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A rational method to control morphology of polymer nanofibers produced by electro-
spinning is developed using dimensional analysis of the electrospinning process. The
analysis is validated against data sets from the literature, which provides an empirical
correlation between fiber size, controllable operating conditions, and measurable spin-
ning solution properties. A stable jet operating regime is identified for which scaling of
dimensionless groups is presented. Deviations from this scaling are qualitatively consist-
ent with capillary instability of the electrospinning jet, for which a beaded fiber morphol-
0gy is obtained. The results provide criteria for designing and controlling electrospinning
of polymer solutions and resulting nanofiber morphology. © 2006 American Institute of

Chemical Engineers AIChE J, 53: 51-55, 2007
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Introduction

The rapid development of applications for nanofiber technol-
ogy in biomaterials,'™ electronic and magnetic materials,®’
composites,8 catalysis,g’10 and sensors'! motivates the need for
a simple, inexpensive process to produce nanofibers, either as
non-woven mats or as single elements. Polymer electrospin-
ning has gained much attention recently as a process to produce
polymer and composite nanofibers,'* requiring less time and
resources than alternative techniques such as nanotemplating
and molecular self—assembly.8

The electrospinning process is illustrated in Figure 1. An
electrical potential on the order of kilovolts is applied between
a capillary, containing a polymer solution or melt, and a
grounded collection target. Free charge accumulates on the lig-
uid-air interface of the capillary, which experiences an electro-
static stress due to the applied field, whose strength is deter-
mined by the applied potential and the separation distance
between the capillary and the target. This electrostatic stress
overcomes surface tension and deforms the free surface into a
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critically stable shape, known as a “Taylor cone.”'*!'* Beyond
a critical field strength, the free surface becomes unstable, and
a jet of fluid is ejected. The jet is elongated by the electric
stress, and solvent evaporation results in the formation of poly-
mer fibers that are deposited onto a grounded target.

Despite the widespread and rapidly growing use of electro-
spinning as a synthesis technique for novel nanomaterials,
there are no simple methods of predicting a priori the proper-
ties of electrospun fibers from knowledge of the spinning solu-
tion properties and electrospinning operating conditions alone.
The electrospinning of new materials typically follows an ad
hoc method of varying fluid concentrations and controlled vari-
ables. Thus, a simple analysis leading to estimation of fiber
properties (for example, diameter) for novel systems would be
highly beneficial in allowing for rapid development of novel
nanomaterials.

Several analytical models for electrospinning based on slen-
der body electrohydrodynamic theory'> have been previously
proposed that attempt to predict jet behavior. Stability analysis
of electrostatically driven jets by Hohman et al."®!” led to the
development of operating maps over which different operating
regimes could be predicted (such as whipping instability, vari-
cose instability, and stable jetting). More detailed analyses
have been presented'® 2" to predict the ultimate diameter of
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Figure 1. Electrospinning process.

Inset (A) shows a high-speed photograph of a jet of poly(eth-
ylene oxide). Inset (B) shows FESEM micrographs of electro-
spun poly(ethylene oxide) depicting uniform nanofibers (top)
and beaded nanofibers (bottom). The scale bars shown corre-
spond to 1 um. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

electrospinning jets. However, these models all involve inter-
nal parameters that are impossible to know a priori and are
very difficult to measure in practice. For example, Spivak
et al.?* and Feng'® developed models to predict the asymptotic
behavior of the jet radius in terms of an initial jet radius, which
is not known. Similarly, Fridrikh et al.” proposed a force bal-
ance model for the final diameter of electrospun fibers, but it
implicitly contains a “radius of whipping,” which has proven
difficult to measure or predict, and introduces further approxi-
mations for mass transfer to ultimately compare with experi-
mental data. As a result, these models and analyses do not
allow for a priori prediction of electrospun nanofiber morphol-
ogy. However, they do provide a theoretical foundation for the
development of a simple scaling analysis relating fiber mor-
phology to spinning solution properties and controllable pro-
cess parameters.

Several empirical relationships have been proposed for the
prediction of electrospun fiber morphology from one fluid
property. For example, McKee et al. showed*?! that the diame-
ter of electrospun polymer fibers displays a uniform power law
scaling with the zero-shear viscosity, 79, and Shenoy et al.>?
identified the important need to be above the critical entangle-
ment concentration of the polymer to form uniform fibers.
However, later results by McKee et al.>? and Daga et al.'?
show that this result is not universal, especially for fibers spun
from hydrogen-bonding systems as well as aqueous polyethyl-
ene oxide (PEO). Indeed, when comparing fiber diameter ver-
sus 7o for various neat polymer-solvent systems at different
operating conditions, as shown in Figure 2, a large variation in
behavior is observed.

