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Viscoelastic electrospun jets: Initial stresses and elongational rheometry
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Abstract
A novel method of characterization of viscoelastic longitudinal stresses in electrospun jets of semi-dilute and concentrated polymer solutions
and melts is introduced. The measured longitudinal stresses at the beginning of the thin jet region in the jets of a 6 wt% aqueous solution of
polyethylene oxide (Mw¼ 400 kDa) were of the order of 100 kPa, which is two orders of magnitude larger than in any other free viscoelastic
jets issued from nozzles and orifices. This is attributed to elongation-driven stretching of polymeric liquids in the transition zone, between the
preceding modified Taylor cone zone and the beginning of the thin jet region, where the stretching rates are of the order of 100e1000 s�1. The
Rouse relaxation times found were in the range of 3e8 ms, and the moduli of elasticity were of the order of 100 Pa. A novel explanation of the
reasons for the formation of the straight sections in the electrospun jets is proposed. The straight sections are stabilized by the high initial lon-
gitudinal stresses in the jet generated due to strong electrically driven stretching in the transition zone. The further electrically driven stretching
in the jet (after the transition zone) is relatively weak, and viscoelastic Rouse relaxation prevails. The relaxation distance of the longitudinal
stresses along the jet increases with the applied voltage (which generates higher initial stresses in the transition zone) and thus the length of
straight section of the jet should increase as the applied voltage increases.

The results also point at an opportunity to develop an elongational rheometer for concentrated polymeric systems with stretching rates of the
order of 100e1000 s�1. The proposed rheometer employs excitation of electrically driven jets by single lateral pulses, and observation of
the pulse propagation and widening along the jet. This reveals the level of the longitudinal stresses along the jet and allows evaluation
of the viscoelastic Rouse relaxation time, modulus of elasticity and the elongational viscosity in the jet.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymeric viscoelastic liquid jets represent key elements of
technologies such as textile fiber spinning [1e4] and electro-
spinning [5e7] as well as in some other applications. Such
jets can sustain significant longitudinal stresses of viscoelastic
origin. In fiber spinning, aerodynamic jet bending, and electro-
spinning of viscoelastic liquids, both stretching and viscoelas-
tic relaxation are present [1e7]. The longitudinal stress level is
determined by the competition between the stretching and the
relaxation. Three zones near the beginning of the jet are
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named as follows. The ‘‘modified Taylor cone’’ zone is nearest
the orifice and is followed by the ‘‘transition zone’’, which is
followed by the straight ‘‘thin segment’’ region. The shape of
the static Taylor cone is modified by the flow of the solution
and the electrical charge when the jet begins [7]. The static
Taylor cone is not discussed elsewhere in this paper. Only
the flow-affected ‘‘modified Taylor cone’’ is discussed.

In the electrically driven jets used for electrospinning, sig-
nificant stretching of polymer solutions begins in the transition
zone, between the modified Taylor cone, where the stress is
small, and the beginning of the thin jet zone, where the liquid
can already be significantly pre-stretched [8] (cf. Fig. 1). As
a result of this pre-stretching, the electrically charged jet can
possess a significant initial stress in the cross-section of diam-
eter 2ae (Fig. 1) which might affect its further evolution. The
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Fig. 1. Modified Taylor cone zone, with the transition zone, and the beginning

of the thin jet in an electrically driven jet. The cross-sectional radii at the

beginning and end of the transition zone are denoted ab and ae, respectively.

