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ABSTRACT: Programmable droplet transportation is required
urgently but is still challenging. In this work, breath ﬁgure was
employed to fabricate shape-memory poly(lactic acid) (PLLA)
honeycombs in which tiny crystals and an amorphous network act
as the shape-ﬁxed phase and recovery phase, respectively. Upon
uniaxial tension, circle pores from the breath ﬁgure were deformed
to elliptical pores, producing contact angle diﬀerences and
anisotropic wetting behaviors in two directions. Both pore
geometry and anisotropic wettability can be tailored via the draw
ratio. On the PLLA honeycomb surface with a lower draw ratio, the
contact angle diﬀerence is too small to induce droplet transportation along the desired direction. In the case of a higher draw
ratio, however, the movement of water droplets has been
controlled absolutely along the tension direction. The transition between them can be achieved reversibly during uniaxial tension
and recovery processes based on the shape-memory eﬀect. The enhanced ﬂow control, which can be attributed to the synergism
between optimal hydrophobicity and enlarged anisotropic wetting behaviors, endows water droplets with the ability to turn a corner
spontaneously on a V-shaped surface including two regions exhibiting diﬀerent oriented directions.
KEYWORDS: honeycomb, shape-memory, anisotropic wettability, droplet transportation, switchable transition
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INTRODUCTION
The transportation of droplets, determined by its wettability on
the corresponding surface, plays crucial roles in many
applications.1−5 On a surface with isotropic wettability,
droplets can move in any direction randomly. On the contrary,
speciﬁc surfaces with anisotropic wettability are required to
induce the directional movement of droplets;6−8 for instance, it
is essential for water harvesting.4,5 The switchable transition
between them has received much attention over the past few
years.9−13 It is well known that surface wettability is under the
control of the surface chemical composition and microstructures.14,15 On the one hand, static wettability can be
tailored according to them, producing various contact angles
with diﬀerent contact areas between droplets and the substrate;
on the other hand, both composition and structure gradients
have been fabricated to control dynamical wetting behaviors in
two directions.16−18 Relative to the chemical composition
strategy, manipulations of microstructures provide more
opportunities for surface functionalization. Shape-memory
polymers, whose shape can be ﬁxed and recovered in response
to external stimuli, are good candidates for microstructure
manipulation.19−21 As a result, droplet transportation in the
desired direction has been achieved with the help of shapememory polymers by means of pressing, stretching, and
recovery.22−24 For instance, Zhao et al. prepared shape© 2020 American Chemical Society

memory surfaces using cross-linked poly(cyclooctene) as an
example. The tunable wettability exhibits crucial dependence
on its deformed pattern during tension and recovery.25 Liu and
co-workers fabricated a hierarchically rough surface including
micropillars and nanopits on shape-memory epoxy. Based on
the collapse (by pressing with a polydimethylsiloxane (PDMS)
template) and shape recovery (to an upright position) of
pillars, a switchable anisotropic/isotropic wetting surface has
been obtained. On this surface, droplets roll along the
corresponding directions spontaneously.26
According to the strategies discussed above, various surfaces
have been fabricated to control droplet transportation.27,28 In
these reports, however, programmable transportation remains a
great challenge. To the best of our knowledge, there has been
no report concerning the ability of droplets to turn a corner
with the help of oriented surface structures. It is noteworthy
that most investigations focused on superhydrophobic surfaces
because of smaller sliding angles and other interesting
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functions, e.g., rewritable and self-cleaning properties.29−31 On
this surface, however, the higher contact angle corresponds to
not only the insuﬃcient contact between the droplet and the
substrate but also a smaller wettability diﬀerence in the two
directions.32 The former leads to less inﬂuence of substrate
microstructures on the droplet movement. The latter is the
reason for the diﬃculty of droplet transportation along the
desired direction since the wettability diﬀerence in two
directions plays the role of a driving force in this process. In
this work, therefore, it has been proposed to achieve
programmable droplet transportation based on the synergism
between optimal hydrophobicity and increased anisotropic
wetting behaviors. Shape-memory poly(lactic acid) (PLLA)
honeycombs were fabricated according to the breath ﬁgure
method without any assistance of a hard template.33−35 The
resultant single-scale pores account for the lower contact
angles (relative to a superhydrophobic surface) and more
adequate contact between the droplets and substrate. Upon
uniaxial tension, extremely anisotropic microstructures and
wettability can be realized at high draw ratios. The enhanced
inﬂuence of microstructures and anisotropic wettability on
stretched PLLA honeycombs can endow water droplets with
the ability to turn a corner spontaneously (Scheme 1b).

