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ABSTRACT 
The multi-needle electrospinning system is a convenient way to produce fibers with special 
structures such as core-shell morphologies at a high production rate. In this paper, a specially 
designed multi-needle electrospinning system is presented. The spinnerets were built-up with 
an equilateral hexagon array. Each set of 3 needles of the spinnerets were distributed as an 
equilateral triangle. A coaxial shield ring was used to create an approximate uniform electric 
field near the tips of the needles and to restrict the collection area.  The simulation results also 
show that the outside needles can help to create a more uniform electric field near the inside 
tips of the needles and restrict the path of the inside jets, which works almost the same as the 
additional shield ring. Based on the simulation results, several multi-needle systems were 
tested. A 7 cm diameter shield ring was used in a 7 needle system, a 9 cm diameter shield ring 
was used in a 19 needle system and a 10.5 cm diameter shield ring was used in a 37 needle 
system.  Polyethylene Oxide (PEO) aqueous solution was used as the test solution in 
experiments. The electrospinning results demonstrated that the use of multi-needle spinnerets 
is robust and that uniform nanofibers can be produced. The more needles used, the smaller 
the mean fiber diameter for larger mean electric field strengths. These distributions of needles 
show the scale up possibility of special structure electrospun nanofiber manufacturing. 

                               Index Terms - Multi-needle electrospinning; electric field distribution nanofiber 

1 INTRODUCTION 
ELECTROSPUN fibers have recently become an object 

of intensive experimental research due to potentially broad 
markets for fibers with diameters as small as 100 nm. 
Electrospun mats with large surface area have numerous 
potential applications such as filtration [1], drug delivery [2], 
and tissue engineering [3].  

The flow rate for a single needle setup is typically 0.001-1.0 
ml/min. The low production rate of the single needle 
electrospinning process and the non-uniform fibers produced 
with the multi-jet spinning process may limit the industrial use 

of electrospinning. Although the most common electrospun 
mat could be produced with a needleless nanospider at a high 
production rate [4], the multi-needle system still needs study 
as it is the best way to produce special structure fibers such as 
core-shell fibers at higher production rate.  

The most difficult issues in the multi-needle system are 
repulsion from the adjacent jets and the non-uniform electric 
field on each tip of the needle at different positions of the 
spinneret, which always cause instability problems such as 
dripping or non-working needles during the electrospinning 
process. 

To improve the production rate by needleless system, Yarin 
and his group provided a new approach employing a 
ferromagnetic liquid sub layer that yields about 26 jets/cm2, Manuscript received on 3 November 2009, in final form 11 April 2010. 
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but the fiber diameters were broader in distribution from 200 
nm to 800 nm [4]. Reneker and his group also tried to produce 
electrospun fibers using a porous tube. The mass production 
rate from the porous tube was 250 times greater than the 
production rate from a typical single needle system but the 
fiber diameter distribution was from a few tens of nanometers 
to 400 nm [5]. Elmarco´s Nanospider™ Technology has 
developed a free liquid surface electrospinning process and 
nanofibers can be produced on an industrial scale for a number 
of applications [6]. Yarin et al reported that spherical 
electrodes subjected to supercritical electric fields can be used 
for simultaneous generation of multiple jets, which is of 
theoretical and practical interest and in relation for needleless 
electrospinning [7]. 

To improve the production rate by a multi-needle system, 
the Yarin and Zussman group demonstrated a 9 needle model 
in which the 9 jets could be electrospun steadily from separate 
needles located with a pitch of 1 cm on a square of 4 cm2 
under comparable conditions to the present work [8]. 
Tomaszewski and Szadkowski compared 3 types of multi-jet 
electrospinning heads and found that 10 spinning pipes 
arranged in a circle with a diameter of 50 mm was the best 
arrangement in their system [9]. Kim et al used a cylindrical 
electrode to stabilize the 5 jet electrospinning process [10]. 
Yang et al reported 3 kinds of spinnerets in order to get a 
stable electrospinning process with 7 needles [11]. Varesano et 
al. studied several multi-jet electrospinning setups with 2 to 16 
needles by evaluating jet–jet repulsion. The needles followed a 
square distribution. A secondary electrode several mm above 
the needle tips has been investigated to obtain a reduction of 
the divergence [12]. The Jayaram group studied the electric 
field distribution in 2 needle arrangements by using finite 
element analysis. They reported that the degree of field 
distortion correlates with the variation in the measured vertical 
angle of the straight jet portion for different needle spacing but 
the influence of needle spacing on average jet current and fiber 
diameter is not highly significant [13].  

