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ABSTRACT

We report the fabrication of hierarchical poly(vinylidene fluoride) (PVDF)

fibrous structures using a unique fabrication technique based on electrospin-

ning. Electrospinning was used to fabricate aligned PVDF fibrous membranes.

These membranes were then brought in contact with anodized aluminum oxide

(AAO) template and then heat-treated above the glass transition temperature

(Tg) of the polymer to assist the flow of polymer within the cylindrical pores of

AAO template. Scanning electron microscopy images confirmed that this

approach lead to the growth of nanopillars on the surface of PVDF fibers.

Nanoindenter was used to measure the pull-off force that was required to

completely detach the indenter from the samples. To investigate the effect of

hierarchy, pull-off force required to detach the indenter from neat PVDF fibers

was determined and compared with the pull-off force recorded for hierarchical

fibers. The effect of indentation depth was also investigated on both PVDF fibers

and PVDF fiber with nanopillars. Significant pull-off force recorded indicates

that these PVDF hierarchical fibrous structures can be potentially used for dry-

adhesive applications.

Introduction

Climbing and adhering capabilities of geckos and

certain insects have attracted huge amount of interest

among researchers [1, 2]. The climbing and adhering

abilities of these animals are ascribed to the hierar-

chical fibrillar structures found on their feet that

interact with surfaces through van der Waals forces

[3]. When millions of these fibrils come in contact

with the surface, the numerous weak van der Waals

forces add up and constitute an appreciable force for

the animal to adhere to the surface [4–7]. In an

attempt to develop synthetic dry adhesives for wall-

climbing robot applications, researchers focused their

attention on mimicking the architecture and geome-

try of natural materials. For such applications, it is

desirable that the synthetic structures should not only

adhere to surfaces, but should also detach easily

when they are peeled off at certain angles [8]. Addi-

tionally, the synthetic structures should maintain

their adhesion strength over repeated attachment–

detachment cycles [9].

Address correspondence to E-mail: avinash_baji@sutd.edu.sg

DOI 10.1007/s10853-016-0537-9

J Mater Sci (2017) 52:2435–2441

http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-016-0537-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-016-0537-9&amp;domain=pdf


Several micro/nano-fabrication techniques such as

nanoimprinting, micro/nanomolding, lithography,

and chemical vapor deposition have been used to

fabricate synthetic dry-adhesives [10–16]. However,

most studies focused on fabricating fibrillar struc-

tures based on only micro- or nano-fibrils. These

arrays of micro- or nano-fibrils only resemble the

spatulas of the natural materials. Remarkable adhe-

sion on smooth surfaces is reported with the use of

polymer-based flat-tipped micropillars and carbon

nanotube-based aligned arrays [16, 17]. However,

when the roughness of the target surface is increased,

the adhesion decreases as the polymer-based

micropillars and carbon nanotube-based aligned

arrays do not come in close contact with the surface

[18, 19]. Adhesives based on hierarchical multiscale

structures can address this issue as the hierarchical

structures conform to wide variety of rough surfaces

[18].

In this study, we aim to mimic the hierarchical

design of natural materials using electrospinning

combined with template wetting approach. Electro-

spinning is employed as it is an effective technique

for fabricating high aspect-ratio polymeric fibers.

These electrospun fibers being separate entities

mimic the contact spitting nature of seta. The second

level of the hierarchy is fabricated with the help of

porous anodic aluminum oxide (AAO) template,

which is frequently used to fabricate dense arrays of

high aspect-ratio nanopillars [20, 21]. These high

aspect-ratio nanopillars fabricated on electrospun

fibers mimic spatulas of natural adhesive. This two-

step processing technique enables us to control the

dimensions of the structures at each level of hierar-

chy [22]. The dimension of the structures in the first

level of the hierarchy is determined by the diameter

of the electrospun fibers, while the dimension of the

structures in the second level of the hierarchy is

determined by the pore size of the AAO template. We

demonstrate that this fabrication technique is useful

to grow nanopillars on the surface of the micron-

sized fibers. Following this, we investigate the

adhesion performance of these hierarchical structures

and compare its adhesion behavior with that of neat

fibers. Our results show that the hierarchical samples

demonstrate improved adhesion behavior compared

to neat fibers.

