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ABSTRACT: The study of electrospinning polymer solution jets,
and the evolution of the polymer entangled network during
electrospinning, is of interest for understanding of the micro-
structure of the resulting nanofibers. Fast X-ray phase-contrast
imaging was applied to investigate the flow of the first 10 mm of a
straight jet of electrospinning PEO and PMMA semidilute
solutions. The jet radius, velocity, and absorbance were measured
at high resolution (0.67 μm/pixel) and at extremely short exposure
time (<0.5 μs), under a wide range of electrospinning conditions
and solution concentrations. The flow field, measured by tracing
silica microbeads, revealed laminar flow with axial velocities that
implied significant mass loss due to evaporation. X-ray absorption
measurements provided evidence for substantial polymer concentration rise along the jet, particularly at the jet boundaries,
evidence of rapid evaporation. Furthermore, at high strain rates, the polymer concentration rose at the jet center as the velocity
increased along the jet, implying polymer network lateral contraction due to axial stretching. Our findings confirm the
theoretically predicted counteracting effects of evaporation and stretching on the polymer matrix within the jet.

1. INTRODUCTION
Electrospinning is characterized by high strain rates of the order
103 s−1.1−7 Such stretching can potentially improve the
structural order within as-spun nanofibers and enhance their
mechanical properties.8−12 At the same time, rapid solvent
evaporation during electrospinning can lead to increased
polymer concentrations at the jet boundary,13−16 sometimes
forming a solid skin and a heterogeneous and porous
structure.11,15,17 Hence, study of electrospinning polymer
solution jets, and specifically of the evolution of the polymer
entangled network during electrospinning,11 is of interest in
clarifying the microstructure of as-spun nanofibers. Exper-
imental data on the jet dynamics during the initial stage of
electrospinning, and particularly on the flow regime within the
jet, are needed in order to characterize the hydrodynamic
environment to which the polymer network is subjected.
Furthermore, data on the distribution of the polymer within the
jet can shed light on the conflicting processes of stretching and
evaporation for different material properties and electro-
spinning conditions.
The geometry and velocity of electrospinning jets were

studied by optical microscopy1,5 and by tracing large particles
(50−70 μm) using high-speed visible light imaging.18

Stretching and orientation of polymer chains have been
observed in electrospinning jets using birefringence,19

Raman,20 and X-ray diffraction21 techniques. Imaging of
electrospinning jets using in-line fast X-ray phase-contrast
imparts several advantages. The method has been used to study

flow dynamics, particularly fuel jets and sprays,22−24 and offers
an extremely short exposure time (<0.5 μs), essential for
capturing the inherently unstable electrospinning jet, and, at the
same time, provides high spatial resolution (0.67 μm/pixel).
Owing to the weak interaction of X-ray with matter, it has high
penetrability, and its essentially monochromatic beam enables
measurement of transmission absorption and analysis of the
polymer concentration within the jet. The method also
provides enhanced phase boundary contrast, enabling accurate
measurement of small objects, as well as accurate velocimetry
using particles as small as 1 μm.24 At the same time, the
scattering of X-rays penetrating a small object is significant25

and requires correction of absorption measurements.
In this work, we apply fast X-ray phase-contrast imaging

toward analysis of up to 10 mm of the initial portion of
electrospinning jets (the straight and stable section) to
extrapolate high-resolution (0.67 μm/pixel) measurements of
the jet radius, velocity, and absorbance. Semidilute solutions of
PEO (poly(ethylene oxide)) and PMMA (poly(methyl
methacrylate)) were measured under a wide range of
electrospinning conditions (electric field and flow rate) and
solution concentrations. The jet flow field, measured by tracing
silica microbeads mixed in the polymer solutions, showed
laminar flow with axial velocities that implied significant mass

Received: February 1, 2012
Revised: March 29, 2012
Published: April 10, 2012

Article

pubs.acs.org/Macromolecules

© 2012 American Chemical Society 3616 dx.doi.org/10.1021/ma300237j | Macromolecules 2012, 45, 3616−3626

pubs.acs.org/Macromolecules


loss due to evaporation. Absorption along and across the jet
was calculated from beam transmission measurements, after
correcting for the scattering effect. Substantial polymer
concentration increase was observed along the jet, as early as
2−3 mm from the jet start, evidence of rapid evaporation. This
concentration rise occurred particularly along the jet’s
boundaries. At the same time, high strain rates (e.g., due to
high electric field), sufficiently distant from the orifice, led to a
rise in polymer concentration at the jet center as well. This
latter phenomenon is testimonial of the lateral inward
contraction of the polymer network due to the axial stretching.

2. EXPERIMENTAL SECTION
2.1. Equipment Setup and Operation. The experiment was

conducted at 32-ID Beamline, Advanced Photon Source (APS),
Argonne National Lab, using a partially coherent undulator X-ray
white beam. The experimental setup of the X-ray imaging system and
the electrospinning chamber are presented in Figures 1a and 2a,b.

The X-ray beam was generated from the synchrotron’s electron
storage ring with a dominant harmonic at a beam energy of 13 keV,
corresponding to a wavelength of 0.95 Å (Figure 1b). The dominant
peak was ∼100 times more intense than the harmonics, rendering the
beam practically monochromatic, an essential feature in view of the
strong dependence of material X-ray mass absorption coefficients on
beam energy. The X-ray beam was emitted as short pulses, each 472 ns
long, issued at intervals of 3.68 μs. A millisecond mechanical shutter
opened the beam path at 1 Hz in order to protect the imaging system
from overheating, and was followed by a very fast galvano-based
shutter that opened the beam path for less than 100 μs each second.
The X-ray pulses penetrated the electrospinning jet, and their

transmission was converted to visible light by a fast scintillator crystal
(LYSO:Ce, 40 ns decay time), positioned at a distance of 10 cm from

the spinning jet. A camera, timed to capture the first pulse passing
through the very fast shutter, captured the image via a folding mirror
and a ×10 objective optics, using a 1280H × 1024 V CCD detector
with a pixel size of 6.7 × 6.7 μm2. The beam size of 1 × 1 mm2 was
slightly larger than the camera’s effective field-of-view. A typical X-ray
image of the jet is shown in Figure 2c. Note the white corona at the jet
boundaries due to edge diffraction. During particle tracing experi-
ments, two-pulsed images were captured for each frame, separated by a
time interval of 3.68 μs multiples, up to a maximum of 147.2 μs.

