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Abstract Drops and jets of liquids that are miscible with the
surrounding bulk liquid are present in many processes from
cleaning surfaces with the aid of liquid soaps to the creation
of biocompatible implants for drug delivery. Although the
interactions of immiscible drops and jets show similarities
to miscible systems, the small, transient interfacial tension
associated with miscible systems create distinct outcomes
such as intricate droplet shapes and breakup resistant jets.

Experiments have been conducted to understand several
basic multiphase flow problems involving miscible liquids.
Using high-speed imaging of the morphological evolution of
the flows, we have been able to show that these processes are
controlled by interfacial tensions. Further multiphase flows
include investigating miscible jets, which allow the creation
of fibers from inelastic materials that are otherwise diffi-
cult to process due to capillary breakup. This work shows
that stabilization from the diminishing interfacial tensions
of the miscible jets allow various elongated morphologies to
be formed.
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1 Introduction and Review

The interactions of jets and drops of liquids that are mis-
cible with a surrounding, bulk liquid are central to numer-
ous processes that range from cleansing operations where
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liquid soaps are rinsed from surfaces, to the dissolution of
mucus in our intestinal tract. Although the dynamics of im-
miscible and miscible jets and drops bear some similari-
ties, the very small and transient interfacial tensions, σ(t),
associated with miscible systems give rise to distinct out-
comes such as droplets that have intricate shapes and jets
that resist breakup. A useful review of these phenomena
can be found in the book by Joseph and Renardy [21]. Im-
portantly, when the unique structures derived from misci-
ble, multicomponent flows are coupled with chemical re-
actions or phase transformations that can “freeze” in these
morphologies, complex geometrical objects can be created
from materials that are otherwise difficult to process.

1.1 Review of the impaction of drops into various media

The impaction of droplets into a deep liquid has been
studied for over a century. Early work by Tomlinson [44]
and later by Thomson and Newall [43] examined a variety
of phenomena that occur when droplets of various materi-
als fall into water, focusing on the now well-known forma-
tion of vortex rings. A few years later, Worthington began
his study of splashing droplets by using short-exposure pho-
tography to resolve further details of the resulting morphol-
ogy [48]. These works would become the foundation obser-
vations for droplet impaction, and to this day, they continue
to be the majority of the work using different drop and bulk
liquids.

The study of droplets impacting an interface can quickly
become complicated with the numerous combinations of pa-
rameters that can be varied. Rein’s 1993 review on liquid
droplets impacting on solid and liquid interfaces provides
a convenient survey of the parameters governing the im-
paction event [33]. The study describes coalescence and splash-
ing on liquid surfaces, as well as cavitation and the entrain-
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ment of gas. Rein goes on to mention that, when the droplet
and the target liquid are different, further designation needs
to be made between miscible and immiscible liquids. This
designation will become the focus of this work.

1.1.1 Homogeneous drop impact

A number of works have been completed for the im-
paction of a droplet with a target liquid of the same mate-
rial [2, 6, 7, 9–11, 14, 18, 19, 25, 28, 30–32, 34–36, 38, 39, 50].
The majority of the work has been focused on the entrain-
ment of gas bubbles in the target liquid; however, some work
has observed the transition from the various regimes that are
present such as the transition from coalescence to splash-
ing. This work has shown the complexity that exists when
attempting to map the various regimes of a simple homoge-
nous liquid drop impact into a deep pool.

1.1.2 Immiscible heterogeneous drop impact

Until recently, few studies have considered the impaction
of droplets with an immiscible target liquid [5,15,46]. Fuji-
matsu et al. made detailed observations of the interfacial de-
formation of a water droplet impacting a silicone oil surface.
Their work focused on the maximum depth of the cavity
during impact and the maximum diameter of the water drop
spreading on the oil surface, while documenting an interest-
ing set of parameters that causes the droplet to be smashed
into pieces.

1.1.3 Miscible heterogeneous drop impact

The interaction of a droplet with a miscible target liquid
of a different material, studied mainly by the early investi-
gators, has seen a resurgence in interest, driven by the goal
of freezing the various morphologies seen during the im-
paction event. Deng et al. studied the prevention of bubble
entrapment in a reactive heterogeneous system [12]. Their
work focused on the surface quality of a polymer capsule
formed during the impact of a viscous poly-anion drop into
a poly-cation solution. They identified a specific regime in
their Weber number versus Froude number phase space for
their materials where bubble encapsulation was preventable.
Even more recently, the Liu group [40, 41] studied the gen-
eration of “toroidal-spiral” particles by combining miscible
drop impaction with polymerizable materials. This combi-
nation allowed them to “freeze” interesting morphologies
that might find application as drug delivery vehicles. For
this purpose, these authors developed a “phase diagram” in
the impact Reynolds number, impact capillary number, im-
pact Weber number, and drop/bulk viscosity ratio parameter
space that specifies the operating conditions where impact-
ing droplets penetrate and detach from the air/bulk interface

to achieve distinct shapes. They focussed on toroidal shapes
that folded to accommodate spiral, internal structures. By
further controlling the Damköhler number (the ratio of re-
action rate to convection rate) of a photo-initiated polymer-
ization reaction, they were able to solidify the droplets and
trap diffusible chemical species within high area-to-volume
cavities.

A recent study by Hu et al. [20] looked at controlling
microgel particles by combining microfluidics with an exter-
nal ionic crosslinker. They were able to generate a number
of varied shapes (e.g., mushroom-like, hemi-spherical, red
blood cell-like) of alginate microgels by varying the gela-
tion conditions such as the viscosity of the outer media and
the interfacial tension.

1.2 Review of the translation of drops in miscible media

1.2.1 Translating miscible heterogeneous drops

One of the first studies of translating, miscible drops was
reported by Kojima et al. [23]. That work focussed on the
evolution of the shape of droplets of corn syrup-in-water
descending through water, and experiments were conducted
as the density and viscosity ratio of the drops and suspend-
ing fluids were varied. The drops were ejected through the
air/bulk liquid interface after falling from variable heights
above the bulk medium. The experiments were accompanied
by theoretical predictions that considered two limiting cases:
droplets that were only slightly deformed from sphericity
and droplets in the shape of slender tori. The theory, while
able to reproduce some of the qualitative nature of the lim-
iting shape transitions, was unable to quantitatively repro-
duce aspects, such as the rate of torus expansion. Whereas
the majority of predictions in that paper assumed the inter-
facial tension, σ , to be negligible, those authors concluded
that this property must be present, although very small, at
interfaces partitioning miscible liquids, while the system is
not in equilibrium. The measurement of interfacial tension
between miscible liquids is challenging not only because the
values are small but also because they diminish in time as
diffusion proceeds and the two liquids ultimately mix. In the
absence of convection, the classic Cahn-Hilliard model [8]
applied to a flat interface where the variable x measures
depth, suggests that σ will vary with the concentration c of
one component in a two-liquid system, as

σ(t)≈
∫ [

∂c(x, t)
∂x

]2

dx. (1)

Since the evolution of c(x, t) is expected to be controlled by
diffusion, this approach leads to a prediction that, as time
proceeds, the interfacial tension will decrease as t−1/2.
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Arecchi et al. [3] also examined translating, miscible
drops and extended the experimental observations of Kojima
et al. by reporting on a cascade of flow instabilities that in-
clude generation of expanding tori that fragment into arrays
of smaller droplets. The sedimentation of miscible drops has
also been studied within the confinement of a Hele Shaw
cell by Garcı́a et al. [16]. This work reported a similar cas-
cade in the evolution of falling, miscible drops as found
in three-dimensional space (passage to mushroom-shaped
drops) with the exception that confinement suppressed the
appearance of expanding tori.

