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printing for fabrication of
superhydrophobic surfaces with reversible
wettability†

Wenxuan Zhao,a Yanlong Zhan,*b Wen Li, *a Saisai Haoa and Alidad Amirfazli ac

Control of surface wettability is needed in many applications. The potential use of 3D printing technology to

gain control over wettability remains largely unexplored. In this paper, Fused Deposition Molding (FDM) 3D

printing technology was utilized to print polylactic acid (PLA) microplate array structures to generate

superhydrophobic surfaces with reversable wetting properties. This was achieved by spraying

polydimethylsiloxane (PDMS) and silica (SiO2) solutions, over microplate surfaces. Anisotropic wetting

properties were also achieved based on the surface structure design. Due to the shape memory

properties of PLA, the morphology of the microplate arrays could be switched between the original

upright shape and deformed shape. Through alternating pressing and heating treatments, the microplate

arrays showed anisotropic wettability switching. The difference between the contact angle (CA) and

sliding angle (SA) of water droplets on the original surface parallel to and perpendicular to the microplate

array direction were DCA = 7° and DSA = 3° respectively, and those on the surface of the deformed

microplate array were DCA = 7° and DSA = 21°, respectively. This process enabled reversible alteration in

the wetting behavior of water droplets on the original and deformed surfaces between sliding and

sticking states. PLA-based shape memory anisotropic superhydrophobic surfaces with tunable adhesion

were successfully applied to rewritable platforms, micro droplet reaction platforms, and gas sensing.
1. Introduction

Polymer 3D printing is an additive manufacturing technology
that is best suited for manufacturing of complex geometric
shapes; it has gained popularity in recent years due to its
affordability, precision, and exibility.1–3 Fused deposition
modeling (FDM) 3D printing technology builds parts layer by
layer by extruding thermoplastic laments.4 Today, a wide range
of polymer printing laments are available to suit different
product requirements, such as acrylonitrile butadiene styrene
(ABS), PLA, high impact polystyrene (HIPS), thermoplastic
polyurethane (TPU), and aliphatic polyamides (Nylon).4–9 PLA
stands out as the most commonly utilized material in 3D
printing due to its favorable eco-friendliness, biodegradability,
mechanical properties and shape memory properties.10–12

Superhydrophobic surfaces characterized by contact angle
(CA) > 150° and sliding angle (SA) < 10° have a range of appli-
cations such as antimicrobial, droplet control, smart response,
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7695
and anti-icing.13–17 Innovative approaches utilizing various 3D
printing methods for fabricating such surfaces offer signicant
advantages over conventional techniques.18 For example, Yang
et al.19 used 3D printing to prepare a bionic rose petal super-
hydrophobic surface with a micro-nano eggbeater structure,
which allowed for adjustable surface adhesion, and could be as
microscopic “hand” for droplet manipulation. Lee et al.20

prepared a nanostructured hydrophobic coating using hydro-
phobic silica nanoparticles and PLA bers by dip-coating
process and FDM 3D printing technology, this process can be
used for many applications such as liquid position control and
low water adhesion. Yin et al.21 realized adjustable wettability
for droplet manipulation by 3D printing mushroom-like surface
texture yielding superhydrophobic surfaces. Liu et al.22

proposed 3D printing microscopic concave arrays for droplet
adhesion, and tuning of macroscopic/microscopic droplet
manipulation was shown by designing a variety of arrays.

Recently, related research on smart surfaces with dynami-
cally switchable wettability in response to changes of an
external stimuli have received extensive attention, especially for
biomimetic structures. The transformation of surface chemical
composition or geometrical structures determines the switch-
able characteristics of wettability. A large number of
temperature-responsive surfaces with switchable wettability
have been developed in recent years via graing temperature-
sensitive polymers. Poly(N-isopropylacrylamide) (PNIPAAm)
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra02742f&domain=pdf&date_stamp=2024-06-01
http://orcid.org/0009-0005-6442-4421
http://orcid.org/0000-0002-8391-0493
https://doi.org/10.1039/d4ra02742f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02742f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014025


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
2/

20
25

 1
2:

19
:4

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
stands out as one of the most extensively studied and utilized
for regulating surface wettability.23,24 For example, Zhang et al.25

fabricated a thermo-responsive PNIPAAm-modied nylon
membrane via hydrothermal method. Furthermore, several
researches on reversible superwetting transition were achieved
by heat treatment and remodication, e.g., Zhang et al.26 that
designed a biomimetic switchable wetting surface on AZ91DMg
alloy.

