
Acta Biomaterialia 51 (2017) 408–417
Contents lists available at ScienceDirect

Acta Biomaterialia

journal homepage: www.elsevier .com/locate /ac tabiomat
Full length article
Wettability gradient on the elytra in the aquatic beetle Cybister chinensis
and its role in angular position of the beetle at water-air interface
http://dx.doi.org/10.1016/j.actbio.2017.01.022
1742-7061/� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail addresses: sunmx@ioz.ac.cn (M. Sun), chen1027yuan@hotmail.com (Y.

Chen), zhengym@buaa.edu.cn (Y. Zheng), zhenmm@iccas.ac.cn (M. Zhen), shu-
cy@iccas.ac.cn (C. Shu), zddai@nuaa.edu.cn (Z. Dai), liangap@ioz.ac.cn (A. Liang),
sgorb@zoologie.uni-kiel.de (S.N. Gorb).
Mingxia Sun a,b, Yuan Chen c, Yongmei Zheng c, Mingming Zhen d, Chunying Shu d, Zhendong Dai e,
Aiping Liang a,⇑, Stanislav N. Gorb b

aKey Laboratory of the Zoological Systematics and Evolution, Institute of Zoology, Chinese Academy of Sciences, Beichen West Road 1-5, Chaoyang District, Beijing 1000101, China
bDepartment of Functional Morphology and Biomechanics, Zoological Institute, Kiel University, Am Botanischen Garten 1-9, D-24118 Kiel, Germany
cKey Laboratory of Bio-Inspired Smart Interfacial Science and Technology of Ministry of Education, School of Chemistry and Environment, Beihang University, Xueyuan Road
37, Haidian District, Beijing 100191, China
dKey Laboratory of Molecular Nanostructure and Nanotechnology, Institute of Chemistry, Chinese Academy of Sciences, Zhongguancun North First Street 2, Haidian District,
Beijing 100190, China
e Institute of Bio-inspired Structure and Surface Engineering, Nanjing University of Aeronautics and Astronautics, Yudao Street 29, Nanjing 210016, China
a r t i c l e i n f o

Article history:
Received 1 November 2016
Received in revised form 13 December 2016
Accepted 5 January 2017
Available online 7 January 2017

Keywords:
Elytra
Cuticle
Surface microstructure
Wetting
Surface chemistry
Dytiscidae
Coleoptera
a b s t r a c t

The surface of the elytra in some species of aquatic beetles displays relatively low contact angles (CAs),
even showing hydrophilic properties. In this study, we report on an observation that both sexes of
Cybister chinensis beetle fresh elytral surface do not exhibit uniform CA, but rather a wettability gradient
along the longitudinal axis in posterior direction. The wettability is very different between females and
males due to the presence (female) or absence (male) of channels on the elytral surface. When a small
drop of water touches the elytra surface, it tends to slide towards the anterior having a lower CA on
the elytra. This gradient presumably supports a breathing-associated behavior of beetles in which they
cause the tip of their abdomen to protrude into the surface of the water in order to collect an air bubble
for oxygen uptake and, when floating on the surface, to keep the body inclined at a small angle to the
water’s surface with their heads immersed.

Statement of Significance

Hydrophobicity on surfaces is a fundamental property which has attracted great interest across all scien-
tific disciplines, here we have demonstrated that the gradually changing chemistry of the elytral surface
facilitates the tilted beetle posture on the water’s surface. The mechanism of water interacting with the
elytra demonstrated the most energetically favorable posture in the diving beetles. Surfaces with direc-
tional wetting properties that promote droplet drainage are of significant practical importance in many
fields. The anisotropic topography and wetting properties of the elytra may inspire microfluidic devices
for medical and robotic applications.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Biological surfaces are multifunctional and their hydrophobic or
hydrophilic properties have gained considerable attention from
various fields and provided inspiration for biomimetic applications
[1]. The most famous example in plants includes the self-cleaning
property of the super hydrophobic lotus leaf, which is due to the
combination of micro- and nano-bumps with intrinsic hydropho-
bic properties [2,3]. Even the more elaborate structures of the
air-retaining surfaces in Salvinia plants [4] have since been applied
to artificial materials and coatings [5].

