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Abstract—After many years of hard studies in classroom, the
college students are often tired of the boring learning of
theoretical knowledge. How to draw their enough attention to
theories of professional knowledge poses a big threat to their
teachers. This paper develops a learn procedure for the college
students to broaden the level of knowledge and to deepen their
professional knowledge. Electrospinning experimental
phenomena are explored as the teaching materials to provoke
students’ interests of studying related electrohydrodynamic
theories. The results demonstrated that that the feedback
teaching of scientific research can be more effective in imparting
professional knowledge to undergraduate students. This paper
shows an innovative way of refining teaching materials from
advanced nanotechnologies for higher education.
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I. INTRODUCTION

Everyday, we can see humerous things happened before our
eyes. Our ancestors got to know the world just through
observing, recording and analyzing the natural phenomena that
happened around them. Many life experiences have been
passed down from generation to generation and some
unexplained phenomena become superstitious. The modern
industrial revolution led to the rapid expansion of human
knowledge of the world. However, these knowledge is mainly
about the natural eye-able world and can be very useful to
explain the eye-able phenomena. One typical example is the
Newton’s law of universal gravitation (Fig.1). The story is
familiar to everyone that the apple hit Newton's head and led to
the discovery of gravity.

Today we are in a nanoscale Era. It is impossible that we
achieve new knowledge directly through our seeing, listening,
touching and sensing. The phenomena happened at microscale

and nanoscale must be magnified before they can be perceptual.

It is just this strong willing, a large bodies of modern
instruments have been developed for us to explore the micro
world. These instruments include optical microscope, scanning
electron microscope, transmission electron microscope, atomic
force microscope, X-ray diffraction and so on. With these
powerful tools, many new and unexpected phenomena can be

captured easily, which in turn will provide hints for us to get
new knowledge about the material world. Certainly, these
phenomena should be excellent teaching materials for
imparting cutting-edge knowledge to the undergraduate
students.

In this paper, with two experimental phenomena happened
around electrospinning (an advanced nanotechnology for
creating polymeric nanofibers) as teaching materials, a new
approach about how to provoke the college students’ interests
about theoretical learns  is exhibited in details. One
phenomenon is observed using the optical microscope and is
about the electrospinning process. The other phenomenon is
recorded using a scanning electron microscope and is about the
electrospun nanoproducts.
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Fig. 1 A schematic diagram showing the achievement of knowledge from
phenomena.
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Il. ELECTROSTATIC SPINNING

Spinning is an industrial process that is exploited to create
fibers from polymer. After many years’ development, a series
of spinning technologies have been developed such as wet
spinning, dry spinning, dry-jet-wet spinning, melt spinning, gel
spinning, and also electrospinning. For implementing a
spinning process, the polymer being spun must be converted
into a liquid state (melted or dissolved in a solvent). The liquid
is forced through a spinneret (with it to be cooled or removing
of the solvent) to achieve the solidified filament products.

In textile field, wet spinning is the oldest and most common
processes. This process is used for polymers that need to be
dissolved in a solvent to be spun. The spinneret is submerged
in a chemical bath that causes the fiber to precipitate, and then
solidify. The process gets its name from this "wet" bath.
Compared with the wet spinning process, electrostatic spinning
(now is frequently called electrospinning) also starts from the
polymer solution or melt. But electrospinning exploits an
electrical charge to draw very fine fibers (typically on the
micro or nano scale). It thus shares characteristics of both
electrospraying and conventional solution dry spinning of
fibers [1-5]. The process does not require the use of
coagulation chemistry or high temperatures to produce solid
threads from solution. This makes the process particularly
suited to the production of fibers using large and complex
molecules. .
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Fig.2 A diagram showing the working processes
electrospinning (A) and coaxial electrospinning (B).

