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ABSTRACT

Complicated microscale patterns of a beadless and uniform
nanofiber were precisely fabricated via extreme Near-Field
electrospinning (NFES). Although the bending instability effect
could be prevented by shortening Tip-To-Collector Distance
(TTCD) less than the critical length in typical NFES, complex
patterns in microscale have not been reported up to the date due to
the ignorance of the importance of jet speed. To understand the
effect of the parameters on jet speed for precise microscale
patterning, an experimental study on the process parameters such as
applied voltage, TTCD, and an electric field was performed. It has
been realized that reducing the applied voltage and the TTCD
simultaneously could minimize the jet speed, which results in
significant improvement of the accuracy of the deposition.
Fabrication of microscale patterns of nanofiber will broaden
applications of NFES such as fiber-based electronics, customized
cell culture matrix fabrication to name a few.

INTRODUCTION

Nanofiber has gotten many attentions due to its excellent
characteristics such as superior mechanical properties [1], the high
surface area to volume ratio [2], cost-effective, and its utilization.
More applications based on electrospinning are expected to be
unlocked if the fiber can be deposited at the desired location.
However, creating certain patterns of nanofiber seemed to be
challenging because of long tip-to-collector distance in conventional
electrospinning. Long tip-to-collector distance, typically more than
tens of centimeter, causes the jet to experience severe electrical
stretching and bending in which the jet starts traveling along
whipping path. To overcome this issue, Near-Field electrospinning
(NFES) was developed in 2006 by shortening the tip-to-collector
distance below few millimeters [3]. After the introduction of NFES,
the fabrication of patterns of nanofibers has been developed via
Near-Field electrospinning, but the patterns were limited to either
the arrays of simple straight lines or relatively big scale [4-6]. To
improve the accuracy of deposition and reduce the jet speed, NFES
with TTCD less than 1mm were utilized as shown in Figure 1 (a).
In spite of that, precise patterning requires the condition where the
absolute value of the jet speed normal to the collector is equivalent
to the absolute value of the collector speed (Figure 1 (c)). On the
other hand, the drawn pattern could be distorted because of slower
jet speed than the collector speed (Figure 1 (b)). Also, the pattern
could be drawn with the coiled or wavy shape of the fiber formation
rather than the straight line (Figure 1 (d)). Therefore, it is essential
to secure the jet speed that agrees with the collector speed for precise
patterning. We here report not only NFES system using established
Graphic User Interface (GUI), but also precise microscale patterns
of bead-less and uniform nanofibers that consists of both curves and
straight lines.
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Figure 1: (a) Schematic illustration of extreme near-field
electrospinning where tip-to-collector distance is less than 1mm (b)
Optical image showing an example of failed fiber pattern because
of faster collector speed than the jet speed (c) Optical image of an
example of successful fiber pattern owing to the equivalence
between the jet and the collector speed (d) Optical image showing
an example of failed fiber pattern because of faster jet speed than
the collector speed

EXPERIMENTS & METHODS

NFES system consists of XY-Stage, Z-stage, Microfluidic
pump, long-distance microscope, High-Voltage supply, and Real-
time control system via LabVIEW to control all of these devices as
shown in Figure 2. A 1 ml syringe with a 32 gauge (Nordson®)
metal needle was chosen, and a silicon wafer was selected as a
conductive collector, where the needle tip was connected to the
positive side of the DC supply, and the collector was grounded. 10%
wt of Polyethylene oxide (PEO, MW=400,000, Sigma Aldrich) was
prepared in Deionized water. 10% wt of PEO solution was selected
because high concentration solution could generate uniform and
beadless fiber, and higher viscosity results in the slower jet speed
compared to the ones from lower concentration solutions.
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Figure 2: Image of the actual setup of extreme near-field
electrospinning system with the established GUI

UNIFORM AND BEADLESS NANOFIBER

In order to secure uniform and beadless nanofiber, it is
important to keep the voltage lower than the critical point where the
excessive electrostatic force occurs. Figure 3 (a) shows the uniform
and beadless nanofiber while the Figure 3 (b) exhibits the irregular
and damaged nanofiber. This issue was caused by too strong impact
to the jet when the jet impinged on the collector since the jet still
contains most of the solvent in NFES. However, the electrostatic
force generated by the applied voltage less than 2500V with the
TTCD of 1.0 mm could not overcome the surface tension, resulting
in no initiation of the jet according to Taylor’s equation [7]

V2 = 4in(2h/R)(1.37Ry)(0.09) (1)

