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Abstract
Polymer surfaces with wettability gradient were fabricated using three-dimensional (3D) printing technology to control the 
velocity of droplets on the surfaces. A microscale pattern of a semicircular casting mold was created layer-by-layer using 
a 3D printer based on fused deposition modeling. A surface with a wettability gradient was fabricated by replicating the 
semicircular mold with a continuously varying surface slope. Water contact angle measurements and droplet test results 
demonstrated the characterization of the wettability gradient. Droplets were released on a gradient surface inclined at 80°, 
and their movements were controlled; the locations of the droplets after collision on the ground were tracked. The distance 
of the main drop and splash drop was found to be reduced by 96.7% (from 6.1 to 0.2 cm) and 87.8% (from 18.8 to 2.3 cm), 
respectively, compared to that on a general superhydrophobic surface. This study demonstrates a simple, rapid, and inexpen-
sive microfabrication method for functional polymer surfaces to control droplet movement using 3D printing technology.
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1  Introduction

Numerous functional surfaces have been studied within 
different fields for a variety of purposes. In nature, typi-
cal examples of these surfaces include superhydrophobic 
lotus leaves [1, 2], rose petals with high adhesion [3, 4], and 
sharkskin, a material that reduces hydraulic resistance [5, 6]. 
New methods are now being used to artificially mimic and 
create functional surfaces such as optical surfaces [7, 8], sur-
faces with hydrophobicity [9, 10], and surfaces that separate 
water and oil [11, 12]. Wettability gradient surfaces, which 
are also functional surfaces, are being researched extensively 
in the microfluidics [13–15] and biomedical [16, 17] fields, 
and they can be fabricated with various ranges of wettability 
between superhydrophobicity and superhydrophilicity. To 
date, conventional wettability gradient surfaces have been 

fabricated using lasers [18–20], chemicals [21–24], tempera-
ture gradient methods [25–27], electrochemical techniques 
[28, 29], morphological techniques [30–32], plasma [33], 
photodegradation [34], and vibration [35], but these methods 
involve expensive equipment and require complex processes, 
such as a clean room for precise manufacturing.

Three-dimensional (3D) printing technology has similarly 
gained recent popularity within a range of fields and can pro-
duce structures of various sizes, from real-scale to nanoscale 
[36, 37]. In particular, the fused deposition modeling (FDM)-
type 3D printers have provided considerable experimental data 
for microscale projects, and products directly manufactured by 
the FDM-type 3D printing method, as well as their polymer 
duplicates, have been used in recent studies. The items pro-
duced by FDM-type 3D printers differ depending on nozzle 
diameter [38, 39], printing direction [40], bottom layer line 
width [41], nozzle temperature [42–44], and other printing 
parameters. The surface roughness of the product is affected 
by the height of the layer [45] and the printing angle [46]; it 
is also related to the wettability of the product. In general, a 
large layer height and large printing angle lower the wettability 
from hydrophobic to superhydrophobic; however, when only 
the tilting angle is changed at the same printing resolution 
(i.e., the height of the layer), the wettability changes continu-
ously with the angle. This feature can be utilized to design 
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a semicircular mold that continuously increases the surface 
angle, and a surface with a wettability gradient can be fabri-
cated. This study demonstrates the use of a simple, rapid, and 
cost-effective microfabrication of a functional polymer surface 
to control the wettability gradient and hence the velocity of a 
droplet rolling off the surface. A computer-aided design (CAD) 
program was used to construct molds of this velocity control 
surface (VCS) in various sizes, which were then analyzed by 
measuring the water contact angle (WCA) and conducting a 
droplet test to successfully obtain the characteristic of the VCS. 
Further velocity experiments and splash tests demonstrated the 
remarkable control of droplets on these surfaces compared to 
those on conventional superhydrophobic surfaces and flat poly-
mer surfaces. The results of this study will facilitate the use of 
FDM-type 3D printing technology in the microfluidics field 
and for environmental applications, where a rolling droplet’s 
speed needs to be controlled.

