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Abstract. How to give a vivid lesson about basic theory to college students comprises a puzzle to
many teachers in high schools. Electrospinning is a very popular nanotechnology for creating
polymeric nanofibers and fiber-based nanocomposites, which involves the overlap of multiple
disciplines. The basic theories about this material processing method are very complicated, and are
difficult to explain clearly to the college students in the classroom lesson. When some phenomena
happened during the electrospinning processes were exploited as teaching materials, the students
were greatly provoked to know “what”, “how” and “why” about this advanced technology.
Correspondingly, the lessons about its teaching and explanations became easy. In the field of material
science and engineering, the combinations of scientific phenomena with the related theories comprise
an effective approach for engineering teaching in higher education.
Background
Electrospinning, electrospraying and e-jetting printing are commonly termed as
electrohydrodynamic atomization (EHDA) techniques, which are “top-down” processes for nano
fabrications [1-3]. Different with traditional nano fabrication methods, electro-static energy is
directly exploited to remove organic solvents from the working fluids for generating solid products
during the EHDA processes [4-6]. These advanced material processing processes are very popular
with potential applications of their products in a wide range of fields including pharmaceutics,
ceramics, cosmetics energy, environmental science and food industries.
One fundamental reason for their popularity is the easy implementation of these processes [7-9].
Shown in Fig. 1a is a common system for carrying out electrospinning. It consists of four
components, i.e. 1) a high-voltage power supply, 2) a fluid driving device (syringe pump), 3) a
capillary for introducing the sprayed fluid, and 4) a grounded collector [10-12]. The inset of Fig. 1a
shows the simple connection of the power supply with the working fluid, i.e. via an alligator clip on
the spinneret leading the fluid. A typical working process of electrospinning is exhibited in Fig. 1b,
during which two related theories are involved, one is indicated in its inset about the formation of
Taylor cone, and the other is the bending and whipping processes. Needless to say, in a typical
electrospraying process (Fig.1c), the theoretical energy-fluid interactions are similar.
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Figure 1. Implementation and Theories about the EHDA Processes. (a) The Typical Components
of an EHDA System, the Inset Shows the Connection between the Power Supply with the Working
Fluids; (b) A Typical Working Process of Electrospinning, During Which Two Related Theories Are
Involved, the Inset Shows an Enlarged Taylor Cone ; (c) A Similar Electrospraying Process.
Basic Theories about Electrospinning
The past two decades has witnessed the great developments of electrospinning in manipulating the
working fluids, which has evolved from the common single-fluid process, to double-fluid processes
(including coaxial and side-by-side electrospinning), and to multiple-fluid processes (including
tri-axial electrospinning and tri-layer side-by-side electrospinning) [13-16]. These techniques permit
the creation of new types of sophisticated nanofibers with well-defined microstructures, novel
morphologies, and/or new functions [12-15]. However, their working processes are similar, i.e. the
formation of Taylor cone, the injection of a straight fluid jet, and the bending and whipping instable
region [17,18], shown in Fig. 1b.
During the similar working processes, the involved theories about material science and engineering
are also similar. These theories are mainly about the interactions between the working fluids and the
electrostatic energies. To be more concrete, one is about the formation of Taylor cone by the working
fluid under the electrical field, and the other important one is the solidification of the fluid jets during
the bending and whipping processes, which still reflects the interactions between the fluid jets and the
electrical fields.

Figure 2. The Combined Strategy for Explaining the Basic Theories of in the Materials Science and
Engineering Lessons to the College Students with the Scientific Phenomena as the
Vivid Teaching Materials.
When these theories are directly taught to the college students. It is often very hard to explain them
in a simple and clear way because the students never see anything about the related contents using
their naked eyes. Meanwhile these theories often involve physical variables from different
disciplines. The failure in making the students understanding these theories may suppress their
learning interests about material science and engineering.
The most important thing for the commissioning of an electrospinning process is the formation of a
Taylor cone of the viscous fluid under the electrical fields. The basic theory can be described
according to the following equation (1) [19]:
Vc ~