The electrospinning chamber (Figure 2a,b) consisted of a PMMA-
based enclosure with Kapton-film windows. The chamber was
mounted on a remotely controlled motorized stage, which allowed
for control of x,y,z positioning of the electrospinning chamber, and for
sequential capturing of images at 0.5 mm steps along the jet during a
single session (see image example in Figure 2d). Because of the
unstable nature of electrospinning jets and the small field-of-view of
the camera, images could only be captured at distances of up to 10 mm
from the jet start. The image frame was recorded 20 times at 1 s
intervals for each stage position, with a gray scale depth of 16 bits.
Dark images (no X-ray) and background images (no jet) were also
collected to allow for image correction.

In order to avoid prolonged exposure of the jet to X-ray radiation
that might degrade the polymer or affect the solvent, the following
measures were taken. After allowing sufficient time for the jet flow to
become steady, the camera was triggered to capture the first pulse
released by the very fast shutter. In the absorption measurement
experiments, only a single pulse was captured, and the jet was
consequently exposed to the beam for 0.47 μs. In the particle tracing
experiments, the beam path was left open until the second image was
captured, and therefore the jet was exposed to 3−41 pulses, depending
on the selected time interval, and consequently the cumulative
exposure time varied between 1.4 and 19.4 μs. The corresponding
fluence (time-integrated flux) of the beam spectrum shown in Figure
1b was several orders of magnitude below typical X-ray damaging
fluences.26 Also, owing to the beam small size, irradiation was
restricted to the jet section that was currently imaged, about 1 mm
long, while the rest of the jet was not exposed to the beam. Finally, the
experimental evidence from the particle tracing experiments using
different exposure times has shown that the measured jet radius and
particles velocity were not sensitive to exposure time, implying that the
beam did not influence the jet dynamics or evaporation.

2.2. Materials and Test Cases. PEO (Mw 600 kDa) and PMMA
(Mw 70 kDa) were purchased from Sigma-Aldrich. PEO was dissolved
in water at concentrations of 3 and 5 wt %; PMMA was dissolved in
CHCl3 (chloroform) at concentration of 15 wt %. Glycerol was
purchased from Sigma-Aldrich. During velocimetry tests, the PEO
solutions were mixed with silica (SiO2) microbeads, purchased from
Polysciences Europe GmbH, at volume fraction of 0.9 vol %. The
microbeads size ranged from 1 to 10 μm (98% of microbeads), with a
mean size of 1.94 ± 0.76 μm (STD), measured using ImageJ. The
relevant properties of the materials and solutions used in the
experiment are listed in Table 1.

The polymer solutions were injected using a standard syringe pump,
into a 25 gauge capillary needle (internal diameter 0.26 mm) installed
on top of the electrospinning chamber, at flow rates Q ranging from 1
to 8 mL/h. A 20 gauge needle (internal diameter 0.6 mm) was used
for the PEO 5% particle tracing experiments. The polymer solution
was drawn from the capillary needle by an electric field, created by a
standard high-voltage power supply, with electric potential ranging
from 4 to 14 kV. The gap between the needle and the collector tip was
adjusted to fall within a range of 2.5−6.5 cm (Figure 2a), resulting in a
nominal electric field E of 0.6−4 kV/cm. The experiments were
conducted at room temperature, at a relative humidity of 40%. Tests
1−17 and their conditions are presented in Figure 3.

2.3. Particle Tracing. Velocity measurements and characterization
of the flow regime inside the electrospinning jet were achieved by X-
ray particle tracing. The measurements were carried out on PEO 3%
and 5% solutions, mixed with silica microbeads (tests 14−18). The
microbeads provided good X-ray image contrast, with an absorption
coefficient ∼10 times higher than that of the PEO solutions (refer to

Figure 1. Experimental setup. (a) X-ray beam path: a millisecond
shutter was set up in series with a very fast galvano-based shutter that
opened the path for less than 100 μs each second. The beam
penetrated the jet and was converted to a digital image via a
scintillator. The CCD camera was timed to capture the first pulse after
the very fast shutter opened. (b) X-ray beam flux: the dominant
harmonic is indicated.
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Table 1). Each jet section was exposed twice to X-ray radiation, within
a short time interval, and both exposures were recorded on a single
image. The time intervals used were 7.4, 18.4, 36.8, 73.6, and 147.2 μs.
Velocity vectors were calculated by tracing particles, as shown in
Figure 4, and adjusting for the lateral displacement of the jet during
the time interval between exposures. Typically, shorter intervals were
applied in regions of high velocity, whereas longer intervals were

needed for regions of low velocity. The resulting velocity vectors were
two-dimensional projections of a three-dimensional flow, but since the
vertical velocity component was dominant this inaccuracy is negligible.

