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Abstract:Free surface electrospinning is a continuous elec-
trospinning method for low-cost, massive production of
nanofibers. The interjet distance λ is a critical parame-
ter in free surface electrospinning, which directly deter-
mines the nanofiber production efficiency. In this investi-
gation, we studied the interjet distance during free surface
electrospinning based on electrohydrodynamic instability
theoretically and experimentally, with special interest fo-
cused on the effect of surface tension and electric field in-
tensity on the interjet distance. The experimental results
indicated that the critical parameters affecting the inter-
jet distance were the surface tension and applied voltage,
which was in good compliance with the theoretical predic-
tion. The relationship between interjet distance λ and sur-
face tension followed an allometric law with positive ex-
ponential function, and the relationship between interjet
distance λ and applied voltage followed an allometric law
with negative exponential function. The present results
can be used to understand the basic parameters which
determine the interjet distance in free surface electrospin-
ning.

Keywords: electrospinning; free surface; multiple jets;
mechanism

PACS: 47.65.-d, 68.35.Ja, 81.20.-n, 81.70.-q

*Corresponding Author: Sheng Xie: College of Material and Tex-
tile Engineering, Jiaxing University, No.118 Jiahang Road. Jiaxing,
314000, China; Email: shengxie16@163.com
Guojun Jiang: Zhijiang College, Zhejiang University of Technology,
No.958 Yuezhou Road, Keqiao, Shaoxing, 312000, China
Lee Johnson: Department of Physics, North Carolina State Univer-
sity, North Carolina 27695, Raleigh, United States of America

1 Introduction
Electrospinning technique is a simple and versatile tech-
nique to produce continuous nanofibers with many out-
standing characteristics, such as high porosity, high ratio
of surface area tomass and small pore size etc. [1]. Owing to
these useful properties, electrospun nanofibers have var-
ious applications in various fields, such as filtration, tis-
sue engineering scaffolds, drug delivery devices, protec-
tive clothing, sensors, and energy storage [2]. However, the
typical low productivity of traditional single needle elec-
trospinning inhibits the industrial development and com-
mercial applications of electrospun nanofibers.

Over the last decade, free surface electrospinning has
gained great interest in academic research and attracted
more and more commercial attention as it is an effec-
tive and promising approach to massive production of
nanofibers. Free surface electrospinning is a novel electro-
spinning technique for massive production of nanofibers,
which is based on electrohydrodynamic jetting from the
free surface of a polymeric solution or melt. Jirsak et al. de-
scribed a free surface electrospinning setup using a rotat-
ing cylinder as the nanofiber generator, which has been
commercialized by Elmarco Inc. under the brand name
Nanospider [3]. Liu et al. employed a gas pump to gen-
erate bubbles on a liquid surface to initiate the electro-
spinning process [4]. Wang et al. used multiple ring as
spinneret to produce nanofiber with super-high through-
put [5]. Thoppey et al. reported a simple geometry for
high throughput electrospinning froma bowl edge that uti-
lized a vessel filled with a polymer solution [6]. Jiang et
al. demonstrated a simple and efficient free surface elec-
trospinning setup used to issue multiple jets [7]. Rutledge
et al. reported the formation of multiple jets from a rotat-
ing wire electrode spindle [8]. Higham et al. presented a
novel technique of free surface electrospinning utlitizing
foams [9]. Holopainen et al. developed a twisted metal
wire as the spinneret to improve the production rate [10].
Liu et al. presented a new approach using needle-disk as
spinneret to enhance nanofiber throughput and maintain
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high quality nanofiber [11]. Ali et al. reported a sprocket
wheel disk and a popularmace-shaped spinneret for large-
scale production of nanofibers [12, 13]. Yan et al. curved
slot demonstrated anovel slot electrospinningwith curved
slot and investigated the effects of slot line shape on elec-
trospinning process [14]. Zheng et al. used a threaded
rod electrode as the needleless spinneret to achieve high-
efficiency production of nanofibers [15].

In the free surface electrospinning process, the inter-
jet distance λ determined the distance between neighbour-
ing jets emitted from the free liquid surface, which directly
decides the productivity per unit spinning area. Therefore,
the interjet distance λ is a critical parameter of production
effectiveness of electrospinning technology from free liq-
uid surfaces. It is noteworthy that the study of the inter-
jet distance λ would provide insight into the mechanisms
of electrohydrodynamic instability in free surface electro-
spinning.

