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Rheology of ordered foams—on the way to Discrete Microfluidics
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Abstract

Microfluidics is a rapidly developing field of innovation, which provides the chemical, medical and (bio)pharmaceutical industries with a
much more efficient substitute for the use of well plates, syringes, etc., to perform multiple manipulations and analysis of small samples. While
conventional, continuous microfluidics and the manipulation of individual nano-droplets in “Digital Microfluidics” are highly advanced, a
major new dimension is added by our work on the flow of ordered foam and emulsion structures in specifically designed channel geometries.
We show experimentally and computationally, utilizing both the quasi-static and Viscous Froth models, how the interplay between channel
g fficient way.
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eometry and ordered foam/emulsion structures can be used to process tiny amounts of gases or liquids in a highly reliable and e
e have termed this method “Discrete Microfluidics” and will introduce its various aspects in this paper.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The handling of small quantities of liquids and gases has
oved into the focus of various technological fields, ranging

rom pharmaceutical, medical and biological applications to
rinting. Many of its challenges are met by quickly advancing
icrofluidic technologies[1–8], which utilize an assembly of
icro-channels and detectors on small chips to manipulate

iquids by various means. TheseTotal Analysis Systemsare
t the verge of replacing traditional macro-sized labs with
abs-on-a-Chip[1,9,10], which contribute to an extraordi-
ary down-scaling of spatial and financial requirements in a
lethora of fields. However, even though the field of microflu-

dics has seen astonishing leaps in its development in recent
ears, important issues remain unsolved and have proven to
e very difficult to tackle within the framework of traditional
ethods[2,11].
New advances have been made in using individual

roplets, rather than continuous liquids, for the purpose of
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controlled transport and mixing. This method was ter
Digital Microfluidics [12].

With our background in the physics of foams, we t
the digital approach an important step further by utiliz
the manipulation of ordered foam and emulsion struct
in specifically designed channel geometries. An illustra
example is shown inFig. 1, where an ordered foam structu
of two rows of samples is split into two separate individ
rows by pushing it through a Y-shaped channel on a chi

The possibility of sorting the discrete cells of a two-ph
system purely by moving the samples through specific c
nel geometries is a result of one of the most fundam
physical principles: minimization of energy. At low flow v
locities the energy of a two-phase system is well represe
by its interfacial area and therefore by its structure[13]. For
higher flow velocities, the viscous dissipation between
foam/emulsion and the channel walls becomes increas
important and has to be included in the energy balance
Section5).

By trapping foams or emulsions in channels of purp
designed geometries, specific boundary conditions are f
upon the two-phase system, which act to select parti
sample arrangements. As the samples move through the
nel, their structure undergoes well-defined transitions, w
927-7757/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Example of the flow of ordered foam structures in a quasi-2D channel
geometry. A Y-shaped channel can be used to split rows of bubbles.

can be utilized for sample manipulation in various ways (see
Section4).

This method, which we have termedDiscrete Microflu-
idics, has many advantages over current practice, of which
some of the most striking are:

• Since Discrete Microfluidics is based on the minimiza-
tion of interfacial area, the samples can either be gaseous
(foam) or liquid (emulsion) for the same channel geome-
try.

• If diffusion between the sample is prohibited, an indefinite
number of them can be treated on the same chip.

• As most of the sample manipulation is based on pure ge-
ometry, the number of movable (and hence sensitive) parts
on a chip can be greatly reduced.

• Due to the discrete nature of the method, sample manip-
ulation becomes very reliable and quantifiable. Samples
can be labeled and traced easily throughout the chip.

• The minimization of interfacial area of a structure can be
modeled more easily than the complex fluid dynamics of
continuous (micro)fluidic processes. Hence, a major part
of the channel design can be done by computer simulation,
rather than expensive trial and error experimental proce-
dures (see Section4.1).

• A well-know problem of traditional microfluidics is the
lack of an efficient link between the micro-chip, the micro-
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• generation and magnetic manipulation of ferrofluid foam
structures[14];

• precise bubble size control by applying magnetic field gra-
dients during bubble generation in a ferrofluid[15];

• detection of films and measurement of bubble volumes
using local conductivity measurements[15].

In this article we focus on the rheology of ordered two-
phase structures in various confining geometries, combining
experiments and computer simulations. At the outset we give
a brief introduction to ordered foam structures (Section2)
followed by a description of the experimental set-up and pro-
cedure.

The simulations and experiments considered here are of
two-dimensional (2D) and quasi-2D nature, respectively. Ex-
perimentally this is achieved by working with channel sys-
tems in which one of the length scales is significantly smaller
than the other two. In our case this provides a system com-
prised of mono-layers of bubbles or droplets, which has many
advantages over true three-dimensional systems. Not only
does it significantly simplify the observation, analysis and
modeling, but it is more straightforward to manufacture with
lithographic, stamping or carving techniques.

