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The demand for techniques that can reliably deliver and control nanometre-scale volumes of liquid is a growing priority in
biotechnology and medicine. Capillary jets are capable of supplying a steady stream of monodisperse liquid droplets. But because
of the increasing forces and pressures needed to counteract surface tension for droplets of decreasing size, reaching the nanoscale
with such an approach is difficult. One way of overcoming such limitations is to electrostatically focus a jet as it emerges from a
capillary. Another, which we report here, is to focus such a jet by hydrodynamic means, a double flow-focusing arrangement that
involves a manifold capillary that delivers a second immiscible fluid jet that envelopes and guides the jet from an inner capillary. Under
the appropriate working conditions, this enables the generation of continuous steady capillary fluid jets down to submicrometre
diameter—approaching the ultimate continuum limit, which is supported by a proposed theory.

Focusing a fluid stream can lead to capillary jetting at extremely
small scales. Here, we propose a gentle and strictly fluid-mechanical
method to overcome the restoring force of surface tension, a
force that increases in inverse proportion to the jet diameter and
therefore sets a strict limit on the focusing rate. We describe a
double flow-focusing arrangement where extensional forcing is
mediated by the straining (or focusing) of an extremely slender
fluid jet in the core of an immiscible liquid jet, which is in turn
focused by a third current, an external gas stream forced through
a small round orifice (Fig. 1). Such a double focusing arrangement
guarantees that jet straining is locally stable everywhere upstream
of the exit orifice. Eventually, the innermost jet breaks up into
droplets downstream from the exit orifice, owing to the growth of
capillary perturbations, whereas the intermediate stream remains
stable. Droplet size is highly controllable and reproducible.
Submicrometre and nanometre geometries, including droplets,
bubbles, capsules and fibres, occur in applications ranging from
selective cell targeting to therapy', in what can be classed as
branches of unconventional nanotechnology?. It is well known that
discrete and extremely small fluid units down to the molecular
scale are naturally produced at droplet break-up in extensional
and unsteady flows’. This extremely elusive flow-focused structure,
where molecular scale is reached just before break-up, usually
yields a train of extremely small droplets or bubbles*. Motivated
by the need for a continuous controllable and gentle production
of these fluid units, a compelling question is whether it would be
possible by hydrodynamic means alone to indefinitely keep the last
pinch-off ligament flowing. In fact, a steadily flowing, controlled
liquid capillary jet may provide a continuous stream of roughly
monodisperse droplets*® (refs 4,7 provide an introduction to the
field). To achieve this, (1) the ligament must be turned into a
continuous steady jet by supplying the fluid withdrawn by the
issuing spout (for example, using the extremely precise syringe
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pumps currently available), and (2) an appropriate extensional
steady flow must be maintained near the issuing spout.

Thus, a suitable downstream straining force on the jet is
required to overcome the restoring tendency caused by surface
tension, an unbounded trend inversely proportional to the jet
diameter. Numerous studies following that of Taylor® have dealt
with this problem. Recently, a mechanism by which an infinitely
thin steady fluid jet in a viscous extensional flow can be generated
has been described by Zhang®, who found a mathematical solution
to the problem. Its existence and stability, however, is a matter
of controversy. In line with this and building on earlier studies,
Suryo and Basaran’ have shown computationally, after a bold
geometrical simplification, that a flow-focused stream under low-
Reynolds-flow conditions can easily be reduced by about two orders
of magnitude. Besides, flow focusing®”'*"® provided a generic
solution to steady micro-jetting from low to moderately high
Reynolds flows. Flow focusing is attractive because of its purely
hydrodynamic nature and continuous high yield. In particular,
moderately high Reynolds axisymmetric flow focusing of a liquid
jet by a gas’ gives rise to droplets sized in proportion to the focused
jet diameter on break-up, about two orders of magnitude smaller
than the initial liquid stream.

