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Drop hitting on superhydrophobic surfaces usually undergoes spreading and retraction stages

before its complete rebound and there exists a minimum amount of time for the spreading and

retraction processes. Impressively, it was recently shown that the so-called contact time can be sig-

nificantly reduced by engineering surfaces with millimeter-scale tapered post arrays that allow the

impinging drop to leave the surfaces in a pancake shape at the end of lateral spreading (pancake

bouncing). Despite exciting progress, it remains elusive to rationally control the contact time and

quantitatively predict the critical Weber number for the occurrence of pancake bouncing. Here, we

experimentally demonstrated that the drop bouncing is intricately modulated by the surface mor-

phology. Under the same centre-to-centre post spacing, surfaces with a larger apex angle could

give rise to more robust pancake bouncing, which is characterized by significant contact time

reduction, smaller critical Weber number, and wider Weber number range. We also developed sim-

ple harmonic spring models and theoretically revealed the dependence of timescales associated

with the impinging drop and the critical Weber number for pancake bouncing on the surface mor-

phology. The insights learned from this work will allow us to rationally design various surfaces for

many practical applications. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927055]

Drops impacting on solid surfaces give rise to a broad

diversity of fascinating physical phenomena, including

“crown formation” and jetting of secondary drops.1–5 Due to

the manifestation of special wettability on micro/nanostruc-

tured surfaces, the physics of drop impact has been greatly

enriched6–11 and the investigation of drop impacts upon

superhydrophobic substrates is directly relevant to a wide

range of applications.12–20 Drop impact on superhydrophobic

surfaces usually manifests an elastic rebound21–24 due to the

negligible viscous dissipation caused by the air pockets

trapped underneath the impinging drop. The impact process

can be separated into two phases: spreading and retracting.22

The drop first undergoes an effective lateral acceleration that

flattens it, and the kinetic energy is converted to interfacial

energy.25–28 Note that this transformation of drop’s kinetic

energy into interfacial energy is accompanied with minimal

energy dissipation. During its retraction on the liquid-

repellant surface, the drop balls-up again29 and finally takes

off in the vertical direction.9,23,30 The contact time of the

drop in close contact with underneath solid substrate during

the impact process is reported to be independent of the

impact velocity.29

The conventional approach to achieve a minimum con-

tact time is to reduce the interaction between the water drop

and the surface, such as by creating various low-adhesion

superhydrophobic surfaces.31–41 Recently, Bird et al. reported

the use of superhydrophobic surfaces with macroscopic

ridges to induce asymmetric recoil for fast drop retraction.42

The overall contact time was shortened by �37% compared

to that on control surfaces. More recently, a pancake bounc-

ing was observed on the specially designed millimeter-scale

post arrays, which allows for �80% reduction in the contact

time.12,43 Despite exciting progress, it remains unclear how

the morphology of the posts affects the timescale of the pan-

cake bouncing. Meanwhile, it remains elusive to rationally

control the contact time and quantitatively predict the critical

Weber number for the occurrence of pancake bouncing. In

this work, by combined experimental investigation and ana-

lytical analysis, we reveal that the drop bouncing is intricately

sensitive to the surface morphology. On the surfaces under

the same centre-to-centre post spacing, posts with a larger

apex angle could reduce the contact time and the critical

Weber number for pancake bouncing. In particular, by deriv-

ing general harmonic spring models, we established a link

between surface morphology and the timescales associated

with the impinging drop and the critical Weber number for

the pancake bouncing.