Numerous theoretical models have been reported in
the literature regarding the three stages of needle electro-
spinning process: jet initiation, stretching, and whipping
stability. In contrast, only a few theoretical works have
beenmade in the literature regarding the free surface elec-
trospinning. Lukas et al.firstly explained self-organization
of jets on one-dimensional free liquid surfaces in terms
of electrohydrodynamic instability of surface waves [16].
Thoppey et al. utilized a simple model to explain the ba-
sic parameters which determine the maximum jet number
in unconfined electrospinning [17]. Roman et al. investi-
gated the role of interjet interactions on maximizing spon-
taneous jet density in unconfined electrospinning [18]. Jir-
sak et al. used Monte Carlo and molecular dynamics simu-
lations to model the electrospinning process from the free
liquid surface [19]. Kula et al. designed a unique computer
vision system and digital image processing to track posi-
tion of every polymer jet from free liquid surface electro-
spinning [20]. Li et al.presentedadetailed theoretical anal-
ysis of interjet distance in needleless melt differential elec-
trospinning [21].

In our free surface electrospinning process, multiple
jets can be formed simultaneously from the free surface
when the electric force overcame the surface tension. In
the initial stage, small perturbation on the liquid free sur-
face causes the polymer solution to form into many cone
like spikes, which closely resembles the electrohydrody-
namic instabilities to thin polymer films. From the physi-
cal point of view, the free surface electrospinning process
represents the problem of the behaviour of air liquid inter-
face exposed to external electric fields. To date, numerous
theoretical studies have been performed to investigate the
electrohydrodynamic destabilization of the thin polymer

films. Such theoretical studies on electrohydrodynamic in-
stabilities might provide great insight into understanding
the mechanisms of free surface electrospinning.

In this work, we aim to extend the application of
electrohydrodynamics for analyzing the evolution of in-
stabilities from a polymer solution in free surface elec-
trospinning process. A simple model was formulated
based on electrohydrodynamic theory to investigate the
behaviour of multiple Taylor cones in free surface electro-
spinning. Furthermore, the effect of surface tension and
electric field intensity on the interjet distance λ were dis-
cussed. The model is validated by extensively comparing
the numerical simulations with experimental data. There-
fore, the simple model is helpful in understanding the
mechanisms of free surface electrospinning.

2 Experimental details

2.1 Materials

Polyvinyl alcohol (PVA) with an average molecular weight
of 95,000 g/mol (Acros), a nonionic surfactant TritonX-100
(Sigma-Aldrich), and a dye molecule Rhodamine B (RhB)
(Sinopharm Chemical Reagent) were purchased. RhB was
used to tint the polymer fluid for better image contrast. Ho-
mogeneous 8 wt% PVA solution at various concentrations
of Triton X-100were prepared by dissolving PVA powder in
deionized water under the aid of mechanical stirring for 8
h at 80∘C in order to obtain a wide range of solution sur-
face tensions.

2.2 Characterization

The solution surface tension was evaluated using the
Wilhelmy-plate method by a surface tensionmeter (Shang-
hai Fangrui Instrument Corp, QBZY-2). The motion of mul-
tiple jets during the free electrospinning process were cap-
tured by a digital camera (Cannon, 650D). In order to cor-
rectly calculate the jets number, we only electrospun from
the semi-circumference of the stepped pyramid spinneret
and visualized the jet formation process from a side view
perspective.

The electric fielddistributionaround the spinneret sur-
face was calculated by the commercially available soft-
ware (Maxwell 3D, ANSOFTCorp.). The actualmodel of the
free surface electrospinning setups was established based
on the physical size of apparatus.
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2.3 Free surface electrospinning

The experiments were carried out on a free surface electro-
spinning setup. The schematic of the free surface electro-
spinning system is shown in Figure 1, which contained five
major components: a high-voltage direct-current power
supply, a stepped pyramid stage, a Teflon solution reser-
voir, a pump, and a grounded collector. ‘A’ was utilized as
the electrospinning generator.

During the free surface electrospinning, the solution
was continuously pumped into the stepped pyramid stage
so that every edge of the stepped pyramid stage was cov-
ered with the polymer solution; meanwhile, the excessive
solution was made to flow slowly to the reservoir. The ap-
plied voltage was increased until a number of jets were
observed simultaneously from every edge. The PVA solu-
tions were electrospun at different applied voltages, and
the working distance (the distance between the top lip of
the stepped pyramid stage and the grounded collector),
was set as 15 cm, respectively. The experiments were car-
ried out at room temperature in the air.

3 Results and discussion

3.1 Electric field modeling

The electric field distribution profile of the spinneret di-
rectly affects the free surface electrospinning performance.
As shown in Figure 2, the electric field intensity profile sim-
ulation results indicated that the electric field evenly dis-
tributed on every edge of the stepped pyramid stage, from
the uppermost edge to the bottommost edge. The maxi-
mumelectric field strengthwas formed on the curving part
of the free surface, suggesting that those sites are more ef-
ficient to self-generate jets.

