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Dual-responsive shape memory polymer arrays with
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ABSTRACT Smart-controlled surface wettability from super-
hydrophilicity to superhydrophobicity has been extensively
explored, and stimulus-responsive strategies have been widely
accepted as a useful method to realize reversibility. However,
achieving smart and precise wetting control remains challen-
ging because most previous studies focused on stimulating
single surface chemistry or microstructures. Herein, a dual-
stimulus-responsive strategy that can synergistically stimulate
surface chemistry and microstructures is demonstrated on the
pH-responsive molecule poly(2-(diisopropylamino)ethyl
methacrylate (PDPAEMA)-modified temperature-triggered
shape memory polymer (SMP) arrays. The responsive
PDPAEMA and SMP can provide the surface with tunable
surface chemistry and microstructures, respectively. Thus, the
wetting of the surface between various states can be reversibly
and precisely controlled from superhydrophilicity to super-
hydrophobicity with contact angle (CA) differences of less
than 15° under the cooperative effect between the adjustable
surface microstructure and chemistry. The surface is further
utilized as a platform to create gradient wettings based on its
excellent controllability. Therefore, this work presents a
strategy for surface wetting control by combining tunable
surface microstructures and chemistry. The prepared samples
with a special wetting controllability can be applied to nu-
merous fields, including adaptive liquid microlenses, accurate
drug release, and selective catalysis. This work also proposes
novel expectations in designing smart functional surfaces.

Keywords: wetting control, PDPAEMA, shape memory polymer,
superhydrophobicity, superhydrophilicity

INTRODUCTION
The smart control of water wetting performances on solid
surfaces has been extensively explored because of its po-
tential for application in many fields [1–5], such as con-
trollable cell and protein adhesion [6–8], smart droplet
manipulation in microfluidics [9,10], selective oil/water
separation [11–13], and accurate drug delivery [14]. Sti-
mulus-responsive strategies have been widely accepted as
a useful way to achieve reversible wetting control, and the
most common examples are rough structures modified
with stimulus-responsive molecules, such as temperature-
responsive polymer poly(N-isopropylacrylamide) [15],
pH-responsive carboxylic acids [16,17], and other mate-
rials with responsivity to ions [18,19], gas [20–22], elec-
trons [23–25], light [26–28], magnetic fields [29,30], and
other stimuli. Noticeably, on modified responsive mole-
cule surfaces, surface micromorphology is constant, so it
can only provide an invariable surface roughness and a
fixed enhanced effect [15–17]. As a result, wetting con-
trollability is limited when the surface chemical compo-
sition is changed (superhydrophobicity/superhydroph-
ilicity on rough surfaces and hydrophobicity/hydro-
philicity on smooth surfaces). In addition to surface
chemistry, the external stimuli of surface microstructures
can be subjected to reversible wetting control; the most
common examples are elastic polydimethylsiloxane
(PDMS) and shape memory polymers (SMPs) with tun-
able pillar structures under external stretching [31,32],
curving [33], magnetic driving [34], and pressing [35]. As
for surfaces with tunable microstructures, a narrow
transition range can be observed because surface chemical
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compositions are invariable and constantly hydrophobic
(i.e., transition from superhydrophobicity to hydro-
phobicity can occur when surface microstructures are
changed) [31]. Therefore, precise wetting control, that is,
multiple wetting states with a limited contact angle (CA)
difference from superhydrophobicity to super-
hydrophilicity on the same surface, remains a challenge
by singly stimulating surface chemistry or microstructure
although smart wetting control can be achieved.

Precise wetting control is significant in many applica-
tions, such as accurate drug release, adaptive liquid mi-
crolenses, and controllable immiscible liquid separation.
For instance, by modifying an electrospun fiber textile
with various functional groups, Wang et al. [36] accu-
rately controlled surface wettability and obtained a series
of films with different wettabilities. Based on these films,
several immiscible organic liquids in mixtures have been
successfully separated with high efficiency. Similarly, by
precisely controlling the wettability of an electrospun fi-
ber textile, Grinstaff’s group [14] reported a tunable and
accurate drug release based on these materials. However,
precise wetting control can only be observed on different
surfaces because all surface microstructures are fixed and
only surface chemistry is varied, and each surface can
only display a constant wetting performance, which lacks
smart controllability. Although the integration of smart
wetting and precise controllability is promising to over-
come such imperfections and provide surfaces with much
better wetting performances, intelligence, and controll-
ability to meet realistic complex requirements, related
research is limited.