Fig. 2. Sketch of a tapered straight jet and lateral bending perturbation of its

axis. The detailed shape of perturbation pulse is not critical, as long as the

locations of two or more recognizable features such as extremal points or

zero crossings can be followed.
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rate of strain in this strong and extremely short pre-stretching
process in the transition zone is of the order of 100e1000 s�1

and can be estimated from the results of Ref. [8]. It will also
be measured in the experimental part of this work (Section 4).
Therefore, the viscoelastic jets can possess significant initial
longitudinal viscoelastic stresses generated in the preceding
flow domain (the transition zone). Moreover, the high longitu-
dinal stresses in the jet affect its thinning, i.e. its shape. The
shape changes affect the charge distribution at the jet surface,
which has dramatic effects on the further evolution of the jet.
In electrospinning of viscoelastic polymer solutions, the length
of the initial straight part of the electrified jets is determined
by the level of the longitudinal viscoelastic stresses [5] and
electric forces. Mathematical descriptions of the diameter of
a jet along its length in terms of the many parameters involved
have been published [5,9e14]. Comparisons of the results
from the various theoretical descriptions and experimental
measurements reveal the complications and uncertainties.
These uncertainties must be dealt with to make calculations
that actually predict the shape of the straight electrified jet
and to determine the viscoelastic parameters of concentrated
polymer solutions and melts undergoing uniaxial elongation
at extreme strain rates. Moreover, the role of non-zero initial
stress in the jet which might arise from the pre-stretching in
the transition zone has never been discussed or studied theoret-
ically [5,7,9e14]. On the contrary, for the free viscoelastic liq-
uid jets rapidly propagating in air and experiencing the
aerodynamically driven bending instability, the crucial role
of the initial viscoelastic stresses is well understood theoreti-
cally [4] and their level was measured in a number of experi-
ments [15e18]. In particular, the method of periodic
transverse vibrations was proposed which allows measurement
of the level of the longitudinal stresses in uncharged jets freely
moving in air as well as an estimate of the viscoelastic Rouse
relaxation time of the liquids in such jets [15e19]. The aim of
the present work is to develop a novel measurement method
based on the analysis of a single lateral pulse imposed on
a jet, as sketched in Fig. 2. Such a pulse is created as a bending
perturbation imposed by a lateral impactor for example. The
pulse begins to propagate along the jet (it is swept by flow
and in addition possesses its own propagation velocity relative
to the fluid). During its motion, the pulse widens. Widening was
employed for measurements of longitudinal viscoelastic
stresses and the Rouse relaxation time in the electrically driven
jets characteristic of electrospinning. In particular, this paper
describes the way to measure the velocity of the fluid in the jet
everywhere along the length of the jet, from the observed diam-
eter of the jet as a function of position along the jet and the laser
Doppler velocimeter data at at least one point. The paper also de-
scribes the experimental measurement of the tensile stress in
the jet by creating a lateral displacement of a short segment
near the beginning of the jet and observing the propagation of
the displaced segment along the jet. Such an experiment pro-
vides the information needed to measure the tensile stress as a
function of position along the jet path. Combination of the
observed fluid velocity data with the observed stress data at
each point provides the information needed to determine the
modulus of elasticity and the Rouse relaxation time of a poly-
meric liquid subjected to an extremely strong stretching. Suit-
able experimental observations were made in the transition
zone and the straight segment of a straight electrified jet, as
defined in Fig. 1.

Section 2 describes the theoretical background for this
novel method. In Section 3 the experimental setup and mate-
rials used are presented. Section 4 contains the experimental
results and discussion. Conclusions are drawn in Section 5.

2. Theoretical background

In a typical electrospinning device for the manufacture of
nanofibers, a steady state shape of the jet along its path is
established when distance between the electrodes is kept short
(not more than several centimeters). To create a jet with
a steady shape, the geometry of the orifice and the fluid pres-
sure inside the orifice were held constant. A particular visco-
elastic solution was used, and a particular electrical potential
distribution between the orifice and the collector was estab-
lished. All other spinning conditions were also maintained
during the measurements. The diameter of the jet can be
observed and measured as a function of the position along
the path.
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Due to the mass conservation in the transition zone (practi-
cally no solvent evaporation has yet occurred), the elongation
of a material element there is l¼ (ab/ae)