3.2 A simple model for free surface
electrospinning

Based on the above electric field analysis,we only consider
a single half-periodic stage of the stepped pyramid stage in
this work to simplify our problem. The three-dimensional
electrohydrodynamic phenomenonof the free surface elec-
trospinning with stepped pyramid stage can be simplified
to one-dimensional model as shown in Figure 3.

According to the Navier–Stokes equation, the motion
of the fluid can be described as the following equation:

ρ ∂v∂t + ρ(v ·∇)v = −∇p + η∆v + (η + 1
3 λ)∇(∇ · v) + f (1)

Because the polymer fluid viscosities are high and the
velocity gradients are very small, the convective term can
be neglected. Moreover, the dynamics of the polymer fluid
is very slow and the velocity profile can be always consid-
ered in quasi–steady–state. Then the Navier–Stokes equa-
tion can be simplified as

0 = −∇P + η∇2ν (2)
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Figure 1: Scheme of the electrospinning apparatus using a stepped
pyramid stage
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Figure 3: Schematic representation of electrohydrodynamic instabil-
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At the free interface, the internal stresses within the
liquid must be counterbalanced by external stresses due
to surface forces. Then the condition can be represented
as

ηliquid · ∂zνliquid(z) = ηair · ∂zνair(z) (3)

Because no stresses can exist at the free interface, the
stress at the interface is equal to zero. Eq. (3) becomes

σxz = η∂zνliquid(z) = 0 (4)

Considering only the velocity vector in the x–direction
is non–zero, the Eq. (4) as a function of the z–coordinate
can be expressed as

∂zzν(z) =
1
η (∂xP) (5)

Then integral can be obtained as

ν(z) = 1
2η (∂xP) · z

2 + c1 · z + c2 (6)

The constants c1 and c2 can be obtained by the bound-
ary conditions.

In our model, there is no liquid motion relative to the
stepped pyramid stage, and the free interface is a free pres-
sure liquid surface. The boundary conditions can be de-
scribed as

z =
{︃
0 : v = 0
h : σ = ηvz = 0

(7)

Using these initial conditions, the constants c1 and c2
in Eq. (6) are easily computed. Then the velocity distribu-
tion becomes

ν(z) = 1
2η (∂xP)(z − 2h)z (8)

and the average velocity of solution is calculated as

ν = 1
h

h∫︁
0

ν(z)dz = h2
3η (−∂xP) (9)

In our one-dimensional model, the flux j on the sur-
face of A=h can be calculated as

j = h3
3η (−

∂p
∂x ) (10)

In terms of the mass–conservation law, the incom-
pressible fluid is given by the following equation:

(h · ν)x+dx − (h · ν)x = ∂x(h · ν)dx (11)

with h · ν = j

∂j
∂x +

∂h
∂t = 0 (12)

Combined with Eq. (10) and Eq. (12), the equation of
motion for the free surface can be described as

∂th = ∂x
[︂
h3
3η (∂xP)

]︂
(13)

On the basis of electrohydrodynamics, a general dis-
cussion of free surface instability due to an external elec-
tric force has been previously investigated [22]. The over-
all pressure P on the free surface is given by the sum of
two main contributions: the surface tension and the elec-
tric force. In this case, the external electric field serves as
the driving force to create fluid perturbations, and the sur-
face tension resists deformation of the fluid. The overall
pressure distribution at the free surface can be expressed
as

P(h) = PL(h) + Pel(h) (14)

where the Laplace pressure due to the surface tension can
be calculated as PL(h) = −∂xxh; the second term is the elec-
trostatic pressure which is produced by high voltage elec-
tric field, and can be calculated aspel = 1

2 εE
2.

Numerous theoretical studies have been reported that
linear stability analysis of surface instability canbeused to
predict the wavelength λ on the polymer-air interface [22].
In this work, we model the wavelike perturbation of the
polymer-air interface as

h(x, t) = h0 + ζ eiqx+
t
τ (15)

where h0 is the initial thickness, ζ is the perturbation am-
plitude, q is the wave vector, τ is the time constant, t is the
time, and x is the lateral coordinate parallel to the surface.