In this study, a dual-stimulus-responsive strategy is
proposed, and the smart and precise control of wetting
under the synergistic effect of surface chemical compo-
sitions and microstructures is achieved (Fig. 1a). A new
surface is prepared by grafting poly(2-(diisopropylamino)
ethyl methacrylate) (PDPAEMA) with pH responsivity
onto a temperature-triggered pillar-structured SMP.
PDPAEMA and SMP can provide the surface with re-
sponsive surface chemistry and microstructures, respec-
tively. Therefore, different surface wettabilities from
superhydrophobicity to superhydrophilicity with CA
differences of less than 15° can be reversibly and precisely
regulated on the surface by simultaneously controlling
water pH and pillar height (H). Although some dual- or
even multiple-responsive superwetting surfaces have been
reported [37,38], previous studies focused on singly sti-
mulating surface chemistry based on different external
stimuli. In contrast to previously described strategies, our
dual-stimulus-responsive strategy based on the co-

ordinated regulation of the surface chemical composition
and microstructure can provide some novel concepts for
creating functional surfaces with tunable wettability and
overcome the drawbacks of the studies on precise wetting
control. Furthermore, given the advantages of the as-
prepared surface, it can be used for various applications,
including controllable friction, accurate drug release, and
selective catalysis.

EXPERIMENTAL SECTION

Materials
Before being used, a DPAEMA (99%, Sigma-Aldrich)
monomer was purified by passing through DHR-4, an
inhibitor-removing column. Diglycidyl ether of bisphenol
A-type epoxy resin (DGEBA, Bluestar Chemical New
Materials Co.), m-xylylenediamine (MXDA, Changsha
Institute of Chemical Industry), n-octylamine (OA, J&K
Scientific), trichloro (1H,1H,2H,2H-perfluorooctyl)silane
(97%, Sigma-Aldrich), (3-aminopropyl) triethoxysilane
(ATES, 98%, Aldrich), N,N,N',N'',N''-pentamethyldiethyl-
enetriamine (99%, Aldrich), 2-bromoisobutyryl bromide
(98%, Aldric), and copper(I) bromide (99.999%, Aldrich)
were directly utilized without further modifications or
processing.

Fabrication of SMP surface
An SMP surface was fabricated via template transferring.
First, a micropillar-structured silicon mold was obtained
through photolithography. Then, a PDMS template was
prepared by duplicating the structured silicon template.
Afterward, a prepolymer containing DGEBA, MXDA,
and OA (molar ratio of 8:3:2) was transferred into the
PDMS mold. After the system was sequentially heated at
40°C for 1 h, 60°C for 2 h, and 100°C for 10 h in an oven,
the SMP surface could be obtained by carefully peeling.
The fabrication process is further described in detail in
Figs S1 and S2, and the related description is presented in
the Supplementary information.

