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Abstract

Nanoscale 3D printing with focused electrojetting

Minhee Lee

Department of Mechanical Engineering

The Graduate School

Seoul National University

In the present thesis, we have fabricated nanoscale 3D

structure with nanofibers which are generated by specilized elec-

trohydrodynamic jets that are invented in this work, focused

electrospinning method and electomechanical pulling method.

To control the chaotic motion of the nanofiber in conventioanl

process condition, we completely change the process for sta-

ble jetting and fine printing resolution. The behavior of the

nanofiber significantly relies on the distance between the tip

and the collector, we reduced the distance greatly in to few mil-

limeter scale and few tens of micrometer scale according to the

collecting plate shape and the pattern. When we use the sharp

tip and the micropattened metal collecting substrate with the

distance tip and the collector in few millimeter scale, the elec-

trical field strongly focuses the nanofiber into the center of the

metal part, thus it can form automatically the hollow cylindrical

structure on the tip and the straight wall-like structure on the



micro-metal line. When we reduce the distance between the tip

and the plate in a few tens of micrometer scale, the jet is pulled

by the movement of the collecting plate as the fiber attached

on the surface by the electrostatic attractive force. Using this

slow and stable method of fiber generation, we can construct 3D

structure with nanofiber. And also we have shown that simply

theoretical analasys of the moment and the force applied on the

nanofiber can estimate the resultant dimension of the stacking

structure of nanofiber.

First we have fabricated hollow cylindical structure on a sharp

electrode tip by reducing the tip and the plate distance in the

order of few millimeter scale and stabilizing the jet in a con-

trolled fashion using pendant droplet at the end of metal noz-

zle. The sharp tip induces strongly focused electric field in the

direction of the tip center which confines the charged nanofiber

in center. The pendant drop forms a natural micro-sized cap-

illary hole which eject slow nanojet by electrostatic repulsive

force. When the nozzle situated on top of the sharp electrode

tip, the nanofiber spontaneously forms a cylindrical wall with a

uniform radius. A scaling law is given based on the balance of

the electrostatic compression force and the elastic resistance to

predict the coil radius and frequency as the functions of relevant

physical parameters. The structures formed by the nanofibers

can be used in diverse fields of nanotechnology, for example, as

nanomagnets, bioscaffolds, and nanochannels.

Next, we show that the electrified nanojet, which tends to be-

come unstable as traveling in the air due to the Coulombic repul-



sion, can be stably focused onto a microline of metal electrode.

To control the whipping instability of the electrified nanojets, we

use a conducting microline on an insulating plate as a ground

that focuses the electrical field. On the conducting line, the

polymer nanojet is spontaneously stacked successively to form

a wall-like structure. We rationalize the length of the wall by

balancing the tension in the polymer fiber with the electrostatic

interaction of the fiber with the metal ground. We also show

that the length of nanowalls can be controlled by translating

the substrate. Besides, we have tested the possibility of fabrica-

tion of aany desired shape we have tested with various metalic

micro-patterned shapes, which are circular, wavy, and letter-

like structure. These results shows the pros and cons of this

fabrication method utilizing the microscale pattern. This novel

three-dimensional printing scheme can be applied for the devel-

opment of various three-dimensional nanoscale objects including

bioscaffolds, nanofilters, nanorobots, and nanoelectrodes.

Next, we have shown that it is possible to print nanoscale

fiber directly on the substrate by utilizing the combination of

mechanical pulling force at the bottom and electrostatic repul-

sion at the end of the nozzle. This electro-mechanical pulling

method could be realized by reducing the distance between the

tip and the plate greatly to the few tens of micrometer scale,

using nonmetal glass plate as a collecting surface with weak

negative voltage, and applying no pneumatic pressure to sup-

ply the polymer solution. Thus the resultant nanofiber is pulled

from the tip of the nozzle according to the speed of the plate.



Using this printing method, we have constructed 3D square and

Letter-like structures ‘SNU’which show the possibility of direct

3D printing of nanofibers. These results can be applied to mask-

less fabrication of nano/micro structures, cost-effective direct

mask printing in the photolithography, and printing electrical

circuit and connections using conductive material.

This thesis provided three novel methods to fabricate 3D struc-

ture with nanofiber in a controlled fashion. To realize each

method for producing an ordered 3D structure, we have found

many useful information about the focused electrojetting pro-

cess. Thus this thesis will not only helpful in understanding

of near-field electrohydrodynamic jet process, but also provide

practical technique to fabricate directly nano/micro scale struc-

ture using nanofibers.

Keywords :Nanofabrication, Direct 3D printing,

Electrospinning, Mechanoelectrospinning,

Electrohydrodynamic jet, Nanofiber, Focused electrojetting,

Nanopottery, Nanowall.
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Chapter 1

Introduction

1.1 Overview

The main target of this thesis is to report novel fabrication method to

construct nanoscale 3D structure with nanofiber, which make a new path

to invent nanoscale 3D printer. We first mention research backgrounds &

motivations, and then we deals with the novel nanoscale 3D fabrication

method, which are distinguished into three chapters. The first chapter

deals with fabrication of hollow cylindrical structure, the second chapter

reports fabrication of wall-like structure, and the third chapter introduces

the nanoscale direct 3D printing method.

Briefly introducing the contents of this thesis, In chapter 1, we report

outlines of related researches of nanoscale 3D printing method which include

electrospinning and electrohydrodynamic jet. In chapter 2, we introduce

the first novel fabrication scheme, which can build nanoscale hollow cylin-

drical structure, nanopottery, on the sharp electrode tip, and we elucidate

the mechanism behind the coiling phenomena. In chapter 3, we present

the second novel method to construct wall-like structure using the focused

electrojetting on the micro metal line. And we rationalize the length of a

1



1.2 Backgrounds & motivations

nanowall by balancing the tension in the polymer fiber with the electro-

static interaction of the fiber with the metal ground. We also show that

the length of nanowalls can be controlled by translating the substrate. In

chapter 4, we experimentally show the possibility of direct writing of a

nanofiber in any desired shape, and we fabricate 3D structure by stacking

directly on top of the pre-deposited nanofiber. In the end of this thesis,

we conclude this thesis with concluding remarks in chapter 5, where we

provide the summary of these researches and practical aspects.

1.2 Backgrounds & motivations

Techniques for printing patterns and constructing a structure in nanoscale

has been extensively explored in recent years. Among various nanofabri-

cation method, the techonology using electrohydrodynamic jet process has

shown many advantages to construct nanoscale structure in terms of sim-

ple process, cost-effectiveness, and environmental friendliness. Especially

the electrospinning process is the sub-catogory of electrohydrodynamic jet

process, which has a solid nanofiber as a resultant product of the electro-

hydrodynamic jet process. Also the process of spinning a fiber with the

help of electrostatic repulsive force is known as electrospinning. This elec-

trospinning has gained much attention in recent decades not only due to

the high surface to volume ratio of the resultant fiber membrane but also

the spinning ability to produce nanoscale fiber in consistency. The trial

of constructing an ordered structure using this electrospun nanofiber has

been studied extensively. However the process conditions in conventional

method for fabricating large scale meshes or membranes can not produce

an well ordered structure. Major difficulties of utilizing electrojetting for

nanofabrication come from the intrinsic instability of electrified nanojets

2



1.2 Backgrounds & motivations

experiencing mutual coulombic repulsion (Reneker et al., 2000). Chaotic

piles of nanofibers were used for 3D fabrication in which the feature sizes

ranged from the orders of 0.1 to 1 mm (Bonino et al., 2012; Zhang & Chang,

2008). Although there were attempts to collect individual nanofibers by

placing the substrate near the source of the nanojet before the instability

sets in (Sun et al., 2006) or using collectors with a very fine gap over which

nanofibers were suspended (Li et al., 2003), the objects made through these

methods are only 2D. Three-dimensional meshes were built by individual

electrospun fibers produced by melt electrospinnig (Brown et al., 2011), but

the constituent fiber’s diameter was a few micrometers because the melt

viscosity needed to be high enough to slow the jet velocity.

Among various attempts to control the nanofiber, Near-field electro-

spinning(NFES) shows the best reliable results by printing smooth mi-

cro/nanofibers directly on the plate in stable manner adopting the short

distance between the tip and the collecting plate(Sun et al., 2006). The

merit of NFES comes from the use of short distance order of sub millimeter

to few hundreds of micrometer, which does not need to apply high voltage.

However NFES process could not stack nanofibers in three-dimensional be-

cause the positioning of nanofiber in desired place is impossible due to the

continuous generation of the jet. To construct an ordered line structure, the

speed of the collecting plate should be matched perfectly with the nanojet

speed. This requirements is not easy to satisfy for producing an ordered

structure, thus to produce a straight nanofiber, it makes the plate moves

faster than the jet speed. Then the pulled and stretched fiber lay down

on the plate in straight line. This is known as the mechanoelectrospin-

ning(MES) process. However this process still use the distance between

the tip and the collecting plate as an order of few millimeter scale, the

3



1.2 Backgrounds & motivations

contact point of nanofiber and the plate is far offset from the ejection point

of the nozzle. This difference makes it difficult to construct not only a

non-straight shape, and but also a 3D stacking.

