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In this study, the wetting state on hydrophobic and hydrophilic micro-textured surfaces was investi-

gated. High spatial resolution synchrotron X-ray radiography was used to overcome the limitations in

visualization in previous research and clearly visualize the wetting state for each droplet under quan-

tified surface conditions. Based on thermodynamic characteristics, a theoretical model for wetting

state depending on the chemical composition (intrinsic contact angle) and geometrical morphology

(roughness ratio) of the surfaces was developed. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4919136]

Wetting is one of the key fundamental physical phenom-

ena in liquid-solid contact systems that are widely encoun-

tered in nature and engineering applications. Recently, to

improve surface wettability,1,2 micro-electromechanical sys-

tems have been used to develop well-designed textured surfa-

ces for application in various fields including self-cleaning,3,4

water-proofing,5 hydrodynamic friction reduction,6 anti-bio-

fouling,7–9 and thermal and energy systems.10–12

Surface wettability is the ability of a liquid to maintain

contact with a solid surface as a result of intermolecular

interactions when the two are brought into contact. This abil-

ity is estimated based on the wetting state of a water droplet

on the surface, and is generally quantified using the apparent

contact angle, hA. When a water droplet rests a textured sur-

face, as shown in Fig. 1, various wetting states can be

observed depending on the surface conditions. In previous

reports, hydrophilic textured surfaces are fully wetted by

water droplets.13 In this case, if a droplet has a partial spheri-

cal shape, the wetting state of the droplet is defined as the

Wenzel state.1 However, if a droplet has a precursor (liquid

film) that stretches out from the liquid drop along the sur-

face, the wetting state is called the hemi-wicking state

(“sunny-side-up” in other literature14). Hydrophobic textured

surfaces are generally only partially wetted, i.e., the droplet

is in the Cassie-Baxter state.15 In some cases, droplets on

hydrophobic textured surfaces have a Wenzel state or mixed

state (where the Wenzel and Cassie states coexist).16

To estimate the apparent contact angle to quantify the

surface wettability, the wetting state should be estimated.

According to the previous wetting model,1,2,15,17 the appa-

rent contact angle is estimated on the basis of the chemical

composition and geometric morphology of the surface. The

chemical composition is a natural material characteristic of

the solid surface and is quantified based on the intrinsic con-

tact angle h0, which is defined as the equilibrium contact

angle of a water droplet on the ideal smooth surface. The

geometric morphology is a mechanical characteristic of the

solid surface and is quantified in terms of the roughness ra-

tio, defined as the ratio of the wetted area to the projected

area.2 On the textured surface with the same geometric mor-

phology, since the wetted area is different depending on the

wetting state, the roughness ratio is different depending on

the wetting state. Therefore, the wetting state must be esti-

mated to allow the apparent contact angle to be estimated.

Although wetting state has been extensively explored in

previous reports,13,14,16,18–37 the majority of these previous

reports have focused on hydrophobic textured surfaces. Besides

the wetting state was inferred from visible-wavelength images,

making it difficult to identify the physical behavior at the vicin-

ity of the micro-pillars on the test surfaces. Therefore, the pre-

cise visualization of wetting phenomena on micro-nanoscaled

surfaces is crucial for understanding such wetting phenomena.

From this perspective, we employed synchrotron X-ray radiog-

raphy with high spatial resolution to overcome the challenges

in visualization and used the results to develop a theoretical

model for wetting state on hydrophobic and hydrophilic micro-

textured surfaces. Micro-textured surfaces with well-defined

FIG. 1. Various wetting states.
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surface conditions were fabricated to allow quantitative analysis

of the wetting state. The wetting state was clearly defined for

each droplet placed on the surface under quantified conditions

on the basis of the images obtained from the synchrotron X-ray

radiography. Based on thermodynamics, a theoretical model to

define the wetting state depending on the surface conditions

was developed.

Quantitative analysis of the wetting state required test

sections with well-defined surface conditions. Therefore, the

micro-textured surfaces coated with a self-assembled mono-

layer (SAM) were fabricated to produce surfaces with well-

defined chemical compositions and geometric morphologies.

