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Wettability transition is a significant responsive mechanism which is widely applied to construct smart
materials and systems. The broad-spectrum responsiveness of the wettability transition makes it a
promising way to expand innovative applications. Here, we develop a track-guided self-transportation
system mediated by sequential wettability transition accompanied with capillary transportation. Alkaline
fuel is loaded into polydimethylsiloxane (PDMS) cuboid to trigger the wettability transition of distributed
superhydrophobic tracks laid in shallow water. After the wettability transition, the induced capillary force
can propel the repetitive track-to-track transportation of PDMS. Importantly, the spacing between adja-
cent tracks is rationally designed based on multiple factors including threshold of wettability transition,
diffusion kinetics and capillary interaction. Furthermore, the track-guided transportation system is ap-
plied to realize directed self-assembly of multiple PDMS building blocks for designated configuration,
which increases the complexity and intelligence of self-assembly systems.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The scientific community has long been attracted by surfaces
with wettability transition owing to the significant superiority in
functional integration and environmental interaction [1-3]. Early
in 2003, Langer et al. [4] applied electrical potential to induce the
conformational transitions of a monolayer of (16-mercapto) hex-
adecanoic acid on a gold surface, and thus the surface underwent
a transition from a hydrophilic state to a moderately hydrophobic
one. Then in 2004, Jiang et al. [5] extended the range of wettability
transition from superhydrophobicity to superhydrophilicity by con-
structing aligned nanorod arrays on UV-sensitive ZnO films. Fur-
thermore, they realized reversible wettability transition by grafting
in the copolymer films of P(NIPAAm-co-AAc) owing to the switch
of the copolymer chain conformations in response to both tem-
perature and pH changes [6]. The above pioneering reports have
demonstrated the universal design principle of stimuli-responsive
surfaces with wettability transition, namely, regulating both the
chemical compositions and micro-nano hierarchical structures of
the surfaces [7-9].

Until now, a variety of environmental stimuli have been applied
to achieve responsive wettability transition, including light irradia-
tion [10-12], temperature [13,14], magnetic field [15], electric field
[16,17], stress [18] or specific pH environment [19,20]. Accordingly,
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wettability transition surfaces have benefited diverse applications,
such as on-demand oil/water (or emulsion) separation [21,22], in-
telligent microfluidic gate [23], droplet manipulation [24], and con-
trollable device propulsion [25,26]. For example, Feng et al. [27] ap-
plied a patterned surface with anisotropic wettability transition to
explore the application in real-time detection with visible signals
during oil/water separation. Hou et al. [28] tuned the wettability of
pore structures in a porous matrix, to regulate the bubble size for
the use of efficient and continuous air purification. These advanced
applications have demonstrated the prospect of surfaces with the
property of wettability transition. Yet, new applicable scenarios re-
main to be explored to advance the intelligence of such smart sur-
faces, which exhibit the trend in high integration of multiple func-
tions and more tasks with complex features [29,30].

To advance the intelligence of stimulus-responsive surfaces in
new applications, herein, we have demonstrated a track-guided
self-transportation system by coordinating multiple dynamic pro-
cesses including wettability transition, capillary interaction, and
controlled release of chemical fuel. Specifically, the system con-
sists of two components: (I) a polydimethylsiloxane (PDMS) cuboid
loaded with an alkaline ‘fuel’ of pressed NaOH/Na,CO; pow-
ders to be continuously released; the four side surfaces of
the PDMS cuboid were modified with alternate wettability of
superhydrophobic-superhydrophilic (Figs. 1a and b, Fig. S1 in Sup-
porting information); (II) pre-laid tracks with pH-responsive wet-
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NaOH/Na ,CO;

Fig. 1. (a) Schematic illustration of PDMS transportation at an air/water interface by
laying tracks. (b) Design of PDMS cuboid. (c) Copper plates with a thiol coating are
used as pH-responsive tracks. (d) Stepwise transportation of PDMS. (e) Side-view
snapshots displaying the transportation of PDMS.

tability transition from superhydrophobic (neutral conditions) to
superhydrophilic (alkaline conditions) (Fig. 1c and Fig. S2 in Sup-
porting information); these tracks were prepared by deposition of
copper plates in a HAuCl, solution and subsequent surface modifi-
cation of a layer of HS(CH; );qCOOH.

