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The term liquid bridge refers to the specific silhouette of a liquid volume when it is placed between two solid
surfaces. Liquid bridges have been studied extensively both theoretically and experimentally during the last
century due to their significance in many technological applications. It is worth noticing that even today new
technological applications based on liquid bridges continue to appear. A liquid bridge has a well-defined surface
configuration dictated by a rigid theoretical foundation so the potential of its utilization as a tool to study surface
properties of liquids is apparent. However, it is very scarce in literature that the use of liquid bridges is suggested
as an alternative to the well-established drop techniques (pendant/sessile drop). The present work (i) presents
the theoretical background for setting up a liquid-bridge based surface property estimation problem, (ii) de-
scribes the required experimental equipment and procedures and (iii) performs a thorough literature review
on the subject. A case with particular interest is that of liquid bridges made of electrically conducting liquids
forming between two conducting solids; such a liquid bridge presents an integral electrical conductance value
which is sensitive to the specific silhouette of the bridge. This enables the use of this integral conductance as
shape descriptor instead of the conventional image processing techniques. Several attempts in literature for
the estimation of liquid surface tension, liquid–solid contact angle and surfactant induced surface elasticity for
conducting or non/conducting liquids are presented and the prospects of the technique are discussed.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Small liquid amounts connecting two solid surfaces, apart by a short
distance, are defined as liquid bridges. These solid surfaces can be
surrounded by a gas phase or can be immersed in another liquid immis-
cible to that of the liquid bridge. The present work refers mainly to the
first case which is the most common. The theoretical and experimental
study of these liquid formations has been very extensive during the last
tsios).
century. The shape of liquid bridges of pure liquids is determined by in-
termolecular forces (liquid to liquid molecular interaction determines
surface tension whereas the three phase contact line is additionally
influenced by liquid to solid molecular forces), by gravity and by exter-
nal fields such as an electrostatic one. Although liquid bridges refer to
small liquid volumes, they can be found in a range of size scales. Regard-
ing the upper size scale there is a limit at the physical dimension of
about 1 cm. At this size, gravity causes spontaneous collapse of liquid
bridges. Even in the absence of gravity (space station experiments or
by density matching with the surrounding fluid) there is the so-called
Rayleigh stability limit at which some oscillation modes of the bridge
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become unstable leading to its disintegration to droplets. For bridges
smaller than about 1 mm the effect of gravity is negligible and intermo-
lecular forces completely dominate their shape. There is no lower limit
to the bridge physical size beyond that imposed by themolecular nature
of the liquid. The situation in the presence of surfactants is much more
complex. These molecules not only affect the equilibrium surface ten-
sion of the liquid but also bring about a dynamic interfacial behavior
of the bridge as they diffuse slowly from the bulk of the bridge towards
the gas–liquid interface.

There are many technological applications where liquid bridges are
encountered. A non-exhaustive list includes processes such as granula-
tion, flotation and coating [1–3]. In mechanical engineering, liquid brid-
ges allow control of forces in micro-gripping processes [4]. In geology,
liquid bridges determine the properties ofmoist soil. They are also relat-
ed to the tertiary oil recovery from porous media. A particular recent
area of interest refers to self assembly of particles for which surface
tension is the main driving force [5]. New technologies for fabrication
of micro-electromechanical systems based on liquid bridges have been
proposed [6]. Liquid bridges have been employed as dispensing devices
inmedical applications [7]. Liquid bridges formed between the tip of the
atomic force microscopy probe and the analyzed sample (in humid
environment) affects significantly the measurements [8,9]. Despite the
plethora of experimental and theoretical studies on liquid bridges it is
surprising that very few refer to the presence of surfactant in the liquid
bridge [10,11]. On the contrary, many works deal with the stability of
the bridge with respect to stretching [12], air shearing [13] or
thermocapillary effect [14]. The attempts of using liquid bridges as diag-
nostic tools to estimate liquid or surfactant properties are very limited.
As a matter of fact, only one work apart from those examined in detail
below was found to refer to a qualitative assessment of the rheological
properties of biological fluids [15].

Here some ideas are presented on using liquid bridges as vehicles to
measure surface properties of liquids and the up to now progress is
reported. It is well established that the shape of a liquid bridge depends
on surface properties. So the main idea lies at the possibility to deduce
surface properties by tracing this shape. The straightforward way
would be to employ optical images of a liquid bridge and to process it
appropriately through the solution of the Young–Laplace equation.
This technique is similar to the respective technique developed for pen-
dant drops [16,17]. However, optical imaging is hampered by inevitable
ambient vibrations which blur the bridge shape lowering the accuracy
of determinations. Proper illumination conditions yielding high contrast
at the bridge borders, high resolution of optical and digital devices and
slow image recording/processing steps are further drawbacks of this ap-
proach. A different (integral) technique is based on themeasurement of
forces produced by liquid bridges between the two supporting solid
surfaces. This type of measurement suffers excessively from ambient vi-
brationswhich cause stability problems and add high background noise
to force measurements lowering the accuracy and requiring extensive
data filtering [18]. Another integral technique measuring a property in-
dicative of the shape of a bridge is based on the liquid bridge's electrical
conductance. This is a much simpler technique than optical imaging or
force measurement and calls for passing low intensity alternating
electrical current through the bridge and measuring current intensity
and voltage. This technique must be not confused with the extensively
studied application of electrical fields to create/stabilize liquid bridges
of dielectric or slightly conducting liquids [19,20] or soap films of
conducting liquids [21].

