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Elaborately Aligning Bead-Shaped Nanowire Arrays 
Generated by a Superhydrophobic Micropillar Guiding 
Strategy
 Bead-shaped 1D structures are of great interest due to their unique applica-
tions in mesoscopic optics/electronics and their specifi c ability to collect tiny 
droplets. Here, a novel method to fabricate aligning bead-shaped nanowire 
arrays assisted by highly adhesive superhydrophobic surfaces based on a 
micropillar guiding strategy is presented. Different from previous fabrication 
techniques, bead-shaped nanowires generated in this method are strictly ori-
ented in a large scale. Rayleigh instability, which occurs at ultralow polymer 
concentration, can introduce bead-shaped nanowires at the cost of structural 
strength. Thus, PS spheres are more suitable to serve as bead building blocks 
to generate fi rm bead-shaped nanowire arrays. The bead number is tun-
able by tailoring the polystyrene-sphere/polyvinyl-formal ratio. Furthermore, 
as-prepared bead-shaped nanowires have the unique ability to directionally 
drive tiny drops and collect coalesced microdroplets when placed in mist. 
With an increase in humidity, the nanowires show a segmented swelling 
behavior in the “bead” parts whereas the “joint nanowire” parts remain the 
same. Because such bead-shaped nanowires are formed regularly, collected 
microdroplets upon the beads would not interact with each other. The fi nd-
ings offer new insight into the alignment of bead-shaped nanostructures 
and might provide promising opportunities in fundamental research and for 
industrial applications. 
  1. Introduction 

 Bead-shaped 1D nanostructures, composed of alternate beads 
and joints, have become the focus of intensive research owing 
to their unique applications in mesoscopic optics/electronics 
and specifi c ability to collect tiny droplets. [  1–4  ]  There has been an 
emerging interest to rationally prepare bead-shaped 1D nano-
structures, including self-assembly, [  5–8  ]  microfl uidic system, [  9  ]  
solution blowing [  10  ]  and electrospinning methods. [  11–14  ]  Recently, 
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inspired by the capture silk of cribel-
late spider, a Rayleigh instability driven 
wet-rebuilt strategy was proposed by our 
group to fabricate periodic bead-shaped 
fi bers. [  15  ,  16  ]  Notably, such 1D nanostruc-
tures generated by existing approaches [  5–16  ]  
commonly exhibit a disordered alignment 
with random positions and orientations. 
For practical applications, highly ordered 
arrays of these nanostructures might 
exhibit prior properties that are not found 
in their disordered counterparts. [  17  ,  18  ]  
Therefore, it should be of great interest 
and technological importance to explore 
a feasible way to align bead-shaped 1D 
nanostructures in regular patterns. 

 Highly adhesive superhydrophobic 
pillar-structured substrates have been 
reported to successfully guide each 
nanowire into a designed position in our 
latest studies. [  19  ,  20  ]  Either high-molecular-
weight polymer [  19  ]  or hydrogen-bonds-
driven small molecules [  20  ]  has the pos-
sibility to form aligning nanowire arrays 
after the water evaporation from regular 
liquid bridges. The geometrical location 
of micropillars decides the alignment 
of liquid bridges, yielding programmed nanowire patterns. 
Recently, we found that ultra-low polymer concentration could 
lead to wet-rebuilt phenomenon occurring during the formation 
process of ultra-thin nanowires, indicating a possible strategy to 
generate and position bead-shaped nanowires. 