In our experiment, surfaces with two different morphol-

ogies were prepared based on copper substrates with a size

of 2.0� 2.0 cm2 and a thickness of 3.0 mm. As schematically

shown in Fig. 1, the left one is straight post arrays and the

other is truncated pyramidal post arrays with the edge length

increasing continuously and linearly from top to bottom in

the vertical direction. For sample preparation, we started

from the fabrication of rectangular posts arranged in a square

lattice using the wire-cutting machine. The edge length (a1),

height (h0), and centre-to-centre spacing (w) of posts are

a)Author to whom correspondence should be addressed. Electronic mail:

zuanwang@cityu.edu.hk.
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100 lm, 600 lm, and 200 lm, respectively. After a thorough

cleaning in ethanol and deionized water for 10 min and

diluted hydrochloric acid (1 M) for 10 s to remove the native

oxide layer, these as-fabricated surfaces were then immersed

in a freshly mixed aqueous solution of 2.5 mol l�1 sodium

hydroxide and 0.1 mol l�1 ammonium persulphate. As evi-

denced in the scanning electron micrograph (SEM) measure-

ment in Fig. 2(a), CuO microrosettes with an average

diameter 4.0 lm homogeneously covered the straight post

arrays as a result of the chemical etching. Note that for the

preparation of straight post arrays, only 60 min etching (one

etching cycle) was conducted. Finally, the as-prepared surfa-

ces were modified by silanization through immersion in a

1 mM n-hexane solution of trichloro(1H,1H,2H,2H-perfluor-

ooctyl)silane for �60 min, followed by heat treatment at

�150 �C in air for 1 h to yield a superhydrophobic property.

Distinct from the fabrication of straight post arrays, we

conducted multiple etching cycles to attain truncated pyrami-

dal post arrays. After each etching cycle, the newly formed

surfaces were washed with diluted hydrochloric acid (1 M)

for 10 s to remove the oxide layer produced during the previ-

ous etching cycle. Figures 2(b)–2(d) show the SEM images

of surfaces obtained after chemical etching cycles of two,

four, and six, respectively. The corresponding apex angles

(a), as schematically illustrated in Fig. 1(b), for these trun-

cated pyramidal arrays are 1.0�, 1.7�, and 3.6�, respectively.

The formation of truncated pyramidal architecture is owing

to the faster etching rate at the top of the posts relative to

that between posts resulting from the establishment of a con-

centration gradient of etchant solution (along the posts) in

the transversal direction. The apparent contact angles of

water drops on as-prepared surfaces were measured with a

standard contact angle goniometer. The intrinsic water con-

tact angle on the control surface with nanostructure alone is

measured to be 160�6 2.1� and the water contact angle on

surfaces with different apex angles is 165�6 2.9�. The con-

tact angle hysteresis on all the surfaces with apex angles was

measured to be less than 5�.
The drop impact experiment was conducted in ambient

environment, at room temperature with 60% relative humidity.

The drop of �13 ll was released from a fine needle equipped

with a syringe pump from the height of 10 mm–60 mm, corre-

sponding to the Weber number (We) of 3.9<We< 23.5. The

Weber number is defined as We ¼ qv2
0r0=c, with q, c being

the density and surface tension of water, r0 being the drop ra-

dius, and v0 being the impacting velocity at the moment of

touching the substrate. The drop impact dynamics was

recorded by a high speed camera (Fastcam SA4, Photron lim-

ited) at the frame rate of 10 000 fps with a shutter speed

1/93 000 s. Fig. 3(a) shows the selected snapshots of drop

impacting on straight post arrays at We¼ 18.2. Upon touching

the substrate, the drop spreads over the surface into a pancake

shape, and then retracts to minimize the surface energy. The

overall contact time is measured to be 15.7 ms, which is inde-

pendent of We. These observations are consistent with the pre-

vious work.44

Distinct from that on straight post arrays, drops hitting

on the truncated pyramidal surfaces with different apex

angles detach from the surface in a pancake shape immedi-

ately close to the end of the spreading stage [Figures

3(b)–3(d)]. Careful inspection of the drop impact dynamics

indicates that the drop exhibits a significant motion in the

transversal direction (y-direction), which consists of down-

ward penetration and subsequent upward emptying. As plot-

ted in Fig. 3(e), the contact times in the pancake bouncing

regime are always smaller than that on straight post arrays,

FIG. 1. Schematic depiction of super-

hydrophobic surfaces with different

surface morphologies. Both the

straight posts arrays (a) and truncated

pyramidal post arrays (b) are covered

with hydrophobic microrosettes (as

indicated by the red dots with bristles

around) to render a superhydrophobic

property.