To collect an electrospun mat in a relatively small area, 
Deitzel et al [14] demonstrated a control system using 3 power 
supplies and 8 rings, which could dampen the electrospinning 
instability. Kim designed an electrospinning process with a 
cylindrical auxiliary electrode connected to a spinning nozzle 
to stabilize the initially spun solution with a parallel-plate 
electrode as a collector to generate an alternating current 
electric field for controlling the spun jets [10]. Yang et al 
designed a novel system using a PVC insulator tube to modify 
the electric field distribution controlling the jet path [15, 16]. 

In this paper, to efficiently achieve uniform fibers at a high 
production rate, a hexagon shaped multi-needle spinneret has 
been implemented. Each set of 3 needles was designed as an 
equilateral triangle in this system to have a uniform electric 
field strength near the inner needles and to restrict the paths of 
the inside jets. An additional shield ring was also used in order 
to have a more uniform electric field near the tips of the 
needles and to restrict the collection area. The shield ring 
diameter was chosen based on the 3D electric field simulations 
using Ansoft Maxwell software. The electrospinning results 
with PEO aqueous solution demonstrated that the special 
design setup can produce uniform nanoscale fibers with a 

stable process. Thinner fibers can be produced with more 
needles at larger average electric field strength. 
 

2 THEORETICAL BASIS 
2.1 NEEDLE DISTRIBUTION 

Assuming the equilateral polygon is n-isogon, the inner 
angle should be (n-2)×180/n. If we want to expand the isogon 
cell in a plane, the inner angle should be 360°/m, where m, n 
are integers.  

mnn /360/]180)2[( =×−  (1) 
Based on equation (1), there are three geometries, 

equilateral triangle（n=3, m=6） , square (n=4, m=4) and 
equilateral hexagon (n=6, m=3) as shown in Figure 1, that can 
be expanded endlessly and can form a centrosymmetry 
structure in a 2-D plane.  

Needles per unit area, k, for the 3 structures were all 
calculated by  

Sn
m

k ⎟
⎠
⎞

⎜
⎝
⎛ ×=

1
 (2) 

where S  is the area of the isogon. 
The results of the calculations showed that 

4:33:6:: =hexagonsquaretriangle kkk , so the equilateral  
triangle structure is the best one to maximize the total amount 
of needles per unit area in this paper. The following 
discussions are all based on this structure. 

 
2.2 SHIELD RING 

The shield ring has two functional points in this design. One 
is for collecting the fibers in a smaller area. The other is for 
forming a uniform electric field near the tips of the needles.  

It should be mentioned that the solution flow rate from the 
pump, Qin is not exactly equal to the solution flow rate taken 
away by the electric force Qout, so that there will be a ΔQ(E,t)= 
Qout -Qin. For each Qout, there must be an exact electric field 
strength E. As the needle distribution will affect the electric field 
near the tips of the needles in multi-needle systems, the electric 
field strength E at each tip of the needle is different from the 
others. So there is an E range for each tip of the needle in which 
the ΔQ is too small to form a drop during t hours.  

There are two ways to match the different electric field 
strengths at the tips of the needles at different positions. One 
is making the flow rate match the electric field strength at 
each tip of the needle. The other is improving the uniformity 
of the electric field at the tips of the needles at different 
positions of the spinneret. In this paper, we focus on 
improving the uniformity of the electric field, in other words, 
to minimize the ΔE between each adjacent pair of needles. 

 

   

 

   

 

 
Figure 1. Needle distribution cells. 
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In general, the governing equation of the simplest electric 
field is Poisson’s equation for the electric scalar potential φ, 
given in equation 3 

   
ε
ρ

ϕ f−=∇ 2  (3) 

As shown in [18], the calculated total charge on the upper 
electrode was in the range of 10–102  nC. The total charge on 
each jet in the space between the two electrodes were in the 
range of 10−6–10−2  nC. The jet charge is several orders of 
magnitude smaller than the total charge on the electrode. The 
electrode design and target voltage have more effect on the 
electric field distribution in the space than the jets. The jet 
charge differences for the different conditions were not 
significant. The electrostatic charge density on the jet varied a 
little but the exact charge distribution is unknown. An 
approximate analysis for the electrostatic field distribution 
calculation neglects the presence of the jet itself to simplify the 
analysis. Therefore, in a charge-free region of space, the field 
is governed by Laplace’s equation as given in Equation 4 

   02 =∇ ϕ  (4) 
The electric field strength E was calculated by  

   ϕ−∇=E                                                          (5) 
 The boundary conditions were as follows: the square 

plane for collection was grounded, and each needle and the 
shield ring were set at the same potential.  