Dimensional Analysis

Feng'® identified the following dimensionless groups as gov-
erning parameters for electrospinning in a model developed
from conservation equations for mass, momentum, and electri-
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cal charge applied to an electrospinning jet of a Newtonian
fluid:
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The Peclet number, Pe, is a ratio of electrical conduction to
convective time scales, representing the motion of free charges
relative to the jet motion. The jet Reynolds number, Re, is a ra-
tio of inertial to viscous stresses, representing the kinetic
energy of the jet relative to viscous dissipation. The Weber
number, We, is a ratio of inertial to surface stresses. Finally,
the dimensionless field strength, V', is a ratio of electrostatic to
inertial stresses. These dimensionless groups are functions of
the dielectric permittivity of atmosphere (¢); conductivity (K),
density (p), zero-shear viscosity (1), and surface tension (y) of
the electrospinning fluid; the applied electric field (Eq); and
characteristic jet radius (Rg) and velocity (vo) scales. The char-
acteristic electric field strength Eg is taken here to be the aver-
age field defined as the voltage applied to the capillary tip di-
vided by the working distance between the capillary tip and
collecting target, ®g/L>*.

These dimensionless groups contain internal variables that
cannot be directly controlled or readily measured, namely, R,
and vo. It is standard engineering practice to eliminate these in-
ternal variables in order to develop useful correlations between
dimensionless groups that contain only measurable spinning
fluid properties and measurable electrospinning parameters:
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Figure 2. Electrospun fiber diameter versus zero-shear
viscosity of solutions of PEO-water'22%%0 (m,
@, and V, respectively), PEO-water-ethanol®®
(A), poly(ethylene terephthalate-co-ethylene
isophthalate)-chloroform-dimethylformamide?
(0), and poly(methyl methacrylate)-dimethyl-
formamide® («).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Table 1. Data Used in Dimensional Analysis and Approximate Orders of Magnitude for Parameters

Cited Work Polymer-Solvent System no (Pa's) K (S/m) 7 (N/m) Oy (V) L (m) Ry (m)
Daga et al.'” poly(ethylene oxide)-water 107'=10' 107°-1072 75 20,000 0.20 1077
Deitzel et al.?®  poly(ethylene oxide)-water 10~ '—10' 1073-102 75 7000  0.10 1077
Drew et al.> poly(ethylene oxide)-ethanol-water 1073—107" 1073-1072 25 12,000 0.15 1077
Fong et al.>° poly(ethylene oxide)-water 1072-10° 1073 75 30,700 0.22 1077=107°
McKee et al.?!  poly(ethylene terepthalate-co-ethylene 1072-10° 1073 35% 18,000  0.24 1077-1073

isophthalate)-chloroform-dimethylformamide
Gupta et al.*! poly(methyl methacrylate)-dimethylformamide -10 1073+ 35% 10,000  0.15 107°-107°
*Properties were estimated from literature data (see text).
This newzdirgensionless group, I1y, is a ratio of the electro- Results and Discussion
static (¢ ®7y/L”) and electroviscous (#K/e) stresses experi- . . _
( o/L) (nKTe) p Several data sets presented in the literature'>*'?%3! and

enced by an electrostatically driven fluid jet, and can be
interpreted as a dimensionless stress driving jet elongation.
Further, II; contains no internal variables but rather only
measurable properties and standard, controllable process pa-
rameters.

A second dimensionless group arises by considering a
dimensionless electrospun fiber radius R;.,/R,. Elimination of
the initial jet radius using the dimensionless groups above
yields the following dimensionless electrospun fiber diameter:

_ PVRje
no

II, = Re®> We™! = Oh™? 3)

W is the
Ohnesorge number. The Ohnesorge number is known to cap-
ture the behavior of free surface flows in which small distur-
bances lead to capillary breakup of a jet of fluid.>>~>’ When Oh
< O(1), viscous forces within the jet are insufficient to stabilize
disturbances, leading to capillary breakup. As Oh increases
above O(1), viscous forces stabilize disturbances at the jet sur-
face, leading to a beads-on-string configuration at intermediate
Oh, and stable jets at sufficiently high Oh. Thus, since we have
taken R to be the electrospun fiber radius, Oh can be thought of
as a characteristic surface stress to express the stability and
morphology of electrospinning jets.

In the definition of Oh, the characteristic radius is taken to
be the wet radius of the electrospinning jet, Rj.,. Rj., can be
computed easily from the dry fiber diameter, Ry, measured, for
example, from an electron micrograph such as is shown in Fig-
ure 1, by mass balance:

/1

where w; is the mass fraction of the polymer in the electrospin-
ning fluid. This relationship will be used in the calculation of
Oh from measurements of R

It should be noted that the dimensional analysis here does
not contain an important operating parameter, the flow rate of
fluid supplied to the syringe tip during electrospinning. It is
known that adjustment of the flow rate can result in instability
of the electrospinning jet.'®'” However, if the flow rate of ma-
terial supplied to the syringe tip balances the draw rate of the
fluid due to the electric field, and no additional pressure drop is
used to drive the flow, the flow rate becomes a dependent vari-
able for the process, and can always be cast in terms of other
adjustable parameters (namely, @, and L). The analysis pro-
posed here presupposes such a definition for steady state opera-
tion of the jet.