Thus, we started this present researches to solve the current limit of

the nanoscale 3D fabrications. first, we reduces the distance between the

tip and the collector in few millimeter order to suppress the instability

of the nanojet by applying low voltage in accordance with the reduced

distance which affect the electric field intensity that follows the fundamental

electrical field relations , E = V/L, where the E is th electric field intensity,

V is the applied voltage, and L is the distance between tip and the collecting

plate. And also to enhance the control of the jet speed, we use large pendant

droplet suspended at the end of the nozzle. This pendant droplet sustain

large abundant charge and have high viscosity by the evaporation of the

solvent at the surface. But this can makes the jet in stable and slow,

therefore the chaotic motion of the jet does not appear. In this condition,

we changed the collecting plate with a sharp tip electrode and a conducting

microline to utilize the focused electric field effect. This change of the

plate shape make it possible to construct 3D structure, which are hollow

cylindrical nanopottery and free-standing straight nanowall. However this

fabrication method utilizing the focused effect has rather limited shape of

the structure. To solve this problem to realize versatile nanoscale printing

method, we reduced the distacne between the tip and the collecting surface

greatly on the order of few tens of micrometer scale. As the distance is

changed, the generation of the jet is also changed by applying negative

voltage on the collecting plate to induce the pulling effect from the bottom

surface. By this condition the nanofiber is pulled from the liquid surface

of the nozzle, but it is differ from conventional MES process which uses

4



1.2 Backgrounds & motivations

relatively longer distance than our conditions. Due to the short distance

between the tip and the collecting plate, the offset is not that great, it is

only deviate at most as the distance tip and the collector. Also by the

electrostatic attractive force between the newly coming jet and the pre-

deposited nanofiber pulls each other, the jet stacked easily on itself. By

this mechanism we could produce 3D structure of square shape and the

complicated letter-like shape. We will explain in detail all the process and

the results in main text.
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Chapter 2

Nanopottery: Coiling of

Electrospun Polymer

Nanofibers

2.1 Introduction

The buckling, folding, and coiling of thin sheets and filaments of solids

and fluids take place on length scales spanning several orders of magnitude,

in phenomena ranging from orogenesis in geophysics to materials processing

and soft-matter physics. For example, when an elastic rope is fed uniformly

toward a horizontal plane, it first buckles and eventually coils into a spool

that is deposited onto the plane (Mahadevan & Keller, 1996). A similar

phenomenon also occurs when a slender viscous fluid jet impinges onto a

horizontal plane and leads to the deposition of a liquid rope coil (Mahadevan

et al., 1998). In either case, although the scale of the coil and the speed of

coiling are determined by the balance between the internal elastic or viscous

forces that resist deformation and a combination of inertia and gravity, the

basic phenomenology is a consequence of geometry which favors bending

deformations over stretching modes.
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2.1 Introduction

Glass sheet

High voltage

(b)
50 µm 

(a)

Aluminum 

plate

High voltage
25 µm 

Figure 2.1: Chaotically deposited nanofibers as electrospun by the pre-

viously suggested focusing schemes. (a) Using an Al plate close to the

capillary tip with the voltage difference of 1 kV. (b) Using a glass sheet

with a sharp ground tip underneath. In both the experiments, the jet du-

ration was identically 0.7 sec. Other experimental conditions are identical

to those employed to yield the result of Figure 2.3.

Here, we consider the spontaneous coiling of nanometric polymeric fil-

aments that are electropsun onto a substrate to form regular cylindrical

spools. When a polymer solution drop hanging from a capillary needle tip

is subjected to a strong electrical field, a nanoscale jet is drawn out (Reneker

& Yarin, 2008) and is attracted to the electrode. However, a bending in-

stability of the electrified jet due to surface charges commonly leads to the

chaotic deposition of nanofibers (Reneker et al., 2000). Attempts to sta-

bilize the jet by reducing the distance between the plate ground and the

liquid drop (Sun et al., 2006) or by placing a sharp ground tip adjacent to

a collector plate (Yu et al., 2008) still resulted in the chaotic deposition of

fibers on a stationary plate as shown in Figure 2.1. In the experiments, the

nanofibers were electrospun onto (a) a conducting Al plate only 2 mm from

the capillary tip and onto (b) a glass sheet at the same location as the Al

plate with a sharp electrode tip underneath.

7



2.2 Experimental Section

Plate collector Sharp tip collector

Focusing effectNo Focusing effect

2 kV2 kV

(a) (b)

Figure 2.2: Comparison of electrical field distribution. (a) Plate collector.

(b) Sharp tip collector.

2.2 Experimental Section

To prevent the jet instability, we finally used a sharp electrode tip near

the liquid drop source with a strongly focused electrical field at the ground.

Compared with plate collector, the tip collector induce strong focusing

effect in the electrical field near the apex of the tip as shown in figure

2.2. This caused a stable jet to impinge on the tip and buckle and coil to

yield a freestanding cylindrically spooled structure. Figure 2.3 shows the

experimental setup, consisting of a syringe pump that supplies a polymer

solution of poly(ethylene oxide) (PEO, molecular weight = 300000) to a

metal capillary, a stainless steel conical ground with 50 µm in apex diameter

situated 2 mm from the drop, a high voltage source, and a high-speed

camera. In our experiments performed at room temperature and normal

atmospheric pressure, an electrical jet is emitted from the drop when the

electrical field strength exceeds approximately 1.2×106 V/m. The velocity

and radius of the jet is a function of the viscosity of the drop, which depends

on the initial PEO concentration (we used 6, 10 and 14 wt% of aqueous

8



2.3 Results

High-voltage

power supply

Syringe pump

Capillary

Polymer
solution

Grounded
pin collector

High-speed

Camera

Figure 2.3: Schematic of the experimental apparatus.

PEO solutions), the rate of evaporation and the applied field, and yields

a range of velocities, U ∈ [1.5 30] mm/s and radii, r ∈ [75 500] nm. As

the solvent of the solutions, we used water purified by reverse osmosis.

The permittivity of the initial aqueous solutions of PEO was measured,

via open-ended sensors and reference liquid calibration (Nyshadham et al.,

1992), to be 6.53 × 10−10, 6.24×10−10, and 5.97 ×10−10 F/m for PEO

concentrations of 6%, 10%, and 14%, respectively.

2.3 Results

Although the polymer solution is initially liquid, it starts to dry upon

emerging as a drop of diameter d ∼ 1 mm from the capillary and con-

tinues to dry as the jet flies through air. In our experiments, the solvent

is estimated to have ample time to diffuse toward the fiber interface and

evaporate into ambient air (See next section). Hence, the jet is effectively

a solid by the time it impinges on the target, as evidenced by the constant

diameter of the jet shown in Figure 2.4a, and may be modeled as a thin
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15 µmµm30 

0 s 0.149  s

0.6410.336  s   s

(b)(a)

Figure 2.4: Experimental images of nanocoiling polymer fiber. (a) A snap-

shot of a nanojet with 470 nm in final constant radius. (b) High-speed

sequential images of a nanocoiling process that yields a free standing hol-

low cylinder.

elastic filament of radius ∼ 50 nm even as it coils onto the tip ground. Fig-

ure 2.4b shows sequential images of the formation of a three-dimensional

coiled structure of radius approximately 3 µm and height 40 µm as the jet

whirls at a rate of ∼ 10000 rpm, so that the entire structure is built in less

than a second. In Figure 2.5 we show scanning electron microscopy images

of hollow free-standing cylinders that might well have been shaped on a

(nano) pottery wheel.

2.4 Estimation of Solvent Evaporation on the Nanofiber

The evaporation of the polymer solution begins when it emerges from

the capillary as a drop of the diameter d ∼ 1 mm and continues in the flight

as a nanojet. For the solvent(water) to evaporate into the surrounding air,

the solvent molecules must travel through the solution and then leave the

air/fiber interface. Therefore, the evaporation process consists of internal

10
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2 µm5 µm

Figure 2.5: SEM images of the hollow coiled structure built on an apex of

the stainless steel conical tip.

diffusion and external convection. The mass transfer Biot number, Bi,

measures the relative magnitude of the internal diffusion resistance to the

external convection resistance:

Bi =
hlα

D
(2.1)

where h is the convective mass transfer coefficient, l the length scale

over which the solvent must move through in the solution to reach the

air/fiber interface, α the partition coefficient between the two phases at

the interface, D the internal solvent diffusion coefficient. The value of

α is estimated as the ratio of the partial densities of the solvent on the

liquid and the vapor side, α ∼ 10−3. D is known to greatly depend on

the solvent concentration, but we take a representative order of magnitude

of D ∼ 10−11 m2/s following Kojic et al. (2004). The value of h depends

on the geometry and the velocity of the polymer solution. Thus we first

consider the evaporation when the solution is in a drop and then proceed

to the case when the solution is in a nanojet.

11



2.4 Estimation of Solvent Evaporation on the Nanofiber

We start with the rate of evaporation in the drop waiting to form the

Taylor cone jet before the electrical field is applied. For a stationary drop,

the Sherwood number (the ratio of convective to diffusive mass transport),

Sh = hd/Dv ≈ 2 (Incropera & DeWitt, 2002), gives the value of h ≈

2Dv/d, where Dv is the water vapor diffusion coefficient through the air

and normally taken to be Dv ∼ 10−5 m2/s. Then for a drop of d ≈ 1 mm,

h ≈ 0.02 m/s. The mass transfer Biot number for the drop, Bi ∼ 103 ≫ 1

with l = d. For a jet, Sh = 2hr/Dv ≈ 0.3 with r being the jet radius (r ≈

500 nm for the jet in Fig. 2). Therefore, we get h ≈ 3 m/s, which leads to

Bi ∼ 300 ≫ 1 with l = 2r. The fact that Bi ≫ 1 implies that the internal

diffusive resistance dominates over the convective process. Therefore, the

internal diffusion controls the solvent removal process and the resistance

due to convection can be neglected.

Now we estimate the thickness of the boundary layer of the solvent con-

centration formed at the skin of the solution either in a drop or a fiber (jet).

The thickness of diffusive boundary layers can be scaled as δ ∼ (Dt)1/2,

where t is time. In our experiments, the longer the drop is exposed to air

before a jet is ensued, the more stable becomes the jet. This is presum-

ably due to solvent evaporation that increases the solution viscosity that

impedes the abrupt jet bending, if any. In each run, we waited 30 s since

the drop was formed at the metal capillary before the electrical field was

applied. In this period, the concentration boundary layer thickness grows

as large as δ ∼ 10 µm. Considering that the solution at the drop/air in-

terface (or the skin of the drop) is drawn out to become the Taylor cone

jet, the jet whose diameter is about 1 µm is already significantly dried.

While the polymer fiber (or jet) travels toward the target ground, the sol-

vent continues to evaporate. The duration of the travel is simply given by

12
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t = L/U , where L = 2 mm and U = 3 mm/s, so that t = 0.7 s. Then the

simply estimated boundary layer thickness is δ ∼ (0.7× 10−11)1/2 ∼ 3 µm,

which is larger than the actual fiber radius, 500 nm. In other words, the

characteristic boundary layer thickness δ becomes equal to the fiber radius

r, when the fiber travels by Lf = Ur2/D ∼ 100 µm < L, i.e. well before

the fiber reaches the target.