The wettability of the surfaces fabricated by FDM 3D printing
PLA can be nely tuned based on temperature-responsive shape
memory mechanisms.27–29 In this study, a thermal shape
memory superhydrophobic surface with microplate structures
was prepared. PLA served as the primary material to fabricate
3D printed microplate surface structures by FDM 3D printer,
and a mixture of xylene, SiO2, and PDMS was sprayed on the
microplate structures to achieve a superhydrophobic layer. The
anisotropic wettability of the superhydrophobic surfaces of the
PLA microplate structure was investigated. The effect of ridge
width and microplate spacing on the wettability was evaluated.
The ability of controlling surface wettability through shape
memory “switches” was also explored. The potential for the PLA
shapememory superhydrophobic surfaces produced was shown
for applications such as size-differentiated droplet grasping,
droplet patterning, directional transport, and micro reaction
platforms.
2. Experimental
2.1 Microplate array structure design by FDM 3D printing

The microplate array structures were made by FDM 3D printing
(Utimer 3, Netherlands), using PLA lament (RAL 9010, 2.85
mm, Utimer, Holland). The process parameters were layer
thickness of 0.25 mm, grid lling method, and print speed of
150 mm s−1. The sample was prepared using computer-aided
design (SolidWorks) to create the initial plate base (30 mm ×

50 mm × 2 mm). The width, height, and spacing of the
microplate array on the plate were 0.3 mm, 3 mm, and 0.78 mm,
respectively, as shown in Fig. 1(a) and (b).
2.2 Preparation of superhydrophobic samples

PLA inherently possesses hydrophilic properties, as shown in
Fig. 1(c) and (d). Consequently, the creation of super-
hydrophobic surfaces necessitates the application of additional
hydrophobic layers along with micro and nanoscale struc-
tures.30,31 Aer the microplate array samples were printed on top
of the base plate, a spraying process was employed to modify
both surface wettability and topography. Hydrophobic fumed
silica nanoparticles (SiO2, 12 nm, Evonik R974) and a mixture of
PDMS (Sylgard184, Dow Corning Organic Silica Co., Ltd) and
xylene (C8H10, Sinopharm Chemical Co., Ltd) were mixed to as
pre-spray solution. By mixing SiO2 : PDMS : xylene in a mass
ratio of 0.5 : 1 : 20 and stirring for 3 h using a magnetic stirrer at
500 rpm, the mixture was ready for being sprayed on the
microplate array surfaces. The spraying process was executed at
a pressure of 0.6 MPa and a stand-off distance of approximately
30 cm. The spraying time lasted 5 s, and the sprayed samples
© 2024 The Author(s). Published by the Royal Society of Chemistry
were dried at 22 °C room temperature for 1 h to obtain the PLA
shape memory microplate array superhydrophobic surfaces.
The sample preparation process was shown in Fig. 2.
2.3 Surface analysis

Scanning electron microscopy (FE-SEM, Novananosem, USA)
and confocal microscopy (OLS4100, Olympus, Japan) were used
to analyze the surface microscale and nanoscale morphologies
of the samples. The coating is non-conductive and a metallic
layer needs to be sprayed before testing, operating voltage 10
kV. The shape memory performance of the microplate array was
analyzed using an intelligent thermostatic heating table
(BY1010, BYA, China). The water droplet contact angle (CA) and
the sliding angle (SA) were measured using a drop shape anal-
ysis (Krüss, DSA 30, Germany). A water droplet with a volume of
11 mL was used. The CA was measured by Young's tting
method. Measurements were performed in 5 different posi-
tions, and the average value was taken as the result of the CA
and SA value.
3. Results and discussion
3.1 Surface anisotropic wettability of the microplate array

