
UC Irvine
UC Irvine Electronic Theses and Dissertations

Title
Side Initiated Carbon Fibers via Electro-Mechanical Spinning

Permalink
https://escholarship.org/uc/item/4jz5v5gg

Author
Qiu, Qiu

Publication Date
2017
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4jz5v5gg
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA,
IRVINE

Side Initiated Carbon Fibers via Electro-Mechanical Spinning

THESIS

submitted in partial satisfaction of the requirements
for the degree of

MASTER OF SCIENCE

in Materials Science and Engineering

by

Qiu Qiu

Thesis Committee:
Professor Marc Madou Irvine, Chair

Professor Martha Mecartney
Professor James Earthman

2017



© 2017 Qiu Qiu



ii

DEDICATION

To

My mum

Form whom I have got unconditional love and ongoing support,

From whom I have inherited the passion for study,

From whom I have learned insist would eventually pay back,

Physically, spiritually and mentally.



iii

TABLE OF CONTENTS

Page

LIST OF FIGURES iv

ACKNOWLEDGMENTS vii

ABSTRACT OF THE THESIS viii

1. INTRODUCTION 1

2. EQUIPMENT SET-UP AND MATERIALS 6

2.1 EQUIPMENT SET-UP 6

2.2 SOLUTION MATERIALS 7

3. RESULT AND DISCUSSION 8

3.1 SIDE ELECTROSTATIC INITIATION 8

3.1.1 SIDE ELECTROSTATIC INITIATION PROCESS 8

3.1.2 INFLUENCE ON THE THICKNESS OF FIBERS 13

3.2 MECHANICAL STRETCHING PROCESS 21

3.3.1 CHANGING TO A CONDUCTIVE SUBSTRATE 21

3.3.2 INFLUNCE ON THE INTERVAL BETWEEN FIBERS 23

4. CONCLUSION AND FUTUREWORK 34



iv

LIST OF FIGURES

Page
Figure 1.1a The scheme of NFEMS: new set-up. 5

Figure 1.1a The scheme of NFEMS: normal set-up. 5

Figure 2.1 NFEMS set-up. 6

Figure 3.1a Bottom jet initiation at 600Vwhen it is successful. 10

Figure 3.1b Bottom jet initiation at 600V when it is unsuccessful. 10

Figure 3.1c Fiber whipped randomly like in FFES. 10

Figure 3.2 Ratio of jet initiation success for bottom substrate initiation and side
initiation with glass tip. 11

Figure 3.3a 3D COMSOL simulation yz-plane view for bottom electrostatic initiation at
500V. 12

Figure 3.3b 3D COMSOL simulation yz-plane view for side electrostatic initiation with a
introduced glass tip at 500 V. 12

Figure 3.4a Side electrostatic initiation. 13

Figure 3.4b Manual initiation. 13

Figure 3.5 Diameter distribution of electrostatic jet and manual initiation. 13

Figure 3.6 Measured fiber’s diameter for three different glass tip sizes at different
applied voltage. 14

Figure 3.7 Localized electric field in x-direction vs voltage. 15

Figure 3.8 Simulated localized electric field at critical initiation point for different glass-
tips. 16

Figure 3.9a Simulated localized electric field at yz-plane for glass tip size of 50 µm.
16

Figure 3.9b Simulated localized electric field at yz-plane for glass tip size of 450 µm.
16



v

Figure 3.10 Measured fiber’s diameter for three different glass tip sizes. 17

Figure 3.11 Critical electric field between nozzle and substrate in y-direction vs.
substrate to nozzle distance. 18

Figure 3.12 Measured fiber’s diameter vs. droplet radius. 19

Figure 3.13 Simulated critical electric field in x-direction vs. droplet radius. 19

Figure 3.14a Collect fibers through NFEMS on a normal silicon substrate. 22

Figure 3.14b Collect fibers through NFEMS on a p-type doped silicon substrate. The fibers
merged together. 22

Figure 3.14c Collect fibers through NFEMS on a p-type doped silicon substrate. The fibers
separated by a 20 µm gap. 22

Figure 3.14d The input pattern where the arrows showed the moving direction of the
stage. 22

Figure 3.15a The real pattern of fibers when the stage moved according to a no-gap simple
back and forth input pattern with 1% max speed and 5%max acceleration. 24

Figure 3.15b The real pattern of fibers when the stage moved according to a no-gap simple
back and forth input pattern with 1% max speed and 10%max acceleration. 24

Figure 3.15c The real pattern of fibers when the stage moved according to a no-gap simple
back and forth input pattern with 1% max speed and 15%max acceleration. 24

Figure 3.15d The real pattern of fibers when the stage moved according to a no-gap simple
back and forth input pattern with 1% max speed and 20%max acceleration. 24

Figure 3.15e The real pattern of fibers when the stage moved according to a no-gap simple
back and forth input pattern with 1% max speed and 25%max acceleration. 24

Figure 3.15f The real pattern of fibers when the stage moved according to a no-gap simple
back and forth input pattern with 5% max speed and 25%max acceleration. 24

Figure 3.16a A input pattern with 20 µm interval and 5 mm length was used with 5%max
speed and 2%max acceleration. 25

Figure 3.16b A input pattern with 20 µm interval and 5 mm length was used with 2%max
speed and 2%max acceleration. 25



vi

Figure 3.16c A input pattern with 20 µm interval and 5 mm length was used with 2%max
speed and 1%max acceleration. 25

