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We demonstrate formation of long-lived cylindrical jets of a viscoelastic fluid using hydrodynamic focusing. A
solution of polyacrylamide in water is driven coaxially with immiscible oil and subjected to strong extensional flow.
At high flow rates, the aqueous phase forms jets that are 4-90µm in diameter and several centimeters long. The liquid
surfaces of these jets are then used as templates for assembly of microspheres into novel rigid and hollow cylinders.

Emulsions are common in a host of products and processes
within the food, pharmaceutical, and chemical industries. The
surfaces of dispersed droplets are also used commonly for
purification1-3and as templates for assembly of lipids4or colloidal
particles for novel materials.5-18 In recent years, a number of
studies have investigated the use of flows developed within
microfluidic devices, which offer precise control of drop size,
shape, and polydispersity.19-23For example, monodisperse water
droplets in oil were created using a planar microfluidic device

in which a water phase and two surrounding oil phases were
focused through a narrow orifice, which created a strong
extensional flow and stretched the water into a narrow jet.20 As
the length of such jets exceeds the circumference, they become
unstable against breakup into droplets.24,25In the small Ohnesorge
number regime,Oh ) η/xFσR , 1, this breakup is resisted by
inertia; the characteristic time for breakup of water jets in oil is
approximately the inertio-capillary or Rayleigh time scale,τR )
(FR/σ)1/2≈ 10-5 s. Hereσ is the surface tension of the oil-water
interface,R is the jet’s radius,F is the mass density of the fluid,
and η is its shear viscosity. During this time the jet typically
travels a relatively short distance; thus, droplets are formed by
steady dripping.22,26-28Stabilizing the cylindrical jets, however,
is of great practical utility in spray applications and materials
preparation,17 where hollow cylindrical capsules are desired.
Methods to stabilize fluid jets include application of body forces,
such as from an electric field.7,29-31 The presence of a strong
extensional flow has also been shown to stabilize jets and drops
of Newtonian fluids.32,33 Recent studies have also shown that
hydrodynamic confinement can dramatically slow the break-up
of liquid jets when the radius of the jet approaches the radius
of the confining tube.34-36

Additionally, the viscoelasticity of the interior phase can
forestall the break-up of laminar capillary jets.37 For these fluids
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the Ohnesorge number is typically large,Oh . 1, the breakup
of the jet is resisted by the fluid viscosity, and the characteristic
time scale for breakup is the visco-capillary time scaleτv )
ηR/σ. For a viscoelastic material, elasticity becomes important
when the characteristic viscoelastic time scale,λ, approaches the
characteristic time scale of the flow. In other words, when the
Deborah number based on the extension rate,ε̆, developed within
the jet becomes greater than 1 (De) λε̆> 1). For these viscoelastic
fluids, it is the extensional viscosityηE and not the shear viscosity
that resists the breakup of the fluid jet. The characteristic time
for jet breakup is given by the viscoelastic-capillary time scale
τE ) ηER/σ.38 For polymer solutions, the extensional viscosity
can increase by several orders of magnitude as the extension rate
and the accumulated strain are increased (the Trouton ratioTr
≡ ηE/η > 1000).39-41 Consequently, strain hardening has been
shown to delay the breakup of viscoelastic jets by dramatically
increasing the viscoelastic-capillary time scale.37,42 If the
viscoelastic capillary time scale is significantly larger than the
residence time of the fluid in the flow focusing region,τE . τres,
then continuous fluid jets rather than periodically dripping droplets
will be formed.

In this article, we experimentally investigate the microfluidic
flow focusing of an aqueous-phase coaxial with an immiscible
oil phase. We demonstrate that using a viscoelastic polymer
solution for the inner (aqueous) phase increases both the range
of flow rates for which coherent jets can be produced and the
duration of time over which the jets remain coherent downstream
of the orifice. We present a scaling analysis based on balancing
the destabilizing capillary stress with extensional and shear
stresses to predict the form of the flow stability diagram. The
results of the scaling analysis are in qualitative agreement with
our experimental data. We also show that the stabilized fluid jets
live long enough that they can be used as templates for the
assembly of microparticles at the interface between the aqueous
and oil phases. The result is a collection of long, rigid, and
hollow cylinders that may find applications in encapsulation, as
ultra-low-weight fillers for tough materials, and for basic studies
of the morphology of crumpled elastic cylinders. Moreover, the
results may be relevant to the use of non-Newtonian fluids in
microfluidic applications, such as materials fabrication and lab-
on-a chip devices.43-45