1.2.2 Translating suspended particle drops

A body of work also exists reporting experiments and
simulations on droplets of suspended particles descending
through the suspending fluid. Powell and Mason [29] stud-
ied the deformation and breakup of cohesionless droplets
of suspended particles experiencing either simple shear or
pure elongation within a bulk consisting of the same sus-
pending fluid. Qualitatively, the reported deformations of
the particle clusters were similar in appearance to analo-
gous experiments performed on suspended liquid droplets.
Adachi et al. [1] examined the case of sedimenting parti-
cle clusters and accompanied their experiments with mod-
eling efforts. They reported shape transitions in the clusters
that bear remarkable similarity to those transitions described
later by Kojima et al. for miscible, liquid drops. Schaflinger
et al. [37] expanded on these observations and suggested that
an interfacial tension exists between particle clusters and
the bulk, suspending liquid. Schaflinger and co-workers [26]
later followed with a very comprehensive study of sediment-
ing drops that included simulations that were able to achieve
very nice correspondence with experiments. The observed
phenomena included droplet deformation evolving towards
tori that underwent instabilities towards cascades of daugh-
ter droplets.

1.3 Motivation

This work was initially motivated by the observation that
viscous liquids, such as glycerol, that coat a surface will ex-
hibit varying kinds of ablation when a jet of water is im-
pinged normal to the surface. The variations include a pos-
sible undercutting phenomenon, where the water jet cuts un-
der the viscous glycerol solution if the viscosity of the coat-
ing layer is below a certain value [45]. To focus on the initial
interaction of the liquid jet with the bulk, we chose a well-
controlled droplet and focused on the short-time impaction
of the droplet. We soon realized that, when the impacting
droplet of water is very small, the droplet will simply wet
the surface of the viscous bulk. However, when the two flu-
ids are interchanged so that a droplet of the highly viscous

fluid impacts a bath of the less viscous fluid, a wide variety
of beautiful morphological events arise that are often only
appreciated when using a high-speed camera. These exper-
iments are in the spirit of Tomlinson [44] and of Thomson
[43], while also being similar to Taylor’s experiments [42]
of a viscous jet impacting a less viscous bulk. When viewing
the raw videos in slow motion of glycerol impacting water,
the effect of having two miscible fluids interacting with an
interfacial tension that is small and decaying provides a va-
riety of possibilities that would not be readily accessible if
the two fluids were immiscible.

A major aim of this work was to explore an expanded
range of fluid mechanical operating conditions compared to
the work of Sharma et al. [40]. Of particular interest are
conditions where impacting droplets do not detach from the
air/bulk interface. As shown in the Section 3.2, this regime
offers the possibility of creating thin fibers from inelastic
materials that are remarkably smooth and stable. This ap-
proach is demonstrated by experiments creating highly ori-
ented collagen fibers, which suggests that translating misci-
ble jets are subject to large extensional deformations. In the
case of collagen, these extensional stresses lead to strong
alignment of fibrils that can be of great utility for a num-
ber of applications. For example, in tissue regeneration this
orientation of collagen fibrils is able to provide contact guid-
ance to mammalian cells, which is important for anisotropic
tissues, such as nerve guides and vascular grafts.

The interaction of miscible fluids presents interesting
challenges and important opportunities. This work can be
roughly split into two parts: (1) the impaction of drops with a
second, miscible bulk liquid with a particular focus on drops
that are “pinned” by the air/bulk interface and then descend
as “free-surface pendant” drops or “sagging blobs” within
the second fluid and (2) the interaction of submerged mis-
cible jets. The first part represents a focus into regions of
the phase diagram of miscible drop morphologies reported
recently by Sharma et al. [40] that has not been deeply ex-
plored. These processing conditions suggest possible ways
to produce slender, well-oriented filaments from inelastic
materials, and this advantage is considered in detail in the
second part of the paper where we demonstrate that highly
oriented fibers can be fashioned.

2 Experimental

2.1 Drop impact

Typical experiments investigating sedimenting, miscible
drops have them ejected from a specified height above an
air/bulk liquid interface. Depending on the kinetic energy of
the droplet, a number of subsequent events are possible upon
impact. The impact velocity, Ui, is set by the release height,
which, in turn, sets the “impact” Reynolds number,
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Rei =
ρbUiD

ηb
, (2)

where ρb is the density of the bulk, D is the equivalent spher-
ical diameter associated with the volume of the drop, and ηb
is the bulk viscosity. This velocity also controls the “impact”
Weber number,

Wei =
ρdU2

i D
σba

, (3)

where ρd is the drop density, and σba is the interfacial ten-
sion between the bulk liquid and the air. During impact, a
number of events can ensue, depending on the impact Reynolds
number, the impact Weber number, the Froude number,

Fr =
Ui√
Dg

, (4)

and the viscosity ratio, the density ratio, and the surface ten-
sion ratio

βη =
ηd

ηb
; βρ =

ρd

ρb
; βσ =

σda

σba
, (5)

where ηd and ρd are the droplet viscosity and density, re-
spectively. Buckingham-Π theory states that this set of six
dimensionless groups {Rei, Wei, Fr, βη , βρ , βσ} spans the
parameter space of the available variables {D, Ui, g, ρb, ηb,
σba, ρd , ηd , σda}.

Previous work has primarily examined the case where
impaction is sufficient to cause detachment of the droplet
from the air/bulk interface. The shape evolution of the de-
tached, sedimenting drops has then been the subject of in-
vestigation, and those shapes are largely affected by the “sed-
imentation” Weber number,

Wes =
ρdU2

s D
σbd

. (6)

where Us is the sedimentation velocity of the drop, and σbd
is the interfacial tension between the miscible bulk and drop
liquids. In most cases, previous work has left the value of the
interfacial tension, σbd , undetermined, as the reliable mea-
surement of the value is beyond current technologies.

In this work, we will focus on impact observations made
in the parameter space consisting of the viscosity ratio and a
value that we will call the drop Weber number,

Wed =
Wei

βσ

=
ρdU2

i D
σda

, (7)

which is simply the product of the impact Weber number
and the inverse of the surface tension ratio.

Following Rein’s survey of governing parameters, we
will focus on spherical liquid drops impacting normally on
a deep, flat liquid surface of a different material [33]. Since
we are interested in the impaction of the droplets, we will
assume that no internal circulation is present and that the
drop is not deformed into an elliptical shape by aerodynamic
forces, as the drops will be relatively viscous in nature. The
presence of internal circulation (combined with drop oscilla-
tions) may be responsible for penetrating vortex rings [10],
as well as contributing to bubble capture [18, 30, 32, 34]. A
number of studies have been completed on the subject of
bubble entrapment in various drop/bulk combinations [5,11,
12]; however, the main focus has been on water droplets
impacting a water bath [14, 25, 30–32]. Major efforts have
been spent on understanding the effects of the thin film of
air that can separate the drop from the bulk prior to im-
pact [28, 35, 36]. Influenced by the rate at which the film
thins, this cushion of air can prevent the instantaneous inter-
facial rupture that leads to coalescence.

Other studies have shown that the ambient gas can affect
the impact outcome [38,47,49]. We are neglecting the influ-
ence of the gaseous state (air) outside of the surface tension
with the bulk and with the drop, respectively.

2.1.1 Drop impact fluids

The fluids chosen for this study were water for the bulk
and glycerol for the impacting miscible droplets. Water was
chosen for the bulk to reduce costs as well as to allow the
more viscous droplets to penetrate the bulk significantly, al-
lowing formation of the varying morphologies. Glycerol is
a common Newtonian fluid that readily diffuses into water.
The properties of these glycerol-water solutions are easily
tunable based on the concentration of glycerol in the mix-
ture; however, care must be taken as glycerol is known to be
hygrophilic, appreciably pulling water from the atmospheric
air.