Here, we show that combining low and moderately high
Reynolds flow focusing, using a double flow-focusing arrangement,
provides a fourfold size reduction, and possibly more, on a
fluid stream. Thus, hydrodynamic means alone can provide a
powerful and blur-free natural lens, where the minimal scale
of the focused fluid, theoretically near the molecular scale,
could be ideally mastered even below the resolution achieved
by soft X-ray photolithography (the current Intel commercial
processors’ architecture score is 65nm spatial resolution). This
opens novel avenues for research in biomedicine®, biotechnology
and material science.
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Figure 1 The double fluidic focusing arrangement. a, Co-flow-focusing geometry used: Dy, = 0.7 mm, Dy;, = 150 um, D =200 um. H ranges between 350 and 400 um.
The focusing fluid is air; the sheath and core fluids are immiscible (Table 1). b, Typical velocity profiles of the fluids at the exit orifice, as obtained by full numerical simulation
(Fluent) using up to 10° tesserae at the orifice region. Here, the air pressure drop applied through the orifice is A P=33kPa, and the liquid 2 flow rate is 0.44 uls~" (further
calculation details are given in a separate study, to appear elsewhere). No jet of core liquid 1 is simulated here owing to its extremely small size, inaccessible to any

reasonable discretization.

Table 1 Physical properties of the fluids used in experiments (7= 25 °C).

Fluids 1 (Pas) pkgm=3) o (interfacial, Nm~")
Silicone oil | (SOI) 0.1 968

Glycerol/water/ink (43:7:50 v/v)  0.0045 1,122 0.01 (with SOI)
Silicone oil Il (SOII) 0.37 972

Pilot Ink 0.037 1,070 0.011 (with SOII)
Mercury 0.00153 13,600 0.4 (with SOIl)

Air 0.000018 1.2 0.03 (with SOII)

We departed from the path followed by others”'®*"*?, using a
particular instance of extensional flow (see Fig. 1). Three fluids are
involved: a core fluid 1, a sheath liquid 2 and an external gas 3. A
capillary jet of a viscous sheath liquid 2 is fed from a tube; the sheath
flow is focused by a co-flowing gas stream issuing through a round
orifice’. The sheath flow 2 provides the background flow pattern
for a core fluid 1, which is supplied by an axially located inner
concentric tube. This tube sticks out about one diameter length
from the outer tube feeding liquid 2 (Fig. 1a). Our hydrodynamic
focusing system therefore consists of two lenses: an aerodynamic
lens (gas 3) focuses the viscous liquid stream 2, which in turn
acts as a second lens on the ultimately focused stream of fluid 1.
Previous studies® > have used a similar concentric arrangement,
but with a completely different aim. Whereas they seek to break the
intermediate current to produce double emulsions or structured
particles, our aim is to preserve the stability of the intermediate
current, to provide a uniform velocity background for the slender,
extremely thin innermost filament.

The hydrodynamic double-lens system provides some
remarkable advantages. First, the sheath jet 2, a viscous liquid, is
gently shaped by the aerodynamic lens, an inexpensive co-flowing
gas stream forced through the exit orifice and exerting negligible
viscous resistance. Solid contact is thus avoided (Fig. 1b). Second,
the focused stream of viscous sheath liquid 2 plays a stabilizing role
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(a function of the axial focusing rate) on the inner conical meniscus
from which the innermost jet 3 issues. This stabilizing effect may
originate from the positive shear stress caused on the surface of
liquid 2 by the much faster gas stream 3, a consequence of the
low gas-to-liquid density ratio. For illustrative purposes (Fig. 1b),
an axisymmetric incompressible volume-of-fluid full numerical
simulation code has been applied to an exemplary air-focused water
micro-jet (10 um) through an orifice (200 um). Note the significant
positive velocity gradient on the radial direction in the liquid near
its surface (Fig. 1b, inset). This effect is absent when a liquid is used
instead of a gas as the outermost focusing stream: in such a case,
similar velocities are reached by all streams, significantly smaller
than in the gas-focused case, and no appreciable positive radial
gradients of velocities develop. This difference makes our system
unique compared with other proposed configurations”?. Third,
to establish the required spatial focusing rate, the distance, H,
between the smaller tube and the exit orifice and the sheath-liquid
flow rate, Q,, can be easily adjusted as a function of the viscosity
ratio, ;4 = W,/ ;. Finally, the small cross-section of jet 2 at the
orifice plays the role of a much smaller built-in orifice and provides
a similar focusing effect: this eliminates the need for very large
pressures and shear stresses on the viscous liquid 2, as would be
the case if it were forced to flow through such a small in-built hole.
The resulting core jet is tiny, well below the limit of conventional
microscopy, provided the fluid 1 flow rate, Q,, is sufficiently small
(Fig. 1b). The method showed remarkable robustness, precision
and reproducibility.