When the water droplets are placed on the superhydrophobic
array surface, a continuous three-phase (solid–liquid–gas
phase) contact line (TCL) is formed along the array direction. In
contrast, the TCL is discontinuous in the direction perpendic-
ular to the array due to the presence of microplate-induced
energy barriers, and the length of the TCL is longer than that
in the parallel direction.32–34 Therefore, the water droplets are
elongated in the parallel to the array direction and move more
easily along such direction compared to the perpendicular
direction. This results in a difference in CA and SA between the
parallel and perpendicular to the array directions. For example,
for water droplets on amicroplate array with a space of 0.78 mm
and a ridge width of 0.3 mm, the CA in the perpendicular
direction (CAt) was 160 ± 1.2°, while the CA in the parallel
direction (CAk) was 153 ± 1.5° (Fig. 3(a)). SA in the perpendic-
ular direction (SAt) and SA in the parallel direction (SAk) were 7
± 1° and 2.5 ± 1.5°, respectively (Fig. 3(b)). Both CA and SA
measured perpendicular to the ridge were larger than those
measured parallel to the ridge, showing anisotropic super-
hydrophobicity. The difference in wettability between parallel
and perpendicular directions is mainly due to the oriented
arrangement of anisotropic microplate structures on the
surface.

The effects of 3D printed microplate array spacing (AS) and
ridge width (RW) on surface wettability were investigated. The
effect of array spacing on surface wettability was rst measured
at a ridge width of 0.39 mm. As seen in Fig. 3(a), the CAt and
CAk of water droplets with array spacing ranging from 0.38 mm
to 1.58 mm showed a gradually decrease. Water droplets with
array spacing ranging from 0.38 mm to 0.78 mm had a CA
greater than 150° in the parallel direction, indicating super-
hydrophobicity. The CAk with array spacing greater than
0.98 mm was 144°, so the superhydrophobicity was lost (as pre-
RSC Adv., 2024, 14, 17684–17695 | 17685
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Fig. 1 (a) Solid works design model of the sample; (b) physical image of the sample; (c) optical images of a water droplet base plate with no
microplates; and (d) with microplates are present on the surface. In (c) and (d) the red lines delimit the water drops.
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conventional denition CA >150° and SA <10°). This was due to
the fact that as the array spacing increased, the contact area
between the droplet and the air also increased, and the droplet
was seen to partially penetrated in the space between micro-
plate array, resulting in a gradual decrease in CA. As seen in
Fig. 3(b), the SAk was always below 7° with array spacing ranging
from 0.38 mm to 1.58 mm, which indicated that the droplet had
excellent rolling performance along the array direction in
parallel. The SAt showed a trend of rst decreasing and then
increasing around the array spacing of 0.78 mm. This was
because as the array spacing increased, the contact area
between the droplet and the surface also decreased. When the
array spacing increased to a certain degree, the droplet was
easily intruded in the microplate, which increased the rolling
resistance of the droplet in the perpendicular direction and
thus showed a higher SA. The CA of the array surface was the
highest when the array spacing was 0.58 mm and it was most
Fig. 2 Schematic diagram of superhydrophobic sample preparation.

17686 | RSC Adv., 2024, 14, 17684–17695
conducive to droplet sliding on the surface when the array
spacing was 0.78 mm.