temperature. The shape-memory and recovery performance
were assessed by means of a tension test (the program is
shown in Figure S4). Figure S5 shows a typical shape recovery
circle, in which the PLLA honeycomb from BF exhibits high
shape ﬁxity and recovery ratio. In microscales, HCP patterns
on the honeycomb can be tailored during uniaxial tension as
well as a recovery process based on the shape-memory eﬀect
(Figure 1). Upon uniaxial tension, circle pores (Figure 1a)
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Figure 1. SEM (up) and AFM (down) images of the PLLA
honeycomb upon uniaxial tension and recovery during shape-memory
cycles with the indicated draw ratio (DR). The scale bars in SEM
images are 5 μm. (a) Before uniaxial tension, (b) DR = 1.6, (c) DR =
2.0, and (d) DR = 2.4. (e, f) Draw ratio of the uniaxial tension stretch
back to 2.0 and 1.6 respectively.

Scheme 1. PLLA Honeycomb with Isotropic (a) and
Anisotropic (b) Pore Geometries Exhibiting Vertical and
Programmable Droplet Transportationsa

have been deformed into elliptical pores (Figure 1b−d), which
is obvious in both scanning electron microscopy (SEM) and
atomic force microscopy (AFM) images. It can be also
supported by the proﬁles of AFM shown in Figure S6.
Furthermore, the deformed patterns can recover to their
permanent shape (Figure 1d−f, a). Compared with elastic
materials (e.g., PDMS), the shape-memory eﬀect of PLLA
makes it possible for the surface pattern to be ﬁxed at the
desired deformation (Figure 1b−d, during uniaxial tension)
and to recover to the original state (Figure 1d−a) upon
temperature stimuli, which is beneﬁcial for the manipulation of
wettability and resultant droplet transportation.38−41 The
PLLA honeycomb does not break until the draw ratio is
above 2.6 (at 80 °C). In the following discussion, therefore, the
maximum value of the draw ratio is ﬁxed at 2.4.
During uniaxial tension and recovery processes, we paid
attention to the length, width, and depth of the pores. As
shown in Figure 2a, the pore length and width exhibit higher
and lower magnitudes with increasing draw ratio, respectively.
The pore depth, however, remains almost constant. To
describe the deformation quantitatively in microscales, a new
parameter of the length/width ratio has been introduced. This
parameter exhibits quadratic dependence on the draw ratio in a
macroscale (Figure 2b) during both tension and recovery
processes. The evolution of the length/width ratio can be
ascribed to the simultaneous increase of length and decrease of
width (Figure 2a). This result is completely diﬀerent from the
proportional deformation in two scales reported in our
previous work.42 Probably, the diﬀerence is dominated by
the porosity and the distance between neighboring pores. This
sensitive draw ratio dependence of the length/width ratio
provides a unique opportunity for not only the pore geometry
manipulation by macroscale deformation43,44 but also the more
convenient fabrication strategy of honeycombs with enhanced

a

The transition between them can be reversibly controlled during
uniaxial tension and recovery based on the shape-memory eﬀect. The
red and blue lines represent the tension direction of the honeycomb
and the movement direction of the droplet, respectively.

Furthermore, it is easy to perform reversible transition between
vertical (Scheme 1a) and programmable (1b) droplet transportation according to switchable anisotropic/isotropic
structures on shape-memory honeycombs.