Insects with their large biodiversity also have hydrophobic sur-
faces [6,7] related to the following functions: self-cleaning [8–17],
drag reduction [18–20], and weight support on water surfaces
[21,22]. Interest in diving insects and particularly in surfaces sup-
porting insect respiration mechanisms underwater has aroused
great scientific interest [23–31], with the first manuscripts going
back to the early 20th century [23]. Recent studies on aquatic bee-
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tles show the sexually dimorphic features on the female elytra,
which are responsible for a decrease in adhesion of the male adhe-
sive pads [32].

Aquatic beetles from the family Dytiscidae pierce water sur-
faces with their abdominal tip in order to collect air bubbles. This
behavior is associated to a specific posture with the head inclined
downward at a small angle relative to the water’s surface.
Although the posture had long been noted, the mechanism of hold-
ing it remained unknown. Presumably, this posture has something
to do with the specific interaction between water and the beetle’s
surface. The elytra, which cover and protect the major portion of
the aquatic beetle’s body, have static contact angles (CAs) generally
lower than 90� [33–35] but this single fact cannot explain the
observed behavior. In the present paper, based on the (1) morpho-
logical data, (2) wettability measurements, (3) video recording of
cuticle-water interactions, (4) preparation of replicas of elytral sur-
face structure, and (5) modelling surface interactions in water
using polyester textiles with a gradient of surface energy, we show
the mechanism of water interacting with the elytra in the diving
beetles Cybister chinensis, which facilitates the tilted beetle posture
on the water’s surface. These results could be used to assist in the
design of surfaces in micro-fluidic devices with directional wetting
properties.
2. Materials and methods

2.1. Insects

Diving beetles Cybister chinensis (18 females and 12 males) were
collected from a pond in Jilin province of China, where no specific
permits were required for the described field studies. They were
kept in a plastic container filled with fresh water which was chan-
ged weekly. The beetles were fed with small fish (see Supplemen-
tary Movie S1). All the elytra used for experimental measurements
were removed from freshly anaesthetized beetles except for some
CA measurements which were done on naturally dried elytra.

2.2. Contact angle and hysteresis measurements

To measure the surface hydrophobicity of elytra, the CAs were
measured in a sequence at 6 sites (referred to as S1–S6) (Fig. 1a)
from the base to the end of five fresh and four naturally dried elytra
(4 females and 2 males) using an optical contact angle measure-
ment device (Dataphysics Contact Angle System, OCA, Germany)
and following the sessile drop method. The elytra were fixed on
glass slides with double-sided adhesive. The volume of water dro-
plets was 2 ll. The CA hysteresis were measured, the process of
adding and retracting small water droplets to and from the surface
(Fig. 1b) was recorded (see Supplementary Movie S2 at the base of
elytra with lower CA and Movie S3 at the end of elytra with greater
CA).

Furthermore, to find howwater droplets move on the elytra, the
horizontally positioned elytra were fixed using double-sided adhe-
sive and the videos were recorded using the above mentioned opti-
cal CA system equipped with an inclined lens to focus on the
droplets (see Supplementary Movie S4). The water drops were dis-
pensed at an average speed of 3 ll s�1 using a motor-controlled
syringe system (Fig. 1c).

2.3. Observation of surface microstructure

To observe the surface microstructures, the fresh elytra were
cut into small (fractions) sections and gradually dehydrated in an
ascending ethanol series. These were then coated with a thin layer
of gold using a sputter–coater (BAL-TEC SCD005) and viewed with
a scanning electron microscope (SEM) (Quanta 200 FEG, FEI, Eind-
hoven, Netherlands). The mean values and standard deviations of
structural parameters of female and male elytral surfaces were
based on twenty replications of each sample (2 females and 2
males) (Fig. 1d).

2.4. Surface chemistry

To understand the influence of surface chemistry on wettability,
an infrared imaging microscope (ThermoScientific NicoletiN 10MX,
Waltham, MA USA) was used to show functional groups on the ely-
tral surfaces (4 females and 2 males). The scan wavelengths were
in the range of 4000–675 cm�1. The collection time of each signal
data was 12 s. On the female elytral surface, 40 uniformly dis-
tributed sites on the flat surface (named site 1–40) (Fig. S1a) and
30 sites in the channels (named site 1–30) (Fig. S1b) were succes-
sively scanned from the base to the end of the elytra. With the
same IR method as that used for female elytra, but on the surface
without channels, the male elytral surface was studied at five ran-
domly chosen sites (Fig. 1e). The IR spectra were analyzed accord-
ing to the Sadtler handbook of infrared spectra [36].