The proposed electrical technique cannot be applied to a pendant or
sessile dropwithout interferingwith the drop shape. In the case of a liq-
uid bridge, the technique is applied naturally as long as the employed
liquid is electrically conductive and the bridge solid supports are from
conductive material. Apparently, the possibility of deriving surface
properties based on a fast, integral, non-interfering technique needs to
be exploited. Several ideas have emerged on this context. The first
idea refers to the identification of surface tension. The shape of a liquid
bridge is the result of the competition between gravity and surface ten-
sion. The conductance of a bridge depends on its shape and, accordingly,
on surface tension. The second idea refers to the identification of contact
angle. For small liquid bridges of insignificant Bondnumber the shape of
the bridge is fully determined from the contact angle with its supports.
In this case the conductance is directly related to the contact angle. The
third idea refers to the creation of a thin liquid film between the
surrounding gas and a bubble produced inside the bridge and to exam-
ine its conductance in order to identify surface elasticity, e.g., induced by
a surfactant in the liquid.

The structure of the present work is the following: At first the
theoretical foundation behind the examined experimental techniques
is discussed. Assumptions, simplifications and solution techniques are
presented in detail. Then the experimental setup and the corresponding
strategies are described. Finally, up to now findings of applying the
theory to experimental data are presented and the strategy for the
future is discussed.

2. Theoretical framework

2.1. The general problem

Let us consider the most general case considered in the present
work, that of a liquid bridge in the presence of a surfactant with the
possibility of producing a bubble internally to the bridge. Three types
of experiments have been realized differing by the way motion is
imposed externally to the system. These types of experiments are:
(i) increasing the distance between the solid rods supporting the bridge,
(ii) reducing the volume of the bridge by liquid evaporation or by with-
drawing of liquid through a hollow supporting rod and (iii) growing the
internal bubble by feeding gas through a hollow supporting rod. The
direct approach to model the motion of the liquid bridge system is
complicated due to the involvement of phenomena occurring simulta-
neously at different size and time scales. To be more specific the
Navier–Stokes equations must be solved for the liquid and the gas in
the internal bubble combined to the surfactantmass conservation equa-
tion in the liquid phase. The boundary condition for the Navier–Stokes
equations includes the continuity of the normal and tangential stresses
at the gas–liquid interfaces [22]. The boundary conditions for the surfac-
tant conservation equation includes surfactant adsorption–desorption
and its surface diffusion on the gas–liquid interfaces. Interfacial surfac-
tant non-uniformities create surface tension gradients which through
the stresses boundary condition lead to the so called Marangoni effect.

In the particular case of the creation of a very thin liquid film in the
systemadisjoiningpressure termmust be included in the equations [23,
24]. The above described system of equations is a free boundary prob-
lem (the shape of the interface is part of the solution) and its numerical
solution is extremely difficult so some assumptions are necessary to
proceed with approximate solutions. Recently, numerical techniques
capable of incorporating all the above phenomena have been reported
but they are still applicable to simpler geometries than the present
one [25].

A first assumption is that the velocities of the fluid induced by the
slow external motion are relatively small compared to the pressure
terms in the normal stress boundary condition. A second assumption
is that the mixing induced by convection ensures that the surface
concentration of a surfactant is always uniform at its equilibrium
value as the gas–liquid interfaces evolve. These two assumptions permit
the decomposition of the initial problem to two subproblems: The first
sub-problem stands for the evolution of the shape of the liquid bridge
(and internal bubble) considering a quasi-steady equilibrium shape at
every instant. This shape is dictated by a static equilibrium condition
and the current value of parameters such as length of liquid bridge
(distance between rods), liquid volume, internal bubble size or pressure
in gas line. The second sub-problem stands for the flow field in the
evolving fluid domain defined by the first subproblem. In the present
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context, only the first subproblem is of interest since the liquid flow
field does not interfere with the imposed alternating electric current
and the shape of the liquid bridge fully determines its electrical conduc-
tance which is the experimentally measured quantity.

The system shape can be found by minimizing the following func-
tional expression which corresponds to the total energy of the system:

E ¼ external surface energyð Þ þ bubble0ssurfaceenergy
� �

þ potential energy induced by the gravitational fieldð Þ
þ thin film interaction energyð Þ:

The first three terms refer to the energy of the gas–liquid interface
(bridge and internal bubble) and to the gravity force. The last term is
in general difficult to be quantified requiring a considerable theoretical
and numerical effort due to the complicated interactions and forces that
stabilize the film. An alternative approach is suggested here: The film
energy term is ignored for the computation of the shape of the bridge
but its significance is estimated from thedeviation between the theoret-
ical calculations and the experimental measurements for the bridge
shape evolution.