■

RESULTS AND DISCUSSION
Based on the breath ﬁgure (BF, Figure S1), a perfect PLLA
honeycomb with hexagonal closest-packed (HCP) pores has
been prepared (Figure S2). According to our previous work,
tiny crystals and an amorphous network in semicrystalline
polymers (blends) can act as the shape-ﬁxed phase and
recovery phase, respectively.36,37 The glass transition temperature of PLLA (61.8 °C, measured by dynamical mechanical
analysis (DMA), Figure S3) plays the role of switching
42315
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Figure 2. Draw ratio dependence of the length, width, and depth of pores on PLLA honeycombs during uniaxial tension and recovery processes
(a). (b) Relationship between deformations in macroscale (draw ratio) and microscale. (c) Cycle stability of pore geometry described by means of
length/width as a function of the draw ratio.

Figure 3. Illustration of contact angles from directions A and B (a), (b) droplet on a stretched PLLA honeycomb fabricated by means of the breath
ﬁgure from the top view, (c) contact angles in two directions on the honeycomb before (left) and after (right) uniaxial tension (DR = 2.4), and (d)
and (e) draw ratio dependence of anisotropic wetting behaviors on the PLLA honeycomb.

follows: Before uniaxial tension, the contact angles in the two
directions are similar, resulting in the diﬀerence close to zero in
Figure 3e. With increasing the draw ratio, the deformation
(from circle to elliptical pores) accounts for the enhanced
anisotropic pore geometry (Figure 1b−d). This is the reason
for the higher magnitude of the contact angle diﬀerence in the
two directions. Finally, it reaches 37.7° at a draw ratio of 2.4
(Figure 3c−e). This diﬀerence exhibits similar dependence on
the draw ratio during the recovery process (red arrow direction
in Figure 3e). To clarify the pore structure dependence of
contact angle and its diﬀerence in two directions, we focussed
to AFM three-dimensional (3D) images (Figure 4a,b) and
their line-cut proﬁles (Figure 4c). Upon uniaxial tension in
macroscale, the circle pores are deformed to elliptical pores. In
direction B, the decrease of pore width results in a smaller
distance in neighboring pores (red curve in Figure 4c). This is
the reason for the higher roughness (427 nm), corresponding
to a higher contact angle (measured in direction B, Figure

anisotropic pore geometry. Figure 2c shows the results of a
cycle examination. In the case of DR = 1, the length and width
exhibit close values, which agrees well with the length/width
ratio shown in Figure 2b. Upon uniaxial tension (DR = 2.4),
higher length and lower width can be obtained. When the
shape memory and recovery were repeated three times, the
pore lengths (as well as width) exhibited comparable
magnitudes, indicating excellent cycle stability.
It is easy to manipulate the anisotropic wettability of water
on a PLLA honeycomb-like surface by means of pore
deformation during uniaxial tension and recovery. To show
this clearly, two perpendicular directions were deﬁned as
illustrated in Figure 3a, in which uniaxial tension was
performed along the direction A. Figure 3b shows a typical
top-view photo of a droplet on a stretched honeycomb by
taking the specimen with a draw ratio of 1.6 as an example.
Obviously, contact angles in directions A and B exhibit
diﬀerent magnitudes due to the oriented pore geometry. On
the specimen just after preparation, contact angles in two
directions are similar (∼112°, Figure 3c,d), but much higher
than that of a ﬂat PLLA ﬁlm (∼72.5°). The increase of the
contact angle can be attributed to the improved surface
roughness and the resultant air pockets in HCP pores (i.e.,
Cassie state) from the breath ﬁgure. During uniaxial tension,
isotropic circle pores have been deformed to elliptical pores.
The contact angles are shown in Figure S7, and their draw
ratio dependence in two directions is plotted in Figure 3d. The
contact angle diﬀerence in two directions represents the
anisotropic wetting behaviors (Figure 3e).43,44 With the help of
contact angle and its diﬀerence in two directions (A and B), we
can describe the anisotropic wettability of water droplets on a
PLLA honeycomb during shape-memory and recovery cycle as

Figure 4. AFM 3D images of the specimen before (a) and after (b)
uniaxial tension and the corresponding line-cut proﬁles (c) in the
indicated directions.
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Figure 5. Snapshots of droplet transportation on the shape-memory PLLA honeycomb with lower (a) and higher (b) draw ratios. The red and blue
dashed lines represent the directions of uniaxial tension and the resultant microstructure on the surface.