Figure 3.17 The fibers were collected on a TEM grid with an input pattern with 20 µm
interval and 5 mm length, using 1%max speed and 20%max acceleration. 26

Figure 3.18 Fibers made with 1%max speed and 20%max acceleration and an input
pattern with a 40 µm interval and 5 mm length. 27

Figure 3.19a Use 2% max speed and 1%max acceleration and an input pattern with a 20
µm interval and 5 mm length. The right turnings of the real patter. 28

Figure 3.19b Use 2% max speed and 1%max acceleration and an input pattern with a 20
µm interval and 5 mm length. the middle part of the real pattern. 28

Figure 3.19c Use 2% max speed and 1%max acceleration and an input pattern with a 20
µm interval and 5 mm length. The left turnings of the real pattern. 28

Figure 3.20 The movement of the initiated fiber during mechanical stretching. 28

Figure 3.21a Simulation models for normal needle. 29

Figure 3.21b Simulation models for tri-vertex needle. 29

Figure 3.21c Simulation models for normal needle with flat solution bubble. 29

Figure 3.21d Simulation models for normal needle with a strip substrate. 29

Figure 3.22 Top view of the electric field of normal needle model (left) and tri-vertex
needle model (right). 29

Figure 3.23 Side view of the solution bubble’s electric field of normal needle model (left)
and tri-vertex needle model (right). 30

Figure. 3.24 Electric field top view (left) and side view (right) of a flat solution bubble.
30

Figure. 3.25 Electric field side view (left) and side view (right) of strip substrate instead
of a plane substrate. 31

Figure. 3.26 The model of a normal nozzle with a guiding plate. 32

Figure. 3.27 The relationship between the y-axis position of the maximum electric field
and the distance between the guiding plate and the needle. 33



vii

ACKNOWLEDGMENTS

First I would like to give my genuine appreciation to my adviser, Professor Marc Madou. During

my Master study and thesis preparation, he offered guidance through my experiments and

encouraged me for thinking critically and creatively. His ideas always shine light on me when I

confused about not only my research but also my career. I’m truly grateful for his helpfulness

and kindness during my stay in UCI.

I would also thank my thesis dissertation committee, Professor James Earthman, Professor

Martha Mecartney, for their time and inputs as being my committee members.

I would like to thank previous and present lab members, especially Sunny Holmberg and

Lanchun He, for their mentoring when I joined the lab and start the research topic. I would also

like to thank Albert Cisquella and Arnoldo Salazar, for their help and support during my research

work. I want to thank other lab members for their friendships and collaboration. Together we

shared the unforgettable experience in my 2 years’ stay at UCI.



viii

ABSTRACT OF THE THESIS

By

Qiu Qiu

Master of Science in Materials Science and Engineering

University of California, Irvine, 2017

Professor Marc Madou Irvine, Chair

Suspended carbon nanofiber can be used as basis in many attractive inexpensive MEMS devices.

Among various methods to fabricate suspended carbon nanofiber, using Nearfield Electro-

Mechanical Spinning (NFEMS) to generate carbon nanofiber across a substrate with a trench

provides several advantages over other methods. because it can be executed easily and cheaply.

In order to get a better performance of those suspend carbon nanofibers, the controllability of

both electrospinning and mechanical stretching in NFEMS should be improved. Thus, how to

provide a more stable NFEMS method will be discussed in this paper. Generally, for developing

a more stable method, during the initiation phase in NFEMS using a side electrostatics initiation

method in nearfield electrospinning is more repeatable than using a traditional physical contact

initiation method, generating a thinner fiber than using traditional method. During the

mechanical stretching phase, both the moving speed and acceleration of the substrate will affect

the stability of NFEMS method.
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1. INTRODUCTION

Nanomaterials define a new research area due to the unique size-dependent properties as

compared to normal bulk materials, making them a better choice for a wide variety of

applications such as analytical sensors and bio sensors, structural materials, or in

microelectromechanical systems [1], achieving special functions that cannot be provided by

traditional bulk materials. The rising studies about nanomaterials embrace several disciplines

including chemical, physical, biological and even electrical engineering, at scales ranging from

individual atoms to submicron dimensions.[2] Recent breakthroughs in nanomaterials' fabrication

and application indicate that the nanomaterial has a great potential to make huge changes for our

life in the near future, which may be comparable to the profound and lasting differences made by

semiconductor industry and information technology in last decades.[2] Therefore, there is a trend

in research on nanomaterials and this is a necessary step to make technological progress.

Among diverse materials with various types of nanostructure, carbon nanofiber, as one of the one

dimensional materials, is widely studied for its excellent electrical and thermal properties, high

chemical resistivity and high electrochemical stability [1], promising numerous applications.

Among the fabrication methods for synthesis of carbon nanofiber, electrospinning is one of the

most straightforward and cost effective [2] way to obtain novel fibers with diameter less than 1µm.

Electrospinning is a process where ultra-fine fibers are produced with an electricalchemical

system [3]. Through applying a high voltage between a charged polymer fluid and a collector,

which usually are silicon-based, a polymer droplet will be stretched and jet out fibrous structures

(in the range of 10 µm -10 nm [4]) with applications in filtration systems, scaffolds, and micro-

and nanodevices. [5,6] Different fiber diameters are dependent on the interelectrode distance,

electric field, concentration and flow rate of the polymer fluid [4]. Electrospinning can be used to

fabricate ultra-thin fibers from a carbon-based polymer solution such as SU-8 or PAN solutions.

