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A general, rapid and solvent-free approach is proposed to fabricate nanostructured polymer surfaces by coupling ultrasonic vi-
bration and anodized aluminum oxide templating. With our approach, hollow nanorods or nanofibers with controlled diameter 
and length are prepared on polymer surfaces. The whole fabrication process is completed in ~30 s and equally applicable to 
polymers of different crystalline structures. The wettability of the as-fabricated polymer surfaces (being hydrophilic, hydro-
phobic, highly hydrophobic or even superhydrophobic) is readily regulated by adjusting the welding time from 0 s to a maxi-
mum of 10 s. Our approach can be a promising industrial basis for manufacturing functional nanomaterials in the fields of 
electronics, optics, sensors, biology, medicine, coating, or fluidic technologies. 
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1  Introduction 

Polymers with regularly nanostructured surface have at-
tracted extensive attentions due to their various nanopat-
terned morphologies and tunable wettablity, leading to po-
tential applications in superhydrophobic surfaces [1,2], op-
toelectronic devices [3], bio-related and medicinal indus-
tries [4]. Typical approaches employed for fabricating 
nanostructured polymer surfaces can be classified into 
“bottom-up” and “top-down” strategies [5]. In bottom-up 
approaches, the key point is to select suitable solvents to 
dissolve polymer samples [6,7], which, however, can be 

difficult for complex conjugated polymers and crystalline 
polymers with high melting point (Tm). Even if involatile 
solvents can be found and used, they may remain as impuri-
ties on polymer surfaces, since they can hardly be totally 
evaporated. Among top-down approaches, anodized alumi-
num oxide (AAO) templating strategies [2,8,9] show ad-
vantages over other ones (including radiation techniques 
[10], prepatterned template approach [11] and direct writing 
[12]), with which nanostructured polymer surfaces are fab-
ricated by simply wetting polymer melts or solutions into 
the nanopores of AAO. The drawback of this strategy is that 
it requires long processing time (hours to days) [13–15] or 
—— similar to the case in bottom-up approaches —— in-
volatile solvents for complex conjugated polymers and 
crystalline polymers with high Tm [16].  
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In our previous work, tepee-like bundles as micro/ 
nanostructures were fabricated on the surfaces of polysty-
rene by AAO templating [17]. Here, we propose a rapid and 
solvent-free approach to fabricating nanostructured surfaces 
of polymers of various crystalline structures. By coupling 
ultrasonic vibration with AAO templating, polymers are 
melted rapidly and then wet and cover the walls of AAO 
channels. In this way, hollow nanorods or nanofibers with 
controlled diameter and length are fabricated on polymer 
surfaces. The whole process is completed in ~30 s and 
equally applicable to polymers of different crystalline 
structures (with Tm, or glass transition temperature, Tg, from 
80 to 300°C), and does not involve any solvent. Moreover, 
by adjusting the welding time, the wettability of nanostruc-
tured polymer surfaces can be readily regulated (from hy-
drophilic to hydrophobic to highly hydrophobic and even to 
superhydrobic). The approach we describe in this paper can 
be extended to fabricating the surfaces of metals with low 
melting point (for example, aluminum [18]) and can be a 
promising industrial basis for manufacturing functional na-
nomaterials in the fields of electronics, optics, sensors, bi-
ology, medicine, coating, or fluidic technologies [19–21].  

2  Experiment procedure 

Materials.  Amorphous polymers, semi-crystalline poly-
mers, and highly crystalline polymers were used in this 
study. These polymer plates included polystyrene (PS, Tg= 
150°C), poly(methyl methacrylate) (PMMA, Tg=105°C), 
polycarbonate (PC, Tg=150°C), polyethylene (PE, Tm= 
129°C), polypropylene (PP, Tm=150°C), poly(ethylene ter-
ephthalate) (PET, Tm=129°C) and poly(3-hexylthiophene) 
(P3HT, Tm =238°C). The polymers were cut into rectangu-
lar plates with dimensions of 25 mm × 20 mm × 1.5 mm 
before used. AAO templates were purchased from Whatman 
Co Ltd. (U.K.) with through-hole channel diameter of 200 
nm or 100 nm and channel length of about 60 μm. Other 
chemical reagents including NaOH, ethanol and deionized 
water were purchased from Alfa Aesar China Co. Ltd. 

