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1. INTRODUCTION
The idea that surface properties of a liquid are essen-

tially different from those of its bulk seems to be quite
evident. Many methods for measuring specific proper-
ties of liquid surfaces have been accepted standard and
are used in everyday laboratory practice. Above all,
these include methods for measuring surface tension as
the most important property of a liquid surface, which
are performed using many procedures based on equilib-
rium thermodynamics multicomponent liquid systems
[1].

At the same time, another complex of the character-
istics of surface properties of liquid, which are related
to mechanical behavior, is of great theoretical and
applied interest; these are the properties of an interface
associated with the term two-dimensional or 

 

2D rheol-
ogy

 

. An excellent theoretical introduction to 2D rheol-
ogy is the chapter 

 

Basics of Interface Rheology

 

 in a
monograph written by Krotov
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 [2].
The measurements of rheological surface character-

istics are important for studying versatile systems,
ranging from pure liquids to colloidal systems and
polymer solutions. However, it should be emphasized
that, in the majority of cases, the objects for investiga-
tion in 2D rheology are interfacial layers of surfactants,
including proteins and surface-active polymers. Interfa-
cial layers are either organized spontaneously at liquid

interfaces due to adsorption of surfactants from solu-
tion or formed mechanically by depositing insoluble
surfactant layers on the surface of a liquid phase. The
thickness of these interfacial layers of surfactants does
not exceed a few nanometers [1, 4], which allows these
layers to be referred to as two-dimensional systems.

The aim of measuring the rheological characteristics
of interfacial layers, as well as any measurements of
quantitative characteristics of a material, is their com-
parison with the composition and internal structure of
this material in order to eventually predetermine the
choice and optimization of its composition for some
applications.

This review is devoted to the consistent description
of known experimental methods in 2D rheology, a part
of which is realized in form of commercially manufac-
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tured devices, while the other part, which is possibly
more exotic, is most likely of theoretical interest,
although their use in developing commercial devices
cannot be excluded.

We will not dwell upon the results of measurements
and their relation to the structure and composition of
studied systems because this problem seems to us to be
independent, ample, and important.

2. DEFINITIONS

Definitions of parameters subjected to measure-
ments in 2D rheology are related to the analogous
notions and definitions used in classical rheology [5].
However, notions and definitions were reformulated
because we deal here with surface (two-dimensional)
rather than bulk (three-dimensional) properties [2, 3].

Thus, fundamental characteristics in our discussion
are 

 

stress

 

 

 

τ

 

, which is understood as the force referred to
a unit length (albeit not to unit surface area as in contin-
uum mechanics), and 

 

strain

 

 

 

γ

 

, which, as usual, repre-
sents the relative change in the distance between two
infinitely close point in the continuum.

Then, 

 

surface shear viscosity

 

 

 

η

 

s

 

 is expressed, in full
keeping with the classical Newton law, as, 

 

(1)

 

where  is the strain rate.
The dimension of the value of surface (or 2D) vis-

cosity has the form of [(N s)/m], not [(N s)/m

 

2

 

] as in the
rheology of bulk materials.

The notion of the existence of surface viscosity was
probably introduced into science for the first time by
Plateau [6] and the fundamental term of surface elastic-
ity was formulated by Gibbs [7].

In addition to shear viscosity 

 

η

 

s

 

, a substantial signif-
icance in the theory of surface properties belongs to so-
called 

 

surface dilational viscosity

 

 

 

η

 

d

 

, which is analo-
gous to longitudinal viscosity (the viscosity measured
in expansion, but not in shear) in the rheology of bulk
media. However, as a rule, this parameter in 2D rheol-
ogy is considered to include the deformation of a two-
dimensional surface rather than a uniaxial stretching
deformation. We should additionally mention that, in
the theory of viscous Newtonian liquids, there is an rig-
orous correlation between shear viscosity 

 

η

 

 and longi-
tudinal (so-called Trouton) viscosity 

 

λ

 

, i.e., 

 

λ

 

 = 3

 

η

 

 [5],
which is absent in the theory of surface flow. The 

 

η

 

s

 

 and

 

η

 

d

 

 parameters are considered to be independent rheo-
logical surface characteristics that is probably not
entirely correct.