Where V. is the critical voltage, h is the distance from the
needle tip to collector surface, R is the outer radius of the needle, y
is the surface tension of the solution. Therefore, we added
mechanical force to the existing electrical force by poking the
meniscus so that the jet initiation could be accomplished by much
less applied voltage than 2500 V as shown in Figure 3 (c).
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Figure 3: (a) Uniform and beadless electrospun nanofiber using
extreme near-field electrospinning (b) irregular electrospun
nanofiber by applying an excessive voltage (c) Optical image of
onset of initiation
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EFFECT OF PARAMETERS ON JET SPEED

In NFES, three different shapes of the electrospun fiber such as
straight, wavy and coiled can be presented depending on the
relationship between the jet and the collector speed as shown in
Figure 4 (a-c). To understand the effect of the parameters on the jet
speed, controlling the parameters such as the applied voltage and the
TTCD was executed. When the applied voltage was controlled
during a continuous NFES process, the jet speed variation displayed
significant variation as shown in Figure 4 (a). This is because the
more electric field was formed and more charges were induced by
increasing the applied voltage, resulting in a much bigger
electrostatic force that leads to much faster jet speed. On the other
hand, the jet speed while changing the TTCD does not exhibit big
changes as shown in Figure 4 (b). While TTCD is lowered, the
corresponding electric field was increased, but the actual jet travel
distance was reduced. Hence, these two factors trigger opposite
effects on jet speed. As a result, the jet speed did not vary in the
operation range.
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Figure 4: (a) Straight line electrospun fiber (b) Wavy shape
electrospun fiber (c) coiled-shape electrospun fiber (d) Plot of
normalized jet speed under varying the applied voltage (e) Plot of
normalized jet speed under varying the tip-to-collector distance

IMPORTANCE OF DROPLET SIZE CONTROL

When it comes to NFES, droplet size was noticed to affect the
process. In conventional electrospinning with TTCD of tens of
centimeters, the droplet size was not treated as one of the process
parameters since it is not influential owing to its small portion of the
length out of the TTCD. On the other hand, the droplet size shows
its effect as TTCD is shortened less than 1mm, where the droplet
size takes more than 30 % of the length out of the TTCD. As shown
in Figure 5, the droplet size happens to vary if the feed rate and the
deposition rate does not agree to each other. With the varying
droplet size, the corresponding electric field and the jet travel
distance (JTD) changes. Therefore, it denotes the importance of
controlling the droplet size in NFES to secure identical electrospun
fiber regarding its shape and diameter. The droplet size control in
this experiment was performed by established vision control using
LabVIEW. The established vision system can trace the droplet size
in real-time so that it calculates the difference between the feed rate
and the deposition rate, and it communicates with the microfluidic
pump to either increase or decrease the feed rate.
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Figure 5: The changes in the corresponding electric field and the jet
travel distance by the variation of the droplet size in NFES

RELIABILITY & CONTROLLABILITY

Controlling applied voltage has shown the most variation
regarding jet speed and diameter in the previous section. Therefore,
another experiment with varying the applied voltage was executed
to secure the reliability and controllability of jet behavior. While
the applied voltage changed in the range between 500 and 900 V,
the measured jet speed showed the reasonable agreement at each
applied voltage as shown in Figure 6 (a). Likewise, the measured
diameter of the electrospun fiber at each applied voltage was placed
in the similar range as shown in Figure 6 (b).
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Figure 6: (a) Normalized jet speed under varying the applied
voltage up and down between 500 and 900 V (b) Fiber diameter
under varying the applied voltage up and down between 500 and
900V

CONCLUSION

To sum wup, we introduced the extreme near-field
electrospinning with tip-to-collector distance less than Imm as well
as the uniform and beadless nanofiber patterning. In order to
fabricate precise fiber pattern, it is important to have the speed of
the jet and the collector to be equivalent to each other. Therefore,
the effect of the parameters on jet speed during a continuous
electrospinning process was investigated, and it turns out that the
applied voltage appears the most dominant effect on jet speed than
the tip-to-collector distance and the average electric field. In
addition, the importance of controlling droplet size in NFES was
detected since it affects the properties of the electrospun fiber
regarding the shape and the diameter. Also, the reliability and
controllability of the jet behavior were tested by adjusting applied
voltage. Finally, we here present the microscale serpentine patterns
of the beadless and uniform nanofiber.
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Figure 7: SEM image of a microscale serpentine pattern of beadless
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and uniform nanofiber
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