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Abstract 

High throughput nanomanufacturing of photopatternable nanofibers and subsequent photopatterning is reported. 

For the production of high density nanofibers, the tube nozzle electrospinning (TNE) process has been used, where 

an array of micronozzles on the sidewall of a plastic tube are used as spinnerets. By increasing the density of nozzles, 

the electric fields of adjacent nozzles confine the cone of electrospinning and give a higher density of nanofibers. 

With TNE, higher density nozzles are easily achievable compared to metallic nozzles, e.g. an inter-nozzle distance as 

small as 0.5 cm and an average semi-vertical repulsion angle of 12.28° for 8-nozzles were achieved. Nanofiber diam-

eter distribution, mass throughput rate, and growth rate of nanofiber stacks in different operating conditions and with 

different numbers of nozzles, such as 2, 4 and 8 nozzles, and scalability with single and double tube configurations 

are discussed. Nanofibers made of SU-8, photopatternable epoxy, have been collected to a thickness of over 80 μm in 

240 s of electrospinning and the production rate of 0.75 g/h is achieved using the 2 tube 8 nozzle systems, followed 

by photolithographic micropatterning. TNE is scalable to a large number of nozzles, and offers high throughput pro-

duction, plug and play capability with standard electrospinning equipment, and little waste of polymer.

Keywords: SU-8 nanofibers, Lithographically patterned nanofibers, Tube nozzle electrospinning, High throughput, 

Multijet electrospinning, Large area electrospinning
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Background
In the last decade, electrospinning has seen its growth in 

multiple fields such as biomedical engineering, energy 

storage, and electronics [1, 2]. Applications using elec-

trospun nanofibers include gas sensors, nerve guid-

ance scaffolds, air filters, nano sensors, energy storage 

capacitors and solar cells [3–8]. A typical production 

rate of the electrospun nanofibers using a single spin-

neret is 0.01–0.1  g/h, which may be appropriate for lab 

usage or small scale experiments, but not for large scale 

usage and production [9]. Techniques to produce high 

throughput nanofibers have been studied by scaling up 

the spinneret count [10, 11]. Multiple spinnerets can be 

implemented by using an array of metallic needles either 

in a linear [12] or a circular [13] array. Although the mul-

tiple metallic needle approach gives a production rate of 

0.024  g/h per nozzle which is comparable to the single 

needle production rate [13], the metallic spinnerets are 

bulky, difficult to assemble, and expensive. To implement 

non-metallic jetting sources, Dosunmu et  al. [14] have 

used a highly porous reservoir and a conductive wire to 

charge the polymer. While the technique gives a high 

production rate of 5 g/h, it shows a wide distribution of 

nanofiber diameters. By drilling holes half-way through 

the porous walls, Varabhas et al. [15] have improved the 

diameter uniformity but lowered the production rate to 

0.3  g/h and increased the operating voltages to 60  kV. 

Using microfluidic channels, Srinivasta et  al. [16] have 

demonstrated intricate janus architecture nanofibers, but 
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the open channel approach has lowered throughput to 

0.1 g/h with 8 nozzles. Also, drilled holes in plastic films 

[17] and drilled holes into syringe filters [18] have been 

reported. But these approaches suffer from non-uniform-

ity in nanofiber diameter or not quite scalable.

Electrospinning of photopatternable polymers allows for 

direct patterning of the nanofibers using UV lithography of 

the nanofibers. Norbornene based co-polymer PN3TMA6 

with photocrosslinkable units (methacrylate) [19] and 

Polyethylene oxide (PEO) with photo initiator (Irgacure) 

in hyaluronic acid [20] have been reported. Recently, mul-

tiple groups including the author group have reported on 

electrospinning and subsequent photopatterning using 

commercially available SU-8 [7, 21–24]. Patterned nanofib-

ers have been subsequently carbonized after thermal treat-

ment, resulting in good electrodes for high density energy 

storage devices such as supercapacitors [7, 21, 22]. While 

the process has large commercial implications in con-

text of nanomanufacturing, so far only a single spinneret 

approach has been exercised. Recently, the authors have 

presented the tube nozzle electrospinning (TNE) process 

[8]. In this paper, the TNE process is described in detail as 

a high throughput nanofiber fabrication process using a 

commercially available photopatternable epoxy SU-8 and 

the photolithographical patterning of the SU-8 nanofibers 

is detailed. In TNE, low density polyethylene (LDPE) tubes 

are adopted and a linear nozzle array has been formed 

using a computer numerical control (CNC) printed circuit 

board (PCB) milling machine. �e semi vertical angle due 

to electrostatic repulsion between nozzles, the nanofiber 

diameter, the nanofiber production throughput and the 

growth rate as a function of the nozzle count, and pho-

topatterning the electrospun nanofiber stacks are detailed.