Fabrication of nanostructred polymer surfaces.  The ul-
trasonic welding system, processing principle and fabrica-
tion process were described in detail and discussed in sup-
porting information (SI). 

Characterization.  The nanostructured polymer surfaces 
were characterized using scanning electron microscopy 
(SEM, JEOL Model JSM-6490). Before characterization, 
the surface of samples was coated with Au film (5.0 nm in 
thickness). The static water contact angle (CA, θ) measure-
ments were carried out using a Rame-hart Model 250-F1 
Standard Goniometer with DROP Image Advanced 2.1 at 

ambient temperature. A drop of ion-exchanged water (3 μL 
for static water CA measurements) was placed on the 
as-fabricated polymer surface using microsyringe appurte-
nance, then a photograph was taken. CA was determined by 
fitting a Young-Laplace curve around the drop. Five parallel 
measurements were conducted for each sample, and the 
average contact angle value was used as the result for each 
sample. 

3  Results and discussion 

Our experiments were based on polymers of different crys-
talline structures, including amorphous polymers (PC, PS 
and PMMA), semi-crystalline polymers (PE and PP) and 
highly crystalline polymers (PET and P3HT). In a typical 
procedure (Figure 1, and see Figure S1, Section 1 and 2 in 
SI for details), two polymer plates of the same material with 
crossed welding lines on their surfaces were brought to 
contact1). Friction between the polymer plates were induced 
by ultrasonic vibration to generate enough heat for melting 
polymer plates and enabling the molten polymer to flow 
into the channels (180±20 or 265±24 nm in diameter, 60 μm 
in length; see the SEM images in Figure S2 in SI) of AAO 
templates. This molten polymer solidified quickly (~10 s) 
after terminating ultrasonic vibration. To remove the AAO 
template, the polymer/AAO template was immersed in a 5 
wt.% NaOH solution and washed with deionized water and 
ethanol. Prior to characterization with SEM, the polymer 
was dried under vacuum at room temperature for 5 h. 

The key feature of this approach is that it is equally ap-
plicable to polymers with quite different crystalline/chemi- 
cal structures and/or physicochemical properties. By ultra-
sonic vibration, sufficient frictional heat is generated within 
seconds (≤10 s) such that all the polymers used in our ex-
periments can be melted. The adhesive forces between 
polymer melts and the walls of AAO channels are much 
stronger than the cohesive forces of polymer melts; conse-
quently, polymer melts wet and cover the walls of AAO 
channels, leading to the growth of nanosized, hollow poly-
mer fibers (cf. Figure 2 for the SEM images of PC, PS, 
PMMA, PE, PP, PET and P3HT) [8]. Due to the intrinsic 
van der Waals interaction and the hydrostatic dilation stress 
during the removing of ethanol [22–24], these fibers come 
into contact with adjacent ones and form discrete fiber bun-
dles while spreading over the polymer surface. As expected, 
the average diameters of individual fibers are close to the 
average diameters of AAO channels (cf. Table 1), suggest-
ing that the dimension of fibers and consequently, the sur-
face structure of polymers, can be tuned via AAO template. 
In fact, the average diameter of hollow fibers decreased to  

 

                           
1) Herein, two polymers plates were used to prevent heat loss during friction. One polymer plate was attached to the horn, and the other one was fixed on 

the ceramic chap placed between AAO template and the pedestal. Crossed welding lines were made on the surfaces of two polymers prior to friction, since 
these crossed welding lines were essential for rapidly generating a large amount of friction heat. 
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Figure 1  Fabrication process of nanostructured polymer surfaces. 