2, where ab and ae are
the cross-sectional radii at the beginning and end of the tran-
sition zone. It is well-known that polymer solutions react to
strong and almost instantaneous stretching almost as an elastic
neo-Hookean (rubber-like) body with practically no relaxation
involved [4]. The stress sxxe at the end of the transition zone
(the initial stress in the thin jet) is then given by

sxxe ¼ 2Gl2 ¼ 2G

�
ab

ae

�4

ð1Þ

where G is the modulus of elasticity and ab and ae are mea-
sured from the photographs of the transition zone (Fig. 1).
The viscoelastic relaxation is neglected in Eq. (1), since it is
expected (and proved a posteriori in Section 4) that the resi-
dence time of fluid elements in the transition zone tr is shorter
than the Rouse relaxation time q.

Consider now an initial straight tapering section of an elec-
trically driven viscoelastic jet of polymer solution moving in
air (the thin jet with the cross-sectional radii less than ae in
Fig. 1). This may be a jet traveling a short inter-electrode dis-
tance of the order of 1 cm, a distance too short for a bending
instability to develop, or the straight section of an electrospin-
ning jet, preceding the loops of the bending instability [5e7].
The electric force acting on the jet section is longitudinal, and
even if the straight section were forced to bend by an impactor,
the resulting lateral electric force would still be much less than
the longitudinal viscoelastic force established by the high elec-
trical charge density in the jet cross-section and over its
surface [5e7]. When bending perturbations are imposed on
a straight jet or its straight initial section in electrospinning,
the perturbations are assumed to be sufficiently small. They
are also assumed to be planar. Based on the momentless
quasi-one-dimensional equations of the dynamics of free
liquid jets [4,20], it is easy to show that the normal projection
of the momentum balance equation (4.19) in p. 49 in Ref. [4]
takes the following form

v2H

vt2
þ 2VðxÞv

2H

vtvx
þ
�
VðxÞ2�sxx

�
x
��

r
�
¼ 0 ð2Þ

where t is the time, x is the longitudinal Cartesian coordinate
along the unperturbed jet axis, H¼H(t,x) is the normal dis-
placement of the jet axis (cf. Fig. 2), V¼ V(x) is an unper-
turbed distribution of the longitudinal liquid velocity along
the jet, sxx¼ sxx(x) is an unperturbed tensile stress in the jet
cross-section, and r is the liquid density.

The hyperbolic Eq. (2) describes the propagation of suffi-
ciently small bending perturbations along a straight tapering
viscoelastic jet. It was also derived as Eq. (2) in Ref. [17],
however, its general solution relevant for pulse propagation
was not considered there or in the other related works. Note
that the normal (lateral) velocity of the jet related to bending
perturbations is given by Vn ¼ vH=vt.
The hyperbolic Eq. (2) possesses two characteristics
xðt; xÞ ¼
Zx

0

dx

V þ
ffiffiffiffiffiffiffiffiffiffiffi
sxx=r

p � t ¼ C1 ð3Þ

hðt; xÞ ¼
Zx

0

dx

V �
ffiffiffiffiffiffiffiffiffiffiffi
sxx=r

p � t ¼ C2 ð4Þ

where C1 and C2 are constants. Therefore, the general solution
of Eq. (2) is given by

Hðt; xÞ ¼ F

0
@Z

x

0

dx

V þ
ffiffiffiffiffiffiffiffiffiffiffi
sxx=r

p � t

1
A

þF

0
@Z

x

0

dx

V �
ffiffiffiffiffiffiffiffiffiffiffi
sxx=r

p � t

1
A ð5Þ

where F¼F($) and F¼ F($) are arbitrary functions. For any
particular perturbation pattern (e.g., time-periodic perturba-
tions or a single pulse) these functions can be always found
via the initial conditions, namely

H ¼ H0ðxÞ at t ¼ 0; Vn ¼
vH

vt
¼ Vn0ðxÞ at t ¼ 0 ð6Þ

where the initial wave pattern H0(x) and the lateral velocity
distribution related to it Vn0(x) can be, in principle, measured
experimentally. The longitudinal velocity distribution in the
unperturbed jet is also known in principle as V(x)¼Q/[pa(x)2],
where Q is the volumetric flow rate and the cross-sectional
radius distribution a¼ a(x) (with a� ae) can be measured
experimentally or calculated using the existing theoretical
models [4e7]. The unperturbed tensile stress distribution
sxx(x) along the jet is not immediately measurable, and our
aim is to establish it using the above results.