Preparation of PDPAEMA-grafted SMP surface
SMP was initially bombarded with O2 plasma for 5 min to
generate surface hydroxyl groups. Afterward, the SMP
surface was treated with 95% ethanol containing 5%
ATES (v/v) and a certain amount of glacial acetic acid
(with solution pH adjusted to about 5.5) at room tem-
perature to prepare an amino group graft to the SMP
surface. After 2 h, the SMP substrate was rinsed with an
excess of ethanol and dried under a nitrogen flow. Sub-
sequently, the SMP substrate was immersed in dry hexane
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Figure 1 (a) Illustration of the advanced dual-responsive strategy for wetting control based on the synergistic regulation of the temperature-
responsive shape memory microstructure and the pH-responsive surface chemistry. (b–d) Scanning electron microscopy (SEM) images of
PDPAEMA-modified SMP pillars at original upright, collapsed, and recovered states, respectively. (e) The magnified image of one pillar. (f, g) 3D
morphologies of the pillar tips corresponding to (b) and (d) tested via AFM. PDPAEMA-grafted surfaces retain a remarkable shape memory property.
(h) CA results with pH 2 on the surface with upright pillars (left) and collapsed pillars (right) limit the transition from general hydrophilicity to
superhydrophilicity by singly changing the pillar height (i). (j) Shapes of water droplets with pH 2 (left) and 12 (right) on the surface with an upright
pillar structure. Only the surface chemistry can be controlled by singly changing water pH, and a large CA difference is inevitable (k). (l) Water
droplet outlines on the surface under the regulation of both surface microstructure and chemistry, indicating that smart multiple wetting control can
be achieved precisely with a CA difference of less than 15° (m).
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containing pyridine (1.6%, v/v). After 10 min of pre-
cooling, 2-bromoisobutyryl bromide (2.6%, v/v) was
mixed into the solution. The mixture was stored at 0°C
for 1 h and then room temperature for 12 h. The SMP
substrate grafted with the initiator was repeatedly washed
with hexane and ethanol and dried under a nitrogen flow.
The SMP substrate was immersed into degassed CH3OH,
which contained DPAEMA (1500 μL) and copper(І)
bromide (0.064 g, 0.46 mol). The reaction was continued
for 12 h at room temperature under the nitrogen flow.
Lastly, the SMP substrate was cleaned with copious
ethanol and water and dried under the nitrogen flow.

Control of the surface wettability by tuning surface
chemical composition and microstructure
The solutions with various pH levels were prepared as
follows. The solutions with extreme pH levels ranging in
1–4 and 9–12 were obtained with aqueous solutions of
HCl and NaOH. The solutions with pH levels from 5 to 8
were prepared with phosphate-buffered saline (Na2HPO4/
NaH2PO4).

The samples were pressed at a certain pressure
(~2 MPa) for 10 min at temperature above the glass
transition temperature (Tg) of SMP (about 125°C) and
cooled down to room temperature under a presser to
obtain variations in the microstructure. Afterward, the
recovery time was controlled, and vatiations with differ-
ent heights of pillars were prepared. The CAs of droplets
with different pH levels were tested. The samples were
cleaned with profuse water and methanol and dried un-
der N2 flow between CA measurements with droplets of
various pH values to ensure that the droplets of each pH
level would not interact with other droplets with different
pH levels on the same substrate.

Characterization
A field-emission scanning electron microscope (SEM,
SU8010, HITACHI) and an atomic force microscope
(AFM, Dimension Icon, Bruker) were used to measure
the surface morphologies. A CA meter (JC 2000D5,
Shanghai Zhongchen Digital Technology Apparatus Co.,
Ltd.) was employed to test water CA. A laser scanning
confocal microscope (LSCM, OLS4100, Olympus) was
utilized to measure the three-dimensional (3D) micro-
structure and corresponding profile curves. A Mettler
SDTA861e analyzer was used to measure the dynamic
mechanical analysis data including the loss tangent (tanθ)
and storage modulus of the specimens. A tensile tester
(Instron 5965) was applied to measure the mechanical
strength of materials. A TA Q800 dynamic mechanical

analyzer (USA) was used to obtain the shape memory
properties of the samples. Elementary analysis was con-
ducted through X-ray photoelectron spectroscopy (XPS,
PHI 5400 ESCA System). An optical microscope (XPR-
700V) with a hot stage was employed to observe the pillar
state in situ during recovery. A variable angle spectro-
scopic ellipsometer (VASE, J.A. Woollam RC2) was used
to test the thickness of PDPAEMA.