Then a following pyrolysis process is conducted in a N2 environment to convert polymer fibers

into carbon fibers, at the same time to further reduce the thickness of the fibers. Combining the

electrospinning and the pyrolysis, carbon nanofibers can be produced in an effective and

economical way.
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Traditional electrospinning is normally considered far field electrospinning (FFES) where the

distance between the nozzle and the collecting substrate is large and the applied voltage is over

10 kV. For this method, a bending instability occurs as the fiber travels from the needle to a

collecting substrate due to charge interactions within the polymer jet. This bending instability

causes the fibers to deposit on the collector with random orientations, resulting in a 3D

interwoven nanofibers [7]. Because of the disorder and stagger of the fibers, the interwoven

fibers are usually considered as a mat without pattern instead of fibers.

Within the last decade, a new form of electrospinning has emerged called the near field

electrospinning (NFES) [5]. Although NFES utilizes the same mechanism as traditional

electrospinning, it is inherently a different fabrication process. While traditional electrospinning

has been used as a means of creating textile like nanostructure mats, NFES is a Nano-writing

fabrication process, which can create controlled continuous fibrous patterns. By positioning the

collector significantly closer to the needle (<3 mm) than in conventional electrospinning (10-30

cm), and scaling down the voltage applied to the needle (600 – 1000 V vs 10-30 kV), the

bending instability in NEFS is eliminated, allowing the development of such controllable

patterns [5, 8, 9]. The main advantages of NFES as a Nano-writing system, compared to other

contemporary systems, are the remarkable flexibility and relatively low cost [10]. NFES is

compatible with most polymer solutions with few exceptions due to their electrical permittivity,

charge conductivity and/or viscoelasticity. However, these restrictions could be often easily

overcome through changes in the solvent, addition of salts and/or addition of more elastic

polymers. NFES also is one of the few Nano-writing techniques that can fabricate suspended

structures, while avoiding common problems such as stiction that often adversely affects wet

fabrication processes.

A variation of NFES was developed by our group, known as Near-field Electromechanical

Spinning (NFEMS), with this technique it is possible to fabricate thinner fibers as compared to

NFES by mechanical stretching the electrospun fibers. This reduction in diameter is achieved by
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reducing the needle-to-substrate distance to less than 1 mm and the voltage to the range of 200 V

to 800 V, and by optimizing the viscoelasticity of the polymer solution as described in reference
[1]. A moving stage is introduced in NFEMS to collect and stretch the fibers generated by NFES.

Thus, more parameters should be considered in this process, including the stretching speed and

stretching acceleration of the collector. Through mechanical stretching with a certain pattern,

nanofibers can be deposited on the substrate with the same pattern, where a direct Nano-writing

technology can be achieved.

Although NFES and NFEMS are very promising Nano-writing methods, certain difficulties in

understanding and controlling the deposition of the electrospun fibers have slowed down its

automation and commercialization. Main challenges include the controllability and

reproducibility of polymer-substrate interactions and the lack of a reliable method for initiating

the fiber jet, both factors that affect the uniformity and variation of the fiber’s diameter. Unlike

FFES, normally the electric field in near field range is not strong enough to break the surface

tension of the polymer droplet and thus automatically initiate the polymer jet deposition [10].

Therefore, NFES requires alternative methods to induce an instability to the polymer droplet

meniscus to initiate the jet. Currently, the most common method for jet initiation in NFES it’s by

physically touching the meniscus to break the surface tension of the droplet. However, this

method is difficult to control, and unreliable for producing fibers with well-defined dimensions,

in addition to producing thicker fibers, with diameters above 1 µm [1]. A new initiation method is

also widely used, where the surface tension of solution is broken by the electrostatic force

between the nozzle and the substrate [11]. This method has a higher possibility to produce the fine

fibers with smaller dimension, but the fiber generated may be affected by the high electric field

between the nozzle and the substrate and the charge interaction like in FFES. Still, a more

controllable and reliable initiation method is required for NFEMS.

Besides, a mechanical stretching process is utilized after fiber being generated, not only for a

thinner fiber which can be comparable to the fibers fabricated by FFES, but also to produce a

organized pattern with the fibers, truly realizing the direct-writing system. However, when the
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nanofibers are deposited on the substrate, the deposited fiber will repel the following fiber due to

dispersing the residual charges. The repulsion force between two adjacent fibers makes it

impossible to align the fibers with an average gap smaller than 74 µm [12]. Smaller interval

between the aligned fibers will save the space and contribute to integration of nanofibers for

MEMS (micro electrical mechanical system). Flipping the polarity of the applied voltage can

reduce the distance between two fibers to 20 µm [12]. However, the gap is not uniform and it is

not easy to flip voltage’s polarity. Thus, a more simple and effective way is needed for NFEMS.

This work demonstrates the feasibility of using electrostatic forces as a reproducible method for

the initiation of the polymer fiber jet in NFES, following using conductive substrate in

mechanical stretching with certain parameter to deposit organized and uniform fiber patterns.