2.2. The equilibrium problem

According to the above discussion only the equilibrium shape of the
liquid bridge system must be resolved for the purposes of the present
work. The combined liquid bridge–bubble problem will be discussed
first since it includes the pure liquid bridge problem as a sub-case. A
generalized approach to the equilibrium shape of the system requires
the minimization of its total energy (incorporating surface and gravita-
tional potential energies) under given sets of constraints. Typically these
constraints can refer to the position of the contact lines (for pinned
bubbles/bridges; so called r-type conditions) [26] or to the contact
angle values (for free standing pendant/sessile bubbles/bridges; so
called θ-type conditions) [27] including all possible combinations. Addi-
tional constraints are the total volume of the liquid in the bridge and of
the gas in the bubble. A great simplification results from the fact that the
globalminimization problem can be decomposed to separateminimiza-
tion subproblems for the liquid bridge and the bubble. The coupling
between the two subproblems is only through curvature induced
pressure jumps at the corresponding gas–liquid interfaces and through
the volume conservation requirement.

Let us assume a liquid bridge between two rods of radius R and
distance D between them (see Fig. 1). The surface tension is denoted
Fig. 1. Schematic diagram of
as γ and the liquid-rod contact angle as θ. A cylindrical coordinate
system r, X pointing upwards with X = 0 at the basis of the liquid
bridge, is considered. The shape r = Y(X) of the liquid bridge is
governed by the following Young–Laplace equation [28]:

−
d2Y
dX2 1þ dY

dX

� �2� �−3=2

þ 1
Y

1þ dY
dX

� �2� �−1=2

¼ H−
ρg
γ

X ð1Þ

where ρ is the liquid density and g is the gravitational acceleration. Let
us assume now that a gas bubble in the liquid bridge attached at the
upper rod. It is convenient to introduce a second cylindrical coordinate
system r, x pointing downwards with x = 0 at the tip of the bubble.
Denoting r = Yb(x) the profile of the bubble the governing equation
results as [29]:

−
d2Yb

dx2
1þ dYb

dx

� �2� �−3=2

þ 1
Yb

1þ dYb

dx

� �2� �−1=2

¼ F−
ρg
γ

x: ð2Þ

The above equations are of second order so they require two bound-
ary conditions on the edges of their definition domain. The unknown
parameters H and F are determined from the fulfillment of the volume
constraints. These parameters are relatedwith the pressure in the liquid
PL and in the gas bubble PB as: PL1 − Patm = γH and PB − PL2 = γF
where Patm is the external (atmospheric) pressure, PL1 is the pressure
at the basis of the bridge and PL2 is the pressure at the tip of the bubble.

The second order differential Eqs. (1) and (2) must be transformed
to system of first order ones. The usual approach of considering dY/dX
as the second dependent variable does not perform well. It has
been found that alternative variables must be used to facilitate the
convergence of the problem. The best choice for the liquid bridge is
the transformation to the following system:

dΦ
dX

¼ 1
sin Φð Þ H−

ρg
γ

X
� �

−
1
Y

ð3Þ

dY
dX

¼ 1
tan Φð Þ ð4Þ

whereΦ is the (gas side) angle between the liquid bridge profile and the
horizontal plane. The r-type boundary conditions are Y(0) = Y(D) = R
whereas the θ-type ones are Φ(0) = π− θ andΦ(D) = θ.
the experimental setup.

image of Fig.�1
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The best choice for the bubble is the following system:

dx
dψ

¼ sin ψð Þ sin ψð Þ
Yb

þ ρg
γ

x−F
� �−1

ð5Þ

dYb

dψ
¼ − cos ψð Þ sin ψð Þ

Yb
þ ρg

γ
x−F

� �−1
ð6Þ

where the angle ψ takes values from zero at the tip of the bubble to
π − θ at the contact line. The initial condition for the above system
is x(0) = Yb(0) = 0. Denoting as d the distance from the tip of the
bubble to its basis the bubble gas volume constraint is given as:

Vb ¼ π
Z0

−d

Y2
b xð Þdx: ð7Þ

In case of θ-type conditions the integration domain is from ψ=0 to
ψ= π− θ and F can be determined from the volume constraint (7). In
case of r-type conditions with contact radius Rb the integration domain
and the value Fmust be found to simultaneouslyfill Yb=Rb and the vol-
ume constraint (7). In order to put the bubble to the coordinate system
of the bridge the following transformation is needed: x= (D− X)− d.
The coupling between the bridge and the bubble sub-problems is made
through the pressure and through the liquid volume constraint

