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The dynamic impact behavior of droplets from solid surfaces has attracted increasing interest,

especially propelled by the advances in the bio-inspired interfacial materials. In this work, we

investigate the impact and bouncing dynamics of ethylene glycol droplets containing silica

nanoparticles on superhydrophobic surfaces (SHS). We find that the rebounding of droplets from

SHS is highly dependent on the impact velocity and suspension concentrations. By increasing the

impact velocity or suspension concentrations, the probability of droplet bouncing from SHS is

greatly reduced. The presence of nanoparticles can significantly increase the viscous energy

dissipation inside the liquid droplets, therefore suppressing the jumping from surfaces. Based on

the energy dissipation characterization, we also find the critical concentration to determine the

manifestation of the viscous effect, above which the liquid suspensions exhibit non-Newtonian

fluid properties. Our study provides an efficient approach to dynamically control the liquid jumping

behaviors on SHS by tailoring the suspension concentrations. The insights learned from this study

can be very useful in many industrial applications. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4958691]

Droplet impact phenomena have received wide attention

from scientists and engineers for over one century, and the

rapid development of high speed imaging in recent years fur-

ther facilitates our precise characterization of droplet impact

behavior under various circumstances.1–10 Controlling the

droplet impact or jumping dynamics on solid surfaces11,12 is

of great importance to a broad range of industrial applica-

tions including pesticide deposition,13 plant pathogen trans-

mission,14 spray cooling, and inkjet printing.15,16 On

textured superhydrophobic surfaces (SHS) inspired by lotus

leaves, the impinging droplet can either bounce off from the

surface after a short time of contact or splash into tiny satel-

lite droplets, depending on the impact velocity, surface tem-

perature, or surface morphologies.17–24 Recently, it has been

demonstrated that by creating macrotextures on SHS, the

dynamics of impinging droplet can be remarkably modified

to further reduce the contact time of rebounding liquid

droplets.25–30

Previously, there has been attempt by using polymers

additives into droplets to significantly suppress the rebound

behavior from hydrophobic flat surfaces, which is explained

by the large resistance provided by the non-Newtonian elon-

gational viscosity during droplet retraction.13 However, there

is still an ongoing debate about the underlying physical

mechanism. Bartolo et al.31 reported that the non-Newtonian

normal stresses near the triple phase contact line should be

responsible for the slowdown of retraction to further prevent

bouncing. Conversely, by analyzing the fluid velocity distri-

bution inside the droplet, Smith and Bertola32 argued that the

rebound suppression is attributed to the contact line friction

caused by the stretching of polymer molecules, rather than

the bulk rheological properties inside the droplet. Similarly,

Zang et al.33,34 demonstrated that if the droplet is enwrapped

by nanoparticles to form a liquid marble, the bouncing of the

non-Newtonian droplet will be rejuvenated because of the

reduced liquid-solid contact line friction. In this work, we

show that the droplet bouncing behavior on SHS can be

mediated by changing the concentration (c) of silica nano-

particles added into liquid ethylene glycol.

In our study, silica (SiO2) nanoparticles with size about

500 nm (purchased from Fiber Optic Center) were dispersed

in anhydrous ethylene glycerol to form suspensions at differ-

ent concentrations. The prepared nanoparticle suspensions

were processed with a high speed mixer (SpeedMixer, DAC

600) at a speed of 1500 rpm for 20 min to make sure of good

dispersion of particles in ethylene glycol. The suspensions

were sealed in glass containers before experiments to avoid

water adsorption of ethylene glycol from the atmosphere.

The parameters of all the prepared liquid suspension samples

are listed in Table I. The surface tension (c) of all the pre-

pared samples was measured by a Drop Shape Analyzer

(DSA100S, Kr€uss) using a Young-Laplace fit to the contour

of a pendant droplet, and it is noted that the silica particles

have little effect on the surface tension of the suspensions,

all of which are 47 6 3 mN/m, very close to that of pure eth-

ylene glycol. The superhydrophobic substrate was fabricated

by using wet etching on silicon wafer. Briefly, the silicon

wafer was first cleaned in Piranha solution to remove the

organics and then immersed in 6% hydrofluoric acid (HF)

solution for 30 s to remove the native oxide layer.

Subsequently, the wafer was immediately immersed into a

solution of 5 M HF and 0.01 M silver nitride (AgNO3) for
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50 s. Then, the silicon wafer with deposited Ag particles was

put in the etching solution containing 5 M HF and 0.3 M

hydrogen peroxide (H2O2) for 3 min to form Si nanowires on

the surface. After removing Ag dendrites from the surface in

20% HNO3, the sample was rinsed with deionized water and

blow-dried with N2. Finally, the nanotextured Si surface was

silanized by immersion in 1 mM hexane solution of trichloro

(1H,1H,2H,2H-perfluorooctyl)silane for �30 min, followed

by heat treatment at �150 �C for 30 min to render the surface

superhydrophobic. The scanning electron microscopy (SEM)

image of fabricated SHS is shown in Fig. 1(a), and all the

tested liquid droplets at different concentrations exhibit a

high contact angle larger than 150� (inset of Fig. 1(a)) and

low contact angle hysteresis (<10�), demonstrating their

non-wetting properties. The droplets are generated by using

a stainless steel needle which is connected to a syringe pump

to make sure of well-controlled release of spherical droplets

with diameter D0¼ 2.4 6 0.1 mm. By varying the release

height, we can control the impact velocity (v) of droplets.

