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ABSTRACT

Impinging dilute sodium dodecyl sulfate (SDS) droplets on micropillar-arrayed polydimethylsiloxane surfaces were experimentally investi-
gated. It was found that the behaviors of impinging droplets greatly depend on surface roughness and SDS concentration. Similar to pure
water droplets, there exists a narrow range of dimensionless Weber number, We, for the complete rebound of impacting SDS droplets. The
lower and upper limits of impact velocity were theoretically analyzed and compared with experimental data. The addition of SDS could
greatly shorten the contact time of bouncing droplets. Besides, surface roughness has little influence on the maximum spreading factor while
SDS concentration has an obvious influence and the maximum spreading factor nearly follows a scaling law of We1=4.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0064670

I. INTRODUCTION

Droplet impacting on a solid surface is a ubiquitous phenomenon
in nature and of great significance in agricultural and industrial
fields.1,2 And this phenomenon is found to be dependent on a lot of
parameters such as the physical and chemical properties of droplets,3–5

surface wettability,6,7 surface roughness and shapes of the solid,8–15 the
tilt angle of the solid surfaces,16–19 substrate elasticity,20–23 substrate
temperature,24,25 the addition of particles into the liquid,26 the applica-
tion of external field,27,28 and environmental conditions.16,29,30 As a
result, different behaviors of droplets including deposition, partial
rebound, complete rebound, and splashing are easily observed. At cer-
tain conditions, jetting and bubbles17,31–33 can be also observed during
the impact process. Also, Mandre et al.34 and Mani et al.35 claimed
that upon impact, a liquid droplet does not even contact the solid, and
instead spreads on a very thin air film. Among the hot issues on this
phenomenon, the rebound mechanism,36–39 reducing the contact
time40–44 and maximum spreading factor45–48 have attracted great
attention of researchers.

Surfactants, which are usually composed of a polar hydrophilic
head and one or more hydrophobic tails, can be used to reduce the
surface tension of liquids. Because of the adsorption of surfactants at
the liquid–vapor49,50 and the solid–liquid interfaces51,52 as well as the
diffusion of surfactants inside droplets,53 the impact dynamics of
surfactant-laden droplets is quite different from that of pure liquid
droplets. It has been experimentally demonstrated that the addition of
surfactant will enhance the spreading of impacting droplets because of
dynamic surface tension,54–60 and the adsorption kinetics of surfac-
tants has a great influence on droplet retraction.56–58 Crooks et al.61

concluded that the surfactant concentration has a great influence on
the recoil behavior. When the concentration is less than the critical
micelle concentration (CMC), the recoil behavior is controlled by
droplet dynamics, otherwise it is governed by the demicellization.
Besides the dynamic surface tension, the molecular weight and ionic
nature of the surfactants as well as the non-wettability of the substrate
also have great influence on droplet spreading.62 Wang et al.63 experi-
mentally investigated the influence of surfactants on spontaneous
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spreading of impacting droplets and found that surfactant properties
have no influence on the wetting dynamics during the early inertia-
dominated stage, but play a role in the later viscosity-dominated stage.
On a hydrophobic surface, droplet rebound and droplet splashing can
be inhibited by the addition of surfactants.59,60,64 Luo et al.65 observed
uniform round droplet spreading and high-resolution inkjet printing
patterns with the introduction of live-oligomeric surfactant into the
liquid. However, to the best of our knowledge, there is no report of the
influence of surfactants on impinging droplets onto substrates con-
structed with micro/nano-scale structures.

In this paper, impinging sodium dodecyl sulfate (SDS) droplets
on micropillar-arrayed polydimethylsiloxane (PDMS) surface were
investigated experimentally. And it was found that the behaviors of
droplets greatly depend on SDS concentration and surface roughness.
The addition of SDS can also greatly reduce the contact time of bounc-
ing droplets. Moreover, surface roughness has little influence on the
maximum spreading factor while SDS concentration has an obvious
influence. The maximum spreading factor was found to nearly follow
a scaling law of We1=4.

II. MATERIALS ANDMETHODS
A. Substrate preparation

In this paper, three micropillar-arrayed PDMS surfaces with
square lattices were prepared (the procedure to fabricate these surfaces
can be found in Refs. 66 and 67). The diameter d and height h of each
pillar were the same and they were both 20lm. Pillar-to-pillar spac-
ings w of the three surfaces were 5, 20, and 50lm, respectively. And
the corresponding solid fractions / ¼ pd2

4P2 (where P ¼ d þ w) of the
three surfaces were 0.50, 0.20, and 0.06, respectively.