VL ¼ π
ZD

0

Y2−Y2
b

� �
dX: ð8Þ

The closure in the pressure relation is achieved by employing the
relation PL1 − PL2 = (D − d)ρg. Setting specific boundary conditions
(r-type and θ-type) and specific requirements for the total liquid and
bubble gas volume, the above systems of equations can be separately
integrated for the shapes of the bridge and the bubble and the pressure
in the liquid and in the gas. The non-linearity of the equations induces a
high sensitivity with respect to their boundary conditions rendering
very difficult the choice of initial guesses for problem parameters that
lead to convergence. This is typically overcome using some kind of
continuation process i.e. starting from a problem with known solution
(e.g. a cylindrical liquid bridge and a spherical bubble) and following a
specific pathway until to reach the required conditions. In the present
case it is imperative to follow a computational pathway that coincides
to the experimental pathway in order to vastly accelerate the solution
procedure.

Let us assume that a bubble is produced internally in the liquid
bridge and then the main experiment starts by increasing the distance
between the rods. In this case it is not exact to set that the bubble
volume is fixed through bridge lengthening. A more physical constraint
is that the total mass of the gas in the bubble and in the gas chamber re-
mains constant. This is not equivalent to the constant volume constraint
since the pressure in the bubble changes as the length of the bridge
evolves so the product pressure × volume (proportional to mass of
the gas) must remain constant. Obviously, the coupling between the
bridge and the bubble problems is complex in this case, but still it
remains one-point coupling. The picture is complete now only for an
insoluble in the liquid gas. Additional complications arise for soluble
gases. In this case the solubility varies with the pressure in the bubble
through the Henry law and (if the time is enough) the gas is absorbed
in the liquid so the constant mass constraint is no more valid.

The above discussion revealed the complexities arising when a par-
ticular experimental pathway of the system needs to be modeled. Until
now the modeling of the system has been restricted to constant bubble
size assumption. Nevertheless, the relaxation of this assumption is
required to improve the theoretical understanding of the problem on
one hand and the exploitation of the experimental data on the other.
The complete construction of the experimental pathway is based on
the integration of the bridge equations taking into account the bubble
existence and the integration of the bubble equations taking into ac-
count the pressure in the liquid. The basic aspect of the continuation/
boundary value problem integration procedure will be described here
for the case of the lengthening of a single r-type liquid bridge.

The boundary value problem for the liquid bridge is usually solved
indirectly i.e. assuming values for H and for Φ(0) and integrating the
resulting initial value problem e.g. [30]. The distance between the rods
is given fromY(D)=R and the liquid volume from Eq. (8). A semidirect
approach that can be found in the literature (e.g. [31,32]) is to assume a
value for oneof H orΦ(0) and to find theother in order for V orD to take
a required value. Having a scope to follow experimental pathways, it is
preferable to use a direct approach for the solution of the boundary
value problem (e.g. [33]). A simple shooting method is the most effec-
tive numerical technique choice. First, a value of H andΦ(0) is assumed
and the initial value problem is integrated with the use of an explicit
Runge Kutta integrator with self-adjusted step and prespecified accura-
cy [34] to find Y(D) and V values (prime stand for temporal value). The
Newton Raphson method with numerically computed derivatives is
used for the correction of the H and Φ(0) values. The convergence has
been achieved when Y(D) = R and V = V (required volume value).
So, in principle, for every pair of D and V values the liquid bridge
shape can be computed from the above procedure. According to the
continuation procedure, as the experimental pathway is followed, (D
or V evolution) the initial guesses of H and Φ(0) are taken equal to
the converged values of the previous step on the path. The procedure
in case of presence of a constant volume bubble is exactly the same
but accounting for the bubble in the volume constraint. A similar proce-
dure can be used for the integration of the bubble shape problem.

2.3. Electrical conductance computation

Given that the frequency of the employed alternating current is such
that only a resistance and not a capacitance effect is present, the
alternating current can be handled as a continuous one. The potential
distribution in the liquid bridge in case of an electrical potential
difference between the rods is given by the solution of the following
Laplace equation

1
r
θ
θr

r
θP
θr

þ θ2P
θX2 ¼ 0 in Yb Xð Þ b r b Y Xð Þ and 0 bX bD ð9Þ

where P is the electrical potential normalized to be 1 at the one rod and
0 at the other.

The boundary conditions for the above equation are

P ¼ 1 for X ¼ 0 and 0 b r b 1 ð10aÞ

P ¼ 0 for X ¼ D and 0 b r b 1 ð10bÞ

∂P
∂n!

