a resolution of 2.7 pum/pixel, so roughly 0.1%—0.2% of the
droplet diameters. Two images of a water drop on A. urichi
silk from such a series are shown in Fig. 3. These are from
just before and just after the droplet completely dries. If the
droplet in Fig. 3(a) were simply water, we would expect a
smooth surface governed by water’s surface tension. The ap-
parently wrinkled surface indicates the presence of a film that
is determining the texture. Figure 3(b) shows the residual film
after the water has completely dried. Note that once the water
appeared to be gone, images were taken for several minutes
afterward to ensure that no further changes were observed.

This observation (Fig. 3) clarifies the basic mechanism of
the film formation. Once water is placed on the silk, it begins

to dissolve some of the silk material (presumably the soluble
protein core). This material forms a layer on the surface of
the water drop and as the water dries the residue is left in
the form of a film. This process also explains the inhibited
evaporation of the droplet on silk as a film grows to “protect”
the top surface from evaporation. Because the silk has two
components, the soluble protein core and hydrophobic (in-
soluble) outer lipid layer, there is a remnant scaffolding on
which the dried residual film rests. This structure is apparent
in Figs. 1(c) and 1(f). Without the lipid layer, we would expect
that water would simply dissolve the fibers leaving voids in
the silk layers.

II1. RESULTS

In order to quantify the effect of protein films on droplet
evaporation, we did side-by-side measurements of droplets
on silk and on the nearby graphite (no silk). A typical image
series is shown in Fig. 4 at three different times. Figure 4(a)
shows both drops less than 1 min (t = 0) after they are sus-
pended on the silk (upper left) and placed on the adjacent
graphite where no apparent silk is present (lower right). The
nominal volume of the drops was 2 ul as indicated by a mi-
cropipette. Figure 4(b) shows the situation just as the droplet
on the graphite is almost completely dried (mirrorlike appear-
ance due to the flatness of the water). The droplet suspended
on the silk is clearly smaller than at # = 0. Figure 4(c) shows
the residual film on the silk once that droplet has also dried
completely. The colors indicate the optical interference effects
from the film. The primary data from these measurements
were the evaporation time for each drop. A series of these
measurements using various volumes is summarized in Fig. 5.

Figure 5 displays the evaporation time of de-ionized wa-
ter droplets on three substrates: P. trinitatis silk, A. urichi
silk, and graphite. The symbols containing crosses represent
results from dual-camera experiments that were performed
later (described below). The initial conclusion from Fig. 5
is that water droplets evaporate most quickly from graphite
substrates and droplets on silk evaporate at an inhibited rate.
However, the total evaporation time data only reveal an av-
erage evaporation rate. A more useful measurement would
be that of droplet volume or surface area as a function of
time. In principle, the Zeta-20 microscope should provide 3D
images which would allow for volume calculation. However,
the water drops themselves also act as an optical component
much like a lens. The lens effect on the microscope image
software is to interpret the water drop as distorted and inverted
(concave instead of convex). To rectify this problem, we added
a second microscope (Celestron Model 44301 Mini Handheld
Digital Microscope) that allowed for a simultaneous side view
of the water droplets. This microscope has the advantage of a
small size that allows it to be positioned close to the optical
stage of the Zeta-20. Coupled with the Zeta-20 top views,
the Celestron has sufficient resolution to derive the droplet
volumes (roughly 20 pm/pixel). Example images are shown
in Fig. 6.

Given our observation of film formation on droplets sus-
pended on silk, our first conclusion was that the faster
evaporation rate from graphite as observed in Fig. 5
was simply due to the lack of this film from the silk.
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FIG. 4. 2 pul water drops on silk of Pararhagadochir trinitatis
and graphite: (a) ¢t = 0, (b) frame when drop on graphite dries: 28.1
min, and (c) frame when drop on silk dries: 59.8 min.

However, the side-view images in Fig. 6 reveal different
droplet shapes, making it clear that a direct comparison of
droplets on graphite and silk is problematic. These different
shapes lead to very different surface area to volume ratios, a
governing factor in evaporation rates (summarized in Fuchs
[20]). Previous work has found that the wetting (contact)
angle of droplets on A. wrichi silk is similar to that on
rose petals [3,15]. The “rose petal effect” occurs because of
the hydrophobic surface along with pinning due to micro-
scopic grooves. Given this more favorable comparison, we
changed our control substrate from graphite to rose petals.
The side-view images in Fig. 6 make the favorable droplet-
shape comparison of the A. urichi silk and the rose petal quite
apparent.