Most of the experiments described here can be success-
fully modeled by considering them to be in the quasi-static
regime, as demonstrated in Section4 by comparing experi-
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t ighly
arrays (well plates) and sample storage. Our techno
unifies these in a straightforward way (see Section6).
If the sample material is chosen such that it make
a small volume fraction of the two-phase system,
sample material can be greatly reduced whilst m
taining reasonably large channel sizes. This is par
larly interesting for analysis methods requiring the
of solid particles (beads), which would clog up sm
channels.

Arranging the various channel elements in a netw
hich integrates sample generation, analysis and sto
rovides a straightforward way of designing Total Analy
ystems.
Another dimension of manipulation is added by us

agnetic fluids and appropriately designed magnetic fi
hese can be utilized for
ents and computer simulations. However, aiming for
ample throughput in applications demands the consider
f viscous effects in foam rheology. In Section5 the viscous
rag of foam films along the channel walls at high foam fl
elocities is taken into account by modelling the flow w
he “Viscous Froth Model”[16]. Despite its simplicity, thi
odel has proven highly successful in reproducing the
erimental observations.

All investigations reported here were conducted on
illimeter scale. It remains to be seen how easily the p

iples introduced here can be applied on the length s
equired by microfluidics. Initial experiments on orde
icro-emulsions[17] and micro-foams[18] have been ver

uccessful. We would like to emphasize, however, that no
ry promising application requires microfluidic dimensio
ven on millimeter scale we envisage interesting oppo
ities, for instance in the production of medical pills,
nalysis of environmental gas samples or blood sample

After Section2we will only talk about foams and bubble
s most of our experiments have been conducted with t
he reader should keep in mind, however, that the introd
ethods should equally apply to emulsions and droplets[19].

. Ordered foam and emulsion structures

Due to their complex energy landscapes, foams are g
lly highly disordered. However, if bubbles of equal volu
re introduced into regular containers of cross-section

he order of a few bubble diameters, they arrange in a h
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Fig. 2. Ordered foam and emulsion structures in cylindrical tubes. The topol-
ogy of the periodic bubble arrangement depends on the ratio of the bubble
(droplet) diameter to tube diameter. (The emulsion consists of silicone oil in
water stabilized by “Fairy liquid” dish washing solution.)

ordered and predictable manner[20–22,14]. Fig. 2 shows
photographs of some simple cases of these structures gener-
ated with foams and emulsions in cylindrical tubes. The spe-
cific topology of the periodic bubble arrangement depends
on the ratio of the tube diameter to the bubble or droplet di-
ameter. Computer simulations using the Surface Evolver[23]
successfully reproduce these patterns[13].

Classification of these structures is achieved by employing
the (cylindrical) phyllotactic notation [i,j,k] of the hexagonal
pattern formed on the surface of the container[20].

In two-dimensional systems these ordered structures
reduce toi columns of bubbles, which we classify with the
notation [i]. Fig. 3shows an experiment of a series of highly
localized transitions between consecutive structures of a
mono-disperse foam continuously flowing through a wedge-
shaped, quasi-2D channel (transitions: [1]→ [2] → [3] →
[2] → [1]). The experimental set-up is described in more
detail in Section3.

The image displays a very strong hysteresis between the [i]
→ [i + 1] and the [i + 1] → [i] transition. The ratio of bubble

Fig. 4. Experimental data showing the ratio channel width/bubble diameter
as a function of liquid fraction for the wedge-shaped quasi-2D channel dis-
played inFig. 3. Computer simulations for the perfectly dry foam fit very
well to the data.

diameter to channel width at which the transitions occur, and
the magnitude of the hysteresis, depends very much on the
liquid fraction of the foam. The wetter the system is, the less
hysteresis plays a role, as the foam can explore its energy
landscape more easily. A similar system has been investigated
for wet foams by Rosa and Fortes[24].

Fig. 4 shows experimental data of the channel width to
bubble diameter ratio for the transitions shown inFig. 3 for
various liquid volume fractions. It is clear that the amount
of liquid in the foam structure has a significant effect on the
ratio at which these transitions occur. Computer simulations
for the dry limit (φ = 0), using the Surface Evolver[23], fit
very well to the experimental data.

A thorough understanding of these transitions is crucial for
a successful application of Discrete Microfluidics. In order to
manipulate and analyze samples and sample structures in net-
works of channels, it is important to be able to predict and con-
trol the type of structure present at any point in the network.

3. Experimental set-up and procedure

Here we work with quasi-2D systems of typically
0.5–1.5 mm channel depth and up to 10 mm channel width.
For exploratory investigations these channels are created us-

as a r
Fig. 3. Transitions between ordered 2D foam structures
 esult of foam flowing through a quasi-2D, wedge-shaped channel.
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ing a simple “sandwich” system of a plane rubber sheet be-
tween two glass plates. Channels of arbitrary shape can easily
be cut into the sheet using, for instance, a sharp razor blade.
This leads to the side walls of the channel being a rubber
surface and the top and bottom wall being glass surface.