γd 2
εR

(1)
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The critical voltage applied to the fluid (Vc) to initiate the formation of the compound Taylor cone
and straight cone-jets can be estimated, where Vc is the critical voltage for a jet emanating from the
meniscus tip, d is the electrode separation, ε is the permittivity, γ is the surface tension, and R is the
principal curvature of the liquid meniscus.
The second theory involved in the electrospinning process is the effective evaporation of solvent
from the working fluid jets, which can be described using the equation about Knudsen layer. 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 [20]. The Knudsen layer thickness (Lc) can be
estimated according to the following equation [21]:
Lc =

kTs
πd 2 ps

(2)

where ps is the saturated pressure, Ts is the temperature, d is the solvent molecular diameter, and k
is the Boltzmann’s constant.
The Utilization of Scientific Phenomena in the Explanations of Basic Theories
Shown in Fig. 3a is a schematic diagram about the formation of Taylor cone, which is mainly a
balance between the electrical force (E) and the surface tension of the working fluid (γ). When the
applied voltage reaches the critical value Vc, a straight fluid jet is emitted from the tip of the Taylor
cone. To keep a stable and robust process, it is a common sense that the semi-vertical angle of the
Taylor cone (θ), i.e. the sharpness of the hyperboloid, should lie between the range 32º < 46º. Within
the suitable range and according to Eq. (1), some parameter can be exploited to manipulate the
electrospinning processes. For example, Fig. 3b and 3c show the digital pictures of the Taylor cones
and straight fluid jets under the same applied voltage but with different working distance. When a
spacing of the spinneret and the collector was fixed at 20 cm, the height of Taylor cone (T1) and the
length of straight fluid jet (S1) were 1.4 mm and 7.3 mm, respectively, which could be estimated via
the 2.5 mm diameter of spinneret (Fig. 3b). In contrast, when a spacing of the spinneret and the
collector was fixed at 12 cm, the height of Taylor cone (T2) and the length of straight fluid jet (S2)
were changed to 0.7 mm and 4.2 mm, respectively (Fig. 3b).

Figure 3. The Utilization of Scientific Phenomena as Teaching Materials in Explaining the
Formations of Taylor Cones and Straight Fluid Jets. (a) A Schematic Diagram about the Taylor
Cone; (b) A Digital Picture of the Taylor Cone Initiated at A Working Distance of 20 cm; and
(c) A Digital Picture of the Taylor Cone Initiated at A Working Distance of 12 cm.
According to Eq.(1), these phenomena are easy to be elaborated. When the electrode separation d
increased, the initiated voltage Vc should be correspondingly increased for a stable spinning process.
When a fixed voltage V was similarly applied on the fluids that had a different distance from the
collector, the longer the distance, the larger the value of Vc and the smaller the V over the Vc. Thus the
smaller electrical forces were exerted on the fluids, resulting in a longer Taylor cone and a longer
straight fluid jet. These phenomena can impressed the students a lot, which were not only utilized to
explain the basic theory to them, but also greatly encourage them to do further self-learning about this
advanced technology.
Shown in Fig. 4a is a schematic diagram about the Knudsen layer on a fluid jet in the instable
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region [22]. From Fig.4b to 4e are SEM images of the solidified nanofibers fabricated under different
working temperatures of 20, 30, 40 and 50 °C, respectively. From these morphology, an interesting
phenomenon is observed that the diameter of nanofibers first decreased and later slightly increased
when the working temperature gradually elevated.

Figure 4. The Utilization of Scientific Phenomena as Teaching Materials in Explaining the
Solidification of Fluid Jets during the Bending and Whipping Processes. (a) A Schematic Diagram
about the Knudsen Layer on A Fluid Jet in the Instable Region; (b) to (e) are SEM Images of the
Solidified Products Fabricated under Temperatures of 20, 30, 40 and 50 °C, respectively [22].
As evidently seen from the Eq.(2), the elevation of temperature will result in a thicker Knudsen
layer. However, the increase in temperature will simultaneously increase the saturated pressure and
consequently result in a thinner Knudsen layer. Thus, there is a balance between these two physical
variables. They simultaneously imposed on the electrospinning processes. At the earlier stage, the
increase of Ts is faster than ps and thus a thicker Knudsen layer can be maintained for drawing the
fluids at a relatively longer time period, which in turn result in the downsizing of nanofibers’
diameters. However, at the later stage, the increase of Ts is slower than ps and thus a thinner Knudsen
layer is generated, which result in a shorter drawing time period of the fluids before their
solidification, and thus in turn result in the increase of nanofibers’ diameters. These phenomena not
only make the students to grasp the theory deeply, but also promote them to do analysis on the
engineering problems using the related theories. Certainly, the phenomena occurred at the processes
of advanced technologies are first-rate teaching materials [23, 24].
Summary
In this investigation, different scientific phenomena happened during the electrospinning processes
were exploited as teaching materials to explain the related theories about materials science and
engineering to the college students. The traditional manner about teaching material theories to the
students in the classroom lesson is often obscure. The effective introductions of scientific phenomena
can make the teaching processes more vivid. What is more, the reasonable usage of scientific
phenomena can impress the students for grasping the related knowledge, can encourage them to do
self-learning, and also can hasten them to utilize the learned theories for analyzing some engineering
problems.
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