Experimental
Electrospinning setup: SNE and TNE

Figure  1a shows the conventional single needle elec-

trospinning (SNE) system. The prepared polymer 

solution is loaded into the syringe without the intro-

duction of bubbles and capped with a 21 gauge stain-

less steel hypodermic needle (CML Supply LLC, USA). 

The syringe is then loaded into the syringe pump (NE-

1000, New Era Pump Systems Inc.) and programmed 

to pump at a specified rate. Polymer solution is then 

charged via the metallic needle tip with a high volt-

age supply (603C-300P, Spellman High Voltage Elec-

tronic Co.). Electrospinning is performed inside a 

custom fabricated acrylic box for controlled humidity 

and minimal interference of air-flow from the envi-

ronment. All experiments are performed at room 

temperature.

�e tube nozzle electrospinning (TNE) setup is shown 

in Fig. 1b. �e stainless steel needle is substituted with 

the milling-machined tube nozzle and the rest electro-

spinning equipment remains the same. Figure  2 shows 

an array of low density polyethylene (LDPE) tubes 

with an outer diameter of 0.187″, an inner diameter of 

0.125″, and a wall thickness of 0.031″ (Value Plastics 

Inc.) secured on a substrate board so the nozzle holes 

can be precisely machined on one side of the tube using 

a PCB milling machine (ProtoMat S100, LPKF Laser & 

Electronics AG, Germany). A nozzle diameter of 0.2 mm 

is used in this work. One end of the tube is thermally 

sealed to implement a closed system and to control the 

pressure inside the tube. �e other end is connected 

with a luer lock connector (Value Plastics Inc.), allow-

ing it to form easy plug and play connectivity with the 

standard syringe. A copper wire which connects to the 

positive power supply is then inserted into the tube on 

the opposite side of the nozzles to provide electrons to 

the polymer solution and the entrance into the tube is 

sealed with epoxy. By coupling two tubes with embed-

ded nozzles, a multi-TNE setup can be achieved to give 

increased throughput production of nanofibers as shown 

in Fig. 1c. Increased tube counts require a linear increase 

in polymer input flow rate. Keeping a fixed distance, the 

Fig. 1 Schematic of different electrospinning systems: a conventional single syringe electrospinning, and tube nozzle electrospinning with (b) 

single tube and c dual tubes. All systems accommodate a precision syringe pump, a high voltage source and a grounded collector
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voltage is also required to increase to achieve the same 

electrospinning conditions.

SU-8 2025 (Microchem Inc.) has an intrinsic viscosity 

of 4500 cSt with a solid content percentage of 68.45%. 

SU-8 2025 is optimized for the electrospinning process 

by diluting it in cylcopentanone (Sigma Aldrich Inc.) to 

reduce the solid content percentage down to 60.87%. �e 

solution is stirred overnight using a magnetic stirring bar 

and stored in dark amber bottles.

�e multiple intermittent electrospinning technique 

[10, 21] is used in this work to reduce charge accumula-

tion and nanofiber repulsion effects. �e electric charge 

can accumulate inside the collected nanofiber without 

sufficient resting time, which can limit the nanofiber 

stack height by repelling the incoming charged nanofiber 

during electrospinning. In this work, each cycle has 30 s 

of electrospinning and 30  s of resting to maximize the 

nanofiber stack height.

Figure 3a shows an electrostatic field distribution sim-

ulation of the 8 nozzle TNE by COMSOL Multiphysics 

4.3 (COMSOL Inc.). Gradient electric fields indicate the 

flow of charged particles from the ionized polymer solu-

tion to the grounded collector at the bottom. �e nozzles 

are spaced 0.5 cm apart and the tip to collector distance 

(TCD) is set to 12.5 cm. �e divergent trajectory for the 

electrospun nanofibers results in the increasing in-plane 

angle of divergence for the nozzles further from the mid-

point of the tube. �is is attributed to the divergent fields 

of adjacent jets of charged particles which increase when 

they are the further away from the jetting source. By 

adding an additional adjacent tube, similar divergence is 

observed as that of a single tube except that in the case 

of two tubes, out-of-plane spatial repulsion in addition to 

the divergence occurs due to adjacent nozzles as shown 

in Fig. 3b. �e out-of-plane divergence between the tubes 

is similar to that at the other edges of a single tube. �is 

is attributed to the lack of convergent field as seen by the 

inner nozzles of a single tube.