RESULTS AND DISCUSSION
SMPs have been widely explored because of their extra-
ordinary shape memory effect and widespread applica-
tions, including smart adhesives [39,40], optical chips
[41,42], and biomedical devices [43]. Their wetting con-
trol has been rarely investigated and only recently re-
ported; similar to elastic PDMS [31], SMPs have a limited
wetting transition in a finite range [35,44–47]. In our
work, this problem can be easily solved by simply grafting
a responsive molecule onto SMP. First, the micro-
structured SMP sample is prepared by polymerizing
DGEBA, MXDA, and OA on a microstructured silicon
mold (Figs S1–S3) [48]. Fig. S4 displays the SEM image of
the as-prepared SMP surface viewed at a tilt angle of
about 40°. Regular pillars with a diameter, spacing, and
height of about 10, 30, and 30 μm, respectively, are uni-
formly distributed on the surface. The top of the pillar is
smooth (the inset of Fig. S4), which is similar to the
silicon template (Fig. S3). AFM imaging further confirms
the result and demonstrates that the surface roughness of
the pillar tip is as low as 0.52 nm (Fig. S5). The pillars are
initially pressed with a flat glass slide under an external
force at 125°C (higher than the polymer’s Tg of about
98.8°C; Fig. S6a) to test the shape memory property of the
surface. The surface is reheated to investigate the recovery
property (Fig. S7). All the pillars collapse after they are
pressed, and they spontaneously return to their original
upright form after they are reheated (Fig. S4). This result
indicates that the as-prepared samples have a remarkable
shape memory property. The as-prepared SMP arrays are
further modified with PDPAEMA through atom-transfer
radical polymerization (ATRP) [49], and they can be
demonstrated by the XPS results (Fig. S8). The thickness
of the PDPAEMA coating is about 16.5 nm. Herein, the
substrates with the same diameter (10 μm) and height
(30 μm) of the pillars with different spacings (5, 10, 20,
and 30 μm, respectively) are modified with the same
PDPAEMA to obtain the surface with the best pH-re-
sponsive wetting controllability. The results show that the
sample with 30 μm spacing has the best controllability, so
it is selected as the surface in the subsequent analysis
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(Fig. S9). Fig. 1b–d display the SEM results of the samples
modified with PDPAEMA at original upright, collapsed,
and recovered states, respectively. The pillars’ dimension
and morphology have no apparent differences from those
on the original SMP surface, indicating that the pillar
structures can still be kept after ATRP. Noticeably, after
the modification with PDPAEMA, the pillar tips become
rougher (Fig. 1e). The AFM result reveals that the surface
roughness of the pillar tips increases to about 9.56 nm
(Fig. 1f), demonstrating that some nanostructures form
on the microscale pillars, which are similar to micro-
structures on superwetting biological surfaces in nature
[50]. Similar to the original SMP surface, the PDPAEMA-
modified surface retains its excellent shape memory ef-
fect. As shown in Fig. 1c, d, after being pressed and re-
heated, the pillars can exhibit the collapsed and upright
states, respectively. After the recovery, the hierarchical
micro/nanostructure can still be observed, and the surface
roughness on the pillar tips is similar to that before the
specimens are pressed (about 9.17 nm, Fig. 1g). There-
fore, the modification of PDPAEMA on the pillar-struc-
tured SMP can result in the formation of micro/
nanostructures on the surface, and the excellent shape
memory effect of the obtained surface is similar to that of
the original SMP surface.

The pH-responsive PDPAEMA-modified SMP arrays
retain their shape memory effect. This result indicates
that the surface microstructure and chemistry can be
regulated under external stimuli on the as-prepared sur-
face. For a water droplet with a given pH (e.g., water with
pH 2), the CA can be reversibly tuned between 0° and 36°
if the surface microstructure between the upright and
collapsed states is changed (Fig. 1h). Even when the
surface microstructure is controlled more precisely
(herein, the microstructure is controlled by changing the
pillar’s height), the variation in the CA is still restricted in
a limited hydrophilic region (Fig. 1i). A similar con-
trollability can also be observed in a basic water droplet,
and the only difference is that the variation is in the
hydrophobic region (Fig. S10). These results indicate that
the CA slightly varies when the surface microstructure is
individually regulated. Furthermore, transition from hy-
drophilicity to hydrophobicity is impossible. In contrast
to singly regulated surface microstructures, singly regu-
lated surface chemistry can provide a broad tunability to
surfaces. For example, in Fig. 1j, water droplets with
different pH levels are used as the stimuli for surface
chemistry because PDPAEMA is responsive to water pH.
The surface with an upright pillar structure exhibits a
reversible superhydrophilicity/superhydrophobicity tran-