Experimental jetting is reported here for a variety of air-focused
co-flowing jets whose physical properties are given in Table 1. Three
liquid pairs focused by an external air stream, and an air-liquid—air
combination have been investigated (Fig. 2): continuous jetting in
the submicrometre range has been observed with (1) gas, (2) liquid
solution (water solution) and (3) liquid metal, all co-flowed by
air-focused oils (1, =0.1 t0 0.37 Pas). Fluid 1 density and viscosity
ranged from p,; = 1.2 to 13,600 kg m™ (four orders of magnitude)
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Figure 2 Pictures of the different fluid combinations used. a,b, Photographs showing the experimental set-up, and the negligible effect of a 75 um misalignment (b is a
magnified picture of a). The jet remains centred in the orifice and the inner spout is unperturbed, showing robustness and reproducibility (arbitrary conditions). ¢, Air spout in
oil, where @, = 30 ulh~" (innermost flow rate), @, = 30 mlh~" (sheath-liquid flow rate) and the oil jet velocity is U= 5ms~" at the exit orifice (as calculated by measuring
the external jet diameter from the photograph and the flow rate, using the scale of the visible orifice diameter D= 200 um and assuming the liquid velocity profile to be flat).
The gas pressure drop through the orifice was A P= 85 kPa and the viscosity ratio was p = w5/ 14 =2.06 x 10. d, Ink solution spout in oil. Here, @, =100 ulh~,

@, =70mih~", the co-flow velocity is U= 11.3ms~" (gas pressure A P=64kPa) and u. = 22.2. e, Mercury spout in oil, where @; =10ulh~", @, =50mlh~",
U=4ms" (AP=285kPa) and . = 2.42 x 102. The co-flowing oil is focused by an external air stream in all cases.

and from @, = 0.000018 to 0.037 Pas (Table 1). The interfacial
tension of the co-flowing pair ranged from o = 0.01 to about
0.4Nm™". The orifice diameter was D = 200 um and the ambient
temperature was T =25 °C.

Figure 2a,b shows the double-focusing set-up and the negligible
effect caused by misalignment. Figure 2c shows an air spout for
the air-in-silicone-oil-II combination (Air-SOII); Fig. 2d shows
the case where silicone oil I is the co-flowing liquid 2 and a
glycerol/water/ink mixture is the inner liquid 1 (GWI-SOI); finally,
Fig. 2e shows the mercury-in-SOII configuration (Hg—SOII).

It is worth mentioning that the fluid 1 flow rates, Q,, in
Fig. 2 are selected to make sure that the issuing jet remains visible;
no other restriction is observed. Indeed, in all cases investigated
under the appropriate focusing distance, H, Q, was reduced below
1wlh™" without any dripping signal (jittering or blurring) at the
conical apex’ of the inner meniscus (Fig.2). A continuous and
steady inner liquid filament could be optically observed, but hardly
so for the smaller inner liquid flow rates used: further reduction led
to length scales well beyond our optical scope.

Furthermore, Fig.3a—c shows a case where an ink-in-oil
dispersion was collected (PInk-SOII) and the droplets were
optically measured using an optical transmission microscope
(OLYMPUS BX61). Here, the co-flowing oil flow rate is
Q,=10mlh™ and U =11.6ms™"' (AP = 60kPa). The viscosity
ratio is @ = 10. Each picture results from the combination
of at least four direct instantaneous photographs with digital
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background subtraction. We set the focus at the minimum droplet
image blurring, the main hindrance close to and below the
light wavelength. Figure 3d shows a plot of the measured droplet
size compared with a simple theoretical prediction, assuming
that viscous diffusion makes both fluids 1 and 2 move with
the same velocity downstream of the exit orifice, which gives:
dy/d, =1.89(Q,/Q,)'"*. Here, d,, indicates the droplet diameter
resulting from the innermost jet decay. The factor 1.89 comes from
the classical Rayleigh’s prediction. Estimated droplet sizes down to
about 220 nm are given, where measurement error is assumed to be
commensurate with half of the illumination wavelength.

Figure 4 shows results from the mercury-in-SOII configuration
(Hg—SOII). At the lowest flow rate (Q,) tested, the mercury spout
became almost invisible with our optical microscope. Observation
below that point became unreliable. It is worth noting that mercury
purity and oil cleanness are required to obtain completely jitter-
free steady jetting. Metal bulk and/or interface contamination give
rise to slight but noticeable interface perturbations, which seem
to vanish as the liquid spout size decreases (jet diameter in the
micrometre size and below).