The new setup, shown in figure 1.1a, breaking the surface tension by electrostatic force between

the nozzle and a side-introduced glass tip, allows us to employ the electric field to substantially

facilitate the electrostatic generation of polymer fibers. The set-up of a normal initiation method

which break the surface tension by the electrostatic force between the nozzle and the substrate is

also shown in figure 1.1b. Compared to using the normal method, the fibers developed via the

new method are on average, an order of magnitude thinner and have significantly narrower

variations in diameter as compared to those fabricated using physical contact initiation. Key

fabrication parameters, including the distance from the nozzle to the substrate, dimension of the

initiation tip, droplet size and applied voltage were varied to experimentally determine their

efficacy in electrostatic jet initiation. Numerical Finite Element models were implemented to

visualize the effects of the afore-mentioned parameters on altering the shape and intensity of the

electric field. After a series researches about electrostatic initiation completed, the following

process mechanical stretching is studied. Various parameters are combined to produce a uniform

pattern with consistent gap distance from fibers. The experimental results, assisted by the

numerical simulation models, indicate that based on an appropriate parameter combination, we

will be able to control the repelling force and the thickness of the fiber.
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Figure 1.1. The scheme of NFEMS: a) the new set-up. Electrostatic force between nozzle and
side glass tip will break the surface tension of the bubble. b) the normal set-up. Electrostatic

force between the nozzle and the substrate will break the surface tension.

a) b)
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2. Equipment Set-up and Materials

2.1 Equipment set-up

A NFEMS setup is shown in figure 2.1. A computer is introduced in the system to control the

movement of the stage by program. Besides controlled by computer, the stage can also be

controlled manually by stage controller. The applied voltage can be changed from 100 V to 1200

V. A pump is attached with the syringe to inject or withdraw the solution by pump controller.

The experiment can be observed through the magnify lens and recorded by the camera.

Figure 2.1. NFEMS set-up.
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2.2 Solution Materials

SU-8 2002 (MicroChem Corp., 29% solids, 7.5 cSt viscosity and 1.123 g/ml density) is used for

the carbon precursor material. High molecular weight poly ethylene oxide (PEO, MW =

4,000,000) from Dow Inc. (WSR- 301) is added to increase the viscosity. Salt

Tetrabutylammonium tetrauoroborate (C16H36BF4N) is added to increase the conductivity for the

polymer formulation. Dimethylformamide (DMF) or Cyclopentanone is chosen for solvent.
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3. Results and Discussion

3.1 Electrostatic Side Initiation
Electrostatic side initiation is studied in this section for its reliability and reproducibility. Various

parameters are tested to receive the best combination for uniform and thinner fibers. The solution

used for the study of electrostatic side initiation is made by stirring 0.015g PEO and 0.02g salt

with 2 ml SU8-2002 solution and 600 µl DMF at a low rpm (100-150 rpm) on a hot plate for 30

minutes with a heating temperature ~70℃.

3.1.1 Side electrostatic initiation process

Usually to initiate fiber in nearfield, people will break the surface tension manually, which
includes too many uncontrollable factors. Towards a more controllable method for jet initiation
that doesn’t involve physical manipulation, the conditions at which the electric field becomes
strong enough to overcome the surface tension of the droplet is studied. From the studies in
electrohydrodynamic (EHD) jetting phenomena, it is known that when a voltage is applied
between the dispensing nozzle and the grounded substrate, charges accumulate on the polymer
meniscus. Jet initiation will occur when the sum of the hydro-static and electrostatic pressure in
the nozzle is larger than the pressure induced by surface tension [11]:

ghE
r


 2

2
12 (1)

Where ε it’s the permittivity of the droplet, E is the electric field, ρ is the density of the fluid, g is
the acceleration of gravity, h is the height difference between the nozzle tip and the liquid level
on the reservoir, σ is the surface tension of the liquid and r is the radius of curvature of the
droplet meniscus.

According to the theory, electrostatic initiation can be produced when a critical electric field is
achieved between the charged nozzle and the grounded collector. Since the main parameters
influencing the moment at which a Taylor cone is formed in a NFES setup are the applied
voltage and the distance from dispensing nozzle to grounded substrate, there are two ways to
achieve the critical electric field: decreasing the distance between nozzle and substrate or
increasing the voltage between them. First, initial experiments to determine the conditions at
which jet initiates on a bottom plate substrate were performed (figure 3.1) since fibers initiated
by a collector are widely used in NFES. Taking the nozzle to substrate distance as 550 µm, and
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voltage ranging from 300 V to 700 V, jet initiation was observed (figure 3.2). For bottom plate
initiation, the ratio of success increased with increased voltage, reaches a maximum 60% success
of jetting at 700 V. While this method has been used widely in NFES, the low success ratio at the
low voltage make it hard to avoid the whipping motion of the electrospun fibers which is like
FFES introduced motion by high electric field between the nozzle and the substrate. (figure 3.1c).
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Figure 3.1. Bottom jet initiation at 600V: a) successful. Taylor cone was formed and fine fiber
was generated. b) unsuccessful. No Taylor cone appeared since droplet merged onto the substrate.

c) Fiber whipped randomly like in FFES since the high electric field between nozzle and
collector.
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Figure 3.2. Ratio of jet initiation success for bottom substrate initiation and side initiation with
glass tip.