 
 
 
 
 
 
 

Figure 2  SEM top-view images of the nanostructured sur-
faces of polymers with different crystalline structures. (A) 
PC-1; (B) PS; (C) PMMA; (D) PE; (E) PP; (F) PET; (G) 
P3HT; (H) PC-2. (a)~(h) Typical magnification images of 
(A)~(H) (the delay time, td, welding time, tw, and hold time, th, 
are respectively 2, 10 and 10 s; the average channel diameters 
of AAO used for the fabrication of (A)~(G) and (H) are re-
spectively 265±24 nm and 180±20 nm).  
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Table 1  Average diameter of fibers on nanostructured polymer surfaces 
in Figure 1 

Samples Diameter (nm) 

PC-1a) 256±36 

PSa) 278±24 

PMMAa) 259±18 

PEa) 278±15 

PPa) 269±11 

PETa) 245±16 

P3HTa) 249±28 

PC-2b) 195±17 

a) AAO templates with average channel diameter of 265±24 nm were 
used in the fabrication process; b) AAO templates with average channel 
diameter of 180±20 nm were used in the fabrication process 
 
 

~195±17 nm when AAO template with smaller channels 
(~180±20 nm on average) was used in our experiments (cf. 
Figure 2(H)).  

While universal, our approach is quite rapid and sol-
vent-free. Benefiting from ultrasonic vibration, the in-
volvement of involatile solvent and the preheat of AAO 
template and/or polymer were avoided in our approach, 
which is advantageous over ultrasonic vibration-assisted hot 
embossing or nanoimprint lithography approach [25–28]. 
Additionally, the heat induced by ultrasonic vibration com-
pletely dissipated within several seconds after the vibration 
was terminated. Therefore, the whole processing cycle, 
which includes a delay time (td=2 s), a welding time (tw≤10 
s, cf. Figures 2 and 3) and a hold time (th =10 s), can be lim-
ited into around half a minute, whereas the cycle may last 
several minutes to a few hours or days in traditional melt 
wetting process [13–15]. Our approach is particularly ad-
vantageous to PET and P3HT —— the surfaces of these 
highly crystalline/conjugated polymers are usually difficult 
to be treated, due to their high Tm and special crystalline  

 
 

 

Figure 3  (Color online) SEM top-view ((A), (B), and (b)) and cross- 
section (a) images of nanostructured PC surfaces. (A) and (a) tw=2 s; (B) 
tw=5 s; (b) typical magnification image of (B) (td and th are 2 s and 10 s, 
respectively; channel diameter: 265±24 nm). 

structures [29,30]. 
The key parameter of controlling the length of fibers as 

well as the morphology of polymer surface is the welding 
time. When tw is short, insufficient heat is generated and 
only allows limited molten polymers to cover the AAO 
channel walls before the polymers solidify. Therefore, short, 
discrete hollow nanorods (200–300 nm in height) formed on 
polymer surfaces (Figure 3(A), tw=2 s for PC). Conversely, 
long tw enables much more molten polymers to cover the 
AAO channel walls to form bundles of short hollow fibers 
(Figure 3(B), tw=5 s for PC). Further increase in tw leads to 
formation of bundles of long hollow fibers, which are read-
ily to bend (Figure 2(A), tw=10 s for PC). Although the 
lengths of fibers vary significantly with tw, the diameters are 
—— as expected —— still well controlled, comparable to 
that of AAO channels.  

We emphasize that tw may vary from polymer to polymer, 
or be the same for several different polymers. Likely, the 
chemical structures of polymers play an important role in tw. 
For various main chains and functional groups in polymer 
structures, the responsive abilities to ultrasonic vibration 
can be totally different [25], the total heat generated in the 
whole polymer, however, can be different or quite close. 
Consequently, tw=5 s was sufficient for PC to form bundles 
of short fibers (Figure 3(B)), while tw had to be 10 s for PS, 
PMMA and PET to form similar structures (Figures 2(B), 
(C) and (F)) or PC-1, PE, PP and P3HT to form bundles of 
long fibers (Figures 2(A), (D), (E) and (G)). 