Our scaling analysis for the solvent evaporation in the electrospinning

process employed in the experiments reveals that the solvent has ample

time to diffuse toward the fiber interface and evaporate into ambient air.

Thus the jet is effectively a solid by the time it impinges on the target.

This is experimentally verified by the fact that the jet diameter does not

change during flight as shown in Fig. 2B. If the jet behaved as a liquid jet,

the cross-section should have decreased downstream due to jet elongation

(caused by the downward acceleration) and continuous solvent evaporation.

2.5 Estimation of Nanopottery Radius

To characterize the coiling phenomenon and predict the radius of the

coil R on relevant physical parameters, we consider the dominant forces

acting on the fiber. The electrostatic force per unit fiber length Fe is scaled

as Fe ∼ qsrE, where the electrical field strength E ∼ V/L with V being the

electrical potential difference between the drop and the ground, separated

by the distance L. The surface charge density qs is scaled as qs ∼ ε0E, where

ε0 = 8.854× 10−12 F/m is the permittivity of free space, provided that the

fiber permittivity ε ≫ ε0 (Haus & Melcher, 1962). The inertial forces scale

as Fi ∼ ρr2Ω2R, where F is the fiber density and Ω the angular frequency of

coiling, and the gravitational forces per unit length scale as Fgρgr
2, where

g is the gravitational acceleration. Using typical experimental parameter

13



2.5 Estimation of Nanopottery Radius

values (r ≈ 100 nm and F ≈ 1.21× 103 kg/m3), we find Fi/Fe ∼ 10−5 and

Fg/Fe ∼ 10−4 so that Fi and Fg are negligibly small compared with Fe.

Then the spooling or coiling radius is determined by a balance between

the electrostatic torque FeR
2 and the elastic torque Y I/R (Landau & Lif-

shitz, 1986), where Y is Young’s modulus of a fiber and I the area moment

of inertia (∼ r4), so that

R ∼
(

Y

ε0E2

)1/3

r (2.2)

The angular frequency of coiling Ω follows from mass conservation since

ΩR = U , so that

Ω ∼ U

r

(
ε0E

2

Y

)1/3

(2.3)

To test this prediction, we need to measure Young’s modulus of a

nanofiber as a function of solute (PEO) concentration, a critical factor in

determining the elasticity of these polymeric materials which move through

a glass transition as a function of solute concentration. We deflected in-

dividual fibers hanging over a microtrench of width 30 µm and depth 3

µm (formed by deep etching of a silicon wafer) using an atomic force mi-

croscope (AFM), as shown in Figure 2.6a,b, a similar method adopted by

Bellan et al. (2005). The fiber deflection v is given by v = (w−w0)−∆w,

where w is the position of the cantilever, and it is related to the force of the

cantilever tip, P , as P = 8AY (v/b), where A and b are the cross-sectional

area and the length of the nanofiber, respectively. The measurement re-

sults allow us to find the dependency of the average modulus Y on PEO

concentrations as shown in Figure 2.6c. The scaling law 2.2 states that

the coil radius increases with fiber radius and/or with the electric field. In

Figure 2.7 we plot the coil radius for a range of PEO concentrations in the

solvent and the field E, as a function of the parameter (Y/ε0E
2)1/3r, and
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Figure 2.6: Measuring Young’s modulus with AFM. (a) Top view of an

AFM probe and a nanofiber hanging over microtrenches. (b) Measurement

schematic of nanofiber deflection using an AFM probe. (c) The averaged

Young moduli of nanofibers with different PEO concentrations.

see that the straight line fits R ∼ 0.05(Y/ε0E
2)1/3r, consistent with our

simple scaling predictions.

2.6 Conclusions

we have shown that coiling of nanoscale fibers can arise as an electro-

spun polymer solution jet is focused onto a sharp electrode tip, leading to

a stable hollow helical structure. A simple scaling law captures the physics

of the process and enables us to start thinking about the control of the coil

geometry using experimental parameters. The regular geometry of coiling
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Figure 2.7: Color online: Coil radius plotted according to the scaling law

(1). Circles, squares and triangles correspond to 6, 10 and 14% of aqueous

PEO solutions, respectively.

microstructures may be of use in nanoscale magnets, in building nanotex-

tured surfaces for bioscaffolds and nanochannels, and in other functional

structures. An array of electrode target spots on an insulating substrate

that are turned on sequentially may provide a viable solution to fabricate

two-dimensional arrays of coiling microstructures because it can prevent

electric field interference. Further study for fabrication of multiple spools

on an array of target spots using different solutions will be crucial in real-

izing the wide application of this nanocoiling process.
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Chapter 3

Toward Nanoscale

Three-Dimensional Printing:

Nanowalls Built of

Electrospun Nanofibers

3.1 Introduction

The fabrication of 3D objects through the direct deposition of functional

materials has been a subject of intense study in the area of macroscale man-

ufacturing for several decades (Sachs et al., 1992). So-called 3D printing is

reaching a stage where the desired products can be made independently of

the complexity of their shapes, thus drawing a great amount of attention as

a promising manufacturing technology that is fast, less wasteful, and eco-

nomically viable (Bird, 2012). Applying such a concept to nanofabrication

technology can bring about similar advantages. In addition, prepatterned

nanostructures or microstructures can be used as substrates, and thus un-

precedented manufacturing flexibility, functionality, and complexity can be

realized on the nanoscales.
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3.1 Introduction

Examples of direct deposition processes on the nanoscales include dip-

pen nanolithography (DPN), which draws a collection of molecules into

lines with width of tens of nanometers (Piner et al., 1999), and inkjet

printing, which deposits discrete droplets with diameter in the micrometer

range (Sirringhaus et al., 2000). However, their capability of producing

3D nanoscale objects has not been demonstrated yet. DPN needs extreme

accuracy in alignment to deposit molecules on top of their predeposit. Also,

it is very hard to control the meniscus shape and the diffusion rate of target

molecules contained in the limited volume of solvent because the solvent

tends to evaporate and spread over the substrate rather than stack on itself.

The deposition of inks that are injected through nozzles with diameter of

tens of micrometers and then solidified has been successfully used to create a

variety of submillimetric devices (Gratson et al., 2004; Sun et al., 2013), but

a size limitation exists that prevents the fabrication of nanoscale objects.

Electrojetting is an attractive and viable process to deposit nanoscale

objects, which uses nanofibers emitted from a liquid droplet under a strong

electrical field (Reneker & Yarin, 2008). Major difficulties of utilizing elec-

trojetting for nanofabrication come from the intrinsic instability of elec-

trified nanojets experiencing mutual coulombic repulsion (Reneker et al.,

2000). Chaotic piles of nanofibers were used for 3D fabrication in which the

feature sizes ranged from the orders of 0.1 to 1 mm (Bonino et al., 2012;

Zhang & Chang, 2008). Although there were attempts to collect individual

nanofibers by placing the substrate near the source of the nanojet before the

instability sets in (Sun et al., 2006) or using collectors with a very fine gap

over which nanofibers were suspended (Li et al., 2003), the objects made

through these methods are only 2D. Three-dimensional meshes were built

by individual electrospun fibers produced by melt electrospinnig (Brown
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3.2 Experimental Section

et al., 2011), but the constituent fiber’s diameter was a few micrometers

because the melt viscosity needed to be high enough to slow the jet velocity.

It was shown that a nanoscale electrojet can coil to form free-standing pot-

tery beacuse the jet is focused onto a sharp electrode tip, but this method

is limited to fabricating hollow cylindrical structures (Kim et al., 2010).

Here, we present a novel method to create 3D nanostructures using

nanofibers produced by electrospinning. To control the whipping instabil-

ity of the electrified nanojets, we use a conducting microline on an insulating

plate as a ground that focuses the electrical field. To stack the fibers in a

controlled fashion, we manipulate the fiber deposit into attracting the in-

coming nanojets rather than repelling them by draining the electrical charge

quickly. Then we get a nanowall that lines the ground, implying that var-

ious free-standing structures can be created by patterning the microscale

ground lines in a desired shape. In the following section, we detail the pro-

cessing conditions used to realize this novel fabrication scheme and report

the observations of the resulting nanostructures. Also, we elucidate the

fundamental electromechanical mechanism that enables the spontaneous

stacking of a nanofiber onto itself to provide a physical basis behind this

novel nanofabrication process.

3.2 Experimental Section

Figure 3.1 shows the experimental apparatus and collecting electrodes

with various microlined patterns of straight, circular, wavy, and letter-like

shapes. The experimental set up consists of a syringe pump that supplies a

10 wt% aqueous polymer solution of poly(ethylene oxide) (PEO, viscosity-

average molecular weight 300000 g/mol) to a metal capillary of 100 µm

inner diameter, a glass ground plate situated 3 mm from the drop hanging
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Figure 3.1: Schematic of the experimental apparatus. (a) Experimental

setup. (b) Microline pattern shapes on collecting plate.

from a capillary, a high-voltage source, and a high-speed camera. Any

polymer solution whose fiber evaporates fast enough to prevent its deposit

from reflowing can be used for this process. The flow rate of the polymer

solution through the capillary is set to be approximately 5 µL/h, and the

nanojet starts to be emitted with the speed of about 50 mm/s from a drop

of 200 µm diameter at an electrical field strength of 1.2 kV/mm. Once

the jet is issued, the electrical field is reduced to 0.5 kV/mm to decrease

the jet speed to below 40 mm/s. When a metal plate is used as a ground,

the resulting deposit is a chaotic pile of nanothreads as shown in Figure

3.2a. This is due to the instability of the electrical jet typical of the system

employing a conducting ground plate that tends to spread out the electrical

field lines as illustrated in Figure 3.2b. To focus the jet, we deposit a

platinum line of 20 µm width on the glass plate by the sputtering and lift-
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30 µm

Metal plate Metal line
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Figure 3.2: Effects of the electric field distribution on the deposition of a

nanofiber. (a) Chaotic pile of nanothreads on a platinum plate ground.

Schematics of electric field distribution on (b) a plate ground and (c) a line

ground on an insulating plate.

off process. The microscopic ground effectively focuses the electrical field

as shown in Figure 3.2c and consequently the electrical jet.