 

3 EXPERIMENTAL SETUP 
The schematic illustrations of the experimental setups used 

in this study are shown in Figure 2. The polymer solution was 
forced through a syringe pump through a 2 mm inner diameter 
silicone rubber tube, resulting in formation of drops of 
polymer solution at the needle tips when using the 7 needle 
and the 19 needle systems. When using a 37 needle system, 
the polymer solution was forced by the syringe pump with a 
syringe full of air through a reservoir holding PEO solution 
through a 2 mm inner diameter silicone rubber tube, resulting 
in the formation of drops of polymer solution at needle tips as 
shown in Figure 2a. Needles used in all the tests have 0.55 mm 
inside and 0.6 mm outside diameters.   

The needle distribution is shown in Figure 2b and Figure 2c. 
4 needle positions are labeled in Figure 2d as 0, 1, 2, 3.  Dashed 
lines are used to show the needles at the same position in this 
spinneret. The 7 needle system was distributed as position 0 and 
position 1 needles combined together as shown in Figure 2d and 
Figure 3a. The 19 needle system was distributed as position 0, 1, 
and 2 needles combined together as shown in Figure 2b and 
Figure 2c. The 37 needle system was distributed as position 0, 1, 
2 and 3 needles combined together as shown in Figure 2d and 
Figure 4a. The distance between the adjacent needles was 1 cm. 
A shield ring, ranging from 7 cm to 10.5 cm diameter, was 
concentrically fastened with the needles as shown in Figure 2b. 
The surface smooth shield ring was made with a 0.3 mm 
diameter iron wire. The shield ring was placed at the same 
height as the needle tips. The needles and the shield ring were 
linked with a copper wire connected to the power supply. 6 % 
(g/ml) PEO (Mw=500,000) aqueous solution was used in the 

test. The solution viscosity was 763 mPa.s and the solution 
conductivity was 40 μS/cm. The electrospun fibers were 
collected on a flat 30 cm×30 cm grounded target. The distance 
between the tips of the needles and target was varied from 25 
cm to 38.5 cm. The solution was prepared and all experiments 
were performed at about 25 ℃ in air at 40 % - 60 % RH.  

The electrospun fibers were observed with a scanning 
electron microscope (SEM) (JSM-5910LV, Japan). The 
IMAGEJ image analysis software was used to determine the 
fiber diameters. The segments shown in the images are parts of 
very long fibers. Diameters were measured for about 300 fiber 
segments per needle as shown in Figures 6-9 in this paper. 

The 3D electric fields were calculated by Ansoft Maxwell 
software using the finite element method. The diameter of the 
needle was set to 0.6 mm in a cylindrical geometry. To avoid the 
discontinuity on the edge of the cylinder, it is necessary to 
chamfer the edges. The radius of the chamfered edge was set to 
0.06 mm. The diameter of the shield ring was changed from 5 
cm to 14 cm in order to find the optimized shield ring diameter.  

4 EXPERIMENTAL RESULTS AND 
DISCUSSION 

4.1 SIMULATION RESULTS 
The 7 needle system is used as an example in this section to 

show the simulation details as it is the simplest distribution for 
the hexagon structure. The electric field simulation was done 
by Ansoft Maxwell software for 3D models in order to find 
a suitable shield ring diameter. 

As the multi-needle setup is a centrosymmetric structure 
as shown in Figure 3a, only the electric field distribution in 
the x-z (y=0) plane is shown in Figure 3b without a ring 
shield and Figure 3c with a ring shield. The arrows indicate 
the direction of the electric field lines with the arrow length 
proportional to the base 10 logarithm of the electric field 
strength. The detailed simulation electric field strengths near 
the tips of the needles and the electric field 5 mm below the 
needles are also shown in Figure 3d and listed in Table 1.  