2.1.2 Physical properties

Physical properties of the two impacting drop test fluids
can be found in Table 1. Glycerol is seen to be more viscous
and more dense than the bulk water, while having lower sur-
face tensions.

Table 1: Physical properties of drop impact test fluids.

Solution βρ βη βσ

Water 1 1 1
Glycerol 1.264 1400 0.86

When pure glycerol is mixed with varying levels of wa-
ter, a significant change in the physical properties of the ma-
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2.2.2 Physical properties

Physical properties of the two impacting drop test fluids can be found in Table 1. Glycerol is seen to be
more viscous and more dense than the bulk water, while having lower surface tensions.

Table 1: Physical properties of drop impact test fluids.

Solution �⇢ �⌘ ��

Water 1 1 1
Glycerol 1.264 1400 0.86

When pure glycerol is mixed with varying levels of water, a significant change in the physical properties
of the material will occur [36]. Specifically, the viscosity of the glycerol-water solution decays rapidly and
very nonlinearly with increasing amounts of water before leveling below a certain concentration (see Figure
2(a)). Figure 2(b) also shows that the density of the solution will decay with increasing water content,
but the decay is linear and the percentage of change is much smaller. Likewise, the surface tension of the
glycerol-water solution will change, increasing nonlinearly with increasing water content, but, again, the
overall percentage of change is small (see Figure 2(c)). Since the range of the change in viscosity ratio of
[1,1400] is significantly larger than the range of the change in density ratio of [1,1.264] or surface tension
ratio of [0.86,1], understanding the e↵ect of changes in the viscosity were initially investigated.
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Figure 2: Glycerol properties. (a) Plot of viscosity of glycerol as a function of concentration. The viscosity of
the solution is very nonlinear, varying three orders of magnitude and decaying rapidly as the concentration
of glycerol decreases. (b) Plot of specific gravity of glycerol as a function of concentration. (c) Plot of surface
tension of glycerol as a function of concentration. All data was reported at a temperature of 20�C [36].

2.3 Fiber formation

2.3.1 Submerged jet apparatus

An apparatus for submerged fiber formation studies was built as shown in Figure 3. An exploded assembly
of the apparatus, shown in Figure 3(a), shows two o-rings used to vacuum seal a particular substrate to the
device. The interchangeability of the substrate provides flexibility in the orifice diameter. Experiments
proceed by filling the transparent box with a bulk reagent. Then, the fiber material is pushed into the void
between the base and the substrate before being expelled into the bulk system. A horizontal view of the
apparatus in action visually shows the fiber being ejected through the orifice into the bulk (see Figure 3(b)).

The volumetric flow rate of the jet that was used when we created the collagen fiber was about 5.7 mm3

/ s, and the fiber formation was halted after a total of 280 mm3 of collagen solution was expelled.

2.3.2 Fiber materials

For the collagen fiber experiment, a stock solution of concentrated rat tail collagen type I (BD Bio-
sciences) 9-10 mg / ml in 0.02 N acetic acid, pH 3.5, was used. The collagen was injected into a bu↵er
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Fig. 1: Glycerol properties. (a) Plot of viscosity ratio of glycerol as a function of concentration. The viscosity of the solution is very nonlinear,
varying three orders of magnitude and decaying rapidly as the concentration of glycerol decreases. (b) Plot of specific gravity of glycerol as a
function of concentration. (c)Plot of surface tension ratio of glycerol as a function of concentration. All data was reported at a temperature of 20◦C
relative to water [4].

terial will occur [4]. Specifically, the viscosity of the glycerol-
water solution decays rapidly and very nonlinearly with in-
creasing amounts of water before leveling below a certain
concentration (see Figure 1(a)). Figure 1(b) also shows that
the density of the solution will decay with increasing wa-
ter content, but the decay is linear, and the percentage of
change is much smaller. Likewise, the surface tension of
the glycerol-water solution will change, increasing nonlin-
early with increasing water content, but, again, the overall
percentage of change is small (see Figure 1(c)). Since the
range of the change in viscosity ratio of [1,1400] is signifi-
cantly larger than the range of the change in density ratio of
[1,1.264] or surface tension ratio of [0.86,1], understanding
the effect of changes in the viscosity were initially investi-
gated.

2.1.3 Drop impingement apparatus

An apparatus for drop impaction studies was built as
shown in Figure 2. Experiments proceed by elevating a sy-
ringe to a specified height above a bulk liquid, which can
be finely tuned using a micrometer. A computerized linear
actuator is used to dispense a pendant drop from the sy-
ringe. Capillary breakup of the pendant drop releases the
droplet from a 13-gauge, flat-tipped needle, and, once it tra-
verses a laser triggering mechanism, a high speed camera
(Photrom Fastcam MC2) captures its fate at a rate of ei-
ther 3000 or 5000 frames per second. The drops are visible
through strong gradients in their indices of refraction. We
have conducted a range of experiments employing several
drop/bulk liquid pairs including (glycerin-water)/(water), as
reported in this work. Drops consisting of varying concen-
trations of glycerol-in-water were dropped into water that
had been filtered using a Millipore Milli-Q A10. The glyc-
erol was mixed with filtered water to the desired concentra-
tion. The physical properties of each glycerol solution were
measured prior to each set of trials.

Apparatus 

Light Camera 

CPU 

Diffusion 
Film 

Laser 

Bath of 
Water 

Transparent Box 

Camera 
Level 

Coarse Vertical Mount 

Photodiode  

Automated Linear 
Actuator Syringe 

Fine Vertical Mount 

Drop 

Fig. 2: Schematic of the drop impact setup. A computer controlled sy-
ringe ejects a droplet from a predetermined height. The droplet tra-
verses a laser triggering mechanism, initiating the high-speed imagin-
ing, prior to impacting in the bulk water.

To characterize variations in the impact conditions for
each experiment, the high-speed videos were analyzed using
an in-house image processing routine written in MATLABTM.
The routine uses an evolving domain scheme to track the
droplet as it approaches the air/bulk surface. From the track-
ing, information about the drop diameter and the drop im-
pact velocity can easily be calculated by referencing an item
in the image with a known dimension. Further, any deforma-
tion of the falling droplet from the assumed spherical state
can be observed to ensure that significant oscillations are not
occurring prior to impact.

2.2 Fiber formation

2.2.1 Submerged jet apparatus

An apparatus for submerged fiber formation studies was
built as shown in Figure 3. An exploded assembly of the
apparatus, shown in Figure 3(a), shows two o-rings used to
vacuum seal a particular substrate to the device. The inter-
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changeability of the substrate provides flexibility in the ori-
fice diameter. Experiments proceed by filling the transparent
box with a bulk reagent. Then, the fiber material is pushed
into the void between the base and the substrate before be-
ing expelled into the bulk system. A horizontal view of the
apparatus in action visually shows the fiber being ejected
through the orifice into the bulk (see Figure 3(b)).

(a) Assembly

Bulk

Glass

Base

Orifice

(b) Collagen fiber

Figure 3: Fiber formation apparatus. (a) Exploded assembly of the submerged jet setup. The base was
created to allow for an interchangeable substrate to be vacuum sealed to the base with two o-rings creating
a seal. Transparent walls were adhered to the base to allow for visualization from the side. (b) An upward
jet of the collagen solution into PBS. The substrate is a piece of glass with an o�ce diameter of 0.76 mm.
The collagen goes through a sol-gel transition, forming a continuous fiber with a swollen diameter on the
order of the orifice diameter.

of 10x phosphate-bu↵ered saline (PBS) (Gibco-Invitrogen), pH 7.4, at 37�C, causing the collagen solution
to undergo fibrillogenesis of the collagen molecules. The fiber became opaque as the collagen fibrils were
formed.