The small size of the particles (mean size ∼2 μm) and their low
volume fraction in the solution (0.9 vol %), as well as their
homogeneous dispersion within the fluid (Figure 4), ensured minimal
influence of the particles on the jet flow properties and accurate
velocity measurement. Suspensions with particles volume fraction up
to 1 vol % may be considered as dilute,31 and therefore the effect of
the particles on viscosity was negligible. Theoretical and experimental
studies of the flow of particle-laden fluids in confined spaces24,32 have
shown that for small particles (d/H ≤ 0.2, where d is the particle size
and H the small dimension of the flow) and low Reynolds numbers
(Re = ρvDH/μ < O(1), where ρ is the fluid density, v is the fluid
velocity, and DH is the hydraulic diameter), the particles will not cross
streamlines while moving along the flow, and their velocity will be
within less than 2% from the undisturbed fluid velocity. These
conditions apply to the present tracing tests, where d < 10 μm, H ≅
DH < 1 mm, ρ ≅ 1 g/cm3, v < 1 m/s, and μ ≤ 12 Pa s, and therefore d/
H < 0.01 and Re < 0.1.

The effects of particle gravity and buoyancy are negligible, in view of
the high hydrodynamic forces in the electrospinning jet. The inertial
force can be neglected as well (the ratio between the inertial force, (π/
6)ρpd

3v,̇ and the hydrodynamic force, 3πμdv, acting on a particle
assuming a spherical shape, is ρpd

2s/(18μ) ≅ 10−6 ≪ 1, where ρp =
2.65 g/cm3 is the particle density and s = v/̇v < 103 1/s is the flow
strain rate).

2.4. Radiation Transmission and Absorption. Characterization
of the polymer concentration distribution within the jet was achieved
by measuring the X-ray transmission through the jet and calculating

Figure 2. Electrospinning setup. (a) Electrospinning chamber: the polymer solution is pumped into the syringe and drawn by the electric field
toward the collector. The initial rectilinear portion of the jet is imaged by sequentially moving the motorized stage upward at 0.5 mm steps. (b)
Electrospinning chamber and imaging target (scintillator). (c) Representative X-ray image: electrospinning solution of 5 wt % PEO (Mw = 600 kDa)
in water; electric field 1.6 kV/cm, flow rate 3.2 mL/h. (d) Same test case, presenting a jet section 6 mm long, reconstructed from 12 sequential
images.

Table 1. Characteristic Properties of Tested Materials and Solutionsa

material/polymer Mw [Da] solvent c [%] μ [Pa s] γ [mN/m] σ [mS/m] ρp (ρs) [g/cm
3] εp (εs)

b [cm2/g] α0 [1/cm]

glycerol 92 100 0.9 64c 0.006d 1.26 1.75 2.21
PMMA 70K chloroform 15 ∼0.1 28c 1.2 (1.5) 1.45 (23.3) 28.9
PEO 600K water 3 1.2e 72e 1.4e 1.12 (1) 1.51 (2.29) 2.28
PEO 600K water 5 12e 75e 1.6e 1.12 (1) 1.51 (2.29) 2.26
silica (microbeads) 2.65 8.27 21.9

aMolecular weight Mw, concentration c, zero-shear viscosity μ, surface tension γ, conductivity σ, mass absorption coefficient of polymer (solvent) εp
(εs), density of polymer (solvent) ρp (ρs), and absorption coefficient α0.

bReference 27. cReference 28. dSmartMeasurement.29 eEstimate based on
Theron et al.30

Figure 3. Map of X-ray tests and their respective solutions, flow rates
Q, and applied electric fields E. Refer to Table 1 for corresponding
material properties.
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the corresponding absorption coefficient at each point. Using
polymer−solvent pairs that have disparate mass absorption coefficients
(refer to Table 1), the measured variations in the local absorption
coefficient could be converted to polymer concentration variations.
Each raw image (see example in Figure 6a) was processed, using the

recorded dark and background images, for the purpose of removing
the background spatial nonuniformity and normalizing the background
intensity to 1. The resulting transmission of each pixel, Texp(r,z), where
r and z respectively denote the radial and axial positions of the pixel in
the jet, was obtained by further adjustment for the residual local
background offset. The measured transmission Texp (Figure 6b) was
normalized by a simulated transmission, Tsim(r,z) (Figure 6c), that
assumed a homogeneous jet without concentration variations.
Normalization provided correction for scattering effects such as
dispersion and edge diffraction. Polymer macromolecular orientation
as a result of stretching had a negligible effect, since X-ray is absorbed
by the atoms along the beam path regardless of their bonding
state.27,33

The transmission Tsim was calculated by a wave propagation
simulation designed to account for the overall optical effects of the
partially coherent beam and the test setup, by combining absorption
and scattering effects. The simulation was based on the Fresnel
equation, which, in the paraxial approximation,34 takes the form of a
convolution of the object (projected sample) and a term called
propagator. The code used FFTs to calculate the convolution in
reciprocal space and then inverse FFTs to retrieve the intensity in real
space at the detector location. The code included the most relevant
experimental parameters, such as jet geometry and energy-dependent
absorption coefficients and refraction indices, as well as source size,
energy spectrum, and detector point spread function.
Figure 5 depicts Texp and Tsim at a typical cross section of the jet.

Note the slight increase in the measured transmission at the jet center,
with respect to the simulated transmission. Since the polymer mass
absorption coefficient is lower than that of the solvent (see Table 1),
absorption decreases and polymer concentration increases. Note also

the increase in the measured transmission close to the jet boundary (r
= ±a), reflecting a concentration increase near the edge as well.