Determination of sxx(x) does not require knowledge of V(x)
(or a(x)) and Vn0(x). The solution of Eq. (5) represents a superpo-
sition of two d’Alembert waves (signals) F and F, which prop-
agate with speeds V þ

ffiffiffiffiffiffiffiffiffiffiffiffi
sxx=r

p
and V �

ffiffiffiffiffiffiffiffiffiffiffiffi
sxx=r

p
, respectively.

Any pulse-like perturbation widens by 2
ffiffiffiffiffiffiffiffiffiffiffiffi
sxx=r

p
Dt during

time Dt, since it is propagated by the two signals. The widening
of the pulse W between t¼ 0 and t¼Dt can be measured. Then

sxx ¼ r

�
W

2Dt

�2

ð7Þ

Two cases (i) and (ii) are considered; (i) by repeating the ex-
periment with the pulse being applied at different coordinates
x, one can, in principle, measure the whole profile of the un-
perturbed stress sxx(x) along the jet. (ii) If the duration of
the pulse observation time Dt is taken much less than the
shortest expected relaxation time (say, Dt is taken of the order
of 0.5 ms), one can avoid the necessity for applying multiple
pulse application at different locations x.

In case (ii), observing a single pulse propagating along the
whole jet, we can consider it as different pulses applied at
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different locations, while the local observation time Dt is taken
short enough that the elastic relaxation time characteristic of
stress sxx in an observed jet segment will be longer than the
observation period from t to tþDt. Then, the measured value
of W and thus sxx could be attributed to the location of the
pulse peak between t and tþDt. The experimental procedure
based on observations of a single pulse case (ii) was imple-
mented in the present work.

3. Experimental
3.1. Materials
Polyethylene oxide, PEO (Mw¼ 400 kDa), purchased from
Scientific Polymer Products, Inc., was used as a 6 wt% solu-
tion in water. Density of the solution was 103 kg/m3, zero
shear viscosity was 5 Pa s, surface tension was 61 mN/m,
and the electrical conductivity was 0.0125 S/m. The experi-
ments were done under ambient conditions at room tempera-
ture and relative humidity of about 25%.
3.2. Experimental setups
Fig. 4. Profile of the transition zone following the modified Taylor cone and the

beginning of the jet. The cross-sectional radius is shown as a¼ a(x) (the symmet-

ric profile in the middle-left), where the axial coordinate x is zero at the first ob-

servable cross-section of the drop. At the end of the transition zone and the

beginning of the thin jet, x¼ xe and a¼ ae, respectively. The velocity distribution

measured is shown by the solid curve below the profile a¼ a(x). The change in

the jet diameter after the transition zone is practically unseen in this scale which

is the reason that the velocity distribution in the figure in (b) extends beyond the
A digital video camera attached to an optical microscope
was used to record the profile of the transition zone between
the modified Taylor cone and the beginning of the jet (see
the sketch in Fig. 3). The experiment was conducted as
follows. Polymer solutions were held in a glass pipette which
had tip several centimeters long with an 800 mm inner diame-
ter. A copper wire was immersed in the solution and connected
with a high voltage power supply which generated DC voltage
up to 13 kV. A grounded horizontal plate was placed below the
pipette tip to serve as a collector electrode. The distance be-
tween the pipette tip and the grounded plate could be adjusted
from 0.1 cm to 30 cm. An ammeter was connected between
the collector plate and the ground to measure the current
carried by the electrically driven jet.
Fig. 3. Schematic drawing of the experimental setup for measuring radius and

velocity distributions and evaluating the stretching rate. (1) Pipette; (2) high

voltage DC power supply; (3) ammeter; (4) grounded collector; (5) digital

video camera; (6) optical microscopy; (7) illumination light.

