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Abstract: The ability of dragonflies to fly in the rain without being wetted by raindrops has motivated 

researchers to investigate the impact behavior of a drop on the superhydrophobic wings of dragonflies. This 

superhydrophobic surface is used as a reference for the design of directional surfaces and has attracted 

extensive attention owing to its wide applicability in microfluidics, self-cleaning, and other fields. In this study, 

the static contact angle and rebound process of a drop impacting a dragonfly wing surface are investigated 

experimentally, whereas the wetting pressure, Gibbs free energy, and Stokes number vs. coefficient of restitution 

are theoretically calculated to examine the dynamic and unidirectional transport behaviors of the drop. Results 

show that the initial inclination angle of the dragonfly wing is similar to the sliding angles along with the drop 

sliding. The water drop bounces from the bottom of the dragonfly wing to the distal position, demonstrating 

directional migration. The drop impacts the dragonfly wing surface, and the drop exhibits compression, 

recovery, and separation phases; in these three phases, the drop morphology evolves. As the Gibbs free energy 

and cross-sectional area evolve, the coefficient of restitution decreases as the drop continues to bounce, and 

the Stokes number increases. 
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1  Introduction 

Drop impact and transport on solid surfaces are 

ubiquitous in nature and applications, such as 

microfluidics, self-cleaning, spray painting, anti-icing, 

and inkjet printing [1–4]. The impact of drops, which 

was coined by Worthington (1876) [1], can result 

in drop deposition, bounce [5], or splash [6], and 

has garnered significant interest among scholars in 

recent years. Many scholars have begun to investigate 

the causes of drop rebound and the resulting changes 

in the corresponding splash. Based on these studies, 

considering the way of drop transport process, 

achieving the directional transport of drop, and the 

development prospects of drop impact are discussed. 

Preliminary studies to enable a better understanding 

of liquid drop-to-solid collisions have been conducted. 

The results show that surface superhydrophobicity [7], 

the Leidenfrost effect [8], substrate sublimation [9], 

and ambient pressure reduction [10] can facilitate drop 

rebound, particularly the effect of superhydrophobicity. 

Liu et al. [11, 12] discovered that at the same micron 

scale, the conical micron structure significantly 

enhanced the ability of an impinged drop to rebound 

in the shape of a circular cake, resulting in a shorter 

solid–liquid contact time and less energy dissipated 

by the impinged drop. Van der Veen et al. [13] 

investigated the height and distance effects of the 

microstructure of a hydrophobic surface on an air film 

based on the development of an air film between the 

collision drop and a wall. Yeong et al. [14] investigated 

the spreading and rebounding characteristics of a  
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drop-hitting plane and an inclined superhydrophobic 

surface and discovered that the viscosity and retreat 

angle can change the rebound characteristics of the 

drop. Hao et al. [15] systematically investigated the 

relationship between the critical velocity from the drop 

impact process and the microgeometric structure of  

a superhydrophobic surface. Khojasteh et al. [16] 

introduced potential applications of superhydrophobic 

surfaces and the most recent progress pertaining   

to the dynamics and kinematics of drop-impacting 

superhydrophobic substrates. LeClear et al. [17] 

discussed the dynamic behavior of a drop on an 

inclined superhydrophobic surface and concluded that 

the Weber number is related to the impact dynamics 

on an inclined surface featuring three different types of 

textures. Jiang et al. [18] experimentally investigated 

the effect of a drop on superhydrophobic surfaces 

with or without protuberances and discovered that 

the existence of protuberances not only changed the 

impact dynamics, but also significantly affected drop 

deformation. However, these studies pertaining to 

the bouncing behavior of drops impacting hydrophobic 

surfaces of different materials and structures focused 

more on the effect of surface structure on drop impact. 

Few studies have investigated the impact of a drop 

on the transport surface.  

After 3.5 billion years of biological evolution and 

co-evolution, organisms have optimized their structures, 

shapes and functions, and movement modes and 

behaviors, thus providing a scientific basis for the 

selection of technical schemes and the development 

of self-compensating, self-adapting, and self-regulating 

technologies. Consequently, the field of biomimetics 

was birthed. Rice leaves, lotus leaves, butterflies, and 

dragonflies exhibit excellent hydrophobic properties. 