Using the Beer−Lambert absorption law, and normalizing Texp by
Tsim, the average change in the apparent absorption coefficient,
Δαapp(r,z), can be expressed by

αΔ = −r z
d r z

T r z

T r z
( , )

1
( , )

ln
( , )

( , )app
exp

sim (1)

where d(r,z) = 2a(z)(1 − [r/a(z)]2)1/2 is the beam penetration
distance at a radial position r and a(z) is the jet radius at an axial
position z.11 The measurement of the jet radius a was performed by
detecting the edge diffraction white peaks and adjusting for a
diffraction width of δ = 1.5 μm corresponding to the beam wavelength
(refer to Figure 5).

The measured transmission of the X-ray beam, Texp, is the result of
incident beam attenuation consequential of both absorption and
scattering of the materials within the jet. Scattering effects of the
collimated beam become significant with nonzero distances between
the jet and the imaging target (the scintillator) and are relatively larger
at smaller jet diameters and at regions closer to the jet boundary. Thus,
the apparent absorption coefficient αapp, obtained from pixel intensity
measurements by eq 1, consists of an absorption term αabs and a
scattering term αscat, such that αapp = αabs + αscat.

33

In the case of a homogeneous fluid without concentration
variations, the scattering contribution can be assessed by comparing
the solution absorption coefficient α0 to the simulated apparent
absorption coefficient extrapolated from jet geometry, αsim(r,z) = −ln
Tsim(r,z)/d(r,z). While α0 accounts for absorption only, αsim(r,z)
factors in both absorption and scattering. Assuming, as a first-order
approximation, that the ratio between these two parameters is retained
when concentration variations are present within the fluid, we can
introduce a correction factor, α0/αsim(r,z), to eq 1:

α
α

α
α αΔ ≅ Δ = −

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥r z

r z
r z

T r z

T r z
( , )

( , )
( , )

ln ( , )

ln ( , )
10

sim
app 0

exp

sim

(2)

where Δα(r,z) = α(r,z) − α0 is the change in the local absorption
coefficient with respect to the solution’s initial absorption coefficient.

The absorption coefficient of polymer solutions is given by α(r,z) =
εpcp(r,z) + εscs(r,z),

33 where εp and εs denote the X-ray mass
absorption coefficients of the polymer and solvent and cp and cs denote
the mass concentrations. Using the relationship cs/ρs = 1 − cp/ρp, the
change in the local polymer concentration, Δcp(r,z), is linearly
dependent on Δα(r,z):11

Figure 4. Particle tracing technique using two-pulsed X-ray images.
The horizontal offset is due to the jet lateral displacement during the
time interval between exposures. Representative velocity vectors (prior
to correction of the lateral displacement) are indicated by arrows,
correlating particles in the first image to the same particles in the
second image. The solution was PEO 5% mixed with 0.9 vol % silica
microbeads, electrospun under an electric field of 4 kV/cm and with a
flow rate of 2.6 mL/h (test 14). The measurement was taken at
distance z = 1.6 mm from the jet start, with a time interval between
exposures of (a) Δt = 147.2 μs and (b) Δt = 73.6 μs.

Figure 5. Example of the measured X-ray transmission Texp at a cross
section of the jet, based on test 3 (PEO 3%, 1.6 kV/cm, 2.6 mL/h)
experimental data, overlaid on the simulated transmission Tsim. The
estimated measurement error is 1.5%. The jet radius was measured at 1
pixel resolution (0.67 μm) both axially and radially. The radius a was
obtained by measuring the distance between the two diffraction peaks,
and subtracting δ = 1.5 μm, corresponding to the beam wavelength.
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α ρ
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p

p p s s (3)

where c is the solution’s initial concentration and ρp and ρs are the
densities of the polymer and solvent, respectively. Using c as the
concentration scale, the relative concentration change may be
expressed by Δcp/c and the relative concentration by cp/c = 1 +
Δcp/c.
The values of the parameters ρp, ρs, c, εp, εs, and α0, used in the

analysis of the experimental data, are provided in Table 1. An example
of the two-dimensional distribution of Δα and Δcp within the jet is
shown in Figure 6d. Note that due to the pixel noise remaining after
background removal, further data smoothing was required.

3. RESULTS AND DISCUSSION
3.1. Jet Radius. Jet radius measurements were carried out

on electrospinning PEO 3% solutions (tests 2−5), PEO 5%
solutions (tests 6−13), a PMMA 15% solution (test 1), and
glycerol (test 0). Image examples shown in Figure 7

demonstrate that the jet diameter narrows earlier along the
jet when under higher electric fields and lower flow rates and
polymer concentrations. Additionally, these process variables
influence the opening angle and height of the Taylor cone at
the beginning of the jet, as also shown by Reznik et al.35 and
Feng,36 as well as the degree of wetting of the lower face of the
stainless steel needle. The jet radius reduction ratios within up
to 8 mm from the jet start ranged between 5 and 24 for the

PEO tests, 10 for the PMMA test, and 31 for the glycerol test.
The radius profiles versus the position along the jet are
depicted in Figure 8.

Analysis of electrically driven fluid jets has shown that the jet
reaches an asymptotic regime sufficiently far from the needle
orifice. The dimensionless jet radius a ̂ can be expressed by a
power law of the form a ̂ ∼ z−̂β, where z ̂ is the dimensionless
distance from the orifice and β is a positive exponent.37−41 The
values of β vary, depending on the fluid type and analysis
method. For Newtonian fluids, assuming a negligible viscosity
effect, the exponent was estimated as β = 1/4.37 Using a power-
law rheologic constitutive equation, this estimate was
generalized to non-Newtonian jets having a flow index >2, to
β ≥ 1/2,38 which converged to β = 1/2 for jets with a high flow
index. Other estimates for Newtonian fluids were β = 1
(hyperbolic shape), for both viscosity-dominated40 and
capillary-dominated41 flows. The jet viscoelastic rheology was
modeled by Reneker et al. using Maxwell damper-spring
elements, providing a complete description of the jet dynamics
throughout both the straight and bending-instability regions.4