To obtain different chemical surface compositions, the silicon

surfaces were coated with hydrophilic (mercapto-propyl-tri-

methoxy-silane: MPTS) and hydrophobic (heptadecafluoro-

1,1,2,2-tetrahydrodecyltrichlorosilane: HDFS) SAMs. As

shown in Fig. 2(a), the intrinsic contact angles of the silicon

surface (h0¼ 58�) were 34� and 109� for the hydrophilic and

hydrophobic SAM coatings, respectively. To obtain different

geometric surface morphologies, textured surfaces with vari-

ous micro-pillar arrays were fabricated using conventional li-

thography and dry-etching methods, as shown in Fig. 2(b).

The dimensions of the micro-pillars on each fabricated surface

were measured using a 3D-profiler and high-resolution field-

emission scanning electron microscope (FE-SEM). According

to the Wenzel state (W) and Cassie-Baxter state (C-B), the

roughness ratio f was calculated in terms of the geometry and

array of pillars (see the supplementary material for details38).

In this study, micro-pillars with four different diameters (A:

15 lm, B: 45lm, C: 75 lm, and D: 105lm) and three inter-

vals between micro-pillars (“01:” 25 lm, “02:” 55 lm, and

“03:” 85 lm) were used to give 13 different surface morpholo-

gies (including the flat surface), as listed in Table I. These

combinations were prepared with the three wetting cases (silicon

surface, hydrophilic surface with MPTS SAM, and hydrophobic

surface with HDFS SAM) to obtain a total of 39 different test

surfaces covering h0¼ 34�, 58�, and 109�, 1.0< fW< 2.0 and

0.02< fC-B< 1.0.

For visualization of the wetting states, synchrotron

X-ray radiography with a spatial resolution of 1.74 lm/pixel

at the 6D beam-line of the Pohang Light Source-II (PLS-II)

in Korea was used to visualize the micro-pillars on the

FIG. 2. (a) Static contact angles on

surfaces with and without SAM coat-

ings. A 6.3ll droplet of distilled ionized

water was placed on the surface, and the

static contact angle was measured by

an automatic goniometer. The visible

images were obtained using the micro-

scope of the goniometer (8.69lm/pixel).

(b) Images of test sections (3D-Profiler,

SEM).

TABLE I. Geometric properties of the micro-textured surfaces.

No. d (lm) p (lm) i (lm) h (lm) fW
a fC-B

a

Flat … … … … 1 1

A01 16.13 40.02 23.89 20.06 2.00 0.13

A02 16.05 70.03 53.98 19.24 1.31 0.04

A03 14.73 100.50 85.77 19.90 1.14 0.02

B01 46.30 70.34 24.04 18.52 1.86 0.34

B02 47.62 100.01 52.39 17.95 1.42 0.18

B03 47.62 129.86 82.23 19.83 1.28 0.11

C01 76.68 99.85 23.18 21.54 1.82 0.46

C02 76.36 130.33 53.97 18.61 1.41 0.27

C03 76.36 159.86 83.50 18.34 1.27 0.18

D01 107.31 130.17 22.86 22.12 1.69 0.53

D02 106.20 159.86 53.66 21.84 1.45 0.35

D03 106.68 189.23 82.55 20.51 1.30 0.25

afW and fC-B are the roughness ratio for the Wenzel state and Cassie-Baxter

state, respectively.
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micro-textured surfaces. A valuable advantage of this tech-

nique compared with photography is that it enabled us to

clearly distinguish the interface between the silicon struc-

ture and water, because both materials have very different

linear attenuation coefficients for X-rays. The detailed pro-

cedure used to visualize the wetting state with X-rays and

information on PLS-II are described in the supplementary

material.38

The dependence of wetting state on surface conditions

was clearly visualized based on the obtained synchrotron X-

ray radiography images. On the micro-textured surfaces with

HDFS coating (h0¼ 109�), the Wenzel and Cassie-Baxter

wetting states were observed depending on the geometric

conditions of the surface. Surfaces with smaller intervals

between the micro-pillars were only partially wetted, as

shown in Fig. 3(a), i.e., the droplet was in the Cassie-Baxter

state. However, on the surfaces with larger intervals between

micro-pillars (A03, B03, C03, and D03), the hydrophobic

textured surfaces were fully wetted by a water droplet, as

shown in Fig. 3(b), i.e., the droplet was in the Wenzel state.