 The results show that the 5 cm ring at 250 mm height 
shielded the outside needles too much which makes the 
electric field strength difference ΔE, E0-E1, between the 
nozzle of the position 0 needle and the position 1 needles to 
be 2.2×106 V/m at the tip of the needle; while a 9 cm ring 
cannot shield the position 1 needles enough which makes the 
electric field strength difference ΔE between the tip of the 
position 0 needle and the position 1 needles to be -1.9×106 
V/m at the tip of the needle. The electric field strength 
difference ΔE between the tip of the position 0 needle and 
the position 1 needles with a 7 cm ring is -1.5×106 V/m.  

The 5 cm shield ring makes the electric field strength 
difference ΔE between the tip of the position 0 needle and 
the position 1 needles to be 2×104 V/m at 245 mm which is 
5 mm below the needles; while a 9 cm shield ring cannot 
shield the outside needles enough which makes the electric 
field strength difference ΔE between the tip of the position 0 
needle and the position 1 needles to be -5×104 V/m at 245 
mm. The electric field strength difference ΔE between the tip 
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of the position 0 needle and the position 1 needles with a 7 
cm ring is -3×104 V/m at 245 mm.  

 
  The angle away from the z axis was defined as the 

angle between the vertical axis and the electric field line. 
The angle shown in Table 1 is the angle just below the 

needles from the axis of the cylindrical needles. The 
simulation results at 245 mm height also show that the 
angle away from the z axis is 23o without the shield ring, 
17o with a 9 cm shield ring, 9.4o with a 7 cm shield ring, 7o 
with a 5 cm shield ring 5 mm below the tip of the needle. 
The electric field is more focused with a smaller shield ring.  

Based on the discussion above and the comparison in Figure 
3d, the 7 cm shield ring was used as a trade off to get a relatively 
more uniform and at the same time more focused electric field.   

  
The equilateral triangle distribution can be iterated 

endlessly, keeping the distance between nearest needles the 
same. The 19 needle and 37 needle systems were also tested.  

The shield ring diameter in the 37 needle system was 
chosen following the same rules as the 7 needle system. 
Different shield ring diameters with 8 cm, 10.5 cm and 14 
cm were simulated in order to make ΔE in the range of 0 to 5 
mm below the needle tips smaller. The simulation results 
also show that the 8 cm ring at 300 mm height shielded the 
outside needles too much; while a 14 cm ring can not shield 
the position 3 needles enough. So, a 10.5 cm diameter shield 
ring was used and is discussed in detail below.   

The simulation electric field strengths for the 37 needles 
system near the tips of the needles and the electric field 5 
mm below the needles with a 10.5 shield ring and without 
the shield ring are shown in Figure 4 and listed in Table 2. 
The results show that with the 10.5 cm shield ring, the largest 
electric field strength difference ΔE between the position 3 
needles and position 0 needle is 2.4×106 V/m at the needle 
tips 300 mm above the grounded target. The largest electric 
field strength difference ΔE between the position 0 needle 
and the position 2 needles at 295 mm is 3×104 V/m which is 
5 mm below the needle tips. The 37 needle system with the 
10.5 cm shield ring was used in tests. The difference between 

Table 1. Calculated electric field strength and direction for the 7 
needle system. All needle tips and the ring shield were 25 cm 
above the ground target 

Ring 
Diameter Height Needle 

position E (V/m) 

Angle 
away from 
the z axis
（º）*** 

0 5.4×106 0 250 mm 
1 3.2×106 0 
0 4.0×105 0 

5 cm* 

245 mm 
1 3.8×105 7 
0 3.7×106 0 250 mm 
1 5.2×106 0 
0 3.0×105 0 

7 cm* 

245 mm 
1 3.3×105 9.4 
0 5.3×106 0 250 mm 
1 7.2×106 0 
0 3.0×105 0 

9 cm* 

245 mm 
1 3.5×105 17 
0 1.1×107 0 250 mm 
1 1.3×107 0 
0 5.6×105 0 

No ring** 

245 mm 
1 6×105 23 

*the reference voltage was set to 25 kV with shield ring system; 
** The reference voltage was set to 22.5 kV without the ring.  
*** Angle away from the z axis means the angle between the 
vertical Z axis and the electric field line. 
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Figure 2. (a) The schematic illustration of the electrospinning 
setup;  (b) The details of the spinneret with a shield ring; (c) 3D 19 
needle spinneret illustration; (d) The 2D needle distributions in the 
x-y plane for a single needle (position 0) plus hexagon needle arrays 
for 7 (positions 0 and 1), 19 (positions 0, 1, and 2), and 37 
(positions 0, 1, 2, and 3) needle systems.  