sition as the water pH varies between 2 and 12. When the
water pH is changed more precisely (Fig. 1k), more
wetting states from superhydrophilicity (CA of nearly 0°)
to superhydrophobicity (CA of about 153°) can be ob-
tained. However, a sudden transition from hydrophilicity
to hydrophobicity with a large CA difference (about 60°)
is difficult to be avoided (emphasized by the dotted box).
Therefore, accurately controlling the wetting property is
difficult. This defect is inevitable on all reported
PDPAEMA-modified static micro/nanostructured sur-
faces; consequently, their application in numerous fields,
such as subtly tunable cell/tissue growth and precise drug
release, is limited [20–25,51]. Although the sudden
transition of the CA (large CA difference) can be elimi-
nated in collapsed pillars, the surfaces lose their super-
hydrophilicity/superhydrophobicity, and the wetting
control range decreases (Fig. S11). These results reveal
that numerous imperfections, including limited variation
range and large CA difference, are still ineluctable by
singly regulating the surface chemistry or the micro-
structure. With our dual-stimulus-responsive strategy, all
these problems can be resolved, and smart and precise
wetting control between multiple wetting states can be
achieved. As shown in Fig. 1l, in addition to the transi-
tions caused by single surface chemistry or micro-
structural variations (e.g., superhydrophilicity/
superhydrophobicity, hydrophilicity/hydrophobicity
transitions due to surface chemistry variation, super-
hydrophilicity/hydrophilicity and superhydrophobicity/
hydrophobicity transitions caused by surface micro-
structure variation), some new phenomena, such as
transition between superhydrophilicity and general hy-
drophobicity (upper left and bottom right in Fig. 1l) or
transition from superhydrophobicity to general hydro-
philicity, can be achieved (upper right and bottom left in
Fig. 1l) by simultaneously adjusting the pH of water and
the morphological characteristics of the pillars. These
findings demonstrate that the wetting performance of
surfaces can be adjusted from one random state to an-
other in a wide range between superhydrophobicity and
superhydrophilicity. Different wetting states from super-
hydrophilicity to superhydrophobicity with a CA differ-
ence of less than 15° can be gradually and precisely
controlled (Fig. 1m). To the best of our knowledge, such
high-precision wetting control is yet to be reported. These
results indicate that our dual-stimulus-responsive strategy
can provide surfaces with better wetting performance and
controllability than those of traditional single-stimulus-
responsive strategies that singly control surface chemical
compositions or microstructures. Furthermore, great re-
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sponsivity by the governing surface chemistry (Fig. 2a),
surface micromorphology (Fig. 2b), or both (Fig. 2c, d)
remain in all the above transitions after repeating several
times. These transitions can still be observed even after
about a month without any special protection. Therefore,
our surface has good controllability and stability.

The proposed dual-stimulus-responsive strategy is
based on the coordinated effect between responsive sur-
face microstructures and chemical compositions. The
changes in the surface microstructure is investigated with
LSCM to better understand controllability. Fig. 3a, b show
the 3D LSCM results and the corresponding profile pic-
tures of the sample, demonstrating that the size and
morphology of the pillars are consistent with the SEM
result. When the external force is employed to press the
pillars, all of them on the surface collapse (Fig. 3c). The
outline shows that the average height of the pillar de-
creases sharply to about 8 μm (Fig. 3d). When the surface
is further reheated at 90°C for about 128 s (Tg of the as-
prepared surface is about 84°C, Fig. S6b), the pillars can
spontaneously recover their original shapes and heights
(Fig. 3e, f). This result further confirms that the surface
has a great shape memory ability. Meanwhile, the samples
demonstrate a good fatigue durability (Fig. S12) because

of the inherent 3D crosslinking networks of SMP, and the
pillars can be cycled at different states. In Fig. 3g, after
several pressing/recovery cycles, the average pillar height
does not apparently decrease. Moreover, the recovery
process relies on heating time and temperature. The re-
quired time for microstructure restoration shortens as the
heating temperature increases. The recovery of the ori-
ginal shape needs about 128 s at 90°C, but it decreases to
about 26 s at 140°C (Fig. 3h), possibly because of the
improved chain motility at higher temperatures [47].
When the heating temperature is set at a relatively low
value (90°C), surfaces with various pillar heights can be
obtained by simply controlling the heating time (Fig. 3i).
Therefore, the surface with different pillar heights and
corresponding wetting performances can be observed
(Fig. 1i, m).