Regimes of periodic deformation, which in rheol-
ogy are usually called dynamic regimes, are used in the
study of viscoelastic interfacial layers in the region of

ηs
τ
γ̇
--,=

γ̇

 

linear viscoelasticity (as it is done in the study of three-
dimensional bodies). Shear deformation applied to a
surface changes with time 

 

t

 

 according to harmonic law

 

γ

 

(

 

t

 

) = 

 

γ

 

0

 

sin

 

(

 

ω

 

t

 

). (2)

 

The response of a surface to harmonic changes in
deformation is expressed in the appearance of a har-
monic shear stresses delayed in phase relative to the
generating deformation

 

τ

 

(

 

t

 

) = 

 

τ

 

0

 

sin

 

(

 

ω

 

t

 

 + 

 

δ

 

), (3)

 

where 

 

γ

 

0

 

 and 

 

τ

 

0

 

 are amplitudes of deformation and
stress, respectively; 

 

ω

 

 is the oscillation frequency; and

 

δ

 

 is the phase angle (the lag angle or mechanical loss
angle).

In this case, the main characteristic of an interfacial
layer is the complex 2D elastic modulus measured in
shear,  whose value defined as

 

(4)

 

The complex elastic modulus (for viscoelastic liq-
uids) can be expressed by the sum of the real and imag-
inary components, 

 

(5)

 

where  and 

 

 

 

are the components of the complex
modulus (two-dimensional elastic modulus and loss
modulus, respectively), which, in general, depend on
the oscillation frequency 

 

ω

 

,

 

 and 

 

η

 

s

 

 is the surface
dynamic viscosity.

 

(6)

 

Contributions of elasticity (real component) and dis-
sipative losses (imaginary component) to the complex
dynamic modulus are clearly distinguished in Eq. (5). It
is evident that the dynamic viscosity is defined as

 

(7)

 

Generally, the  value can be presented as

 

(8)

 

The presence of a constant term 

 

G

 

surf

 

, 0

 

 (different from
zero) in formula (8) indicates the existence of solid-like
properties of the surface layer, in particular the appear-
ance of a structured (ordered, e.g., liquid-crystal) state.

By analogy with the definitions in bulk rheology, the
complex dynamic surface shear viscosity 

 

η

 

*

 

 

 

(9)

Gs*,

Gs*
τ0

γ 0
-----.=

Gs* Gs' iGs''+ Gs' iωηs,+= =

Gs' Gs''

Gs' Gs* δ, Gs''cos Gs* δ.sin= =

ηs

Gs''

ω
------.=

Gs*

Gs* ω( ) Gsurf, 0 Gs' ω( ) iGs'' ω( ).+ +=

ηs*
G*
ω

-------,=
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can be defined from complex dynamic surface modu-
lus. Moreover, as usual, η* is also defined through the
real and imaginary components

(10)

where the real component  (or simply ηs) is the sur-
face dynamic viscosity which is determined via
Eq. (7).The symbol “*” in the expressions cited above
indicates that we deal with complex quantities com-
posed of real and imaginary components.

Furthermore, as in definition (1), dimensions of the
components of the complex 2D elastic modulus and
viscosity are determined due to the fact that the stress
refers to a unit length. Then, the dimensions of the com-
ponents  and  are [N/m] and [(N s)/m], respec-
tively, in contrast to the dimensions of the components
of the complex modulus and dynamic viscosity upon
bulk deformations which are expressed as [N/m2] and
[(N s)/m2], respectively.