In the following, we provide a more detailed theoretical
background to the experimental phenomena described above. A
first fundamental requirement to achieve steady focused jetting
is that the microscopic issuing jet must be locally stable, that
is, the external straining force must guarantee that any natural
perturbation on the issuing jet does not grow locally and is flushed
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Figure 3 Pilot Ink droplets dispersed in SOl by co-flow focusing. Droplet dispersion obtained with A P=60kPa, @, =10 mlh~". a—c, Droplets photographed using a
%1000 optical microscope (Leica), after digital background subtraction (four photographs are combined in each picture); the inner liquid flow rate @; is 10 (a), 2.5 (b) and
0.8 (¢) ulh=". The scale bars are 10 um. d, Drop size, dy;, scaled with the sheath-liquid jet diameter at the exit orifice, b, for five liquid flow rate combinations @; / @,. CMD
in the label indicates the experimental droplet count mean diameter obtained from images. Obviously, optical errors make measurements highly imprecise below visible

light wavelengths.

downstream (that is, the jet is at least convectively unstable). Jetting
is replaced by unsteady dripping'®'***?* below a threshold flow
rate in the absence of surfactants or electric fields’??. Below the
threshold flow rate, no issuing spout is observed, and relatively large
droplets or bubbles are formed* under the restoring role of surface
tension, a phenomenon arising from the unbounded local growth
of axisymmetric capillary waves.

To systematically analyse the existence and stability of
the extremely thin focused jets observed, we used a well-
established spatiotemporal instability analysis formalism to search
for their jetting—dripping transition, a concept inspired by the
dripping-tap” phenomenon. It has recently been linked to the
convective/absolute capillary instability transition of the issuing
jet!?2628303436 | with very promising prediction power. The linear
convective/absolute instability analysis of a capillary fluid jet with
density p, and viscosity u,, co-flowing in an immiscible liquid
of density p, and viscosity (,, has been the subject of numerous
recent articles'>*****%, Previous studies™ showed the intrinsic link
between the convective/absolute transition in linear spatiotemporal
instability analysis and jetting—dripping transition in experiments.
When viscous effects are accounted for'>***77, this link can
be extended to extremely slender inner jet diameters, that is,
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when the Reynolds numbers Re; = p,UR/u, or Re, = p,UR/ .,
are sufficiently small, R being the innermost jet radius and
U being the convective velocity of both fluids. Here, we have
used a linear spatiotemporal model given elsewhere'®?*>* to
predict the jetting—dripping transition of fluid jets produced in
the submicrometre and nanometre range (necessarily implying
Re — 0). Taking advantage of the large outer-to-inner jet diameter
ratio, the intermediate liquid 2 can be conceived as an infinite
background surrounding and sheltering the innermost jet with a
local nearly uniform axial velocity field. The jets in the theory
are infinite in extent, whereas the real jets in the experiments
emanate from a nozzle and hence are of finite length; this
difference, however, does not modify the bulk of the ensuing
deductions. Thus, we interrogated the system searching for the
smallest possible jet diameter. To our surprise, the system response
was invariant as the jet diameter approached zero: according
to the model, the dripping—jetting transition takes place for
a given viscosity ratio, u, at a certain downstream speed of
the outer co-flowing liquid, independently of the inner spout
size. Above this speed, or alternatively, above a certain external
viscosity threshold for a given co-flow speed, the theory shows
that steady jetting is always possible, and continuous jetting can
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Figure 4 Photographs of mercury droplets obtained using a mercury-silicon oil
li-air combination at different experimental conditions. a—d, Neglecting
start/stop transients, droplets were collected approximately under the conditions
AP=285kPa, @, =50mlh~" and @; =5 (a), 10 (b), 50 (¢) and 150 (d) ulh~". The
average droplet sizes in a—d are 600 nm, 950 nm (less than 10% standard deviation
in this case), 2 and 3 um, respectively. The micrographs were obtained as in

Fig. 3a—c. The scale bars are 5 um.

be preserved by viscous co-flow down to the smallest continuum
scale. As an eventual break-up preserves the jet scale, it follows
that fluid threads, droplets, capsules or fibres of arbitrarily small
size can be gently, precisely and continuously produced by pure
hydrodynamics and the appropriate choice of the geometry and
flow configuration.