 Herein, we report a facile yet effective approach to prepare 
aligning bead-shaped nanowire arrays upon superhydrophobic 
pillar-structured surfaces with high adhesion. Ultralow poly mer 
concentration leads to Rayleigh instability during the narrowing 
of liquid bridges, yielding oriented bead-shaped nanowire arrays 
at the cost of structural strength. In order to generate fi rm 
bead-shaped nanowires, polystyrene (PS) spheres have been 
introduced to serve as bead building blocks. Furthermore, bead-
shaped nanowires own the unique ability to directionally drive 
tiny drops and collect coalesced microdroplets when placed in 
mist. Following the increase of environmental humidity, the 
nanostructures show a segmented swelling behavior in the “bead” 
parts whereas the “joint nanowire” parts remain the same. Our 
fi ndings offer new insights into the alignment of bead-shaped 
nanowires and might provide promising opportunities in fun-
damental research and for industrial applications.  
4569wileyonlinelibrary.com
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     Figure  1 .     Schematic illustration of generating aligned bead-shaped nanowire arrays on a highly adhesive superhydrophobic pillar-structured substrate. 
The bead-shaped structure can be introduced by either Rayleigh instability or rigid PS spheres. a) A PVF droplet pinned fi rmly upon the anti-wetting sur-
face, exhibiting a transitional superhydrophobic state between Wenzel’s and Cassie’s states. Following the evaporation of water, regular liquid bridges 
connecting neighbor micropillars were generated after the unidirectional shrinkage of three phase contact line. b) Pure ultralow polymer concentration 
leads to Rayleigh instability occurring upon the liquid bridges, yielding bead-shaped nanowires at the cost of structural strength. c) Rigid PS spheres 
can be introduced into the liquid bridges, serving as bead building blocks to prepare fi rm bead-shaped nanowire arrays.  
  2. Results and Discussion 

   Figure 1   demonstrates the detailed formation process of 
aligning bead-shaped nanowire arrays. A high-adhesively super-
hydrophobic pillar-structured substrate with water contact angle 
as high as 151.4 °   ±  1.1 °  and a 39 °  sliding angle was prepared 
     Figure  2 .     Strictly oriented bead-shaped nanowire arrays were prepared upon superhydrophobic 
pillar-structured silicon substrates at ultralow polymer concentration. a) Schematic illustra-
tion of Rayleigh-instability-driven bead-shaped nanowire arrays. b) Top view SEM image of 
as-prepared nanowire arrays arranged in one direction, exhibiting the guiding-effect of supe-
rhydrophobic pillar-structured surfaces. The white arrow shows the shrinkage directions of 
three-phase contact line (TCL) according to the droplet evaporation. c) Magnifi ed image of (b), 
showing a single bead-shaped nanowire bridging neighbor micropillars. d) Magnifi ed image 
of (c), exhibiting the sizes of beads and joint nanowire width. Ultrathin joint parts indicate low 
structural strength of Rayleigh-instability-driven bead-shaped nanowires.  
through a steam-modifi cation method. [  19  ]  
A polyvinyl-formal (PVF) droplet pinned 
fi rmly upon this microstructured surface, 
exhibiting a transitional superhydrophobic 
state between Wenzel’s and Cassie’s states. [  21  ]  
Regular liquid bridges connecting neighbor 
micropillars were generated following the 
unidirectional shrinkage of three phase con-
tact line (TCL). Then, two strategies have 
been proposed to form bead-shaped nanowire 
arrays. One is to decrease the polymer con-
centration until Rayleigh instability occurs 
upon the wet nanowires (Figure  1 b), and 
the other way is directly employing rigid PS 
spheres as building blocks for the bead gen-
eration (Figure  1 c).  