Pan et al. [19] and Kulinich and Farzaneh [20] 

discovered that the lotus leaf surface not only features 

numerous micron-sized papillae, but is also abundant 

in waxy materials of low surface energy, thus 

affording superhydrophobicity on the lotus leaf. Pu 

et al. [21] discovered that rice features a micro–nano 

composite structure similar to that of the lotus leaf 

surface. Sun et al. [22] discovered that the micron-sized 

papillae on a lotus leaf surface were distributed evenly, 

whereas the papillae on a rice leaf surface were 

distributed orderly parallel to the leaf edge. Zhang 

et al. [23] and Ye et al. [24] showed that the micropores 

on a butterfly wing surface and the nano-sized 

columnar structure on the cicada wing surface 

contributed significantly to the superhydrophobic 

properties of those surfaces. Ren and Li [25] introduced 

the functional characteristics of a dragonfly wing, 

described the effects of its shape, construct, structure, 

and material on the functional characteristics, and 

proposed its application prospects. Gao et al. [26] 

designed a bionic surface structure based on a 

dragonfly wing to enhance the suspension lift of a 

glass-transport unit. Dragonflies are not wetted by 

rain during flight, which involves raindrop impact 

and transport. Hence, researchers are motivated to 

investigate the impact behavior of drops on their 

superhydrophobic airfoil surfaces, which significantly 

affects the directional surface design. However, the 

microstructure of a dragonfly’s wing surface and its 

effect on drop impact and transport performance are 

yet to be elucidated. Most studies focused on the 

behavior of fluid motion on the biological surface but 

did not investigate the motion mechanism. Studies 

regarding the unique structure of the dragonfly wing 

surface and its correlation with liquid motion have 

been even less published, thus greatly affects the 

extraction and application of the superhydrophobic 

wing surface of dragonfly wings. 

In this study, the dragonfly wing surface is considered 

as the research object, the static contact angle and 

rebound process of drop impact are investigated 

experimentally, and the wetting pressure, Gibbs  

free energy, and Stokes number vs. coefficient of 

restitution are theoretically calculated to examine  

the dynamic and unidirectional transport behaviors 

of drops impacting the dragonfly wing surface. The 

relationship among the solid drop impact, transport 

characteristics, and wettability is discussed, and the 

properties of controllable fluid transport on dragonfly 

wings are revealed, thus providing a theoretical 

basis and rationale for the formation of unpowered 

self-driven microflow channel systems. 

2 Experimental 

2.1 Sample preparation  

Test samples of wing membranes were obtained  

from dragonflies. A Philips XL30 scanning electron 
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microscopy(SEM; S-4800, Hitachi) equipment 

was employed to investigate the morphology and 

microstructure of the dragonfly wings, all of which 

were coated with 8 nm of gold. Finally, the samples 

were observed via SEM (Fig. 1(c)). As shown in Fig. 1(c), 

dragonfly wings feature multilevel micro and nano 

structures attached to hydrophobic wax cuticles growing 

on their surface, which is a unique low-dimensional 

biological structure that endows them with excellent 

superhydrophobic properties. Additionally, it allows 

the droplets to tower over the surface of the dragonfly 

wings (Figs. 1(a) and 1(b)). Thus, when a droplet hits a 

dragonfly wing, it undergoes the stages of compression, 

recovery, separation, and rebounding (Fig. 1(d)). 