FIG. 2. Surface morphology and wettability characterization. SEM images

of as-fabricated straight posts (a) and truncated pyramidal post arrays with a

half-apex angle of 1.0� (b), 1.7� (c), and 3.6� (d), respectively. The water

contact angles associated with individual surfaces are shown in the inset.

The hydrophobic microrosettes uniformly coated on all the surfaces are

shown in the bottom inset of Fig. 2(a).
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suggesting the effectiveness of contact time reduction by

controlling the surface morphology. Moreover, we found

that the contact times in the pancake bouncing regime are

also sensitive to the apex angle, the surface with a larger

apex angle (a¼ 3.6�) exhibiting a smaller contact time of

�3.8 ms. Note that this time could be even smaller when the

penetrating liquid did not touch the base of surface with lon-

ger posts. For surface with shorter posts, the enhanced

droplet-substrate interaction would retard the capillary emp-

tying process. In addition to different contact times, the

range of We for pancake bouncing is strongly dependent on

the apex angle. For example, the range of We for the surface

with a¼ 3.6� varies between 8.7 and 23.5, which is much

wider than that of the surface with a¼ 1.0�. Taken together,

the design of pyramidal surfaces with a proper apex angle

not only significantly breaks the contact time limit but also

engenders a robust impact condition. This prospect opens up

a new avenue to engineer robust surfaces for multifunctional

applications including antifouling, dropwise condensation,

and deicing where fast drop shedding is desired.15,17,42,45

To quantitatively reveal the effect of surface morphol-

ogy on the contact time reduction, we examined the interplay

between two timescales associated with the transient motion

of the impinging drop. As illustrated in Fig. 4(a), upon

collision with the surface, the drop undergoes the downward

penetration and upward emptying and the timescale associ-

ated with the transversal motion of an impinging drop

between adjacent posts is defined as ty. It is important to

mention that in the case of pancake bouncing, ty is equivalent

to the contact time. By contrast, in the case of a conventional

bouncing in which the impacting drop on the truncated py-

ramidal posts is associated with a small We, there will be a

big difference between ty and the contact time due to the

inability to transform the penetrating liquid into an upward

motion effectively. Similarly, we defined the timescale

occurred in the lateral motion as tx.

We considered the change in the surface energy of a

drop Ey as a result of transversal water penetration. For the

impinging drop with a penetration depth of h into the porous

surface, the surface area of pyramid-water interface is

increased, whereas the horizontal water-air interface area

between pyramids decreases [see Figure 4(a), downward

motion]. The interfacial energies per unit area associated

with the pyramid-water and water-air interfaces are �c cos h
and c,46 respectively. Here, h¼ 160� is the apparent contact

angle corresponding to the wetting of the side pyramidal sur-

face modified with nanostructures mentioned in the preced-

ing paragraph. Thus, after simple geometric considerations,

Ey is expressed as

Ey ¼ cn �4h2 tan2a
cos h
sin a

þ 1

� �
þ a2

1

cos h
sin a

þ w2

� �
; (1)

where n accounts for the number of pyramids covered by the

penetrating liquid. Note that unlike the spreading of an im-

pinging drop on conventional superhydrophobic surfaces, the

penetrating liquid in our surfaces with larger w is confined in

a localized area with a lateral extension approximating to the

initial drop size12 and hence n � pr2
0=w2. From Eq. (1), we

can see that the change in the surface energy of the impinging

drop resulting from the transversal motion is proportional to

the squared penetration depth h, resembling the signature of a

harmonic spring. Thus, we can treat the motion of the impact-

ing drop in the transverse direction as that of a spring with a

spring constant k ¼ 2cpr2
0½�4 tan2að cos h= sin aÞ þ 1�=w2.