Moreover, we used a high speed camera (Photron, SA4) with

frame rate 5000 fps to capture the dynamics of impingement

process, which was further analyzed using ImageJ.

As shown in Fig. 1(b), the droplet with pure ethylene

glycol liquid hitting on the SHS first spreads upon impact,

with kinetic energy partially transformed into surface energy.

And then, the droplet retracts rapidly and can bounce off

from the surface, during which the extra surface energy is

further released and transformed into translational kinetic

energy. However, for the droplet suspension with 44.4 wt. %

silica particles, after the rapid spreading upon impact, the

retraction stage of the liquid droplet is greatly suppressed

and the whole droplet gets stuck on the surface as shown in

Fig. 1(c). Therefore, the addition of silica particles into the

liquid can significantly change its impact dynamics on the

solid surface.

To have a more quantitative characterization, we further

measured the evolution of contact line diameter D normal-

ized by its initial droplet diameter D0, or the spreading fac-

tor, as shown in Fig. 2. It is notable that for the liquid

droplets with a smaller suspension concentration, the spread-

ing behaviors including the spreading factor and the time to

reach the maximum spreading distance are comparable, due

to the fact that the spreading is dominated by the inertia. For

liquid droplets with 0 wt. % (i.e., pure ethylene glycol) and

15 wt. % silica particles, they can bounce off from the sur-

face, though there is a slight difference in the retraction

velocities which can be expressed as vre �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cD2

max=qD3
0

q
,

where Dmax is the maximal spreading diameter and q is the

liquid density of impacting droplets. Note that the retraction

velocity can be referred from the curve slope of each data

set. The retraction velocities for these liquid droplets with

0 wt. % and 15 wt. % silica particles are 0.52 m/s and

0.35 m/s, respectively. In striking contrast, we found that

when the silica concentration becomes larger (e.g., 44.4 wt. %),

both the spreading and retraction behaviors are significantly

affected by the introduction of dispersive particles. The max-

imal spreading factor Dmax=D0 is measured to be 1.56, which

is much smaller than those in the case of jumping droplets.

Moreover, in the retraction phase, the droplet recoils with

a reduced velocity of �0.23 m/s, and there is no enough

kinetic energy to lift the droplet from the SHS.

Moreover, for the high-velocity droplet impact on surfa-

ces, the maximal spreading diameter Dmax the droplet attains

is always a key question but remains under debate. Basically,

by balancing the kinetic energy and surface energy or just

considering momentum and mass conservation, Dmax=D0

should follow the scaling of �We0.5 or �We0.25, where We is

defined as We ¼ qv2D=c.35,36 In addition, recently there also

have been studies showing the significance of the different

surfaces on the maximal spreading diameter scaling. For

FIG. 1. (a) SEM image of the as-fabricated SHS demonstrating non-wetting properties with a contact angle larger than 150�. (b) and (c) Selected sequential

images show the impingement behaviors of 7 ll droplet suspensions with 0 wt. % (b) and 30 wt. % (c) silica nanoparticles on SHS. The impact velocity is

1.4 m/s.

TABLE I. The parameters of all the prepared liquid suspensions.

Sample Volume fraction (%) Weight fraction (%)

1 0 0

2 2.8 5

3 4.3 7.5

4 5.8 10

5 7.3 12.5

6 8.9 15

7 12.1 20

8 19.2 30

9 30.3 44

021601-2 Hao et al. Appl. Phys. Lett. 109, 021601 (2016)



instance, Marston et al.37 reported that adding moisture con-

tent in the powder substrate could lead to an increased maxi-

mal spreading diameter, and meanwhile the scaling law

varies from �We0.2 for the dry powder to �We0.1 for wetted

powder with a high moisture content. With an emphasis on

the effect of nanoparticle concentration inside the droplet on

the maximal spreading factor, Fig. 3 shows the scaling of the

maximal spreading factor Dmax=D0 as a function of We at dif-

ferent liquid suspension concentrations. For the pure ethylene

glycerol droplet, the Dmax=D0 follows the scaling law of

�We0.25, which is consistent with previous studies consider-

ing momentum and mass conservation.35 It is obvious that as

the particle concentration increases, the maximal spreading

diameter is reduced and the fitting scaling law gradually

changes from �We0.25 to �We0.16. Thus, both the local

contact line dynamics (Fig. 2) and global spreading parameter

(Fig. 3) show a clear dependence on the liquid suspension

concentration. We hypothesize that when more amounts of

nanoparticles are dispersed, more kinetic energy will be dissi-

pated by viscous stress in the droplet spreading and retraction

stage.