profile of the transition zone. The applied voltage was 3 kVin (a) and 5 kVin (b).
The cross-sectional radius in the transition zone a¼ a(x)
(ae� a� ab in Fig. 1) was measured from the images of the tran-
sition zone (Fig. 4). Then, the longitudinal velocity V¼ V(x) was
calculated as V¼Q/(pa2) where Q is thevolumetric flow rate sus-
tained in the experiment. A laser Doppler velocimeter was used to
measure the velocity of the thin jet following the transition zone
(where a� ae). The velocity profiles in the transition zone and the
jet were combined and matched each other smoothly (Fig. 4).
Similar trends were elucidated in the voltage range 3e5 kV.

The single-pulse experiment was conducted as follows. A
bar of foamed polystyrene with a high stiffness and low
density was glued onto a loudspeaker which produced a single
lateral displacement pulse when a suitable electrical pulse was
applied. The bar was positioned as shown in Fig. 5 so that the
displacement pulse from the loudspeaker imparted a pulse-like
lateral motion to the tip of the pipette. The amplitude of the
lateral motion of the tip was about 2 mm. The time from the
beginning to the end of the pulse was about 4e5 ms.



Fig. 5. Schematic drawing of the experimental setup for measuring longitudi-

nal stresses in jets. (1) Pipette; (2) high voltage DC power supply; (3)

ammeter; (4) grounded collector; (5) loudspeaker; (6) polystyrene bar; (7)

high-speed camera; (8) illumination light. The viewing direction of the camera

was perpendicular to both the displacement direction and the jet axis.

Fig. 7. Pulse peak location P and width w versus time. The broken lines con-

nect the data points shown by symbols, and the smooth lines show the best fit

of the data. The width versus time curve was used to evaluate vw=vt ¼ W=Dt,
needed to calculate the longitudinal stress sxx in the unperturbed jet using Eq.

(7). The voltage applied to issue the jet was 3 kV in this case.
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4. Results and discussion

The stretching rate in the transition zone is equal to dV/dx. Its
values were found using the data shown in Fig. 4 and were in the
range 100e1000 s�1. This is a tremendously high rate of strain,
for 6 wt% polymer solutions, which is not achieved in other
experiments.

Image of the pulse propagation and widening images is pre-
sented in Fig. 6 for the applied voltages in the range U¼ 3e
5 kV. The images show similar trends at U¼ 3 kV and 5 kV.
Fig. 6. Propagation and widening of a single lateral displacement pulse. (a) The

electric current I¼ 100 nA. (b) The inter-electrode distance L¼ 5.5 cm, potential

the jet was straight before the lateral displacement pulse was applied.
The images in Fig. 6 were used to determine the location of
the pulse peak, P, and the width, w, versus time. The peak po-
sitions and the width of the pulse were measured at intervals of
0.5 ms. The observations of a single peak propagating along
the jet were used to acquire information for the entire length
of the jet, as discussed in case (ii) in Section 2. An example
of such processing is shown in Fig. 7. Data for w(t) was
approximated by a smooth function shown in Fig. 7 as a solid
line. It was possible to differentiate w(t) and find the derivative
vw=vt corresponding to any instantaneous location of the
inter-electrode distance L¼ 5.5 cm, potential difference of U¼ 3 kV, and the

difference of U¼ 5 kV, and the electric current I¼ 880 nA. In all the cases



Fig. 9. The Lagrangian presentation of the stress as a function of time,

sxx¼ sxx(tm� tme). The time moments when the material element exits the

transition zone and reaches the beginning of the thin jet are denoted by tme.