The variation in surface chemical compositions is in-
vestigated through XPS. Fig. 4a displays the XPS results of
the surface in the pristine state and after acid and base
treatments. The pristine surface shows N 1s peaks at 399
and 401 eV, corresponding to the tertiary and quaternary
amines of PDPAEMA, respectively [52]. The amount of
quaternary amine is extremely low (about 4.36%, Fig. 4b).
After the treatment with the acidic solution, a new Cl 2p

Figure 2 Repeated variation in the surface between different wetting states. (a) Transitions between superhydrophilicity/superhydrophobicity (dotted
line) and hydrophilicity/hydrophobicity (solid line) by singly controlling the surface chemistry. (b) Transitions between superhydrophobicity/
hydrophobicity (upper line) and superhydrophilicity/hydrophilicity (bottom line) by singly controlling the surface microstructure. (c, d) Transitions
between hydrophobicity/superhydrophilicity and superhydrophobicity/hydrophilicity by synergistically adjusting the surface chemical composition
and microstructure, respectively.
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peak appears (orange line in Fig. 4a), and the amount of
quaternary amine increases apparently (about 31.29%,
Fig. 4c). This result indicates that more PDPAEMA
molecules are protonated. When the surface is further
treated with the basic solution, the protonated PDPAE-
MA returns to its deprotonated state. The Cl 2p peak
disappears (red line in Fig. 4a), and the intensity of the
peak ascribed to the quaternary amine decreases to the
original state (i.e., the amount of the quaternary amine
decreases to about 6.5%, Fig. 4d). Therefore, after mod-
ification with PDPAEMA, the surface has pH re-
sponsivity, and the protonated and deprotonated states of
PDPAEMA can reversibly appear as the water pH chan-
ges.

The inner mechanism is carefully analyzed to further
understand the excellent controllability of wettability. The
result suggests that the great shape memory property of
SMP (Fig. 5a, b) and the pH responsivity of PDPAEMA
(Fig. 5c, d) can be attributed to the synergistic effect of

the tunable surface microstructures and chemical com-
positions, respectively. As reported, two structural re-
quirements, namely, invertible thermal exchange for
temporary shape fixing/recovery and crosslinking net-
work, are necessary to obtain an excellent shape memory
effect for polymers [53]. In our work, the obtained
polymer has a good ability of thermal invertible phase
exchange (Fig. S6b) and has a cross-linked network (i.e.,
the tail-to-tail correlations of alkyl chains form physical
crosslinking, and the reaction of –NH2 and epoxy groups
forms chemical crosslinking) [54]. Therefore, the as-
prepared materials exhibit a great shape memory ability,
with about 99% of shape recovery ratio (Fig. S13). As
such, the material shows and memorizes various micro-
morphologies. In Fig. 5a, the obtained surface has a
permanent shape of upright pillar structures (left picture
in Fig. 5a). The molecular chains have the highest entropy
(right picture in Fig. 5a), and they reside in a thermo-
dynamically stable state [55]. The surface is heated to a

Figure 3 3D confocal images of the surface modified with PDPAEMA and corresponding outline pictures: (a, b) original structure, (c, d) collapsed
structure, and (e, f) recovery structure. (g) The average height of the pillar on the surface after several continuous pressing/recovery cycles. (h)
Relationship of heating temperature and recovery time. (i) Statistical analysis of the average pillar height on the surface after heating for different
durations at 90°C, indicating that the surface can memorize and display different pillar heights.
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temperature higher than Tg to change the surface mi-
crostructure, which consequently softens. Under this
condition, the surface pillars collapse when they are
pressed under an external force (left picture in Fig. 5b). In
this process, the crosslinking network can prevent the
long-range chain from slipping; as a result, some entropy
can be trapped, and a new molecular chain conformation
can be formed (right picture in Fig. 5b) [53]. When the
surface is cooled to room temperature under the same
external force, the frozen molecular chain segment retains
the pillars’ shape in a collapsed state. Therefore, a tem-
porarily deformed shape can be achieved. Furthermore, as
the surface is reheated without the external force (above
the Tg), the mobility of the molecular chains of SMP can
be reactivated. The favorable tendency for an increase in
entropy thermodynamically allows the molecular chains
to recover their permanent conformation. Thus, the ori-
ginal upright state of the collapsed pillars can be restored
(Fig. 3), and a reversible transition between upright and
collapsed states can be repeatedly controlled by cycled
pressing/recovery processes.