3.3 Fabrication of Straight Nanowalls on a Sta-

tionary Substrate

3.3.1 Stable formation of Nanowall

We first present the results of depositing nanofibers on a stationary

substrate with a microscale straight platinum line. Figure 3.3a,b shows the

dynamic behavior of a nanojet impinging on a straight platinum line. The

high voltage on the drop and consequently high-density surface charges

on the drop and nanofibers induce the opposite charges on the adjacent

ground plate. The induced charges tend to gather on the conducting metal

line rather than on the insulating glass plate. Therefore, the nanojet is

strongly attracted to the metal line. Once impinging on the ground, the

nanojet bends to touch the oppositely charged metal line, thereby forming

a nanoline. When the angle between the line vertical to the plate and

the bent jet, α, reaches a limit, αm, the jet turns as shown in Figure
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Figure 3.3: Nanowall built on a stationary metal line. (a) High-speed

sequential images of a nanojet constructing a nanowall through spontaneous

oscillation and stacking. (b) Illustration of the deposition of a nanofiber to

yield a free-standing nanowall. (c) Schematic of a nanojet that is about to

turn because of lateral perturbation that cannot be stabilized as the bending

angle α reaches αm. (d) SEM (scanning electron microscopy) images of the

free-standing nanowall. (e) SEM image of the end of the nanowall that

resembles a racket. (f) Trajectory of the jet-impinging point during a turn.
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3.3b,c. The nanothread loses its charges as it contacts the metal ground

and then attains a charge of the opposite polarity to attract the following

nanojet. Then the nanojet is piled precisely on top of the pre-deposited

nanothread until it reverses its direction at α = −αm. This process is

repeated, the consequence being a free-standing nanowall consisting of the

precisely stacked nanothreads as shown in Figure 3.3d. We used a nanojet

of 180 nm diameter and 30 mm/s velocity to construct the 4.5-µm-tall, 220-

µm-long nanowall in Figure 3.3d. The oscillation frequency of the nanojet

was 68 Hz, implying that it took 0.18 s to stack 25 lines.

Observing the ends of the nanowall(Figure 3.3e) reveals that the nanojet

forms a racket as it turns at α = ±αm. Although the jet first deviates from

the xy plane (indicated in Figure 3.3c) at αm, it is pushed back to the

xy plane owing to the electrostatic focusing effect that increases with the

deviation distance from the xy plane. As illustrated in Figure 3.3f, the

jet in Figure 3.3e first rotates clockwise because of a small perturbation

but soon bends counterclockwise to make a full circle as a result of the

electrostatic focusing effect.

3.3.2 Estimation of Nanowall Length

To estimate the maximum angle that the nanojet can form with respect

to the vertical before turning, which determines the length of the sponta-

neously formed nanowall, we consider the torques acting on the curved

segment of the jet near the substrate (Figure 3.3b). As the jet angle α

increases, the horizontal component of the tension T in the jet arising from

the electrostatic attraction from the ground line, Th = T sinα, increases.

This horizontal force component makes the jet prone to rotation because

of a small perturbation from the xy plane, designated as δ in Figure 3.3b,

so that the jet could turn back. The tendency to deviate from the xy plane
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3.3 Fabrication of Straight Nanowalls on a Stationary Substrate

is suppressed by the strong focusing effects of the narrow metal line for

small α. However, as α increases, the torque induced by the horizontal

force, Thδ, increases. As soon as this destabilizing torque overcomes the

stabilizing torque, the jet turns.

The stabilizing torque is scaled as FeR with the lateral electrostatic

focusing force of Fe ≈ 2πqrREt, where q, r, and R are the surface charge

density, the radius of the jet, and the radius of curvature of the nanojet

near the impinging point, respectively. Et, the transverse electric field (in

the zdirection in Figure 3.3b) established near the substrate as a result of

the finite width of the metal line, depends on δ and the vertical electri-

cal field intensity. The symbol “≈” signifies “is scaled as”. Utilizing the

electrical field distribution around a finite line charge (Weber, 1950), the

transverse and vertical electric fields near the substrate can be approxi-

mated as Et ≈ Qδ/w3 and Ev ≈ Q/(wR), respectively. Here, Q is the

charge on the conducting line, and w is the half of the line width. Ev can

be estimated using the vertical electrical field between the drop and the

ground, E, so that Ev ≈ E ≈ V/L, where V is the voltage applied at the

drop and L is the distance between the drop and the ground. Et is related

to E as Et ≈ ERδ/w2. The surface charge density of a conducting object

charged by external electrical field E, q0, is given by q0 ≈ ϵ0E, where ϵ0 is

the vacuum permittivity (Haus & Melcher, 1962). However, for a nanojet

emitted from a macroscale drop, the surface charge density q is known to

be approximately 2 orders of magnitude higher than q0 (Feng, 2002; Shin

et al., 2001). This is because the electrical field intensity is locally mag-

nified where the drop is stretched severely to issue a jet so that the bulk

conduction decreases while the surface convection increases (Feng, 2002;

Gañán Calvo, 1997). Thus, we write q ≈ aϵ0E, with a being the magnifica-
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tion factor of the surface charge, a ≈ 101−102. Balancing the two torques,

Thδ and FeR, in opposite directions gives sinαm ≈ 2πaϵ0rE
2R3/(w2T ).

The tension of the jet, which is effectively a solid by the time it impinges

on the target as a result of the evaporation of the solvent during flight (Kim

et al., 2010), is directly related to the curvature of the jet bent near the

substrate. It is determined by a balance between the torque due to the

electrostatic tension TR cosαm and the elastic torque Y I/R, where Y is

Young’s modulus of the fiber and I is the area moment of inertia (I = r4/12)

(Kim et al., 2010). Thus, we get T ≈ Y I/(R2 cosαm), which yields the

maximum jet bending angle αm as tanαm ∼ 24πaϵ0E
2R5/(Y r3w2).

The magnification factor of the surface charge, a, for the nanojet can

be estimated from the results of the experiments that used the same type

of nanojet as used in this work. Kim et al. (2010) showed that a nanojet

of PEO solution under the same voltage condition impinging on a sharp

ground tip, rather than the electrode line as used here, coils to form a hol-

low cylindrical structure(i.e., nanopottery). The coil radius, Rc, was shown

to be scaled as Rc ≈ 0.21[Y/(24πϵ0E
2)]1/3r, where the proportionality con-

stant 0.21 was experimentally determined. By introducing the factor a into

the model, we get Rc ≈ k[Y/(24πaϵ0E
2)]1/3r, where a = 106 makes the

proportionality constant k unity. Therefore, we see that the magnification

factor a of our system lies in the same range as previously predicted.(Feng,

2002; Shin et al., 2001)

Because the radius of curvature of the nanofiber as it impinges on the

ground line, R, and the radius of the pottery, Rc, are determined by the

same torque balance, we get R ∼ Rc, which finally gives the scaling law for

the maximum jet bending angle, αm:

tanαm ∼
(

Y

24πaϵ0E2

)2/3 r2

w2
(3.1)
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3.3 Fabrication of Straight Nanowalls on a Stationary Substrate

This implies that a longer nanowall is obtained as the jet gets thicker and

stiffer (large r and Y ) and the electrical field gets weaker and the ground

line becomes narrower. Using the experimental conditions E = 5 × 105

V/m, Y = 0.4 GPa (Kim et al., 2010), r = 100 nm, and w = 10 µm, we get

αm ≈ 5◦. This value is of the same order as our experimental measurement,

αm = tan−1(l/L) = 2◦ with L = 3 mm and half of the wall length being

l = 0.11 mm. The actual jet bends more as it approaches the substrate

because of the electrostatic forces, just as a catenary in the gravitational

field (Lockwood, 1961), implying an increased value of αm compared to

tan−1(l/L) = 2◦.

3.3.3 Unstable formation of Nanowall

Previously we have shown that the strong attractive electrostatic force

near the ground induce strong tension in the nanofiber, which makes the

nanojet to be straight and stable. This phenomenon is the crucial key to

fabricate 3D structure with nanofiber. When the nanojet is broken during

flight in the air, it can not follow itself no longer because the incoming speed

is too fast. As a result the staking structure is chaotic and random after

the nanofiber is broken as shown in the Figure 3.4a. Therefore to produce a

well organized 3D structure, we should make use of the slow nanojet which

has strong tension in it.

After the formation of nanowall for about 1 s, as shown in Figure 3.4b,

the position of turning point at the ends gets closer to the center as the

height of the structure becomes taller. This is because the electrostatic

focusing force becomes weaker as the stacking point is higher from the

metal surface. Thus the nanojet turns early before it reaches the ends of

the previously stacked structure. And the radius of the elliptic structure

at turning point is decreased as the fiber stacks because the tension on the
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Figure 3.4: SEM images of wall-like structure for various stages. (a) Disor-

dered deposition of nanofiber when the fiber is broken during electrojetting,

(b) Wall-like structure bulit for 1.3 s, (c) Right biased trapezoidal structure,

(e) Triangular structure with wrinkle in vertical direction.
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nanofiber keep pulling the fiber to the center. By this way, as the fiber

stacks higher, two lines on the elliptic part come closer, and finally meet

and make one line as shown in Figure 3.4b.

For the longer time to stack the fiber, the whole shape of the wall

becomes trapezoidal or triangular shape as a result of the nanojet turns

early when the wall is higher as shown in Figure 3.4c,d. In this structures,

the slope is affected by the degree of off-center between the center of the

pendant drop and the center of the metal line in the direction of the width.

As the center of the drop gets away from the center of the metal line, the

lateral component of the tension in nanofiber becomes stronger, this makes

the nanojet to turn easy before it moves far away. Thus the slope of the

structure is steeper when the distance between the center of the drop and

the metal line is greater.

And also as the height of the structure is taller than approximately

about 30 µm, the charge carried by nanofiber is accumulated on top of the

structure which has low conductivity. This accumulated charge makes the

wall to be unstable and exerts compressive force on the whole structure

in vertical direction. Thus the wall-like structure which has weak bend-

ing rigidity by the thin wall thickness shows wrinkled shape.(Figure 3.4d)

Moreover sometimes the whole structure collapsed in an instant and stood

up again after touching the bottom by releasing the accumulated charge.