In order to solve this problem to get a higher successful initiation ratio with more organized
fibers, another initiation approach, which is introducing a glass tip from the side of the polymer
droplet (figure 4a), was studied. Instead of generating a fiber between the flat substrate and the
nozzle like bottom initiation, the new method, called side initiation, aims to initiate a fiber
between the side glass tip and the nozzle. Additional parameters to consider for side initiation are
the distance from the droplet to glass tip and the diameter of the glass tip. Again, maintaining a
550 µm needle to substrate distance, a glass tip with dimension smaller than 150 µm was taken
to a distance of ~50 µm from the droplet. At this distance, due to the charge accumulation on the
dielectric glass tip substrate, the localize electric field it’s strong enough to break the surface
tension. A 3D simulation by COMSOL (figure 3.3) indicates that compared to using the bottom
initiation, at the same needle to flat substrate distance, the electric field at the top of the droplet is
much higher when using the side initiation, increasing from 1.916 V/µm to 3.388 V/µm. Also,
the electric field is more concentrated by side initiation (figure 3.3b) than the field generated by
using the bottom initiation (figure 3.3a), since the glass tip have a smaller area relative to the big
area of the flat collector. Therefore, side initiation proved to be a more reliable method to initiate
the deposition achieving a 100% success ratio at even the lower voltages (figure 3.2). Thus, only
the side electrical initiation can offer a high ratio of success and ordered fibers no matter what
voltage is applied.
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Figure 3.3. 3D COMSOL simulation yz-plane view for a) Bottom electrostatic initiation at 500V.
b) Side electrostatic initiation with a introduced glass tip at 500 V. Multislice shows the applied

voltage with color range and the arrow surface shows the electric field in yz-plane.

Figure 3.4. a) Side electrostatic initiation. b) manual initiation.

a) b)
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To test the performance of side electrostatic initiation, in comparison to manual poking initiation
(figure 3.4b), fifteen fibers with each initiation method were deposited and their diameters were
measured with scanning electron microscope (SEM). Figure 3.5 presents the diameter
distribution for the fibers fabricated with both electrostatic initiation and manual initiation
methods. The average diameters of fibers produced by manual and electrostatic initiation were
1756 ± 253.8 nm and 693.4 ± 193.6 nm, respectively. Thus clearly, by using electrical initiation,
a better control to produce both more uniform and thinner fibers can be achieved.

Figure 3.5. Diameter distribution of manual and electrostatic jet initiation.

3.1.2 Influence on the thickness of the fibers

Experimentally, side electrostatic initiations at different applied voltages with three different

glass-tip sizes were studied and diameter of the generated fibers were record respectively. During

the experiment, the glass tip to nozzle distances were measured at the moment when the fiber

initiated, which is the maximum distance required to guarantee the electric field between the

nozzle and the glass tip is big enough to break the surface tension of the droplet under a certain

voltage and consequentially generate a fiber. The maximum distance between needle and glass

tip needed to generate a fiber by side initiation is called critical distance in this paper, while the
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minimum electric field needed to initiate a fiber is called critical electric field. In Figure 3.6, for

a certain glass tip, keeping a needle to substrate distance of 500 µm, the fact that fiber’s

thickness decreases with increasing voltage was observed. A COMSOL model is introduced to

explain this phenomenon by obtaining the localized electric field. In a COMSOL simulation, the

critical electric field can be calculated based on the experimental critical distance and voltage.

Using a glass tip with diameter of 300 µm in the model, the critical electric field in x-direction,

which is direction between the glass tip and the droplet, at a certain point of the droplet, were

calculated by simulation with respect to the different voltages and relative critical distance.

Figure 3.7 illustrates the linear acceding tendency of critical electric field in x-direction when

keep increasing the voltage. Therefore, the stronger electric field between the glass tip and the

nozzle will generate a stronger electrical force, which will stretch the nanofiber further into a

thinner fiber.

Figure 3.6. Measured fiber’s diameter for three different glass tip sizes at different applied

voltage.
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Figure 3.7. Localized electric field in x-direction vs voltage.

Besides the applied voltage, the size of the glass tip will also have influence on the thickness of

nanofiber. Shown in figure 3.6, a larger glass tip size will result in a thicker fiber. Similarly, the

COMSOL model was used to understand this result. Figure 3.8 indicates that at a certain voltage,

the critical electric field remains the same regardless of the glass tip size, meaning the glass tip

size doesn’t have a significant effect on the critical electric field value thus the changing of fiber

thickness with different glass tip sizes is not caused by electric field. However, further simulation

shows when the glass tip size changes, the distribution of the electric field will change, which

can be the reason why the size of the glass tip will affect the thickness of the fiber (figure 3.9).

In figure 3.9 the distribution of electric field with 50µm and 450µm glass tip is shown

respectively, for a substrate to nozzle distance of 550 µm and an applied voltage of 500 v. For

the 50 µm glass tip, the electric field is more localized between the droplet and the glass tip,

while for the 450 µm glass tip a larger area of the droplet will be influenced and a less

concentrate distribution of electric field is shown, resulting in thicker fibers.
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Figure 3.8. Simulated localized electric field at critical initiation point for different glass-tips.

Figure 3.9. Simulated localized electric field at yz-plane for a) glass tip size of 50 µm; and b)

glass tip size of 450 µm. The slice shows electric field norm (V/m) with color range and the

arrow surface shows the electric field.