2 � Experimental Section

2.1 � Materials

Previous studies have proved that the surface spacing, the pat-
tern of the manufactured mold, and the wetting properties of a 
mold’s polymer cast differ based on the printing angle. Therefore, 
a surface with varied wettability (i.e., gradient) was fabricated 
by continuously changing the printing angle of a semicircular 
mold designed using a CAD program (NX 11, Siemens). The 
schematic in Fig. 1 shows the construction of the VCS. Poly-
lactic acid (PLA) filaments (Ø1.75 mm) in an FDM-type 3D 
printer (GUIDER IIs, Flashforge, China) were used to construct 
the semicircular mold (Fig. 1a); the surface of this mold exhibited 
gradient roughness (angle) owing to the inherent characteristics 
of the FDM-type printer, as shown in the inset of Fig. 1a. This 
gradient roughness determined the gradient structures and hence 
the surface’s wettability. The 3D printing setup had a layer height 
of 0.4 mm, a stage temperature of 50 °C, and an extruder tem-
perature of 220 °C. Three different semicircle radii (i.e., 3, 4, 
and 5 cm) were characterized for this study. Following this, a 
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning Inc.) 
mixture (prepolymer:curing agent = 10:1) was poured into the 
bottom mold, and the top mold was inserted (Fig. 1b). Because 
the semicircular mold had the gradient surface angle in the range 
of 0°–90°, the PDMS surface cast from the printed mold exhib-
ited the same gradient angle of structures, as shown in the inset of 
Fig. 1b. The gap between the two molds was designed to produce 
a 2-mm-thick polymer layer. Air bubbles were removed by a 
2-h degassing process in a vacuum chamber (Fig. 1c), followed 

by the polymerization of the PDMS mixture on a hot plate at 
50 °C for 8 h (Fig. 1d). The cured polymer was then demolded 
by bathing it in acetone for 12 h (Fig. 1e). The side surfaces of 
semicircular polymer cast from the mold were removed to sepa-
rate the patterned surface only (Fig. 1f), and the patterned layer 
was flattened by applying epoxy (2-ton epoxy, ITW DEVCON) 
on the flat bed, followed by pressing and flattening for 2 h to 
finalize the surface (Fig. 1g). The stretched semicircular polymer 
surface had different wettability characteristics (i.e., gradation 
from hydrophobicity to superhydrophobicity), enabling the speed 
control of the droplets (Fig. 1h).

2.2 � Testing and Characterizations

2.2.1 � Static Water Contact Angle Analysis

For the verification of the wettability gradation of the fabri-
cated surface, the semicircular polymer was divided into nine 
sections of uniform distances, from its center to its end. The 
WCA of the surface was measured at equal intervals, denoted 
by P1–P8 (see Fig. 1g), where each position was assumed to 
be 10º apart. A WCA goniometer (Phoenix-MT(A), Surface 
Electro Optics, Korea) and an image conversion software 
(Image Pro 300) were used to measure the WCA with a ~ 7-µl 
droplet. The WCA was calculated as the average of five values 
measured using the tangent line method [47, 48].

To evaluate the characteristics of the measured perpen-
dicular WCA, the Cassie-Baxter and the Wenzel models 
were applied and theoretically analyzed. The Young’s contact 
angle ( �Y ) used in both models was ~ 107° [49], which is the 
WCA on the smooth PDMS surface. A rough surface (e.g., 
nano/micropatterned surface) affects wettability by large and 
small steps on the surface, and the analysis method is differ-
ent depending on the wetting state. When the droplet was in a 
complete homogeneous wetting state, the Wenzel regimen can 
be defined as follows [50]:

r is the roughness ratio on a patterned surface, D is the pitch 
distance between microstructures, and H is the height of 
microstructures. The curved microstructure presented in this 
study was simplified as a pillar structure. The width of the 
microstructure can be ignored because it was relatively small 
compared to the pitch distance. When the droplet was in a 
heterogeneous wetting state on microstructure, the Cassie-
Baxter regimen can be defined as follows [51]:
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f is the ratio of the contact area to the whole projection area, 
and A is a real contact area on microstructures. D, H, and 
A in above Eqs. (1) and (2) were experimentally measured 
from captured images.