After derivation, the Eq. (15) results in

∂th =
h2
η (∂xh)[∂xP] +

h3
3η [∂xxP] (16)

= h
2

η (∂xh)[−𝛾(∂xxxh) + (∂hPel)(∂xh)]

+ h
3

3η

[︁
−𝛾(∂xxxxh) + (∂hhPel)(∂xh)2 + (∂hPel)(∂xxh)

]︁
simplifies to

∂th =
h3
3η

[︀
−𝛾(∂xxxxh) + (∂hpel)(∂xxh)

]︀
+ O(ζ 2) (17)

After calculating the partial derivatives in Eq. (17) and di-
viding byζ exp(iqx + t/τ), we can get:

1
τ = − h

3

3η

[︁
𝛾q4 + q2∂hpel

]︁
(18)

When qmax =
√︁
− ∂hpel2𝛾 , the characteristic wavelength is

λmax = 2π
√︂

−2𝛾
∂hpel

(19)
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Figure 4: Experimentally and theoretically interjet distance as a function of the surface tension at different applied voltage: (a) 50 kV; (b) 55
kV; (c) 60 kV; (d) 65 kV; (e) 70 kV; (f) 75 kV

Then the form of an allometric relation between wave-
length λ and surface tension 𝛾, wavelength λ and applied
voltage can be expressed as

λ ∝ 𝛾
1
2 (20)

λ ∝ U−1 (21)

3.3 Effect of surface tension on interjet
distance in ferr surface electrospinning

In free surface electrospinning, the evolution of the air-
polymer interface is driven by the competition between the
electrostatic pressure and the Laplace pressure. The sur-
face tension of the polymer will try to stabilize the free sur-
face, which resists deformation of the polymer.

In this study, the effect of surface tension on interjet
distance λ in free surface electrospinningwas investigated
by adding different amounts of Triton X-100 with other pa-
rameters kept the same. Figure 4 shows experimental and
theoretical wavelength as a function of the surface tension
at different applied voltages. Comparing themorphologies

in Figure 4 clearly shows that changing the surface tension
has a noticeable effect on interjet distance λ in free surface
electrospinning. As the surface tension increases, longer
interjet distances are obtained from both the experimental
results and theoretical models, resulting in less jets gen-
erated in free surface electrospinning process. In contrast,
a lower surface tension will decrease the interjet distance
λ. It could be explained that increasing the surface ten-
sion will generates a larger Laplace pressure along the air-
polymer interface and needs a larger electrostatic pressure
to overcome it, thus resulting in less deformation of the so-
lution surface. Figure 4 also shows that the increment of
the applied voltage is observed to decrease the scaling ex-
ponent, which gradually approach to agree well with the
theoretical model.

3.4 Effect of applied voltage on interjet
distance in ferr surface electrospinning

In free surface electrospinning, the polymer solution is
electrically charged, and the electrostatic force will polar-
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Figure 5: Experimentally and theoretically interjet distance as a function of the applied voltage at different surface tension: (a) 0% TX-100;
(b) 0.2% TX-100; (c) 0.4% TX-100; (d) 0.6% TX-100; (e) 0.8% TX-100; (f) 1% TX-100

ize the polymer, thus the electric field serves as the out-
wardly driving force to create the deformation of the poly-
mer solution.

In this study, the effect of applied voltage on inter-
jet distance λ in free surface electrospinning, was investi-
gated. Figure 5 showsexperimental and theoretical interjet
distance as a function of the applied voltage with different
surface tensions. As can be seen, long interjet distance are
obtained from both the experimental results and theoreti-
calmodels under a lowapplied voltage. As the applied volt-
age increases, the deformation of the free surface gets sig-
nificant, consequently, resulting in more jets generated in
free surface electrospinning process. Referring to Figure 5,
the deformation gets pronounced when the applied volt-
age is 60 kV or above. It can be explained that a higher
applied voltage generates a larger electrostatic pressure
along the air-polymer interface and needs a larger Laplace
pressure to balance it, thus resulting in a more severe de-
formation in free surface electrospinning process. Another
phenomenon observed is that the coincidence between ex-
perimental results and theoretically prediction is sensitive

to surface tension. Specifically, a small increase of inten-
sity causes a large rise of interface deformation.

4 Conclusions
In this work, a simple one-dimensional model was formu-
lated based on electrohydrodynamic theory to investigate
the evolution of instabilities from a polymer solution in
free surface electrospinning process. The relationship be-
tween interjet distance λ and surface tension followed an
allometric law in the form of λ ∝ 𝛾

1
2 , and the relation-

ship between interjet distance λ and applied voltage fol-
lowed an allometric law in the form of λ ∝ U−1. Experi-
mental research demonstrated that the surface tension of
the polymer and applied voltage both have a significant in-
fluence on interjet distance λ in free surface electrospin-
ning. It was found that the theoretically calculated results
were close to experimental results, especially with low sur-
face tension and high applied voltage providing the high-
est throughput. The experimental interjet distance was a
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little larger than theoretically calculated value. There are
some possible reasons for the discrepancy between exper-
imental results and our theoretical prediction, such as the
ignorance of solution viscosity in our simple model and
the electric field intensity profile from electric field simula-
tions. Therefore, further research should be done to study
themechanism of this free surface electrospinning system.
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