Running this model for the jet straight region, we observed a
good asymptotic fit to a power law, with β ≅ 1/4 over a wide
range of the dimensionless parameters (voltage, elastic
modulus, and electric charge). Solvent evaporation, added to
the model by Yarin et al., was shown to have a major effect on
the jet radius at the bending-instability region, while only a
minor effect at the straight region.42

Using the orifice internal radius a0 as the length scale, the
power law takes the form

Figure 6. Radiation transmission and absorption processing steps.
Example based on test 11 (PEO 5%, 2.8 kV/cm, 1.9 mL/h) data. (a)
Raw image. (b) Image after background removal and normalization,
Texp. (c) Wave propagation simulation, Tsim, assuming a homogeneous
jet. (d) Distribution of the absorption coefficient Δα (eq 2) and
polymer concentration Δcp (eq 3) (smoothed). Dark regions denote
low absorption and high concentration, while bright regions denote
high absorption and low concentration.

Figure 7. Representative test cases of 3% and 5% PEO. The flow in
each image was steady state, at test conditions provided in the table.
The jet diameter narrows (from left to right) when the electric field is
higher and the flow rate and solution concentration are lower.

Figure 8. Measured jet radius a at position z along the jet. The jet
profile is measured at 1 pixel resolution (0.67 μm), both axially and
radially. The insets magnify the early portion of the jet. a0 = 0.13 mm
designates the capillary inner radius. (a) Glycerol (test 0), PMMA 15%
(test 1), and PEO 3% (tests 2−5). (b) PEO 5% (tests 6−13).
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a
a k

z
a

1

0 0 (4)

where the dimensionless parameter k determines the jet radius
reduction rate. The radius measurements of all tests can be
collapsed onto a common asymptotic curve (k = 1), by
multiplying each profile displayed in Figure 8, by a suitable
value of k. The results are depicted in Figure 9a and apply when

the distance from the orifice, z, is larger than ∼10 times the
orifice’s internal radius, a0. The slope of the asymptote was
measured as β = 0.47 ≅ 1/2 (inset in Figure 9a) and compared
with a hyperbolic fit.
The parameter k depends on the flow type. The flow is

considered viscosity-dominated when the viscosity, flow rate,
and electric field are high, yielding smaller surface tension
stresses than viscous and electric stresses. Conversely, the flow
is considered capillary-dominated when the surface tension
stresses are comparably higher than the viscous and electric
stresses. Using dimensionless numbers, theoretical expressions
for k are given by kvis ∼ εm

1/6Pe−1/4(BoE/Ca)
5/12 for viscosity-

dominated flow,40 and kcap ∼ εm
2/7Pe−3/7BoE

5/7 for capillary-
dominated flow,41 where εm ≅ 1 is the permeability of the
medium (air), Pe = 2v0/(σa0) is the Pećlet number, BoE = a0E

2/
γ is the electric Bond number, and Ca = μv0/γ is the capillary

number. v0 = Q/(πa0
2) is the jet initial velocity. The

d imen s i o n a l c o un t e r p a r t s a r e t h e f o l l ow i n g :
k v i s

d ∼ ε m
1 / 6 a 0

2 / 3 v 0
− 2 / 3 σ 1 / 4 μ − 5 / 1 2 E 5 / 6 a n d

kcap
d ∼ εm

2/7a0
2/7v0

−3/7σ3/7γ−5/7E10/7. Note that kvis is independ-
ent of the surface tension γ, while kcap is independent of the
viscosity μ. The measured values of k were compared with these
theoretical predictions, assuming both capillary-dominated
(Figure 9b) and viscosity-dominated (Figure 9c) flows. A
good fit to the theoretical model was achieved when assuming
viscosity-dominated flow.
Reznik et al.41 provide an additional criterion for determining

the flow type, using the dimensionless number B = BoECaI/Pe,
where I is the overall electric current led by the jet. When B ≤
0.01, the flow is dominated by capillarity, and when B ≥ 1, the
flow is dominated by viscosity. However, when 0.01 < B < 1,
both surface tension and viscous stresses influence the jet
shape. Based on the data provided in Table 1, 0.1 < B < 0.9 for
the PEO 3% tests, which is within the interim regime, while 3 <
B < 40 for the PEO 5% tests, which falls within the viscosity-
dominated regime. Thus, we can conclude that the
experimental results for the PEO tests are in good agreement
with the theoretical models. It should be clarified that this
analysis applies to the straight section of the jet, before the
onset of bending instability, which introduces a dramatic
decrease in jet radius and an increase in jet surface area, causing
rapid evaporation.4,6,7,42−44

At regions closer to the orifice, namely within the Taylor
cone (Figure 10a), viscous stresses are lower and the effect of
surface tension becomes more significant, while the effects of
flow rate and electric field remain similar to those at the
asymptotic region of the jet. We use the dimensionless number
BoE/Pe = (1/2)a0

2v0
−1σγ−1E2 to express these effects for the

Figure 9. Comparison of measured jet radius to theory at distances of
z/a0 > 10 from the orifice. (a) Normalized jet radius ka/a0 at position
z/a0 along the jet, for the combined data of tests 0−13, where each
test set is multiplied by the constant k pertaining to that test. The
power fit (dotted line) corresponds to a/a0 = (z/a0)

−0.47, where the
exponent is measured in the inset graph. The hyperbolic fit (dashed
line) corresponds to a/a0 = (z/a0 + p)−1, where p = 23.1. (b)
Measured coefficient k for tests 2−13 (PEO), compared to the
theoretical dimensionless prediction (solid line) for capillary-
dominated flow. The predicted value is adjusted by a constant of
order 1. (c) As in (b), but for viscosity-dominated flow.