Results and discussion
Taylor cone formation and electric repulsion

Operating conditions for SU-8 electrospinning is opti-

mized with a needle voltage of 12.5  kV, a tip-to-col-

lector distance (TCD) of 12.5  cm, and a flow rate of 

0.2 ml/min for the SNE approach. In the case of TNE, 

the increasing nozzle count requires increasing flow 

rate to continuously replenish the receding droplet dur-

ing the electrospinning process. �erefore, in the case 

of 2, 4 and 8 nozzles, the required flow rates are 0.4, 0.8 

and 1.6  ml/min, respectively. It is noticed that sorely 

increasing flow rate without optimizing other operation 

parameter is insufficient to initiate the electrospinning 

process. With a TCD of 10  cm, the voltages required 

for 2, 4, and 8 nozzle TNE to observe the Taylor cone 

formation and initiate the electrospinning process are 

12.5, 15, and 20 kV, respectively. Figure 4a, b shows the 

Taylor cone formation of 4 and 8 nozzle TNE, respec-

tively. Figure  4c shows electrospinning using 2 tubes 

with 3 nozzles each and requires a higher needle volt-

age of 25 kV feeding both the tubes. �e Taylor cone is 

seen to diverge not only between adjacent nozzles but 

also between adjacent tubes as expected.

Followed by the Taylor cone formation at every noz-

zle, the polymer droplet quickly shrinks to a very fine 

jet and elongates until it follows a bending instability 

stage where the nanofibers are chaotically whipped 

toward the collector and forming the nanofibers 

membrane. Table  1 shows the semi-vertical angles 

(SVA), which are the vertex angles of the electrospin-

ning cone taken for 2, 4 and 8 nozzle architectures. 

Note that the nozzle number corresponds to that used 

in Fig.  4. The 2 nozzle architecture shows the high-

est SVAs when compared to the 4 and 8 nozzle ones. 

This is attributed to the increased charge repulsion 

between the two electrospinning cones from closely 

located nozzles. In the case of the 4 nozzles, while the 

outer nozzles #1 and #4 have similar SVAs as those 

of the 2 nozzles, the inner nozzles #2 and #3 have 

reduced SVAs. A similar trend is observed in the case 

of 8 nozzle TNE wherein the inner nozzles #3 thru #6 

observe even reduced SVAs when compared to those 

of the 4 nozzle one. It is noticeable that the average 

SVA (12.28°) of the 8-nozzle architecture measured 

for an inter-nozzle distance (IND) of 0.5  cm is con-

siderably less than the SVA (30.22°) measured for the 

linear metallic needle architecture with an IND of 

4  cm [13]. The density of nozzles achieved with the 

TNE architecture is almost an order of magnitude 

higher than that of the metallic needle architecture. 

This allows a higher density of nanofibers to be col-

lected per unit area of a substrate for the given nozzle 

architecture.

Fig. 2 Diagram of polyethylene tubes secured to a printing circuit 

board to precisely drill nozzles
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Nano�ber characterization

Figure 5 shows the scanning electron microscopy (SEM, 

JEOL 5700, JEOL Ltd.) images of electrospun nanofib-

ers using TNE with a nozzle diameter (DN) of 0.2  mm 

at different voltages and TCD conditions parameters for 

the 1 tube 2 nozzle TNE architecture. It is observed that 

nanofiber density decreases with increasing voltage and 

TCD. Moreover, the effect of the electric field generated 

electrostatic force on the electrospun nanofiber diameters 

is investigated and shown in Fig.  6 with the same TNE 

architecture as Fig. 5. At a nozzle diameter DN of 0.2 mm, 

lower electric fields tend to give an evenly distributed 

Fig. 3 Electric field streamlines showing repulsion in mulitjet electrospinning in a single tube and b dual tubes

Fig. 4 Electrospinning jets on tube nozzles, a 4 nozzles and b 8 nozzles architecture (φ indicates semi vertical angle). c Multi tube electrospinning 

using 2 tubes with 3 nozzles each showing Taylor cones, which are about to electrospin

Table 1 Semi-vertical-angles measured for 2, 4 and 8 nozzle architectures showing compression of electrospinning cones 

due to high density nozzles

Nozzle count 8 7 6 5 4 3 2 1

2 29.2° 22.8°

4 24.4° 20.6° 21.3° 22.7°

8 14.2° 13.0° 10.3° 10.7° 10.7° 12.1° 12.6° 14.6°
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diameter ranging from 200 to 500  nm as observed in 

Fig. 6a. As the electric field increases to 1.5 kV/cm, due to 

the higher voltage stretching the nanofibers thoroughly, 

the majority of nanofibers distributes around 200 nm as 

observed in Fig.  6c. �erefore, varying voltage can give 

varied distributions in the nanofiber diameter.