2.2 Experimental apparatus 

A series of uniform drops of distilled water was 

deposited onto the sample. A pressure tank filled 

with water was used to supply fluid via the pipe   

to the nozzle, which featured an inner diameter of 

0.15 mm. A high-speed camera (Phanto V7, Vison 

Research, Inc.) with a recording rate of 5,000 frames/s, 

equipped with a Nikon 60 mm lens, was used to 

capture the post-impingement process using a back- 

illumination technique, as shown in Fig. 2. The surface 

tension, viscosity, and density of the liquid drops 

were 7.275 × 10−2 N/m, 1.005 × 10−3 Pa/s, and 9.98 ×  

103 kg/m, respectively. The impact velocity of the drop  

 

Fig. 1 Microstructure of dragonfly wings and diagram showing droplet impact motion on dragonfly wings. (a) Droplets collapsed 
onto surface of dragonfly wings. (b) Details of liquid bead on surface of dragonfly wing. (c) Structure and micromorphology of various 
section of dragonfly wing. (d) Model depicting motion of droplet on surface of dragonfly wing during each stage of impact, and the
corresponding state of motion at each stage. 

 

Fig. 2 Schematic illustration of water drop-impacting experimental apparatus. 
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was controlled by changing the distance between the 

needle and sample in the vertical direction (distance 

of 20 mm). 

3 Results and discussion 

3.1 Static contact angle 

The drop did not stop moving and rolled off easily 

along the radial outward (RO) direction of the surface 

owing to the small tilt of the real wing surface. 

Therefore, the dragonfly wing was tilted on a glass 

slide to investigate the effect of the dragonfly wing 

structure on the wettability. Figure 3 shows the static 

contact angles of a 3 μL drop at different positions  

on the dragonfly wing surface. The dragonfly wing 

structure exhibited superhydrophobicity with static 

contact angles exceeding 150° at three positions on 

the surface in a transient state. The advancing contact 

angle (from 153° to 150°) decreased along the RO 

direction (from the basal position to the distal 

position), and the sliding angles were 3°–4°. Hence, 

there are reasons to believe that the initial angle of 

inclination of the dragonfly wing was similar to the 

sliding angle along the RO direction. Considering 

the motion of the dragonfly, when the wing was 

tilted down along the RO direction, the liquid drop 

overflowed the ridge of the dragonfly wing and 

departed rapidly from the wing. By contrast, when 

the wing was tilted up against the RO direction, the 

liquid pinned at the ridge edge with a larger contact 

angle until the next swing.  

3.2 Drop impact process 

3.2.1 Theoretical model 

When a liquid drop impacts a solid surface, the 

bouncing behavior of the drop depends on its surface 

hydrophobicity. For a superhydrophobic surface, 

the liquid repels the surface, and the drop may 

continuously rebound several times until it stops  

on the surface (Fig. 4(a)); furthermore, the bouncing 

state depends on the wetting pressure. For more 

details, please see Section S1 of the Electronic 

Supplementary Material (ESM). 

3.2.2 Maximum rebound height 

The surface of dragonfly wings exhibits 

superhydrophobic properties; therefore, the droplets 

will bounce continuously when they strike the surface 

of the dragonfly wings. Figure 4(b) shows that the 

maximum rebound height of a drop that rebounded 

completely on the dragonfly wing surface in the 

vertical direction. The drop impacted the dragonfly 

wing surface, occurring in completely rebound. When 

time t = 71 ms, the drop rebounded to the maximum 

height, which decreased as t increased. Kinetic energy 

was dissipated owing to the deformation during the 

entire drop rebound process. 

3.3 Transport process 

Figure 4(e) shows the maximum migration distance 

of a drop impacting the dragonfly wing surface in  

the horizontal direction. The results show that the 

drop underwent lateral transport, and that the lateral 

migration distance decreased as t increased. The 

water drop bounced from the basal position to the 

distal position of the dragonfly wing, and the surface 

presented unidirectional transport characteristics. 

Considering the nano and micro textures of the 

dragonfly wing surface (Fig. 1(c)) as well as the static 

contact angles of different sections of the dragonfly 

wing surface (Fig. 3), the contact angles decreased 

along the RO direction (from the basal to the distal 

region of the dragonfly wing), and an interfacial energy 

gradient appeared on the dragonfly wing surface. The 

different contact angles of the water drop resulted in 

unbalanced tension in the gas–liquid–solid three-phase 

contact line, and the driving force (F are provided  

 
Fig. 3 Static contact angles of 3 µL drop at different positions on dragonfly wing surface. 
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in Section S2 of the ESM) along the direction of 

interfacial energy increased, thus resulting in drop 

migration (Fig. 4(c)). Therefore, drop migration occurred 

on a solid surface along the direction of decreasing 

contact angles when the driving force of the drop 

exceeded the resistance force of the drop. 