Figure 10. Jet radius profile near the orifice and its dependence on the
dimensionless number BoE/Pe for tests 2−13 (PEO). (a) Typical cases
of the jet radius a/a0 at position z/a0 along the jet: straight (test 7:
PEO 5%, 1.6 kV/cm, 3.2 mL/h, BoE/Pe = 267), convex (test 2: PEO
3%, 0.6 kV/cm, 1.9 mL/h, BoE/Pe = 55), and concave (test 9: PEO
5%, 2 kV/cm, 1 mL/h, BoE/Pe = 1390). (b) Initial jet radius az=0/a0.
(c) Initial jet slope m. (d) Initial jet curvature κa0.
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PEO tests (Figure 10). When the electric field was lower and
the flow rate and surface tension were higher (smaller BoE/Pe),
the wetting of the needle was larger (Figure 10b), the initial
slope of the profile was smaller (Figure 10c), and the curvature
of the profile became negative (Figure 10d). In other words,
the Taylor cone became larger and convex. On the other hand,
when BoE/Pe > 1000, the Taylor cone features tended to
converge to the following conditions: no wetting az=0 ≅ a0,
slope m = da/dz ≅ −1, and curvature κ ≅ 1/(2a0).
The initial semivertical angle of the Taylor cone in these

PEO tests varied between 13° and 48°. By comparison, Reznik
et al.35 have experimentally and theoretically shown that at an
electric field with BoE above a critical value, jetting sets in, and
the jet acquires an almost conical shape with a semivertical
angle of 30°, significantly smaller than the 49.3° angle of the
Taylor cone.
3.2. Jet Velocity. An upper-bound estimate for jet velocity v

(Figure 11a,b) and strain rate s (velocity gradient) (Figure 11c)

can be obtained from the radius measurements by assuming
mass conservation (i.e., no evaporation), that is, v = Q/(πa2),
where Q is the volumetric flow rate. Typical estimated maximal
values were v ∼ 2 m/s and s ∼ 1000 1/s for the PEO 3% tests, v
∼ 1 m/s and s ∼ 200 1/s for the PEO 5% tests, v ∼ 4 m/s and s
∼ 7000 1/s for the PMMA 15% test, and v ∼ 5 m/s and s ∼
2000 1/s for the glycerol test. Note the nonmonotonic
evolution of the strain rate in Figure 11c, which indicates the
transition from the capillary-dominated region (Taylor cone) to
the viscosity-dominated region.
Using the power law of eq 4, the asymptotic velocity

sufficiently far from the orifice can be written as

= ≅
β⎛

⎝⎜
⎞
⎠⎟

v
v

k
z

a
k z
a0

2

0

2 2

0 (5)

where, as before, β = 0.47 ≅ 1/2. The corresponding
dimensionless strain rate s ̂ saturates to approximately s ̂ = sa0/
v0 ≅ k2. Thus, for the studied viscosity-dominated test
conditions, the jet strain rate, expressed by kvis

2, increases
with the electric field E and conductivity σ and decreases with
the velocity v0 (or flow rate Q) and viscosity μ (or solution
concentration c). Note that the “grouping” of the graphs in
Figure 11 is due to the sensitivity of kvis

2 to the widely disparate
viscosity values between the groups (see Table 1).
Measurements of the jet vertical velocity using particle

tracing, vp, are presented for PEO 5% tests 14 (4 kV/cm, 2.6
mL/h) and 15 (4 kV/cm, 6.4 mL/h) and are compared to
velocity estimation based on the mass conservation assumption,
vc (Figure 12). The comparison revealed a large deviation

between the two measurement methods, which intensified with
the distance from the orifice and was more pronounced at the
lower flow rate (Figure 12a). The difference in strain rate is by
a factor of ∼2. vp and vc coincide close to the orifice, but they
begin to separate at a jet diameter of 2a ≅ 50 μm, significantly
larger than the particle mean size (∼2 μm), thereby ruling out
any possibility of adverse effects of the particles on flow. The
possible impact of the X-ray beam, especially due to ionization
of the air surrounding the jet, can also be ruled out in view of
the good correlation between the methods at the beginning of
the jet. It also seems unlikely that the dynamic evolution of the
polymer network could affect the particles velocity to the extent
observed.
Thus, this measurement and comparison suggest a very rapid

evaporation, at a distance of only a few millimeters from the jet
start. Note that the asymptotic ratio of jet surface area to
volume, inversely proportional to the jet radius, is about twice
as large in the 2.6 mL/h case compared to the 6.4 mL/h case,
accounting for the higher evaporation rate in lower flow rate.

Figure 11. Estimated jet velocity v = Q/(πa2) at position z along the
jet, assuming mass conservation. (a) Glycerol (test 0), PMMA 15%
(test 1), and PEO 3% (tests 2−5). (b) PEO 5% (tests 6−13). (c)
Examples of strain rate s.