of blending

During the past two decades, electrospinning is developing
very fast toward three directions. One is the simultaneous
treatments of multiple working fluids, which lead to the
generations of coaxial electrospinning, modified coaxial
electrospinning,  tri-axial  electrospinning,  side-by-side
electrospinning and their combinations [6-11]. The second is
the creation of electrospun polymeric nanofibers on a large
scale [12-13]. And the third is its integration with other
technologies (e.g. electrospraying) for developing new
electrospinning-based nanotechnologies [14-15]. However, the
main stream in this region is still about the most common
single-fluid blending electrospinning and the double-fluid
coaxial electrospinning (Fig.2). By estimation, the publications
about these two electrospinning processes occupy over 99% of
the whole related articles.
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111. ABNORMAL AND NORMAL PHENOMENA DURING
ELECTROSPINNING PROCESSES

Typically, an electrospinning working process consists of
five successive steps, i.e. charge of the working fluid,
formation of a Taylor cone, a straight fluid emitted from the
Taylor cone, an unstable region full of bending and whipping,
and collection of the final solid nanofibers. These steps can not
be observed directly through naked eyes because of the applied
voltage and small size of the working microfluids. However,
the interesting phenomena during the processes can be viewed
under a suitable magnification. Shown in Fig. 3A is an
abnormal phenomenon about electrospinning of zein solution
[16]. It is clear that the yellow semi-solid substance gradually
accumulated and hanged on the nozzle of spinneret until the
electrospinning process was totally stopped. Although these
semi-solid substance can be removed manually and the
electropsun nanofibers can go on to deposit on the fiber-
collected electrode, the working process is abnormal. A normal
electrospinning process should be a continuous and robust
process with smooth preparation and deposition of nanofibers.
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under a single-
fluid
electrospinning

(A

Normal
phenomenon
under a double-
fluid coaxial
electrospinning

0

Fig. 3 An abnormal phenomenon of a single-fluid blending electrospinning
(A) and a normal phenomenon of a double-fluid modified coaxial
electrospinning (B).

However, when a pure solvent was exploited as a sheath
working fluid to surround the core zein working solution, the
electrospinning process became a normal working process, as
shown in Fig. 3B. The upper-right inset shows a typical
compound core-shell droplet with the transparent sheath
solvent surrounding the yellow zein solution. After a suitable
high voltage was applied, the coaxial electrospinning processes
were carried out continuously and robustly without any manual
interventions. These phenomena greatly provoke the students’
interests about this advanced nanotechnology. The systematic
explanations on these normal and abnormal phenomena not
only make the students grasp the meaning of
electrohydrodynamic atomization better and deepen their
professional knowledge, but also promote them to strengthen
practice training and think of other similar technology such as
electrospraying [17-23].
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IV. ABNORMAL AND NORMAL PHENOMENA ABOUT THE
ELECTROSPUN NANOPRODUCTS

In the traditional sense, the electrospun nanofibers should
have a cylindric morphology. However, the created nanofibers
using zein solutions as working fluids are “abnormal”. Shown
in Fig. 4, no matter nanofibers prepared from the single-fluid
blending electrospinning or nanofibers fabricated from the
double-fluid coaxial electrospinning, they all show a
nanoribbon morphology, as indicated by their scannning
electron microscopic images. These apparent “abnormal”
phenomena are truly completely normal phenomena. The
understanding of this interesting point would broaden their
knowledge about material science and engineering.

Fig. 4 The scanning electron microscopic images of the electrospun
nanofibers from the blending electrospinning (A) and coaxial electrospinning

(B).

V. THE PHENOMENA ARE EXCELLENT START POINTS FOR
EXPANDING THEIR PROFESSIONAL VISION AND FOR
DEEPENING THEIR THEORETICAL KNOWLEDGE

The phenomena mentioned above, regardless of normal or
abnormal, should be excellent start points of teaching materials
for expanding the students’ professional vision and also for
deepening their theoretical knowledge. Shown in Fig. 5, the
phenomena of the electrospinning processes should give a very
deep impression on the students. With these phenomena as the
starting points, many new knowledge about electrospinning
should be easier to be understood. And then, the peer of
electrospinning, i.e. electrospraying can be imparted to the
students in a comparative manner because both electrospinning
and electrospraying belong to the electrohydrodynamic
atomization processes [24-26]. Certainly, more knowledge
about materials science and engineering can be further
expanded for teaching.

