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ABSTRACT: Wettability of artificial surfaces is attracting increasing attention for its relevant 
technological applications. Functional performance is often achieved by mimicking topographical 
structures found in natural flora and fauna, however, surface attributes inspired by geological 
landscapes have so far escaped attention. We reproduced a stratified morphology of plateaus with 
a bi-Gaussian height distribution using a 3D direct laser lithography. The plateau-inspired artificial 
surface exhibits a hydrophobic behavior even if fabricated from a hydrophilic material, giving rise 
to new wetting mechanism that divides the well-known macroscopic Wenzel and Cassie states into 
four sub-states. We have also successfully applied the plateau-inspired structure to droplet 
manipulation.

KEYWORDS: artificial surface, stratified morphology, 3D laser lithography, wettability, droplet 
manipulation

■ INTRODUCTION
Wettability has been a research hotspot in surface engineering in recent years, offering exciting 
opportunities for numerous emerging applications such as self-cleaning, transportation, antifogging, 
anti-icing, antireflection, drag reduction, energy harvest, biosensor, etc.1−8 To achieve such 
fascinating capabilities, the combination of micro-/nanotopographical structures and chemical 
modification on solid surfaces has been demonstrated as an optional strategy to markedly alter 
surfaces’ wetting behavior. More precisely, the wettability is not merely dependent on the chemical 
interaction of a solid-liquid interface but mostly on the superficial morphology of micro-
/nanostructures.9 Considerable inspiration in this area has been gained from natural surfaces 
including those found on flora10 and fauna11, with the intent to mimic salient micro/nanostructures 
to achieve similar physical traits and functional performances. These artificial biomimetic 
structures were usually encouraged to exhibit a multiscale (fractal or hierarchical) feature with the 
scenario of either a random distribution12 or an extraordinarily ordered pattern13, in which 
distinctive (e.g., crown-like14,15 and mushroom-like16,17) submicro-/nanostructures were fabricated 
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atop the underlying microstructures like pillars and cones.
In the present work, we report a new two-layer artificial structure inspired by the bi-Gaussian 

stratified morphology of geological landscapes, thereby extending the scope of natural inspiration 
to non-biological examples. Similar to the fractal notion inspired by geological landscapes like 
coastlines,18 Figure 1a.ⅰ shows a typical bi-Gaussian stratified morphology of plateaus in the 
Grand Canyon National Park taken by Google Earth Pro (Google LLC). This series of mountains 
was generated during a past diastrophism, yielding deep valleys heavily interpenetrated by high 
peaks, which were subsequently truncated by environmental actions of wind and rain so as to form 
flat plateaus. This inspires a peculiar topography (see Figure 1a.ⅱ) in which a large roughness-
scale surface (lower component) is intersected by another surface with a small roughness scale 
(upper component). Each component independently follows a Gaussian distribution in terms of 
surface heights to satisfy a randomness requirement so as to insure widespread applicability. In 
contrast with the common multiscale (fractal or hierarchical) feature exhibiting self-similarity at 
different scales, the plateau-inspired one emphasizes the stratified property (i.e., selectively 
retaining the lower height on any node in the combination of the upper and lower components) at 
a single scale.

This bi-Gaussian stratified morphology widely exists on engineering surfaces (see Figure 1b) 
as a result of a multi-stage abrasive manufacturing process19, particularly on surfaces those have 
undergone a material wear in service20. However, most researchers have been puzzled by the 
apparently non-Gaussian distribution, overlooking the real-life scenario of a bi-Gaussian stratified 
property. Recently, the bi-Gaussian stratified feature has been differentiated from the non-Gaussian 
feature, and has begun to be investigated from morphological and functional points of view. 
Interestingly, functional performances of the two components are clearly defined in comparison to 
the conventional perspective of a single stratum. Taking the tribological field as an example, the 
upper component plays roles in load bearing and wear resistance while the lower component serves 
as lubricant reservoirs and debris traps.20 So far, the bi-Gaussian stratified idea is starting to render 
its excellent capability in revealing and optimizing interfacial lubrication, wear, wettability and 
manufacturing.19−21