The values of tme were 15,145 ms, 1880 ms and 1183 ms for the voltages of
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lateral displacement pulse propagating over the whole jet. The
data shown in Fig. 7 were used to calculate the widening rate of
the pulse at different locations along the jet. It was possible to cal-
culate the pulse widening over time intervals much shorter than
any expected relaxation time value. Using W=Dt ¼ vw=vt, the
stress sxx in the unperturbed jet was calculated via Eq. (7).

The value of sxx thus found can be associated with either the
value of t used to calculate the derivative vw=vt¼W=Dt or the cor-
responding peak location P¼ P(t)¼ x. Thus, sxx¼ sxx(t) can be
recast into sxx¼ sxx(x). These graphs are presented in Fig. 8.

It takes a longer time tm for a material element of the jet
near the lateral pulse to reach a location x, than is required
for the pulse, moving along the jet, to reach the same location.
The time tm is given by the equation

tm ¼
Zx

0

dx

VðxÞ ð8Þ
Fig. 8. Longitudinal stress distribution over the straight unperturbed electrified

jet for different applied voltages. The inter-electrode distance was held at

5.5 cm. (a) Stress versus pulse-related time t, sxx¼ sxx(t). (b) The Eulerian

presentation as sxx¼ sxx(x). Symbols show the experimental data for different

applied voltages. The first points on the left correspond to the end of the transition

zone and the beginning of the thin jet at x¼ xe z 2e5 mm, where x is measured

from the first observable cross-section of the drop as shown in Figs. 1 and 4.

3 kV, 4 kV and 5 kV, respectively. The distributions of stress sxx versus

tm� tme are plotted in semi-logarithmic scale. Symbols show the experimental

data for different applied voltages; lines are plotted using Eqs. (9) and (10).
Then, the stress distribution sxx(x) (in the Eulerian sense) can be
recast into sxx(tm) (in the Lagrangian sense), as shown in Fig. 9.

The initial stresses at the beginning of the thin jets appeared
to be of the order of 10e100 kPa (the first points in the left in
Figs. 8 and 9). The latter value is larger than those reported for
the uncharged jets [16e18] by two orders of magnitude. This
reveals the strong electrical forces affecting polymer solutions
in the transition zone prior to the formation of a thin jet. The
higher the applied voltage is (at a fixed inter-electrode dis-
tance), the higher is the value of the longitudinal stress gener-
ated near the beginning of the thin jets. Figs. 8 and 9 show that
relaxation effects in the straight, thin jets dominate the stretch-
ing effect of the electric stresses acting on them, which means
that the flow is weak there, following the terminology used in
polymer rheology. Therefore, the longitudinal stresses relax
along the jet. This result invalidates many theoretical models
of the straight part of the viscoelastic electrospinning jets pub-
lished so far, since such models disregard the existence of
these high initial longitudinal stresses generated in the transi-
tion zone between the Taylor cone and the beginning of the jet.
Moreover, the results in Ref. [4] (in particular, in Fig. 3.25 in
p. 141) show that growth of bending perturbations is delayed
by the initial high longitudinal stresses in the transition zone
of the jets. Even though this result was first found, in
Ref. [4], for the aerodynamically driven bending instability,
it can be immediately recast for the electrically driven bending
instability, since the equivalence of the two phenomena was
established [6]. This equivalence allows the following inter-
pretation of the results presented in Figs. 8 and 9: the electri-
cally driven bending instability is impossible from the tip of
the modified Taylor cone up to distances of about 2e4 cm
along the jet, because the stabilizing longitudinal stresses there
are sufficiently high. This indeed happens [5e7]. Moreover,
the results depicted in Figs. 8 and 9 suggest that the straight



1657T. Han et al. / Polymer 49 (2008) 1651e1658
section of an electrospun jet should be longer if the jet is formed
at a higher applied voltage. Again, the predicted increase in the
length of the straight segment of the jet with an increase in the
applied voltage is seen in experiments [5e7].