1 cm 

x 
y 
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the position 3 needles and the position 0 needle ΔE was 3×
106 V/m in the system without the shield ring at 300 mm 
height. The electric field strength difference ΔE between the 
position 3 needles and the position 0 needle is 8×104 V/m at 
295 mm which is 5 mm below the needle tips.  

At 300 mm height with a ring shield system, the electric field 
strength of position 1 needles was larger than the electric field 
strength of position 0 needle and the electric field strength of 
position 2 needles was larger than the electric field strength of 
position 1 needles. The electric field strength of position 2 
needles was smaller than the electric field strength of position 3 
needles with both systems. Similar tendency was found in 37 
needles system without the shield ring. This means that outside 
needles shielded the electric field inside which can make the 
electric field at the inside tips more uniform.  

Without the shield ring 5 mm below the tips of the needles, 
the angles away from the z axis changed from 0 to 29o while the 
angles away from the z axis changed from 0 to 17o with the 
shield ring. The angle of position 1 needles was smaller than the 
angle of position 2 needles and the angle of position 2 needles 
was smaller than the angle of position 3 needles. Based on this 
result, the outside needles can also help to focus the electric field 
just as the shield ring does. The shield ring can focus the electric 
field and make it more uniform in the 37 needle system. 

4.2 EXPERIMENTAL DEMONSTRATION 
Based on the simulation results, some experiments were 

performed to demonstrate the robust multi-needle 
electrospinning spinneret design. The electrospun mats are 
shown in Figure 5. 

The experiments with 7 needles were tested first. The stable 
spinning with 7 jets lasts about 1 hour but it can be easily 
disturbed by random factors such as one of the jets stopped 
spinning without the shield ring. With the 7 cm shield ring, the 
process can be stable for as long as 4 hours. 

Figures 6 and 7 show the SEM results of electrospun fibers 
and the fiber diameter distributions with PEO-water solutions 
at different positions of the 7 needle system. The distributions 
of the fiber diameters ranged from 200 nm to 600 nm and the 
mean diameters were all about 400 nm at 22.5 kV without the 
shield ring; the distributions of the fiber diameters ranged from 
300 nm to 500 nm and the mean diameters were all about 400 
nm at 25 kV with the shield ring. The distribution of fiber 
diameters with a 7 cm diameter shield ring was narrower than 
that with the 7 needle system without the shield ring.   

As mentioned in Section 2, larger electric field strength 
needs a larger injection rate for the outside needles so the 
solution rate from the pump doesn’t match the output of the 
outside needles. This is the reason for the larger distribution of 
the fibers from the position 1 needles in the fiber collection 
which makes the process sensitive to disturbances.  

The distributions of the fiber diameters of the shield ring 
system were almost the same with the distributions of the fiber 
diameters of the single needle system as shown in our previous 
work [16]. It should be noted that smaller fibers could also be 
produced in the shield ring system with smaller electric field 
strength at the tip but larger average E in the working distance 
between needle tips and the grounded target.   
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Figure 3. (a) The 3D schematic illustration of the experimental 7 needle
spinneret with needle tips 250 mm above the grounded target; calculated 
electric field distribution of the 7 needle system (b) without a
shield ring; (c) with a 7 cm diameter shield ring system; (d) The 
relationship between the shield ring diameter, the electric field 
angle away from the z axis and absolute value of the electric 
field difference between position 0 and position 1 needles.
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The diameter of the fiber collection is 15 cm and the 
boundaries of the small mats were clear with the 7 needle 
system without the shield ring as shown in Figure 5a. The 
diameter of the fiber collection is 12 cm and the boundaries of 
the small mats disappeared in the shield ring system causing a 
more uniform and more focused electric field as shown in 
Figure 5b. The electric field distribution can affect the jet path 
which was demonstrated in our previous work [17, 19] by high 
speed camera. As shown in Table 1, the angle of the electric 
field line away from the vertical axis near the tip of the needle 
was smaller with the shield ring than without the shield ring. 
The electric field modified by the shield ring was more focused 
which can help to produce fibers in a smaller collection area.     