B. SDS solution preparation

SDS with a purity of �99% purchased from Sigma-Aldrich was
dissolved in de-ionized water and SDS solutions with concentrations
of 0.1, 0.2, 0.5, and 1.0 CMC were obtained. The surface tension of an
aqueous SDS solution will no longer be affected when its concentra-
tion is greater than 1 CMC (1 CMC is equal to 8.2mM).68,69 All solu-
tions were prepared in glass and plastic containers which were cleaned
in advance with acetone, ethanol, and de-ionized water successively.
Each solution was used within a day from its preparation.

C. Measurement setup

The surface tension of SDS solutions was measured using a
dynamic contact angle measuring devices and tensiometer (DCAT11,
Dataphysics, Germany). The surface tensions of SDS solutions with
concentrations of 0.1, 0.2, 0.5, and 1.0 CMC were measured to be
respectively, 41.93 6 0.03, 29.56 6 0.03, 25.44 6 0.03, and 30.58 6
0.03mN/m, indicating the surface tension of SDS solutions first
decreases with increasing SDS concentration and then increases
slightly with increase in SDS concentration, which is consistent with
the results by Khalladi et al.70 The wettability of dilute SDS droplets on
micropillar-arrayed PDMS surfaces was studied with the help of a
droplet shape analyzer (DSA30, Kr€uss, Germany). And the advancing
and receding contact angles were measured by following the method
suggested by Huhtam€aki et al.71 SDS droplets with an initial radius r0
of 1.00–1.26mm were generated from a NE30 needle and dropped
freely from height ranging from 0.26mm to 247.90mm. The droplet

impact was recorded using a high-speed camera (Nac Memrecam
ACS-3, Japan) at 16000 fps. The ambient temperature and relative
humidity were 216 2 �C and 516 4%, respectively. Each experiment
was repeated at least three times to ensure reproductivity. Images were
extracted from the videos and analyzed using the ImageJ software.
Weber number (We) defined as We ¼ qV2

0 r0=clv (where
q ¼ 1000 kg=m3, V0 is impact velocity, and clv is the surface tension
of a SDS solution) was used to characterize the behavior of impacting
droplets.

III. RESULTS AND DISCUSSION
A. Surface wettability

Table I lists the values of apparent contact angle he, advancing
contact angle ha, and receding contact angle hr of SDS droplets on
micropillar-arrayed PDMS surfaces. On a planar PDMS surface, SDS
droplets with concentrations of 0.1, 0.2, 0.5, and 1.0 CMC had appar-
ent contact angles of 108� 6 2�, 105� 6 2�, 101� 6 2�, and 84� 6 2�

(measured at temperature of 23 6 2 �C and relative humidity of 42
6 4%), respectively. If the wettability of SDS droplets on the
micropillar-arrayed surfaces follows the Wenzel wetting model, then
the apparent contact angles hW can be given as72

cos hW ¼ rf cos hY; (1)

where rf ¼ 1þ pdh
P2 is the roughness factor, hY is the Young’s contact

angle of a SDS droplet on a smooth PDMS surface and represented by
the apparent contact angle of the droplet on a planar PDMS surface.

If the wettability follows the Cassie–Baxter wetting model, then
the apparent contact angles hC can be expressed as73

cos hC ¼ / cos hY � 1þ /: (2)

Substituting all the parameters into Eqs. (1) and (2), the corresponding
values of Wenzel contact angle hW and Cassie–Baxter contact angle hC
were obtained and listed in Table I. From Table I, it can be easily
found that most of the apparent angles of SDS droplets on
micropillar-pillared PDMS surfaces were greater than hW but less than
hC, indicating that the droplets were at a mixed wetting state.69,74

However, for the micropillar-arrayed PDMS surface with /¼ 0.06,
the apparent contact angle of a 1.0 CMC SDS droplet was only slightly

TABLE I. Contact angles of water droplets on micropillar-arrayed PDMS surfaces.