For quantitative investigations, the channel geometries are
designed in Autocad and then carved into a plane Plexiglas
sheet. This is glued onto another plane Plexiglas sheet in or-
der to close the channel system. In these types of channels all
walls are Plexiglas, which provides constant surface proper-
ties throughout the system (Series S402).

Bubbles of equal volume are generated by injecting
nitrogen gas into Fairy Liquid-dish-washing solution of
0.4% concentration. We use nitrogen gas because of its low
diffusivity in water, which greatly reduces the coarsening
of the foam[13]. The bubbles are collected in a vertical
capillary, diameter of which is chosen such that the bubbles
arrange in a “staircase” structure (seeFig. 2) [20]. This
is because unlike the “bamboo” structure (seeFig. 2), the
staircase structure allows liquid to drain easily. We use this
in order to set the liquid volume fraction in the foam by
applying forced drainage[13] at the top of the capillary. Once
the volume fraction is set, the capillary is quickly moved into
a horizontal position to avoid further drainage. Choosing
the capillary radius as small as possible reduces the amount
of vertical drainage in the foam while it is held horizontal.
T pply
a ugh
t gen)
p

t im-
a rent
c and
t s the
fi . The
b sing
s hting.

The reader should keep in mind that surface Plateau bor-
ders are formed wherever films are attached to the channel
walls. This not only has an effect on the apparent film thick-
ness, but also on the flow properties of the foam. It is a 3D-
effect and can be neglected for most of the cases considered
here. For higher flow velocities, however, it has to be taken
into account (see Section5) [26].

4. Quasi-static foam rheology in confined geometries

We showed in Section2 that the structure of an ordered
foam is determined by its confining geometry. Hence, by de-
signing channels or containers of specific geometries, we can
not only control the structure of the foam, but we can use it
to perform “logic operations” on the bubbles as the structure
flows through these channel elements.

In the following we give a brief introduction to the quasi-
static computational modeling employed for low foam flow
velocities, before demonstrating how simulation and ex-
periment are combined in some examples of channel el-
ements. These should be thought of as individual “build-
ing blocks” for a more complex network of channel ge-
ometries performing specific tasks of bubble manipula-
tion.
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he horizontal capillary is placed between a pressure su
nd the channel system. This foam is then driven thro

he channel system by applying a constant gas (nitro
ressure at the inlet. For a sketch of the set-up seeFig. 5.

Images are recorded with a digital camera. The bes
ge quality is achieved by placing the horizontal, transpa
hannel system between a diffusive, bright light source
he camera. Due to the curved nature of the interface
lms and vertex boundaries appear black in the images
ottom part of an overhead projector covered with a diffu
heet has proven to provide the most homogeneous lig

ig. 5. Setup for 2D-foam rheology: Quasi-2D channels are carved int
ubbles are injected into the horizontal channel system from a capill
rojector topped with a light-diffusing sheet. Images and videos are
sing ImageJ[25].
.1. Computational modeling

Computer simulations are vital for the efficient desig
hannel systems and to test our physical models of foam
oam flow. For many of our purposes it is sufficient to ap
D simulation[27].

Simplification can be taken further by modeling perfe
ry foams. In such a system, films are represented by
edges) and vertices by the points at which these edges
he wetness of the foam can then be accounted for b

usting the critical edge-length at which neighbor-switch

xiglas sheet, which is then glued onto another plane Plexiglas sheet. Misperse
applying a constant gas pressure. The system is lit from below withead
d with a digital camera from above and subsequently analyzed on tter
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processes between bubbles occur. The wetter the foam, the
longer this critical length.

For reasonably low flow velocities we can assume quasi-
static flow, whereby simulations proceed by a process of small
increments in position and energy minimization, allowing the
foam structure to move via a sequence of equilibrium states.
This can be done with the software package Surface Evolver
developed by Brakke[23]. The required 2D foam structure is
pushed through the channel in this way boundaries. After each
step the total line length (energy) of the system is minimized,
whilst keeping the bubble volumes constant.

For low flow velocities this procedure has proven very
successful in reproducing the experimental observations. For
higher velocities, however, viscous drag acting on the surface
Plateau borders has to be taken into account. The magnitude
of the critical velocity at which the quasi-static approach
breaks down and the flow becomes dominated by viscous
forces depends on various parameters, of which the most im-
portant are the liquid fraction and the channel depth. Much
of the work reported in Section5 attempts to explore this
dependence.

4.2. The Y-junction

Branching channels can be used to maneuver bubbles into
different parts of a network or to (re)combine them. The ratio
of the channel widths of the branches determines the “sorting
algorithm”.