The flow geometry is shown in Figure 1 along with an image
of a stable jet. Upstream of the extensional flow region the aqueous
phase was driven inside a glass capillary with an outer diameter
of 375µm and an interior chamber having either a 20-µm-diameter
circular cross-section (as in Figure 1b) or a 100-µm-wide interior
chamber with an approximately square cross-section (Polymicro
Technologies, Phoenix, AZ). This capillary was secured inside
a larger glass capillary with an inner diameter of 500µm.
Hexadecane (η ) 3.3 mPa‚s) was driven through the gap between
the inner and outer capillaries. The oil and aqueous phases exited
through a downstream capillary, which had a 100µm wide,
approximately square cross-section and a length of more than
2 cm. In the 650µm long gap between the coaxial upstream and
downstream capillaries hydrodynamic flow focusing produced
a strong extensional flow within the aqueous phase. The

extensional (gap) region was sealed with a glass cover slip to
allow imaging with a video camera. The flow rate of each phase
was controlled independently by separate syringe pumps that
operate under constant flow-rate conditions.

The viscoelastic interior fluid consisted of high molecular
weight polyacrylamide (PAA) (6×106g/mol; Scientific Polymer
Products, Inc., Ontario, NY) in Millipore-filtered water with no
added salt or surfactant. We report flow data for polymer
concentrationscp ) 0, 0.010, 0.10, and 1.0 wt %. The shear
rheology of the fluids was characterized over a range of shear
rates γ̆ using a cone-and-plate rheometer (TA Instruments
AR2000) and is presented in Figure 2. The measured zero-shear-
rate viscosities wereη0 ) 0.002, 0.008, and 2.9 Pa‚s, and the
relaxation times were 0.03, 0.04, and 0.2 s, respectively, for
solutions withcp ) 0.010, 0.10, and 1.0 wt %. At the shear rates
observed in our experiment (up to 104 s-1), the measured shear-
rate-dependent viscosityη(γ̆) approached that of water (η )
0.001 Pa‚s). Polyacrylamide solutions also exhibit a large
extensional viscosityηE, which increases with the extension rate
and accumulated strain;46 we return to this point below.

Experimentation with different flow rates of oil and water
revealed a set of flow ratesQ that separate long-lived coherent
jets from periodic droplet production. The flow stability diagram
(Figure 3) was obtained by setting the volume flow rates of the
oil and aqueous phases (Qoil andQaq, respectively, in m3/s) and
using a video camera to observe the oil-water interface in the
gap and the downstream capillary. All of the viscoelastic jets
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Figure 1. (a) Illustration of the flow apparatus in which an aqueous
polymer phase undergoes coaxial flow with an oil phase (hexadecane).
(b) Image of a jet of 1 wt % polyacrylamide (PAA) in water, coaxial
with hexadecane. The jet is approximately 4µm in diameter, and
the inner diameter of the upstream capillary is 20µm. The distance
between the upstream and downstream capillaries is approximately
650 µm.
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persisted along the entire observable length of the downstream
capillary, which corresponds to a minimum jet lifetime of 0.05-5
s. All of the results described here reflect the steady-state
morphology of the aqueous phase. To determine the critical
(minimum) flow rate for the fluid jets,Qoil andQaq were first
set well within the jetting region and then one of them was
decreased in small increments, waiting for the flow to stabilize
between steps.

When using a viscoelastic polymer solution for the inner phase,
we observed stable jets at flow rates between 10 and 100 times
smaller than when using pure water as the inner phase. It is
important to note that increases in the shear viscosity alone would
not result in such dramatic changes in the stability diagram. For
the 0.01 wt % solution, for example, the zero shear rate viscosity
is η ) 0.002Pa‚s; therefore, one would expect that the stable jets
would be observed at flow rates of one-half, not one-tenth, of
the pure water case. In fact, at the shear rates obtained within
the microcapillaries (γ̆ ≈ 104s-1), Figure 2 shows that the shear
viscosityη of each solution tested shear thins to approximately
the viscosity of water (η(γ̆ ) 104s-1) ≈ 0.001Pa‚s). The elasticity
of the fluids and hence the extensional rheology thus play a large
role in stabilizing the fluid jets.