  2.1. Fragile Bead-Shaped Nanowire Arrays 
Induced by Rayleigh Instability 

 With the evaporation of water, long-chain 
PVF molecules inside liquid bridges began to 
wrap with each other, yielding strong struc-
tural cohesive force to fi ght against destruc-
tive capillary force. [  19  ]  When the polymer 
concentration was ultra-low, local molecular 
aggregations might occur due to the Rayleigh 
instability. [  22  ]  Thus, bead-shaped nanowires 
could be formed.  Figure    2  b shows the top 
view scanning electron microscope (SEM) 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
image of aligning bead-shaped nanowire arrays generated at 
10  − 8  (w/w) solution concentration. Horizontally oriented 1D 
nanostructures could be found over the whole image, indi-
cating well guiding effect of adhesively superhydrophobic pillar-
structured surfaces. From magnifi ed image shown in Figure  2 c, 
one bead-shaped nanowire was bridging neighbor micropillar 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4569–4576
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     Figure  3 .     The dependence of average bead number, joint nanowire width, and nanowire forma-
tion ratio on the polymer concentration. Lower polymer concentration leads to more beads on 
the nanowires, but sacrifi ces their structural strength. Top view SEM images of bead-shaped 
nanowires generated at concentrations of a) 10  − 7 , b) 10  − 8 , c) 10  − 9  (w/w). d) As a control experi-
ment, beads disappeared when the concentration was higher than 10  − 6 , indicating that the 
polymer concentration is the key to determine the occurrence/disappearance of beads on 
the nanowires. e) Statistical average bead number on the nanostructures prepared at diverse 
polymer concentration. f) The dependence of joint nanowire width and nanowire formation 
ratio on the polymer concentration. Lower concentration contributed to more beads on the 
nanowires but decreased structural strength, even no nanowires survived at 10  − 10  (w/w).  
edges. Asymmetrically dispersed beads can be found along the 
thin nanowire. After carefully investigation of this nanostruc-
ture, the bead size was measured as ca. 172 nm while the width 
of joint nanowire was just ca. 38 nm (Figure  2 d). These thin 
nanostructures were so fragile that they might break immedi-
ately once meeting a high-energy electronic beam in the SEM 
measurements.  

 The dependence of average bead number on polymer con-
centration has been studied, shown in  Figure    3  a–d. A series of 
PVF solutions at concentration from 10  − 6  to 10  − 10  (w/w) have 
been employed to generate bead-shaped nanowire arrays upon 
the same substrate. When the polymer concentration was lower 
than 10  − 7 , rare beads began to occur. Following the reduction 
of polymer concentration, average bead number increased from 
ca. 2 to ca. 4 on the nanowires (Figure  3 e). Since the beads 
were contributed by the local aggregation of polymer chains 
under Rayleigh instability, [  22  ]  the possibility of such unusual 
aggregations would increase following the decrease of polymer 
concentration. In brief, more beads might occur along the 
nanowires at lower concentration. As a control experiment, 
beads disappeared when the concentration was higher than 
10  − 6 , indicating polymer concentration was the key to decide 
the occurrence/ disappearance of beads on the nanowires.  

 Notably, the nanowire width and nanowire formation ratio 
were investigated during the decrease of polymer concentration. 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 22, 4569–4576
Though reducing polymer quantity led to 
more beads on the nanowires, the width of 
joint nanowires became smaller (Figure  3 f), 
indicating weaker structural cohesive force of 
these nanostructures. Therefore, as-prepared 
bead-shaped nanowires were fragile and 
easily broken, yielding decreasing nanowire 
formation ratio, even no nanowires survived 
at 10  − 10  concentration. It seems that bead-
shaped nanowires driven by Rayleigh insta-
bility sacrifi ce structural strength, which 
greatly restricts their practical applications. 
Thus, exploring a novel way to prepare fi rm 
bead-shaped nanowires is still a challenge.  

  2.2. Firm Bead-Shaped Nanowire Arrays 
Utilizing PS Sphere as Bead Building Blocks 

 In our previous study, the concentration of 
PVF solution dominates the competition 
between capillary force (F c ) and structural 
cohesive force (F s ) inside liquid bridges, 
yielding high/low nanowire formation 
ratio. [  19  ]  Concentrated PVF solution might 
greatly increase F s  then break the nanowires 
while diluted polymeric solution leads to 
weak structural strength of 1D nanostruc-
tures. As a result, 10  − 3  (w/w) solution con-
centration is appropriate for generating fi rm 
nanowires with high formation ratio. Since 
Rayleigh instability can not happen at this 
high concentration, rigid PS spheres were 
mixed into PVF solution, allowing us to gen-
erate fi rm bead-shaped nanowire arrays on the same silicon 
substrate in one step. 