An example is demonstrated inFig. 6(a), where one chan-
nel containing two rows of bubbles is split into two channels
containing one row of bubbles each.Fig. 6(b)shows an image
of a computer simulation for this device.

These processes are perfectly reliable and reversible. The
reversibility is demonstrated inFig. 6(c). Here a double row

Fig. 6. The Y-junction. (a) Experiment and (b) simulation of a channel ge-
ometry which divides a structure of two rows of bubbles into two structures
containing one row of bubbles each. The reversibility of this process is
demonstrated in (c).

of bubbles is split into two individual ones, which are then
recombined to form the same double row structure as initially
present. This type of channel could furthermore be used to
introduce a well-defined phase shift between the two rows
of bubbles by choosing an appropriate length difference be-
tween the two separate branches.

4.3. The flipper

Specifically designed local narrowings or bulges in a
channel can make use of consecutive transitions between
structures to re-arrange bubbles within one channel.Fig. 7
shows experiments and simulations of two typical examples
in which one or two “Gaussian bumps” cause a [2]→ [1] →
[2] transition, during which the bubbles are re-arranged so
that the two rows of bubbles switch sides in the channel.

Care has to be taken in choosing the initial configuration
of the staircase structure. When the foam flow is set up, one of
the bubble rows will be in advance of the other by one bubble
at the very beginning of the foam structure. Depending on
whether or not this is the first row which hits the “bump”, the
channel element may or may not switch them. More thought
will have to go into a design that will work independently of
this initial condition.

4.4. The magic cross

Bubbles can easily be added, removed or replaced in a
structure using T-junctions or intersections of channels with
individually controlled flow/pressure.

An example of a very versatile device is demonstrated
in Fig. 8. Two intersecting channels contain a single row of
bubbles each. The main flow occurs in the horizontal channel
from left to right. If the top of the vertical branch is closed
(so that the system is equivalent to a T-junction), appropri-
ate pressure pulses or pressure drops applied to the bottom

Fig. 7. The Flipper. (a) Two “Gaussian bumps” or (c) one in a channel can
be used to provoke controlled [2]→ [1] → [2] transitions, which result in a
re-arrangement of the bubbles such that the two rows of bubbles are switched
within a single channel. (b) is a computer simulation of the experiment shown
in (a).
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Fig. 8. The magic cross. Two crossing channels each contain a single row of bubbles. The bubbles in the horizontal channel flow continuously. Upon the
application of an appropriate pressure pulse in the vertical channel, a bubble from the horizontal channel (light gray) can by replaced with a bubble (dark gray)
from the vertical channel.

branch result in the controlled injection or removal of bub-
bles to/from the main channel. If the top branch is open, as
in the example shown inFig. 8, a well-timed pressure pulse
results in a bubble from the main channel (light gray) be-
ing replaced by a bubble from the crossing channel (dark
gray).

Devices of this type could be used to inject tracer bubbles
in a network, or to remove “bad” bubbles which failed a
test at a detector. Moreover, they could be used to construct
specific sequences of bubbles containing different chemical
substances. A controlled breaking of films at a later stage
could provoke chemical reactions or the mixing of minute
quantities of gases or liquids.

4.5. Around the bend

The flow around a tight bend exerts a localized shear on the
staircase structure, which can be used to induce one or more
neighbor-switching processes between adjacent bubbles. If
applied continuously, this results in an effective phase shift
of the bubble rows; i.e. the inner row is shifted with respect
to the outer one.

Fig. 9 demonstrates an example in which one neighbor
switching process is trapped in a U-bend: the gray bubbles
are initially separated by two white bubbles which touch each
o such
t uch-

ing gray bubbles. All the following bubbles are switched in
the same way, which introduces a phase shift of one bubble
between the two rows.

Unlike in the other devices it is not sufficient to employ
quasi-static modeling for a full understanding of the func-
tioning of this device. The initial switching process is trig-
gered by the local shear of the sample structure, which is
induced by the viscous drag on the walls and hence de-
pends on the flow velocity. In order to tackle this problem
we use the Viscous Froth Model[16], which has proven
very successful in reproducing experimental observations.
In this context we revisit the U-bend device, among oth-
ers, in Section5, giving a more extensive discussion of the
physics governing the operation of this device and the related
modeling.

5. Viscous foam flow

In order to meet the industrial requirements of high sam-
ple throughput on a Lab-on-a-Chip, it will be important to
consider the effect of high flow velocities in the devices in-
troduced in the previous sections.