� �
r¼Y Xð Þ ∪ Yb Xð Þ

¼ 0 ð10cÞ

where n! is the unit normal vector. Having found the potential distribu-
tion in the bridge, the dimensionless conductanceKapp can be computed
from the relation

Kapp ¼ −
2
R

ZR

0

∂P
∂X

� �
X¼0

rdr: ð11Þ
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Fig. 2. Schematic of the liquid bridge–bubble system and coordinate system definition.
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The apparent conductance is the actual conductance normalized
with respect to πσR where σ is the specific electrical conductivity of
the liquid and R is the radius of the basis of the bridge. Themathematical
problem (9–11) is quite similar to the extensively studied problem of
heat transfer in fins [35]. It can be solved using typical numerical
discretization methods. A second order finite different discretization
using a rectangular grid has been proposed (in the absence of bubble)
in [36]. The resulting system of equations is solved using the iterative
Gauss–Seidel method. Finite element computation has been performed
in the presence of bubble in [37] using a specialized code. Presentation
of the isopotential lines reveals the small deviation of the electric field
from uni-directionality. The requirement of fitting the experimental
data may require computation of conductance for hundreds of
geometric configurations of the system as the experimental pathway
is followed (e.g. as distance between rods or liquid volume varies).
This is why an approximate simplified way to compute Kapp, instead
of solving a partial differential equation, is very useful. The almost uni-
directionality of the electrical field in the bridge allowed a perturbation
expansion of the conductance problem with respect to the slope of the
gas–liquid interface shape [38]. The more uniform the liquid cross-
section area in the X direction the more close the problem to one-
dimensionality. The resulting perturbation problem is a singular one
and after an extensive analysis leads to (in the absence of bubble):

Kapp ¼ I−1
1 1−

I2
2I1

� �
ð12Þ

where

I1 ¼
ZD

0

R
Y2 Xð ÞdX ð13Þ

I2 ¼
ZD

0

R
Y2 Xð Þ

dY
dX

� �2
dX: ð14Þ

The integral I1 is the first order expansion term and it is known from
the corresponding heat transfer problem. The second term becomes
important as the bridge is deformed significantly especially prior to
rupture. A straightforward extension of the first term to the case of
the existence of bubble leads to

Kapp ¼ R
ZD

0

Y2 Xð Þ−Y2
b Xð Þ

h i−1
dX

0
@

1
A

−1

: ð15Þ

Comparison of the approximate solution with numerical results
showed that whereas the second order expansion is needed in no bub-
ble case (especially close to the rupture point) the first order expansion
is enough in case of bubble existence. This is not surprising considering
that the bubble prevents the deformation of the external surface of the
bridge.

3. Experimental set-up

The different variations of the experimental setup have been
described in detail in [36–39]. The basic experimental configuration is
shown in Fig. 2. A small liquid bridge is formed between the tips of
two equal solid rods, aligned vertically inside a temperature/humidity
regulated chamber. The upper rod is coupled with a precision
cathetometer with a resolution of 5 μm/division. The cathetometer is
used to adjust the separation distance between the rods (the lower
rod is permanently fixed). Rods are constructed of either stainless
steel or copper which are both excellent electrical conductors. The free
edges of the rods are carefully machined to be knife-edged circles in
order to pin stably the three-phase contact line of r-bridges. Rods
of varying radius from 0.8 to 8 mm, depending on the type of the
experiments, are constructed.

The liquid used is either filtered deaerated tapwater (~700 μS/cm at
25 °C) or deionizedwater (~5 μS/cm at 25 °C) where a small amount of
NaCl has been added to yield the ionic strength of deaerated tap water.
This small concentration of salt does not affect interfacial properties. It
must be stressed that the present electrical technique is fully functional
down to liquid's electrical conductivity of around 10 μS/cm. The surface
tension of the test liquid determined by both theWilhelmy slide and the
ring method measures 64–68 ± 0.2 mN/m. For thin film experiments,
tests are conducted using sodium dodecyl sulfate (SDS) solutions in
deionized water at concentrations below the CMC value (2400 ppm).
An ultra-precision microsyringe is used to deposit the fluid that forms
the liquid bridges with an error in liquid volume determination of 1%
at most.

3.1. Type of experiments

(i) Increasing length of bridges at constant volume
Experiments are conductedwith small bridge volumes (less than
5 μl) selected such as to not only produce a satisfactory span of
electrical responses but also diminish gravity effects. Each exper-
iment starts with setting the separation distance between the
rods and forming a liquid bridge of precisely known volume
with approximately cylindrical shape. The precise initial shape
of the liquid bridge is not a matter of concern since the data re-
duction analysis takes care of it. In runs with r-bridges the bridge
remains attached to the solid rods at their circular edge. In runs
with θ-liquid bridges the liquid wets the solid surface at the
center of the rods far away from the circular edges. The separa-
tion of the bridge is increased slowly, first in linear steps of 250,
150 or 100 μm, this being followed by gradually smaller steps
down to 5 μmat the vicinity of bridge rupture. At each separation
distance between the supporting rods, a high resolution picture
of the bridge is taken.
During the meniscus displacement, the apparent electrical
conductance of the bridge is recorded. The conductance probe
comprises of the two metallic rods serving as electrodes. An a.c.
carrier voltage ranging between 1.5 and 0.5 V (peak-to-peak) is
applied across the probe at a frequency of 25 kHz in order to
suppress undesirable electrode polarization and capacitive im-
pedance. The response of the probe is fed to a special analyzer-
demodulator. The analog d.c. voltage output of the analyzer is

image of Fig.�2
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converted to equivalent conductance Kapp of the liquid between
the electrodes using a calibration curve based on precision resis-
tors. The acquired apparent conductance values are normalized
with respect to values for the initially deposited liquid bridges
in order to eliminate errors in liquid conductivitymeasurements.
At least five records are acquired at all experimental conditions
and the reproducibility is good. Pearson correlation coefficients
among sampled curves are always above 0.98 whereas average
instantaneous signal deviations are around 3%.