In this work, we focused on proposing a two-layer artificial surface (see Figures 1c, 1d and 1e) 
consisting of micro-fabricated pillars inspired by a bi-Gaussian stratified morphology discovered 
in landscapes and industry, starting from a hydrophilic material while finally exhibiting a 
macroscopical hydrophobicity. In particular, we investigated how the two-layer artificial structure, 
respecting a bi-Gaussian stratified distribution in terms of pillar heights, can impact the wetting 
behavior by establishing a theoretical static contact angle model based on the well-known Wenzel 
and Cassie theories. The implementation of such artificial surfaces could be of significant 
technological interest because it could provide a feasible approach to control wettability by 
optimizing the arrangement of pillar heights instead of decorating the shape of pillars appreciated 
in precious studies14−17. Notably, this study is a preliminary attempt to utilize the inspiration from 
bi-Gaussian stratified morphology in the realm of wettability. As a further outlook, our particular 
two-layer arrangement can offer a flexible choice to tailor omniphobicity17 if the two layers are 
designed with different textures or made of different materials. This study, in addition, provides 
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valuable insights on the design and manufacturing of conventional engineering components 
because of the widespread presence of a bi-Gaussian stratified morphology in industry.

Figure 1. (a) Bi-Gaussian stratified morphology of plateaus observed in the Grand Canyon 
National Park (ⅰ) and its 2D schematic (ⅱ). (b) Bi-Gaussian stratified morphology observed on 
engineering surfaces. (c) Two-layer artificial structure composed of pillars following two height 
distributions inspired by a bi-Gaussian stratified morphology. (d) Design of a plateau-inspired 
artificial surface as a matrix of 77 bi-Gaussian stratified elements. (e) Plateau-inspired artificial 
surface made of IP-S photoresist on a glass substrate by means of 3D direct laser lithography using 
NanoScribe Photonic Professional System (inset: pillars with scale bar 10 m).

■ EXPERIMENTAL SECTION
A plateau-inspired artificial surface with a size of 35003500 m2 was purposely designed as a 77 
matrix consisting of prescribed bi-Gaussian stratified elements (see Figures 1d and S2), each 
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element being composed of 6464 pillars. Such a matrix design was employed to eliminate the 
repetitive error when we measured the static contact angles of water droplets at different contact 
positions on each pure plateau-inspired artificial surface (see Figure S2). Moreover, with this matrix 
design it was possible to create a gradient plateau-inspired artificial structure via a proper 
combination of different types of bi-Gaussian stratified elements (see Figure S2) in section 
APPLICATION. In each bi-Gaussian stratified element, the pillar height was designed to follow a 
bi-Gaussian stratified distribution, thus yielding a two-layer arrangement. The pillar heights were 
controlled by setting prescribed bi-Gaussian stratified indexes including the autocorrelation 
function (ACF) length, the root-mean-square height of pillars on the upper layer Spq, the root-
mean-square height of pillars on the lower layer Svq, and the proportion of pillars on the upper 
layer Smq (clearly defined in “Characterization and Simulation of Bi-Gaussian Stratified 
Morphology” in Supporting Information).

Samples were designed so that each pure plateau-inspired artificial surface (see P1−P6 in 
Figures S2 and 2a) exhibited a single bi-Gaussian stratified element. P1 was regarded as the 
fundamental case where ACF lengths in the x and y directions, Spq, Svq and Smq were set to 7.9 
m, 1 m, 10 m and 50 %; P2 (ACF lengths in the x- and y- directions: 250 m), P3 (Spq: 5 m), 
P4 (Svq: 2 m) and P5 (Smq: 80 %) were added to explore the distinguished wettability induced by 
different bi-Gaussian stratified indexes, revealing the inherent wetting mechanism of a bi-Gaussian 
stratified morphology. A deviation of ACF lengths was also set between the x and y directions in 
P6 (ACF lengths were set to 250 m and 7.9 m in the x and y directions, respectively) to induce 
a directional wettability, which has been a fascinating topic on anisotropic surfaces.13 In addition, 
a flat reference was preset as the ideal smooth surface to obtain the intrinsic contact angle in 
Young’s equation.