In addition, the viscosity variation that caused slowdown

of droplet contact line motion in the retraction phase would

greatly affect the bouncing behavior on SHS. In Fig. 4, we

calculated the probability of droplet bouncing as a function

of We for different liquid droplets. The range of We is

between 0 and 200. For each data point, 30 drop impinge-

ments have been conducted. Given the condition of

c � 12:5%, all of the tested droplets can completely bounce

off from SHS, regardless of the We. However, as c is

increased, the occurrence of complete bouncing is sensitive

to the critical Weber number or Wec. For liquid droplets with

concentrations 15 wt. % and 20 wt. %, the Wec under which

the droplet can bounce off from the surface is �150 and

�90, respectively. A further increase in c leads to a complete

suppression of droplet bouncing in the tested We range,

suggesting that a higher suspension concentration directly

causes an increased energy dissipation during the impact

process. Taken together, these results reveal that the droplet

bouncing dynamics is highly dependent on the interplay

between the particle concentration and impact configurations

(We).

To gain further insight into how the incorporation of

particle additives mediates the droplet impact dynamics, we

measured the restitution coefficient (e) as a function of We
for the liquid droplets within c � 15 wt. %. Here, e¼ v0=v is

defined as the bouncing velocity relative to the initial impact

velocity. Displaying the data in a log-log plot, it is noticed

that basically for liquid suspensions with c �10 wt. %, the

restitution coefficients e are monotonically decreased within

the range from about 0.4 to 0.1 when increasing the Weber

FIG. 3. The measured maximal spreading factor Dmax=D0 as a function of

the Weber number for droplet suspensions with different silica particle con-

centrations. For the pure ethylene glycerol droplet, the Dmax=D0 follows the

scaling law of �We0.25. As the particle concentration increases, the fitting

scaling law gradually changes from We0.25 to We0.16.

FIG. 4. The probability of droplet bouncing from SHS as a function of

Weber number. Given the condition of c � 12.5 wt. %, all of the tested drop-

lets can completely bounce off from SHS, regardless of the We. However, as

c is increased, the occurrence of complete bouncing is sensitive to the criti-

cal Weber number or Wec. For liquid droplets with concentrations 15 wt. %

and 20 wt. %, the Wec under which the droplet can bounce off from the sur-

face is �150 and �90, respectively. A further increase in c leads to a com-

plete suppression of droplet bouncing in the tested We range, suggesting that

a higher suspension concentration directly causes an increased energy dissi-

pation during the impact process.

FIG. 2. Temporal evolution of droplet contact diameter D on the SHS nor-

malized by its initial diameter D0. The impact velocity is 1.4 m/s. For liquid

droplets with 0 wt. % (i.e., pure ethylene glycol) and 15 wt. % silica par-

ticles, they can bounce off from the surface, and the characterized spreading

behaviors including the spreading factor and the time to reach the maximum

spreading distance are comparable. When the silica concentration becomes

larger (e.g., 44.4 wt. %), both the spreading and retraction behaviors are sig-

nificantly affected by the introduction of dispersive particles.

021601-3 Hao et al. Appl. Phys. Lett. 109, 021601 (2016)



number and could be well illustrated by the scaling of

e � We�a, as shown in Fig. 5(a). For these configurations,

the best fitting of power law exponent a is close to 0.3 (Fig.

5(c)). However, when c is further increased to 12.5 wt. %

(color violet) or 15 wt. % (color magenta), we found that the

dependence of measured e on Weber number becomes rela-

tively weak (Fig. 5(b)); meanwhile, there is a large drop of e
when the Weber number is increased to about 40. The possi-

ble explanation for this observation might be that first, for

these configurations, the effective viscous energy dissipa-

tions inside the liquid suspensions are manifested by the

relatively larger weight fraction of nanoparticles. Second,

the effective viscosity of the liquid suspensions might be

changed significantly due to droplet impact induced shear

stress variations, considering the non-Newtonian fluid char-

acteristics at higher concentrations.38,39 Therefore, the large

reduction of e around We � 40 is probably induced by large

variation of viscous energy dissipations. Moreover, if we fit-

ted the data with scaling e � We�a, the power law exponent

a is reduced to about 0.1, which is smaller compared to those

samples with c � 10 wt. % (Fig. 5(c)).

In summary, we systematically investigated the impact

dynamics of silica nanoparticle suspension droplets on SHS

under various conditions. The characterized bouncing behav-

iors are highly related to the Weber number (i.e., impact

velocity) and suspension concentrations. By increasing the

Weber number or suspension concentrations, the probability

of droplet bouncing from SHS is greatly reduced due

to increased viscous dissipation. Based on the energy

dissipation characterization, we also found the critical con-

centration, above which the liquid suspensions exhibit

non-Newtonian fluid properties. We envision that our experi-

ments should provide important insights into a broad range

of practical application areas such as pesticide deposition,

inkjet printing, spray cooling, and all related dewetting

processes.

This work was supported by the RGC Grants (Nos.

11213414, 11213915), the National Natural Science

Foundation of China (Nos. 51475401 and 51276152).
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