2.5. Preparation of the replicas of the elytra and their characterization

To show the effect of surface morphology on wettability, repli-
cas of elytra from 5 females and 5 males were fabricated using a
two-step moulding process. A dental wax (Light body, ISO 4823,
Type 3, low consistency, Ployvinylsiloxane (addition-type)) was
applied via a dispenser (MIXPAC�, DS 72, 1:1/2:1, Coltène/Whale-
dent GmbH + Co. KG, Langenau, Germany) onto a hard plastic sur-
face. The elytra were immediately pressed down into the fluid
dental wax. After about 5 min, the moulding mass completely
polymerised at room temperature. The elytra were separated from
the moulds. Then the moulds were filled with a liquid epoxy resin
(ERL-4221D, DER736, NSA and DMAE in a weight ratio of
25:15:65:1, Electron Microscopy Sciences/Polysciences, Inc. Hat-
field, USA). After the removal of the trapped air using a vacuum
controller (Buchi� V-850, at 5–6 mBar for 2 min), the epoxy was
hardened in an oven at 70 �C for 12 h. The epoxy replica was then
separated from the negative dental wax mould (Fig. 1f).

2.6. Modelling of the elytral movement in water

To explain how the surface energy gradient of elytra influences
beetle behavior in water, intact polyester textiles (total
area = 2 cm � 2 cm, CA = 101.6 ± 2.4�, diameter = 10.4 ± 0.2 lm)
were used, and one group of fibers was treated with a plasma beam
(Plasma-Surface-Technology, Diener electronic GmbH + Co. KG) for
10 s, to make them hydrophilic (see Supplementary Movie S5).
Both the hydrophobic and hydrophilic polyester textiles were fixed
at their central points onto a glass tube (external diameter = 1 mm,
and length = 40 mm) with bee’s wax. The hydrophobic end was
signed with a blue dot with one marking pen. Then the middle of
the glass tube was pressed downward to detect how the hydropho-
bic and hydrophilic ends react in water (Fig. 1g). This modelling
process was repeated seven times.

2.7. Statistical analysis

Statistical analysis was conducted using the software SigmaPlot
13.0 (Systat Software, Inc, USA). The one-way ANOVA followed by
Tukey’s test was used to determine differences and compare values
among groups. A p < 0.05 was considered to indicate statistical sig-
nificance. The confidence interval of contact angle measurements
is 95%.



Fig. 1. Schematics show the experimental methods. (a) The measured CA sequence at 6 sites referred to as S1–S6 from the base to the end of elytra. The base is the anterior of
the beetle and the end is the posterior of the elytra towards the abdomen end. (b) The process of adding and retracting small water droplets to and from the surface when
measuring the CA hysteresis. (c) The record of different volume of water droplets moving on the horizontally positioned elytra. (c) SEM observation of elytal surface. (e) On
the female elytral surface, 40 uniformly distributed sites on the flat surface and 30 sites in the channels, on the male elytral surface without channels was studied at 5
randomly chosen sites. (f) Preparation of the replicas of the elytra. (g) Modelling of the elytral movement in water.
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3. Results

3.1. Wettability of the elytral surface

Both female and male elytral surfaces displayed a gradient of
wettability that significantly increased from the base to the end
of the elytra (Figs. 2a, b). On the female elytra, the CAs changed
from 75.6� to 97.5� on the frontal portion covered with channels
(Fig. 2a). On the distal portion without channels, however, the
hydrophobicity was higher (CA = 104.4�). On the male elytra, the
CA at the elytral base was smaller (82.6�) than the other five CAs,
which were nearly equal, ranging from 93.7� to 97.1� (Fig. 2b).
The two water droplets on the left hand side in the optical images
in Fig. 2a show a longitudinally-elongated shape along the elytra if
compared to that on the male elytra (Fig. 2b). In males, the gradi-
ent of CA was not greater than on the female elytral surface
(Figs. 2c, d).