While the increased throughput of nanofibers can be 

achieved with a higher density of nozzles, the poros-

ity of the stack is affected by the process parameters. 

�e porosity of the nanofiber stacks is a crucial prop-

erty which determines its effectiveness either in filtra-

tion, energy storage or tissue scaffold applications. �e 

pore size and porosity of the nanofiber stack are meas-

ured by image software, ImageJ (National Institute of 

Health, USA). Table 2 shows the summary of porosity 

and pore size with different process parameters for the 

1 tube 2 nozzle TNE architecture. Both porosity and 

pore size increases with increasing TCD as it allows 

for increased charge repulsion time of the nanofibers. 

�e nozzle diameter can also affect the porosity of the 

nanofiber stacks. As the nozzle size becomes larger, 

it tends to produce nanofibers with larger diameters, 

thus resulting in the increase of the pore size of the 

nanofiber stacks.

Production and growth rates of TNE

Nanofiber throughput is calculated by the mass of 

nanofibers collected over a certain period of time. With 

the 2 nozzle architecture, 16.5  mg of SU-8 nanofibers 

is collected in a growth period of 16  min as tabulated 

in Table 3. �is gives a mass throughput of 0.06 g/h per 

nozzle which is similar to that of the SNE technique 

[12]. Increasing the nozzle count on a single tube from 

2 nozzles to 8 nozzles gives an eight-fold increase in 

production resulting in 0.46  g/h, which suggests that 

the throughput increases almost linearly with increases 

in nozzle count. While doubling the tube count on the 

4 nozzle architecture, the production rate doubles to 

0.49 g/h compared to that of the single tube of 0.25 g/h, 

the linear increase in throughput is not observed in the 

case of the 8 nozzle architecture from 0.46 to 0.75 g/h. It 

is in part attributed to the limited collector size, which 

Fig. 5 Electrospun nanofibers collected at different operating conditions using the 1 tube and 2 nozzle TNE architecture with a nozzle diameter of 

0.2 mm; a V = 12.5 kV, TCD = 10 cm (b) V = 12.5 kV, TCD = 12.5 cm (c) V = 15 kV, TCD = 10 cm (d) V = 15 kV, TCD = 12.5 cm [8]
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could not include all the electrospun nanofibers as the 

nozzles are widely spread out.

Mean and standard deviation of the measured 

nanofiber stack height was calculated for the membrane 

over a distance of 1  cm. �e TNE technique increases 

the throughput rate as expected from the reduced SVAs 

with the higher density of nozzles. �e decrease in SVAs 

not only increases the throughput rate of the process, 

but also increase the directionality of the electrospun 

nanofibers. Due to the electrostatic repulsion of adjacent 

cones, electrospun nanofibers tend to be confined in a 

narrow space much like the electric field shaping due to 

an array of charged metallic rings [25].

Electric field shaping counters the bending instability of 

the nanofibers thus reducing the footprint of electrospun 

nanofibers on the collector. �is decrease in footprint 

corresponds to an increase in thickness of the nanofiber 

stack as the volume of the produced nanofibers remains 

the same at a desired steady flow rate. Figure 7 shows the 

thickness of nanofiber stacks collected with an array of 

Fig. 6 Nanofiber diameter distribution histograms for the 1 tube and 2 nozzle TNE architecture with fixed TCD = 10 cm and varying operating volt-

age, a 10 kV, b 12.5 kV and c 15 kV

Table 2 Comparison of  porosity and  average pore size 

for the 1 tube 2 nozzle TNE architecture with di�erent noz-

zle diameters and TCDs at constant voltage = 12.5 kV

TCD (cm) 7.5 10 12.5

Nozzle diameter = 0.2 mm

Porosity (%) 29.1 31.0 35.3

Pore area (μm2) 0.31 0.52 0.57

Nozzle diameter = 0.5 mm

Porosity (%) 56.9 59.0 –

Pore area (μm2) 0.28 2.46 –

Table 3 Comparison of mass throughput for SU-8 based TNE with 2, 4 and 8 nozzles

Nozzle count Nano�ber mass (mg) Time of collection (min) Mass throughput (g/h)

1 × 2 16.5 16 0.06

1 × 4 66 16 0.25

1 × 8 124 16 0.46

2 × 2 72 16 0.27

2 × 4 130 16 0.49

2 × 8 200 16 0.75

Fig. 7 Thickness of nanofiber stacks where error bars indicate stack 

height deviations
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2, 4 and 8 nozzles equidistantly spaced at 0.5  cm apart 

in the single tube and double tube cases. �e deposited 

nanofiber stack thickness increases with the increasing 

number of nozzle count as a higher nanofiber growth rate 

is achieved with higher directionality. In the case of the 2 

tube 8 nozzle, 81.8 µm thick nanofiber stack is achieved 

at 240 s with an average deposition rate of 0.34 µm/s.