 Owing to the evaporation of water, PS spheres were fi xed 
following the narrowing of liquid bridges. The diameter of PS 
spheres (ca. 320 nm) was larger than the nanowire width (ca. 
130–150 nm), thus, such rigid spheres were suitable to serve 
as building blocks for the bead generation.  Figure    4  b shows 
the top view SEM image of PS-sphere-assisted bead-shaped 
nanowire arrays. As-prepared 1D nanostructures were oriented 
towards one direction over the whole image, exhibiting regu-
larly aligning patterns that have not been reported by previous 
approaches. [  5–16  ]  From magnifi ed image shown in Figure  4 c, 
we can observe one bead-shaped nanowire bridging neighbor 
micropillars. After carefully investigation of this nanostruc-
ture, the bead size was ca. 376 nm while the width of joint 
nanowire was ca. 130 nm (Figure  4 d). Since the width of PS-
sphere-assisted bead-shaped nanowires (ca. 130 nm) is two 
times wider than that of Rayleigh-instability-driven nanowires 
(ca. 38 nm), the structural strength of nano structures has been 
dramatically improved in this strategy, indicating fi rm bead-
shaped nanowires that are suitable for the droplet collection.  

 Notably, the introduction of PS spheres into the PVF solution 
would improve the rheological behavior inside liquid bridges. 
The width of nanowires decreased following the reduced con-
centration of pure polymeric solution. [  19  ]  However, owing to the 
4571wileyonlinelibrary.comeim
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     Figure  4 .     Suspended bead-shaped nanowires bridging neighbor micropillars with high structural strength by introducing PS spheres as the bead 
building blocks. The PVF concentration was fi xed at 10  − 3 . a) Schematic illustration of PS-sphere-assisted bead-shaped nanowires. Rigid PS spheres 
were fi xed inside the liquid bridges, yielding fi rm bead-shaped nanowires. b) Top view SEM image of horizontally oriented nanowire arrays. c) Magni-
fi ed image of (b), showing a single bead-shaped nanowire bridging neighbor micropillars. d) Magnifi ed image of (c), exhibiting larger sizes of beads 
and joint nanowire width. Because of the larger diameter of such nanostructures, the structural strength was improved accordingly. e) 45 °  incident 
angle view SEM images of bead-shaped nanowire arrays. The nanowires were far beyond the bottom surfaces, ca .  20  μ m according to the micropillar 
height. f) Magnifi ed image of (e), showing a single bead-shaped nanowire bridging neighbor micropillars’ edges. g) Magnifi ed image of (f), exhibiting 
the PS spheres was fi xed by polymeric nanowires.  
existence of rigid PS spheres, the width of joint parts along the 
bead-shaped nanowires won’t follow the law. For example, the 
width of nanowires prepared at 10  − 6  (w/w) solution concentra-
tion is ca. 110–130 nm (Figure  3 d) whereas the joint width of 
bead-shaped nanowires generated at 10  − 3  (w/w) is nearly the 
same (Figure  4 d). These two results are incomparable because 
their rheological behaviors inside liquid bridges belong to dif-
ferent systems. Furthermore, since no surface charge or polar 
groups outside PS spheres, their interaction was quite weak. 
Following the narrowing of liquid bridges introduced by the 
evaporation of water, the PS spheres have been arranged ran-
domly, yielding asymmetrically dispersed beads along the 1D 
nanostructures (Figure  4 ). 

 As shown in 45 °  incident angle SEM observation (Figure  4 e), 
it was confi rmed that the bead-shaped nanowires were sus-
pended beyond the bottom surfaces (ca. 20  μ m according to the 
micropillar height). Superhydrophobic micropillars played a key 
role in building such suspended bead-shaped nanostructures. 
When placing a PS-sphere-rich droplet upon the anti-wetting 
pillar-structured substrate, the droplet pinned on the surface but 
shrunk inwards. Owing to the adhesive property of micropil-
lars, the unidirectional motion of droplet’s TCL yielded regular 
liquid bridges parallel to the droplet moving direction. Because 
of the anti-wetting feature of micropillars, liquid bridges were 
suspended to connect neighbor micropillars rather than falling 
downwards. Then, the moving space of PS spheres inside liquid 
bridges was gradually limited following the water evaporation. 
Thus, PS spheres were fi xed, yielding suspended bead-shaped 
nanowire arrays with high structural strength. Such asymmetri-
cally dispersed beads could be found along the nanostructure 
in Figure  4 f. From magnifi ed image shown in Figure  4 g, PS 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
spheres were connected by joint nanowires and formed a strong 
bead-shaped nanowire bridging neighbor micropillars.  