However, the naturally dried female or male elytra have no
obvious CA gradient. For the dried female elytra (Fig. 2e), the CA
was mostly higher (usually > 100�) than that for the fresh elytra
(Fig. 2c). For the dried male elytra (Fig. 2f), the CA strongly
decreased ranging from 55.2� to 78.0�, if compared to the fresh
one (Fig. 2d).
3.2. Surface microstructure of the elytral surfaces

In the female (the upper beetle in Fig. 3a), the anterior three-
quarters of the elytral surface consist of slender and sunken
longitudinally-running channels (Fig. 3b). The channels are discon-
tinuous with lengths varying from 167.0 lm up to 900.0 lm and
with almost uniform width (17.5 ± 2.0 lm). The bottoms are irreg-
ular and the depth (6.7 ± 0.9 lm) is slightly reduced at the junction
found at the posterior quarter of the elytra (Fig. 3b). The relatively
flat surfaces, which have channels (Fig. 3c), contain pores with a
diameter of 1.8 ± 0.3 lm and a density of 6165 mm�2 (Fig. 3d).
The submicron size, punctuated pits, having an average diameter
of 0.7 ± 0.1 lm are not prominent and are arranged in polygonal
arrays (Fig. 3e).

On the male elytra (the below beetle in Fig. 3a), there are polyg-
onal structures (Fig. 3f) with concave hexagonally-arranged lines
(Figs. 3g, h). The density of the pores is 1681 mm�2, much lower
than that on the female elytra. The diameter of the pores is
1.5 ± 0.2 lm.
3.3. Dynamics of water droplets on the elytral surface

The dynamics of water droplets contacting the elytral surface
was video recorded and is shown in Fig. 4. Water droplets always
tended to move towards the basal direction of the elytra having
the lower CA (see Supplementary Movie S2 on the base of elytra
with lower CA and Movie S3 on the end of elytra with greater
CA) when adding a small volume of water onto the static droplet
(Figs. 4a1-3–c1-3), the three-phase contact line on the left side of
the droplet began to move at 2.33 ms or 3.05 ms, but it remained
in place on the surface of the right side (Figs. 4a2–c2). When the
droplet reached its largest volume (Figs. 4a3–c3), the left three-
phase contact line on the left side of the droplet proceeds towards
the elytral basal direction 1.98 mm or 1.66 mm, on the left side of
the droplet it still did not move. It began to recede at a faster veloc-
ity on the left side than on the right side (0.32 mm/ms > 0.15 mm/
ms calculated according to Figs. 4b5,6; 0.09 mm/ms > 0 mm/ms
shown as Figs. 4c5,6) when the water was slowly withdrawn. This
experiment clearly illustrates the anisotropic wettability of the
elytra.

On the horizontally positioned female elytra, as soon as the
water droplets were applied they fell into the channels and imme-



Fig. 2. (a, b) A set of optical images demonstrating CAs of water droplets along the elytral surface of the beetle Cybister chinensis. (a) A gradient of wettability from the base to
the end of the female elytra with CAs gradually increasing from 75.6� to 104.4�. (b) The CAs are nearly equal ranging, from 93.7� to 97.1�, on the male elytra except a smaller
CA of 82.6� at the elytral base. (c–f) Plots of CA at different sites of elytra. (c) Fresh female elytra (Holm-Sidak method, P < 0.05). (d) Fresh male elytra (Kruskal-Wallis one-way
ANOVA on ranks, H = 10.308, P = 0.067). (e) Dry female elytra (Kruskal-Wallis one-way ANOVA on ranks, H = 29.291 with P 6 0.001 and Dunn’s test, P < 0.05). (f) Dry male
elytra (Kruskal-Wallis one-way ANOVA on ranks, H = 8.511, P = 0.130). S1–S6 are the sites from the base to the end of the elytra, where the CAs were measured.
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diately started to spread along them. When the drops fell on the
relatively flat surfaces they initially tended to adhere to the elytral
surface in a stationary state, but after several seconds (after
absorbing more droplets and thus becoming slightly larger), they
slid into the channels and spread along them (see Supplementary
Movie S4).
3.4. Chemical functional groups on the elytral surface

The IR-spectra obtained from the elytral surface contain a num-
ber of different bands (see Fig. S1). The feature peaks in the entire
range of wavelengths (4000–675 cm�1) on the flat surfaces (red
line in Fig. 5a) of the female elytra are significantly stronger than