Interestingly, this spring constant is a function of surface

morphology, which is in contrast to that for conventional

superhydrophobic surfaces. Thus, ty can be treated as a half

of the period of the harmonic oscillator with a mass of

4pr3
0q=3. We have

ty ¼
p

tan a
�qw2r0

�
6c

cos h
sin a

þ 1

� �� � !1=2

: (2)

It is obvious that given a constant w the transversal timescale

is a decreasing function of the apex angle. Figure 4(b) com-

pares the predicted timescale and experimental data as a

function of a, which shows the reasonable agreement

between each other.

Similarly, we performed the interfacial energy analysis

of a spreading drop. We approximated the shape of a spread-

ing drop with a thin cylinder of the radius x, and hence the

change in the drop surface energy relative to its initial value

FIG. 3. (a) Selected sequential images show the impact of a drop on straight

post arrays, exhibiting a conventional bouncing pathway. The Weber num-

ber is 18.2. (b)–(d) Selected sequential images show the impact of drops on

truncated pyramidal posts with a half-apex angle of 1.0�, 1.7�, and 3.6�,
respectively. (e) The variation of the contact time as a function of We on dif-

ferent surfaces. The error bar is based on the average of five measurements.
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is expressed as Ex � px2cð1� cos hCBÞ � 4pr2
0c, where

hCB¼ 165� is the apparent Cassie-Baxter contact angle of a

drop sitting on the post arrays. Since the angle hCB is close to

180�, Ex can be approximated as

Ex � 2pcðx2 � 2r2
0Þ: (3)

Again, Ex has the form of the energy of a harmonic spring.

Therefore, the lateral spreading time is approximately to be a

quarter of the period of the harmonic spring, tx � p
2
ffiffi
3
p

ffiffiffiffiffi
qr3

0

c

q
,

which is calculated to be 6.0 ms. Remarkably, tx is compara-

ble to the timescale in the transversal direction as plotted in

Fig. 4(b). Note that for the drop that manifests a conventional

bouncing, there is a large deviation between these two time-

scales due to the small drop penetration in the substrate. Thus,

it should be stressed that the proximity of tx and ty should be

considered as a necessary condition for the pancake bouncing.

To quantitatively derive the critical Weber number re-

sponsible for the emergence of the pancake bouncing, we

calculated the total energy of the impinging drop at the

moment of its detachment from the surface, which consists

of the surface energy associated with the lateral motion and

the kinetic energy resulting from the transversal motion. At

the end of the lateral spreading, the drop exhibits a maximum

spreading radius47,48 and thus the maximum surface energy

associated with the lateral motion is expressed as

Ex;max � 2pr2
0cðWe1=2 � 2Þ: (4)

Note that, due to the minimal energy dissipation in the pene-

tration and capillary emptying processes, the kinetic energy

of the transversal motion of the drop at the end of empting is

equal to the corresponding potential (surface) energy Ey. For

the pancake bouncing to occur, the initial kinetic energy Ek

of the falling drop must be greater than the sum of these two

energies

Ek > Ex;max þ Ey;max: (5)

By combining Eqs. (1), (4), and (5), the equation governing

the critical Weber number for the pancake bouncing can be

expressed as

Wec ¼
3

2w2
�4h2 tan2a

cos h
sin a

þ 1

� �
þ a2

1

cos h
sin a

þ w2

� �
þ 3

ffiffiffiffiffiffiffiffi
Wec

p
� 6: (6)

Here, we have assumed Ey;max is the maximum energy when

the penetration depth is the height of posts. Fig. 5 plots the

variations of the critical We for the pancake bouncing as a

function of the apex angle based on our experimental values

and data predicted by the theoretical model. In both cases,

there is a marked decrease in the critical We for the pancake

bouncing with increasing apex angle and our experiment

data are in a reasonable agreement with those predicted by

our model, especially for the cases of drop impacting on

surfaces with larger apex angles. Note that the slightly

larger difference in the critical We between our experiment

data and predicted by our model for the case of drop impact-

ing on the surface with a small apex angle is ascribed to the

enhanced viscous dissipation, which is not taken into

account in our analysis. This is because, the critical We for

the surfaces with a small apex angle is large and hence the

viscous dissipation at this critical pancake bouncing is

accordingly enlarged.