2.3.3 SEM

For SEM imaging, the following standard SEM specimen preparation was used, where the fiber was
treated with Karnovsky’s fixative (4% paraformaldehyde/2.5% glutaraldehyde in 0.1 M sodium cacodylate,
pH 7.3) (Electron Microscopy Sciences) while in storage.

Two separate techniques were used to treat the specimen prior to SEM imaging. The first technique
was to simply place the specimen in a vacuum desiccator containing anhydrous calcium sulfate (Drierite)
overnight.

The alternative technique was to first dehydrate the specimen through a gradient of ethanol (30%, 50%,
70%, 80%, 90%, 95%, and 99.5%) for 10 minutes each, rinsing twice with Milli-Q water in between. The
specimen was then placed in a vacuum desiccator for two hours.

The two samples were then sputter coated with PdAu particles to create a layer thickness of 100 Å.

3 Results and Discussion

3.1 Glycerol drop/water bath impact morphologies

The impact of miscible glycerol-water solutions with a target bath of water can create a number of
morphologies as represented by the samples provided in Figure 4. Example trials show a number of di↵erent
characteristics that can be used to categorize the droplets into separate regimes. Figure 4(a) shows the well-
known toroidal strand. In Figure 4(b), an axisymmetric lens is seen just below the air/bulk interface with
a clean entrance through the interface. A↵ectionately referenced a jellyfish, Figure 4(c) shows a lens with a
skirt being drug back towards the air/bulk interface and an entrained bubble on the drop/bulk interface. A
very large entrained bubble detached from a lens-like morphology is seen in Figure 4(d). Figure 4(e) shows
a very elaborate axisymmetric tiered morphology that can exist. Figure 4(f) shows a central jet that has
not detached, but the initial droplet has been elongated up inside the jet. If the central jet were to detach, a
second impact would result after the detached droplet returned to the surface. Figure 4(g) shows a residual
halo that can form around a pinned drop that has impacted at relatively high Wed, following a central jet
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Fig. 3: Fiber formation apparatus. (a) Exploded assembly of the sub-
merged jet setup. The base was created to allow for an interchangeable
substrate to be vacuum sealed to the base with two o-rings creating a
seal. Transparent walls were adhered to the base to allow for visualiza-
tion from the side. (b) An upward jet of the collagen solution into PBS.
The substrate is a piece of glass with an office diameter of 0.76 mm.
The collagen goes through a sol-gel transition, forming a continuous
fiber with a swollen diameter on the order of the orifice diameter.

The volumetric flow rate of the jet that was used when
we created the collagen fiber was about 5.7 mm3/s, and the
fiber formation was halted after a total of 280 mm3 of colla-
gen solution was expelled.

2.2.2 Fiber materials

For the collagen fiber experiment, a stock solution of
concentrated rat tail collagen type I (BD Biosciences) 9-10
mg/ml in 0.02 N acetic acid, pH 3.5, was used. The col-
lagen was injected into a buffer of 10x phosphate-buffered
saline (PBS) (Gibco-Invitrogen), pH 7.4, at 37◦C, causing
the collagen solution to undergo fibrillogenesis of the col-
lagen molecules. The fiber became opaque as the collagen
fibrils were formed.

2.2.3 SEM

For SEM imaging, the following standard SEM speci-
men preparation was used, where the fiber was treated with
Karnovsky’s fixative (4% paraformaldehyde/2.5% glutaralde-
hyde in 0.1 M sodium cacodylate, pH 7.3) (Electron Mi-
croscopy Sciences) while in storage.

Two separate techniques were used to treat the specimen
prior to SEM imaging. The first technique was to simply
place the specimen in a vacuum desiccator containing anhy-
drous calcium sulfate (Drierite) overnight.

The alternative technique was to first dehydrate the spec-
imen through a gradient of ethanol (30%, 50%, 70%, 80%,
90%, 95%, and 99.5%) for 10 minutes each, rinsing twice
with Milli-Q water in between. The specimen was then placed
in a vacuum desiccator for two hours.

The two samples were then sputter coated with PdAu
particles to create a layer thickness of 100 Å.

3 Results and Discussion

3.1 Glycerol drop/water bath impact morphologies

The impact of miscible glycerol-water solutions with a
target bath of water can create a number of morphologies as
represented by the samples provided in Figure 4. Example
trials show a number of different characteristics that can be
used to categorize the droplets into separate regimes. Figure
4(a) shows the well-known toroidal strand. In Figure 4(b),
an axisymmetric lens is seen just below the air/bulk inter-
face with a clean entrance through the interface. Affection-
ately referenced a jellyfish, Figure 4(c) shows a lens with a
skirt being drug back towards the air/bulk interface and an
entrained bubble on the drop/bulk interface. A very large en-
trained bubble detached from a lens-like morphology is seen
in Figure 4(d). Figure 4(e) shows a very elaborate axisym-
metric tiered morphology that can exist. Figure 4(f) shows
a central jet that has not detached, but the initial droplet has
been elongated up inside the jet. If the central jet were to de-
tach, a second impact would result after the detached droplet
returned to the surface. Figure 4(g) shows a residual halo
that can form around a pinned drop that has impacted at rel-
atively high Wed , following a central jet event, while Figure
4(h) shows the chaotic aftermath of a detached jet that has
impacted the surface a second time. Prior to the second im-
pact, a blob-like morphology resided on the interface.

To objectively map the various morphologies that exist,
we chose three different criteria to examine, allowing us to
distinguish different trials. In some cases, we attempted to
make further distinctions beyond the initial criteria to cre-
ate subsets inside of the two disjoint sets. First, we sepa-
rate those trials that had the air/bulk interface rebound above
the initial horizontal plane, which is a nice criterion for the
onset of a central jet, often called a Worthington jet after
Worthington’s popularized work or a Rayleigh jet after the
detachment of the end of the jet by capillary (or Rayleigh)
breakup. Next, we distinguished those trials that caught a
bubble from those trials that did not and mapped this tran-
sition with the appearance of the onset of a central jet to
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very large entrained bubble detached from a lens-like morphology is seen in Figure 4(d). Figure 4(e) shows
a very elaborate axisymmetric tiered morphology that can exist. Figure 4(f) shows a central jet that has
not detached, but the initial droplet has been elongated up inside the jet. If the central jet were to detach, a
second impact would result after the detached droplet returned to the surface. Figure 4(g) shows a residual
halo that can form around a pinned drop that has impacted at relatively high Wed, following a central jet
event, while Figure 4(h) shows the chaotic aftermath of a detached jet that has impacted the surface a second
time. Prior to the second impact, a blob-like morphology resided on the interface.

(a) Toroid (b) Lens (c) Jellyfish (d) Bubble

(e) Tiers (f) Central jet (g) Halo (h) Chaos

Figure 4: Glycerol drop into water bath impact morphology examples. The projection of the air/bulk
interface is seen as the large black area spanning each photograph. (a) A toroidal strand. (b) An axisymmetric
lens. (c) A lens with an extending skirt and an entrained bubble on its interface. (d) A very large entrained
bubble, detached above a lens-like morphology. (e) An axisymmetric tiered morphology. (f) A central jet
that has not detached. Notice that the droplet has been elongated up inside of the jet. (g) A residual halo
around a pinned drop after a central jet event. (h) The chaotic aftermath of a detached central jet that has
impacted the surface a second time. Length scale in (a) is 3 mm, which is consistent for all of the trials.