One more parameter that is useful for the analysis of
the viscoelastic properties of interfacial layers (as well
as for bulk measurements) is the tangent of mechanical
losses , which is defined as

(11)

i.e., this parameter characterizes the relative dissipative
losses.
When we deal with studies of viscoelastic properties of
interfacial layers in the expansion/compression of the
surface (i.e. dilational measurements), the 2D elastic
modulus Ö0 and 2D dilational viscosity ηd introduced
first by Boussinesq [8] are represented as

(12)

and

(13)

where σ is the surface tension and Ä is the area of the
interface (interfacial layer).

Upon the appearance of harmonic (oscillating)
changes in the surface area at frequency ω, oscillating
changes in the surface tension are observed that pro-
ceed with some phase lag due to the viscoelastic prop-
erties of the interfacial layer. At low amplitudes of
changes in the surface area, the responses (changes in
surface tension) are linear and can be expressed as

A(t) = Asurf,0 + A0sin(ωt), (14)

σ(t) = σsurf,0 + σ0sin(ωt + δ), (15)

where Ä0 and σ0 are amplitudes of the surface area and
surface tension, respectively, and Äsurf,0 and σsurf,0 are

ηs* ηs' iηs'',–=

ηs'

Gs* ηs*

δ,tan

δtan
Gs''

Gs'
------

ωηs'

Gs'
---------,= =

E0
dσ

d Aln
-------------,=

ηd
∆σ

d A/dtln
--------------------,=

the values of the surface area and surface tension prior
to oscillation, respectively.

In this case, the basic rheological characteristics of
an interfacial layer (similarly to the case of shear)
include a complex 2D elastic modulus determined upon
dilational measurements as

(16)

(17)

The E* modulus is expressed via its real and imagi-
nary components, which depend on the oscillation fre-
quency; in this case, the dimension of the components
of the complex modulus also is [N/m]. The real compo-
nent characterizes the elastic properties of interfacial
layer, while the imaginary component describes the vis-
cous properties of the layer. Correspondingly, expres-
sion (16) can be rewritten in the following form:

E*(ω) = Ed(ω) + iEη(ω) = Ed(ω) + iωηd(ω), (18)

Ed = |E*|cosδ, Eη = |E*|sinδ, (19)

where Ed is the dilational 2D elastic modulus, the value
of which is determined by the amplitude of surface ten-
sion at a given frequency; additionally, ηd is the dila-
tional 2D viscosity, the value of which is determined by
the phase angle δ between generated surface area
changes and the response (changes in surface tension)
[9]

(20)

It should be noted that, as in the rheology of bulk
media, the values of surface shear viscosity may
depend on the shear rate, thus reflecting the non-New-
tonian behavior of interfacial layers. The values of
shear and dilational dynamic moduli may depend on
frequency, thus reflecting relaxation properties of the
interfacial layers, as well as on the amplitude of defor-
mation, thus reflecting the nonlinear behavior of the
object upon large deformations.

3. METHODS OF SHEAR RHEOLOGY

The measurements of the rheological properties of
interfacial layers under shear deformations are per-
formed using rotational (torsional) rheometers. This
type of devices comprises variants of rotational vis-
cometers (or dynamic rheometers) where shear defor-
mations are generated in thin surface layers. These
devices generate broad possibilities for measuring both
the shear viscosity and shear viscoelasticity of interfa-
cial layers. The basic scheme of this device is shown in
Fig. 1.

In surface rheometers, either the disc (then the cell
remains quiescent) or the cell containing solution (then

E*
σ0

A0ln
-----------,=

E* ω( ) E ' ω( ) E '' ω( )+
dσ t( )

d A t( )ln
-------------------.= =

ηd

Ed δtan
ω

-----------------.=
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the disc is quiescent) rotate. The main idea of these
measurements is that the rigid disc only touches the sur-
face of the solution and the gap δ between the disc and
cell wall (δ (δ = R2 – R1)) is small compared to the disc
radius R1. In this case (at least, according to the concept
of measurements), shear deformations occur in the thin
circular gap between the disc and the wall. Then, the
torque T divided by the radius (in order to obtain the
value of force), which refers to a unit length of the disc,
presents the linear tangential stresses and the shear sur-
face viscosity is expressed as

(21)

where R1 and R2 are the radii of the disc and the cell,
respectively, and Ω is the angular velocity.