where we recognize I, as Oh 2, where Oh =
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compiled in Table 1 were reduced using the above analysis.
The data represent a wide cross-section of the parameter space,
including viscosity, surface tension, conductivity, and electric
field for several different polymer-solvent systems. Where pa-
rameter values were not reported (McKee et al.,>! and Gupta
et al.*"), the spinning solution surface tension was assumed to
be constant and that of the solvent, and conductivity was line-
arly extrapolated from data for the same or a similar system
reported in the literature.*” For the PEO-water and PEO-water-
ethanol systems,lz’zg’29 solution conductivity and surface ten-
sion were linearly interpolated from data for the same system
presented by Fong et al.*® Operating conditions for the PEO-
water-ethanol systemlz’ ? were provided by the investiga-
tors.>> A master plot of II; and Oh (Figure 3) shows a reduc-
tion of the data for different systems onto a single master curve
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Figure 3. Results of dimensional analysis of electrospin-
ning for several polymer-solvent systems: of
PEO-water'2?6%° (@, @, and V¥, respectively),
PEO-water-ethanol?® (A), poly(ethylene ter-
ephthalate-co-ethylene isophthalate)-chloro-
form-dimethylformamide?' ({}), and poly(methyl
methacrylate)-dimethylformamide®' («).

Error bars represent confidence in estimated solution proper-
ties. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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(note that Figures 2 and 3 are plotted on the same scale). This
suggests that the dimensionless electrostatic stress, I1;, and the
dimensionless surface stress, Oh, are fundamental to under-
standing polymer solution electrospinning and are strongly cor-
related with each other. Figure 3, thus, provides a method to
calculate, a priori, the approximate fiber size resulting from a
stable, electrospinning operation on a neat polymer solution.

Examining Figure 3 more critically shows that beaded fibers
(half-filled symbols in Figure 3) first appear below a critical
value of Oh specific to each individual polymer-solvent sys-
tem. This can be predicted in terms of capillary breakup of the
electrospinning jet.26 A decreasing in Oh implies that viscous
forces become insufficient to stabilize capillary waves that
grow and the jet becomes unstable in this regard, resulting in a
beaded morphology or, ultimately, electrospraying at suffi-
ciently low Oh. Shenoy et al.?* argue that polymer solutions
must be above a critical polymer entanglement density to avoid
beading, which suggests viscoelasticity may also play a role in
dampening surface disturbances. Consequently, the experimen-
tal results considered here show that the critical Oh number is
not unique across different spinning solutions, such that Oh
alone is insufficient to predict the onset of beading, and addi-
tional material properties must be important in determining jet
stability. The obvious candidate is elongational viscosity,
which is not trivially related to the shear viscosity for
entangled polymer solutions, and is well known to affect jet
stability.**

Empirical trends in the master plot are evident in two
regimes. First, at large Oh, an inverse linear relationship is evi-
dent, such that Oh oc Hfl (solid line, Figure 3). Thus, for large
Oh,

2620}
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Note that this product is independent of the solution zero-
shear viscosity, suggesting that, in the stable jet limit, correla-
tion with solution zero-shear viscosity is, as noted above, insuf-
ficient to accurately describe the final diameter of electrospun
fibers across variations in processing and solution conditions
and compositions. Rather, the empirical relationship in Eq. 5
provides an estimate for the diameter of electrospun polymer
fibers directly in terms of the spinning solution conductivity,
surface tension, and operating parameters. Note that the model
predictions by Fridrikh et al.,' in which the fiber diameter
depends only on the balance of electrostatic and surface forces
of the jet, also does not explicitly contain the spinning fluid’s
shear viscosity. Thus, it can be presumed that, in the stable jet
operating regime, the fiber morphology is dominated by the
equilibrium of these forces as captured by Eq. 5. However, no
direct comparison can be made between the correlation devel-
oped in this work and the model by Fridrikh et al., as the latter
contains internal parameters that cannot be readily measured.

At small values of Oh (less than 100), the data deviate from
the inverse scaling, and approach something closer to a —3/4
slope. This deviation from the stable jet scaling can be antici-
pated from consideration of capillary instability of the electro-
spinning jet, even though the observed power law behavior is
merely empirical. Capillary instability manifests as beading
along the jet filament, which decreases the radius of the fiber
between beads.*® It is this fiber diameter that is used in the
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analysis, and it appears in the dominator of the ordinate. Thus,
the decrease in fiber radius due to beading causes the positive
deviation from the stable jet scaling in this simple manner.

Conclusions

In summary, elimination of internal variables in a dimen-
sional analysis of the electrospinning of a Newtonian fluid pro-
vides a robust correlation between the dimensionless fiber ra-
dius, as characterized by the Ohnesorge number, and a new
dimensionless group IT; relating controllable operating param-
eters and measurable solution spinning properties. A stable jet
operating regime has been defined above a critical value of
Oh~0O(100), where the simple relationship given in Eq. 5 can
be used to predict the electrospun fiber diameter. Below
Oh~O0O(100), a transition to a weaker dependence on the
dimensionless electrostatic stress is obtained and beading
becomes evident.

The applicability of these results to more complex systems,
such as polymer-nanoparticle composites, is questionable'?
because of the nonlinear extensional rheology typical of such
electrospinning solutions. Extensions of this analysis to fluids
with strong extensional thickening, for example, will require
considerations of the non-Newtonian fluid properties and their
influence both on jet formation and jet stability.
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