(ii) Decreasing volume of bridges at constant length
Each experiment starts with initially setting the separation
distance between the rods. Then, a liquid bridge of precisely
known volume is formed. The liquid volume is selected such
that it allows sufficient time for evaporation to snap the bridge.
The initial shape of the liquid bridge is not a matter of concern
since the data reduction analysis takes care of it. In all experi-
ments the liquid bridge is considered to remain attached to the
solid rods at their circular edge.
During themeniscus displacement – as a result of liquid evapora-
tion – the apparent electrical conductance of the bridge is contin-
uously recorded. Electrical features are the same as in (i). Data
are acquired with a variable sampling frequency in the range
1–3 Hz. At least three records are acquired at all experimental
conditions and the reproducibility was excellent. Pearson corre-
lation coefficients among sampled curves are always above 0.99
whereas average instantaneous signal deviations are around 1%,
a value close to the measured signal's noise.

(iii) Decreasing volume of bridges at constant length in the presence
of an internal bubble. Thin film formation.
Bridges of 20 μl pinned to the edge of the supporting rods are
produced. An ultra precision microsyringe driven slowly by a sy-
ringe pump is used to generate a small bubble inside the liquid
bridge through a small hole (r = 0.15 mm) at the center of the
upper rod. The rim of this hole is the contact line of the bubble
with the upper rod during all times. Each experiment starts
with forming a liquid bridge and a stable bubble inside the
bridge. Then, using a syringe pump liquid is drained off the
bridge through a small hole at the center of the lower rod. Drain-
age occurs at a constant rate up to the moment of rupture of the
bridge. Experiments are conducted using four nominal drainage
rates: 20, 50, 100 and 200 μl/h. A video camera is used to record
at 25 fps the evolving shape of the liquid bridge during drainage.
During drainage the instantaneous apparent electrical conduc-
tance of the bridge is continuously recorded in a microcomputer.
Electrical features are the same as in (ii). At least three records
are taken at all experimental conditions with good reproducibil-
ity. Pearson correlation coefficients among sampled curves are
always above 0.97, whereas average instantaneous signal devia-
tions are around 2%.

4. Results and discussion

In this section the main results of the up to now research on the
exploitation of liquid bridges for the identification of liquid surface
properties are presented and discussed. The subject is not mature and
research is still needed but as it will be shown there is a potential for
the development of reliable identification techniques.

It is quite surprising that despite the extensive experimental and
theoretical research on liquid bridges since 1960 they have never been
officially proposed as an alternative to pendant drops for the estimation
of liquids' surface tension. This has been done in 2000 in an indirectway
[39], seeking for a liquid mass configuration that allows the use of the
electrical conductance technique. It is advantageous to present the anal-
ysis of the liquid bridge usingdimensionless variables so inwhat follows
the liquid bridge length D is normalized by R and the liquid bridge
volume is normalized by πR3. Dimensional variables will appear with
their units from now on to be distinguished from dimensionless ones.
The dimensionless parameterwhich appears is the so-called Bondnum-
ber (Bo) which is defined as Bo = ρgR2 / γ. This number, in principle,
denotes the ratio of the gravitational to surface tension forces and it
determines the shape of the liquid bridge. It is worth noticing that tak-
ing Bo as ameasure of the gravitational distortion of the bridge is rather
misleading since Bo does not include the bridge lengthD. In practice, the
product BoD can be regarded as responsible for bridge loss of symmetry
induced by gravity.

In general the shape of r-bridges is fully determined by the dimen-
sionless parameters D, V, and Bo. From the experimental point of view
there are two ways of creating a trajectory in the phase space of the
bridge shapes. The first is the stretching of the liquid bridge (increasing
D while keeping constant V). The second way is the volume reduction
either by allowing evaporation or by withdrawing liquid (decreasing V
while keeping constant D). The first way has been examined theoreti-
cally and experimentally in [39]. The liquid bridge stretching leads to
its rupture at a distance Drup which depends on the liquid volume V
and on the Bo number. The dependence of Drup on V and Bo is shown
in Fig. 3. The dependence on Bo is of particular interest since it includes
the surface tension that must be determined. The sensitivity of Drup on
Bo depends on the V value. It starts from zero (for V b 0.5) and increases
with V. The maximum sensitivity in the figure appears for V = 2.5 and
Bo b 0.5 implying that only at this region of parameters a procedure of
estimation of the Bo number (i.e. of surface tension) from conductance
measurements is meaningful.