Figure 12. Examples of vertical velocity measurements using silica
microbeads, vp, compared to velocity estimation from the measured
radius a assuming mass conservation, vc. Electrospinning of PEO 5%,
under an electric field of 4 kV/cm. (a) Test 14: flow rate of 2.6 mL/h,
589 data points. (b) Test 15: flow rate of 6.4 mL/h, 696 data points.
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The solvent used in these tests was water, a nonvolatile solvent;
however, the relative humidity was fairly low (40%).
The use of particles provides a high-resolution internal view

of the flow field within the jet. The image in Figure 13a displays

an example of the flow regime during the initial formation of
the jet. As seen, flow lines emerge when the velocity is fast
enough, and the flow appears to be laminar, as expected from
the low Reynolds number. The flow field velocity measure-
ments (Figure 13b) showed a predominantly vertical velocity
that seemed to be uniformly distributed across the jet.
However, fitting the data of test 15 (PEO 5%, 4 kV/cm, 6.4

mL/h) to a parabolic shape, as suggested by Reznik et al.,41

revealed a Poiseuille distribution of the vertical velocity across
the jet (Figure 14a), with lower velocity at the jet center when
compared to the jet boundary. By contrast, vertical velocity
distribution was close to uniform in the lower flow rate case
(test 14: PEO 5%, 4 kV/cm, 2.6 mL/h, Figure 14b), possibly

due to the smaller jet radius. The sign of the velocity profile
curvature in test 15 was opposite to that predicted by Reznik et
al. for a viscosity-dominated flow. This phenomena could be
influenced by the nonuniform distribution of the polymer
(section 3.3) .

3.3. Polymer Concentration Distribution. Measure-
ments of X-ray absorption variations within the jet were carried
out on PEO 3% solutions (tests 2−5), PEO 5% solutions (tests
6−13), and a PMMA 15% solution (test 1). The resulting
concentration variations are attributed to the effects of
evaporation and polymer network stretching. In view of the
partial correction for scattering effects (eq 2), these results
should be regarded as indicating trends.
As concentration variations are expected to assume circular

symmetry at a jet cross section, measurement of radiation
transmission through the center of a jet should yield the
average absorption change of the jet at a given axial position z.
The resulting evolution of the average absorption coefficient,
Δα, along the centerline of the jet of several test cases, is shown
in Figure 15a. As seen, the absorption coefficient tends to

decrease with the distance from the orifice. At the jet beginning,
the rate of decrease is high but slows at increasing distances and
sometimes even reverses (e.g., test 13: PEO 5%, 2.8 kV/cm, 7.7
mL/h). Note the high absorption change in test 1 (PMMA
15%, 0.8 kV/cm, 1.9 mL/h, see inset in Figure 15a) due to the
high disparity in mass absorption coefficients between PMMA
and chloroform.
The polymers in these tests have lower X-ray mass

absorption coefficients than their respective solvents (refer to
Table 1), and therefore the decrease in the absorption
coefficient reflects an increase in polymer concentration (Figure

Figure 13. Typical flow field during electrospinning of PEO 5%
solution in water, mixed with 0.9 vol % silica microbeads, under an
electric field of 4 kV/cm and flow rate of 6.4 mL/h (test 15). (a) Two-
pulsed X-ray image of a 1 mm long jet section, captured with a 73.6 μs
time interval between exposures. (b) Velocity vector field, v,⃗ generated
by particle tracing in a 5 mm long jet section (note the uneven axis
scales).

Figure 14. Examples of vertical velocity distribution across the jet, at
given locations z along the jet, as a function of the radial distance r
from the jet center. The values were averaged along the X-ray beam
path and were obtained by parabolic fitting of the test data.
Electrospinning was done for PEO 5% solution in water, mixed with
0.9 vol % silica microbeads, under an electric field of 4 kV/cm. (a)
Test 15: flow rate of 6.4 mL/h (R̅2 > 0.95). (b) Test 14: flow rate of
2.6 mL/h (R̅2 > 0.75).

Figure 15. Measured average change in X-ray absorption and polymer
concentration, in relation to the distance z from the orifice, based on
radiation transmission measurements along the jet centerline. Test 1 is
PMMA 15% (inset), tests 3 and 5 are PEO 3%, and tests 6−13 are
PEO 5%. (a) Absorption coefficient change, Δα. (b) Polymer
concentration, cp [wt %].
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15b). The results show a significant rise in concentration within
the first few millimeters from the jet start, indicating substantial
mass loss due to evaporation. This observation supports the
similar finding obtained from the velocity measurements in
section 3.2. The slowing down, and even reversal, of the
concentration change rate along the jet may imply an onset of
additional mechanisms, such as polymer chains disentangle-
ment or skin solidification, which retards evaporation rates.
Further evaporation may leave voids in the jet core and allow
partial relaxation of the polymer matrix.11

A common behavior emerges when examining the polymer
relative concentration change, Δcp/c, recorded in tests 3−12
(PEO in water), as a function of the relative jet radius, a/a0
(Figure 16). A steep rise in polymer concentration was

observed at a/a0 ≅ 0.2, marking a critical radius of ∼25 μm,
below which rapid evaporation is initiated. Interestingly,
velocity measurements demonstrated a similar value, marking
the radius at which rapid evaporation began (Figure 12). As
noted by Yarin et al.,42 rapid evaporation starts upon rapid
increase in the ratio of the jet surface area to volume, which is
inversely proportional to the jet radius.
The concentration change rate can be estimated from the

slope of the plot in Figure 16 in the asymptotic region, using
the power dependence

Δ
∼

ϕ−⎛
⎝⎜

⎞
⎠⎟

c

c
a
a

p

0 (6)

where the measured exponent is φ ≅ 2 ± 0.5 for PEO tests 3−
12. Since this concentration change is due to evaporation, the
corresponding local mass loss rate is then ∼c(a/a0)−2 in the
measured region or, in other words, inversely proportional to
the jet cross-sectional area.
Absorption measurements across the jet at different axial

positions (Figure 17) revealed nonuniform distribution of the
polymer, with high concentration boundary layer formed as a
result of evaporation. In addition, a peak emerged at the jet
center, starting at cross sections z ≥ 1 mm from the orifice. Our
previous theoretical and experimental study11 attributed this
rise to polymer network stretching during electrospinning,
which causes lateral contraction of the network, thereby
increasing polymer concentration at the center. Polymer chains
entangled in a network were shown to approach full extension
when the jet vertical velocity was approximately v/v0 ≅ Ns