This description clearly explains the variation in the
shape of the pillar on the surface. When the pillars are in
an upright state, for an acid droplet that contacts the
surface, the grafted PDPAEMA is protonated (Fig. 5c)
and shows hydrophilicity (Fig. 5e); PDPAEMA exhibits
hydrophilicity and hydrophobicity after it is treated with
water solutions with pH lower or higher than its pKa
(about 6.2 [56]) because of the protonation and depro-
tonation of PDPAEMA, respectively. According to the
Wenzel equation [57], the hydrophilicity of surfaces can
be strengthened when surface roughness increases. The
strong 3D capillary effect of the upright pillars can cause
water to enter the pillar structures (inset in Fig. 5e).
Therefore, the surface displays the superhydrophilicity of
water with pH 2 (Fig. 1l). When a basic water droplet is
used (pH > pKa), PDPAEMA becomes deprotonated and
shows hydrophobicity (Fig. 5d, f). On the occasion, air is
trapped in the microstructure with the aid of upright
pillars, and the droplet exists in a composited Cassie state
(inset in Fig. 5f) [58]. In this case, the trapped air helps
reduce the solid/liquid contact area. Consequently, the

Figure 4 XPS survey spectra. (a) PDPAEMA-modified surface in different states: blue, orange, and red lines represent the pristine state, after acid
treatment, and after base treatment, respectively. (b) High-resolution N 1s spectrum of pristine PDPAEMA-modified surface, (c) after acid treatment,
and (d) after base treatment. The results confirm an excellent pH responsivity of the prepared surface.
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surface presents superhydrophobicity for a basic droplet
(Fig. 1l). The collapse of the surface microstructure can
result in a decrease in surface roughness and ultimately
reduce the enhanced effect on surface wettability [59–61].
Therefore, the surfaces with such collapsed pillars show

hydrophilicity for acidic water (Fig. 5g) and hydro-
phobicity for basic water (Fig. 5h). PDPAEMA is stable
when the temperature is < 200°C (Fig. S14), indicating
that the heating temperature used for microstructural
variation does not affect PDPAEMA. The influence of the

Figure 5 Schematic of the responsive mechanisms of SMP, PDPAEMA, and different water/solid contact models. Numerous crosslinking networks
are contained in the obtained SMP substrate, and the highest entropy exists in the conformation of the molecular chains (inset in (a)), and the straight
pillars are the permanent structure. Under this condition, when an acidic water droplet contacts the surface, PDPAEMA becomes protonated and
hydrophilic (pH < pKa, in (c)); under the 3D capillary action, the water droplet enters the microstructure, and the surface shows superhydrophilicity
(e). On the contrary, when a basic water droplet is used, PDPAEMA becomes deprotonated and hydrophobic (pH > pKa, in (d)); the droplet resides in
a composite Cassie state because a layer of air can be trapped in the microstructure, which can effectively provide the surface with super-
hydrophobicity (f). When the surface is heated to a temperature higher than Tg and pressed under an external force, the crosslinking network can
prevent a long-range chain slippage, resulting in the establishment of a new chain conformation containing a low entropy (inset in (b)) and a collapsed
pillar structure. On a surface with collapsed pillars, the enhanced effect of the microstructure on wettability is reduced; thus, the surface shows general
hydrophilicity (g) and hydrophobicity (h) for acidic and basic droplets, respectively. When the surface is reheated at > Tg, the mobility of molecular
chains can be reactivated, and the SMP molecular chain conformation can be recovered after the recovery of the surface structure because of the
thermodynamically favorable tendency for increasing entropy. As a result, a reversible exchange between superhydrophobicity and super-
hydrophilicity can be observed. Surface microstructure and chemistry are stimulus-responsive, so numerous degrees of wetting control can be realized
by regulating the two factors.
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physical deformation of pillars on surface chemistry is
negligible (Fig. S15 and Table S1). As such, when the
structure of pillars is recovered, a reversible exchange
from superhydrophilicity to superhydrophobicity can be
observed again. Surface chemical compositions and mi-
crostructures can be reversibly and precisely manipulated
separately or synergistically; hence, a reversible exchange
among multiple wettabilities and the precise control of
surface wettability can be achieved (Fig. 1l, m).