The effect of different ridge width arrays with array spacing
of 0.58 mm and 0.78 mm on surface wettability was also
investigated. As seen in Fig. 3(c), the CAk of different ridge
widths with array spacing of 0.58 mm and 0.78 mm exceeded
150°. Meanwhile, as seen in Fig. 3(d), the SA with array spacing
of 0.58 mm and 0.78 mm increased with the increase of ridge
width, which was attributed to the increase of ridge width can
effectively increase the contact area between the surface and the
droplet. When RW was 0.39 mm with array spacing of 0.78 mm,
the SA in both perpendicular and parallel directions of array was
smaller than that of array spacing 0.58 mm. The droplet had the
best rolling performance on the array surface when RW was 0.3
mm. Therefore, the most favorable combination of array
spacing and ridge width was determined to be 0.78 mm and 0.3
mm, respectively.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of different AS and RW on the surface wettability of themicroplate array structure: (a) effect of different AS on the CAt and CAk (the
RW is 0.39 mm); (b) effect of different AS on the SAt and SAk (the RW is 0.39 mm); (c) effect of different RW on the CAt and CAk (the AS is 0.58
mm, 0.78 mm, respectively); (d) effect of different RW on the SAt and SAk (the AS is 0.58 mm, 0.78 mm, respectively); lines are to guide the eye.
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Fig. 4(a) showed the effect of bending angle (BA) on the
wettability of microplate arrays. As bending angle a increases,
CAt and CAk gradually decrease, and the difference between
CAt and CAk always remains around 8°. In terms of sliding
performance (a water droplet with a volume of 5 mL was used),
when a < 15°, water droplets easily slide on the sample surface.
When a increases to 40° or above (a # 50°), the SA in the
direction of reverse deformation and SA in the direction of
forward deformation dramatically increase to 90° and 80° with
the water droplets pinning on the sample (Fig. 4(b)). The results
show underscore the impact of a on water adhesion to the
microplate structure's surface, that is, increasing the BA causes
the surface to change from sliding state to sticky state. The
optical image of the droplet depicted in Fig. 4(c1) illustrated the
high adhesion of the droplet in both the reverse and forward
deformation directions of the tilted microplate array. The
sliding angle of the droplet, when measured in the reverse
deformation direction of the microplate array, is greater than
that measured in the forward deformation direction. Addi-
tionally, the droplet's resistance is directly proportional to the
TCL when it slides on the solid surface, as depicted in Fig. 4(c2).
The contact state of the droplet differs depending on whether it
is moving along or against the tilted direction of the microplate
array. When the droplet moves along the tilt direction, its tail
contacts the top of the array, resulting in a shorter TCL length.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Conversely, when the droplet slides against the tilt direction, its
tail contacts the side of the microplate array, leading to a longer
TCL length. Consequently, the resistance of the droplet to
rolling against the tilt direction of the microplate array is higher
than when sliding along the tilt direction, resulting in different
sliding angles.

Fig. 4(d) displayed the inuence of the ridge height (RH) on
the wettability of the microplate array. The sliding angle of the
droplets for RH between 0.1 mm and 3 mm remains nearly
unaffected by change in RH and less than 10°. The contact angle
of the droplets on the other hand will increase by an increase in
RH; at 0.1 mm of the RH the contact angle is 143°, whereas the
contact angle of is greater than 155° when the RH is increased to
more than 0.3 mm. The optical image of the droplet in Fig. 4(d)
shows that when the RH is 0.1 mm, the droplet exhibited
minimal contact with the inner wall of the ridge and the bottom
of the microplate, existing in a coexistence state of Wenzel and
Cassie. However, this conguration had relatively minimal
inuence on the droplet's sliding performance. With the
increase of the RH the droplet is mainly in contact with the top
of the ridge, and the air-lled grooves between the droplet and
the microplate are seen. Eventually, the droplet transitions into
a Cassie state, facilitating easy sliding on the microplate
surface, and the contact angle exceeded 151°. The droplet
exhibited enhanced sliding capability on the surface of the
RSC Adv., 2024, 14, 17684–17695 | 17687
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Fig. 4 Effect of different BA and RH on the surface wettability of the microplate array structure: (a) effect of different BA on the CAt and CAk; (b)
effect of different BA on the SA in the direction of reverse deformation and SA in the direction of forward deformation; (c) schematic diagram of
droplets sliding in different directions of the inclined array. (c1) Optical image, (c2) mechanism of movement; (d) effect of different RH on the CA
and SA and optical images of droplets at different RH; lines are to guide the eye.
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microplate. This behavior for an increasing contact angle is
consistent with thermodynamics analysis of similarly struc-
tured surfaces for Cassie wetting state.35

3.2 Shape memory properties of PLA microplate

PLA is a semi-crystalline polymer, and the differential scanning
calorimetry (DSC) analysis of PLA, see Fig. 5, PLA rst under-
went glass transition at 40–80 °C, and then crystallized and
Fig. 5 Differential scanning calorimetry (DSC) analysis curve for SM-
PLA.

17688 | RSC Adv., 2024, 14, 17684–17695
melted at 90–180 °C. The glass transition temperature of the
specimen was determined to be approximately 62 °C using the
equidistant method, which implies that the phase state of the
polymer can be changed from glassy state to rubbery state when
the temperature is above 62 °C. As such, in our experiments,
80 °C was selected to soen the sample. So, to investigate the
shape memory (SM) properties, we rst heat the table to 80°,
then put the SM microplate sample on the heating platform for
three minutes, and remove the microplate aer it becomes so.
A 2 kg weight was placed on the soened microplate array to
bend the SM microplate array. An alternate method of using
a glass rod to push the microplate could also be used to bend
and deform the microplate (the glass rod should remain in
contact during cooling process to ensure deformation) a sche-
matic diagram of the reversible morphological transformation
of the microplate array is shown in Fig. 6(a).