Effects of the channel walls will become increasingly im-
portant compared to bulk effects as we go down to smaller
l mi-
n n of

F of the n d in Sec
5 ble be
ther. Going through the bend reverses this configuration
hat the white bubbles become separated by the pair of to

ig. 9. Around the bend. (a) Experiment and (b) computer simulation
. The neighbor switching process generates a phase shift of one bub
ength scales. At high flow velocities, an increasingly do
ant contribution is expected from the viscous dissipatio

eighbor switching process using the Viscous Froth Model, introducetion
tween the two bubble rows.
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Fig. 10. Forces acting on a film segment of lengthl in the Linear Viscous
Froth Model (Eq.(5.1)with α = 1). The dissipative force that opposes mo-
tion is proportional to the drag coefficientλ and the normal velocityv⊥. The
other terms are the pressure difference�P and the line tensionγ.

the films (surface Plateau borders) sliding along the channel
walls [26].

The majority of research to date has focused on quasi-
static models of foam rheology (as outlined in Section4),
which fail to reproduce important effects observed in some
high velocity experiments (see Section4.5). We are thus mo-
tivated to improve upon these models by considering some
of the viscous effects.

To meet these challenges, we use the so-called Viscous
Froth Model, which is a dynamical model describing the
evolution of 2D foams. It was introduced in the context
of domain growth[28], and has since been used to sim-
ulate the dynamics of isolated topological events such as
the relaxation of a foam system following a film rupture
[16,27,29].

In order to demonstrate the model’s predictive strength,
we apply it to the example of foam flow around the U-bend,
introduced in Section4.5. It successfully reproduces the qual-
itative effects observed in the experiment. First steps to es-
tablishing a quantitative relationship between simulation and
experiment deliver promising results, which we describe be-
low.

5.1. The Viscous Froth Model

The Viscous Froth Model (Fig. 10) equates the forces (per
u two
b

�

T
b he
g e
S
n ted
b es-
t rk
o t

al. [32]. Current research finds a range of values forα be-
tween 1/2 and 2/3, seemingly dependent on the mobility of
the interfaces of the foam[32–34].

Here we employ the “Linear Viscous Froth Model” by
settingα = 1. This allows for a much more tractable com-
putational model as outlined in[16], while still capturing the
essential viscous effects present in the system.

We implement the Viscous Froth Model in the Surface
Evolver software[23]. The Surface Evolver is a natural choice
as it provides all necessary book-keeping tools to keep track
of the discretization of the film network and to determine
the curvatures of the films. For a detailed discussion of our
implementation see[16].

5.2. Example of the Viscous Froth: foam flow around a
bend

We illustrate the power of the Viscous Froth Model by
applying it to foam flow around the tight bend introduced in
Section4.5.

Simulations using the quasi-static model show no
neighbor-switching process taking place in the U-bend,
which is consistent with the low velocity experimental re-
sult. In this limit, the foam structure looks as shown on the
left in Fig. 11, flowing around the bend without undergoing
any topological changes. Upon increase of the velocityv, the
viscous forces of the films being dragged along the top and
bottom plate become of the order of magnitude of the sur-
face tension force. Since the local velocity – and hence the
viscous force – increases towards the outer boundary of the
bend, an additional shear stress is imposed on the foam struc-
ture within the bend. For sufficiently high flow velocities this
leads to a clearly visible distortion of the structure, as can be
seen on the right inFig. 11. Simulations applying the Viscous
Froth Model reproduce this distortion very well (bottom row
of Fig. 11).

At a critical velocityvc the shortest film in the bend shrinks
to zero length, triggering the neighbor-switching process,
which is generally called a “T1” transformation. Before this

Fig. 11. Comparison of the distortion of a foam structure going around a
bend without neighbor switching of bubbles (T1).
nit length) acting at each point of a film separating
ubbles by

P − γc + λvα
⊥ = 0. (5.1)

his is an extension of the well-known Laplace equation[30]
y a viscous termλvα

⊥. �P is the difference between t
as pressures in the adjacent bubbles,γ the line tension (se
ection5.2), c the local curvature of the film andv⊥ is its
ormal velocity. The coefficient of viscous drag is deno
y λ. Analysis of the flow of individual bubbles in tubes

ablishedα = 2/3 [31], which is confirmed by recent wo
n quasi-2D foam flow by Cantat et al.[26] and Dollet e
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occurs, all cells have four interior films. Upon the flipping of
the film two pairs of five- and three-sided cells are generated,
of which one pair follows the foam flow and leaves the bend.
The other one moves into the bend to release the stress. This
new topology generates a succession of T1 processes for all
the following bubbles (seeFig. 9).

As discussed in Section4.5, this effectively shifts the two
rows of bubbles with respect to each other by one bubble. For
even higher velocities, the structure will again be increasingly
stressed until another edge flips to give a second T1. This can
be driven even further, withn T1 processes resulting in a
phase shift ofn bubbles between the two rows of bubbles.

With the Viscous Froth Model we can make a range of
predictions about the behavior of the system as a function of
various parameters, which can then be tested experimentally.
One of the key quantities of interest in this problem is the
critical velocityvc as a function of various system parame-
ters (e.g. bubble area, channel width and radius of curvature,
liquid fraction, etc.).