From this stage, nanojet attracted randomly depending on the vicinity

of the neighboring nanofibers and the amount of the accumulated charge

which affect the intensity of the electrical field, thus the whole structure of

the nanofiber becomes chaotic. Therefore it needs to optimize the time to

fabricate a well organized 3D structure using electrojetting.
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3.4 Fabrication of Straight Nanowalls on a Moving Substrate

Turning point 50 µmNanojet

Pt line
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Vertically stacked nanofibers
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(c)

(b)

(d)
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Figure 3.5: Long nanowall built on a translating metal line. (a) High-speed

sequential images of a nanojet constructing a 1-mm-long nanowall. (b)

Tilted view of the nanowall. Local peaks appear at the ends because the

substrate needs to stop to reverse its direction. (c) Top view verifying that

the nanowall stands vertical to the metal line. (d) Magnified tilted view of

the nanowall showing that 98 nanothreads of 180 nm diameter have been

stacked precisely on top of the predeposited thread.

3.4 Fabrication of Straight Nanowalls on a Mov-

ing Substrate

The range of wall length that can be achieved by the spontaneous piling

and turning of nanothreads is rather limited. Thus, in the following section

we employ the motion of the substrate to control the length of nanowalls.

Figure 3.5a shows the time sequence of nanowall construction by translating

the substrate in the direction of the metal line with a stroke of 1 mm. The

speed of the substrate must be set approximately equal to the incoming
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3.5 Fabrication of Wavy Nanowalls

speed of the jet so that the angle between the jet and the substrate can be

maintained at approximately 90◦. If the substrate speed is less than that of

the jet, the jet oscillates as if it were being deposited on the foregoing sta-

tionary substrate. Thus, multiple layers of different lengths are deposited

when the substrate travels once from one end to the other. For a substrate

speed greater than that of the jet, the jet is severely stretched as the im-

pinging point moves away from the center line. Then the jet can either be

cut or turn before the substrate makes a full stroke. Figure 3.5b-d shows

SEM images of the 1-mm-long nanowalls built by translating the substrate

at 40 mm/s which matches the speed of the jet. Figure 3.5a,b shows that

the wall height exhibits a local peak at the ends where the substrate speed

becomes zero as the translational direction is reversed. The jet turns locally

as if it were impinging on a stationary plate in this region, thereby forming

thick shoulders. The ratio of the length of the wall shown in Figure 3.5b

(1 mm) to the thickness (180 nm) is 5.6 × 103, and that of the height to

the thickness is approximately 100. We succeeded in stacking up to 300

nanothreads vertically using the reciprocating linear stage. The stability

of the nanowall, or the maximum height of the nanowall achievable via the

current process, increases with the increase in wall length owing to a longer

time for charge release and the decrease in the metal line width owing to

increased field-focusing effects.

3.5 Fabrication of Wavy Nanowalls

In the previous section, We have shown that the electrified nanofiber can

follow the pre-patterned straight metal line electrode. From this result we

proceed further experiment with simple curved micro-pattern for the test of

possibility of real 3D printing. The metal line pattern is wavy shape, where
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3.5 Fabrication of Wavy Nanowalls

the wave length, the amplitude of the pattern, and the width of micro line

are 250 µm, 10 µm, and 20 µm respectively. We experimented both cases

of stationary and moving the collecting plate.

First, when we aligned the center of the drop and the center of the

pattern without the relative motion, the initial nanojet follows the center

of the curved line with a certain length, which was same process in the ex-

periment of straight Pt line as shown in Figure 3.6a upper. Approximately

up to 10 lines of stacking, it could follow the pattern shape however the

stacking is inclined to the direction of the center of the pattern because

the tension on the fiber keeps pulling the fiber in the direction to the ver-

tical center below the drop. Thereafter the stacking of nanofiber could not

follow the pattern shape but be straightened along the central axis of the

pattern, where the vertical center of the pendant drop is aligned, as shown

in Figure 3.6a lower. After further stacking of nanofiber, the whole shape

of the structure is almost same as that in the experiment of straight Pt line,

that is trapezoidal or triangular shape as shown in Figure 3.6b. The slope

of the triangle structure was rather gradual than the result of the straight

pattern which means the nanofiber turns early because when the nanofiber

follows the pattern it deviates from the center of the pendant drop along

the central axis of the wavy pattern and also along the sideways vertical to

this central axis.

Next, to build long wavy wall, we move the stage back and forth along

the central axis of the pattern with 40 reciprocation, the results can be

seen in Figure 3.6c,d. The overall stacking tendency is same as that in the

stationary nanofiber stacking. Initially nanojet traces the central region of

the curved pattern line and after further stacking of nanofiber, the struc-

ture is flattened. But the incline of the structure is high near the bottom
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3.6 Fabrication of Circular Nanowalls

region and and it is vertical to the bottom on top region of the structure.

This is because near the surface the electrical field is strong which induce

great horizontal component of the tension in the direction to the below the

center of the drop. However farther from the surface the nanofiber stacking

is concentrated along the central axis of the pattern and vertical to the

bottom.

On the other hand, when the amplitude of the wavy pattern is higher

than approximately 50 µm, nanofiber can not follow the pattern easily but

occasionally it crosses between patterns over the non-conducting surface.

This kind of crossing behavior of nanofiber were reported on the experi-

ments of electrospinning using two pieces of conductive substrate with a

gap or a non-conducting surface at which the nanofibers are suspended(Li

et al., 2003, 2004). This means that the collecting metal pattern is com-

plicated with non-conducting surfaces nanojet tends to converge to the

conducting surface around vertically below the center of the electrojetting

which makes it hard to produce complicated structure.

3.6 Fabrication of Circular Nanowalls

To test the possibility of fabrication of more complicated 3D structure,

we made an attempt to produce a circular tower-like structure modifying on

the straight conducting line combined with a circular band pattern with the

width of 100 µm. The inner diameter of the pattern is designed to be 200

µm because the length limit which the nanojet can sweep is around 100 µm.

Actually the initial experiment on this circular pattern with relatively small

width of 20 µm and small inner diameter of 50 µm was failed to produce

ordered structure, being pinned at the point where two lines meet. Because

the area is not big enough to have charges to neutralize the incoming charges
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5 µm

20 µm

50 µm

100 µm
10 µm

30 µm

10 µm(a) (b)

(c)

45o tilted view

Top view (d)

Figure 3.6: Experimental images of a wavy wall-like structure on wavy Pt

line. (a) Early stages of fiber stacking(upper) and short wall-like struc-

ture(lower). (b) Triangular wall-like structure. (c)Top and tilted optical

images of a long wavy wall-like structure with 80 nanofibers (d) SEM images

of a long wavy wall-like structure.
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3.7 Fabrication of Letter-like Nanowalls

which the nanofiber carries. As a result, the newly arriving nanojet tends

to be attracted to the crossing point where the charges replenishes from the

straight conducting line. And the small inner diameter makes the structure

to be tall fast, then the stacking tends to be chaotic. Thus to prevent the

nanojet from pinning to this point and being chaotic fast, we increase the

metal collecting area by increasing the width and the inner diameter.

When we align the center of the drop and the center of the pattern, the

nanojet follows the inner rim of the pattern. The sequential building process

is shown in figure 3.7a. After about 350 nanofibers are stacked onto itself,

the resultant shape is a 3D circular tower-like structure along the inner rim

of the pattern as shown in figure 3.7b-f. The early stage of the nanofiber

deposition in circular pattern pins at some point of the rim or follows some

part of the inner rim, and shortly after it traces full circular pattern. As

the structure is being built, the radius of the top portion becomes smaller

because the horizontal component of the tension is directed to the center of

the pattern. Thus the resultant circular tower-like structure have a inclined

wall to the center.

In the previous section, we found that the nanojet tends to be attracted

to the center of the straight conducting metal line. Compared this with the

result of the circular pattern, the nanojet stacked at the inner rim of the

circular metal line. This result shows that the induced charges congregates

mostly on the surface of the metal electrode. And the nanofiber is also

affected by the electrical field in the air near the bottom.

3.7 Fabrication of Letter-like Nanowalls

The patterns in previous experiments are rather simple for the nanojet

to follow. To test the possibility of the real 3D printing, we made a more
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40 µm
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Figure 3.7: Experimental images of a circular tower-like structure with

approximately 350 nanofibers (a) High-speed sequential images of a nanojet

constructing a circular tower-like structure. (b) Optical images of a circular

tower-like structure. (c) SEM images of a circular tower-like structure.

(d) Upper half of the circular tower-like structure. (e) Tilted view of the

circular tower-like structure. The nanofibers are stacked slightly inclined

to the center because of the tension on the nanofiber. (f) Magnified view

of the circular tower-like structure showing that the nanofibers are aligned

one by one.
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3.7 Fabrication of Letter-like Nanowalls

complicated pattern, which is a letter-like shape as shown in Figure 3.8a.

By the characteristics of the motion of the nanofiber in this focused elec-

trojetting method as shown previously, the pattern sizes are designed to be

around 200 µm with the line width of 20 µm. The experimental conditions

and method was same as previous other experiment. The nanofiber stack-

ing structure is formed spontaneously when the center of the drop and the

center of each letter pattern is aligned.

The fabrication results on this letter-like pattern is shown in Figure 3.8b.

The nanofibers are pulled on this letter-like pattern but the shape were

rather chaotic. The lower part of the structure follows the pattern shape,

however the upper part is straightened and aligned along the axis which

cross the center of pattern because of the tension in the nanofiber. And

also some nanofibers are crossed the pattern lines over the non-conducting

glass surface which were same results what we mentioned in previous wavy

pattern.

Even if we can control the motion controller precisely to trace the pat-

tern, it is not easy to make a 3D nanostructure which follows the pattern

exactly. Realistically the speed of nanojet keeps changing slightly and it is

hard to align the center of the pattern and the center of the electrojetting

exactly. Also the electric field above the surface is not formed what we de-

sired to focus the nanojet when the pattern on the surface is complicated.