Increasing the concentration of the polymer and thus the
elasticity of the aqueous phase further extended the region for
which stable jets were observed. With a fixed ratio ofQoil/Qaq

) 10, for example, the critical value ofQaq was reduced by
approximately 50 times ascp was increased 100 fold (Figure 3a).
When the data are plotted in terms of the capillary number of
the aqueous phase,Ca ≡ ηU/σ, they collapse reasonably well
onto an apparent master curve (Figure 3b). Here,η is the shear-
rate-dependent shear viscosity of the aqueous phasestaken
directly from shear rheology datasandU ) Qaq/(πRaq,u

2) is the
average velocity of the aqueous phase in the upstream capillary,
which has a radius ofRcap,u. The solid curve in Figure 3 shows
the prediction of a scaling argument that includes both shear and
extension flow components, as described below.

The jets were observed to taper continuously across the span
of the gap as shown in Figures 1 and 4. The reduction in cross-
section area indicates an increase in jet velocity: the aqueous
phase accelerated and was stretched within the gap. As expected
from conservation of mass, the minimum jet diameter decreased
asQoil increased. With a 100µm diameter upstream capillary (as
in Figure 4), the minimum jet diameter decreased from 80 to 30
µm asQoil/Qaq increased from 1.1 to 42. (For these capillaries,
the range of jet diameters was limited by the flow rates provided

by the syringe pumps.) The shape of the jet also changed with
flow rate: asQoil increased, the base of the jet developed a
flange owing to the small but nonnegligible inertia of the oil
phase, which resulted in a low-pressure region downstream of
the termination of the upstream capillary. Correspondingly, we
note that in Figure 4 the Reynolds number of the oilRe≡ FoilUR/
η, whereR ) 250 µm is the radius of the capillary in the gap
region, increased from approximately 0.1 to 1 as the flange
developed. Finally, the steady-state morphology was hysteretic:
close to the limit of stability, stable jets existed only for decreasing
and not increasing flow rates. As the critical stability limit was
approached from above, we observed a series of rapid oscillations
that propagated across the jet’s surface, eventually resulting in
a transition to dripping (droplet production). Apparently, high
rates of shear and extension are needed to stabilize the jet as it
crosses the gap.

Figure 2. Measured steady shear viscosity,η, of aqueous poly-
acrylamide (PAA) solutions. Data points correspond to 0.01 (O), 0.1
(9), and 1.0 wt % PAA in water (2).

Figure 3. Measured flow stability diagram. (a) MeasuredQaq (in
m3/s) vsQoil/Qaq. Stable jets were observed at flow rates above the
symbols, which represent the lower boundary of the jetting region.
Data for three concentrations of polyacrylamide are shown: 0.01
(O), 0.10 (9), and 1.0 wt % (2). (b) Stability diagram plotted in
units of the capillary number of the aqueous phase (Ca≡ ηU/σ )
and the ratio of the flow rates,Qoil/Qaq. The line shows the prediction
of our scaling analysis for the 1.0 wt % data with no adjustable
parameters.

9054 Langmuir, Vol. 22, No. 21, 2006 Edmond et al.



Motivated by our observations, we wish to identify the causes
of stable jet formation during the hydrodynamic flow focusing
of a viscoelastic fluid. Within a stable fluid jet the Laplace pressure
arising from surface tension must be balanced by the flow-induced
viscous and elastic stresses within the fluid filament (jet) and by
inertial stresses. However, because of the low Reynolds number,
inertial stresses can be neglected. To quantify this force balance,
we estimate the net stress acting on a disc-shaped slice of the
aqueous jet. The surface tension leads to a stress given byTσ )
2σ/Raq,u, whereRaq,u is the radius of the aqueous phase in the
upstream region, which we will equate to the inner radius of the
upstream capillaryRcap,u. The surface tension was assumed to be
σ ) 54 mN/m. The radius of curvature of the fluid filament in
the axial direction is significantly larger than in the radial direction,
and its contribution to the stress can be neglected. The hoop
stresses generated by surface tension are destabilizing and will
drive the fluid filament to pinch off into drops.