 
The 19 needle system and 37 needle system were also 

tested in the experiments. The electrospun mats from the 19 
needle system are shown in Figure 5c and 5d.  The 
electrospun mats from the 37 needle system are shown in 
Figure 5e and 5f.  The 37 needle systems are used as an 
example in the following discussion. 

 The boundaries of the 37 round mats are clear at the 
beginning but disappear after about 1 hour. The spinning 
process is stable for more than 4 hours with the shield ring 
and is insensitive to random disturbances. However, the 
output mass of the position 4 needles are larger than input 
mass which sometimes causes jet discontinuity when the 
spinning lasts for a long time as the electric field 
distribution is not uniform without the ring.  

Figure 8 without a ring shield and Figure 9 with a ring 
shield show the SEM results of electrospun fibers and the 
fiber diameter distributions with PEO-water solution at 
different positions. The results show that the fiber diameter 
distributions are almost the same although the needle 
positions are different. The distributions of the fiber 
diameters all range from about 200 nm to 450 nm. The 
mean diameters of the two systems at different conditions 

are all about 300 nm as shown in Figures 8 and 9. There is 
no obvious difference in fiber diameter distributions 
between the two systems when using the 37 needle system. 

 

 
 
 

(a) 

 
It should be mentioned that when the number of the needles 
increased from 1 to 37, the fiber diameters greatly 
decreased from 400 nm-670 nm with single needle [19] to 
200 nm- 450 nm although the solution rate increased from 
0.1 ml/h to 0.5 ml/h. The increased number of needles 
makes the electrode act more like a plate electrode which 
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Figure 4.  (a) The 3D schematic illustrations of the experimental 37 needle
spinneret with needle tips 300 mm above the grounded target; Calculated 
electric field distribution of the 37 needle system (b) without a shield ring and 
(c) with a 10.5 cm diameter shield ring system. 

32
0

Table 2. Calculated electric field strength and direction of the 37 
needle system. All needle tips and the ring shield were 30 cm above the 
ground target 

Ring 
Diameter 

Height 
(mm) 

Needle 
position E (V/m) 

Angle away 
from the z 
axis（º）*** 

3 7.9×106 0 
2 6.5×106 0 
1 4.9×106 0 

300  
 

0 4.9×106 0 
3 5.2×105 29 
2 4.9×105 15 
1 4.6×105 5 

No ring* 

295 

0 4.4×105 0 
3 6.9×106 0 
2 5.3×106 0 
1 5.1×106 0 

300 

0 4.5×106 0 
3 4.9×105 17 
2 5.0×105 9 
1 4.7×105 3 

10.5 cm 
shield 
Ring 
system** 

295 

0 4.7×105 0 
*The simulation voltage was set to 30 kV without the shield ring;  
** the simulation voltage was set to 50 kV with the 10.5 cm shield ring.  
*** Angle away from the z axis means the angle between the vertical z 
axis and the electric field line. 

3    2   1  0    1    2   3 
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could yield a smaller electric field strength at the needle 
tips with larger average electric field strength in the 
working space which is defined as the applied voltage on 
the needles divided by the distance from the needle to the 
grounded target. The relationship is shown in Figure 10. 
Our previous work in [18] shows that a higher voltage at 
the nozzle can produce a larger average electric field 
strength which will help produce smaller fiber diameters 
for the large bending frequency. This is also proved by the 
testing multi-needle systems.  

 
The working distance between the tips of the needles and 

the target increase when increasing the number of needles. 
For a single needle system, 15 cm is the shortest working 
distance between needle tips and the grounded target for 0.1 
ml/h solution rate [19]; for the 7 needle system 25 cm is the 
shortest working distance for 0.1 ml/h per needle; for the 19 
needle system the shortest working distance is 30 cm for 0.15 
ml/h per needle; and for the 37 needle system the shortest 
working distance is 35-38.5 cm for 0.5 ml/h per needle.  

Based on the calculation and discussion in our previous 
work [18], the growing spiral electrospinning jet path 
subtending a bending angle is related to the electric field 
direction with  slope Ez (x,z)/Ex(x,z).  

The more uniform the electric field is, the smaller the 
bending angle is. The increased number of needles makes the 
electrode act more like a plate electrode and makes the field 
more uniform. We believe that more needles cause smaller 
bending angles due to the smaller electric field slope as shown 
in Figure 4b.This was confirmed by Yarin group using high 
speed camera in their system [6]. Smaller bending angles 

could decrease the total evaporation rate. This may be one of 
the reasons for the larger working distance needed when using 
a larger number of needles. At the same time, a large number 
of jets require more solvent evaporation space than a single jet. 