Because of these reasons, it is hard to fabricate complicated 3D wall-like

structure. However if there is further progress on the electrospinning pro-

cess by reducing the width of the pattern and the distance between the tip

and the collector plate and slowing down the speed of nanojet in stable

state, Then it can produce more delicate wall-like structures.
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100 µm

(a)

(b)

Figure 3.8: Experimental images of the electro-stacking on the letter-like

pattern. (a) Letter-like Pt patterns on the glass surface (b) The nanofiber

stacking results on the letter-like pattern

3.8 Conclusions

We have shown that nanoscale 3D objects such as free-standing nanowalls

can be constructed as an electrospun polymer solution jet is focused onto a

thin metal electrode line. Even without the motion of the substrate, nano-

jets are spontaneously laid down and piled to yield nanowalls. A scaling

law that captures the essential physics behind the turning of a nanofiber

allows us to estimate the length of the nanowall and also to think about

controlling the wall geometry using experimental parameters. This current

process needs only a power supply and a linear stage to build free-standing

nanowalls after drawing metal microlines, all of which can be conducted un-

der normal laboratory conditions. Therefore, it has a significant economic

advantage as compared to conventional nanomanufacturing processes used

to build nanowalls such as DRIE (deep reactive ion etching). In particular,

the current scheme of repeatedly stacking fibers on a conducting line is
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suited for fabricating nanoelectrodes consisting of straight walls(Sun et al.,

2013) and nanochannel FETs (field effect transistors) utilizing insulating

nanowalls as gaps in metal patterns.(Min et al., 2013)

Furthermore, combining the motion of the substrate and prepattern-

ing of microscale electrodes has the potential to build nanostructures of

complicated shapes. Challenges to overcome in the future to attain this

end include enabling the nanofiber to turn sharp corners of prepatterned

ground lines.(Li et al., 2005; Luo et al., 2012) Although simply lowering

the jet speed can enable the fiber to follow complicated pattern shapes as

demonstrated with microscale fibers by Brown et al.,(Brown et al., 2011)

more sophisticated methods of manipulating electrical field lines, such as

electrostatic or magnetic deflectors that were used for cathode ray tubes

(Cowley & Joy, 1986) and quadrupole ion traps for mass spectrometry

(Todd & March, 2005), have the potential to realize the rapid 3D printing

of complicated shapes, which can be used for bioscaffolds, nanofilters, and

nanorobots.
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Chapter 4

Direct printing of nanofibers

by mechano-electrospinning

4.1 Introduction

Although the nanofabrication technologies have been developed exten-

sively in recent decades, cost-effective and high resolution fabrication meth-

ods are still demanding for real applicable technology. Among these tries,

the electrohydrodynamic jetting technique have gained popularity in direct

printing method due to its low cost, simple process and high resolution.

The direct writing of nanoscale structure with nanoscale jetting have a

great advantages of depositing desired material where we want compared to

the photolithography fabrications. However the formation of the nanoscale

jet uses strong electrical field to overcome the surface tension of the using

solution, which lead the fast acceleration of the jet. Therefore the jet arrive

on the plate as a liquid state, and the resultant structure is affected the

reaction of the surface tension of the solvent. To realize 3D fabrications, it

must be possible to stack on pre-deposited structure without damage.

Among various tries to fabricate a nanoscale structure with direct print-

ing, Near-field electrospinning(NFES) shows the possibility of to write a
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nanofiber in a solid state and stack on the desired places.(Sun et al., 2006)

However it is simple laying a fiber by moving the plate in accordance with

the speed of the jet not controlled for high resolution. To construct a

various nano/microscale patterns, the level of positioning of nanofiber or

nanojet should be improved. A step forward electrospun technique, mecha-

noelectrospinning(MES) also has been studied in recent year, and shows

better result of printing by utilizing both the electrical and mechanical

forces.(Huang et al., 2014) However this method has fundamental problems

that it uses few millimeter or few hundred micrometer distance between the

tip and the working plate which is relatively long compared to the dimen-

sion of the nanofiber. It can be compared to the landing ladder from the

helicopter, so it can not have high resolution of printing.

Here we present a more advanced mechano-electrospinning method by

reducing the distance between the tip and the collecting plate in order

of few tens of micrometer. As the distance is greatly reduced than that

of used in conventional electrospinning process, the jet formation is also

different from conventional process which is mainly utilizing the electrical

repulsive force for ejection of a jet. But the jet here we used is pulled by

the tension on the fiber with the assistance of the electrical repulsion on

the liquid surface. As a result the speed of jet only depends on the speed

of the working plate, therefore it shows more controlled and stable process

to fabricate an ordered nano/microstructure.

4.2 Experimental Section

Figure 4.1 shows the experimental setup used in this work to print

nanofiber directly on the substrate. It consists of a metal coated glass nozzle

connected to a syringe, a pneumatic pump to supply polymer solution to
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Figure 4.1: Schematic of the experimental apparatus.

the tip of the glass nozzle, a high voltage suppliers connected to the tip

and the collecting substrate at each, a computer controlled 3-axis motion

controller, and a high-speed camera. As the polymer solutions, we use

1 wt% aqueous solution of poly(ethylene oxide) (PEO, viscosity-average

molecular weight 5000000 g/mol), suitable for fine control of the printing

process which has relatively low evaporation rate and high viscosity. M.

Lee, et al. have used PEO to make nanoscale pottery and walls because

PEO solution shows relatively stable jetting in low voltage conditions. The

glass tip used in this work is coated with platinum by sputtering process

to apply high voltage on the surface of the tip. The inner diameter of

the tip is ranges around 1–30 µm. The most reliable jetting condition

is experimentally obtained when the inner diameter is about 5 µm. The

collecting plate are tested on both Pt coated glass plate and bare glass

plate. The flow rate is controlled by pneumatic pressure pump. The voltage

applied on the tip ranges 0.03–0.5 kV and −(0.2–0.5) kV on the collecting
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4.3 The behavior of the jet

plate. The distance of the tip and the collecting plate is set around 20-30

µm which is greatly reduced compared with conventional electrospinning

process that uses in a range of few tens of centimeter and even smaller than

that of used in focused electrojetting to make nanopottery and nanowall

that uses few millimeters.(Kim et al., 2010; Lee & Kim, 2014) To initiate

the ejection of the jet from a nozzle we applied high pressure over 5 psi to

the syringe container and high voltage over 1.0 kV. After the jet and the

flow change to be stable we set the fore mentioned conditions.

4.3 The behavior of the jet

It is known that the electrohydrodynamic jet is generated by the high

voltage applied on the liquid which makes the jet is ejected by overcoming

the surface tension of the liquid. So after the jet is ejected, the jet is

accelerated by the strong electric field near the surface of the liquid, and

get high speed which normally over few tens of millimeter per second in

conventional electrospinning process. However when the distance between

tip and the collector is reduced to order of few tens of micrometer, making

the jet should be differ from conventional process. To stack the jet in a

solid state, the speed of the jet should be slow enough for the solvent to

evaporate to ambient air. The time needed for the fiber to become a solid

can be simply estimated by the law of diffusive boundary layer propagation

in the fiber as t ∼ r2/D, where D is the internal solvent diffusion coefficient,

r is the radius of the fiber, and t is time. In our experiment, the radius of

the fiber is about 500 nm, and the D is known to greatly depend on the

solvent concentration, but we take a representative order of magnitude of

D ∼ 10−11 m2/s following Kojic et al. (2004). In this fiber radius the time

for the fiber to become a solid is estimated as t ∼ 25 ms. Considering the
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50 µm50 µm
(a) (b)

Figure 4.2: The behavior of the nanojet according to the applied voltage

on the tip. (a) V=0.5 kV, (b) V=0.1 kV

distance between the tip and the collecting plate, d, is about 20 µm, the

jet speed should be lower than v = d/t ∼ 0.8 mm/s.

When the distance between the tip and the collector reaches around

few tens of micrometer, the jet shows two different tendencies according to

the voltage applied on the tip. To observe the jet, we conduct experiment

by adjusting the applied voltage in conditions that the plate moving speed

is 0.1 mm/s, the collecting plate is grounded, and the pneumatic pressure

applied on the syringe container is 1.2 psi. When the applied voltage is over

0.5 kV, the jet is ejected fastly and reaches on the collecting plate in liquid

state, so the residual deposition of the polymer jet is coarse and the width

is large over few micrometer as shown in figure 4.2(a). However when the

voltage is reduced to 0.1 kV, the jet is not ejected by it self, it is pulled at

irregular intervals as the collector moves with the fiber attached on the sur-

face as shown in figure 4.2(b). The latter results of the jet formation utilizes

the mechanical pulling force to make a fiber, which is slightly different from

normal electrohydrodynamic jet. These two experimental results have pros

and cons, when the voltage is relatively high, the jet show good accuracy in
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4.3 The behavior of the jet

100 µm

Figure 4.3: An instant of unstable jet motions on the negatively charged

metal plate. Lower part of the fiber charged negatively and the upper part

charged positively at the moment. The applied voltage on the nozzle and

the collecting plate is 1.0 kV and −0.03 kV respectively. (inset) Standing

fiber on the collecting plate by the electrostatic repulsion with negative

charge.

vertical position, however it is fast and slightly unstable because it shows

sometimes jerking motions by the the excess charges. And also it is not

proper for stacking 3D structures because it reaches on the plate in a liquid

state which can dissolve previous stacks of itself. On the other hand, when

the voltage is relatively low, the jet is severely pulled sideways it can not be

deposited where we want to deposit. Although the jet is not ejected due to

the weak electrical repulsion, the fiber can be pulled according to the speed

of the collecting plate. Thus it is more favorable to use low voltage on the

process if we can enhance the position accuracy of the pulling a fiber from

the tip end.

To improve the accuracy of pulling method of a fiber, we applied neg-

ative voltage on the metal collecting plate with −0.03 kV to increase the

pulling force in the direction of the plate from the tip. However the abun-
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4.4 Direct printing of a nanofiber
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Figure 4.4: Direct printing of a nanofier. (a) Optical images of printing a

nanofiber in stable conditon. (b) Schematic illustration of the fiber printing

mechanism. (c) Optical images of the printed nanofiber in a desired spacing.

dant charge aggregated on the metal surface hinder the pulling the fiber

because the opposite charge flow up through the fiber. In this case, the jet

is abruptly distorted its shape as shown in the figure 4.3. Because the up-

per portion of the jet is charged positively and the lower portion is charged

negatively, thus the oppositely charged parts attract each other irregularly.