Experiments to observe the influence of the distance from the grounded substrate to the needle

were also conducted and the diameter of the resulting fibers were measured. The results are

a) b)
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shown in figure 3.10, showing that with a larger substrate to needle distance, the thickness of the

fiber is thinner.

Figure 3.10. Measured fiber’s diameter for three different glass tip sizes.

To explain the results of figure 3.10, the simulations considering the critical electric field

between the nozzle and the substrate, which is in the y-direction, were conducted (figure 3.11).

In this case, for a given voltage 500 V and a certain glass tip size, the distribution of electric field

and value of critical electric field around the initiation point are almost the same. However,

increasing the substrate to needle distance will result in a reduction of the electric field in the y-

direction. Smaller Ey will lead to thinner fibers, which is caused by the decreasing force in y-

direction due to the lower Ey.
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Figure 3.11. Critical electric field between nozzle and substrate in y-direction vs. substrate to

nozzle distance.

Other factors may affect the thickness of the fibers were also studied such as the size of the

droplet. Experimentally it was found that a big droplet tends to generate a thicker fiber (figure

3.12). As the results shows in the simulation (figure 3.13), the critical electric field in the x-

direction at the initiation point for a small droplet is larger than that for a bigger droplet.

Therefore, a smaller droplet will have a stronger electric force to stretch the nanofiber. This

result is consistent with the result above, where a larger Ex leads to a thinner fiber.
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Figure 3.12. Measured fiber’s diameter vs. droplet radius.

Figure 3.13. Simulated critical electric field in x-direction vs. droplet radius.
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Based on the simulation and experimental results, an ideal fine nanofiber can be fabricated in

side electrostatic initiation NFES when the electric field in x-direction is large, which can be

achieved by applying higher voltage and having a smaller droplet, when the electric field in y-

direction is small, which can be fulfilled by having higher substrate to nozzle distance, and when

the electric field is concentrated by using a smaller glass tip.
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3.2 Mechanical stretching process

Mechanical stretching process, which generally is moving the substrate with a certain moving

speed and acceleration to stretch the fibers after electrostatic initiation but before the fiber

collecting on the substrate, is used to assist aligning the nanofibers, therefore achieving a highly

controllable and organized NFEMS system. With the appropriate mechanical stretching, not only

an aligned fiber pattern but also fibers with higher performance can be obtained. However,

highly aligned fibers with a small and constant interval is hard to realized, due to the remnant

charge in the fiber. Those remnant charges will cause repulsion between two adjacent fibers and

break the uniform gap. Changing the substrate to a conductive material like doped silicon and

adjusting the mechanical stretching parameters are utilized to reduce the remnant charges in this

section, to provide a more aligned fiber pattern and improve the controllability of NFEMS.

The solution used for the study of mechanical stretching process is made by stirring 0.5% PEO

and 0.5% salt in SU8-2002 solution at a low rpm (100-150 rpm) on a hot plate for 90 minutes

with a heating temperature ~70℃.

3.2.1 NFEMS on a conductive substrate

Normal silicon substrates are widely used for NFEMS, for the compatibility of silicon in MEMS

area will help to develop further application of the carbon fibers. However, intrinsic silicon or

even silicon dioxide is insulating, which will cause the remnant charges in the fiber after the

fiber is collected by the substrate, therefore causing repelling between two contiguous fibers.

Using a doped silicon can solve this problem by offering higher electrons mobility to eliminate

the residual charges faster (figure 3.14).
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Gap

Length

Figure 3.14. Collect fibers through NFEMS a) on a normal silicon substrate and b) and c) on a p-

type doped silicon substrate. d) is the input pattern where the arrows showed the moving

direction of the stage.

In figure 3.14a, a normal insulate silicon substrate is used as collector. A back and forth pattern

is conducted by the CNC controlled moving stage with 20 µm interval and 5 mm length. The

input pattern is shown in figure 3.14d. The real pattern of fibers on an insulate substrate is

disorder and unsystematic due to the repelling force between fibers. After changing an insulate

substrate to a conductive one, fibers align straightly instead of repelling each other. However, a

fusion between adjacent fibers occurs when the remaining charges diffused too fast to create an

attraction force between fibers. By adjusting the parameters of mechanical stretching such as

stretching speed or acceleration, an aligned, organized and uniform pattern of fibers can be

achieved. Compared to using a insulate silicon as substrate, using a conductive silicon as

a) b)

c) d)
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substrate helps a lot to align the fibers, producing both a more uniform interval and a more stable

fiber thickness (figure 3.14c). A controllable NFEMS can only achieved when the residual

charges in the fibers is eliminated and controlled. Changing the collector form insulate material

to conductive material is one of the most effective ways.