A complete track-to-track transportation process is displayed in
Figs. 1d and e, and Video S1 (Supporting information). We pre-laid
the as-prepared tracks at the bottom of the container with a thin
layer (the water height, H=3.0mm; Fig. S3 in Supporting infor-
mation). Negative menisci were observed around the tracks due
to the superhydrophobicity. Then, from the moment ¢ty to t;, the
hydrophobic PDMS was attracted to the edge of the nearest track
via the hydrophobic capillary attraction [31,32] between its side
surface and the track. With the simultaneous release and diffu-
sion of alkaline ‘fuel’, the increased local pH caused the gradual
wettability transition of the track. The dynamic transition process
was visualized and demonstrated by observing the migration of
the three-phase contacting line (Video S2 in Supporting informa-
tion): When we injected an alkaline solution with a syringe on the
left side of the track to simulate the diffusion of the alkaline fuel
loaded on PDMS, we observed the clear migration and deformation
of the menisci upon the alkaline solution reaching the edge of the
track; the menisci around the edge of the track disappeared sud-
denly within 16 ms to complete the wettability transition (from t,
to t3). Accordingly, the PDMS was ‘freed’ to float (at the moment
t3) and its right-side meniscus merged with that of the next super-
hydrophobic track. As a result, the asymmetric menisci of the op-
posite side surfaces created a net lateral force to propel the PDMS
for the directional transportation from track to track (from t3 to ts).
The underlying mechanism of this capillary transportation is sim-
ilar to the phenomenon of buoyant seeds being drawn to aquatic
plants, i.e., the principle of minimizing the interfacial free energy
[33]. When the PDMS reached the next track, a new cycle of wetta-
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Fig. 2. (a) CAs of tracks with different pH; insets: time-dependent CA changes and
the snapshots displaying CA changes (pH12.5) at 0s, 60s, 120s, and 500s. (b-d)
Smin Obtained by gradually adjusting the track spacing. (e) Simulated Cioy-y (r, t)
from the alkaline release point to increased diffusion distance and time. (f) Illus-
tration of Sp;,. (g) Distance-dependent changes of Cop-y (r, t=38s) and the pH
gradient in the aquatic environment.

bility transition and capillary transportation started, thus realizing
the long-range track-to-track transportation.

One vital factor to achieve the above track-to-track transporta-
tion is to ensure the selective wettability transition of the nearest
track that traps the PDMS while other distant tracks remain super-
hydrophobic; otherwise, the transportation would be interrupted.
Therefore, we determined the pH threshold to trigger the wettabil-
ity transition by studying the pH-dependent water contact angle
(CA) changes of the as-prepared tracks. The results (Fig. 2a) dis-
play a threshold of pH12.5, below which the tracks keep super-
hydrophobic. When pH > 12.5, the surfaces turned from superhy-
drophobicity to superhydrophilicity gradually. Because the local pH
values decay with the increasing diffusion distance of the alkaline
‘fuel’, it is possible to realize selective wettability transition of des-
ignated tracks even in the same aquatic system by taking advan-
tage of the pH gradient. Specifically, the minimum track spacing
(Smin) exists, below which two adjacent tracks would be both wet-
ted as the local pH value exceeds the threshold. Only when the
spacing of two adjacent tracks larger than S;,, selective wetting
of one track that is nearer to the diffusion point is possible.

Hence, to measure the S,;,, we have varied the track spacing
and observed the wetting states of the next track when the wet-
tability transition of the first track was completed. When the track
spacing (S) was larger than or equal to S,;,, the local pH value
near the next track decayed to a level lower than the pH thresh-
old, and thus made it unwetted. We found the critical track spac-
ing of 6mm (Fig. 2b and Video S3 in Supporting information), un-
der which selective wettability transition was realized. When the
spacing was lower than S,;,, the neighboring track was partially
wetted (S=5mm, Fig. 2¢), because the local pH value around the
neighboring track was above the threshold to trigger the wettabil-
ity transition. As the track spacing further decreased, the neigh-
boring track was totally wetted (S=4mm, Fig. 2d) due to a high
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Fig. 3. (a) Three different motion states of PDMS with varied distance between
PDMS and the track edge, D(ty). (b) Corresponding experimental (red dots) and sim-
ulated D(t) curves (gray dots) during the capillary transportation in (a). (c) Analysis
of lateral capillary forces responsible for the capillary transportation. (d) The calcu-
lated Feypiijary versus D(t).

pH condition. Taken together, we determined S, to be 6 mm to
achieve selective wettability transition.