/ cSDS (CMC) he hW hC ha hr

0.50 0.1 139� 6 2� 118� 153� 148� 6 2� 98� 6 2�

0.2 136� 6 2� 113� 152� 148� 6 2� 93� 6 2�

0.5 134� 6 2� 107� 151� 147� 6 2� 80� 6 2�

1.0 121� 6 2� 81� 145� 130� 6 2� 76� 6 2�

0.20 0.1 141� 6 2� 123� 163� 150� 6 2� 111� 6 2�

0.2 138� 6 2� 118� 162� 149� 6 2� 113� 6 2�

0.5 137� 6 2� 110� 162� 149� 6 2� 74� 6 2�

1.0 107� 6 2� 79� 159� 110� 6 2� 68� 6 2�

0.06 0.1 150� 6 2� 120� 170� 151� 6 2� 113� 6 2�

0.2 150� 6 2� 115� 170� 151� 6 2� 67� 6 2�

0.5 149� 6 2� 108� 170� 150� 6 2� 67� 6 2�

1.0 88� 6 2� 80� 167� 90� 6 2� 59� 6 2�
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greater than hC, which means that the droplet was nearly at the
Wenzel wetting state.

No matter what the surface is, the apparent contact angle he
decreases with increasing SDS concentration. At SDS concentrations
of 0.1, 0.2, and 0.5 CMC, there is little change in the advancing contact
angle for the same micropillar-arrayed PDMS surface. However, the
advancing contact angle decreases sharply when the concentration is
1.0 CMC, because increasing droplet volume will easily make the liq-
uid contact the bottom of the surface under the action of gravity. For
the case of determining the receding contact angle, the droplets may
be able to reach the Wenzel wetting state because a much larger SDS
droplet is generated at first and such a droplet may be easy to contact
the bottom between micropillars under the action of gravity, especially
for surfaces with sparser pillars.

B. Prediction of the limits of impact velocity
of bouncing SDS droplets

Predicting the range of impact velocity for complete rebound or
determining the lower and upper limits of impact velocity is of great
significance. It has been widely accepted that the lower limit of
impact velocity for complete rebound can be estimated by balancing
the kinetic energy of the droplet just before hitting the surface
Ek ¼ 2

3 pqR
3
0V

2
0 with the surface energy due to contact angle hystere-

sis Es ¼ pr2maxclvðcos hr � cos haÞ (rmax is the maximum contact
radius). Thus, the theoretical value of the lower limit of impact veloc-
ity, V theorec

CL , can be given as37

V theorec
CL ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3clvr2max cos hr � cos hað Þ

2qR3
0

s
: (3)

Substituting the experimental data into Eq. (3), the values of V theorec
CL

were obtained, as shown in Table II. It was found for most cases, the
theoretical values V theorec

CL agreed well with the corresponding experi-
mental data V exp

CL . The great difference in the lower limit of impact
velocity of a bouncing SDS droplet with SDS concentration of 0.1
CMC on the micropillar-arrayed PDMS surface with /¼ 0.50 might
be attributed to viscous dissipation because the impact velocity was rel-
atively high and viscous dissipation greatly depends on impact
velocity.43,75,76

For the case of determining the upper limit of impact velocity for
complete rebound, here we used our previous theoretical model taking

into account partial penetration of liquid into the cavities between the
micropillars. In this model, we assumed that the liquid partially pene-
trated into the cavities between micropillars but did not contact the
bottom of the micropillar-arrayed surfaces. For simplicity, the liquid
inside the cavities between the micropillars can be decomposed into
two parts, as shown in Fig. 1. The height of the upper part and the
meniscus height are h1 and d, respectively. Based on simple geometri-
cal analysis, d is found to be equal to ð ffiffiffi

2
p

P � dÞ2=ð8RÞ.38 Here, R is
the curvature radius of the meniscus. Thus, the Laplace pressure can
be given as36,38

pL ¼ 2clv=R ¼ 16clvd=
ffiffiffi
2

p
P � d

� �2
: (4)

The dynamic pressure can be expressed as36,38

pd ¼ 0:5qV2
0 : (5)

In fact, there exists another pressure—water hammer pressure
ph ¼ aqCV0,

9,68–70 where a is an empirical coefficient and
C ¼ 1482m=s is the speed of sound in water. However, to date, there
are still debates on the selection of the empirical coefficient.8,77–79

Considering the interaction time of water hammer pressure is much
less than those of Laplace pressure and the dynamic pressure, the
water hammer pressure was neglected. Thus, the upper limit of impact
velocity for complete rebound was estimated by balancing the Laplace
pressure with the dynamic pressure. When h1 þ d ¼ h, the droplet
will contact the bottom of a micropillar-arrayed surface and no longer
bounce off the surface due to the increase in solid–liquid adhesion.
Therefore, the upper limit of impact velocity, VCU, can be written as39