Materials and methods

Materials

Poly(vinylidene fluoride) (PVDF, Mw = 360,000),

N,N-dimethyl acetamide (DMAc), and acetone were

procured from Sigma-Aldrich, Singapore. AAO

templates with 250 nm pore diameter and 0.5 mm

thickness were procured from Shanghai Shangmu

Technology Co. Ltd., China.

Fabrication

5.75 g of poly(vinylidene fluoride) was dissolved in

15 ml solvent mixture of DMAc and acetone in 1:2

(volume ratio). This solution was mechanically stir-

red at 50 �C for 12 h. The homogeneous solutions

were then electrospun using an Inovenso Nanospin-

ner 24, Turkey to produce PVDF fibrous membrane.

Electrospinning [23–26] was conducted at 1 kV/cm

electric field and 1.5 ml/h flow rate. Relative

humidity and the temperature were maintained

at *60% and *25 �C, respectively. The solution was
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Figure 1 a Schematic of the

electrospinning technique used

to produce Sample A (neat

PVDF fibers), and b schematic

of the setup used to produce

Sample B (hierarchical PVDF

fibrous structures).
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emanating from a brass needle with 1 and 3 mm as

inner and outer diameter, respectively. The electro-

spun fibers were then collected on a disk collector

rotating at 3000 rpm (see Fig. 1a). These PVDF

fibrous membranes were then heated at 80 �C for

24 h to evaporate any residual solvent. These neat

PVDF fibrous samples are referred to as Sample A.

To prepare hierarchical fibrous samples, Sample A

with 1 9 1 cm2 cross-sectional area was brought in

contact with AAO template of similar size as shown

in Fig. 1b. The setup was then placed in a hydraulic

press (model: 3912, Carver Inc., USA). The pressure

was kept to *40 kPa, whereas temperature was

varied from 40 to 80 �C and soaking time was varied

from 5 to 20 min. Following this, samples were

removed from the chamber and quenched in air. The

PVDF membrane is then peeled-off from the AAO

template to obtain ordered arrays of nanopillars on

the surface of the PVDF fibers. These hierarchical

PVDF fibrous samples are referred to as Sample B.

Characterization

The morphology of Sample A and Sample B were

studied using a field emission scanning electron

microscope (SEM, JEOL, JSM-7600F).

Pull-off force of these samples was measured

using a TI 950 triboindenter by Hysitron Inc., USA.

The tests were performed with a 60� conical flat

diamond indenter (diameter *10 lm). The indenter

approached the sample with a constant loading rate

of 10 nm/s, pressed against the samples to a pre-

defined depth, and then withdrawn with a constant

withdrawal rate of 500 nm/s. During retraction, the

peak force required to completely detach the tip

from the surface of the samples is documented as

pull-off force. These measurements were conducted

on samples having cross-sectional area as 0.5 cm2

and thickness as *200 lm. These samples were

secured onto a magnetic stub, which was then fixed

onto the magnetic sample holder of the triboin-

denter. Typically, these samples consisted of

aligned PVDF fibers with void spaces (see Figs. 2,

3). Therefore, an optical microscope attached to the

triboindenter was used to visualize the samples and

ensure that only the fibrous area of the sample was

indented. Further, precautions were taken to keep

the indentation depths below 1/10th of the thick-

ness of samples to eliminate substrate effect [27].

The sample was then indented at a selected region

with increasing indentation depth to investigate the

effect of indentation depth on pull-off force. Ample

time (*1 h) was taken between successive mea-

surements to allow the samples to ease back to

their unstrained state. Subsequent test locations

were chosen to be at least 20 lm away from the

previous test location.

10 µm

Figure 2 SEM image of aligned PVDF fibers collected on a

rotating disk collector.

1 µm

(c)(a) (b)

1 µm10 µm

Figure 3 a SEM image of PVDF hierarchical fibrous structures obtained via electrospinning combined with template wetting method.

b and c high magnification SEM images of the PVDF hierarchical fibers.
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Results and discussion

Figure 2 depicts SEM image of Sample A collected on

a disk collector. Due to the presence of disk collector,

electric field lines emanating from the metallic needle

converges at the edge of the disk. Coupled with the

high rotational speed (3000 rpm), aligned and closely

packed PVDF fibers are obtained [28]. The average

diameter of the PVDF fibers is estimated to

be *1.8 lm.