In addition, a tilt angle was observed in the initial 

dragonfly wing surface, and the gravitational force 

Fmg along the X-axis should be considered in the 

force analysis (Fig. 4(d)) as it significantly affects 

lateral drop transport. When the drop tilted on the 

dragonfly wing surface, it was expelled from the 

dragonfly wing surface owing to gravity. Therefore, the 

drop can be designed to be horizontally transported, 

similar to a real wing surface. 

3.4 Drop continuous bounce evolution 

Figures 5(a) and 5(b) show rebound images of a drop 

on the dragonfly wing surface at the first rebound 

and a process diagram showing a drop before and after 

impacting the dragonfly wing surface, respectively. 

The results show the wetting state transition among 

the Cassie, Wenzel, and metastable states, and three 

phases throughout the impact process: the compression 

phase (Cassie–Metastable–Wenzel state, 39 ms < t < 43 ms), 

recovery phase (Wenzel–Metastable–Cassie state,  

43 ms < t < 48 ms), and separation phase 

(Cassie-rebound state, 48 ms < t < 74 ms). After the 

drop impacted the surface, the micro and nano surfaces 

limited the bounce of the drop. In the compression 

phase, where the drop was compressed during impact, 

some of liquid from the drop extruded into the 

microstructure, the impacting drop collided with the 

surface and formed an expanding sheet, the drop 

reached the maximum spreading radius at 43 ms, 

and the spread velocity decreased as time progressed 

until it reached zero. During the compression 

phase, the contact pressure increased and evolved 

depending on the wetting state. A wetting pressure 

Fig. 4 Theoretical model and experimental data diagram showing bounce and transport of liquid droplets on surface of dragonfly wing
bladder in presence of force. (a) Tentative description of rebound height and migration throughout impact process, and "mg" represents 
the gravity of the drop. (b) Complete rebound phenomenon of drop on dragonfly wing surface in vertical direction (maximum rebound 
height). Analysis of drop forces in different planes: (c) Analysis of plane drop force; (d) X-axis gravity analysis on inclined surface; 
(e) transport of drop impacting dragonfly wing surface in horizontal direction (maximum migration distance). 
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was observed between the drop and contact surface 

(the wetting pressure included the dynamic pressure 

PD = 0.15 kPa and instantaneous water hammer 

pressure PH = 0.16 MPa), as well as an anti-wetting 

pressure (anti-wetting pressure PC of 0.22 MPa–0.6 kPa). 

This anti-wetting pressure occurred in the non-wetting 

state (PC > PH > PD), where the Cassie–Metastable– 

Wenzel state transition occurred, and the Gibbs free 

energy G from Gstar-2 to Gstar-4 increased (Gstar-2 is the star 

numbered 2 spread in Fig. 5(c)). At 43 ms < t < 48 ms, 

the drop entered the recovery phase because of the 

surface tension, capillary force, and some simultaneous 

internal circulations inside the drop. The drop formed 

a recoiling sheet, the Wenzel–Metastable–Cassie state 

transition occurred, and the Gibbs free energy G from 

Gstar-4 to Gstar-6 decreased (Fig. 5(c)). When t > 48 ms, 

the drop began to rebound, and the bouncing state 

depended on the wetting pressure. This is named 

the separation phase, where the kinetic energy of the 

drop is converted into potential energy. The bounce 

of the drop broke the three-phase interface, the 

transition of the Cassie-rebound state occurred, and 

the drop bounced at a maximum height at 74 ms. 

This is because the drop struck the superhydrophobic 

wall surface, which allowed the drop and wall to 

suction more gas, the gas was compressed in the 

microstructure, the formed high-pressure gas layer 

hindered the downward movement of the drop, the 

spreading speed was low, and the energy loss due to 

the interaction with the wall was insignificant, thus 

resulting in sufficient energy for the drop to rebound. 