Fig. 3. (a) Female and male beetles Cybister chinensis swimming in water. (b–h) SEM micrographs of the dorsal surface of elytra. (b) The anterior three-quarters of the female
elytra containing channels, the posterior quarter has no channels. (c) Two sunken, intermittent, and discontinuous slender channels surrounded by a relatively flat surface on
the female elytra. (d, e) The pores inlaid in the flat surface and not prominently punctate pits are arranged in a polygonal array on the female elytra. (f–h) The polygonal
structures and pores on the male elytra.
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in the channels (green line in the Fig. 5a). Unlike the female elytra,
on the male elytra (the blue line in the Fig. 5a), at a wavelength of
1076 cm�1 and 1010 cm�1, two strong peaks were revealed for the
single C–OH stretching vibration of alicyclic secondary alcohol. But
on the female elytra another C–OH stretching (equatorial) vibra-
tion in 1065–1037 cm�1 resulted in another two weak peaks (see
the insert in Fig. 5a). This difference (having two C–OHs) can also
be certified combining with the O–H stretching vibration at
3300 cm�1 and O–H in-plane deformation vibration at 1450–
1330 cm�1.

The other band near 1630 cm�1could represent proteins in beta
sheet conformation arising mainly from the carbonyl group (C@O)
stretching the vibration of secondary and tertiary amides. The
2000–1660 cm�1 band could correspond to, Disubstituted Benzene
belonging to unsaturated hydrocarbons. The Aromatic Ethers (C–
O–C stretching) presumably correspond to 1280–1100 cm�1

(Fig. 5b). The other bonds including C@C, C@N and N–H have their
peaks at 2500–2000 cm�1. Triple and cumulative double bonds
appeared at 2500–2000 cm�1, like N@C@S stretching vibration of
Isothiocyanates. At the wavelengths of 4000–2500 cm�1 included
the stretching vibrations of SH absorption (2600–2550 cm�1), CH
(2900 cm�1), a higher wave number of the NH (3300–
3100 cm�1), and NH2 asymmetric stretching (3360–3390 cm�1),
OH (ca. 3600 cm�1) from Alcohols and OH (3000–2500 cm�1) of
Carboxylic Acids (Fig. 5c).

In the fingerprint range of 1000–675 cm�1 (C–H deformation
vibration) and a wavelength of 4000–2500 cm�1, the number of
peaks obtained on different sites of elytra increased with the
scanned site from the base to the end of the elytra as from site 2
(indicated as the red line) to site 47 (the yellow line) (Figs. 5b, c)
on the flat surface as well as from site 5 to site 28 in the channels
in Fig. 5d. On site 2 of the flat surface, only in the spectra of
3400–1260 cm�1 were the non-existing hydrocarbons on the most
anterior elytra site illustrated. On site 8, site 11 on the flat surface
and site 5 in the channel, the spectra in 3630–1045 cm�1 show
fewer CH, OH, NH and NH2 than on site 28 on the flat surface, site
11 and site 28 in the channels in 3810–870 cm�1. While on site
37 on the flat surface the entire spectral data in 4000–675 cm�1

show having the most bonds on the most posterior site on the
elytra.



Fig. 4. The process of water droplet movement on the elytral base (b) and end (c) to show the contact angle hysteresis on the left side of water droplets smaller than that on
the right side, this illustrates that the water droplet easier moves towards the basal direction of the elytra having the lower CA; (a) Explanation to the process of (b) and (c);
(b), (c) Optical images of the droplet showing its behavior when adding or retracting small volumes of water into/from the static droplet. (b1, c1) 1.64 ms, the water was
injected into the droplet; (b2) 2.33 ms and (c2) 3.05 ms, the three-phase contact line on the left side began to move, but remained in place on the right side; (b3) 19.20 ms and
(c3) 10.92 ms, the largest volume of the water droplet, the three-phase contact line on the left side proceeds 1.98 mm and 1.66 mm; (b4) 23.41 ms, the three-phase contact
line on the right side began to recede; (c4) 12.77 ms, the three-phase contact line on the right side move to the most right. (b5) 24.25 ms and (c5) 23.12 ms, the three-phase
contact line on the left side begin to recede; (b6, c6) Two frames at 27.64 ms and 27.69 ms showing that the contact line on the left side moves faster than on the right side
during the same period of time (0.32 mm/ms > 0.15 mm/ms; 0.09 mm/ms > 0 mm/ms).
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3.5. Microstructure and wettability of the elytral replica