Sometimes the abundant negative charge make the fiber on the collecting

surface stand up due to the repulsive force between bottom and the fiber

as shown in the figure 4.3 inset.
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4.4 Direct printing of a nanofiber

4.4 Direct printing of a nanofiber

To achieve better printing result, we reduce the amount of charges in-

duced to the collecting plate by replacing bare glass as a collecting plate

in replacement of metal plate. Also we do not apply pressure to push the

solution in the syringe container, which makes the jet does not flow out

by itself when the plate is stationary, rather the jet is pulled out by the

moving of the plate, thus the speed of printing a jet is determined only by

the speed of the collecting plate. In this condition the printing of a fiber is

stable with the voltage on the tip ranging 0.03–0.1 kV, and on the collect-

ing plate ranging −(0.2–0.5) kV. Figure 4.4(a) shows the stable printing

with the speed of 0.1 m/s. This printing method of a fiber is very different

from that of using conventional electrohydrodynamic jet which uses mainly

the repulsive force to eject a jet. The mechanism of direct printing a fiber

on the plate is illustrated in figure 4.4(b). After the jet is initiated, we

reduce the voltage on the tip and the pressure for pumping the polymer

solution to the conditions of what we mentioned previously. Then the jet

is pulled stably according to the motion of the collecting plate. First, when

the fiber arrived on the plate, the fiber is tightly attached on the surface

by the electrostatic attractive force between the fiber and the glass plate.

Then by the movement of the plate away from the tip, the tension arises

on the fiber to pull the fiber from the liquid surface. As the liquid is ex-

posed to the air at the end of the tip, the solvent evaporates fast, the liquid

solution changes to a solid fiber fastly. So it does not stretch much, rather

it maintain a certain radius of a fiber. Also, on the surface of the liquid

solution at the end of the nozzle, the electrostatic repulsion force assists

the jet to be ejected. Thus the jet or fiber is formed by the combination of

two forces, one is the repulsive electrostatic force on the liquid surface and
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Blob at starting point
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Figure 4.5: Direct printing of a fiber in a different speed. (a) 0.1 mm/s,

(b) 0.3 mm/s, (c) 0.5mm/s. The fiber is printed consecutively with a short

stop and change of speed.

the other is mechanical pulling force on the fiber by the relative motion of

the collecting plate. From these condition, we control the printing spacing

between the fiber in a micrometer scale as shown in the figure 4.4(c). It

is possible to print the next fiber from the previous one until 5 µm. But

closer than under 1–2 µm, it is impossible by the electrostatic attraction to

the nearest structure because the fiber stacked early is charged oppositely,

thus newly arriving fiber stacked on top of previous one as shown in the

figure 4.4(c), the top bright line.

As the fiber is only formed by relative motion of the collecting plate and

the nozzle, the direct printing method in this work has some advantages

which other electrospinning method can not have. First it has some degree

of freedom in printing speed. As shown in figure 4.5, it is possible to

print a fiber in any speed, and the results are all straight. Normally it

is impossible in conventional electrospinning method which shows diverse

buckling patterns of fiber when the speed of the jet and the speed of the
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Figure 4.6: Experiment of fiber on demand printing. (a) Illustration of stop

and restart of printing by raising and lowering nozzle. (b) Experiment of

stop of printing by raising the nozzle. (b) Experiment of restart of printing

by lowering the nozzle

plate is not matched.(Xin & Reneker, 2012) This is because the intrinsic

difference in generation of the jet, conventional electrospinning form the jet

almost only by the repulsion of same charges on the liquid surface, which

makes the jet can not be stopped during the printing process. Also the

thickness of the printed fiber gets thinner as the speed of printing increases.

However when the printing is restarted with changes of speed after a short

stop, tiny blob is formed as shown in figure 4.5. This is because the solution

exposed to the air has slightly dried and lumped. Right after the start of

printing, the fiber is slightly thicker, but it soon becomes uniform. The

other advantage of this printing method is that it is possible to print a

fiber at the place where we want. As shown in figure 4.6(a), Simply raising

the nozzle away from the surface and lowering it to the surface makes the

printing process stop and restart. When the nozzle is being lifted, some

jetting occurs but it stops soon as shown in figure 4.6(b). On the other

hand when the nozzle approaches to the surface as shown in figure 4.6(c),

the fiber is pulled again after a tiny blob is formed first, which is same as
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we observed in the experiment of changing speed. This fiber-on-demand

printing technique could be realized with the condition of using no pressure

pump and utilizing the pulling of fiber with proper charging of nozzle and

the collecting plate.

4.5 Direct printing of 3D square structure

To fabricate 3D structures, it needs to stack the nanofiber on top of

it self exactly. To test this task, we print square wall with the length of

200 µm in ten times, the process are shown in figure 4.7(a). The printed

result of nanofiber is shown in 4.7(b), the whole shape shows almost regular

square but the edges of the square is slightly off. Because the printing uses

the pulling forces, the stacking point is lagged than the needle ejection point

slightly about 10-20 µm.

Figure 4.8 shows the magnified SEM images of the printing square struc-

ture in figure 4.7. The straight part are perfect almost at each four straight

sides as shown 4.8(a-c). The magnified and tilted view of the wall verifies

that the fiber stacks in solid state which maintain its original circular fiber

shape being not fused with neighbor fiber. The edge of the square structure

shows that the latter stacking fibers are more deviated from the edge than

the former stacking fibers. This means that the latter fiber pulled weakly in

the direction of bottom because the stacked structure is polymer which is

charged weakly than the surface, thus the attractive force slightly weakens

as the structure is built up.

4.6 Direct printing of 3D letter-like structure ‘SNU’

Previous square printing shows the possibility of 3D fabrication using

nanofiber but it prints the nanofiber in one direction of closed path. To
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4.6 Direct printing of 3D letter-like structure ‘SNU’

50 µm

25 µm

1st  line 5th line 10th line
(a)

(b)

Figure 4.7: Direct printing of 3D square structure with 10 times stacking

of nanofiber. (a) Sequential images of stacking on the upper part of the

square. (b) SEM images of the printed square structure.
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4.6 Direct printing of 3D letter-like structure ‘SNU’

(a)

(b) (c)

(d)

2 µm

5 µm 5 µm 1 µm

5 µm

10 µm

Figure 4.8: Magnified SEM images of part of square structure which has

shown in figure 4.7. (a) Top straight part. (b) left and right straight part

with perfect stacking of ten nanofibers. (c) Tilted view of the straight side

wall. (d) Edge of the upper right corner and the lower left corner(inset)
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4.6 Direct printing of 3D letter-like structure ‘SNU’

25 µmS N U

15 µm

(a)

(b)

Figure 4.9: Direct printing of 3D letter-like structure of ‘SNU’with 10 times

stacking of nanofiber. The size of each pattern is 50 µm. (a) Snap shot

images of printing of each structure of ‘S’, ‘N’, and ‘U’. (b) SEM images of

the printed ‘SNU’structure.

test the possibility of printing of turning back at the end of the line, we

fabricated 4 times smaller and more complicated letter-like structures as

shown in figure 4.9. The results shows that the fiber is vertically folded on

itself when the printing nozzle go back along the line. This is different from

the horizontal turning of nanofiber in building of nanowall on the patterned

metal plate.(Lee & Kim, 2014) The jet in this work is more flexible because

it is exposed in the air shortly than the fiber used on patterned metal plate.

And we can observe that the stacking position of nanofiber is less accurate

as the stacking goes up as shown in figure 4.9(b). Because the previous

stacks of nanofiber itself is not a good conductor, so the charge on the

structure does not flows out well. This weakens the attractive electrostatic

force to pull the fiber thus the pulling angle of the fiber decreases from the

vertical as shown in figure 4.10. This result suggest that it is needed that

52



4.7 Conclusions

1st 5 th 10th

25 µm

Figure 4.10: Sequential images of stacking nanofiber in 10 times, which

shows the variation of the pulling angle of nanofiber as the stacking process

progresses.

the control of attractive force on the nanofiber as the fabrication process

progresses by changing the voltage or the distance of the working place.

4.7 Conclusions

In summary, we have shown that it is possible to print nanoscale fiber di-

rectly on the substrate by utilizing the combination of mechanical pulling

force at the bottom and the electrostatic repulsion at the nozzle. This

electro-mechanical pulling method could be realized by reducing the dis-

tance between the tip and the plate greatly to the few tens of micrometer

scale, using nonmetal plate as collecting surface with weak negative voltage,

and applying no pneumatic pressure to supply the polymer solution. Thus

the resultant nanofiber is pulled from the tip of the nozzle according to the

speed of the plate. Using this printing method, we have showed that the

printing process is possible independent of the jet speed and the printing

can be started on the place where we desire. Also we have constructed

the 3D square and Letter-like structures ‘SNU’which shows the possibility

of direct 3D printing of nanofibers. However it needs further research to

enhance the resolution of the corner stacking and tall structure. Beside,

to achieve high resolution of printing in nanoscale scale, it needs that the
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4.7 Conclusions

collecting plate should be controlled with high accuracy and the more small

nozzle should be used to reduce the size of nanofiber. Our results can be

applicable to direct fabrication of nano/micro structures, cost-effective di-

rect mask printing in the photolithography, and printing of electrical circuit

and making electrical connections using conductive material.
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Chapter 5

Concluding remarks

5.1 Conclusions

In this thesis, we have presented three novel methods to fabricate 3D

structure with nanofiber in a controlled fashion. By controlling the chaotic

nanofiber into a slow and stable state, we could stack the nanofiber on top

of itself for constructing ordered structures. The control of the nanofiber

significantly depends on the distance between the tip and the collector,

we reduced the distance greatly in to few millimeter scale and few tens of

micrometer scale according to the collecting plate shape and the pattern.

When we use the sharp tip and the micropattened metal collecting sub-

strate with the distance tip and the collector in few millimeter scale, the

electrical field strongly focuses the nanofiber into the center metal part,

thus it can form automatically the hollow cylindrical structure on the tip

and the straight wall-like structure on the micrometal line. When we reduce

the distance between the tip and the plate in a few tens of micrometer scale,

the jet is pulled by the electrostatic attachment of the fiber on the surface.