1−v,
where Ns is the number of monomers in a subchain (a section

of a polymer chain between two adjacent entanglement nodes)
and ν is Flory’s exponent. Considering a PEO 5% solution, this
criterion predicts significant stretching at a relative radius of a/
a0 ≅ 0.4, which occurs close to the jet start, in good agreement
with the result observed in Figure 17.
Evaporation and stretching impart contradicting effects on

the polymer concentration distribution. Evaporation tends to
increase concentration at the jet boundary, while stretching
leads to its increase at the jet center. Fast stretching of the
solution jet counteracts polymer network relaxation due to
evaporation and skin formation and causes lateral inward
contraction of the network. Material properties and electro-
spinning conditions influence the relative impact of stretching
and evaporation on the polymer matrix and eventually
determine the resulting macrostructure of nanofibers (see
examples of homogeneous and porous structures in Greenfeld
et al.11).
The balance between these two processes is demonstrated in

Figure 18, which compares the concentration along the jet
centerline to that along an offset of half-radius (a/2) from the
centerline. The comparison is done within the same solution
(PEO 5% in water) to avoid concentration effects on
evaporation. Under an electric field of 2.8 kV/cm and flow
rate of 1.9 mL/h (test 11, Figure 18a), the concentration at the
center was higher than at the offset, for sufficiently small jet
relative radius a/a0, indicating noticeable stretching. When
reducing the electric field to 2 kV/cm and leaving the flow rate
unchanged (test 10, Figure 18b), the concentrations at the
center and at the offset remained similar, evidence for balanced
effects of evaporation and stretching on polymer distribution at
the jet core. Finally, when leaving the electric field unchanged
(as in test 11) and increasing the flow rate to 7.9 mL/h (test 13,
Figure 18c), a higher concentration was observed at the offset
than at the center, evidence for dominant evaporation.
Similar behavior was observed when testing PEO 3%. For

example, test 5 (2.2 kV/cm, 2.6 mL/h) involved higher electric
field and lower flow rate than test 4 (1.6 kV/cm, 3.8 mL/h) and
yielded higher concentrations at the center when compared to
the offset. These trends are in agreement with the theoretical
prediction,11 which has shown that the local axial stretching of
polymer chains, and consequently their lateral contraction, are

Figure 16. Relative concentration change Δcp/c vs relative jet radius
a/a0, derived from the X-ray absorption measurements at jet center of
tests 3−5 (PEO 3%, black lines) and tests 6−12 (PEO 5%, red lines).

Figure 17. Typical polymer relative concentration change across the
jet, Δcp/c, vs the relative radial distance from the jet center, r/a0, for
several axial positions z along the jet. The data are derived from the X-
ray absorption measurements of PEO 5%, under an electric field of 2.8
kV/cm and flow rate of 1.9 mL/h (test 11). The dashed horizontal
lines represent zero concentration change, Δcp/c = 0, corresponding to
a homogeneous jet with uniform concentration cp = c.
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proportional to the jet relative local velocity v/v0, and hence, in
view of eq 5), are proportional to kvis

2. Regardless of these
findings, it should be noted that high concentration at the jet
boundary was observed in all tests.

4. CONCLUSIONS
Fast X-ray phase-contrast imaging was applied for high-
resolution investigation of the initial straight section of
electrospinning polymer jets, extending up to 10 mm from
the orifice. The experiment aimed at providing data on the flow
field and polymer concentration distribution within the jet,
which can help describe the state of the polymer network
during electrospinning.
Details relating to jet radius, velocity, and strain rate were

measured for a range of electrospinning conditions and
polymer solutions. Particle tracing velocimetry allowed for
flow regime viewing inside the jet, characterized by laminar flow
and dominant vertical velocity. The velocity was found to be
slower than an estimation based on mass conservation
assumption, indicating a substantial mass loss due to
evaporation at a very early stage of the process.
Measurement of pixel intensities were converted to X-ray

radiation absorption coefficients that allowed for estimation of
the polymer distribution within the jet. Concentrations were
found to rapidly increase below a critical radius, evidence of
rapid evaporation. The rate of mass loss due to evaporation
seemed to be much higher than theoretical predictions.42 In
addition, the concentration variation across the jet revealed
high concentrations at the jet boundary due to evaporation as
well as a concentration rise at the jet center. The latter
phenomenon is attributed to polymer stretching that causes
lateral contraction of the polymer network toward the jet center
and is in good agreement with theoretical models.11 Moreover,
it was shown that evaporation is dominant when stretching is

weaker (e.g., at lower electric field and/or higher flow rate),
canceling the concentration peaks measured at the jet center.
The balance between the effects of evaporation and

stretching determines the polymer network nonequilibrium
conformation during electrospinning and can help clarify the
reasons for the diverse macrostructures and properties found in
solid nanofibers. In particular, the size-dependent mechanical,
thermomechanical, and thermodynamic properties of as-spun
nanofibers,8,9,12,45 such as the rise of the elastic modulus at
small diameters, are attributed to the internal molecular and
supermolecular structure of the polymer matrix in nanofibers.11

X-ray imaging during electrospinning can provide internal
flow and concentration data, unattainable by other in-situ
measurement methods. The current implementation of the
method is, however, limited to the initial section of the jet that
is sufficiently stable to be captured within the small field of view
of the imaging system. Nevertheless, further investigation
downstream, at narrower jet diameters on the order of
micrometers, can provide evidence for polymer chains
disentanglement and reveal nonuniform flow regime due to
rapid evaporation, possibly with streamlines toward the jet
boundary. Such observations may be important for electro-
spinning applications such as drug delivery and coatings.
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