A better idea is not to use the single snapshot of the bridge rupture
configuration but to follow the whole trajectory of the liquid bridge
configurations as D increases. The sensitivity of the corresponding
conductance curve with respect to Bo number is depicted in Fig. 4. It is
better to use the ratio Kapp/Kcyl to eliminate the possibility of error due
to inaccuracy in the specific conductivity measurement. By Kcyl we
denote the conductance of the bridge with V and D corresponding to
cylindrical shape (nevertheless, the actual shape of this bridge is not
cylindrical due to gravitational distortion) used as initial condition for
the experiments. It is evident from Fig. 4 that the conductance curve
shows satisfactory sensitivity with respect to Bo number at least for
elongated bridges. So under certain circumstances fitting of an experi-
mental conductance curve by the theoretical one can lead to a reliable
estimation of Bo number and thus, of liquid surface tension. The fact
that the whole curve must be fitted instead of a single value allows
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correction to small errors in the liquid volume measurement. The
implementation of the proposed parameters' estimation procedure
has not been pursued in [39] but the comparison between experimental
and theoretical conductance curves shown in Fig. 5 was made in order
to confirm the theoretical assertions.

The idea of exploring liquid bridges to estimate liquid surface ten-
sion using images of the bridges has been exhaustively studied in [40]
a few years ago. The sensitivity of the liquid bridge-based analysis is
compared to that of the established pendant drop method. The phase
diagram of liquid bridges in V, D plane and the stretching and suction
trajectories previously proposed in [39] are presented in detail. The sen-
sitivity analysis is based on computation of the deviation between liquid
bridge shape profiles derived by changing surface tension by±2.5%. Ex-
perimental liquid bridge shapes for hexadecane and cyclohexane are
used for the parameter estimation procedure leading to surface tension
values within 1% of the corresponding literature values. Such sensitivity
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can be achieved only for liquid bridges close to their stability limit as it
has been previously shown in [39]. Regarding the comparison between
the liquid bridge and the pendant drop configurations it was found that
the shape of a liquid bridge close to the rupture point is more sensitive
to the surface tension than a pendant drop of the same volume. The ac-
curacy in surface tension is similar for both configurations for Bo of the
order of 0.1 but it is better for a liquid bridge for Bo of the order of 0.01.

The volume reduction trajectory of the liquid bridge up to rupture
has been studied in [38]. The experimental volume reduction was
achieved by evaporation of the liquid bridge liquid. The evaporation
rate is not known and it is not constant in time so this type of experi-
ments cannot be used for estimation of surface tension. On the other
hand for known values of the surface tension the experimental conduc-
tance curve can be used for the construction of the evolution of the
evaporation rate of the bridge. Theoretical curves of the apparent con-
ductance as a function of the dimensionless liquid bridge volume V
can be found in Fig. 6 for Bo = 0 and several values of D, and in Fig. 7
for D = 2.5 and several Bo numbers. Let us denote the corresponding
experimental curve as Kexp(t)where t is the time. By enforcing the curves
Kapp(V) and Kexp(t) to coincide, the evolution curve of the liquid bridge
volume V(t) can be found. The evaporation rate is simply −dV / dt and
is shown in dimensional form versus the liquid bridge volume in Fig. 8
(experimental conditions shown in the figure). The increase of the evap-
oration rate as the volume of the bridge is reduced is due to the increase
of the bridge surface area and to its curvature variation that leads to
acceleration of the vapor diffusion in the gas phase.

The up to now discussion refers to r-bridges having a constant base
radius R (pinned contact line) as V or D varies. The situation in θ-bridges
in which R is unknown and evolves in time is more difficult. The
simultaneous determination of surface tension and contact angle is
impossible. Nevertheless, in the limit of small values of product BoD,
gravity has no influence to the liquid bridge shape and subsequently
the conductance curve during stretching does not depend on surface
tension. The idea is to use the conductance versus D curve to estimate
the contact angle θ. The theoretical dependence of the apparent conduc-
tance to the contact angle is shown in Fig. 9 (Bo = 0). The sensitivity is
exploitable only close to the rupture point and it is higher for θ b 60°. De-
spite that the contact angle estimation idea seems to work in principle,
there are fatal practical problems. The contact angle is not constant not
only in time (a problem that could be handled by a simple modification
of the proposed method) but also along the contact line as found by
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optical observations [36]. The attempt to fit the experimental geometric
features of the bridge by theoretical lines based on a single contact angle
value leads to poor results as shown in Fig. 10 for the liquid bridge neck
radius Ye and in Fig. 11 for the base radius R. The deviation is due to the
distribution of contact angle existing in practice. So the whole idea of
contact angle identification through liquid bridge conductance mea-
surement seems feasible in theory but it was proved unsuccessful in
practice [36].