Once nanosized fibers/rods are fabricated, the surface 
properties (for instance, wettability, photoelectric properties, 

and thermal conductivity) generally change dramatically. In 
this context, our approach can be used to readily tune the 
surface properties of polymers. Here, we demonstrate how 
to regulate the wettability of polymer surface, evaluated by 
the static water contact angle, by simply adjusting tw. As 
shown in Figure 4(a) (the insets are the optical images of a 
water droplet on the respective surfaces), the pristine PC 
surface is hydrophilic (tw=0, θ=75°) while the nanostruc-
tured PC surface can be hydrophobic (tw=2 s, θ=101°), 
highly hydrophobic (tw=5 s, θ=135°) or superhydrophobic 
(tw=10 s, θ=155°). The only parameter used for adjusting 
the wettability/CA is tw. The wettability/CA of all the other 
polymers in our experiments shows similar trends, except 
that nanostructured PMMA and PP surface are highly hy-
drophobic other than superhydrophobic (Figure 4(b)). The 
underlying physical chemistry of wettability regulation may 
be attributed to the roughness of nanostructured polymer 
surface [31]. Briefly, the length of polymer fibers increases 
with tw, which results in increased surface roughness and in 
turn enables polymer surfaces to provide more air pockets 
between polymer fibers and to maintain the Cassie-Baxter 
state [32]; consequently, the nanostructured polymer sur-
faces show improved hydrophobicity. Similar results were 
obtained in our previous work (on the patterned surfaces of 
PS) [17]. 
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Figure 4  (Color online) Static water CAs of nanostructured polymer surfaces. (a) Dependence of the CAs of PC surfaces on tw; (b) CAs of the pristine 
polymer surfaces and the coresponding nanostructured polymer surfaces shown in Figure 2. The inserts in (a) and (b) are the optical images of a water drop-
let on the respective polymer surface. 

4  Conclusion 

In conclusion, we demonstrate that the combination of ul-
trasonic vibration and AAO templating strategy can be used 
to rapidly fabircate nanosized, hollow rods or fibers on the 
surfaces of various polymers. The key parameter of our ap-
proach is the welding time, which can be used to regulate 
the length of polymer rods/fibers and the wettability of 
nanostructured polymer surfaces. Of particular interests in the 
future research is to regulate the optoelectronical property of 
conjugated polymer (such as P3HT [33]) with our approach, 
which should be of significant importance for the fabrication 
of polymer-based optoelectronic devices [34,35]. 
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Supporting information: Experimental 

1  Ultrasonic welding system 

A commercial ultrasonic welding apparatus was purchased 
from Dongguan Shek Pai Nekon Ultrasonic Machinery Co., 
LTD (China), with generator frequency of 35 kHz, power of 
500 W and maximum amplitude of 35 m (Figure S1). The 
apparatus consisted of a control part (Figure S1-1), a func-
tional part (Figure S1-2) and a leveling anvil (Figure S1-4). 
As the core component of functional part, the resonance 
stack (Figure S1-3) comprised of a piezoelectric ultrasonic 
converter (Figure S1-3-1) which converted electrical signal 
into mechanical oscillation, a so-called ‘booster’ (Figure 
S1-3-2) for amplitude transformation and a horn (Figure 
S1-3-3) for transmitting the vibration to polymer specimens 
[S1]. During embossing, the horn’s bottom contacted with 
the polymer plate. When the piezoelectric device started 
vibrating, the horn transferred and enlarged the amplitude of 
the waves and generated frictional heat, which enabled the 

polymer to be heated to its Tg or Tm under a given pressure 
(45 Pa in our experiments). Subsequently, the polymer melt 
wetted and covered the channel walls in mold [S2]. 

2  Procedure of nanopatterning polymer surfaces (cf. 
Scheme 1) 

(1) One polymer plate was attached to the horn and another 
one was fixed on the ceramic chap placed between AAO 
template and the pedestal to prevent heat loss. It should be 
pointed out that crossed welding lines were made on the 
surfaces of two polymers prior to friction, since these 
crossed welding lines were essential for rapidly generating a 
large amount of friction heat. After the mold contacted with 
two polymer plates, the pressing force was gradually in-
creased up to 45 Pa and was maintained during a delay time 
(td=2 s). During the welding time (tw=2, 5 or 10 s), friction 
heat was generated between the two polymer plates and the  