2.2.2 � Droplet Velocity Test

To measure the droplet velocity on the gradient surface, 
~ 12-µl droplets were released immediately above the 

Fig. 1   Schematic of the overall functional polymer surface creation 
using a 3D-printed mold. a  Fabrication of semicircular-shaped top 
and bottom molds, b  pouring the prepolymer onto the bottom mold 
and inserting the top mold, c removing air bubbles by degassing 

process, d polymerization process on the hot plate, e demolding in 
acetone, f separation of patterned layer by cutting the side surfaces, 
g finalization of the functional polymer surface by flattening process, 
and h control of the droplet velocity on the fabricated surface
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edge of the fabricated surface, which was inclined at 60°. 
Images were captured at 240 fps, and the velocity was cal-
culated using an image analysis program (Tracker). For a 
comparison of the surface properties and wettability of the 
manufactured specimen, a surface cast was created from 
a mold printed with a printing angle of 80° (denoted by 
A80). The A80 surface was assumed to exhibit consistent 
wettability and was utilized to compare the droplet speed 
with that of the gradient-patterned fabricated surfaces. The 
droplet velocity at each position was measured at least five 
times to obtain reliable wettability data.

2.2.3 � Droplet Splash Test

To prove the additional effect of velocity control on the 
functional surface, a droplet splash test was performed on 
an 80°-inclined surface. Five water drops were released 
onto the same location on the specimen, and the distance 
(the horizontal distance from the tip of the surface) of the 
main droplet and the distance of the splash droplet were 
measured consecutively as they fell onto the ground. The 
distance of the main drop refers to the horizontal distance 
to the largest drop on the ground from the tip of the sur-
face, and that of the splashed drop refers to the horizontal 
distance to the farthest splashed drop from the tip of the 
surface. The A80 surface and the flat PDMS surface were 
compared with the VCS.

3 � Results and Discussion

Figure 2 presents the water contact angles at each position 
(P1–P8) on the fabricated surfaces of each semicircular cast 
with radii R3, R4, and R5, representing radii of 3, 4, and 
5 cm, respectively. The perpendicular WCA (θ┴) gradually 
increased with increasing position from P1 to P8, regard-
less of the radius of the semicircular cast. Hydrophobicity 
was observed on all areas of the VCS. At position P1, the 
WCAs for R3, R4, and R5 surfaces were measured to be 
103.2º, 107.2º, and 93.3º, respectively. These values were 
different with the WCA of bare PDMS (approximately 107º 
[49]) because microstructures with different pitch distances 
were present at position P1, resulting in different contact 
areas between the water and surface. At positions P7 and 
P8, the WCA was greater than 150° for semicircular casts 
of all radii; in particular, at P7, the WCAs were measured to 
be 150.35°, 152.16°, and 151.96° for radii of 3, 4, and 5 cm, 
respectively, indicating superhydrophobicity. Therefore, a 
wettability gradient from hydrophobicity (P1–P6) to supe-
rhydrophobicity (P7 and P8) appeared along the VCS. This 
result shows that different WCAs (wettability) were achieved 
on the same surface by using a semicircular geometry that 
had different microstructure tilt angles (see inset of Fig. 1b). 
The parallel WCA (θ//) also gradually increased from P1 to 
P4 regardless of the radius, but kept similar values from P5 
to P8. A continuous wettability gradient of θ┴ was observed 
for the VCS cast from the mold with all radii. However, 

Fig. 2   Comparison of the water contact angles at positions P1–P8 with respect to the radius of the semicircular mold. Top image: the side view 
of the VCS with the gradient microstructures cast from the semicircular mold with a 3-cm radius
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among the three semicircular surfaces, the VCS cast from 
the mold with a 3-cm radius exhibited the most stable and 
continuous wettability gradient with a small deviation, as 
shown in the top image of Fig. 2. This was because the larger 
the radius, the more errors and non-uniformity occur in the 
semicircular mold during the output conversion process by 
the FDM-type 3D printer and flattening process. Thus, the 
VCS cast from the mold with a 3-cm radius was adopted for 
further tests and velocity measurements.