VCU ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
32clv h� h1ð Þ
q

ffiffiffi
2

p
P � d

� �2
s

(6)

Equation (6) can be used to predict the upper limit of impact velocity
for complete rebound if h1 is known. Unfortunately, it is difficult to
get its value because liquid penetration during droplet impact is a
ultra-fast process. However, if the experimental value of the upper
limit of impact velocity V exp

CU and other parameters were substituted
into Eq. (6), h1 can be derived and listed in Table II. Based on our
experimental data of de-ionized water droplets39 and aqueous SDS
droplets impacting on micropillar-arrayed PDMS surfaces, h1 � 0:9h
can be used to approximately predict the upper limit of impact velocity
for complete rebound.

C. Phase diagram of droplet impact

For SDS droplets hitting a micropillar-arrayed PDMS surface
with /¼ 0.50, there existed a narrow range of Weber number for
complete rebound when the initial SDS concentration is 0.1 CMC.
When the SDS concentration increased to 0.2 CMC, droplets no lon-
ger bounced off the surface. The droplets were all at the state of deposi-
tion below a critical Weber number. Though deposition can be found
at a wider range of We, it has different causes depending on the value
of We. For example, when We¼ 5.5 [as shown in Fig. 2(a)
(Multimedia view)], the kinetic energy of the droplet is much small
and thus it cannot overcome the surface energy due to contact angle
hysteresis. However, when We¼ 58.4 [as shown in Fig. 2(b)], the
droplet has a much higher impact velocity and thus part of the liquid
will penetrate into the cavities between the micropillars, resulting in a

TABLE II. Analysis for the lower and upper limits of impact velocity of bouncing
SDS droplets.

/ cSDS (CMC) V exp
CL (m/s) V theorec

CL (m/s) V exp
CU (m/s) h1 (lm)

0.50 0.1 0.98 0.37 1.29 19.42
0.20 0.1 0.28 0.19 0.72 18.97

0.2 0.31 0.16 0.79 18.20
0.5 0.33 0.23 0.69 18.41
1.0 0.31 0.24 0.55 19.16

0.06 0.1 0.17 0.15 0.38 18.66
0.2 0.18 0.19 0.40 17.85
0.5 0.22 0.19 0.22 19.24
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stronger solid–liquid interaction, which acts as an extra barrier to pre-
vent the droplet from leaving the surface during the retraction process.
Moreover, when increasing We to a higher value, SDS droplets have a
state of partial rebound.

For micropillar-arrayed PDMS surfaces with /¼ 0.20 or 0.06,
the behavior of impinging SDS droplets was similar to that of pure
water droplets.39 First, there existed a range of We for complete
rebound at SDS concentrations from 0.1 to 1.0 CMC on a micropillar-
arrayed surface with /¼ 0.20, (it should be noted that droplet impact
experiments with initial SDS concentration greater than 1.0 CMC
have not been conducted) or from 0.1 to 0.5 CMC on a micropillar-
arrayed surface with /¼ 0.06. Below the lower limit of We for com-
plete rebound, all droplets were in a state of deposition. When the
value of We was greater than its upper limit for complete rebound,
droplets were in a state of partial rebound on the surface with
/¼ 0.20 [as shown in Fig. 3(a) (Multimedia view)] while in a sticky
state on the surface with /¼ 0.06 [as shown in Fig. 3(b)].

Figure 4 shows the snapshots of bouncing SDS droplets on a
micropillar-arrayed PDMS surface with /¼ 0.50. It can be easily
found that majority of the droplets could bounce off the surface while
there was still a minor part of liquid left sticky on the surface. The rea-
son might be attributed to the relatively stronger solid–liquid interac-
tion because there was more wetted solid surface as compared to the

other two surfaces and the impact velocities were relatively large,
which makes liquid partial penetration into the cavities between
micropillars more easy.

Figure 5 shows the snapshots of bouncing SDS droplets on a
micropillar-arrayed PDMS surface with /¼ 0.20. For example, when
We was 2.0, the droplets can completely bounce off the surface, as
shown in Fig. 5(a). When We was 9.6, majority of the liquid would
depart from the surface with a minor part of liquid left on the surface,
as shown in Fig. 5(b). And the minor part would also rebound later.
However, when We was 13.0 [Fig. 5(c)], though majority of the liquid
bounced off the surface, the minor part would no longer bounce off
the surface, indicating in this case some of the liquid had penetrated
into the cavities between the micropillars, which made the solid–liquid
interaction much stronger and thus the interaction hindered the
rebound of the minor part.