For convenience, here we define a combined capillary number
Ca= (u,u,)"?U/o, where o is the fluid-1-to-liquid-2 interfacial
tension. In the small-Re limit, the transitional Ca* between
jetting and dripping is found to be a universal function of the
viscosity ratio, p, alone (see Fig.5). This means that for liquid
speeds U > o (u,1,)"/*Ca* (corresponding to an average capillary
velocity between liquids 1 and 2), jetting would be observed in
the low-Re limit down to previously unimaginable small sizes, in
agreement with the experimental observations provided here. This
fundamental theoretical result has been consistently confirmed in a
range of twelve orders of magnitude in w, from u = 107° to 10°.
Although from a very different system set-up, a similar trend of
Ca values can be observed in the recent unsteady simulations of
Suryo and Basaran’ in co-flowing liquids, with y ranging from 1072
to 10%. Unfortunately for our purpose, the apex of their pointed
meniscus from which the liquid spout issues, flows with a highly
unsteady velocity, making a comparison with our steady analysis
hardly justifiable.

Our experimental observations are tested against theory in
Fig. 5. First, for the fluid combination Air-SOII (Fig. 2c), the
critical capillary number is Ca* = 0.14 (here, p© = 2.06 x 10*),
whereas the corresponding capillary number of the experiment
is Ca=10.43 (U =5ms™"), larger than Ca*. Consistently, gas
jetting is observed in the experiment. Furthermore, in the
GWI-SOI combination (Fig.2d), Ca=24.03 (U =11.3ms™"),
about two orders of magnitude above the critical Ca* = 0.175
applicable in this case (u = 22.22), supporting the observation
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Figure 5 Plot of the jetting—dripping transition location in the capillary
number-viscosity ratio plane. Transition values Ca” = Ca” (1) are obtained using
an analytical dispersion relation'®, in full agreement with the numerical results
(circles) from a full Navier—Stokes code described in ref. 35 (in the range numerically
explored, between 1 = 102 to 10°%). The early prediction formulated in
Gafan-Calvo et al.*, that is, Ca* = 0.139 valid for large .« values, is apparent here.
Triangles are located at the four parametrical cases of Figs 2—4: GWI-SOI,
P.Ink=S0ll, Hg—SOll and air-SOll, respectively.

of jetting. Besides, in the PInk-SOII combination (Fig.3,
© =10.0) Ca* =0.187, whereas the experimental Ca=53.2 > Ca*
(U =5ms™). The largest R at the exit orifice obtained with
this combination is about 0.4 um, Re; = p, URu;' = 0.057 and
Re, = p,URp;" = 0.0053, which justifies our approximation.
In the Hg-SOII combination (Fig.4), Ca = 0.238, whereas the
critical value Ca* =0.171 < Ca (u = 2.42 x 10%). Thus, jetting
is still theoretically possible, in accordance with the experimental
observation. However, being that close to the threshold (Fig. 5,
close to the solid line) sets stringent conditions: the feeding
tube must be sufficiently close to the orifice (Fig. 2e) to ensure
that the pressure gradient overcomes the axial force resulting
from the surface tension at the cusp vicinity. Creeping flow
conditions still apply in this case (p,/p, =0.071, u =2.42 x 10%)
for mercury jet diameters in the range of 1 um and below. In
summary, the experiments presented seem in full agreement with
theoretical predictions and pave the way for general application of
this technique.

METHODS

The experiments shown in Figs 2 and 4 have been carried out under air suction.
The oil phase used as the co-flowing agent is fed through a stainless-steel tube
(Fig. 2c—e; outer diameter = 1 mm, inner diameter = 0.7 mm). The fluid

phase in the spout is fed through a stainless-steel capillary tube

(outer diameter = 0.38 mm, inner diameter = 0.15 mm) concentric with the
former tube. This latter tube protrudes 0.45 mm from the external one. The
liquid pair was sucked from the atmospheric condition through an orifice
(D=0.2mm) aligned with the concentric feeding tubes. The suction orifice is
drilled in a stainless-steel plate 75 um thick, attached externally to the cap of a
small reservoir. The distance from the inner feeding tube exit and the orifice is
selected to assure that the applied pressure gradient at the orifice vicinity
overcomes the axial force resulting from the surface tension. The oil was slowly
collected in the reservoir at a reduced pressure.

r)
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