The previous discussion refers to pure liquids. In the presence of
surfactants the situation is much more difficult. Very slow variations
must be pursued experimentally to ensure equilibrium on the surface.
In addition the partition of surfactant between the bulk and the evolving
surface of the bridge must be taken into account by the model. The
possibility of finding the static surface tension of surfactant solutions
has not been explored up to now in literature.
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The next idea proceeds further to the study of the dynamic surfactant
effect using liquid bridge conductance measurements [37]. Additional
properties as dynamic surface tension or surface elasticity can be elabo-
rated in the presence of surfactants. In order to enhance the influence of
the surfactant dynamic properties a thin filmmust be created and this is
achieved by producing an internal bubble inside the liquid bridge. Stabil-
ity experiments for bubbles internal to liquid bridges of pure liquids can
be found in the literature but analysis of the results is missing [41]. Three
ways have been tested for the creation of thin liquidfilms in liquid bridge
configurations: i) creation of a bubble internally to the liquid bridge
followed by liquid suction (with conductance recording) up to rupture.
ii) Growth of a bubble internally to the bridge (with conductance record-
ing) until rupture. iii) Growth of a bubble internally to a pendant drop
until reaching the opposite rod and being transformed to a liquid bridge.
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The liquid bridge survives for a short period of time during which the
conductance is recorded. The third type of experiments leads to the
creation of the thinner and more uniform liquid film (soap film). The
size evolution of the growing bubble is difficult to be determined exper-
imentally for technical reasons and it is even more difficult to be
modeled. On the contrary, the size evolution of the bubble during suction
of the liquid can be modeled as it has been shown in the Theoretical
framework section. So the experimental procedure (i) seems to be
more advantageous for the study of the surfactant dynamic properties.
A set of experiments for several concentrations of aqueous solutions of
SDS and several suction rates has been performed. The suction rate is im-
portant in this case since dynamic phenomena are under consideration.
The direct modeling of the experimental procedure to find explicitly
physical parameters is not possible. The idea already discussed is to ignore
in themodel the thin film energy term and to attribute the difference be-
tween the theory and experiment to this term.

It is noted here that the film energy term includes not only a static
contribution (e.g. disjoining pressure) but also a dynamic contribution
(e.g. Gibbs–Marangoni elasticity associated to surfactants). The assump-
tion of an equilibrium concentration of surfactant made for the largest
part of the bridge surface does not hold in the region of the very thin
film near the bubble's equator. Macroscopic equilibrium properties
such as the Gibbs elasticity of the bridge are taken into account by the
model employing the adsorption isotherm and the surface tension —
concentration relation for the particular surfactant employed. Typical
comparison between experimental and modeled conductance is
shown in Fig. 12 (initial liquid volume: 20 μl, bubble radius: 0.6 mm,
rod radius: 1.6 mm, bridge length: 3 mm). The conductance is normal-
ized by its initial value Ko to eliminate uncertainty associated with the
liquid specific conductivity value. The discrepancies appeared at inter-
mediate times have to do with the constancy of the suction rate and
they are not important in the present context. The important region
here is the one before rupture where a thin film appears. The details
cannot be observed in the scale of Fig. 12 so a magnification is given in
Fig. 13. The effect of surfactant on the system behavior is quite obvious.
The physical phenomena leading to the appearance and stabilization of
the thin film are described in Fig. 14. It is noted that the film creation
cannot be optically followed for technical reasons so the conductance
technique is crucial for this type of experiments. The main parameter
derived from the experiments is the thin film survival time (trup) as a
function of the suction rate. This parameter is a measure of the surface
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elasticity induced by the surfactant. Further research is needed to relate
this parameter to specific surfactant properties or directly to the perfor-
mance of surfactant in practical applications (e.g. foam stability).

5. Conclusions

In the presentwork a review of the use of liquid bridge configuration
as a tool for estimation of surface properties is presented. Despite the
extensive studies on liquid bridges in the literature the liquid bridge
configuration as a diagnostic tool has been very little explored in the
past. Only recently it was shown that the liquid bridge shape is more
sensitive to surface tension than the pendant drop shape. The distinct
advantage of the liquid bridge configuration is that it allows passing of
electric current (for conducting liquids). This offers the possibility to
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measure the bridge electrical conductance as an alternative integral
shape descriptor in place of the integral force measurement or the de-
tailed optical imaging. Comparison of the theoretical and experimental
conductance curves created by varying a bridge parameter (liquid vol-
ume or bridge length) can lead to estimation of some surface property.
The whole approach seems to have potential for estimating the surface
tension of conducting liquids. On the contrary, the attempt to estimate
contact angle has been proved rather unsuccessful. The variation of
the method with a bubble formed internally to the bridge exhibits
good prospect as a tool for estimation of surface elasticity (thin film sta-
bilization) induced by surfactant addition. In any case, more theoretical
and experimental work is needed for further development of the above
idea towards establishment of liquid bridge based surface property di-
agnostic techniques.
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