3.2.2 Influence on the interval between fibers

Different stretching speeds and accelerations are two influence factors of the repulsion force

between fibers. Fibers generated with the same side electrostatic initiation method are collected

on a p-type silicon substrate. The stage moved with a no-gap and simple back and forth

movement input pattern while different moving acceleration and speed were used. The real

pattern drawn by nanofibers are illustrated in figure 3.15 a-f. According to the input pattern, the

two fibers should merge together, which correspond with figure 3.15a and figure 3.15b, where

the moving speed is 1% of the maximum moving speed of the stage (approximate 0.5mm/s) and

acceleration is smaller than 10% of the maximum acceleration of the stage. However with the

increasement of acceleration, the interval between two fibers becomes bigger, which indicates

that the repulsion force will increase with higher acceleration. At the same time, the result from

adjusting the speed of moving stage demonstrates that higher speed will decrease the repulsion

force so that two adjacent fibers will become closer, shown in figure 3.15f. The less residual

charges remaining in fibers, the less repelling force between two fibers, resulting smaller gaps

between fibers According to this results and assumption, higher acceleration might shorten the

time for dispersing the residual charges in the first fibers, causing the augment of repelling force

or even attracting force between the first fiber and the second fiber. Similarly, the interval

became smaller when increase the moving speed of the stage indicates that higher speed resulted

in less time to charge up the first fiber, thus smaller amount of charges was trapped in the fiber,

consequently it had smaller repelling force between fibers. Hence a lower acceleration which

helps to eliminate the residual charges and a higher speed which helps to reduce the former

fiber’s charging up can both contribute to controlling the repelling force in NFEMS.
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Figure 3.15. The real pattern of fibers when the stage moved according to a no-gap simple back

and forth input pattern with a) 1% max speed and 5% max acceleration, b) 1% max speed and

10% max acceleration, c) 1% max speed and 15% max acceleration, d) 1% max speed and 20%

max acceleration, e) 1% max speed and 25% max acceleration and f) 5% max speed and 25%

max acceleration.

A experiment was carried out to prove that through adjusting the speed and the acceleration

during mechanical stretching, the repelling force between adjacent fibers can be regulated to get

a more uniform gap. Figure 3.16 shows that if the mechanical stretching parameters are adjusted

to a appropriate value, a pattern with uniform interval and fiber thickness can be obtained. A

input pattern with 20 µm interval and 5 mm length (figure 3.14c) was used. When the speed is

5% and acceleration is 2%, the merged and separated fibers appeared alternatively (figure 3.16a).

This phenomenon might be caused by a uniform repelling force, reflected in a higher repulsion

force between the first and the second fibers while a smaller repulsion force between the second

and the third fibers. After decreasing the speed to 2% while keep the acceleration the same, some

merged fibers gradually became discrete and distinguishable (figure 3.16b), since lower speed

a) b)

d) e)

c)

f)
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will increase the repelling force to divide merged fibers. Finally, a pattern with clear fibers and

uniform interval was achieved by keep the speed to 2% while reducing the acceleration to 1%

(figure 3.16c), as a lower acceleration will help to eliminate the residual charges regardless the

charges’ polarity, reducing both repelling and attracting force.

Figure 3.16. A input pattern with 20 µm interval and 5 mm length was used with a) 5% max

speed and 2% max acceleration, b) 2% max speed and 2% max acceleration, c) 2% max speed

and 1% max acceleration.

The aligned pattern can not only be produced on a flat silicon substrate, but can also be

fabricated on a substrate with small gaps, therefore obtain the suspend fibers. The fibers

collected on a TEM grid with a input pattern with 20 µm interval and 5 mm length were

observed by SEM (figure 3.17), using 1% max speed and 20% max acceleration. Fibers were

aligned with a distance around 20 µm even on the gap of the TEM grid and the fiber thickness is

a round 1 µm before pyrolysis. Aligned suspended fibers with a small interval is the base of

several different applications. By integrating NFEMS with the Carbon-MEMS microfabrication

process, that consists of UV photolithography of carbon precursor followed by a pyrolysis

treatment at 900 °C under an inert N2 environment, this group has reported on the development

of carbon devices based on suspended carbon nanofibers [10,11,12].

c)b)a)
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Figure 3.17. The fibers were collected on a TEM grid with a input pattern with 20 µm interval

and 5 mm length, using 1% max speed and 20% max acceleration.

More experiments using different solution and parameters were conducted to prove that an

appropriate combination of stage moving speed and acceleration can help to control interaction

force between fibers. The solution used for the figure 3.18 was made by 0.015g PEO and 0.02g

salt mixing in 2 ml SU8-2002 solution and 1200 µl cycolpentanone for 30 minutes with a heating

temperature ~70 ℃. Stage moved with a 40 µm interval and 5 mm length, using 1% max speed

a) b)

c) d)



２７

and 20% max acceleration. Still an aligned pattern of fibers was shown, however, the interval

between fibers are alternatively changed from a bigger interval, around 50 µm, to a smaller one,

around 30 µm, instead of keeping a 40 µm gap. It becomes more uniform when it comes to the

middle part of those fibers such as in figure 3.19b where all gaps are around 17 µm, but is still

not strictly consistent as the input pattern does. The most oblivious reason is that at each turning

part of the pattern, shown as figure 3.19a and figure 3.19c, the input rectangle turning shape

turns out to be a triangle pattern, leading to an alternatively changed gaps. It is caused by the

movement of the position where fiber is initiated, the Taylor cone, during mechanical stretching

(figure 3.20). The position of the Taylor cone moves dramatically when the needle changes the

direction, resulting in the nonuniform gap. While in the middle of a straight movement, the

Taylor cone is fixed in one position, leading to a more even gap. In order to solve this problem,

different simulations are conducted to modify the electric field around the initiated fiber so as to

fix the place of Taylor cone at each turning place.