FIG. 4. (a) Schematic illustration of

the transversal motion of an impinging

drop between adjacent truncated py-

ramidal posts, which includes the

downward penetration and upward

emptying of water. (b) Comparison of

the timescale ty between the posts on

different surfaces between the experi-

mental measurement (black squares)

and theoretical prediction (red line).

The error bar is based on the average

of five measurements.
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In summary, we demonstrated that the drop bouncing dy-

namics is significantly modulated by the surface morphology.

Under the same centre-to-centre post spacing, surfaces with a

larger apex angle could give rise to more robust pancake

bouncing, which is characterized by significant contact time

reduction, smaller critical Weber number and wider Weber

number range. We also developed general harmonic spring

models to build the link between the contact time and surface

morphology and predict the critical We for the pancake

bouncing. This work provides important insights for the

rational design of surfaces that allow fast drop shedding and

contact time reduction for diverse applications including

dropwise condensation, water desalination, antifouling, and

many others.

We acknowledge support from the Fundamental

Research Funds for the Central Universities (No.

DUT15RC067) to Y.L., the Hong Kong General Research

Fund (No. 11213414) and National Natural Science

Foundation of China (No. 51475401) to Z.W.

1A. L. Yarin, Annu. Rev. Fluid Mech. 38, 159 (2006).
2P. C. Tsai, R. C. A. van der Veen, M. van de Raa, and D. Lohse, Langmuir

26, 16090 (2010).
3J. Wu, R. Y. Ma, Z. K. Wang, and S. H. Yao, Appl. Phys. Lett. 98, 204104

(2011).
4V. Bergeron, D. Bonn, J. Y. Martin, and L. Vovelle, Nature 405, 772

(2000).
5D. Y. Zang, W. X. Zhang, J. Y. Song, Z. Chen, Y. J. Zhang, X. G. Geng,

and F. Chen, Appl. Phys. Lett. 105, 231603 (2014).
6D. Quere, Annu. Rev. Mater. Res. 38, 71 (2008).
7D. Richard and D. Quere, Europhys. Lett. 50, 769 (2000).
8A. L. Biance, C. Clanet, and D. Quere, Phys. Rev. E 69, 016301 (2004).
9Y. C. Jung and B. Bhushan, Langmuir 24, 6262 (2008).

10F. Lapierre, V. Thomy, Y. Coffinier, R. Blossey, and R. Boukherroub,

Langmuir 25, 6551 (2009).
11C. L. Hao, J. Li, Y. Liu, X. F. Zhou, Y. H. Liu, R. Liu, L. F. Che, W. Z.

Zhou, D. Sun, L. Li, L. Xu, and Z. K. Wang, “Superhydrophobic-like tunable

droplet bouncing on slippery liquid interfaces,” Nat. Commun. (in press).

12Y. H. Liu, L. Moevius, X. P. Xu, T. Z. Qian, J. M. Yeomans, and Z. K.

Wang, Nat. Phys. 10, 515 (2014).
13C. Antonini, A. Amirfazli, and M. Marengo, Phys. Fluids 24, 102104

(2012).
14G. Kwak, M. Lee, K. Senthil, and K. Yong, Appl. Phys. Lett. 95, 153101

(2009).
15T. Maitra, C. Antonini, M. K. Tiwari, A. Mularczyk, Z. Imeri, P. Schoch,

and D. Poulikakos, Langmuir 30, 10855 (2014).
16M. Zhang, P. Wang, H. Y. Sun, and Z. K. Wang, ACS Appl. Mater.