These designed pure plateau-inspired artificial surfaces were numerically generated by the 
simulation method of bi-Gaussian stratified morphologies (see Figure S1b) programmed in Matlab 
(Mathworks Inc.), and were then fabricated by a 3D direct laser lithography attaching IP-S 
photoresist (NanoScribe GmbH) to an ITO coated fused silica by means of a two-photon 
polymerization on Photonic Professional System (NanoScribe GmbH). In comparison to other 
strategies of tailoring topographical structures such as physical/chemical vapor deposition,22 sol-
gel,23 self-assembled monolayer24 and femtosecond laser,2 the NanoScribe system can be regarded 
as the most precise rapid prototyping technology to realize 3D structures at a micrometric level 
even at a nanoscale in the up-to-date applications of mechanical metamaterials,25 optics,26 
photonics,27 etc. To our knowledge, this technology, recently, started to be employed as a powerful 
tool in wettability investigation.14,17,28−30

Conventionally, a program is required to convert the matrix format generated by Matlab into 
the recognizable stereolithography format (.stl).29 However, in a case with the size of mm3, this 
“mesh to solid” converter will lead to a file size of hundreds of MB or even several GB, exhausting 
the computer resource.28 In this study, as the bi-Gaussian stratified notion was only adopted to 
optimize the arrangement of pillar heights rather than the shape of pillars, the matrix format has 
been converted into a grayscale format, serving as the input of the NanoScribe system. During the 
fabrication, IP-S photoresist was exposed to a 780-nm femtosecond laser through an oil-immersion 
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objective (numerical aperture = 0.8). The interface between the photoresist and the substrate was 
searched and the laser was then commanded to write 0.5 m beneath the interface, ensuring a good 
adhesion of the printed structures on the glass substrate. The laser writing was conducted at a 
speed of 100 mms−1 with a power of 110 mW. The fabrication was then developed for 20 min in a 
SU-8 Developer (MicroChem Corp) and rinsed in isopropyl alcohol and deionized water. Thanks 
to the laser writing process, two-layer artificial structures made of IP-S photoresist were well 
attached on glass substrates (see Figure 2b) in good agreement with the initial design.

Figure 2. (a) Visualization of the designed pure plateau-inspired artificial surfaces: P1 vs. P2 to 
show the effect of ACF length; P1 vs. P3 to show the effect of Spq; P1 vs. P4 to show the effect of 
Svq; P1 vs. P5 to show the effect of Smq; P1 vs. P6 to show the effect of a directional difference in 
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ACF lengths; elements E0, E10, E20, E30, E40 and E50 illustrated in Table S1. (b) Scanning 
electron microscope images of the fabricated pure plateau-inspired artificial surfaces.

To characterize the wettability of plateau-inspired artificial surfaces, the static contact angle, 
serving as a key evaluation index, for a 4-μL droplet of deionized water was measured by Rame-
Hart Contact Angle Goniometer (Rame-Hart Instrument Co.) via a sessile drop method under 
controlled temperature (20 C) and relative humidity (45 %). Each contact angle was captured 30 
sec after the droplet contacted the target artificial surface in order to insure equilibrium. The 
measurement was conducted five times on the same plateau-inspired artificial surface to confirm 
excellent repeatability.

■ RESULTS AND DISCUSSION
Gratifyingly, the static contact angles (see Figure 3a) on plateau-inspired artificial surfaces 