Length calibration of the side-view images is easily per-
formed using the high precision top-view images and length

120 - | o p.trinitatis ¢ i
© A. urichi D4
O graphite &
E 90 r o .
E g 2
0}
- D -~
'-g 60 o o o
g g o8 8
30 5 g g
g ¢ g &
g 6 e o

O L I P R S 1
0.1 1.0

nominal volume (ul)

10.0

FIG. 5. Graph of total drying time for drops of de-ionized wa-
ter of various nominal volumes on Pararhagadochir trinitatis silk,
Antipaluria urichi silk, and graphite. The crossed symbols refer to
later samples which were also measured with a side-view camera
(see Fig. 8).

measurements from the Zeta-20. Figure 7 shows an example
of a top view and side view taken at the same time. The
six-light illumination from the Celestron camera is apparent in
both views: white hexagonal pattern from the side and bluish
reflected and refracted spots from the top. These views also
confirm the perpendicular line-of-sight direction and allow us
to establish the scale (white line as shown). This drop is also
displayed in a time-lapse movie available in the Supplemental
Material [21]. Once the side-view image is calibrated for
length, a perimeter curve that circumscribes the droplet is
traced and converted into x-y coordinates using IMAGEJ [22].

FIG. 6. Side-view images of 2 ul water drops on (a) silk spun by
Antipaluria urichi, (b) graphite, and (c) a rose petal. The scales are
roughly 7 mm across for each image.
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FIG. 7. (a) Top view (Zeta-20) and (b) auxiliary side view (Ce-
lestron) of a 9.2 ul water drop suspended on Antipaluria urichi silk.
The diameter scale bars are 2.76 mm across. The hexagonal array
of lights at the center of the side view (from the Celestron camera)
correspond to the six blue reflection and refraction points on the
upper right of the top view. This alignment indicates the location
of the diameter measurements.

Equipped with the length-calibrated drop profile mea-
surements, it is rather straightforward to calculate the drop
volume. After horizontally centering the drop, the top and
bottom of the drop at the same radial distance from the center
are subtracted to produce a height value, /. Note that due to the
hydrophobicity of the drops (contact angle greater than 90 °),
the bottom surface is often not the same as the contact plane
of the substrate. Because of left-right asymmetries apparent
in some side images, we find the volume for the left and right
half of the droplet assuming a half-cylindrical profile for each.
The increments of volume AV are therefore given by

AV = (wrh)Ar,

where r is the radius of the hemicylindrical shell of thickness
Ar and height h. Adding up all of the AV values results in
the total volume of the droplet. By collecting top and side
images over the evaporation time, we produce volume as a
function of time V(¢) as shown in Fig. 8. Upon first performing
this calculation we observed that water droplets that were
nominally 5.0 ul according to our micropipette were yielding
roughly 7-9 ul in calculated volume. This result suggested an
error in our calculation; however, weighing five nominally 5.0
1 drops from the same micropipette on an analytical balance
found a mass average 8.4 + 0.5 mg (data range 7.9-9.1 mg)
confirming that the numerically calculated values are within
reason (water density = 1.0 mg/ul). We have since learned
that micropipettes require calibration; however, our after-the-
fact weighing approach confirms our measured volumes. This
calibration issue does affect the abscissa in Fig. 5. We note that
this axis has not been corrected using this newer information
(hence the label “nominal volume”); however, as it is plotted
on a logarithmic scale, the general shape and conclusions from
those data should not be significantly affected.