Furthermore, we have simulated the alkaline release and dif-
fusion to calculate S,;, by applying Fick’s second law and finite
element analysis (Fig. 2e and Section S4 in Supporting informa-
tion). We calculated the spatiotemporal concentration distribution
of hydroxyl ion, namely C(gy-) (1, t), where r is the distance be-
tween the alkaline releasing source and the concerned positions,
and t is the time interval after alkaline release. As the average
time required to complete the wettability transition of the first
track is roughly 38s, we further took a sectional plane of Cy-)
(r, t=38s) to study the spatial distribution of the released alka-
line ‘fuel’ (Fig. 2g). The local Cioy-) showed a sharp decay with
an increased distance away from the alkaline releasing source. The
critical distance (r) to reach the pH threshold was 9.3 mm, above
which the next track could always keep superhydrophobic during
the wettability transition process of the first track. Accordingly, the
simulated value of S,;, was 6.8 mm after considering the PDMS
frame width of 2.5mm (Fig. 2f). Thus, the simulated S,;, matched
well with the measured value.

The upper limit of the track spacing (Smax) remains to be deter-
mined, above which capillary force is insufficient for stable track-
to-track transportation. To determine Spax, We have measured the
critical interactive distance of capillary forces (Fig. 3a and Fig. S6
in Supporting information) by manually releasing the PDMS cuboid
at a certain distance (14-22 mm) away from the track, followed by
recording the motion processes with the real-time PDMS-track dis-
tance curves, namely D(t) curves (red dots in Fig. 3b). Additionally,
we have quantified the lateral capillary force (F,pijary) versus D(t)
by force analyses with Eq. 1:

Feapittary = Vv - L - c0s6; — yy - L - cost, (1)

where yy is the water surface tension, L is the wetted length
(the PDMS side length), #; and 6, are angles between the tan-
gent direction of the menisci at the three-phase contact lines and
the horizontal direction (Fig. 3c). The numerical results of Feapijjary
versus D(t) (Fig. 3d and Section S6 in Supporting information) have
confirmed the declining trend with the increasing PDMS-track dis-
tance. Based on the integral of Fe,pijjary With respect to the motion
distance, we obtained the decreasing free energy of the complete
system (AU) as the interactive distance decreased (Fig. S9 in Sup-
porting information), which exhibited the spontaneous tendency
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Fig. 4. (a) Photograph and (b) motion trajectories of the track-guided self-
transportation of PDMS cuboid along a linear pathway. (c) The displacement of
PDMS versus time curve in (a). (d) Track distribution to realize a designated mo-
tion along a curved pathway. Directed self-assembly to form a linear trimer (e), an
L-shaped trimer (f), and a cross-shaped pentamer (g). The right columns of (e-g)
are corresponding simulated results.

of energy dissipation during the capillary transportation. By fur-
ther considering the resultant force of capillary attraction and fluid
drag during transportation, we have calculated the theoretical D(t)
curves (gray dots in Fig. 3b).

Based on the above measurement and calculations of capillary
attraction between PDMS and tracks, we have observed three typ-
ical motion states (Figs. 3a and b). Besides the two expected states
of rapid motion and motionless, a middle state of intermittent mo-
tion was observed. We attributed this phenomenon to inevitable
interfacial disturbance [34]. Specifically, (i) when the track spac-
ing S<15mm, it underwent a rapid motion in about 2s to reach
the next track, and the experimental D(t) curves matched well
with the calculated results. This motion behavior is caused by the
strong lateral resultant force with a larger capillary attraction than
fluid drag and random interfacial disturbance. (ii) When 16 mm <
S<20mm, PDMS exhibited weak intermittent motions occasion-
ally, leading to successful track-to-track transportation sometimes.
In this distance range, the resultant force reduced down to a level
comparable to the random interfacial disturbance, leading to the
intermittent motion and the deviation between the experimental
and simulated D(t) curves. (iii) When S > 20mm, we observed
no motions at all (red dots in Fig. 3b) while theoretically capil-
lary forces always exist to make transportation possible (gray dots
in Fig. 3b). This result indicated that the lateral forces were in-
sufficient to overcome the fluid drag and random interfacial dis-
turbance. We further confirmed the presence of such random in-
terfacial disturbance by observing the random trajectories of free-
floating PDMS in a long time (Fig. S11 in Supporting information).
Considering that the random interfacial disturbance is not favor-
able for stable transportation, we determined Spax =15 mm to re-
alize stable track-to-track transportation dominated by capillary at-
traction.