Figure 3.18. The solution used was made by stirring 0.015g PEO and 0.02g salt n 2 ml SU8-2002

solution and 1200 µl cycolpentanone at a low rpm (100-150 rpm) on a hot plate for 30 minutes

with a heating temperature ~70℃. Use 1% max speed and 20% max acceleration and a input

pattern with a 40 µm interval and 5 mm length.
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Figure 3.19. Use 2% max speed and 1% max acceleration and an input pattern with a 20 µm

interval and 5 mm length. a) The right turnings of the real pattern, b) the middle part of the real

pattern and c) the left turnings of the real pattern.

Figure 3.20. The movement of the initiated fiber during mechanical stretching.

To get a more uniform and controllable process, modifying the electric field to focus the Taylor

cone at one position might help. Simulations are carried out to figure out how to get a more focus

electric field. Besides a COMSOL model with a normal nozzle and half sphere solution bubble,

three different models are built (figure 3.21) and the electric fields are calculated respectively.
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Figure 3.21. Simulation models for a) normal needle, b) tri-vertex needle, c) normal needle with

flat solution bubble and d) normal needle with a strip substrate.

The electric fields for normal needle and tri-vertex needle are shown in figure 3.22 and figure

3.23 with red arrows. According to the results, tri-vertex needle will introduce a higher voltage in

the center of the nozzle and a larger electric field illustrated. However more experiments are

required to prove that the tri-vertex nozzle will help to fix the Taylor cone.

Figure 3.22. Top view of the electric field of normal needle model (left) and tri-vertex needle

model (right). Multislice shows the applied voltage (V) with color range and the arrow surface

shows the electric field in xy-plane.

c)b)a) d)
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Figure 3.23. Side view of the solution bubble’s electric field of normal needle model (left) and

tri-vertex needle model (right). Multislice shows the applied voltage (V) with color range and the

arrow surface shows the electric field in xy-plane.

The electric field of a flat solution bubble is observed compared to what of a half sphere solution

bubble (figure 3.24). With a flat bubble, the electric field obviously concentrates to the center

place. During experiment, it was found that a flat solution bubble or a smaller solution bubble

did help to thinner and align the fiber, which is consistent with the conclusion from the

electrostatic initiation that smaller bubbles will provides more focus electric field therefore

produce thinner fiber. But it is hard to keep the bubble flat all the time, especially during

mechanical stretching.
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Figure. 3.24. Electric field top view (left) and side view (right) of a flat solution bubble.

Multislice shows the applied voltage (V) with color range and the arrow surface shows the

electric field in xy-plane (left) and yz-plane (right).

Changing the flat substrate to a strip substrate can also help to centralize the electric field (figure

3.25). Intensive electric field will occur at the narrower place of the strip substrate. Jiachen Xu et

al used a dual needle method to improve the accuracy of nanofibers and the average gap they

obtained is 7 µm [12], which is similar to using a strip substrate.

Figure. 3.25. Electric field side view (left) and side view (right) of strip substrate instead of a

plane substrate. Multislice shows the applied voltage (V) with color range and the arrow surface

shows the electric field in yz-plane (left) and xz-plane (right).
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Besides considering concentrating the electric field, a guiding plate could be used to attract the

fiber at the turning place. A grounded guiding plate is introduced into the system demonstrated in

figure 3.26. The simulations aimed at seeking the relationship between the position of the

maximum electric field and the distance between the guiding plate and the nozzle were carried

out. The results are shown in figure 3.27. When the guiding plate is smaller than 500 µm* 260

µm, the y-axis position of the maximum electric field is exponentially related to the distance

between the guiding plate and the nozzle, which means by adjusting the position of the guiding

plate, different attraction force direction can be provided, guiding the fiber to shift a small

distance. When the guiding plate moved 25 µm closer to the needle, the y-axis position of the

maximum electric field shifts around 1 µm away from the center. By moving the guiding plate

away or towards the needle, the shift of y-axis of the maximum electric field might result in a

small and uniform gap between deposited fibers.

Figure. 3.26. The model of a normal nozzle with a guiding plate.

x y

z
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Figure. 3.27. The relationship between the y-axis position of the maximum electric field and the
distance between the guiding plate and the needle. The origin is the center of the needle tip.
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4. Conclusion and Future Work

The side electrostatic initiation method is proved to be a more reliable and controllable method

to produce thinner fibers with the different parameters. According to the experimental and

simulation results, a more concentrated and larger electric field from the side direction can

generate a thinner fiber, which indicates that a side glass tip with smaller dimension, higher

applied voltage or smaller droplet size will contribute to thinning the fiber. Since a bigger

electric field towards the collector when generating the fiber will lead to a thicker fiber, a higher

substrate to nozzle distance will help to fabricate thinner fibers. After the fiber is initiated

electrostatically, a mechanical stretching process is applied to align the fibers. An appropriate

combination of stretching speed and acceleration can adjust the repelling force caused by

residual charges between adjacent fibers on a conductive collector. A gap around 17 µm can be

achieved by regulating the speed and acceleration of the stage instead of flipping the voltage’s

polarity. Furthermore, the simulations on how to fix the Taylor cone to narrow the interval

between fibers and obtain a more uniform gap were discussed. Based on those results from

simulations, more productive research could be conducted in future. By combining a side

initiation NFES and mechanical stretching, a controllable NFEMS system is able to fabricate a

precise pattern with nanofibers, paving the way to a real direct nano-writing method.
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