  2.3. Tailoring the Bead Size 

 In order to control the bead size on the nanostructures, a series 
of PS spheres with different sizes at the same concentration 
were mixed with PVF solution (10  − 3 , w/w) to generate bead-
shaped nanowire arrays.  Figure    5   reveals top view SEM images 
of as-prepared nanostructures utilizing PS spheres in diverse 
diameters. For small PS spheres (diameter of ca. 200 nm), 
far beyond our expectation, PS-sphere-aggregated 1D nano-
structures are generated rather than bead-shaped nanowires 
(Figure  5 a,b). When larger PS spheres (ca. 320 nm) were 
employed, regular bead-shaped nanowires could be formed. 
After careful observation, we found that plenty of PS spheres 
tend to aggregate upon neighbor micropillar tops (Figure  5 d). 
Further increasing PS sphere diameter to ca. 430 nm, only a 
bead could be found along the nanowires. Most PS spheres 
aggregated on the micropillar tops rather than along the 
nanowires (Figure  5 g,h). It seems that increasing PS sphere 
size led to their transport from the middle parts of the liquid 
bridges to the neighbor micropillar tops.  

 To explore the formation details of such bead-shaped 
nanowire arrays, in situ top-view optical observations have been 
performed, shown in  Figure    6  . With unidirectional motion of 
droplet’s TCL, “U” shaped liquid fi lms were generated between 
neighbor micropillars (Figure  6 a,e,i), yielding PS-sphere-rich 
liquid bridges in horizontal direction. Owing to the evaporation 
of water, liquid bridges became narrower under the capillary 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4569–4576
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     Figure  5 .     Tailoring the bead sizes by utilizing PS spheres with diverse diameters. Smaller PS spheres are easy to fi x along the nanowires following 
the narrowing of liquid bridges, however, such aggregation of PS spheres yields the failure of bead-shaped nanowire formation. Larger PS spheres 
were repelled onto the micropillar tops during the liquid bridge evaporation, leaving rare big beads along the nanowires. Schematic illustration of the 
bead-shaped nanowire formation when utilizing PS spheres in c) ca. 200 nm, f) ca. 320 nm, and i) ca. 430 nm at the same concentration. The PVF 
concentration was fi xed at 10  − 3 . Larger physical sizes of PS spheres indicate higher opportunity to be repelled from the middle part of liquid bridges 
to the micropillar tops. Top view SEM images of the nanostructures when utilizing PS spheres in a) ca. 200 nm, d) ca. 320 nm, and g) ca. 430 nm at 
the same concentration. Panels (b,e,f) are magnifi ed images of (a,d,g), respectively. The bead sizes become larger following the increase of PS sphere 
sizes but the bead number decreased accordingly.  

     Figure  6 .     In situ top-view observations of bead-shaped nanowire forming processes with diverse bead sizes. Increasing PS sphere size led to their 
transport from the middle parts of the liquid bridges to the neighbor micropillar tops. a–c) The forming process of aggregated PS-sphere nanowires 
utilizing PS spheres (ca. 200 nm) doped PVF solution. Following the TCL shrinking, “U” shaped meniscus moved horizontally, yielding the generation 
of liquid bridges between adjacent micropillars. Small PS spheres were easy to fi ll inside the liquid bridges, which contributed to aggregated PS-sphere 
nanowires after the evaporation of water. e–g) When the physical size increased to ca. 320 nm, PS spheres were inclined to be repelled from the middle 
parts to the both sides of the liquid bridges. Thus, fi rm bead-shaped nanowires could be formed accordingly. i–k) When using larger PS spheres (ca. 
430 nm) to generate bead-shaped nanowires, few beads have been found along the 1D nanostructures whereas most PS spheres stayed upon the 
micropillar tops. Panels (d,h,l) are the schematic illustrations of (a–c), (e–g), (i–k), respectively.  