It is also possible to use the same profile data to calculate
the surface area of the drops. In this case we need to find the
incremental area of a semicircular ribbon AA, again splitting

10 T T T T .
$ O  P. trinitatis
2% © A urichi
—— rose petal fit
2
0]
E Or
=
o
>

Ty
0 e
tl @ rose petal
El
€57
% % .‘0 s
> ° o0 ©
‘.. ..'..
‘.,‘ Solq (b)
°
0 ) ) e, e %’ .
0 30 60 90 120
time (min)

FIG. 8. Droplet volume as a function of time. (a) Results for
droplets suspended on Pararhagadochir trinitatis silk (squares) and
Antipaluria urichi silk (diamonds). The solid line is derived from (b)
to show the average behavior of droplets on rose petals. Approximate
error bars are shown. (b) Results for water on rose petals. The inset to
panel b displays the same data but with the times offset so that the 4
w1 times coincide. The inset supports the notion that the evaporation
rate on rose petals is roughly constant regardless of volume.

the calculation into right and left sides to account for asym-
metry. In order to find the area at a given radial distance r, we
need a two-dimensional width given by Aw = /Ax? + Ay?
so that

AA = (mr)Aw,

where x and y are the coordinate locations of points on the
circumscribed curve. We have plotted surface area as a func-
tion of time A(¢) and included that graph in the Supplemental
Material as Supplemental Fig. 1 [21]. We will focus on the
V(t) data for two primary reasons: A(t) data exhibit more
instability as they approach the final value (not zero), and
there is ambiguity on how to define the surface area. Since the
silk-suspended drops have bottom surfaces that might be at
least partially exposed to air, whereas the rose petal drops rest
on a textured surface, it is unclear how to correctly compare
those two. Also, our pipette “calibration” measurements give
us higher confidence in our volume calculations, whereas
the area calculations are simply consistent with reasonable
values.
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We have plotted the V(¢) data of Fig. 8 in two frames for
clarity. Figure 8(a) presents the results for water suspended on
silk for the two webspinner species and Figure 8(b) displays
the rose petal results. The first observation is that the V(¢) data
are roughly linear for the rose petals and mostly nonlinear
for the silk. Furthermore, the evaporation rates, 38—‘[/, for the
silk samples differ for significantly different starting volumes
and typically decrease with time, but the rates for the rose
petals look comparable. We note that for droplets starting in
the 7-9.5 ul range, there are two branches of data: The upper
branch displays three A. urichi and two P. trinitatis droplets
that evaporate in about 2 h, and the lower branch displays three
P, trinitatis droplets that evaporate in about 1 h.

The similar evaporation rates % for the rose petal data
motivated us to try collapsing them onto a single curve. Noting
that all four curves pass through 4 1, we linearly extrapolate
the time at which 4 ul occurs for each (74,;). Subtracting
T, for each of the three leftmost (smaller 7j,) curves from
the rightmost curve (hourglass filled data) yields three time
offsets. When these offsets are added to the corresponding
time data, we find that all four curves reasonably collapse
onto one (inset). For this combined data set, a linear fit looks
appropriate and indicates an evaporation rate of 0.086 p1/min.

We have also attempted to determine the typical thick-
nesses of the residual films. This measurement has proven to
be rather challenging as the most relevant samples would be
those still suspended on silk. We note that the color fringes
evident in Fig. 4(c), suggest thicknesses of the order of optical
wavelengths. In order to utilize both the Zeta-20 3D micro-
scope and atomic force microscopy (AFM) to measure either
thicknesses or step heights, we added water to silk that is spun
directly onto our graphite substrates (i.e., not suspended) and
allowed that to dry into films. We have found thickness values
ranging from 107 nm to 6 um for P. trinitatis and from 242 nm
to 6 um for A. urichi. A summary of these thickness results is
presented in Supplemental Fig. 2 in the Supplemental Mate-
rial [21]. These values are within a reasonable range, but direct
comparison with the suspended films might not be justified.

IV. DISCUSSION

A. Experimental results

Most data in Fig. 8(a) indicate that the evaporation rates of
droplets on silk decrease with time. The lowest two curves
were started at smaller initial nominal volumes (2.5 ul A.
urichi and 1.2 ul P. trinitatis), so these data do not seem
to fit with the larger drop results. Three P. trinitatis curves
represent drops that dried in about 1 h and do not group
well with the upper branch of data (three A. urichi samples
and two P. trinitatis samples taking about 2 h to dry). It was
observed that these three faster curves were produced on silk
samples that were very sparse. Pararhagadochir trinitatis silk
was generally found to have denser packing of fibers [14];
however, these three samples reflect inhibited or unwilling
spinning behavior. An indication of this difference is observed
in the final dried films for the various experimental runs.
The sparse or “thin” silk experiments resulted in very limited
residual films whereas the “thick” silk yielded robust, nearly
continuous films over the entire region of contact with the

droplet. Supplemental Fig. 3 [21] shows images that illustrate
this comparison. Furthermore, this definition of thick versus
thin correlates exactly with the two P. trinitatis evaporation
branches.