After the drop rebounded to the maximum height, it 

descended under the action of gravity and struck the 

dragonfly wing surface again in the next rebound 

process.  

The drop underwent six rebound phases, where 

different shapes and cross-sectional area of the drop 

were exhibited at each stage. Figures 6(a) and 6(b) 

show the Gibbs free energy G and section area S of a 

drop as a function of t, respectively, where 12 points 

are used to present the maximum and minimum 

section areas in the six rebound processes. The results 

show that the minimum transient area under the 

compression stage increased gradually as the number 

of impacts increased, whereas the Gibbs free energy 

decreased gradually. The maximum contact area   

of the drop in the recovery phase decreased after    

a complete rebound, and the Gibbs free energy 

increased gradually, although the overall change was 

insignificant. For Rebound 1 (t = 40–50 ms), the drop 

spread at Point 1, the minimum S was 2.2 mm2, and 

the initial S was 4.4 mm2. The drop morphology 

evolved because of the surface tension and capillary 

forces, thus causing the potential and kinetic energies 

of the drop to be converted; at this time, the maximum 

G was 5.9 × 10−6 J when the drop rebounded, and the 

drop failed to rebound immediately because of the 

adsorption force. Additionally, it was stretched to 

Fig. 5 Theoretical model and experimental impact images of droplet morphology change during droplet impact and experimental data
showing change in Gibbs free energy of droplet with time. (a) Process diagram showing drop before and after impacting dragonfly wing 
surface. (b) Impact phase image of drop on dragonfly wing surface during the first rebound. (c) Drop shape evolution vs. time of drop 
impacting dragonfly wing surface from Stage 1 (before impact) to Stage 5 (drop) during Rebound 1. 
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form a weak liquid column, its S reached a maximum 

value at Point 2, i.e., 5.5 mm2, whereas its G was 

minimum, i.e., 1.2 × 10−6 J. 

At t = 95 ms, the drop entered Rebound 2. Its G 

decreased, and its compression degree decreased 

because of the energy consumed in Rebound 1. Spoint-3 

was 2.75 mm2, which was larger than Spoint-1, whereas 

Gpoint-3, which was 3.8 × 10−6 J, was lower than Gpoint-1. 

Spoint-4, which was 4.75 mm2, was smaller than Spoint-2, 

whereas Gpoint-4, which was 1.4 × 10−6 J, was slightly 

greater than Gpoint-2. As the drop rebounded, the 

difference between S and G in the spreading and 

rebounding phases decreased gradually. This is 

attributed primarily to the stable morphological change 

of the drop, as well as the decrease in the kinetic 

potential energy change. In Rebound 6, the difference 

between the maximum and minimum S of the 

drop reduced to 1 mm2, and the difference between 

the maximum and minimum G of the drop reduced 

to 1.4 × 10−6 J. 

Figures 6(c) and 6(d) show that the maximum 

recoiling thickness h and maximum spreading diameter d 

of the drop during the compression and recovery 

phases decreased gradually with time, and that the 

trends are distributed within a wide range. Figure 6(c) 

shows that at t = 45 ms, the recoiling thickness of the 

drop was maximum (h = 1.8 mm) during the recovery 

stage, and the drop shape returned gradually to an 

oval shape under the actions of surface tension 

and capillary force. The elliptical shape suppressed 

the bouncing amplitude, the energy of the drop was 

consumed, hmaximum decreased, and the trend became 

smoother. During the recovery stage at approximately 

240 ms, hmaximum was 1.04 mm. Figure 6(d) shows that 

the drop exhibited an elliptical shape when it spread 

to the maximum d (d = 3.86 mm) in the compression 

stage. After the drop reached the compression stage 

of Rebound 2, the maximum d decreased rapidly   

to 2.5 mm at 100 ms owing to the energy consumed 

in Rebound 1. As drop energy E decreased, the 

Fig. 6 Experimental data plots of Gibbs free energy, maximum cross-sectional area of droplets, maximum spreading diameter, and 
maximum recoiling thickness of droplets in six rebound phases. (a) Gibbs free energy G vs. t of droplet impacting dragonfly wing 
surface. (b) S vs. t of drop impacting dragonfly wing surface. Maximum spreading diameter d and maximum recoiling thickness h vs. t
of drop impacting dragonfly wing surface. (c) Variation curve of the maximum recoiling thickness h in recovery phase in six rebound
phases. (d) Variation curve of the maximum spreading diameter d in compression phase in six rebound phases, and "D" represents the 
drop diameter. 