Using the 4 and 8 nozzles in the single tube architec-

ture, a growth rate of 0.16 and 0.21 μm/s are obtained, 

respectively, using the multiple intermittent approach as 

shown in Table 3. �e growth rate is observed to linearly 

increase until it starts to saturate at thicker collections at 

480 s for both the 4 nozzle and 8 nozzle systems. �ere-

fore, the growth rate is calculated in the linear growth 

region (<240  s) and given by the slope of the linear fit-

ted curve. �e saturation in height of the nanofibers is 

attributed to the electrostatic repulsion from the residual 

charge in the thicker stacked nanofibers.

Photolithographically patterned nano�bers

UV lithography allows the fabrication of patterns in the 

nanofiber matrix as shown in Fig.  8. Light diffusion is 

a common defect which corrupts the wave propagation 

through the nanofiber matrix. �e red dotted lines in 

Fig.  8a, b delineate the original mask pattern and it is 

observed that the fabricated structures are larger than 

the mask patterns. Figure 8a, b compare the fabricated 

patterns with constant dosage for different heights of 

nanofibers. While both stacks are collected for 120  s, 

Fig.  8a, b are from 4 nozzles to give a stack height of 

18.25  ±  0.41  μm, and from 8 nozzles to give a stack 

height of 32.74  ±  3.01  μm, respectively. When they 

are exposed with a constant dosage of 120 mJ/cm2, the 

edge profile in Fig.  8b shows a thoroughly crosslinked 

nanofiber structure, while that in Fig.  8a shows over-

exposed nanofibers to give ring-like structures on the 

edges.

Fig. 8 SEM images of patterned nanofiber stacks with different stack heights of (a, c, e) 18.25 ± 0.41 μm, and (b, d, f) 32.74 ± 3.01 μm
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Structures with diameters of 20 and 40 μm are pat-

terned with SU-8 nanofibers as shown in the inset of 

Fig. 8e, f, respectively. Patterning resolution is limited by 

the light scattering effect due to the refractive index mis-

match between SU-8 (n =  1.68) and air (n =  1) where 

the nominal nanofiber diameter (100–500  nm) and the 

wavelength of the UV source (i-line, λ  =  365  nm) are 

in the similar range. With the uneven surface of SU-8 

nanofibers, the large proximity gap between the mask 

and the photosensitive nanofibers results in pattern 

enlargement or deformation due to UV light refraction 

and diffraction. �e previously reported oil-lithogra-

phy patterning technique [26] can suppress this arti-

fact to achieve high-aspect-ratio and high resolution 

microstructures.

Conclusions
Tube nozzle electrospinning (TNE) with multiple noz-

zles formed on an LDPE tube has been successfully 

demonstrated, which offers a superior production 

capability to the conventional SNE approach. The non-

metallic nozzles lower the electrostatic repulsion force 

between nanofibers which contributes to enhancing 

the growth rate of nanofibers. TNE with 8 nozzles 

on a plastic tube allows for the improved directional-

ity of electrospun nanofibers, resulting in a low SVA 

of 12.28°. TNE with multiple nozzles shows the similar 

relationship of the nanofiber diameter to its operating 

parameters such as the nozzle diameter, the voltage 

and the TCD as the SNE system. The multiple inter-

mittent growth technique is used to mitigate the effect 

of the accumulated charge and enhance the nanofiber 

growth rate. TNE demonstrates a high nanofiber col-

lection rate of 0.46 and 0.75 g/h in the 1 × 8 and 2 × 8 

nozzle architectures, respectively. An average depo-

sition rate of 0.34  µm/s is obtained in TNE with the 

2  ×  8 nozzle architecture. Multi nozzle TNE shows 

potential of significant electrospinning time reduction 

which can ultimately contribute to reducing the manu-

facturing cost of nanofiber based devices. Lithographic 

patterning of thick SU-8 nanofibers without damag-

ing the nanofibrous morphology is demonstrated. The 

result shows that TNE is an excellent nanofiber manu-

facturing approach with low nanofiber repulsion, high 

throughput production, high stack growth rate, and 

scalability.
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