The direct measurement of critical velocities of this na-
ture in an experiment, however, are subject to significant er-
rors. We therefore consider the length of the critical film (see
Fig. 12). As the foam moves through the bend, the length of
this film decreases and then increases again, going through
a well defined minimum lengthL, which we measure as a
function of the foam flow velocityv. We use very dry foams
with a liquid fraction of less than 1%.v is increased very
slowly to provide quasi-steady conditions. By doing this we
can extrapolate to findvc for L → 0, and determine the drag
coefficientλ by fitting the numerical prediction to the ex-
perimental data. This is possible becauseλ acts as a scaling
parameter for the velocity in Eq.(5.1) (α = 1).

The computer simulation of the U-bend uses the phys-
ical parameters of the experimental system: channel width
= 7× 10−3 m, inner channel radius = 1.5 × 10−3 m, bubble
area = 1.86× 10−5 m2 and the line tension = 3× 10−5 J/m.
The line tension is the 2D analogue of the surface tension. It is
estimated for our system by multiplying the surface tension of
the solution (3× 10−2 J/m2) by the depth (0.5 × 10−3 m) of
the channel, and by the factor 2 in order to account for the fact
that each film consists of two interfaces. The drag parameter
λ is replaced by an arbitrarily chosenλsim = 1 kg m−1 s−1,
and later determined by fitting the experimental and computa-

Fig. 12. We measure the shortest edge lengthL as a function of foam flow
velocityv around the U-bend. If this edge gets short enough, a T1 neighbor
switching process occurs.

tional data. The foam is pushed around the bend at a range of
velocities lower thanvc whilst keeping track of the minimum
line lengthLsim (Fig. 12).

The simulation data is fitted to a power law

Lsim = avb
sim + d, (5.2)

usinga,banddas fitting parameters. We obtain values ofa =
−1.26× 10−3 s,b = 1.29× 10−3 andd = 1.98× 10−3 cm.
To estimate a value forλ we fit our experimental data with
the function

Lexp = a(2λvexp)
b + d (5.3)

where the factor 2 takes into account the drag occurring on
the top and bottom plates.

From this procedure we obtain the value ofλ ≈
14 kg m−1 s−1. Fig. 13 shows an example of experimental
and simulation data, in which the latter was rescaled using
the obtainedλ parameter.

A direct comparison of this value with previous estimates
for the viscous drag[31,26] is not straightforward. For ex-
ample, using a different value ofα in Eq. (5.1) changesλ.
However, this estimate ofλ will assist in the design of future
experiments, which will also aim to establish a relationship
betweenλ and the liquid fraction of the foam.

5.3. Further considerations

Despite the good agreement between experiment and sim-
ulation, there are some important aspects arising from this
work which deserve more attention in attempting to test the
potential and limitations of the Viscous Froth Model. We
briefly illustrate the most important ones in the next sections.

5.3.1. Relaxation times
Viscous dissipation has a significant influence on how long

it takes a 2D-foam to equilibrate[16]. In order to provide

Fig. 13. Determination of the viscous drag parameterλ through fitting data
from viscous froth simulations to the experimental results. The critical veloc-
ity is found to bevc = 0.19 cm/s The minimum film length for zero velocity
corresponds to the quasi-static simulation result.
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quasi-steady conditions in experiments, it will be important
to understand the magnitudes of the various time scales in-
volved.

Fig. 14 shows an example of how measurements of the
minimum film lengthL (introduced in the previous section)
change, if the foam flow velocityv is increased too quickly.
In series 2,v was increased more rapidly than in series 1,
leading to significantly longer lengthL for the same velocity.
We assign this to the fact that the foam velocity changed more
quickly than the foam could equilibrate. Hence, we deal with
“out of equilibrium processes”, which seem important in the
physics of foam flow and will have to receive much closer
attention in future research.

5.3.2. Rules of equilibrium
The physics of dry 2D foams is governed by two important

equilibrium rules[13]:

(1) films are arcs of circles, whose curvature is determined
by the pressure drop across the edge;

(2) films meet each other three-fold at equal angles of 120◦
and they meet the container boundary at 90◦.

For flowing foams in which viscous effects are important,
it is obvious that (1) can not hold, as the drag force varies
along a film, depending on its orientation to the flow direction.
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locities. The drier the foam, the more evident this becomes.
Fig. 15 illustrates this effect for a dry and a wet staircase
structure. The measurements are taken for the same chan-
nel cross-section (0.5 mm× 7 mm) and material used for the
U-bend in Section4.5. They seem to suggest a linear rela-
tionship between the angle deviationδ and the flow velocity
of the foam, the slope depending on the liquid fraction.

Various factors may come into play here, examples be-
ing the finite size of the Plateau borders and vertices, or
Marangoni effects[35]. The most important influence is
expected from the viscous drag caused by Plateau borders
sliding along the side walls and corners of the channel,
which has not been included in the Viscous Froth simulations
yet.