Hierarchical fibrous structures are fabricated by

growing pillars on the surface of Sample A. This is

achieved by bringing Sample A in contact with AAO

template and heating the setup above the glass

transition temperature (Tg) of the polymer. The tem-

perature and time were varied from 40 to 80 �C and 5

to 20 min, respectively, to control the height of

nanopillars [21, 29, 30]. Uniform distribution of

nanopillars with an average height of *200 nm and

an average diameter of *250 nm is obtained on the

surface of PVDF fibers when the samples are heated

at 50 �C for 10 min (see Fig. 3). These samples,

known as Sample B, are investigated for their adhe-

sion performance.

Subsequently, the adhesion performance of Sample

A and Sample B is investigated using a nanoindenter

[31, 32]. The measurements are performed by

intending the samples with a pre-calibrated

Figure 5 Load versus indentation depth curves using nanoindenter for a hierarchical PVDF fibrous structures, and b neat PVDF fibrous

membrane.
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Figure 4 Schematic illustrating the approach and retraction of the indenter over the sample.
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transducer attached to a flat circular diamond

indenter actuated under displacement control. Ini-

tially, the indenter tip detects the surface of samples

by approaching and touching it with a 1 lN force.

The indenter is then withdrawn to a height of 180 nm

above the surface of samples to ensure that it is free

of all surface forces. Then, the indenter approaches

and indents the sample at a constant loading rate.

Indentation depth is varied during measurements to

investigate the effect of indentation depth on the

measured pull-off force. The indenter is then with-

drawn at a constant retraction rate (see Fig. 4). Dur-

ing the retraction of the indenter tip, it experiences

van der Waals attractive forces. Therefore, the force

required to completely separate the indenter tip from

the surface of the sample is identified as the pull-off

force.

Figures 5a, b show characteristic load-indentation

depth curves recorded for Sample B and Sample A,

respectively. The pull-off forces measured from

Fig. 5a, b are then plotted as a function of indentation

depth in Fig. 6. Figure 6 illustrates that pull-off force

increases with an increase in the depth for both

Sample A and Sample B. Figures 5 and 6 also reveal

that pull-off forces recorded for Sample B are higher

than those measured for Sample A, which is consis-

tent with the results reported in the literature [33, 34].

The higher pull-off force recorded for Sample B is

attributed to mechanics of the hierarchical sample

and increased conformity of the sample to the surface

of the indenter. This explains the increase in pull-off

force with indentation depth [35]. Complete analysis

is beyond the scope of this study. The pull-off force

for these samples increased from 2.19 to 4.0 lN when

the indentation depth is increased from 50 to 200 nm.

The measured pull-off force recorded for Sample B is

comparable with those measured for poly(dimethyl-

siloxane) (PDMS) and vertically oriented carbon

nanotubes (VACNTs) [36].

The pull-off force is seen to reduce for Sample B

when the depth of indentation is increased above

200 nm. However, the indentation depth had no

influence on the measured pull-off force recorded for

Sample A. The decrease in the pull-off force for

Sample B is attributed to plastic deformation of the

PVDF nanopillars due to excess applied load. For

Sample A, pull-off force is seen to increase from 1.42

to 1.75 lN with an increase in the depth from 50 to

200 nm. Typically, these stiff unstructured samples

are unable to adapt to the irregularities present on the

surface. Their poor conformity to the indenter surface

is responsible for abysmal pull-off force recorded for

Sample A. These results are in agreement with the

Johnson–Kendall–Roberts (JKR) theory, which

envisages that pull-off force for unstructured samples

does not vary with indentation depth/preload [37].

Conclusion

In conclusion, we fabricated PVDF hierarchical

structure using electrospinning combined with a

template wetting method for dry-adhesive applica-

tions. Pull-off force recorded for these hierarchical

fibrous structures was investigated and compared

with those of neat fibrous samples using a nanoin-

denter. Hierarchical fibrous samples exhibited higher

pull-off force in comparison to neat fibrous samples.

Higher pull-off force for PVDF hierarchical fibrous

samples is attributed to an increase in conformity

with the surface of indenter tip. These results

demonstrate that these PVDF hierarchical fibrous

structures can be potentially used for a wide variety

of dry-adhesive applications.
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