of water droplets. Their movement is dominated by the gravity
completely (Movie 3), which can be attributed to the lower
length/width ratio (Figures 1b,3a) and smaller contact angle
diﬀerence in two directions (Figure 3d,e). On the honeycomb
surface with a higher draw ratio (2.4 here), the droplet moves
to the bottom-left direction in Region one. When it reaches
Region two with the oriented pores in the direction of bottomright, the droplet turns a corner spontaneously, rolling still
along the orientation direction of microstructures (Movie 4).
In the whole process, the droplet transportation is under the
control of surface structures absolutely, accounting for the
parallel red and blue lines (Figure 5b). The shape-memory
eﬀect of the PLLA honeycomb plays an important role in this
process. First, it is easy to tailor the droplet transportation on
one single specimen by ﬁxing the draw ratio at diﬀerent values
during uniaxial tension; second, the transition between vertical
(Figure 5a) and programmable (Figure 5b) transportation can
be regulated reversibly. The programmable transportation of
droplets discussed above can be ascribed to the synergism
between the optimal hydrophobicity and increased anisotropic
wetting behaviors. On the one hand, PLLA honeycombs
exhibit hydrophobic surfaces with contact angles of 86−124°
(Figure 3d), which is an eﬃcient way to increase the contact
area and enhance the contact between the droplets and
substrate.47,48 It is easy to transfer the inﬂuence of microstructures on substrate to the transportation of droplets; on the
other hand, the programmable transportation is determined by
the anisotropic wetting behaviors and the resultant diﬀerence
of contact angles.49−51 As a result of the oriented pore
geometry (Figure 1d), the variation in roughness along certain
directions (increase and decrease in directions B and A,
respectively), and the adequate contact between droplets and
substrate, the contact angle diﬀerence in the two directions has
been increased remarkably (Figure 3d,e), especially in the case
of a higher draw ratio (37.7° at DR = 2.4). With the help of
optimal hydrophobicity and the increased anisotropic wetting
behaviors, droplet transportation has been controlled absolutely along the desired direction. In the extreme situation (DR
= 2.4), it exhibits the ability to turn a corner.

3c,d) relative to the specimen before uniaxial tension. On the
contrary, the contact angle measured in direction A decreases
remarkably (Figure 3d) due to the smaller roughness (348
nm). The evolution can be also interrupted by the Cassie state
and the lower surface energy resulting from the existence of air
pockets. The reversible evolution of the contact angle
diﬀerence discussed above is determined by anisotropic pore
geometry, which is under the control of the draw ratio during
uniaxial tension and recovery processes. In one word,
therefore, a novel strategy has been developed in this work
for the reversible and precise control of the microstructure,
contact angle, and their diﬀerence in two directions via the
draw ratio based on the shape-memory eﬀect of PLLA
honeycombs.
There have been some reports concerning the transportation
of droplets based on the sliding angle diﬀerence in two
directions.45,46 In this work, however, all honeycomb surfaces
exhibit the sliding angle of 90° (Figure S8) due to the lower
magnitude of contact angles. To achieve the droplet movement
on our PLLA honeycomb surface, the specimen was placed at a
tilted angle of 55°. A 5 μL water droplet has been produced at
the height of 3 cm and reaches PLLA specimens at a certain
initial velocity (Figure S9). In the following discussion, red and
blue dashed lines have been employed to represent the
stretching direction (also the subsequent oriented direction of
elliptical circle pores) and the droplet movement direction,
respectively. In Figure S10, it can be seen that water droplets
can roll on both surfaces of PLLA honeycomb with smaller and
higher draw ratios. Their movement exhibits completely
diﬀerent behaviors. In the former (DR ≤ 1.6, 1.6 here), the
droplet rolls down vertically (blue line), which is driven by its
gravity, exhibiting no dependence on the orientation of pore
structures (red line) on the honeycomb surface (Movie 1). In
the latter (DR > 1.6, 2.4 here), however, the droplet moves
absolutely the direction of the red line. Therefore, it is the pore
geometry and length/width ratio of the PLLA honeycomb that
determine the transportation of water droplets (Movie 2). To
control the droplet movement more precisely, V-shaped
specimens (details can be found in Figure S11) were prepared,
on which there are two regions with diﬀerent oriented
directions of pore geometry (red dashed lines). In Figure 5a,
the orientation of pores on a stretched specimen with a lower
draw ratio (1.6 here) produces no inﬂuence on the movement