The shear stress exerted on the inner aqueous phase by the oil
phase, on the other hand, tends to stabilize the jet by suppressing
fluctuations along the interface. The shear stress can be
approximated asTS) ηaq_γ̆≈ηaqQaq/πRcap,u

3. In this low capillary
number regime,Ca≡ ηU/σ < 10-2, the surface stresses dominate
the shear stresses,Tσ . TS. Consequently, we can neglect the
shear stresses.

Because the inner phase is viscoelastic, elastic stresses must
also be considered in the force balance. A normal stress equal
to TN ) Ψ1γ̆2 is generated inside the polymer solution in the

shear flow upstream of the flow focusing. Here,Ψ1 is the first
normal stress coefficient taken from the shear rheology measure-
ments, andγ̆ ) 4Qaq/(πRaq,u

3) is the shear rate along the wall
of the upstream capillary estimated from the laminar-flow
(Poiseuille) solution of a Newtonian fluid in a pipe. Although
this expression does not account for shear-dependent viscosity,
it is a good first approximation.47 Finally, we consider the
extensional stress,TE ) ηEε̆, produced in the filament as it necks
down under an extensional flow, whereε̆ is the rate of extension.
The extensional Hencky strain that accumulates in the fluid
filament as it is accelerates into the downstream capillary isε

) 2 ln(Raq,u/Raq,d), whereRaq,d is the downstream radius of the
aqueous solution.48 The value ofRaq,dcan be measured, but for
simplicity we assume that the flow in the downstream tubing is
Poiseuille and find

whereRcap,dis the known inner radius of the downstream capillary.
Assuming a uniform extension rate within the flow-focusing
region of lengthL, we defineε̆ ) ε/τres, whereτres is the typical
time it takes for the fluid to travel across the flow-focusing region,
τres) πLRcap,u

2/Qaq.
Capillary breakup rheometry measurements49,50 of the three

solutions were performed using a filament stretching rheom-
eter.41,51A plot of the extensional viscosity,ηE, as a function of
Hencky strain,ε ) ε̆t ) - 2 ln(Rmid(t)/R0), is shown for the 1.0
wt % PAA solution in Figure 5. HereRmid is the midpoint radius
of the fluid filament andR0 is the initial midpoint radius. The
measurements were performed atDe) 2/3. The 1.0 wt % PAA
solution shows significant strain hardening with increasing strain,
approaching an equilibrium value ofηE ) 420 Pa‚s orTr ) 140
at large Hencky strains. The extensional viscosities of the more
dilute solutions were not measurable because of their low shear
viscosities and short relaxation times. Nonetheless, we expect
that even though their extensional viscosities would be signifi-
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Figure 4. Images of a jet with a 1.0 wt % aqueous polymer solution
with fixed Qaq ) 50 µL/min andQoil increasing from 50 (at left) to
500µL/min (at right). The direction of the flow is from bottom to
top.

Figure 5. Measured transient uniaxial extensional viscosity,ηE, of
1.0 wt % PAA in water (2) as a function of Hencky strain at a
Deborah numberDe ) 2/3.

Figure 6. Images of hollow elastic tubes formed by aggregation
of colloidal PMMA spheres on the surface of a stabilized jet
(brightfield optical microscopy). The tubes are approximately 90
µm in diameter and suspended in hexadecane; no aqueous phase
remains.

Qoil

Qaq + Qoil
)

[1 - 2(Rcap,d/Raq,d)
2 + (Rcap,d/Raq,d)

4]

[(ηaq - ηoil)/ηoil + (Rcap,d/Raq,d)
4]

(1)
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cantly smaller than in the 1.0 wt % PAA solution, their equilibrium
Trouton ratios would be significantly larger.51

By looking at the relative magnitude of the forces acting on
the fluid jets we can infer much of their behavior. WhenTσ >
TN + TE, the jet will pinch off into droplets. WhenTσ < TN +
TE, the drops will extend into the downstream capillary and form
jets. The transition from dripping to jetting can then be reasonably
approximated by balancing the stresses such thatTσ ) TN + TE.
As seen in Figure 3b, the scaling analysis for the 1.0 wt % PAA
solution has the right form, qualitatively agreeing with our
experimental measurements with no adjustable parameters. The
scaling analysis does, however, underestimate the critical flow
rate by a factor of about two. Although the agreement between
our scaling analysis and the experimental measurements is
reasonably good, a full linear stability analysis is required to
precisely pinpoint the critical flow rate for the dripping-to-jetting
transition for viscoelastic fluids.