On the female replica, the structures showed similar channels
as those on the fresh elytra (Figs. 6a, b) with a CA of 103.2 ± 3.4�,
but the density of pores was slightly smaller (2229 mm�2). The
male replica has polygonal structures, CA of 99.5 ± 2.0�, and a
smaller density of pores (1612 mm�2) than the fresh male elytra
(Figs. 6c, d). All CAs of elytral replicas are higher than the CA of



Fig. 5. IR spectra on the elytral surfaces of the beetle Cybister chinensis. (a) The red and green lines show IR spectra of the flat surface and the channel of the fresh female
elytra; the blue lines represent IR spectra of the fresh male elytra; the insert illustrates the divergent peak at 1076 cm�1 on both the female and the male elytra. (b, c)
Comparison of IR spectra on different sites (site 2, site 8, site 14, site 28, site 37) from the base to the end on the flat surface of the fresh female elytra at wavelengths of 1700–
675 cm�1 and 4000–2500 cm�1. (d) IR spectra on different sites (site 5, site 11, site 28) from the base to end in the channels of the fresh female elytra in the wavelength range
of 1700–675 cm�1.
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the smooth resin (94.5 ± 1.4�). The replica measurements show
that surface structuring plays no role in the gradient observed,
implying that it is controlled by chemistry.
3.6. Modelling elytral movement within water

To model the beetle’s behavior in water (Fig. 7a), the central
point of the glass tube with the hydrophobic and hydrophilic
polyester textiles attached was pressed into a beaker of water,
the hydrophilic end sank down into the water immediately after
being submerged and inclined to an angle of 10.3 ± 0.7� with the
water’s surface (Fig. 7b), most of the tip of the hydrophobic end
comparable to the beetle’s abdomen was still exposed to the air.
4. Discussion

4.1. Microstructure, functional groups and gradient wettability

The female and male elytral surfaces display a wettability gra-
dient from the front to the back of the elytra (Figs. 2a, b). If the
material is hydrophobic (CA > 90�), the surface roughness further
decreases its wettability [37]. On the replica of the male elytra,
owing to many pores and polygonal microstructures, the CAs are
greater than those on the smooth resin. On the replica of the
female elytra, the CAs are even higher than on the male replica,
due to the additional structure of channels and a greater density
of pores situated on the relatively flat surface between the chan-
nels. The dry female elytra have a significantly larger CA than the
dry male elytra (P < 0.001) (Figs. 2e, f), also showing that the
microstructure mediates the wettability of the elytral surface.

The fresh female elytra exhibit a prominent wettability gradient
(P < 0.001), whereas in the dry one, the gradient is less strongly
expressed (P < 0.05). Dry male elytra have no obvious changes in
CA (P = 0.130) from the base to the end of the elytra, whereas the
fresh male elytra with their prominent wettability gradient
(P = 0.067) illustrate that the chemical groups play a major role
in maintaining such a gradient.

Within the range of wavelengths between 1000–700 cm�1 and
4000–2500 cm�1, the spectra from the base sites (with lower CA)
of the elytra have gradually increasing peaks, if compared with the
elytral end (site 2 to site 47 on the flat surface and site 5 to site 28
in the channels). These data illustrate that either the number of side
chains increase or a higher number of isomers appear from the ante-
rior to the posterior end of elytra. Thus, the wettability gradient is
mainly achieved by fine-tuning the surface chemistry. The weaker
intensityof spectra in channelspresumably leads to a strongerwater
attraction into the channels on the female elytra. This, in turn,



Fig. 6. SEM images of the dorsal elytral surface replicas and optical photos of contact angles on the female and male elytral replicas. (a) Replica of the female elytra showing
the channels and pores. (b) The female elytra replica. (c, d) The male elytra replica. The inserts in (a) and (c) show the optical photos of a water drop on the replicas of the
female and male elytra.

Fig. 7. (a) An adult female of Cybister chinensis floating on the water‘s surface with its abdomen tip piercing the surface to collect an air bubble. (b) Artificial model explaining
the position of the elytra in water (tilting angle = 10.3 ± 0.7�). The model was made from polyester fibers with either hydrophobic or hydrophilic ends.
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presumably results in an enhancement of the wettability gradient,
which is much greater than that on the fresh male elytra.