■

CONCLUSIONS
In summary, on a shape-memory PLLA honeycomb fabricated
by means of the breath ﬁgure, the pore geometry has been
42317
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manipulated during uniaxial tension and recovery, producing
anisotropic wetting behaviors in two directions. The microscale deformation (length/width ratio) and the resultant
contact angle diﬀerence in macroscale are dependent on the
draw ratio. The stretched pattern has no inﬂuence on the
movement of water droplet on it when the draw ratio exhibits
lower magnitudes. In the case of higher draw ratios, the droplet
transportation is controlled absolutely along the desired
direction. The transition between two scenarios discussed
above can be regulated reversibly during the uniaxial tension
and recovery based on the shape-memory eﬀect of PLLA. In
this work, therefore, a new strategy has been developed to
enhance the programmable droplet transportation with the
help of optimal hydrophobicity and enlarged anisotropic
wetting behaviors. The improved ﬂow control endows the
droplet with the ability to turn a corner spontaneously on the
V-shaped surface including two regions exhibiting diﬀerent
oriented directions.

■

■

ratios; schematic diagram of the experimental apparatus
for membrane rolling; study of the rolling performance
of membranes with diﬀerent draw ratios (PDF)
Water droplet transportation on the simple and PLLA
honeycomb surface with the draw ratio of 1.6 (MP4)
Water droplet transportation on the simple and PLLA
honeycomb surface with the draw ratio of 2.4 (MP4)
Water droplet transportation on the V-shape; PLLA
honeycomb surface with the draw ratio of 1.6 (MP4)
Water droplet transportation on the V-shape; PLLA
honeycomb surface with the draw ratio of 2.4 (MP4)
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Preparation of PLLA Honeycombs and Microstructures.
PLLA (Mw = 209 000 g/mol, PDI = 2.00) was supplied by Nature
Works (USA, 3001D). At room temperature of 20 °C, 100 μL of a
PLLA/chloroform solution (2 g/L) was deposited onto glass, and the
substrate was placed under a moist air ﬂow with a humidity of 70% at
a ﬂow rate of 0.5 L/min. The ﬂow rate was controlled by a ﬂow meter.
The surface of the polymer solution turned opaque quickly due to the
condensation of water droplets from the moist air, and the water
droplets sank into the solution by gravity (Figure S1). After
evaporation of water droplets and chloroform, the honeycomb
structure was formed on the glass. At the same time, specimens
were placed in vacuum for at least 24 h for the removal of residual
solvent. The prepared PLLA membranes exhibit rainbow color due to
interface eﬀects (Figure S11), indicating highly orderly structures in a
large area (Figure S2).
Deformation and Recovery of PLLA Membranes. The
uniaxial tension was performed on PLLA specimens using an Instron
universal tensile testing machine (model 5966) at 80 °C, above the
switching temperature of the shape-memory eﬀect, and then frozen at
20 °C. The shape ﬁxity and recovery ratio were measured by means of
a tension test according to the method discussed in detail in our
previous work.36,37
Characterization. The glass transition temperature of PLLA,
acting as the switching temperature during shape-memory cycles, was
measured with a dynamical mechanical analysis (DMA, Q800, TA
Instrument) in the tension mode in a nitrogen atmosphere. The
specimens were heated from −80 to 200 °C at a heating rate of 3 °C/
min. Scanning electron microscopy (S-4800, Hitachi) was employed
to observe the surface of PLLA specimens at a operating voltage of 3
kV. Atomic force microscopy (E-Sweep, Seiko) was used to
characterize the surface structures of the PLLA honeycomb in
tapping mode, in which a tip with a force constant of 2 N/m
(Nanosensor) was adopted. Drop-shape analysis (DSA100, Krüss)
was used to measure the contact and sliding angles.
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