Figures 6(a) and 6(b) show the snapshots of bouncing SDS drop-
lets on a micropillar-arrayed PDMS surface with /¼ 0.06. It could be
easily found that droplets could completely rebound without any
remaining. Meanwhile, visible gaps were usually observed during the
spreading and retraction processes [as shown in Figs. 6(a) and 6(b)
(Multimedia view)], which is similar to the behavior of bouncing water
droplets on the same surface.39 However, when the value of We was
only slightly greater than its upper limit for complete rebound [as shown

FIG. 1. Schematic for predicting the
upper limit of impact velocity for complete
rebound. (a) Schematic of an impacting
droplet and (b) theoretical model.

FIG. 2. Snapshots of 0.2 CMC SDS droplets impacting on a micropillar-arrayed PDMS surface with a solid fraction of /¼ 0.50 at different Weber numbers: (a) We¼ 5.5 and
(b) We¼ 58.4. All inserted scale bars represent 1 mm. Multimedia views: https://doi.org/10.1063/5.0064670.1; https://doi.org/10.1063/5.0064670.2
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FIG. 3. Snapshots of SDS droplets
impacting on micropillar-arrayed PDMS
surfaces with different solid fraction at
higher Weber number: (a) /¼ 0.20 and
(b) /¼ 0.06. All inserted scale bars rep-
resent 1 mm. Multimedia views: https://doi.
org/10.1063/5.0064670.3; https://doi.org/
10.1063/5.0064670.4

FIG. 4. Snapshots of bouncing 0.1 CMC SDS droplets on a micropillar-arrayed PDMS surface with /¼ 0.50 at We of 25.1. All inserted scale bars represent 1 mm.

FIG. 5. Snapshots of bouncing 0.1 CMC SDS droplets on a micropillar-arrayed PDMS surface with /¼ 0.20 at different Weber numbers: (a) We¼ 2.0, (b) We¼ 9.6, and (c)
We¼ 13.0. All inserted scale bars represent 1 mm.
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in Fig. 6(c) (Multimedia view)], no gaps were observed during the retrac-
tion process and thus the droplet was in a sticky state. Moreover, the
contact angle of a bouncing droplet during the retraction process [as
shown in Figs. 6(a) and 6(b)] was much greater than that of a non-
bouncing droplet in the same process [as shown in Fig. 6(c)]. This indi-
cates that there exists a transition from a Cassie–Baxter wetting state to a
Wenzel wetting state. Because liquid completely occupies the space
between the micropillars, there will be a great increase in the actual solid-
liquid interfacial area, resulting in great increase in solid–liquid adhesion,
which causes the droplet to be in a sticky state, as shown in Fig. 6(c).

Figure 7 summarizes the experimental phase diagram of the
behavior of aqueous SDS droplets impacting on micropillar-arrayed
PDMS surfaces [the outcome of pure water droplets impacting on
the same micropillar-arrayed surfaces was extracted from Ref. 39
and added into Fig. 7. The behaviors of deposition, rebound, partial
rebound, and sticky state are identical to those in Ref. 39 and the
corresponding characteristic figures were omitted here]. It was
found for most cases in our experiments that SDS droplets can
bounce off micropillar-arrayed PDMS surfaces at a narrow range of
We (as mentioned above, SDS droplets with concentration of 0.2
CMC cannot completely rebound from a micropillar-arrayed
PDMS surface with /¼ 0.50). Below the lower limit of We for
complete rebound, all droplets were in a state of deposition. Above
the upper limit of We for complete rebound, SDS droplets could
partially rebound from micropillar-arrayed surfaces with /¼ 0.50
and 0.20, while they were in a sticky state on a micropillar-arrayed
surface with /¼ 0.06.

D. Contact time of bouncing droplets

Figure 8 summarizes the contact time of bouncing SDS droplets
on micropillar-arrayed PDMS surfaces. To compare the influence of

SDS concentration on the contact time, the characteristic contact time
s ¼ 2:6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qr30=clv

p
40 of bouncing droplets with SDS concentrations of

0.1, 0.2, 0.5, and 1.0 CMC was calculated and listed in Table III. For a
micropillar-arrayed PDMS surface with /¼ 0.50, the values of contact
time were all greater than that of pure water droplets and the corre-
sponding characteristic value of the contact time. However, for
micropillar-arrayed PDMS surfaces with /¼ 0.20 or 0.06, there was
relatively small difference in the contact time as SDS was introduced
to the liquid and the values of the contact time were all less than the
corresponding characteristic values.