Adv. Funct. Mater. 2012, 22, 4569–4576
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     Figure  7 .     The dependence of average bead number on the PS-spheres/PVF ratio. The PVF 
concentration was fi xed at 10  − 3 . Larger PS sphere concentration leads to more beads along the 
nanowires. a–f) Top view SEM images of bead-shaped nanowires bridging neighbor micropil-
lars employing diverse PS-spheres/PVF ratio. When the ratio was below 10 (w/w), PS spheres 
were inclined to staying on the micropillar tops rather than the nanowires, yielding smooth 
nanowires. As the ratio increasing from b) 20 to e) 100, the bead number on nanowires was 
dramatically enhanced. f) At the ratio of 125, the beads were in contact with each other along 
the entire nanowires. g) Statistical average bead number on the nanostructures prepared at 
diverse PS-spheres/PVF ratio.  
force, especially in the middle part (see Figure  6 b,f,j). Since 
small PS spheres owned the similar physical size (ca. 200 nm) 
to that of nanowire width (ca. 130–150 nm), they would be fi xed 
and aggregated along the nanostructures even the narrowing of 
liquid bridges. Thus, PS-sphere-aggregated 1D nanostructures 
were generated rather than bead-shaped nanowires (Figure  6 c). 
However, larger physical size of PS spheres were easy to suffer 
the pressure caused by the narrowing of liquid bridges, indi-
cating higher opportunity to be repelled from the middle part 
of liquid bridges to adjacent micropillar tops. Thus, PS spheres 
of ca. 320 nm contributed to a few beads along the 1D nano-
structures whereas most of them were repelled and stayed 
on the neighbor micropillar tops (Figure  6 g). Following the 
increase of rigid PS sphere diameter to ca. 430 nm, the cap-
illary force introduced pressure owned more time to repel 
them to the micropillar tops before the solidifi cation of liquid 
bridges, leaving rare bead along the nanowires (Figure  6 k). In 
brief, larger PS spheres would prefer to position on micropillar 
tops instead of nanowires due to the repel tendency caused by 
the pressure in the liquid bridge narrowing process. Thus, it 
is still a tough problem to tailor the bead size of bead-shaped 
nanowires by utilizing PS spheres with diverse diameters. 
Approaches to generate aligning bead-shaped nanowires with 
tunable bead size are under future studying.   
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh
  2.4. Tailoring the Bead Number 

 The dependence of average bead number 
on the PS-sphere/PVF ratio was inves-
tigated. Higher ratio led to more beads 
fi xed on the nanowires.  Figure    7  a–f shows 
the top view SEM images of bead-shaped 
nanowires prepared at diverse PS-sphere/
PVF ratios. The PVF concentration was 
fi xed at 10  − 3  (w/w). When the ratio was 
below 10 (w/w), PS spheres were inclined 
to staying on the micropillar top rather 
than the nanowires, yielding smooth 
nanowires. As the ratio increasing from 20 
to 100, the bead number on nanowires was 
dramatically enhanced. Especially at the 
ratio of 125, the beads contacted to each 
other along the whole nanowires. Since 
the beads were constructed by PS spheres, 
higher PS spheres quantity indicate larger 
possibility for fi xing such nanounits inside 
liquid bridges, yielding more beads upon 
the nanowires after the water evaporation 
(Figure  7 g). It is feasible to control the 
bead number by tailoring the PS-sphere/
PVF ratio.   