To objectively map the various morphologies that exist, we chose three di↵erent criteria to examine,
allowing us to distinguish di↵erent trials. In some cases, we attempted to make further distinctions beyond
the initial criteria to create subsets inside of the two disjoint sets. First, we separate those trials that had
the air/bulk interface rebound above the initial horizontal plane, which is a nice criterion for the onset of a
central jet, often called a Worthington jet after Worthington’s popularized work or a Rayleigh jet after the
detachment of the end of the jet by capillary (or Rayleigh) breakup. Next, we distinguished those trials that
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Fig. 4: Glycerol drop into water bath impact morphology examples. The projection of the air/bulk interface is seen as the large black area spanning
each photograph. (a) A toroidal strand (βη = 71, WeD = 120, t = 0.049s). (b) An axisymmetric lens (βη = 920, WeD = 480, t = 0.014s). (c) A
lens with an extending skirt and an entrained bubble on its interface (βη = 110, WeD = 190, t = 0.036s). (d) A very large entrained bubble,
detached above a lens-like morphology (βη = 1,200, WeD = 1,500, t = 0.057s). (e) An axisymmetric tiered morphology (βη = 310, WeD =
580, t = 0.026s). (f) A central jet that has not detached (βη = 71, WeD = 550, t = 0.071s). Notice that the droplet has been elongated up inside of
the jet. (g) A residual halo around a pinned drop after a central jet event (βη = 71, WeD = 290, t = 0.033s). (h) The chaotic aftermath of a detached
central jet that has impacted the surface a second time (βη = 163, WeD = 1400, t = 0.21s). Length scale in (a) is 3 mm, which is consistent for all
of the trials.

show a general correlation of momentum dissipation. Fi-
nally, we attempt to determine whether the majority of the
droplet continues to be attached or pinned to the air/bulk in-
terface versus those trials showing the drop pass “cleanly”
through the air/bulk interface without any persisting tail.

The results shown in the following sections are for a
miscible glycerol-water droplet impacting a water bath. To
vary the viscosity ratio, the concentration of the glycerol-
water solutions was varied. To vary the drop Weber number,
the height of the syringe tip above the air/bulk interface is
systematically varied over a range of one drop diameter to
one meter. The range of drop diameters for these trials is
[4.6,5.5] mm, and the range of velocities for these trials is
[0.16,4.3] m/s. The same trials are shown for all three desig-

nations. The larger velocities are approaching the same or-
der of magnitude as the terminal velocities that are predicted
to be on the order of 10 m/s (terminal velocity of water with
a diameter of 5 mm is approximately 9 m/s [13, 17]). Note
that the terminal velocity scales with the density difference
of the two fluids and the inverse of the outer media viscosity.

3.1.1 Central jet

The onset of a central jet for various drop/bulk combi-
nations has been previously studied; however, recent studies
have not focused on a miscible two-fluid system of varying
viscosity ratios. The results shown in Figure 5 show a phase
diagram of a central jet, seen when the air/bulk interface de-
flects above the initial horizontal interface. Further designa-
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tion is made for the central jet as to whether the jet detached
before returning to the surface or not. In general, the plots
show the presence of a central jet occurring at higher drop
Weber numbers and lower viscosity ratios, while detached
central jets occur at even higher drop Weber numbers than
the regular central jets.
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Fig. 5: Phase diagram of central jet morphologies as a function of vis-
cosity ratio and drop Weber number. The presence of a central jet con-
sistently occurs at higher drop Weber numbers and at lower viscosity
ratios. The presence of a detached central jet (Det. Jet) over a regular jet
(Reg. Jet) correlates with a continued increase in drop Weber number.
The presence of an ejected droplet appears to be randomly dispersed
throughout the trials.

Also shown in Figure 5 are trials where a droplet, at least
an order of magnitude smaller in diameter than the initial
impacting droplet diameter, D, was ejected from the bulk.
These trials, where a standard central jet was not seen, are
thus denoted as an ejected droplet. Interestingly, crowning
droplets, where the outer rim of the splash begins to detach,
are often reported in these types of droplet impaction stud-
ies, but we did not view any such droplets under the condi-
tions that we sampled.

Literature has discussed this presence of a central jet as
the transition from coalescence to splashing in a homoge-
neous system. Hsiao et al. described the Weber number as
a ratio of time scales of surface tension (τσ ) to convection
(τU ), stating that, for a homogeneous system, when the con-
vection time scale becomes much smaller than the surface
tension time scale, a splashing event will occur [19].

Wed =

[
τσ

τU

]2

3 τσ =

√
ρdD3

σda
; τU =

D
Ui

. (8)

Further, Thomson and Newall stated that, for a homogenous
system, a low viscosity ratio will result in splashing while
an increase in viscosity ratio will lead to coalescence [43].

Thus, the critical impact Weber number must be dependent
on the viscosity ratio, and we have seen a similar depen-
dence for both parameters in the two-fluid system.

3.1.2 Bubble capture

Air entrainment during drop impaction has been studied
extensively for homogeneous drop/bulk systems; however,
very few studies have been interested in different fluids and
even less in a miscible two-fluid system. The results shown
in Figure 6 show the same trials seen in Section 3.1.1 on
the presence of a central jet; however, the phase diagram
now also distinguishes between the presence of bubble cap-
ture morphologies as a function of viscosity ratio and drop
Weber number. The capturing of bubbles was then split into
two subcategories depending on how the bubble was initially
captured immediately after passing through the air-water in-
terface – note that all of the bubbles will eventually be de-
tached or released from the interface, since the fluids are
miscible. If the bubbles reside at the interface of the drop
and the bulk, they are designated as being interfacial bub-
bles (see Figure 4(c) for an example). Alternatively, if the
bubbles are detached from the interface into the bulk fluid,
they are designated detached bubbles (see Figure 4(d) for an
example). A third option can exist where the bubble is de-
tached from the interface into the drop medium. Although
we have seen this phenomena regularly for other drop/bulk
combinations such as heavy immiscible oils dropping into
water, we viewed only two such trials having this phenom-
ena for the glycerol-water drop and water bath system under
the conditions that we viewed.
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Fig. 6: Phase diagram of bubble capture and central jet morphologies
as a function of viscosity ratio and drop Weber number. Bubble capture
can be split into bubbles that reside at the interface of the drop and the
bulk (Inter. Bubble) and bubbles that are released from the interface
(Rel. Bubble). A general transition from no bubbles to bubbles to cen-
tral jets can be seen from upper left (high βη and low Wed) to lower
right (low βη and high Wed).
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In viewing Figure 6, the capturing of bubbles appears to
exist at a variety of viscosity ratios. A correlation with the
drop Weber number appears to exist where bubbles that are
caught at the drop/bulk interface tend to have a lower drop
Weber number than those bubbles that are released from the
interface. The order of bubble entrainment and no bubble
entrainment seems to depend on factors beyond the two met-
rics used; however, in general, regions of groupings between
the disjoint sets do seem to exist. These factors may include
physics concerning the internal circulation of the droplet,
drop oscillations, and bubble entrapment during initial im-
pingement. To better explain these groupings, the bubble
onset has been plotted in Figure 6 on top of the presence
of a central jet. This relations shows that a general sweep-
ing trend exits from high viscosity ratio and low drop Weber
number to low viscosity ratio and high drop Weber num-
ber. Along this trend, the morphologies transition from no
bubbles or central jets to bubbles to central jets to detached
central jets.