Moreover, the contact time tc was decomposed into three parts,
viz., the spreading time ts, the duration of pinned contact line stage tp,
and retraction time tr. Table III lists the analysis of contact time. From
Table III, it was found that the great reduction in the contact time of
bouncing SDS droplets on micropillar-arrayed surfaces with /¼ 0.20
or 0.06 was mainly attributed to faster retraction. Besides, for the cases
at fixed surface and SDS concentration, there was a great increase in
retraction time as the impact velocity increased. The reason might be
that droplets with higher impact velocity would more easily penetrate
the cavities between micropillars.

E. Spreading and retraction

Figure 9 shows the influence of surface roughness on the maxi-
mum spreading factor bmax ¼ Dmax=D0 (Dmax and D0 are the maxi-
mum spreading diameter and the initial spherical diameter of the
droplets before hitting the surfaces, respectively) of SDS droplets
impacting on micropillar-arrayed PDMS surfaces. It was found for a
certain SDS concentration that surface roughness has no obvious
influence on the maximum spreading factor.

Figure 10 shows the effect of SDS concentration on the maxi-
mum spreading factor. For a micropillar-arrayed PDMS surface with

FIG. 6. Snapshots of 0.2 CMC SDS drop-
lets impacting on a micropillar-arrayed
PDMS surface with /¼ 0.06 at different
Weber numbers: (a) We¼ 1.1, (b)
We¼ 5.1, and (c) We¼ 6.2. All inserted
scale bars represent 1 mm. Multimedia
views: https://doi.org/10.1063/
5.0064670.5; https://doi.org/10.1063/
5.0064670.6

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 107103 (2021); doi: 10.1063/5.0064670 33, 107103-6

Published under an exclusive license by AIP Publishing

https://doi.org/10.1063/5.0038635.5
https://doi.org/10.1063/5.0038635.5
https://doi.org/10.1063/5.0038635.6
https://doi.org/10.1063/5.0038635.6
https://scitation.org/journal/phf


FIG. 7. Phase diagram of SDS droplets impacting on micropillar-arrayed PDMS
surfaces with different solid fractions: (a) /¼ 0.50, (b) /¼ 0.20, and (c) /¼ 0.06.
Multimedia views

FIG. 8. Contact time of SDS droplets bouncing off micropillar-arrayed PDMS surfa-
ces with different solid fractions: (a) /¼ 0.50, (b) /¼ 0.20, and (c) /¼ 0.06.
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/¼ 0.50, the maximum spreading factor has a smaller value when
increasing the SDS concentration [Fig. 10(a)] (in our experiments,
only SDS droplets with SDS concentration of 0, 0.1, and 0.2 CMC
have been conducted). For a micropillar-arrayed PDMS surface with
/¼ 0.20 [Fig. 10(b)] or /¼ 0.06 [Fig. 10(c)], a similar phenomenon
was found when increasing the SDS concentration in the range of
0–0.5 CMC. However, when the SDS concentration reached 1.0 CMC,
the maximum spreading factor became larger as compared to an SDS
concentration of 0.5 CMC at the same Weber number. The abnormal
behavior may be attributed to partial penetration of the liquid into cav-
ities between the micropillars. Moreover, the maximum spreading fac-
tors of impacting SDS droplets approximately follow a scaling law of
bmax � We1=447 (see Fig. 10).

At the moment of maximal deformation, the droplet is greatly
flattened, which exhibits as a gravity puddle, as suggested by Clanet
et al.47 During the spreading of SDS droplets on these surfaces, the
velocity of the droplets decreases from V0 to 0 in a timescale of
D0=V0, and thus the deceleration rate a scales as V0

2=D0, which is
commonly about 50–200 times larger than the gravitational accelera-
tion (in our experiments, V0 � 1m=s and D0 � 2mm). The thickness
of the “puddle” under the effective “gravity field” scales as
k ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

clv=ðqaÞ
p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

clvD0=ðqV0
2Þp
. It couples with volume conserva-

tion (p4Dmax
2k ¼ p

6D0
3), leading to a maximum spreading factor as

follows:47

bmax � We1=4; (7)

which is in good agreement with the experimental data, as shown in
Fig. 10.