For the highest velocities considered here, it furthermore
seems that the interior angles deviate from the 120◦. For an
example seeFig. 16. The word “seems” is used in this context
because the precise angles at the vertex are very difficult to
determine due to the curved nature of the edges.

In the present model, only normal forces acting on the
edges are taken into account. Recent work by Cantat et al.
[26] confirms that this is indeed a good approximation for
dry foams at low foam flow velocities. At higher velocities,
however, the liquid transport along the Plateau borders might
contribute to a significant tangential viscous force. Unlike
the normal force, this would have an effect on the angles at
v
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Rule 2, however, is always obeyed for the infinitely
oams employed in our simulations[16]. To see this, consid

small control area around a vertex which is subjecte
he pressure, surface tension and drag forces imposed
dges. If we now make the control volume infinitely sm
nly the surface tension forces remain. As they are e

or every edge, the angles between the edges must be
hich gives 120◦ for interior vertices and 90◦ for vertices a

he wall.
The experimental situation is more complex. The m

triking deviation concerns the angles of vertices at the
hich differ notably from 90◦ even for low foam flow ve

ig. 14. The effect of a long relaxation time on a foam in a quasi-2D g
arkedly on how quickly the foam is accelerated.
,

ertices, as it acts parallel to the surface tension force.

.4. The future of modeling viscous effects in foams

Using the simple experimental setup of an ordered, q
wo-dimensional foam structure flowing around a tight be
e have been able for the first time to qualitatively and q

itatively test the predictive strength of the Viscous Fr
odel. Even though these investigations are preliminary
elieve that the results given here already demonstrat
uccess of the Viscous Froth Model. Despite its simpli

y: The variation of the minimum film lengthL with foam flow velocityv depend
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Fig. 15. The angles between films and channel walls deviate notably from the predicted 90◦. This deviationδ increases very linearly with the foam flow velocity
v. The slope depends significantly on the liquid fraction of the foam.

we find excellent agreement between experiments and sim-
ulations to the extent that we can employ the Viscous Froth
Model to extract physical parameters like the viscous drag
coefficientλ of a foam film sliding along a surface. It re-
mains to be seen how thisλ compares to similar experiments
like those of Cantat et al.[26], keeping in mind that we have
chosenα = 1 in Eq.(5.1).

Above all, it will be important to understand the detailed
nature of the dissipation mechanism, in particular the role of
the bulk versus interface properties and the liquid fractionφ.
Fortunately, modern research provides us with a vast range
of liquids, surfactants and polymers to use as building blocks
for thorough investigations of the individual parameters of in-
terest. In this process it will be equally important to establish
values for the exponentα in Eq. (5.1). The quantification of
an appropriate 2D liquid fraction and its measurement, how-
ever, is still an open problem, which needs to be addressed in
this process.

Fig. 16. For high flow velocities the interior angles of a 2D foam appear to
deviate from the predicted 120◦. Example: Plexiglas channel, width: 7 mm,
depth: 0.5 mm, flow velocityv = 15 mm/s.

Understanding the precise interplay betweenλand the var-
ious relevant system parameters should enable us to purpose-
design channel elements on the computer using the Viscous
Froth Model. For this and other purposes it will be necessary
to establish quantitative criteria of the various approximations
that can be applied in the modeling of the foam flow. Current
research by Dollet et al.[32] indicates that the capillary num-
ber Ca= ηv/γ (ratio of viscous and surface tension forces)
by itself may not be a sufficient parameter, as originally ex-
pected. Their experiments show, for instance, that the foam
velocityv and the liquid viscosityη have to be considered as
independent parameters.

We have demonstrated some effects which cannot be
accounted for within the Viscous Froth Model. It will be
important to understand their significance in order to de-
cide under which conditions they can be neglected or how
they could be implemented into the existing model. Partic-
ularly important may be the implementation of additional
drag conditions for the side walls. Guidance in the explo-
ration of the true nature of the various effects may come
from extensive research carried out on the motion of bub-
bles and bubble trains in tubes of various cross-sections
[31,36–40,26].

Further questions arise regarding the dissipation of the T1
process itself. If a continuous pressure is applied to drive
the foam through the channel, small pressure jumps should
o ion
a This
m in a
f

ccur during a T1. Their magnitude would give informat
bout the amount of energy dissipated in a T1 process.
ay provide additional insights into the bulk dissipation

oam.
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6. Sample storage and analysis

Traditional microfluidic systems lack an efficient connec-
tion between the microfluidic chip, the micro-assay (well-
plate) and sample storage. Our proposed technology solves
this problem very naturally, as all three requirements can be
accommodated and easily connected using the same technol-
ogy, namely purpose-designed channel geometries on appro-
priate chips.