To verify the design principle of the above track spacing for
track-to-track transportation, we have laid a linear path consisting
of four tracks with a spacing of 15 mm between each other (Fig. 4a
and Video S4 in Supporting information) and placed a PDMS near
the first track. With alternate steps of wettability transition and
capillary transportation, the PDMS underwent long-ranged self-
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transportation, and the vertical deviation was about 9.2% because
of slight adjustment during the wetting processes of the tracks
(Fig. 4b). The time to complete one cycle of track-to-track motion
was 39.7 +2.6s, which include the two coupled processes of the
static state of the wettability transition and the dynamic motion
stage driven by capillary attraction (Fig. 4c). Besides linear mo-
tions, a curved pathway was also possible following the above de-
sign when the tracks were arranged in a curved form (Fig. 4d, Fig.
S12 and Video S5 in Supporting information), owing to the error-
tolerant advantage of precise alignment via long-ranged capillary
forces [35].

Notably, the programmable feature of the above track-guided
transportation mechanism is capable of directed self-assembly
with on-demand design of spatial patterns. The trajectories could
be facilely designed with designated PDMS number and path-
ways. Indeed, precise spatiotemporal control over multiple build-
ing blocks to achieve self-assembly of ordered structures, remains
a challenge, which mainly relies on complex fabrication of building
components and one-pot assembly without identifying individual
components [36]. Herein, we took advantages of the track-guided
transportation to regulate both the assembly path and the PDMS
number for the formation of complex structures. We used a red
PDMS with all four side surfaces modified as superhydrophobic as
the targeted assembly position of the designated structure, and laid
diverse tracks to realize the precise control over the transportation
and assembly green PDMS.

As shown in Fig. 4e and Video S6 (Supporting information),
two PDMS building blocks (colored with green) were released to
approach the opposite sides of the targeted red PDMS under the
guidance of the tracks. Both the building components of green
PDMS and the targeted red PDMS were finally precisely aligned
at the designate site. The design of the wettability conflicts be-
tween adjacent side surfaces of green PDMS contributed to pre-
cise local alignment following the principle of minimizing the
interfacial free energy. The red PDMS with four superhydropho-
bic side surfaces provided ‘assembly sites’ from four directions,
meaning the diversity of assembly patterns. With two pathways
in the opposite directions, we obtained a linear trimer structure.
By laying two pathways along the adjacent side surfaces of the
red PDMS, an L-shaped trimer was automatically formed (Fig. 4f).
When releasing four green PDMS building blocks from the four di-
rections to approach the four side surfaces of the red PDMS, the
self-assembly of a cross-shaped pentamer structure was realized
through the directed self-assembly (Fig. 4g). The height of the wa-
ter surface around the assemblies were simulated and the menis-
cus topology was visualized to indicate the interfacial free energy.
Taken together, by changing the arrangement of guiding tracks, we
could obtain designated assembly structures through directed self-
assembly. Moreover, the tracks could be reused after acidic clean-
ing (Section S8 in Supporting information), allowing for repeated
production of the designated assembly.

To summarize, we have developed a track-guided self-
transportation system mediated by the sequential processes of
wettability transition and capillary attraction. We used loaded al-
kali as the chemical fuel to trigger the selective wettability tran-
sition of pH-responsive tracks by studying the pH threshold to
trigger the transition and the spatiotemporal alkaline distribution.
With subtle designs of the track spacing, the selective wettabil-
ity transition of the designated track was realized to change the
meniscus of the track, which further exerted net lateral capil-
lary forces onto PDMS for its track-to-track transportation. Further-
more, the pathway of the above track-guided transportation could
be flexibly tailored and controlled, providing on-demand regula-
tion of both the motion trajectories and time of individual build-
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ing blocks. Such programmability was further applied to directed
self-assembly to form designated structures. The above dynamic
system has extended the applications of wettability transition, and
provided a novel solution to programmable self-assembly, which is
significant to advance the fundamental study of interfacial science
and applications in semiconductor chip alignment [37], micro-
robot/swarm robots [38,39], programmable encoding [40], micro-
manufacturing [41] and metamaterials [42].
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