Figure  3 illustrates the tilted angle of the waveform 
microstructures at each position on the VCS, where the 
tilted angle of the microstructures increased linearly with 
increasing position from P1 to P8. Further, the larger the 
tilted angle, the greater the contact angle, as shown in Fig. 2. 
It should be noted that microstructures with varied angles 
were easily constructed using a one-step printing method. 
This means that the wettability of a single surface, which 
is highly dependent on the surface roughness, can be easily 
modified without multiple manufacturing processes. In other 
words, the height, tilted angle, length, and pitch distance of 

the microstructures can be readily controlled by changing 
the printing resolution and radius of the semicircular mold.

Figure 4 shows the height, pitch distance, and aspect 
ratio of microstructures with respect to the positions. The 
dimension of microstructure was averaged using three struc-
tures adjacent to each position. The pitch distance gradually 
decreased as the position moved from P1 to P8. On the other 
hand, the height of the microstructure increased up to P4 and 
decreased sharply after P5 (see Fig. 4a). The aspect ratio (a 
ratio of microstructure height to the pitch distance) was cal-
culated using the measured dimension, as shown in Fig. 4b. 
The aspect ratio also showed a rapid change between P4 
and P5, indicating that there might be two different wetting 
states along the VCS.

Figure 5 shows the comparison of the measured θ┴ and 
the values calculated using the Cassie-Baxter and Wenzel 
equations. It was noteworthy that the wetting state along the 
VCS showed two different states based on the water droplet 
images on the surface, that is, Cassie-Baxter state from P1 
to P4 and Wenzel state from P5 to P8, as shown in inset 
images in Fig. 5. This phenomenon was closely related to 

Fig. 3   Tilted angle of micro-
structures at each position on 
the VCS. It should be noted that 
the angle of the microstructure 
changes linearly, inducing the 
variation in wettability
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the high aspect ratio and tilted angle of waveform micro-
structures. The high aspect ratio (see Fig. 4b) or waveform 
at tilted angles smaller than 50º (see Fig. 3) could prevent 
the water droplets from wetting but leaving them floating on 
the microstructure, thus indicating the Cassie–Baxter regi-
men. When the measured θ┴ was compared with theoretical 
WCAs calculated using Eqs. (1) and (2), the Cassie–Baxter 
regimen showed a good agreement while the Wenzel regi-
men showed a large deviation. This means that the WCA 
of droplets with anisotropic wetting cannot be completely 
analyzed using traditional models, which was also reported 
in previous studies [52, 53] and needs to be further studied.

Figure 6 shows the correlation between WCA and contact 
length (CL). For anisotropic wettability, when the droplet 
size is fixed, the WCA increases as the CL decreases [54]. 

To verify the different WCAs at different positions from P1 
to P8, the CL was measured at each position along both 
perpendicular and parallel directions, as shown in Fig. 6. 
This was because that when the number of microstructures 
in contact with the water droplet remained constant, the CL 
became decreased as the pitch distance between microstruc-
tures decreased, as shown in Fig. 4a. This opposite tendency 
between CL and WCA was also found in parallel direction, 
as shown in Fig. 6b. Compared to WCAs in the perpendicu-
lar direction, WCAs along the parallel direction did not con-
tinuously increase, indicating that the pitch distance between 
microstructures more affected the CL along the perpendicu-
lar direction, and thus WCAs in that direction. 