Interfaces 6, 22108 (2014).
17X. M. Chen, R. Y Ma, H. B. Zhou, X. F. Zhou, L. F. Che, S. H. Yao, and

Z. K Wang, Sci. Rep. 3, 2515 (2013).
18T. Maitra, M. K. Tiwari, C. Antonini, P. Schoch, S. Jung, P. Eberle, and D.

Poulikakos, Nano Lett. 14, 172 (2014).
19Y. Hou, M. Yu, X. Chen, Z. Wang, and S. Yao, ACS Nano 9, 71 (2015).
20X. M. Chen, J. Wu, R. Y. Ma, M. Hua, N. Koratkar, S. H. Yao, and Z. K.

Wang, Adv. Funct. Mater. 21, 4617 (2011).
21A. L. Biance, F. Chevy, C. Clanet, G. Lagubeau, and D. Quere, J. Fluid

Mech. 554, 47 (2006).
22K. Okumura, F. Chevy, D. Richard, D. Quere, and C. Clanet, Europhys.

Lett. 62, 237 (2003).
23Y. Renardy, S. Popinet, L. Duchemin, M. Renardy, S. Zaleski, C.

Josserand, M. A. Drumright-Clarke, D. Richard, C. Clanet, and D. Quere,

J. Fluid Mech. 484, 69 (2003).
24R. Ramachandran, K. Sobolev, and M. Nosonovsky, Langmuir 31, 1437

(2015).
25L. Q. Chen, E. Bonaccurso, and M. E. R. Shanahan, Langmuir 29, 1893

(2013).
26L. Q. Chen, J. Wu, Z. G. Li, and S. H. Yao, Colloids Surf., A 384, 726

(2011).
27I. V. Roisman, Phys. Fluids 21, 052104 (2009).
28D. C. Vadillo, A. Soucemarianadin, C. Delattre, and D. C. D. Roux, Phys.

Fluids 21, 122002 (2009).
29A. Alizadeh, V. Bahadur, S. Zhong, W. Shang, R. Li, J. Ruud, M.

Yamada, L. H. Ge, A. Dhinojwala, and M. Sohal, Appl. Phys. Lett. 100,

111601 (2012).
30P. C. Tsai, S. Pacheco, C. Pirat, L. Lefferts, and D. Lohse, Langmuir 25,

12293 (2009).
31R. Rioboo, M. Voue, A. Vaillant, and J. De Coninck, Langmuir 24, 14074

(2008).
32Y. C. Jung and B. Bhushan, ACS Nano 3, 4155 (2009).
33E. Bormashenko, T. Stein, G. Whyman, Y. Bormashenko, and R. Pogreb,

Langmuir 22, 9982 (2006).
34Z. J. Han, B. K. Tay, M. Shakerzadeh, and K. Ostrikov, Appl. Phys. Lett.

94, 223106 (2009).
35L. Zhai, F. C. Cebeci, R. E. Cohen, and M. F. Rubner, Nano Lett. 4, 1349

(2004).
36M. Hikita, K. Tanaka, T. Nakamura, T. Kajiyama, and A. Takahara,

Langmuir 21, 7299 (2005).
37T. Onda, S. Shibuichi, N. Satoh, and K. Tsujii, Langmuir 12, 2125 (1996).
38M. Nosonovsky and B. Bhushan, Nano Lett. 7, 2633 (2007).
39Y. Kwon, N. Patankar, J. Choi, and J. Lee, Langmuir 25, 6129 (2009).
40B. A. Malouin, N. A. Koratkar, A. H. Hirsa, and Z. K. Wang, Appl. Phys.

Lett. 96, 234103 (2010).
41Z. Wang, C. Lopez, A. Hirsa, and N. Koratkar, Appl. Phys. Lett. 91,

023105 (2007).
42J. C. Bird, R. Dhiman, H. M. Kwon, and K. K. Varanasi, Nature 503, 385

(2013).
43L. Moevius, Y. Liu, Z. Wang, and J. M. Yeomans, Langmuir 30, 13021

(2014).
44D. Richard, C. Clanet, and D. Quere, Nature 417, 811 (2002).
45K. K. Varanasi, T. Deng, M. Hsu, and N. Bhate, in Nanotechnology

Conference and Expo 2009, Technical Proceedings (2009), Vol. 3, p. 184.
46G. Whyman, E. Bormashenko, and T. Stein, Chem. Phys. Lett. 450, 355

(2008).
47N. Laan, K. G. de Bruin, D. Bartolo, C. Josserand, and D. Bonn, Phys.