Using this slow and stable fiber generation method we can construct 3D

structure with nanofiber. And also we have shown that simply theoretical
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5.1 Conclusions

model of the moment and the force applied on the nanofiber can estimate

the resultant dimension of the stacking structure of nanofiber.

In chanpter 2, we have shown that coiling of nanoscale fibers can arise

as an electrospun polymer solution jet is focused onto a sharp electrode tip,

leading to a stable hollow helical structure. A simple scaling law captures

the physics of the process and enables us to start thinking about the control

of the coil geometry using experimental parameters. The regular geometry

of coiling microstructures may be of use in nanoscale magnets, in build-

ing nanotextured surfaces for bioscaffolds and nanochannels, and in other

functional structures. An array of electrode target spots on an insulating

substrate that are turned on sequentially may provide a viable solution to

fabricate two-dimensional arrays of coiling microstructures because it can

prevent electric field interference. Further study for fabrication of multiple

spools on an array of target spots using different solutions will be crucial

in realizing the wide application of this nanocoiling process.

In chapter 3, We have shown that nanoscale 3D objects such as free-

standing nanowalls can be constructed as an electrospun polymer solution

jet is focused onto a thin metal electrode line. Even without the motion

of the substrate, nanojets are spontaneously laid down and piled to yield

nanowalls. A scaling law that captures the essential physics behind the

turning of a nanofiber allows us to estimate the length of the nanowall and

also to think about controlling the wall geometry using experimental pa-

rameters. This current process needs only a power supply and a linear stage

to build free-standing nanowalls after drawing metal microlines, all of which

can be conducted under normal laboratory conditions. Therefore, it has a

significant economic advantage as compared to conventional nanomanufac-

turing processes used to build nanowalls such as DRIE (deep reactive ion
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5.1 Conclusions

etching). In particular, the current scheme of repeatedly stacking fibers

on a conducting line is suited for fabricating nanoelectrodes consisting of

straight walls(Sun et al., 2013) and nanochannel FETs (field effect transis-

tors) utilizing insulating nanowalls as gaps in metal patterns.(Min et al.,

2013) Furthermore, combining the motion of the substrate and prepattern-

ing of microscale electrodes has the potential to build nanostructures of

complicated shapes. Challenges to overcome in the future to attain this

end include enabling the nanofiber to turn sharp corners of prepatterned

ground lines.(Li et al., 2005; Luo et al., 2012) Although simply lowering

the jet speed can enable the fiber to follow complicated pattern shapes as

demonstrated with microscale fibers by Brown et al.,(Brown et al., 2011)

more sophisticated methods of manipulating electrical field lines, such as

electrostatic or magnetic deflectors that were used for cathode ray tubes

(Cowley & Joy, 1986) and quadrupole ion traps for mass spectrometry

(Todd & March, 2005), have the potential to realize the rapid 3D printing

of complicated shapes, which can be used for bioscaffolds, nanofilters, and

nanorobots.

In chapter 4, we have shown that it is possible to print nanoscale fiber

directly on the substrate by utilizing the combination of mechanical pulling

force at the bottom and electrostatic repulsion at the end of the nozzle.

This electro-mechanical pulling method could be realized by reducing the

distance between the tip and the plate greatly to the few tens of micrometer

scale, using nonmetal plate as collecting surface with weak negative voltage,

and applying no pneumatic pressure to supply the polymer solution. Thus

the resultant nanofiber is pulled from the tip of the nozzle according to the

speed of the plate. Using this printing method, we have showed that the

printing process is possible independent of the jet speed and the printing
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5.2 Future work

can be started on the place where we desire. Also we have constructed

the 3D square and Letter-like structures ‘SNU’which shows the possibility

of direct 3D printing of nanofibers. However it needs further research to

enhance the resolution of the corner stacking and tall structure. Beside,

to achieve high resolution of printing in nanoscale scale, it needs that the

collecting plate should be controlled with high accuracy and the more small

nozzle should be used to reduce the size of nanofiber. Our results can be

applicable to maskless fabrication of nano/micro structures, cost-effective

direct mask printing in the photolithography, and printing electrical circuit

and connections using conductive material.

5.2 Future work

In this thesis, we have focused on the stabilizing the nanojet formation

and constructing 3D structure. The method using sharp electrode tip and

the patterned microscale metal line, results rather limited 3D structures

which are hollow cylindrical wall and straight wall. However the method

utilizing mechanical and electrical force, what is called mechanoelectro-

spinning, have not the limit to fabricate any desired structure. But still

it needs to explore the more fine printing resolution under sub few tens of

nanometer scale. And according to the properties of the material used in

this printing method, it should be optimized in each cases. And according

to the structure height, the applying voltage and the distance should be

delicately controlled to utilize the precise stack of nanofiber. These further

research will help to realize the direct printing of any desired nanoscale 3D

structure at hand.
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국 문 초 록

집중된 전기방사를 통한 3차원 

프린팅 기술 연구

서울대학교 공과대학원

기계항공공학부

이 민 희

요 약

본 연구는 나노섬유를 만들어 낼 수 있는 전기방사 기법을 더욱

정교하게 개선한 집중된 전기방사 기법과, 전기-기계적 당김힘을 이

용한 전기방사 기법을 통해 안정된 전기수력학적 젯을 형성하고 그

결과로 생성되는 나노섬유 이용하여 3차원적 구조물을 제작하는 것

에 관한 것이다. 기존 전기방사법이 가지고 있는 무작위적 적층의

한계를 해결하기 위해 노즐과 수집 전극판 사이의 거리를 수 밀리

미터 수준으로 줄여 나노젯의 불안정성을 제어하였으며, 날카로운

팁과, 마이크로미터 수준의 금속선을 이용하여 나노젯을 집중시킴으

로써 3차원적 구조물을 제작하였다. 또한 팁과 폭의 거리를 수십 마

이크로미터 수준으로 줄인 상태에서 안정적으로 나노젯을 형성할

수 있는 방법을 개발하여 이를 통해 나노섬유를 원하는 곳에 3차원

적으로 적층 할 수 있음을 보였다.

먼저, 팁과 전극 사이의 거리를 수 밀리미터 수준으로 줄이고 날카

로운 팁을 전극으로 활용한 집중된 전기방사 기법에서는 나노젯이
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팁 중앙으로 강하게 당겨 붙음으로써 일정한 크기의 원형 코일 구

조물을 적층하는 결과를 보였다. 팁 끝단 중심으로 먼저 도달한 나

노섬유가 일정한 크기로 휘어진 채로 팁 표면에 붙은 후 연속적으

로 자신위에 그대로 쌓이게 됨으로써 코일링이라는 현상을 통해 회

전하면서 원형 타워와 같은 실린더 형태의 구조물이 형성되었다. 이

러한 원형 실린더 형태의 구조물의 크기는 나노섬유를 팁 전극 표

면에 압축시키고자하는 정전기적인 힘과 나노섬유 자체의 굽힘 탄

성저항력이 균형을 이룸으로써 결정됨을 밝혔고, 이를 이론적으로

해석함으로써 원형 코일 구조물의 반경을 예측할 수는 있는 이론

모델을 정립하였다.

다음으로 마이크로 선폭을 전극으로 활용한 집중된 전기방사 기법

에서는 마이크로 선폭 중앙으로 나노젯이 마이크로 선폭 중심으로

강력하게 당겨져 일전한 길이를 반복적으로 왕복함으로써 벽과 같

은 구조물을 형성하였다. 이러한 나노벽의 길이는 나노젯에 작용하

는 장력의 복원력 성분이 나노젯을 중심으로 모으고자 하는 측방향

전기력과 균형을 이루는 지점에 의해 결정되는 것으로 이를 이론적

으로 해석함으로써 나노벽이 형성되는 크기에 대해 예측 할 수 있

는 이론적 모델을 정립하였다. 또한 직선뿐만 아닌 원형, 곡선과 같

은 마이크로 패턴에서 나노벽이 형성되는 결과를 관찰하고 이를 분

석하였다.

마지막으로 팁과 전극 사이의의 거리를 수십 마이크로미터 수준으

로 줄인 전기방사 기법에서는 전기-기계적 당김힘을 이용하여 나노

섬유를 직접적으로 나노젯의 속도의 상관없이 3차원적으로 적층할

수 있음을 보였다. 이러한 나노젯은 고분자 액적의 표면에서 정전기
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적 반발력 받고 있는 상태에서 나노젯이 수집전극에 닿아 당겨짐으

로써 발생되는 장력의 도움에 의해 안정적으로 생성될 수 있었다.

이러한 원리로 인해 나노젯은 수집 전극판의 이동속도에 따라서 분

사가 되어 나옴으로써 기존 전기방사 기법이 가진 속도 제어가 불

가능한 단점을 극복할 수 있었다. 또한 노즐과 전극판 사이의 거리

를 벌리고 다시 근접시키는 것만으로도 프린팅 과정을 멈추고 재시

작할 수 있는 것이 가능함을 보였다. 그리고 이러한 나노젯을 정밀

하게 제어하여 사각형과 같은 3차원적 구조물과 글자와 같은 복잡

한 형태의 3차원적 구조물을 직접적으로 원하는 형태로 적층이 가

능함을 실험적으로 보였다.

본 연구에서 새롭게 개발된 집중된 전기방사 기법은 기존 전기방

사 기법이 가지고 있는 무작위적 적층의 불안정성을 해소하고, 단순

직선형태의 1차원적 직선 나노섬유를 표면에 패터닝할 수밖에 없던

기술적 한계를 뛰어 넘어 나노젯을 안정적으로 정밀하게 제어하여

3차원 나노 구조물을 제작할 수 있는 기술로써 다양한 분야에서 응

용이 가능하다. 예를 들어 나노도선 인쇄나 나노패터닝, 나노 식각

마스크, 나노소자, 바이오지지체, 나노센서 및 나노필터 개발 등에서

다양하게 활용될 수 있다. 뿐만 아니라 본 연구에서 나노젯을 제어

하기 위해 적용한 조건과 방법들은 새로운 전기방사 기술 개발에

필요한 다양한 실험적, 이론적 정보를 제공할 수 있을 것으로 예상

된다.

주요어 : 나노제조, 직접 3차원 프린팅, 전기방사, 전기수력학적 젯,

나노섬유, 나노구조물

학 번 : 2012 - 30181
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