The initial longitudinal stress sxxe should be attributed to
tm� tme¼ 0 (i.e. to x¼ xe) in each experiment depicted in
Fig. 9. The values of tme for these experiments are listed in
the caption of Fig. 9. It is emphasized that the values of
tme incorporate all the prehistory of the fluid elements (at
0� x� xe) as the elements moved from the very beginning
of the modified Taylor cone where the flow is extremely
slow and the residence time is large. That is the reason that
the values of tme (and tm) are of the order of 103e104 ms.
Then, fitting of Eq. (1), with ab and ae being measured from
the images similar to that in Fig. 1, reveals the corresponding
values of the modulus of elasticity G. It was found that
G¼ 53.26 Pa, 163.3 Pa and 395.4 Pa for the applied voltages
of 3.0 kV, 4.0 kV and 5.0 kV, respectively. Stress relaxation
in a material liquid element moving along the jet seen in
Fig. 9 can be interpreted using an expression derived by the
integration of the equations of the Upper-Convected Maxwell
(UCM) model with a single relaxation time

sxx ¼ sxxe exp
�
� ðtm � tmeÞ=qeff

�
ð9Þ

q¼ qeff

1þ 2ðdV=dxÞmaxqeff

ð10Þ

where qeff is the effective relaxation time; q is the Rouse relax-
ation time corresponding to contraction of macromolecules to
their equilibrium length [4,21]; (dV/dx)max is taken as the larg-
est positive value of the stretching rate. Fitting Eqs. (9) and
(10) to the experimental data shown in Fig. 9, one can find
sxxe and q (shown in Table 1). Therefore, both characteristic
rheological parameters of polymer solutions, G and q, can
be established in one experiment using Eqs. (1), (9) and (10)
(Table 1). The initial elongational viscosity in the jet is then
estimated as m[¼ sxxeq (Table 1).

Eqs. (9) and (10) follow from the integration of the follow-
ing rheological constitutive equations of the UCM model

dtxx

dtm

¼
�

2
dV

dx
� 1

q

�
txx þ 2

m

q

dV

dx
ð11Þ

dtyy

dtm

¼�
�

dV

dx
þ 1

q

�
tyy�

m

q

dV

dx
ð12Þ

valid for uniaxial elongation in a jet [4,21], where m is zero-
shear viscosity, and txx and tyy are the longitudinal and lateral
deviatoric stresses in the jet, while the longitudinal stress
Table 1

Characteristics of the polyethylene oxide solution calculated from Eqs. (1), (9)

and (10)

U (kV) sxxe (Pa) G (Pa) q (ms) m[ (Pa s)

3.0 14,431 53 8.3 119

4.0 26,455 163 3.0 80

5.0 64,050 395 3.0 190
sxx¼ txx� tyy. The initial conditions are: t¼ tme, txx¼ txxe,
tyy¼ tyye (and thus sxx¼ sxxe¼ txxe� tyye). The integration
leading to Eqs. (9) and (10) is done for
dV/dx¼ (dV/dx)max¼ const. The result shows, as expected in
jets, that txx[ tyy, and thus sxx z txx z sxxeexp{�[1/
q� 2(dV/dx)max](tm� tme)}. The fact that the experimental
data show that the stress sxx decreases when a material ele-
ment moves along the jet means that in the present case the
viscoelastic relaxation reduces the tensile stress faster than
the elongation due to the electric field increases the stress,
and thus 1/q> 2(dV/dx)max. In this sense, the flow in the
straight thin part of the jet is weak, whereas the flow in the pre-
ceding transition zone is strong, since it results in a build-up of
the longitudinal stress. It is emphasized that Eqs. (9) and (10) ac-
count for the jet stretching by the electric field which determines
the value of (dV/dx)max. In a more detailed analysis, the integra-
tion of Eqs. (11) and (12) could be modified to include the fact
that dV/dx could vary along the jet. This modification could be
made in the framework of a conjugate problem, incorporating
the quasi-one-dimensional equations of the mass and momen-
tum balance for jets, the rheological constitutive Eqs. (11) and
(12) and the electric field description accounting for the interac-
tion of the surface charges on the jet with the electric field.
Examples of numerical solutions of similar conjugate problems
can be found in Refs. [9,10] although these examples do not in-
clude the accounting for the initial stresses. In the present work
we avoid dealing with the conjugate problem and detailed
calculation of the electric field about the jet, because we use
the experimental velocity data for V(x) to evaluate dV/dx. Since
the experimental data obviously reflect the effects of the electric
field via V(x), the parameter values obtained and presented in
Table 1 are affected by the electric field properly, with no
need for further calculation.