  2.5. Directional Droplet Collection Upon 
the Bead Nanostructures 

 In our previous studies, bead-shaped 
structures owned the unique ability to 
directional drive tiny drops and collect 
coalesced microdroplets when placed in mist. [  15  ]  Sur-
face energy gradients and differences in Laplace pressure 
mainly take charge in driving tiny drops from joint parts 
towards the beads. [  23  ]  Then, diverse drops coalesced on 
the beads, yielding larger droplets for water collection. As 
shown in  Figure    8  , the process of fog collection on a bead-
shaped nanowire was observed from an optical microscopy. 
A nanowire with joint width of ca. 140 nm and bead size of 
ca. 380 nm was bridging neighbor micropillars (Figure  8 a). 
After the fog blowing, tiny water drops condensed ran-
domly on the nanowire and began to move towards the 
bead under the Laplace pressure differences (Figure  8 b). [  23  ]  
The droplet size on the bead increased from less than 
0.4  μ m to ca. 3  μ m within 12 s while the nanowire width 
remained the same, indicating the directional droplet col-
lection by the bead structure (Figure  8 c). Regular alignment 
of bead-shaped nanowires played a key role in protecting 
the drops’ coalescence on the beads. Cross-link/overlapping 
bead-shaped nanowires in random alignment might bring 
too close physical contact between the beads, indicating a 
misguiding of drops to coalesce upon the beads. In brief, 
aligning bead-shaped nanowires were able to directionally 
collect microdroplets in mist while the alignment of bead-
shaped nanowires protected this process.    
eim Adv. Funct. Mater. 2012, 22, 4569–4576
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     Figure  8 .     The detailed collection process of microdroplets upon the bead structured nanowire. a–c) In situ optical microscopy images of the directional 
water collection process on the bead. a) A nanowire with joint width of ca. 140 nm and bead size of ca. 380 nm was bridging neighbor micropillars. 
b) Following the fog blowing, tiny water drops condensed randomly on the nanowire and began to move towards the bead under the Laplace pressure 
differences. c) The droplet size on the bead increased from less than 0.4  μ m to ca. 3  μ m within 12 s, while the nanowire width remained the same, 
indicating the directional droplet collection by the bead structure. Panels (d–f) are schematic illustrations of (a–c), respectively.  
  3. Conclusions 

 In summary, we have successfully fabricated elaborately pro-
grammed bead-shaped nanowire arrays upon highly adhesive 
superhydrophobic pillar-structured silicon substrates. Our 
results show that Rayleigh instability could introduce bead-
shaped nanowires at the cost of structural strength. Thus, fi rm 
bead-shaped nanowire arrays were generated by utilizing PS 
spheres serving as bead building blocks. The bead number 
was tunable by tailoring the PS-sphere/PVF ratio. Further-
more, bead-shaped nanowires own the unique ability to direc-
tional drive tiny drops and collect coalesced microdroplets 
when placed in mist. Following the increase of environmental 
humidity, the bead-shaped nanowires showed a segmented 
swelling behavior in the “bead” parts whereas the “joint 
nanowire” parts remained the same. Such elaborately aligning 
bead-shaped nanowire arrays are of great signifi cance in highly 
integrated functional devices and are anticipated to bring about 
many important properties and applications. [  24  ,  25  ]   

  4. Experimental Section 
  Ordered Pillar-Structured Substrate Fabrication : Silicon wafers (10 cm. 

diameter, N type doped with phosphorus,  < 100 >  oriented, 525  μ m 
thick) were structured by standard photolithography techniques. Pillar-
structured silicon substrates with tunable pillar top areas, pillar gaps and 
pillar top shapes could be fabricated. After resist stripping (Microposit 
Remover 1165), the substrates were cleaned by ethanol and acetone, 
waiting for the chemical modifi cation process. 

  Surface Modifi cation : The high-adhesively superhydrophobic pillar-
structured silicon substrates were generated by silanizing the silicon 
substrates with heptadecafl uorodecyltrimethoxysilane (FAS) in a 
decompression environment at room temperature for 24 h and then 
heated at 80  ° C for 3 h, yielding in reproducible homogeneous highly 
hydrophobic surfaces. 

  Preparation of Aligning Bead-Shaped Nanowire Arrays : For Rayleigh-
instability-driven bead-shaped nanowires, droplets (4  μ L) of diluted 
PVF aqueous solutions at diverse concentrations (10  − 6  to 10  − 10 , w/w) 
were carefully placed onto superhydrophobic pillar-structured silicon 
substrates. Owing to the high adhesion of such a surface, regular liquid 
bridges could be generated between neighbor micropillars. Owing to 
Rayleigh instability effect, aligning bead-shaped nanowire arrays were 
thus generated at the cost of structural strength. For PS sphere assisted 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4569–4576
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