Figure 7 shows the experimental setup for the droplet 
velocity test. The droplets were released at the same location 
using a fixed syringe, and the VCS was placed on a substrate 
tilted at 60° such that water droplets could flow over the 
entire surface. The axis was set at the edge of the speci-
men, and the velocity was measured based on the droplet’s 
motion as it passed through each position, P1–P8, as shown 
in Fig. 7. To verify the performance of the manufactured 
specimen, the velocity of the droplet on the A80 surface was 
also measured simultaneously. The A80 surface was chosen 
for its consistent microstructure tilt angle of approximately 
70º.

Figure 8 shows the velocity of the droplet on the VCS and 
A80 surfaces. The length of the fabricated specimen was 45 
mm. The WCA of the A80 surface indicated superhydropho-
bicity throughout the surface; thus, the speed of the water 
droplets gradually increased, as shown in Fig. 8. Addition-
ally, the coefficient of determination (R2) of the linear fitting 
curve was approximately 0.93, indicating that the droplets 
fell with constant acceleration. In contrast, the droplets on 
the VCS with a wettability gradient initially accelerated 
and then gradually decelerated, presented by a quadratic 

Fig. 4   a Height, pitch distance, and b aspect ratio (=structure height/distance) of microstructures with respect to the positions

Fig. 5   Comparison of the perpendicular WCA on the 3-cm radius 
VCS and values calculated using Cassie–Baxter and Wenzel regimen
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function, and the R2 of the polynomial fitting curve was 
approximately 0.85. On the VCS, the droplet was initially 
accelerated by gravitational acceleration with small friction 
by the low wettability (high WCA) and the small contact 
area. However, as the droplet passed through P4, the droplet 
was decelerated by the increased adhesion with decreased 
WCA due to the large contact area. In addition, the wave-
form microstructures, which were tilted toward the opposite 
direction with the rolling direction of droplet, disturbed the 
rolling motion of droplet, thus inducing the deceleration of 
the droplet, as shown in the inset image of Fig. 7.  

Figure 9 shows the behavior of the water droplets depend-
ing on their position on the VCS. Since position P1 had a 
higher wettability than other positions, the water droplets 
were adhesive and did not flow. Flowing or adhering based 
on the direction of a surface is a key characteristic of a but-
terfly wing [55]; therefore, this indicates that 3D-printed 
VCSs with wettability gradients can mimic the characteris-
tics of butterfly wings. Furthermore, these features can be 
manufactured on surfaces of various scales and hence can 
be utilized in many engineering fields.

Fig. 6   Contact length and water contact angle (a perpendicular and b parallel) with respect to positions

Fig. 7   Experimental setup for 
the droplet velocity test with 
three different types of surfaces
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For practical application of the VCS, Fig. 10 shows a 
schematic of the splash test: the experiment used to verify 
the effect of the VCS on the flow of droplets. To prevent 
water droplets from flowing along the wall, the specimen 
was installed 2 cm from the wall; the test was conducted at 
the height of 43 cm to provide the rolling droplets with suf-
ficient potential energy, and the volume of the water droplets 
was 12 µl. The inset image of Fig. 10 shows the measured 
positions of the main drop and splash drop for the A80 sur-
face, where the distance of the fallen droplet was measured 
from the wall. Blue dye was added to the experiment to bet-
ter identify the location of the droplet.