The theroretical knowledge is always tedious for the
students. However, when these tedious theories are associated
with the interesting phenomena directly, the explanations
should be more effective and easier for the students to grasp the
key contents. Shown in Fig. 6, phenomena can be an excellent
starting point for step-by-step upward learning. For example,
the abnormal scanning electron microscopic images in Fig. 4
can be explained with their electrospinning processes. Their
microformation mechanisms have a close relationship with the
properties of zein solutions and also the operational parameters.
Zein, as a plant protein, has a certain stereoscopic conformation
of its molecules. The zein molecules also have strong
secondary interactions such as hydrogen bondings and
electrostatic interactions. In the electrospinning and drying
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processes, when the solvent in the working fluid evaporates
quickly, a semi-solid substance would be precipitated. And
meanwhile, because of strong interaction between the zein
molecules with the metal nozzle, these semi-solid substance
would cling and hang on the spinneret, creating the
phenomenon in Fig. 3A. It is also because the easily formation
of semi-solid substance on the surface of the working fluids,
which would prevent the further evaporation of the inner
solvent in the fluid jet. After these “outer-dried-inner-wet” jets
or fibers are deposited on the collector, the inner trapped
solvent would still penetrate into the atmosphere, which make
the fibers be flattened by the atmospheric pressure, resulting
morphology exhibited in Fig. 4A.

Extending
learning

Electrospinning

Sciencesiend)s

Fig. 5 Expansion of students’ professional visions - a gradual expanding
procedure for the college students to start from the experimental phenomena
to the advanced technology, to the analogical techniques, and finally to their
common knowledge in their discipline of materials science and engineering.

Deepening
learning

Mecha-
nism
Phen- Process
omena

Fig. 6 Deepening the theoretical knowledge - a step-by-step upward manner
for the college students to start from the experimental phenomena to the
material treating process, to the fundamental mechanism, and finally to make
clear about the related tedious theories.

When a pure solvent is exploited to smooth the
electrospinning process, the influence of the sheath solvent
should be profound [27-28]. The theory involved is Knudsen
layer theory. Knudsen layer is also termed as evaporation layer.
It is a thin layer of vapor near a liquid or solid, which is named
after Danish physicist Martin Knudsen. The Knudsen layer
thickness (Lc) can be estimated according to the following
equation [29]:

KT,

c:ﬂdzps (1)
where p; is the saturated pressure, Ts is the temperature, d is
the solvent molecular diameter, and k is the Boltzmann’s
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constant. The intentional addition of a surrounding sheath
solvent would effectively prevent the formation of semi-solid
substance around the spinneret’ nozzle for a smooth and
continuous working process in Fig. 3B. This make the Knudsen
layer play its role in the formation of zein nanofibers. However,
these created fibers (shown in Fig. 4B) are even smaller and
flatter. This is because the sheath solvent would increase the
interactions of zein molecules, particularly the hydrogen
bondings.

V1. SUMMARY

There are numerous phenomena in thescientific researches.
These phenomena can be useful teaching materials for college
students to provoke their study interests on both advanced
technologies and also the related theories. With several
abnormal experimental phenomena during electrospinning and
also the electrospun nanoproducts as the starting points of vivid
teaching materials, a new approach about how to expanding the
students’ professional vision and how to deepen their
theoretical knowledge is proposed. This demonstration
provides an excellent example for the teaching with scientific
research back feeding, which should be more efficacious in
imparting professional knowledge to the students in higher
education.
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