were greater than that on the flat reference (67.2 ), even reaching a hydrophobic level. This is a 
remarkable result that verifies the function of a two-layer arrangement to convert the initial 
hydrophilicity into a macroscopic hydrophobicity. Referring to the Wenzel model, a roughness will 
intensify the inherently hydrophilic characteristic. The converse effect in this study is attributed to 
the Fakir effect of pillars.31 Combined with peculiar topological (mushroom-like or crown-like) 
structures fabricated atop the pillars, this Fakir effect can even convert hydrophilicity into 
superhydrophobicity.14−17 In comparison to a single Gaussian arrangement (see Figure S5), a bi-
Gaussian stratified one exhibited an enhanced water repellency due to the suspending effect of the 
plateaus (i.e., upper component) and the air reservoirs formed by the valleys (i.e., lower component). 
It is important to highlight that the prescribed bi-Gaussian stratified indexes, in terms of ACF 
lengths, Spq, Svq and Smq, are crucial factors in determining the fraction of solid-liquid and gas-
liquid interfaces. More precisely, a greater ACF length (see P2 vs. P1) differentiates the 
interpenetrated pillars,21 thus forming wide valleys to trap the droplet to render a smaller contact 
angle. A greater Spq (see P3 vs. P1) indicates a rougher upper layer, enabling more of that layer to 
become gas traps to decrease the fraction of the solid-liquid interface so as to present a greater 
contact angle. A smaller Svq (see P4 vs. P1) decreases the volume of trapped gas, resulting in a 
smaller contact angle. A greater Smq (see P5 vs. P1) decreases the proportion of the lower layer, 
thereby diminishing the volume of gas traps to yield a smaller contact angle. However, the 
difference in contact angle here is smaller than the circumstance of P4 vs. P1 because an increased 
proportion of the upper layer leads to an increased fraction of the gas-liquid interface, thus 
providing an opposite augmentation to the contact angle. A directional deviation of contact angle 
is acquired (see P6) by setting different ACF lengths between the x and y directions.
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7

Figure 3. (a) Static contact angles on the pure plateau-inspired artificial surfaces with different bi-
Gaussian stratified indexes. (b) Theoretical static contact angle model for a bi-Gaussian stratified 
morphology, introducing four different wetting states, (ⅰ) W-W, (ⅱ) W-C, (ⅲ) W-gas, and (ⅳ) 
C-gas states, eqs 1−4. (c) Theoretical and experimental relationships between apparent contact 
angles and intrinsic contact angles on the pure plateau-inspired artificial surfaces, (ⅰ) P1, (ⅱ) P5, 
and (ⅲ) P6, where an ideal smooth surface was employed to obtain the intrinsic contact angle. (d) 
Theoretical and experimental relationship between apparent contact angle and intrinsic contact 
angle on a pure plateau-inspired artificial surface made of hydrophobic polydimethylsiloxane, 
having the same bi-Gaussian stratified indexes with P1.

To further explain how a plateau-inspired artificial surface can affect the wettability from a 
theoretical point of view, we established a static contact angle model based on the well-known 
Wenzel and Cassie theories (see “Bi-Gaussian Stratified Wetting Model” in Supporting 
Information) rendered as

;*W
Wcos (1 ) cos , when MR 100 %Sdr     (1)

;*W
C MRcos (1 ) MR cos MR 1, when MR ( ,100 %)Sdr Smq        (2)

;*W
gascos (1 ) cos 1, when MRSmqSdr Smq Smq Smq        (3)
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8

.*C
gas MRcos (1 ) MR cos MR 1, when MR (0, )Sdr Smq        (4)