Figure 11 shows sequential images of a water droplet 
released onto the 80° tilted substrates of the VCS, A80, and 
flat surface with no microstructures. The water droplet roll-
ing down the VCS finally stopped at the edge of the surface, 
as shown in Fig. 11a, whereas the droplet on the A80 surface 
fell on the ground with a high velocity, as shown in Fig. 11b, 
and the water droplet immediately adhered to the flat sur-
face, as shown in Fig. 11c. This implies that, regardless of 
a large substrate inclination angle, only the VCS controlled 
the velocity of the droplet. The deceleration effects of the 
water droplet on the VCS are quantitatively demonstrated 
in Fig. 12. The splashed distance of the droplet on the flat 
PDMS could not be measured because the water droplets 
adhered to the surface and did not fall off. The distance 
of the main drop on the A80 surface was measured to be 
8.1 cm, which was 6.1 cm away from the tip of the specimen. 
The horizontal distance of the splash drop from the tip of the 
surface due to a collision with the main drop was 20.8 cm, 
which was much farther than the distance of the main drop. 
The distances of the main drop and the splash drop from the 
baseline (tip of the specimen) were 6.1 and 18.8 cm, respec-
tively, and the splash drop bounced three times as far as the 
main drop. However, for the VCS, the distance from the 
baseline to the main drop was 0.2 cm, a position very close 
to the baseline, and the splash drop distance was 4.3 cm, a 
position 2.3 cm from the baseline. Compared to that of the 
A80 surface, the distances of the main drop and the splash 
drop from the VCS specimen were reduced by 72.8% (from 
8.1 to 2.2 cm) and 79.3% (from 20.8 to 4.3 cm), respectively. 
Moreover, when considering the baseline, the distance of the 
main drop and the splash drop was reduced by 96.7% (from 
6.1 to 0.2 cm) and 87.8% (from 18.8 to 2.3 cm), respectively. 

Fig. 8   Droplet velocity along the same P1–P8 positions on the VCS 
and A80 surfaces

Fig. 9   Sequential images of a water droplet on the 60°-tilted VCS flowing in a the flow direction (from P8 to P1) and b the adhesive direction 
(from P1 to P8)
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Thus, the VCS was shown to minimize the falling velocity 
by controlling the motion of the water droplet, and these 
tests demonstrated that it was possible to control the landing 
positions of the main droplet and the splash droplet on the 
ground. This feature could be used to minimize the impact 

of water droplets on the ground and hence reduce the fluc-
tuation of liquid surfaces to obtain precise and reliable data 
during processes such as liquid level measurements. Thus, 
simple, cost-effective, and controllable polymer surfaces 
with wettability gradients were fabricated using 3D printing. 

4 � Conclusions

A polymer surface with varied wettability was constructed 
using the geometry of a 3D-printed semicircular mold. Con-
tinuously changing the microstructure on the semicircular 
mold during production resulted in different WCAs across 
various surface positions, which could be used to control 
the velocity of the applied droplets. The velocity experi-
ment and analysis confirmed that a droplet released onto the 
VCS initially accelerated, then gradually decelerated, and 
finally stopped at the edge of the surface. However, when 
the direction of the surface was reversed, the droplet com-
pletely adhered to the surface and did not fall off. Through 
a rolling test along different surface directions, the charac-
teristics of adhesion or flow were observed, similar to the 
characteristics of butterfly wings. For the continuous drop 
test using consecutive water droplets, the distance of the 
main drop and splash drop along the VCS was reduced by 
96.7% and 87.8%, respectively, compared to the A80 surface 

Fig. 10   Schematic of the experimental setup for the droplet splash 
test. The inset image shows the distance of the main drop and the 
splash drop measured during the test

Fig. 11   Sequential images of 
a water droplet flowing on the 
80°-tilted a VCS, b A80, and 
c flat surface without micro-
structures. The real-time video 
can be accessed from Supple-
mentary Video
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with uniform microstructure patterns. This study demon-
strates the use of FDM-type 3D printing for simple, rapid, 
and cost-effective manufacturing of functional surfaces that 
decelerate water droplets. By adjusting the printing angle, 
the wettability gradients of the surfaces can be altered, 
which can then be used to control the velocity of droplets 
on these surfaces. This creates a smooth flow of droplets, 
minimizing their impact on the ground or liquid surface to 
reduce fluctuation and splashing. The findings of this study 
will facilitate the use of wettability gradient surfaces for 
various environmental and energy systems where a speed of 
rolling droplet needs to be controlled, such as desalination 
systems, fog harvesting structures, and hydropower plants, 
to improve the operating efficiency by minimizing water 
loss due to droplet splashing.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s40684-​022-​00418-y.
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