The stability of the liquid jets can be enhanced through changes
to several geometric and rheological parameters. According to
our scaling analysis, settingQoil/Qaq ) 10,Rcap,d) 50 µm, and
L ) 650µm, the criticalQaqdecreases by a factor of 10 ifRcap,u/
Rcap,dis reduced by a factor of 3 or by 100 if this ratio is reduced
by a factor of 7. In experiments with a smaller upstream capillary
(Rcap,u ) 10 µm), we observed a dramatic reduction of the
minimumQaq, but quantitative measurements of the volume flow
rate were not accessible at such low flow rates.

Once the fluid jet has been formed, it will remain coherent in
the downstream capillarysdespite the absence of extensional
flowsfor a time on the order of the viscoelastic-capillary time
τE. For the 1 wt % PAA solution,τE ) 0.4 s. At flow rates
corresponding to the transition from periodic dripping to stable
jetting, this corresponds to a stable thread of length 1 mm.
However, recent studies have also shown that hydrodynamic
confinement can dramatically slow the break-up of liquid jets
when the radius of the jet approaches the radius of the confining
tube.34-36 For a ratio ofΛ ) Rcap,d/Raq,d) 2, lattice-Boltzmann
simulations35show an approximately 3-fold reduction of the rate
at which capillary undulations grow along a confined filament.
Thus, combination of viscoelastic and confinement effects can
keep the jets stable long enough that they can serve as ideal
templates for materials fabrication.

To form hollow elastic tubes using the cylindrical liquid
interface as a template, colloidal poly(methyl methacrylate)
(PMMA) spheres were suspended in hexadecane (exterior phase)
at a concentration of 0.1 vol %. The sphere diameter was
approximately 0.4µm, and spheres were sterically stabilized by
poly(hydroxystearic acid) and labeled with NBD fluorescent dye
(7-chloro-4-nitrobenzofurazan).52 An aqueous solution of PAA
(cp ) 1.0 wt %) was used as the interior phase. We recovered

large numbers (at least on the order of 100) of coated cylinders
by draining the flow device into a vial. The aqueous phase departed
from these structures, leaving a continuous hexadecane fluid
with no oil-water interface. Figure 6 shows images of three
representative elastic cylinders. We found, as expected from
previous experiments,53,54that the PMMA particles had adsorbed
strongly at the hexadecane-water interface during the 1-10 s
required for a segment of the jet to travel through the device.
Earlier investigations found single layers of particles, and our
images are consistent with this, though we were unable to resolve
individual particles to verify the number of layers. The collected
hollow tubes were tough, clearly able to maintain their shape
even as the water escaped and after having been bent through
an angle of at least 30° (as in Figure 6a). This toughness suggests
that the particles aggregated or were jammed at the interface and
formed a two-dimensional solid55whose critical stress exceeded
the hexadecane-water surface tension. We anticipate that longer
cylindrical shells can be produced using an optimized collection
geometry, since in our case the shells were forced into an abrupt
turn in the outflow, which might have broken or severely bent
them.

In summary, we have shown that stable fluid jets with a diameter
of 4-90 µm and length of at least 2 cm are readily formed by
hydrodynamic focusing of a viscoelastic solution of poly-
acrylamide in water with immiscible hexadecane. The measured
stability diagrams agree qualitatively with the model presented
here, and the results may be useful more generally, for example,
in predicting the behavior of non-Newtonian fluids in microfluidic
devices. Finally, we demonstrated that stable jets serve as
templates for fabrication of hollow, semipermeable elastic tubes
with potential applications in encapsulation and as lightweight
additives to enhance the toughness of materials.
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