Herein  is the intrinsic contact angle on an ideal smooth surface, which is associated with the solid 
surface free energy, liquid surface tension and solid-liquid interfacial energy in Young’s equation. 
And  * is the apparent contact angle on a rough surface affected by the roughness factor r (see eq 
S5, the ratio of the real area to the projected one to indicate an area extension) and the fraction of 
the solid-liquid interface f (see eq S6). Material ratio (MR), indicating the probability to find a pillar 
above a certain height (see eq S2), was employed to define the boundary between the wetted and 
unwetted regions. The roughness factor r was evaluated by the developed interfacial area ratio Sdr 
(see eq S7), whose subscript means that the value of Sdr should be calculated within the pillars 
above an intersecting plane defined by the employed MR (instead of being calculated over all nodes 
required in ISO 25178). Consequently, eqs 1−4 divide the macroscopic Wenzel and Cassie states 
into four different sub-states on a plateau-inspired artificial surface (see Figures 3b and S6). In the 
first state, the MR is equal to 100 % (see Figure S6a) with the lower and upper layers in the Wenzel 
state (see Figures 3b.ⅰ and S6b.ⅰ). In the second state, the MR decreases from 100 % and stops 
at a value within the interval of (Smq, 100 %) (see Figure S6a), leading to the upper layer in the 
Wenzel state while the lower component in the Cassie state (see Figures 3b.ⅱ and S6b.ⅱ). In the 
third state, the MR is exactly equal to Smq (see Figure S6a), indicating that the upper layer is in the 
Wenzel state while the lower layer is in a completely gaseous environment (see Figures 3b.ⅲ and 
S6b.ⅲ). In the fourth state, the MR reaches a tiny value within the interval of (0, Smq) (see Figure 
S6a) where the lower layer is in the gas environment while the upper layer has entered into the 
Cassie state (see Figures 3b.ⅳ and S6b.ⅳ). Hence, the superscript and subscript of  * in eqs 1−4, 
respectively, represent the wetting states of the upper and lower layers with “W”, “C” and “gas” 
relating to Wenzel state, Cassie state and gas environment. This bi-Gaussian stratified wetting 
model is suitable not only for the two-layer artificial surface in this work but also conventional 
engineering surfaces with a bi-Gaussian stratified morphology in industry, such as automotive 
cylinder liners. It is important to underline that the value of MR is, of course, dependent on the 
physicochemical attributes of solid and liquid as well as environmental factors, making it a 
challenge to be theoretically calculated. Nevertheless, our model, unlike the Wenzel and Cassie 
models, can be used as a probe to estimate the wetting statuses of the two component layers. The 
C-gas state should be the highest energy state in comparison to the other three from a 
thermodynamic point of view. It therefore would transfer into the W-gas, W-C, or W-W state after 
a sufficient duration of time,32 or if disturbed by ambient factors such as mechanical process, 
evaporation, and condensation.33

By applying the bi-Gaussian stratified wetting model to the previously measured static contact 
angles, the theoretical and experimental relations between apparent contact angles and intrinsic 
contact angles were depicted in Figures 3c and S7. In P1−P4, the dotted line across the experimental 
data is surrounded by the solid (MR = 100 %) and the dashed (MR = Smq) lines, indicating a W-C 
wetting state (see Figure 3c.ⅰ). In P5, the dotted line is very close to the dashed line, thus 
approaching a W-gas wetting state (see Figure 3c.ⅱ). When the dotted line is below the dashed 
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line, the wetting state has entered into a C-gas state, which can be observed in another P1 case made 
of hydrophobic polydimethylsiloxane (see Figure 3d). In such case, a mold was first fabricated on 
a glass substrate by the NanoScribe system with the hydrophilic IP-S photoresist; then, the 
polydimethylsiloxane was used to copy the morphology from the resulting mold, thereby 
generating the other P1 case, however now, composed by a hydrophobic material. The intrinsic 
contact angle on a smooth polydimethylsiloxane surface is 112.6 , and the apparent contact angle 
on P1 made of polydimethylsiloxane is 134.6 , as displayed in Figure S12. In P6 (see Figure 3c.ⅲ), 
the bi-Gaussian stratified wetting model has been improved to a 2D formation to capture the 
directional deviation caused by an ACF-length difference between the x and y directions.

■ APPLICATION
In this section, the inspiration of a bi-Gaussian stratified morphology to mimic two-layer artificial 
structures was employed in the application of droplet manipulation, which has been widely 
investigated in areas such as adhesion control from lotus leaf to rose petal,2 and microfluidics based 
on hydrophobic-hydrophilic transitions.34 To realize the droplet transportation based on a 
hydrophobic-hydrophilic transition, a gradient plateau-inspired artificial surface was designed (see 
Figure 4a) by a proper combination of different types of bi-Gaussian stratified elements, and was 
then realized using the NanoScribe system (see Figure 4b). Herein, bi-Gaussian stratified gradients 
were created (see Figures S2 and S3) in terms of ACF length (G1, ACF lengths in the x and y 
directions ranging from 7.9 m to 250 m), Spq (G2, Spq ranging from 1 m to 5 m), Svq (G3, 
Svq ranging from 10 m to 2 m), Smq (G4, Smq ranging from 5 % to 95 %) and directional 
difference (G5, ACF length in the x direction ranging from 7.9 m to 250 m in comparison to the 
constant ACF length in the y direction of 7.9 m). These designed gradient plateau-inspired 
artificial structures were then made of IP-S photoresist and fabricated on glass substrates (see 
Figure S4), in good agreement with the initial design.