At this point, we can describe this correlation in terms
of forces. In one limit, no bubbles are encapsulated when
the viscosity ratio is high and the drop Weber number is
low. Under these conditions, the inertia needed to deflect the
air/bulk interface is low, and the surface tension of the drop
is high, opposing any drop deformations. Further, increased
viscosity restricts any flow of the drop. In the other limit,
a central jet is formed when the viscosity ratio is low and
the drop Weber number is high. Thus, the inertia needed to
deflect the air/bulk interface is high enough, but the surface
deflects too much, creating a large upward motion before
any bubbles are encapsulated. In between these two limits
exists a region where the viscosity ratio is low enough to al-
low flow and enough inertia exists to deflect the air/bulk in-
terface substantially but not too much. Here, the deflection
closes on itself, encapsulating a bubble in the process.

A few trials were seen where multiple bubbles were en-
trained. Among this small subset, trials did exist where one
of the bubbles was detached while another bubble was caught.
The size of the bubbles also varied widely; however, bubbles
having diameters on the order of the initial drop diameter, D,
similar to the bubble seen in Figure 4(d), were often released
into the bulk. Bubbles having diameters much smaller than
D, similar to the bubble seen in Figure 4(c), often remained
attached to the drop/bulk interface.

3.1.3 Breakthrough versus strand

A major aim of this study was to identify appropriate
conditions where the sagging blob or pinned free-surface
pendant drop phenomena was present. Figure 7 uses the same
trials as seen in Sections 3.1.1 and 3.1.2 to distinguish be-
tween the presence of a pinned tail of the drop to the air/bulk
interface and a clean entrance into the bulk, denoted as break-

through. The pinned trials are further distinguished into sub-
sets where the presence of a sagging blob (see Figure 8) is
separated from the toroidal strand morphologies seen sim-
ilar to Figure 4(a). To distinguish the difference, we de-
note sagging blobs as occurring when the momentum of
the droplet has been completely suppressed (momentum-
less coalescence [2]), creating a situation where the velocity
of the leading edge of the droplet is negligible relative to the
timescale of the experiment. Other pinned trials exist where
the droplet continues to move down with a tail attached to
the air/bulk interface trailing the droplet.
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Fig. 7: Phase diagram of pinned morphologies as a function of viscos-
ity ratio and drop Weber number. Impact velocities of pinned drops are
often difficult to measure, as drops may bridge between the syringe
and the bulk prior to releasing from the syringe. Green arrows show
where these trials would exist with their correspondingly small drop
Weber number as seen in Figure 8. Pinned trials can be of sagging
blobs, toroidal strands, or others such as halos following a central jet.
The data points (a)-(f) correspond to Figures 11(a)-(f) respectively.

Since the presence of the sagging blob is quite difficult
to achieve for some drop/bulk combinations, the syringe of-
ten becomes too close to the air/bulk interface for the droplet
to completely detach from the syringe prior to impacting the
air/bulk interface, and the drop essentially bridges the gap.
Thus, the drop Weber number, which is a function of the im-
pact velocity, no longer has a measurable quantity. However,
the value of the impact velocity and the resulting inertial ef-
fects are obviously being reduced by the continued interac-
tion with the syringe, so the drop Weber number is being ef-
fectively reduced. Situations where a sagging blob is created
by a bridged droplet are depicted qualitatively by the arrows,
where, for the parameters being used, the sagging blob mor-
phology occurred for all drop Weber numbers below a cer-
tain value. In this regime, the trials as exemplified in Figure
8 were easily reproducible. Not shown on this graph exists
a lower limit in the viscosity ratio around log10[βη ] ≈ 2.4.
Below this viscosity ratio, the drop will spread, wetting the
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interface and creating a film at the air/bulk interface. If the viscosity ratio is high enough, the wetting of
the interface is resisted, and the majority of the drop material will remain in a blob; however, some wetting
still occurs, and this film contributes to the extended pinning to the interface.

The sequence of photographs in Figure 8 shows the evolution of a blob that was “pinned” by capillary
forces at the interface. As time proceeds, the drop/bulk interfacial tension decreases with time, and the
blob sags under gravity, pulling a slender filament behind it. Remarkably, this filament does not break and
continues to stretch as it is fed by the descending droplet. This process of creating slender filaments from
inelastic liquids is the focus of the application presented in the Section 3.2 using collagen as an example.

(a) 0.0s (b) 0.1s (c) 0.2s (d) 0.3s (e) 0.4s (f) 0.5s (g) 1.5s

Figure 8: The formation and evolution of a sagging blob descending to pull a slender filament (�⇢ =
1.243, �⌘ = 330). Length scale in (a) is 3 mm, which is consistent for all of the trials.

A complex sequence of events leading to the formation of sagging, miscible blobs exists. Not shown in
Figure 8 are the first stages of impact where drops in this region of the phase diagram flatten upon impact
and spread radially across the air/bulk interface. Upon cessation of the spreading, gravitational forces draw
the reservoir of heavier, drop liquid into a sagging blob, such as the one shown at t = 0.1s in Figure 8.

Drops that cleanly break through the interface go through a common transition away from the pinned
sagging blob to the central jet. Figure 9 shows how this transition begins at low drop Weber numbers with
(a) tear drop shapes, (b) ellipsoidal drops, and (c) disc-like shapes, before forming (d) symmetric lens, (e)
jellyfish, and finally (f) tiers at higher drop Weber numbers.

3.2 Collagen fiber formation

By operating an extruder in a region of Weber number and viscosity ratio that is similar to the drops that
produce the stable filaments as shown in Figure 8, we are able to continuously draw filaments of materials
that otherwise lack the elasticity necessary to use conventional spinning operations. Once a desired filament
is drawn, “freezing” this morphology in place through either a chemical reaction or a physical phase transition
is necessary. For the purpose of demonstrating this concept, we have chosen the sol-gel process undertaken
by collagen protein. In the case of collagen, these extensional stresses lead to strong alignment of fibrils that
can be useful for numerous applications.

Collagen is a triple helix of polypeptide chains and is the most prevalent protein in the human body.
This rodlike structure is used in load bearing tissue and is a major component of the extracellular matrix.
Most prevalently, it is found in the form of fibers formed from self-assembly of these rods. However, collagen

12

Fig. 8: The formation and evolution of a sagging blob descending to pull a slender filament (βρ = 1.243, βη = 330). Length scale in (a) is 3 mm,
which is consistent for all of the trials. Time scale is relative to (a).

interface and creating a film at the air/bulk interface. If the
viscosity ratio is high enough, the wetting of the interface is
resisted, and the majority of the drop material will remain
in a blob; however, some wetting still occurs, and this film
contributes to the extended pinning to the interface.

The sequence of photographs in Figure 8 shows the evo-
lution of a blob that was “pinned” by capillary forces at the
interface. As time proceeds, the drop/bulk interfacial tension
decreases with time, and the blob sags under gravity, pulling
a slender filament behind it. Remarkably, this filament does
not break and continues to stretch as it is fed by the descend-
ing droplet. This process of creating slender filaments from
inelastic liquids is the focus of the application presented in
the Section 3.2 using collagen as an example.

A complex sequence of events leading to the formation
of sagging, miscible blobs exists. Not shown in Figure 8
are the first stages of impact where drops in this region of
the phase diagram flatten upon impact and spread radially
across the air/bulk interface. Upon cessation of the spread-
ing, gravitational forces draw the reservoir of heavier, drop
liquid into a sagging blob, such as the one shown at t = 0.1s
in Figure 8.

Alternatively, Figures 9 and 10 show the impact sequence
of two trials that break through the interface. Drops that
cleanly break through the interface go through a common
transition away from the pinned sagging blob to the central
jet. Figure 11 shows how this transition begins at low drop
Weber numbers with (a) tear drop shapes, (b) ellipsoidal
drops, and (c) disc-like shapes, before forming (d) symmet-
ric lens, (e) jellyfish, and finally (f) tiers at higher drop We-

ber numbers. Figure 9 corresponds with the impact sequence
that resulted in the ellipsoidal drop seen in Figure 11(b). Fig-
ure 10 corresponds with the impact sequence that resulted in
the tiered drop seen in Figure 11(f).