744 Friction 11(5): 737–747 (2023) 

 | https://mc03.manuscriptcentral.com/friction 

 

decreasing trend decelerated after the droplet bounced 

continuously until it reached the minimum d = 2.15 mm 

at 230 ms. When the total energy exceeded the initial 

surface and gravity at the maximum d, the drop 

rebounded from the surface. 

3.5 Elastohydrodynamic rebound 

Details regarding the relevant Stokes number St and 

coefficient of restitution β are provided in Section S3 

of the ESM. 

Figure 7 shows the β vs. St of a water drop 

impacting the dragonfly wing surface for six rebound 

times. The results show that the actual experimental 

curve presents six continuous circles, which correspond 

to six complete rebound times of the drop. The drop 

was regarded as a particle, and the fluid was a gas. 

According to definition, St changed depending on the 

drop shape. For the six rebounding drops, the higher 

rebound height of a previous drop compared with 

the rebound height of the subsequent drop yielded 

a larger St. In particular, h was larger in the first 

rebound stage, and the drop reached the maximum 

velocity when approaching the wall. The impact 

was significantly affected by inertia, the height of the 

rebound drop was close to h, and the effect of wall 

viscosity on the impact was insignificant. Therefore, 

St and β changed the most during Rebound 1       

(St = 35–132; β = 0.947–1.036). The range of β decreased 

as the drop continued rebounding because the 

rebound height of the previous drop was greater, and 

the rebound height determines the instantaneous 

impact velocity and St. The previous rebound drop 

suctioned more liquid and air into the surface texture 

during the impact process with a large impact 

force, thus causing the liquid drop to be deformed 

significantly, as well as greater energy loss and a 

lower β at higher St. At the final rebound (Rebound 

6), the curve was a small flat circle with a St of 

approximately 31, and β was within a small range  

(β = 0.995–1.004), with a final value of approximately 1. 

These results are consistent with the experimental 

results. 

4 Conclusions 

1) The dragonfly wing surface exhibited 

superhydrophobicity with static contact angles 

exceeding 150°. The advancing contact angle of the 

drop decreased along the RO direction, and the sliding 

angles were 3°–4°. The drop exhibited directional 

migration characteristics, and the lateral migration 

distance of the drop decreased as t increased. 

2) The impact process comprised phases (compression, 

recovery, and separation). During the compression 

phase, the contact pressure increased and changed 

depending on the wetting state, it is the non-wetting 

state (PC > PH > PD). The minimum transient area 

increased gradually with the number of impacts,  

and the Gibbs free energy decreased gradually. 

Subsequently, the drop entered the recovery phase 

because of the surface tension and capillary force, 

which formed a recoiling sheet, the maximum contact 

area decreased, and the Gibbs free energy increased 

gradually. In the separation phase, the kinetic energy 

of the drop converted into potential energy, and the 

area increased. 

 

Fig. 7 Coefficient of restitution β vs. Stokes number St of water drop impacting dragonfly wing surface. 
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3) The drop impacted the dragonfly wing surface 

and rebounded six times, and the experimental curve 

showed six consecutive circles. Meanwhile, St and β 

changed the most during Rebound 1 (St = 35–132;   

β = 0.947–1.036). The measured range of rebound β 

decreased as the drop continued to bounce. Because of 

the energy consumed during the drop impact, St was 

approximately 31, and β was within a small range 

(β = 0.995–1.004), with a final value of approximately 1. 

These results were consistent with the experimental 

results. 
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