The SM microplate exhibited noticeable macroscopic shape
memory effects, see Fig. 6(b) and (c). Laser confocal microscopy
was employed to study the changes of the microplate array
during deformation and recovery, see Fig. 6(e–g). The
morphology and dimensions of the arrays observed in the
confocal microscopy images were in good agreement with the
physical images. The height of the original ridge was 3 mm.
External pressure caused the ridge to tilt to one side in an
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic diagram of the reversible morphological transition between the original state and the deformed state; (b–d) are the physical
images of the original, deformed, and restored microplate arrays, respectively; (e–g) are the 3D confocal microscopy images of (b–d),
respectively, and the array heights are consistent with the physical images.
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orderly manner, thus reducing the height of the ridge by 1 mm
shown in Fig. 6(c) and (f). However, following the reheating
process, the tilted ridge morphology and dimensions were
restored to their original state, as shown in Fig. 6(d) and (g). The
roughness of the coating surface was analyzed with confocal
microscopy and the average surface roughness of the coating
was 4.1 mm, as shown in Fig. 6(e)–(g).

Fig. 7(a) showed the SEM images of the surface of the
prepared SM microplate original array. A regular microplate
array with a ridge width of 0.3 mm can be seen. Aer heating at
80 °C for 2 min on shear deformation of the microplate array, it
can be seen that the SM microplate array show uniform defor-
mation (Fig. 7(b)). In addition, the micron-level structure of the
top and side walls of the microplate surface ridge was not
signicantly altered to affect the wettability of the SM micro-
plate surface. When the deformed SM microplate arrays were
reheated at 80 °C for about 3 min, the shape and orientation of
the microplate arrays were almost completely restored to the
original state (Fig. 7(c)). Fig. 7(d) shows that the top surface of
the ridge of the blank microplate array is smooth and at,
Fig. 7(e) shows that the superhydrophobic coating is uniformly
and densely distributed on the top and side wall surfaces of the
microplate array, and Fig. 7(f) shows the spherical particle
topography of the array surface formed by SiO2 particles, and
the PDMS-coated hydrophobic SiO2 forms a micron-scale
© 2024 The Author(s). Published by the Royal Society of Chemistry
circular protrusion structure with a diameter of about 1–10
mm at the top of the ridge. As seen in Fig. 7(g), the ridge side
walls had a clear layered structure due to the FDM 3D printer XZ
direction, which was a laminar structure generated by layers of
stacked fused print laments, also containing micron-sized
protruding structures formed by PDMS-coated hydrophobic
SiO2. Fig. 7(h) and (i) shows that the micron-scale structure of
the surface of the array aer deformation and recovery is not
affected, and the coating surface is uniform and does not fall off
signicantly. Fig. 7(j) of the microplate array shows that the
average thickness of the coating is 42 mm. Fig. 7(k) and (l) is the
EDS analysis of SM superhydrophobic microplate surface,
Fig. 7(k) is the surface composition of the blank array, the
surface composition of the original array is the main compo-
nent of PLA, mainly composed of C, O and H elements,
compared with the blank array, the content of O and Si elements
increases signicantly, and the content of C elements
decreases, which proves the successful introduction of SiO2/
PDMS coating on the surface.