Figure 4. (a) Design of a plateau-inspired artificial surface G1 with an ACF-length gradient (ACF 
lengths in the x and y directions ranging from 7.9 m to 250 m). (b) Scanning electron microscope 
images of the fabricated gradient plateau-inspired artificial surface G1.
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10

On a horizontal platform (see Figure 5a), a water droplet instantaneously became asymmetric 
when it contacted the plateau-inspired artificial surface G1 with an ACF-length gradient (capitals 
“A” and “B” relating to the surface edges with 7.9-m and 250-m ACF lengths), and finally 
stopped at the position that was away from the central line of the syringe and simultaneously formed 
a distinguished deviation between the left (83.8 ) and right (78.3 ) contact angles, thus indicating 
a driving force induced by the preset bi-Gaussian stratified gradient. To better gauge the power of 
a bi-Gaussian stratified gradient, we continued to pressurize the droplet by reducing the vertical 
height of the syringe (see Figure 5b). Under an extrusion force, the droplet deformed directionally 
along the bi-Gaussian stratified gradient (from edge B to edge A) and remained unchanged relative 
to the edge B, and even broke the inherently spherical shape when it touched the edge A, showing 
the greater power of the bi-Gaussian stratified gradient in comparison to the extrusion force. We 
repeated the above squeezing action on a platform tilted by 10  (see Figure 5c). The droplet still 
deformed directionally along the bi-Gaussian stratified gradient, validating that the bi-Gaussian 
stratified gradient was sufficiently high to resist both the extrusion force and gravity. Similar 
droplet manipulation can be achieved on plateau-inspired artificial surfaces with a designed 
gradient in terms of Spq, Svq, Smq, and directional ACF-length difference, as depicted in Figures 
S8, S9, S10 and S11.

Figure 5. Droplet manipulation by an ACF-length gradient (ACF lengths in the x and y directions 
ranging from 7.9 m to 250 m) on a plateau-inspired artificial surface G1. (a) Horizontal motion 
of a water droplet induced by the gradient. (b) Horizontal motion of a water droplet induced by the 
gradient and an extrusion force arising from the vertical reduction of the syringe: droplet contacted 
surface, syringe declined 0.3 mm, syringe declined 0.6 mm, and syringe declined 0.9 mm. (c) 
Motion of a water droplet on a tilted platform with 10  induced by the gradient to resist the 

Page 10 of 21

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11

extrusion force and the droplet gravity. Arrows indicating the surface edges. Capitals “A” and “B” 
relating to the surface edges with 7.9-m and 250-m ACF lengths. Dashed and dotted lines 
indicating the centers of the syringe and the droplet.

■ CONCLUSIONS
In this work, we extended the scope of naturally inspired interface beyond previous studies limited 
to mimicking flora and fauna. Similar to the famous fractal concept inspired by landscapes such as 
coastlines, we reported a two-layer artificial surface motivated by plateaus with a bi-Gaussian 
stratified morphology. 3D direct laser lithography was employed in the fabrication of two-layer 
artificial surfaces to precisely replicate the interesting plateau morphology, paving a way to explore 
the wettability on a bi-Gaussian stratified topography. A static contact angle model was developed 
for a bi-Gaussian stratified morphology in revealing new wetting mechanisms, dividing the well-
known macroscopic Wenzel and Cassie states into four sub-states depending on the wetting states 
of the two component layers. This understanding was employed to produce hydrophobic surfaces 
out of hydrophilic materials, and was successfully applied to the droplet manipulation for gravity 
resistance. In the field of interface assembly, the present work can be regarded as a guide to 
optimize the arrangement of pillar heights instead of solely decorating the shape of pillars 
appreciated in precious studies. This work also provides valuable insights on the design and 
manufacturing due to the widespread presence of a bi-Gaussian stratified morphology on 
conventional engineering components used in industry. As a further outlook, the particular two-
layer arrangement can offer a flexible choice to reach omniphobicity when two layers are fabricated 
from different materials or are decorated with peculiar topological structures.
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