 
 

       
(a)                                  (b)

  
(c) 

Figure 6. Electrospinning fibers with a 7 needle system without a shield
ring, 0.7ml/h, 25 cm height needle tips at 22.5 kV (a) SEM result of the 
mat from position 0 needle in the middle; (b) SEM result of the outside 6 
mats from position 1 needles; (c) Electrospinning fiber diameter 
distribution with PEO-water solution. 1-x(x from 1 to 6) means the 
position x needle in position 1 needles. In this paper, the values represented 
are the 5th percentile, 25th percentile, median, 75th percentile, and 95th

percentile of the fiber diameter distribution[21]. For each needle 
approximately 300 fiber segments were measured for diameters by ImageJ.  

   
(a) (b) 

   
(c)        (d) 

  
(e)        (f) 

Figure 5. Fiber mats collected on the target with the multi-needle systems (a)
Electrospinning with the 7 needle system at 22.5 kV, flow rate 0.7ml/h, distance 
between the needle tips and the target 25 cm, without a shield ring; (b) 
Electrospinning with a 7 needle system at 25 kV, flow rate 0.7ml/h, distance 
between the needle tips and the target 25 cm and shield ring diameter 7 cm; (c) 
Electrospinning with 19 needle system at 28.5 kV, flow rate 2.9 ml/h, distance 
between the needle tips and the target 30 cm; (d) Electrospinning with 19 needle 
system at 43 kV, flow rate 2.9ml/h, distance between the needle tips and the 
target 30 cm with a 9 cm shield ring; (e) Electrospinning with 37 needle system 
at 57.5 kV, flow rate 18.5 ml/h, distance between the needle tips and the target 
38.5 cm with a 10.5 cm diameter shield ring and (f) at 46.8 kV, flow rate 6 ml/h, 
distance between the needle tips and the target 35 cm without a shield ring. 

 

       
(a) (b)   
 

 
                                     (c)    

Figure 7. Electrospinning fibers with a 7 needle system with a 7 cm 
diameter shield ring at 25 kV, 0.7ml/h, and 25  cm height of needle tips
(a) SEM result of the mat from position 0 needle in the middle; (b) SEM 
result of the outside mats from position 1 needles; (c) Electrospinning 
fiber diameter distribution with PEO-water solution. 1-x(x from 1 to 6) 
means the position x needle in position 1 needles.  
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5 CONCLUSION 
A novel hexagon-distributed multi-needle spinneret was 

designed and tested. A robust multi-needle electrospinning 
process can be achieved with a suitable shield ring design 
based on the electric field simulation results. It was found 
that thinner fibers can be produced with the shield ring 
system because of the more uniform electric field near the 
tips of the needles and because of the larger average 
electric field strength in the fiber formation space. It was 
demonstrated that the more needles used, a larger space 
was needed for jet stretching. This design and the results 
provide a useful concept to scale up multi-needle 
electrospinning processes.  
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(a)    (b) 

Figure 8. SEM results of electrospinning fibers with a 37 needle
system without a ring at 46.8 kV, 6 ml/h, 35 cm height of needle tips
(a) Fibers from position 0 needle; (b) Fibers from position 1 needles; 
(c) Fibers from position 2 needles; (d) Fibers from Position 3 needles; 
(e) Fiber diameter distribution with PEO-water solution. 
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Figure 10  The calculated relationship between the needle number and 
average electric field strength at the needle tips and average E in the 
working space. The single needle experiments did not require a shield 
ring, but the 7, 19 and 37 needle experiments had a shield ring. Each pair 
of electric field data points have the fiber diameter range, needle voltage, 
and needle height given. 
 

(a)    (b) 

(c)    (d)

Figure 9. SEM results of electrospinning fibers with a 37 needle
system with a 10.5 cm diameter shield ring at 57.5 kV, 18.5 ml/h, 
38.5 cm height of needle tips and ring shield (a) Fibers from position
0 needle in the middle of the needles; (b) Fibers from position 1
needles; (c) Fibers from position 2 needles; (d) Fibers from position
3 needles; (e) Electrospinning fiber diameter distribution with PEO-
water solution. 
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