Rev. Appl. 2, 044018 (2014).
48C. Clanet, C. Beguin, D. Richard, and D. Quere, J. Fluid Mech. 517, 199

(2004).

FIG. 5. Comparison of the critical Weber number obtained from both the ex-

perimental measurement (black circles) and the theoretical prediction (red

squares) for the pancake bouncing on surfaces with different apex angles.

The error bar is based on the average of five measurements.

051604-5 Liu et al. Appl. Phys. Lett. 107, 051604 (2015)

http://dx.doi.org/10.1146/annurev.fluid.38.050304.092144
http://dx.doi.org/10.1021/la102330e
http://dx.doi.org/10.1063/1.3592997
http://dx.doi.org/10.1038/35015525
http://dx.doi.org/10.1063/1.4903490
http://dx.doi.org/10.1146/annurev.matsci.38.060407.132434
http://dx.doi.org/10.1209/epl/i2000-00547-6
http://dx.doi.org/10.1103/PhysRevE.69.016301
http://dx.doi.org/10.1021/la8003504
http://dx.doi.org/10.1021/la803756f
http://dx.doi.org/10.1038/ncomms8986
http://dx.doi.org/10.1038/nphys2980
http://dx.doi.org/10.1063/1.4757122
http://dx.doi.org/10.1063/1.3244597
http://dx.doi.org/10.1021/la502675a
http://dx.doi.org/10.1021/am505490w
http://dx.doi.org/10.1021/am505490w
http://dx.doi.org/10.1038/srep02515
http://dx.doi.org/10.1021/nl4037092
http://dx.doi.org/10.1021/nn505716b
http://dx.doi.org/10.1002/adfm.201101302
http://dx.doi.org/10.1017/S0022112006009189
http://dx.doi.org/10.1017/S0022112006009189
http://dx.doi.org/10.1209/epl/i2003-00340-1
http://dx.doi.org/10.1209/epl/i2003-00340-1
http://dx.doi.org/10.1017/S0022112003004142
http://dx.doi.org/10.1021/la504626f
http://dx.doi.org/10.1021/la3046862
http://dx.doi.org/10.1016/j.colsurfa.2011.05.046
http://dx.doi.org/10.1063/1.3129283
http://dx.doi.org/10.1063/1.3276259
http://dx.doi.org/10.1063/1.3276259
http://dx.doi.org/10.1063/1.3692598
http://dx.doi.org/10.1021/la900330q
http://dx.doi.org/10.1021/la802897g
http://dx.doi.org/10.1021/nn901509r
http://dx.doi.org/10.1021/la061622m
http://dx.doi.org/10.1063/1.3148667
http://dx.doi.org/10.1021/nl049463j
http://dx.doi.org/10.1021/la050901r
http://dx.doi.org/10.1021/la950418o
http://dx.doi.org/10.1021/nl071023f
http://dx.doi.org/10.1021/la803249t
http://dx.doi.org/10.1063/1.3442500
http://dx.doi.org/10.1063/1.3442500
http://dx.doi.org/10.1063/1.2756296
http://dx.doi.org/10.1038/nature12740
http://dx.doi.org/10.1021/la5033916
http://dx.doi.org/10.1038/417811a
http://dx.doi.org/10.1016/j.cplett.2007.11.033
http://dx.doi.org/10.1103/PhysRevApplied.2.044018
http://dx.doi.org/10.1103/PhysRevApplied.2.044018
http://dx.doi.org/10.1017/S0022112004000904

	l
	n1
	f1
	f2
	d1
	d2
	f3
	d3
	d4
	d5
	d6
	f4
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	f5