On the micro-textured silicon surfaces (h0¼ 58�), the

Wenzel state was observed, as shown in Fig. 4(a). Park et al.

reported that droplets on similar silicon surfaces were in a

mixed state, where the Wenzel and Cassie state locally co-

existed depending on the surface conditions.16 However, the

mixed state was not observed in this study. On the micro-

textured surface with MPTS coating (h0¼ 34�), both the

Wenzel and hemi-wicking state were observed depending on

the geometric conditions of the surface. On these surfaces,

most of the droplets were generally in a Wenzel state.

However, on surfaces with a high roughness ratio (fW> 1.5),

droplets existed in the precursor (or liquid film) periphery

near the contact line, as shown in Fig. 4(b), i.e., the droplets

were in the hemi-wicking state.

Subsequently, the experimental results were compared

with the model proposed by Bico et al.13 to evaluate the wet-

ting state at the different experimental conditions because

their model can be widely applied to the Cassie-Baxter,

Wenzel, and hemi-wicking wetting states. In the model of

Bico et al., the wetting state of a droplet on a surface is

decided based on thermodynamic characteristics; the system

of the droplet is favorable in the more stable wetting state

under any disturbance. The model estimates the wetting state

as follows:

FIG. 3. Visualization of wetting state

on micro-textured surfaces with HDFS

coating using visible light and X-rays;

(a) A01 (d¼ 15 lm, p¼ 40 lm, and

h¼ 20 lm) and (b) A03 (d¼ 15 lm,

p¼ 100 lm, and h¼ 20 lm). The lines

across of the final image at Fig. 3(a)

are caused by the local scratch at the

scintillator screen.

FIG. 4. Visualization of wetting state

on micro-textured surfaces using visi-

ble light and X-rays (A01: d¼ 15 lm,

p¼ 40 lm, and h¼ 20 lm); (a) silicon

surface and (b) MPTS-coated surface.

171602-3 Yu et al. Appl. Phys. Lett. 106, 171602 (2015)
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FC�B ¼
fC�B � 1

fW � fC�B

� cos h0
FC�B > 0 ðCassie-Baxter stateÞ

FC�B < 0 ðWenzel stateÞ

� �
; (1)

Fhw ¼ cos h0

� 1� fC�B

fW � fC�B

Fhw > 0 ðhemi-wicking stateÞ
Fhw < 0 ðWenzel stateÞ

� �
; (2)

where FC-B and Fhw are the functions used to estimate the

wetting state near the Cassie-Baxter and hemi-wicking

states, respectively.

However, when the present experimental results were

compared with the model of Bico et al., it was found that the

model had difficulties in predicting the experimental wetting

state under the different surface conditions used. As shown

in Fig. 5(a), for the hydrophobic textured surfaces with

HDFS coating (h0¼ 109�), the model of Bico et al. estimates

that the droplets were only in the Wenzel state within the ex-

perimental ranges, although the droplets were mostly in the

Cassie-Baxter state, excluding cases A03, B03, C03, and

D03. On the textured silicon surfaces (h0¼ 58�) and the tex-

tured silicon surfaces with MPTS coating (h0¼ 34�), the

model estimates that the droplets were in the hemi-wicking

state throughout the broad experimental range, as shown in

Figs. 5(b) and 5(c), although the droplets were mostly in the

Wenzel state (excluding the cases of A01, B01, C01, and

D01 on the MPTS-coated surface). Overall, the previous

wetting state model estimated that the droplets were in a

more wettable state than the experimentally observed wet-

ting state.

In a previous report on wetting phenomena, Kang-

Jacobi suggested that energy loss occurs when the contact

line of a water droplet is moved. They proposed the follow-

ing expression for the energy loss in terms of the work of ad-

hesion, w, based on thermodynamics:17

w

rlv
¼ cos h0 þ

 
4

�
2þ cos h0ð Þ 1� cos h0ð Þ2

4

�2=3

� 2 1� cos h0ð Þ
!�

sin2h0; (3)

where rlv is the surface tension at the liquid-vapor interface.