3.3 Reversible wettability and mechanism of SM microplate
surfaces

The wettability of the SM microplate surfaces can be switched
by the heating process, see Fig. 8(a) and (b). When water
droplets are placed on the surface of the original prepared
RSC Adv., 2024, 14, 17684–17695 | 17689
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Fig. 7 (a–c) SEM images of the (a) original SMmicroplate arrays, (b) microplate arrays after deformation, (c) microplate arrays after recovery. (d–f)
SEM images of the (d) Blank SMmicroplate ridge, (e and f) SM superhydrophobic microplate ridge. (g–i) Magnified SEM images of the side walls of
the microplate array ridge for (a)–(c), respectively. (j) Cross-sectional image of the SM superhydrophobic microplate ridge. (k and l) EDS image of
the (k) blank SM microplate ridge, (l) SM superhydrophobic microplate ridge.
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shape memory microplate, “air cushion” between the water
droplets and the microplate array can be clearly observed along
the microplate direction (Fig. 8(c)). At this point, the original
array surface exhibited low adhesion, superhydrophobicity and
anisotropic wettability (CAk = 153± 1.5°, CAt = 160± 1.2°, SAk
= 2.5 ± 1°, SAt = 5 ± 1.5°), see Fig. 8(c). Aer deformed, all
microplates were tilted to one side with a bending angle of
about 48° and CAk decreased to 143 ± 1.3°, CAt decreased to
150 ± 1.5° on the tilted microplate (Fig. 8(c)). The difference
between CAt and CAk was about 7° and the deformation
surface can still maintain anisotropic wettability. The SAk
increased to 8 ± 1.3°, and SAt increased to 26 ± 1.5° (Fig. 8(c)),
indicating that the droplet rolled differently in the two direc-
tions. By alternately pressing and heating the treatment
reversibly for 10 cycles, the CA and SA showed similar values for
17690 | RSC Adv., 2024, 14, 17684–17695
each cycle, see Fig. 8(a) and (b). This demonstrated high
controllability and reproducibility of anisotropic, switchable
adhesion of thermally prepared responsive superhydrophobic
surfaces.

To further understand the relationship between the struc-
ture of SM surface and its corresponding wettability, a possible
mechanism was elucidated in Fig. 9. In general, SM have two
components: shape xation and shape transformation compo-
nents. The shape xation component or dot is responsible for
maintaining dimensional stability during deformation and
recovery, and the shape transformation component consists of
long polymer chains that store elastic energy.36–38

For the thermo-responsive PLA SM in our experiments, the
long PLA chains acted as shape transformation component and
their physical entanglements acted as permanent networks.39
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Reversible changes of (a) SA along the deformation direction and opposite direction, (b) CA t and CA k, and (c) perpendicular and parallel
array direction CA, SA (SAt is against the tilt direction) images on the SM microplate array by repeating the pressing and recovery process; in (a)
and (b) lines are to guide the eye.
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Initially, the microplate arrays of the SM were in their original
shape (Fig. 9(c)), where the molecular chain conformation had
the highest entropy and is in a thermodynamically stable state
(Fig. 9(a)). The water droplets were in contact only with the top
of the ridge which had a micro-nano structure, forming
a discontinuous and short TCL. The strong repulsive forces
existed at the gas–liquid contact surface, causing the water
droplets to adopt a Cassie state.40 Therefore, the surface showed
low adhesion. However, when the SM microplate array was
heated at temperatures higher than Tg (∼62 °C), the polymer
chains between the physical entanglements of the long PLA
chains were activated, at this time, the molecular conformation
shied to a non-equilibrium state, and the microplate arrays
can be easily deformed under the action of the external forces
(Fig. 9(d)). Upon cooling, the motion of the molecular chains
was frozen, and the deformed shape was xed in a low-entropy
non-equilibrium state (Fig. 9(b)). At this time, the microplate
array was tilted and xed to a temporary shape (Fig. 9(e)), and
the contact area between the droplets and the sidewalls of the
microplates increased compared with that of the upright
microplates, forming a continuous and elongated TCL. The
wetting state was consistent with the transition state between
the Wenzel state and the Cassie state.41 The increase in contact
© 2024 The Author(s). Published by the Royal Society of Chemistry
area and TCL length lead to an increase in adhesion on the
deformed array surface. When reheating the deformed SM at
temperatures higher than Tg, the xed molecular chain move-
ments were reactivated. The entropic energy stored in the
deformed polymer chains was released, and therefore the
deformed shape returned to its original state (Fig. 9(f)). Corre-
spondingly, the surface wettability of the microplate-structured
SM was also restored to its original state.
3.4 Application of shape memory superhydrophobic
surfaces