3.2 Collagen fiber formation

By operating an extruder in a region of constant, low jet
Weber number (We j) and high viscosity ratio

(
βη =

η j
ηb

)
,

reminiscent to the drops that produce the stable filaments
as shown in Figure 8, we are able to continuously draw fil-
aments of materials that otherwise lack the elasticity nec-
essary to use conventional spinning operations. The low jet
Weber number is analogous to the sedimentation Weber num-
ber,

We j =
ρ jU2

j h

σbd
, (9)

where ρ j, U j, and h denote the jet density, velocity, and ra-
dius, respectively. Thus, the low initial interfacial tension
forces between the jet and the bulk prevents droplet breakup,
while the low inertial forces, caused by the low jet veloc-
ity similar to the momentum-less coalescence seen in the
sagging-blob regime, prevents the jet from having non-linear
modes of breakup (i.e., low jet Reynolds numbers). The con-
stant flow allows the fiber to be continuously created, as
gravity is pulling the fiber vertically. Thus, a balance is cre-
ated between high viscous forces, low interfacial tension



Multiphase flow of miscible liquids 11

(a) Tear (b) Ellipse (c) Disc (d) Lens (e) Jellyfish (f) Tiers

Figure 9: Breakthrough examples of glycerol-water solutions into water. At low drop Weber numbers with
(a) tear drop shapes, (b) ellipsoidal drops, and (c) disc-like shapes form. At higher drop Weber numbers (d)
symmetric lens, (e) jellyfish, and finally (f) tiers exist. Length scale in (a) is 3 mm, which is consistent for
all of the trials.

(a) 0.00s (b) 0.01s (c) 0.02s (d) 0.03s (e) 0.04s (f) 0.05s

(a) 0.00s (b) 0.01s (c) 0.02s (d) 0.03s (e) 0.04s (f) 0.05s
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Fig. 9: Impact sequence of breakthrough for the ellipsoidal drop example of glycerol-water solutions into water (βη = 410,WeD = 33) seen in
Figure 11(b). Length scale in (a) is 3 mm, which is consistent for all of the trials.

(a) Tear (b) Ellipse (c) Disc (d) Lens (e) Jellyfish (f) Tiers

Figure 9: Breakthrough examples of glycerol-water solutions into water. At low drop Weber numbers with
?? tear drop shapes, ?? ellipsoidal drops, and ?? disc-like shapes form. At higher drop Weber numbers ??
symmetric lens, ?? jellyfish, and finally ?? tiers exist. Length scale in ?? is 3 mm, which is consistent for
all of the trials.

(a) 0.00s (b) 0.01s (c) 0.02s (d) 0.03s (e) 0.04s (f) 0.05s

concentrations. In the context of the use of miscible, multiphase flow to generate slender fibers of collagen,
we have expelled streams of collagen solution into 10x phosphate-bu↵ered saline (PBS) solution at 37oC.
The protein solution was rat tail collagen type I at 9-10 mg/ml in 0.02 N acetic acid, pH 3.5.

Because the collagen solutions are less dense than the PBS solutions, the pendent drops were initiated
in an inverted orientation and the injection of collagen was upward into the media. Figure ?? is a sequence
of photographs demonstrating the ability of the miscible multiphase flow injection scheme to produce highly
oriented and uniform fibers. This process is particularly interesting in the case of collagen, since these
solutions are inelastic and di�cult to process into fibers with spinning operations. Figure ?? shows the
collagen solution ejected upwards into the PBS solution. The fiber produced is shown in Figure ?? to be
very uniform in diameter and on the order of 65 µm in diameter, making the swollen diameter of the fiber
on the order of the orifice diameter. Highly oriented collagen has important advantages in the use of such
fibers in medical applications. In particular, the highly oriented collagen fibrils induce “cell guidance” for
cells growing on their surface. This guided growth is shown in Figure 4(a) of Lai et al. [?], where they
present an SEM image of a single fibroblast cell that is attached to the collagen fibril surface and elongated
along the fibril longitudinal axis. The ability to guide the orientation and migration of cells is critical to the
regeneration of anisotropic tissue such as blood vessels, nerve guides, and lymphatic tubes. The image in
Figure ?? reveals that the collagen fibrils produced in this fashion are remarkably well oriented along the
main fiber axis, and evidently, the flow of this miscible jet produces large, elongational deformations that
are reminiscent of “filament stretching extensional flow” (FISER) processes [?].

4 Conclusions

The vast majority of previous work on miscible drop impact has explored regimes where isolated, de-
scending drops are presented to a bulk medium. The resulting intricate drop shapes that evolve as a result
of a small and diminishing interfacial tension are then recorded. As mentioned above, Sharma et al. were
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Fig. 10: Impact sequence of breakthrough for the tiered drop example of glycerol-water solutions into water (βη = 410,WeD = 940) seen in Figure
11(f). Length scale in (a) is 3 mm, which is consistent for all of the trials.

(a) Tear (b) Ellipse (c) Disc (d) Lens (e) Jellyfish (f) Tiers

Figure 9: Breakthrough examples of glycerol-water solutions into water. At low drop Weber numbers with
(a) tear drop shapes, (b) ellipsoidal drops, and (c) disc-like shapes form. At higher drop Weber numbers (d)
symmetric lens, (e) jellyfish, and finally (f) tiers exist. Length scale in (a) is 3 mm, which is consistent for
all of the trials.

concentrations. In the context of the use of miscible, multiphase flow to generate slender fibers of collagen,
we have expelled streams of collagen solution into 10x phosphate-bu↵ered saline (PBS) solution at 37oC.
The protein solution was rat tail collagen type I at 9-10 mg/ml in 0.02 N acetic acid, pH 3.5.

Because the collagen solutions are less dense than the PBS solutions, the pendent drops were initiated
in an inverted orientation and the injection of collagen was upward into the media. Figure 10 is a sequence
of photographs demonstrating the ability of the miscible multiphase flow injection scheme to produce highly
oriented and uniform fibers. This process is particularly interesting in the case of collagen, since these
solutions are inelastic and di�cult to process into fibers with spinning operations. Figure 3(b) shows the
collagen solution ejected upwards into the PBS solution. The fiber produced is shown in Figure 10(a) to
be very uniform in diameter and on the order of 65 µm in diameter, making the swollen diameter of the
fiber on the order of the orifice diameter. Highly oriented collagen has important advantages in the use of
such fibers in medical applications. In particular, the highly oriented collagen fibrils induce “cell guidance”
for cells growing on their surface. This guided growth is shown in Figure 4(a) of Lai et al. [38], where they
present an SEM image of a single fibroblast cell that is attached to the collagen fibril surface and elongated
along the fibril longitudinal axis. The ability to guide the orientation and migration of cells is critical to the
regeneration of anisotropic tissue such as blood vessels, nerve guides, and lymphatic tubes. The image in
Figure 10(b) reveals that the collagen fibrils produced in this fashion are remarkably well oriented along the
main fiber axis, and evidently, the flow of this miscible jet produces large, elongational deformations that
are reminiscent of “filament stretching extensional flow” (FISER) processes [39].

(a) SEM (b) SEM

Figure 10: Collagen fiber formation from a jet of miscible collagen/acetic acid solution issuing into a neutral
PBS solution. (a) SEM picture of the resulting, gelled fiber with a diameter of approximately 65 µm. Length
scale is 50 µm. (b) Close-up of the fiber showing highly oriented collagen fibrils along the jet direction. Length
scale is 10 µm.