Focusing on the upper branch of the data (initial volumes
in the 8-9.5 ul range and drying times of about 2 h) indicates
similar time dependence for both species, and superimposing
the fit line from the rose petal data onto the silk droplet data
reveals a reasonable agreement with the initial trend. This
favorable comparison suggests that the initial evaporation
rate of these larger drops is similar to the “common” rate
of the drops on the rose petals. Taking the V(¢) results for
silk-suspended drops along with our model of protein film
formation suggests that drops are dissolving and incorporating
the protein core as they evaporate. The increasing protein
component slows evaporation until the residual film is left
behind. Such a trend has been predicted for water droplets
with organic surface films: initial evaporation rates similar
to that of pure water with slowing rates at later times [23].
It is also notable that as these droplets evaporate, they take
on a shape more like the droplets on graphite (see Fig. 6(b)
and the evaporation movie in the Supplemental Material [21]).
We observe this effect to be due to the pinning of the droplet
edges on the silk. The pinning causes the base of the droplet
to remain larger than it would be if governed by the surface
tension and wetting properties of a new drop [e.g., the shape
of Fig. 6(a)]. Given this late-stage shape, we would expect %
to increase (or at least remain constant) without the presence
of any protein film. The decreasing 33_‘:/ further supports our
conclusion that the protein film inhibits evaporation. It is also
of interest to note that the three “thin” P. trinitatis drops evap-
orate at a faster rate than the rose petal droplets. This result
is consistent with sparser silk and a larger effective surface
area (bottom and top) from which the drop can evaporate as
compared to the rose petals (top only).

B. Theoretical background and model

A comprehensive theoretical treatment of droplet evapo-
ration by Fuchs [20] was rooted in Maxwell’s description of
diffusion [24] with additional refinement to include heat flow.
Previous experimental work [25] had also drawn on diffusion
equation solutions [26], and an even earlier derivation [27]
was motivated by an experimental study of evaporating iodine
spheres [28]. The summarizing prediction of this work is that
the evaporation rate of spheres, defined to be mass (or volume)
per time, should be proportional to drop radius. An equiv-
alent prediction is that the surface area of a spherical drop
should be a linear function of time [20]. Experimental results
support either of these relationships [25]. Subsequent exper-
iments considered a more detailed analysis of water droplets
evaporating while falling in air of varying humidity [29,30].
For the purposes of our work, the simpler and earlier models
appear to be adequate given that we do not control humidity
and our drops are stationary. Furthermore, these earlier studies
are focused on evaporation from spherical surfaces (iodine
spheres, falling water droplets). Although our droplets start
out nearly spherical in shape governed by the surface tension
of the water combined with the hydrophobicity of the surface
(Fig. 6), they eventually become flattened puddles due to
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pinning to the surface (see video in the Supplemental Material
[21]). We suspect that the linear V() behavior of the rose petal
droplets is related to their changing shape (aspect ratio).
Fuchs [20] contains a detailed treatment of evaporation
rates from different shapes. In particular, he derives an ex-
pression for the rate of an oblate ellipse of rotation (flattened
ellipsoid). The rate for such an ellipsoid turns out to be

4 Deva? + b2

Iy =

and the similar version for a sphere,

Isph = 47 Dcr,

where [ is the evaporation rate, a is the semimajor axis, and
b is the semiminor axis of the ellipse of rotation, r is the
radius of the sphere, D is the diffusion coefficient, and c is
the vapor concentration at the surface. The value for D, and
also for ¢, should be the same for both shapes. It is important
to note that although our droplets are never full ellipsoids of
rotation, their top surfaces can be roughly described as half
ellipsoids with the shapes at the earliest times being roughly
hemispherical. For comparison we use experimental data dig-
itized from Houghton [25] to calculate and plot volume as
a function of time [black curve in Fig. 9(b)]. These data
also reflect good agreement with the basic theory because
the calculated surface area follows a linear time dependence
(not shown here). We now model the same data assuming that
the droplets have a fixed semimajor axis (a) equivalent to the
initial radius (a = r) due to pinning, with the semiminor axis
(b, also the thickness of the drop at the center) being reduced
while holding the volume constant:

4_3_4_ 2
ITr =3ma b.
At a particular volume, %nr3 , we can then find a value for
3
b,b= 1.