The Rouse relaxation times found are in the range q¼ 3e
8 ms (Table 1). The residence time in the transition zone is of
the order of tr z (0.5� 10�1 cm)/(0.5� 102 cm/s) z 1 ms
(cf. Figs. 1 and 4). Therefore, the assumption tr< q holds
indeed, and the relaxation effects in the transition zone can
be neglected, as it was done in Eq. (1).

It is worth emphasizing that electrospinning jets consist of
the three distinct zones discussed above in addition to one or
more electrically driven bending zones. In order along the
jet these are: (1) a modified Taylor cone (a very weak, almost
Newtonian flow), (2) a transition zone (a strong elongational
flow at rates of 100e1000 s�1), (3) a straight thin jet (a
weak elongational flow at a strain rate averaged over the entire
length of the straight segment that is of the order of 20 s�1,
[5]), and (4) bending loops (with an initial strong elongational
flow with strain rates of the order of 1000 s�1 which decrease
rapidly with length [5]).

Stretching in the transition zone is very strong (at the rates
of 100e1000 s�1). Therefore, the method outlined here can be
used for the elongational rheometry of concentrated polymer
solutions and melts under the conditions of an extremely
strong elongation. We are unaware of any other method which
could be used for elongational measurements of concentrated
polymer systems with such high rates of strain.
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5. Conclusion

A novel method of measurement of viscoelastic longitudi-
nal stresses in straight electrically driven jets of polymer
solutions is proposed and applied to jets characteristic of elec-
trospinning. The method is based on the observation of prop-
agation of a single lateral pulse imposed on the jet and of the
profile of the unperturbed jet. The results revealed that the ini-
tial longitudinal stress created by the electric stretching of the
jet as it transforms from the modified Taylor cone to a thin jet
is of the order of 10e100 kPa. These values are one or two or-
ders of magnitude larger than those measured for uncharged
viscoelastic jets. This shows that stretching of polymer solu-
tions in the transition zone of the electrically driven jets fol-
lowing the modified Taylor cone is very strong (the rates of
stretching are of the order of 100e1000 s�1). This describes
the physical pattern responsible for the formation of the
straight thin segment of the electrospinning jets. The liquid
stretching by the electrical field in the straight part of the jet
weakens, as the jet elongates, to the level of 20e100 s�1 ac-
cording to Refs. [5,7], and the initial longitudinal stresses relax
at a distance of about 2e4 cm from the transition zone that con-
nects the modified Taylor cone and the thin segment. Our obser-
vations of the transition zone reveal that the straight section of
the electrospinning jets is longer at higher voltage because
higher initial stresses are generated in the transition zone at
higher applied voltages so the straight jet is stabilized for a lon-
ger distance. After that (at x� 2e4 cm), the electrically driven
bending instability, characteristic of electrospinning, can set in
and dramatic elongation, somewhat similar to the elongation
following the modified Taylor cone, occurs initially at rates
of about 1000 s�1 ([5]). The results also point to an opportunity
to build a novel elongational rheometer for semi-dilute and
concentrated polymer solutions and melts allowing for stretch-
ing rates of the order of 100e1000 s�1. For the 6 wt% aqueous
polyethylene oxide solution electrospun at 3e5 kV, the novel
elongational rheometer introduced in the present work reveals
that the moduli of elasticity are in the range 53e395 Pa,
the Rouse relaxation time in the range 3e8 ms and the initial
elongational viscosities in the range 100e200 Pa s.
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