13

Fig. 11: Breakthrough examples of glycerol-water solutions into water (βη = 410). At low drop Weber numbers (a) tear drop shapes (WeD =
11, t = 0.15s), (b) ellipsoidal drops (WeD = 33, t = 0.088s), and (c) disc-like shapes form (WeD = 62, t = 0.034s). At higher drop Weber
numbers (d) symmetric lens (WeD = 230, t = 0.038s), (e) jellyfish (WeD = 380, t = 0.028s), and finally (f) tiers (WeD = 940, t = 0.055s) exist.
Length scale in (a) is 3 mm, which is consistent for all of the trials. Time scale is relative to initial impact.

forces, and low inertial forces (i.e., high viscosity ratio, low
Reynolds number, and low Weber number), leading to a high
capillary number (ratio of viscous to capillary forces) that
slow and suppress the Rayleigh instability (capillary breakup)
of these Newtonian jets. Once a desired filament is drawn,
“freezing” this morphology in place through either a chem-
ical reaction or a physical phase transition is necessary. For
the purpose of demonstrating this concept, we have chosen
the sol-gel process undertaken by collagen protein. In the
case of collagen, these extensional stresses lead to strong

alignment of fibrils that can be useful for numerous applica-
tions.

Collagen is a triple helix of polypeptide chains and is
the most prevalent protein in the human body. This rodlike
structure is used in load bearing tissue, and it is a major
component of the extracellular matrix. Most prevalently, it
is found in the form of fibers formed from self-assembly of
these rods. However, collagen does form a molecular solu-
tion with an absence of fibers when dissolved at low pH in
solvents such as acetic acid. In solution and at high con-
centration, collagen rods are remarkably easy to orient by
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relatively weak hydrodynamic forces [22, 24]. Introduction
of collagen-acetic acid solutions to neutral pH buffer solu-
tions will induce a sol-gel transition, and the material will
rapidly form a gelled network of collagen microfibers. This
fibrillogenesis reaction is rapid, but it can be controlled by
adjusting sodium phosphate and collagen concentrations. In
the context of the use of miscible, multiphase flow to gener-
ate slender fibers of collagen, we have expelled streams of
collagen solution into 10x phosphate-buffered saline (PBS)
solution at 37oC. The protein solution was rat tail collagen
type I at 9-10 mg/ml in 0.02 N acetic acid, pH 3.5.

Because the collagen solutions are less dense than the
PBS solutions, the pendent drops were initiated in an in-
verted orientation, and the injection of collagen was upward
into the media. The fiber produced is shown in Figure 12 to
be very uniform in diameter and on the order of 65 µm in di-
ameter, making the swollen diameter of the fiber on the order
of the orifice diameter. The photographs also demonstrate
the ability of the miscible multiphase flow injection scheme
to produce highly oriented and uniform fibers. This process
is particularly interesting in the case of collagen, since these
solutions are inelastic and difficult to process into fibers with
spinning operations. Highly oriented collagen has important
advantages when fibers are used in medical applications. In
particular, the highly oriented collagen fibrils induce “cell
guidance” for cells growing on their surface. This guided
growth is shown in Figure 4(a) of Lai et al. [24], where
they present an SEM image of a single fibroblast cell that
is attached to the collagen fibril surface and elongated along
the fibril longitudinal axis. The ability to guide the orien-
tation and migration of cells is critical to the regeneration
of anisotropic tissue such as blood vessels, nerve guides,
and lymphatic tubes. The image in Figure 12 reveals that
the collagen fibrils produced in this fashion are remarkably
well oriented along the main fiber axis, and evidently, the
flow of this miscible jet produces large, elongational defor-
mations that are reminiscent of “filament stretching exten-
sional flow” (FISER) processes [27].

ejected upwards into the PBS solution. The fiber produced is shown in Figure
10(a) to be very uniform in diameter and on the order of 65 µm in diameter,
making the swollen diameter of the fiber on the order of the orifice diameter.
Highly oriented collagen has important advantages in the use of such fibers in
medical applications. In particular, the highly oriented collagen fibrils induce
“cell guidance” for cells growing on their surface. This guided growth is shown
in Figure 4(a) of Lai et al. [38], where they present an SEM image of a single
fibroblast cell that is attached to the collagen fibril surface and elongated along
the fibril longitudinal axis. The ability to guide the orientation and migration
of cells is critical to the regeneration of anisotropic tissue such as blood vessels,
nerve guides, and lymphatic tubes. The image in Figure 10(b) reveals that the
collagen fibrils produced in this fashion are remarkably well oriented along the
main fiber axis, and evidently, the flow of this miscible jet produces large, elon-
gational deformations that are reminiscent of “filament stretching extensional
flow” (FISER) processes [39].

(a) SEM (b) SEM

Figure 10: Collagen fiber formation from a jet of miscible collagen/acetic acid
solution issuing into a neutral PBS solution. (a) SEM picture of the resulting,
gelled fiber with a diameter of approximately 65 µm. Length scale is 50 µm.
(b) Close-up of the fiber showing highly oriented collagen fibrils along the jet
direction. Length scale is 10 µm.

4 Conclusions

The vast majority of previous work on miscible drop impact has explored
regimes where isolated, descending drops are presented to a bulk medium. The
resulting intricate drop shapes that evolve as a result of a small and diminishing
interfacial tension are then recorded. As mentioned above, Sharma et al. were
able to construct a phase diagram in the parameters of the viscosity ratio and
the impact Reynolds number that depicts transitions in drop shapes as these
dimensionless groups are varied. This work expands the parameter space by
also considering strong changes in the Weber number, which ultimately leads
to fiber formation.

Of particular interest are impaction measurements at low impact Weber
numbers – at least an order of magnitude lower than the values reported by
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Fig. 12: Collagen fiber formation from a jet of miscible collagen/acetic
acid solution issuing into a neutral PBS solution. (a) SEM picture of the
resulting, gelled fiber with a diameter of approximately 65 µm. Length
scale is 50 µm. (b) Close-up of the fiber showing highly oriented col-
lagen fibrils along the jet direction. Length scale is 10 µm.

4 Conclusions

The vast majority of previous work on miscible drop im-
pact has explored regimes where isolated, descending drops
are presented to a bulk medium. The resulting intricate drop
shapes that evolve as a result of a small and diminishing
interfacial tension are then recorded. As mentioned above,
Sharma et al. were able to construct a phase diagram in the
parameters of the viscosity ratio and the impact Reynolds
number that depicts transitions in drop shapes as these di-
mensionless groups are varied. This work expands the pa-
rameter space by also considering strong changes in the We-
ber number, which ultimately leads to fiber formation.

Of particular interest are impaction measurements at higher
viscosity ratios – at least an order of magnitude higher than
the values reported by Sharma et al. [40]. In this regime,
a phase transition between drops that “break through” the
air/bulk interface and those drops that are “pinned” by the
interface is uncovered. The phase boundaries reported by
Sharma et al. identified different drop morphologies, and
they were particularly interested in the “toroidal-spiral” (T-
S) morphology similar to Figure 4(a); however, the viscosity
ratio used in that work ranged from 2≤ βη ≤ 14, and the im-
pact Weber number was in the range of 0.36≤Wei ≤ 4.41.

The phase boundary that we have uncovered is revealed
at much higher viscosity ratios (on the order of log10 [βη ]≥
2), while still being at a relatively low impact Weber num-
ber (on the order of Wei ≤ 1 ). As shown in the Section 3.2,
drops formed in this Wei regime have the possibility of being
“pinned” by the bulk interface and subsequently stretching
into a filament while pinned to the surface. Additional mor-
phological and dynamical transitions exist in the miscible
drop impaction problem, and this work has explored a few
of those transitions.
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