The ratio, L.y /Isph, gives us a factor for increased evapora-
tion rates:

_ Va> + 2
N acos_l(g)'

We now take the differential volume changes from the
original spherical data and multiply those by the evaporation
rate ratio R to get predicted differential volume changes for
ellipsoidal drops. By adding those together we generate a
predicted V(¢) assuming ellipsoidal drop profiles [Fig. 9(b),
red curve]. As would be expected, the new predicted V(r)
decreases more quickly as the surface area per volume (hence
evaporation rate) is growing faster. Both the evaporation rate
ratio R and the predicted V(¢) are plotted in Fig. 9. This result
supports the conclusion that as the pinned drops evaporate, the
evaporation rates increase as their profiles change from almost
spherical to very flattened puddles. The predicted red curve is
not perfectly linear, but it provides a plausible explanation for
the faster and nearly linear V(r) data we observe in our data
for rose petals.
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FIG. 9. Modeling of flattening ellipsoid evaporation rates. (a)
Calculated ratio of the evaporation rate of an oblate ellipsoid of
rotation to that of a sphere (adapted from Fuchs [20]). (b) Data
adapted from Houghton [25] of evaporating water droplets (solid
black curve). The dashed red curve is our model calculated from
assuming the droplets are flattening ellipsoids with a fixed semimajor
axis, and the evaporation rate is increased using the factor from (a).
Although the red (dashed) line is not exactly linear, the increase in
evaporation rate is consistent with our control data for droplets on
rose petals.

This modified evaporation model assuming ellipsoidal
droplets is consistent with our observations of the roughly
linear time dependence of water droplets evaporating from
rose petals. Furthermore, a comparison to the rose petal data
leads us to conclusions about the similarly shaped droplets
on silk. The existence of residual films and the inhibited
evaporation from silk on thicker samples as compared to rose
petals is consistent with our understanding of the morpholog-
ical transformation that produces sheet structures. In this case
the formation of a protein surface film on the water droplet
inhibits evaporation, and it eventually becomes the remnant
film. The faster drying rate from silk on thinner samples can
also be explained by the higher surface area of evaporation
compared to the rose petal cases.

V. CONCLUSIONS

We have investigated and described the microscopic pro-
cess by which embiopteran silk is transformed into sheets or
films by water in order to understand its appearance in the
wild. These structures help keep the insects dry: an advantage
for these tropical species.

We have compared the evaporation of water droplets sus-
pended on both rose petals and embiopteran silk because they
share two critical properties: hydrophobicity and pinning. The
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similar interactions result in similarly shaped water droplets as
they dry. The evaporation rate of the droplets on sufficiently
thick silk is inhibited by the presence of a film produced by the
soluble protein core. Optical microscope images clearly show
a surface film on silk-suspended “water” droplets which pre-
sumably consists of this dissolved protein. This film becomes
the residual film after drying is complete. The insoluble outer
lipid layer provides the support structure as the droplets dry,
and SEM images also reveal a structure of these films sus-
pended on the undissolved fibers left behind. This proposed
mechanism is supported by a fiber structure with an outer lipid
layer and an inner protein core [8]. In addition, our previous
SEM observations reveal a distinguishable residue on graphite
substrates after wetting single fibers, thereby supporting this
water-soluble core model [3]. Droplets on thinner silk evapo-
rated more rapidly than those on rose petals presumably due
to their increased evaporation areas (both top and bottom ex-

posed). Although we know that the amino acids in the protein
core are hydrophilic [12], the details of the water incursion
into the core have not been determined. We have explained the
linear time dependence of the evaporation of rose petal drops
using a modified ellipsoidal-shape model based on deriva-
tions by Fuchs [20] and applied to actual water droplet data
[25]. Future plans include improving our measurements of the
suspended film thicknesses and characterizing the film mate-
rial. One possible approach might be to use matrix-assisted
laser desorption/ionization time-of-flight (MALDI TOF) mass
spectrometry to identify the proteins.
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