By exploiting the switchable adhesion and anisotropic wetta-
bility of SM surfaces, multiple droplet manipulation-related
applications can be reproducibly and selectively realized on
the superhydrophobic surfaces. When a 15 mL droplet was
placed on the pristine superhydrophobic surface (stained by
methyl blue for observation), the droplet slid easily (Fig. 10(a1–
a3)), movie s1 in ESI†). When the microplate surface was
pressed so that the array was tilted, large droplets with droplet
volumes greater than 12 mL slid easily along the parallel array
direction (Fig. 10(b1–b3)), movie s2 in ESI†), and in the
perpendicular array direction large droplets slid with difficulty.
RSC Adv., 2024, 14, 17684–17695 | 17691
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Fig. 9 (a and b) Schematic diagrams of the reversible transformation process of the molecular chain configuration of SM polymers in the pristine
and deformed states: (a) the pristine SM polymers structure contains a large number of dots and the molecular chain configuration with the
highest entropy, and (b) the deformed SM polymers structure consists of a large number of dots and the molecular chain with a lower entropy.
(c–f) Schematic diagrams of the shape memory process of SM polymers microplate arrays: (c) pristine upright microplate arrays, (d) microplate
arrays that can be deformed when the temperature is heated above the Tg temperature and squeezed by an external force, (e) tilted microplate
arrays after cooling, and (f) deformedmicroplate arrays that recover when the temperature is heated up to the Tg again and revert to the pristine
upright microplate arrays after cooling.

Fig. 10 Rolling state of water droplets on shape memory microplate array superhydrophobic surfaces. (a1–a3) The process of droplets sliding in
a disordered manner on the pristine microplate array superhydrophobic surfaces. (b1–b3) Droplets with a droplet volume greater than 12 mL on
tilted microplate array tend to slide along the microplates. (c1–c3) Droplets with a droplet volume less than 7 mL were pinned on the tilted
microplate array surface with a tilted angle of 0°, 30° and 90°, respectively.

17692 | RSC Adv., 2024, 14, 17684–17695 © 2024 The Author(s). Published by the Royal Society of Chemistry
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While small droplets with droplet volumes less than 7 mL
(stained by methyl orange to distinguish form large droplets)
exhibited a tendency to pin along the opposite array tilting
direction. This pinning phenomenon of small droplets to the
tilted microplate arrays superhydrophobic surface were shown
in Fig. 10(c) (Fig. 10(c1–c3)) for 6 mL droplets pinned to at,
tilted at 30°, and tilted at 90° on SM microplate array panels,
respectively). This phenomenon was attributed to the fact that
the driving force generated by gravity of smaller droplets was
smaller than the resistance generated by the microplate array,
which resulted in the droplets pinning on the array surfaces.42

When a portion of the microplate arrays was deformed, the
SM microplate array acted as a “switch” and the deformed area
Fig. 11 (a1–a3) Droplets can only be placed on the deformed SM micro
transportation of droplets on the surface of SM microplate arrays. (c1–c
(d1–d3) (d1) Pristine phenol red solution droplets arranged on the deform
(d3) further treated with HCl gas.

© 2024 The Author(s). Published by the Royal Society of Chemistry
turned into a high adhesion state. For example, the SM arrays
were rst heated at 80 °C for 3 min, and then a “T” pattern was
pressed using a glass rod, and aer cooling to room temperature,
a 10 mL droplet could only stay on the “T” pattern where micro-
plates were deformed (Fig. 11a1). Upon reheating the patterned
deformed SM at 80 °C, the deformed arrays were restored to the
original state. It was possible to rewrite other patterns, such as
“<” (Fig. 11a2), and “\” (Fig. 11a3) on the SM surface. When
a droplet dropped at the top of the inclined 3° “\” track, it rolled
rapidly down the track (Fig. 11b1–b3, movie s3 in ESI†).

The results demonstrated that the rewritable tracks on the SM
superhydrophobic surface can be strategically oriented to guide
the droplet transport. More interesting was to utilize the
plate array, (a1) “T” (a2) “<” (a3) “\”. (b1–b3) The process of directional
3) Mixing process of methyl blue solution and methyl orange solution.
ed region of the micromicroplate array, (d2) treated with NH3 gas, and