In this work, the surface with precise controllability in
wettability shows potential for many applications, such as
platforms for producing gradient wetting. Materials with
precise gradient wettability from superhydrophobicity to
superhydrophilicity have been widely explored because of
some particular applications, such as accurate drug re-
lease [14] and precise oil–water separation [11]. In our
work, precise gradient wetting can be achieved on our
surface because of excellent controllability. The surface is
divided into six parts from left to right by controlling the
pillar state and the pH of droplets to demonstrate this
concept: upright pillars with pH 2, upright pillars with pH
6, collapsed pillars with pH 6, collapsed pillars with pH 8,
upright pillars with pH 8, and upright pillars with pH 12
(Fig. 6a). Interestingly, the designed surface can exhibit
six wetting states with CAs of 0°, 40°, 55°, 83°, 120°, and
150° (Fig. 6b, from the left to right), indicating that gra-
dient wetting from superhydrophilicity to the super-
hydrophobicity can be realized on the surface. In addition
to the application in creating a gradient surface, many
other fields, such as unidirectional droplet transportation
and fog harvesting, can benefit from surfaces with precise
wetting controllability.

CONCLUSION
In summary, a dual-stimulus-responsive strategy for
smart and accurate wetting control is developed by co-
operatively adjusting the chemical compositions and
microstructures of surfaces. As a demonstration, a surface
is obtained by modifying the pillar-structured SMP with
pH-responsive PDPAEMA. On the prepared surface,
different wettabilities between superhydrophilicity and
superhydrophobicity with CA differences of less than 15°
can be accurately and reversibly manipulated. The sam-
ples exhibit an excellent controllability because of the
combined effect of the tunable surface chemical compo-
sitions and microstructures, which originate from the pH
responsivity of PDPAEMA and the shape memory ability
of SMP, respectively. Additionally, the prepared sample
can be used as a platform to create gradient wettings. This
paper reports a surface wetting control strategy, which

not only provides some novel ideas for designing func-
tional surfaces with tunable wettability but also over-
comes the drawbacks of current precise wetting control
methods. With the special advantage of the prepared
surface, the proposed strategy shows potential for various
applications, including controllable drug delivery, fric-
tion, and catalysis. Furthermore, given the design sim-
plicity, this strategy can be easily extended to develop and
fabricate other similar functional materials by combining
SMP with other smart molecules responsive to light,
temperature, electricity, magnetic field, and other stimuli.
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具有智能、精细多浸润状态调控的双响应形状记
忆聚合物阵列
张东杰1, 夏琦兴2, 来华1, 成中军1*, 刘鹏昌1, 张海洋1, 刘宇艳1*,
江雷3

摘要 近年来, 具有超亲水到超疏水转变的智能可控浸润性表面引
起了人们的广泛关注. 由于大多数报道仅采用单一的调控手段, 即
单一表面化学调控或单一的微结构调控, 表面浸润性的智能、精
细调控目前仍然很难实现. 本文中, 我们将pH响应的分子聚2-(二
异丙基氨基)甲基丙烯酸乙酯(PDPAEMA)修饰到温度响应的形状
记忆聚合物(SMP)阵列表面, 获得了一种可实现表面化学和微结构
协同调控的双刺激响应材料. 其中PDPAEMA (pH刺激)和SMP (温
度刺激)分别保证了表面化学和微结构的可调节性, 通过调节pH和
温度, 可使表面化学和表面微结构协同作用, 从而在所得表面上实
现超亲水到超疏水范围的智能可逆转变, 转变精度小于15°. 另外,
利用其优异的浸润性可控特性, 所得表面可用于制备梯度浸润性
控制平台 . 本文所制备表面在自适应液体微透镜、精确药物释
放、选择性催化等领域具有良好的应用前景, 同时也为设计和开
发新型智能浸润性提供了参考.
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