4.2. Microstructure, functional groups and droplet movement

The video recorded droplet motion on the elytral surface greatly
expands our results on the static CA. Before the water droplet
reaches a state of equilibrium the interfacial tension gradient, orig-
inating from the different amount of carbonyl groups (C@O),
enables it to spread onto the elytral surface. This might be the
result of directional attraction of the longitudinal channels, as well
as the greater attraction of the carbonyl groups. During the process
of water spreading, the advancing three-phase contact lines con-
sume a considerable amount of energy. The remaining energy of
the water droplet after dissipation is insufficient to support it,
and thus it becomes extended in the direction perpendicular to
the channels. Therefore, at equilibrium, the shape of the water dro-
plets are elongated at the elytral base and spherically-shaped at
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the elytral end (see optical images in Figs. 2a, b). Drop motion is
caused by the fact that the intrinsic (Young) contact angles at both
ends (front and back, in a simple 2D picture) of the drop are differ-
ent, but Laplace pressure tends to force them to be the same. Thus
neither end is at strict, local equilibrium, and as a result the drop is
pushed from one side and pulled from the other [38,39]. In addi-
tion, the submicron-scaled punctuated pits arranged in a polygonal
array may also play an important role in the directional movement
of water-air-solid contact lines.

On the horizontally positioned female elytral surface, the chan-
nels on the relatively flat surfaces help water droplets to move over
the elytral surface, and thus improve their sliding capability (see
Supplementary Movie S4). The surfaces with directional wetting
properties (with the CAs ranging from 75.6� to 104.4�) promote
droplet motion due to the three-phase contact lines parallel to
the channels. Furthermore, water droplets slide from the flat sur-
faces into the channels as a result of the weak intensity of spectra
present within the channels. Also, the large inertia of water dro-
plets can overcome the attractive force from the carbonyl groups,
which allows water droplets to flow. Due to the sudden rupture
of contact lines of the rough structures at the bottom of the chan-
nels, submicron-scaled pits and pore edges pull flowing water dro-
plets forward. The subsequent droplets flow even easier.
4.3. Gradient wettability, beetle behavior and adaptive significance

As Supplementary Movie S1 and Fig. 7a illustrate, when the div-
ing beetle C. chinensis pierces a water surface, using its abdomen
tip to collect an air bubble, its body is inclined at a small angle of
19.0 ± 1.0� with its own mirror image, about 10.0� with the respect
to the water surface with the head immersed in the water. There
are no differences between male and female in this behavior, when
completely underwater the beetles are not titled, the air bubbles
float away when they are swimming, and the elytral surfaces are
covered with a thin layer of air when the beetles are submerged
(Figs. 3a and S2 highlighted by the green ellipse).

If the water would tightly adhere to the elytra, the beetle would
consume a large amount of energy in exposing the tip of its abdo-
men to the air. The gradually increasing hydrophobicity from the
base to the end of the elytra is helpful in reducing the amount of
this energy, because it can increase the efficiency of directional
movement of water as shown in Fig. 4 and Movies S2, 3 for the
smaller hysteresis towards the basal direction of elytra. This
hypothesis is supported by the experiment with our model device.
Its hydrophobic end floated on the water surface, while the hydro-
philic end sank into the water and produced an angle of 10.3 ± 0.7�
with the water’s surface (Fig. 7b), which is well agreed with the
naturally titled angle (ca. 10.0�) (Fig. 7a).

For the wettability gradient relates to a basic physiologic func-
tioning (breathing), it seems that there should be strong selection
in both sexes for similar system. That is, the sexual dimorphism
should not be there. The channels on the female elytra may addi-
tionally decrease the adhesion of the male adhesive pads as proved
by recently published result [30].
5. Conclusions

Here we have demonstrated that the gradually changing chem-
istry of the elytral surface aids in keeping the most energetically
favorable posture for the beetle during the air bubble capture at
the water’s surface. The submicron-scaled pits with their specific
order along polygonal edges and pores also play an important role
in the directional movements of contact lines. Surfaces with direc-
tional wetting properties that promote droplet drainage are of sig-
nificant practical importance in many fields. The anisotropic
topography and wetting properties of the elytra may inspire
microfluidic devices for medical and robotic applications.
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