Figure 11 shows the normalized contact radius rðtÞ=r0 ( where
rðtÞ is the instantaneous contact radius) of SDS droplets impacting on
micropillar-arrayed PDMS surfaces (the values of impact velocity were
all about 1.5m/s). In these cases, all droplets partially rebounded on
the surfaces with /¼ 0.50 and 0.20 while they were in a state of sticky

droplet on the surface with /¼ 0.06. From Fig. 11, we can easily find
that there is no obvious difference in the spreading process. After the
pinned contact line stage, all droplets would retract on the surface for
a period and then the retraction would stop. On the surface with

TABLE III. Time analysis for SDS droplets bouncing off micropillar-arrayed PDMS
surfaces.

cSDS (CMC) / We tc (ms) s (ms) ts (ms) tp (ms) tr (ms)

0.1 0.50 25.1 17.81 17.10 2.06 1.56 14.19
0.50 37.7 21.06 15.72 1.75 1.19 18.12
0.20 3.0 12.06 16.48 2.81 3.44 5.81
0.20 13.0 14.88 16.79 2.00 1.88 11.00
0.06 0.7 12.56 17.10 3.69 3.81 5.06
0.06 3.9 10.38 17.26 2.63 2.88 4.87

0.2 0.20 3.5 12.31 18.90 2.69 3.50 6.12
0.20 21.1 15.45 18.54 2.13 1.88 11.44
0.06 1.1 12.38 18.70 3.38 4.44 4.56
0.06 5.1 10.50 17.98 2.50 2.19 5.81

0.5 0.20 4.2 12.37 18.07 2.81 4.00 5.56
0.20 18.6 14.63 18.64 1.94 2.19 10.50
0.06 1.8 11.13 17.86 2.94 4.13 4.06

1.0 0.20 3.2 13.26 16.31 3.44 3.19 6.63
0.20 9.3 14.75 15.63 2.81 1.69 10.25

FIG. 9. Maximum spreading factor of impinging SDS droplets with different SDS
concentrations: (a) 0.1, (b) 0.2, and (c) 0.5 CMC.
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/¼ 0.50, an SDS droplet with concentration of 0.2 CMC had a longer
retraction time as compared to a pure water droplet and an SDS drop-
let with concentration of 0.1 CMC and the corresponding normalized
contact radius had a lower value when the droplet stopped retraction.

FIG. 10. Effect of SDS concentration on the maximum spreading factor of impact-
ing SDS droplets on micropillar-arrayed PDMS surfaces with different solid frac-
tions. (a) /¼ 0.50, (b) /¼ 0.20, and (c) /¼ 0.06.

FIG. 11. Normalized contact radius of impacting SDS droplets on micropillar-
arrayed PDMS surfaces. (a) /¼ 0.50, (b) /¼ 0.20, and (c) /¼ 0.06.
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However, for micropillar-arrayed surfaces with /¼ 0.20 and 0.06,
with increasing SDS concentration, the normalized contact diameter
has a larger value when the liquid no longer retracts. As an example,
differentiating the instantaneous contact radius of SDS droplets on the
surface with /¼ 0.20 [the data in Fig. 11(b)] with time, the corre-
sponding retraction speed can be obtained (time t1 was calculated
from the end of the pinned contact line stage), as shown in Fig. 12. It
was found that the maximum values of retraction speed VR for SDS
droplets with concentrations of 0, 0.1, 0.2, 0.5, and 1.0 CMC were 0.60,
0.56, 0.52, 0.46, and 0.35m/s, respectively.

IV. CONCLUSIONS

Impinging dilute SDS droplets on micropillar-arrayed PDMS
surfaces with different solid fractions were investigated experimentally.
It was found that there existed a narrow range of Weber number for
complete rebound of impacting droplets depending on the SDS con-
centration and surface roughness. The lower and upper limits of
impact velocity for complete rebound of bouncing SDS droplets were
theoretically analyzed and compared with experimental data. The con-
tact time of bouncing droplets could be greatly reduced by adding SDS
and adjusting the surface roughness. Similar to pure water droplets,
maximum spreading factor of SDS droplets also nearly followed a scal-
ing law of We1=4. SDS concentration has an obvious influence on the
maximum spreading factor while there is little influence of surface
roughness on the maximum spreading factor. We envision that this
work will broaden the application of surfactants and functional non-
wetting surfaces.
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