RSC Adv., 2024, 14, 17684–17695 | 17693
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Fig. 12 Various 3D printed superhydrophobic microstructure
surfaces.
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“switching property” of themicroplate superhydrophobic surface
as a micro-reaction platform. As shown in Fig. 11c1, a drop of 5
mLmethyl orange droplet was placed on one side of the deformed
microplate arrays, and then a drop of 10 mL methyl blue droplet
was placed on one side of the pristine microplate arrays
(Fig. 11c2), and it can be seen that themethyl blue solution rolled
towards the methyl orange solution and the two solutions coa-
lesced and adhered to the side of the deformed areas (Fig. 11c3,
movie s4 in the ESI†). In addition, liquid–gas microchemical
reactions can be carried out on the patterned surface.43

The tilted SM microplate arrays were highly adherent to
small droplets. Dynamically stable droplet arrays with multi-
sensing indication are well suited for gas sensing by colori-
metric reactions on the surface of high-adhesion SMmicroplate
arrays. For example, qualitative NH3 and HCl gas sensing
experiments. Four drops of 7 mL phenol red solution was placed
on a tilted SM arrays at 30° to form a stable gas-sensitive
microarray (Fig. 11d1), when the platform is exposed to NH3

gas, it can be seen that the phenol droplets turn red (Fig. 11d2),
aer a simple on-chip qualitative test, the droplets still adhere
to the surface of the microplate without changing color. The
droplets did not penetrate into the microplates or rolling off,
therefore, the droplets can still be sensed and analyzed. Next,
the microplate platform was exposed to HCl gas, due to the high
sensitivity of the phenol red solution to pH changes, the phenol
red droplets changed color from red to yellow (Fig. 11d3). This
phenomenon was due to the high sensitivity of the phenol red
solution to pH changes. Compared to other highly adhesive
platforms, the SM array platform can recovered and be reused.
These results suggest that droplet arrays on the surface of highly
adhesive inclined SM microplates can be used as an analytical
device for convenient and rapid colorimetric analysis over
a wide range of concentrations for a low cost due to a fewer
reagent volume requirements.
3.5 Prospects for FDM 3D printing superhydrophobic
surfaces

Many superhydrophobic material preparation use uorine-
containing materials or organic solvents; such techniques are
increasingly raising concerns regarding health (uorine). The
traditional preparation methods are also sometimes complex
and multistep processes, especially, if specic patterns are need
to be generated. FDM 3D printing technology can address the
issues stated above. The use of PLA, which is a degradable and
renewable green material, makes FDM printing for making
superhydrophobic with specic surface texture, e.g., see Fig. 12,
especially appealing. This work demonstrates such idea that is
largely unexplored to date. We also show how FDM 3D printing
technique can be a exible multi-material method to generate
superhydrophobic surfaces. This is shown as we prepared the
microplate structure, rst in PLA for large surface features, and
the continued the printing using ABS for ner features to ach-
ieve desired wettability outcome. ABS has high strength and
good toughness, that can support longevity of surface due to
contact, as shown in Fig. 12(a and b). Fig. 12 (c–f) shows several
examples of 3D-patterned superhydrophobic surfaces designed
17694 | RSC Adv., 2024, 14, 17684–17695
for 3D printing, allowing one to explore the inuence of surface
structure on the wettability. Taken all together, the idea of using
FDM, in a multi-material format and with SM properties is
a unique aspect of this work that has also been highlighted
through a demonstrative application.
4. Conclusions

In conclusion, this study showed the innovative fabrication of
smart shape-memory superhydrophobic surfaces through 3D
printing, demonstrating capabilities for anisotropic wettability
and adhesion modulation. The wettability can be regulated by
varying themicroplate AS, RW and BA. Specically, themicroplate
structure surface with AS of 0.78 mm and RW of 0.3 mm showed
anisotropic wettability and low adhesion superhydrophobicity
against water droplets with CAk of 153 ± 1.5°, CAt of 160 ± 1.2°,
SAk of 2.5± 1°, and SAt of 5± 1.5°. Remarkably, both the surface
morphology and wettability can be fully recovered by a simple
reheating process. This deformation/recovery process can be
repeated for at least 10 cycles without any decreasing of the
superhydrophobicity due to shape memory effect of PLA. Based
on switchable adhesion, the microplate-structured super-
hydrophobic surfaces serve as versatile platforms for droplet
manipulation. Such as size-discriminative gripping droplets,
droplet patterning, directional transport, and micro-reaction
platforms for droplets. We believe that PLA-based SM super-
hydrophobic surfaces will have a wide range of applications in
droplet control, microuidic eld, and switchable wettability.
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