However, the model of Bico et al. neglects the energy loss at

the moving contact line when the contact line of the droplet

is moved by any disturbance. For good estimation of the wet-

ting state depending on the surface conditions, in this study,

we applied the work of adhesion to the model of Bico et al.
to consider the energy loss at the moving contact line under

any distribution. Assuming isothermal and isochoric condi-

tions for a small displacement under any disturbance, the

system of a droplet on the surface can be defined with the

Helmholtz free energy, H. To determine the wetting state of

such a droplet on both hydrophilic and hydrophobic textured

surfaces, Eqs. (4) and (5) were derived to define the relation-

ship between wetting states based on the consideration that

the system of a droplet on the surface is favorable in the

more stable wetting state under any disturbance. Therefore,

the developed thermodynamic model for estimating the wet-

ting state is

dHC�B

dL
<

dHW

dL
; Cassie-Baxter state is favorable

F�C�B ¼
fC�B � 1

fW � fC�B
þ w

rlv

� cos h0

F�C�B > 0 ðCassie–Baxter stateÞ
F�C�B < 0 ðWenzel stateÞ

" #
; (4)

FIG. 5. Estimation of wetting state by the model of Bico et al.13 and presently

developed model. (a) Experimental data for HDFS-coated textured surfaces.

(b) Experimental data for silicon textured surfaces. (c) Experimental data for

MPTS-coated textured surfaces.

171602-4 Yu et al. Appl. Phys. Lett. 106, 171602 (2015)
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dHhw

dL
<

dHW

dL
; hemi-wicking state is favorable

F�hw ¼ 1þ cos hA � 1

fC�B
þ w

rlv

� cos h0

F�hw > 0 ðhemi-wicking stateÞ
F�hw > 0 ðWenzel stateÞ

" #
; (5)

where FC-B* and Fhw* are the modified functions used to

estimate the wetting state about the Cassie-Baxter state and

hemi-wicking state, respectively. Additionally, the apparent

contact angle hA was estimated with the Kang-Jacobi wetting

model to consider the energy loss during movement of the

contact line of the water droplet, as shown in Eq. (6)

1� cos hA � 2
2þ cos hAð Þ 1� cos hAð Þ2

4

� �2=3

sin2hA

¼ fW

1� cos h0 � 2
2þ cos h0ð Þ 1� cos h0ð Þ2

4

� �2=3

sin2h0

: (6)

The detailed derivation of Eqs. (4) and (5) is described in the

supplementary material.38

The developed model for estimating the wetting state was

first tested with the experimental results obtained for the tex-

tured surfaces with HDFS coating (h0¼ 109�), as shown in

Fig. 5(a). The experimental data were well estimated by the

developed model, excluding case A02. On the textured silicon

surfaces (h0¼ 58�), the experimental data were well estimated

by the developed model within the experimental ranges, as

shown in Fig. 5(b). On the textured surfaces with MPTS coat-

ing (h0¼ 34�), however, the developed model poorly esti-

mated the wetting state because it predicted a hemi-wicking

state across the experimental ranges, similar to the predictions

by the previous model. However, as shown in Fig. 5(c), it is

noted that the present model provided a more accurate fit to

the experimental results than that by the previous model.

For cases A02 of the HDFS-coated surfaces, and B02,

C02, C03, D02, and D03 of the MPTS-coated surfaces, the

poor prediction of the present model originated from potential

surface defects generated during the fabrication stage. When

the micro-textured surface was fabricated with deep reactive

ion etching, scallop shapes at the sidewall of the micro-pillars

were generated, as shown in Fig. 2(b). According to the previ-

ous reports,39 discontinuities on a surface increase the total sys-

tem energy owing to frictional resistance on the contact line

when displacement along the contact line occurs by a purely

mechanical process. Therefore, the poor estimation of these

cases using the developed model occurred because their wetting

states were metastable (not stable). In future work, the energy

or friction resistance at the scallop shape of the micro-pillars

should be researched quantitatively to allow their effects to be

overcome.

In summary, we investigated wetting states on hydro-

philic and hydrophobic micro-textured surfaces. The depend-

ence of wetting state on the surface conditions of well-

quantified micro-textured surfaces was clearly visualized

using synchrotron X-ray radiography. When the

experimental results were compared with the previous wet-

ting state model of Bico et al., the model estimated that the

droplets had a more wettable state than the experimentally

observed wetting state. Therefore, we developed a thermody-

namic model to take energy loss that occurred during move-

ment of the contact line into consideration. It was found that

our model well estimated the wetting state when the energy

loss at the moving contact line was considered.

This work was supported by the National Research

Foundation of Korea (NRF) Grants funded by the Korean

Government (MSIP) (2014M2B2A9031122). Experiments at
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