Possible examples are plentiful. An obvious geometry for
a combined micro-assay and storage device, replacing tradi-
tional well plates, would be a serpentine channel containing
a single column of samples structure.Fig. 17shows an ex-
ample of this type of device with two rows of samples in the
channel. Another promising possibility may be to arrange a
spiraling channel on a chip of conventional CD format. This
would allow to built on the knowledge and technology al-
ready developed for traditional CD purposes.

If the channel system is sealed properly and diffusion be-
tween samples prohibited, the system can be stored for a very
long time. These timescales depend on the chemistry of the
system and could last up to weeks, months or even years[13].

7. Conclusions and outlook

In this paper we introduce a novel method of sample
manipulation for microfluidic applications, based on the
interaction between ordered sample structures and chan-
nel geometries. We have termed this technology Discrete
Microfluidics.

We believe that the proposed method will have many ad-
vantages over current practice. It may not only solve several
of the problems encountered in fluid or gas sample handling,
but also has the potential to generate a plethora of exciting
new possibilities of sample manipulation, analysis and stor-
age. In an attempt to give an overview of the basic ideas
of Discrete Microfluidics we could only touch on a few of
these issues. Various aspects of the method will have to be
thoroughly investigated in the future in order to explore the
feasibility of the proposed technology for the vast range of
possible applications in this field.

Fig. 17. Example of a channel arrangement which could be used for sample
storage and analysis purposes.

Most importantly, we have to find out about possible
problems entailed in down-scaling the proposed methods to
the scales required by microfluidics. The generation of or-
dered foam structures in micro-channels has been success-
fully demonstrated by Garstecki et al.[18]. We would like
to emphasize, however, that not every promising application
requires microfluidic dimensions.

The investigation of various surfactants will become a key
issue for chemically sensitive applications. Chemists have
provided the research community with a broad range of sur-
face active molecules (ionic and non-ionic), from which ap-
propriate surfactants can be chosen. The food industry is a
major driving force in developing foams and emulsions sta-
bilized by particles instead of molecules.

An associated question is that of diffusion of chemicals
between the samples. The continuous phase will have to be
chosen very carefully to prohibit or reduce diffusion. In some
cases, however, it might be of interest to allow a certain
amount of controlled diffusion for mixing purposes.

For some applications it might be advantageous to use the
continuous phase as sample material. The volume of the often
expensive substances could then be reduced easily down to
0.5% of the channel volume, whilst keeping reasonably big
channels.

The implementation of magnetic fluids and specifically
designed magnetic fields adds an additional dimension of re-
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ote manipulation. We have demonstrated its usefulne
ample generation[15]. Using ferrofluids for the continuou
hase allows to deform and twist sample structures, to
oke transitions between them and to locally vary the vol
raction using magnetic fields[14].

In our simple, large-scale geometries it is possible to m
he sample structures by applying a pressure at the inlet
hannel system. For more complicated networks on sm
cales this will not be sufficient. Alternative methods
ave to be developed. These could either be based on me
lready used in continuous or digital microfluidics, or exp
ome of the particular strength of the discrete nature o
ystem. Magnetic fluids, for instance, could be employe
rive the structures through the channels using traveling
etic fields. For this purpose, the magnetic fluids could e
onstitute the continuous phase or a certain number o
ispersed samples. These magnetic droplets could eas
dded to, and removed from, an existing structure using

nstance, the magic cross proposed in Section4.4. Dielectric
edia in combination with electric fields might prove equ
romising.

For future applications it will be essential to design m
ds for the controlled merging and splitting of samples. U

asers to “pop” individual films between samples has pro
ery successful for foams[41]. The development of chann
ections with adjustable wetting properties may be ju
romising.

The minimization of interfacial energy and the forces
ociated with it could be utilized for various other aspe
ne of the more obvious examples would be the desig
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valves. If a channel geometry is designed such that the inter-
facial area of a structure increases or decreases more quickly
by moving in one direction or another, it could potentially be
used as a rectifier.

At some stage it may be interesting to consider bi-disperse
or poly-disperse foam or emulsion structures to obtain well
controlled ratios between sample volumes. Generation of
these structures maybe realized, for instance, by employing
traversing pins[42,43].

In the long run it would be useful to create dynamic chan-
nel designs, which can change shape to adjust to the required
task. For instance, the “bump” in the switching element in
Fig. 7(c) could be varied in shape depending on whether
sample rows have to switch sides or not. Again, magnetic
fluids might be a very promising candidate for this purpose.

In summary, we have introduced scientifically and com-
mercially attractive tools for the handling of small liquid and
gas samples. We have shown that these systems can be mod-
eled successfully by taking advantage of quasi-static model-
ing (Section4) and the Viscous Froth Model (Section5) in
the appropriate velocity ranges. We have been able to demon-
strate the key features of these systems and are looking for-
ward to exploring the vast landscape of scientific and applied
opportunities opening up in front of us.
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