If R1 � R2, the scheme corresponds, e. g., to the rota-
tion of a disc in an “infinite” volume (or small disc in a
large vessel). Then, the surface viscosity is calculated
by the known formula

(22)

The advantage of measuring system with disc radius
much smaller than the cell radius consists of the
absence of the undesirable effect of the meniscus,
which forms between the movable and stationary parts
of a device.

Using surface rotational rheometers, the mode of
deformation can be set differently, similar to that in
ordinary rotational devices, which can include the uni-
form rotation of the disc (cell) under permanent torque
(shear stress) or a preset rate of rotation. In this case, the
surface viscosity is measured directly. This mode can
also include different oscillations of the disc, i.e., either
harmonic or damped. Then, the parameters that charac-

ηs

T R2
2 R1

2–( )
2πR1

2R2
2Ω

--------------------------,=

ηs
T

4πR1
2Ω

-----------------.=

terize the viscoelastic properties of the sample are mea-
sured.

Correspondingly, the surface elastic modulus Gs is
found from the following evident relation, which
replaces relation (21):

 (23)

where ϕ is the angle of disc rotation and δ = (R2 – R1) is
the gap between the stationary (the cell) and rotating
(the disc) parts of the measuring system.

The procedures of setting the disc (the cell) in
motion and the choice of the corresponding parameters
are fully determined by the design of the device and
experimentalist’s desire. The critical point is the sepa-
ration of bulk and surface deformations, as the rotation
of disc causes the inevitable displacement of the adja-
cent liquid (solution). A substantial drawback of this
specific measuring scheme is the presence of the flat
lateral surface of the disc that leads to indefinite end
effects.

Therefore, it was proposed to design the disc to
resemble a knife-edge [10]. This idea was consistently
achieved in the commercial module for a Physica MCR
300 rheometer [11] with bicone geometry with a small
angle. In general, a bicone with radius R1 can be placed
in the interface between two immiscible liquids as
shown in Fig. 2.

In this case, formula (22) should be modified in
order to take into account the bulk resistance to disc
rotation in both viscous media. If the viscosities of
these media are denoted by η1 and η2, the modified for-
mula for calculating the surface viscosity reads [12]

(24)

T

2πR2
------------ Gs

ϕR1

δ
---------,=

ηs
T

4πR2Ω
-----------------

2R η1 2η+( )
3π

-------------------------------,–=

1

2

3R1
R2

Fig. 1. Scheme of surface rotational rheometer: (1) disc
(rotating), (2) cylindrical measuring cell (immovable), and
(3) liquid (surfactant solution).

1

2

3

R1
R2

4

Fig. 2. Scheme of surface rotational rheometer with biconi-
cal operating unit: (1) aqueous surfactant solution, (2) apo-
lar liquid, (3) biconical disc, and (4) cylindrical measuring
cell.
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i.e., the value

which is represented by the second (negative) term in
Eq. (22), takes into account the contribution of bulk
flow (torque Tv) to the total value of measured torque,
whereas ηs is the viscosity of the layer formed at the
interface.

The main problem that arises in the analysis of
experimental data consists of the necessity of separat-
ing contributions of bulk and surface flows to the mea-
sured torque. In some cases, the resistance of the inter-
facial layer can be more substantial than the losses due
to the flow in the bulk.

The contributions of both components to the resis-
tance of disc motion can be expressed using the Bouss-
inesq number (Bo), which can be written as follows:

(25)

where xs and xv are surface and volume properties,
respectively, and l is the characteristic length, e.g., the
disc radius. For example, xs can be considered to be sur-
face viscosity ηs, while xv can be considered to be ordi-
nary bulk viscosity η. Then, the Boussinesq number
reads

(26)

For the scheme shown in Fig. 2, where two viscous
liquids are in contact, the Boussinesq number is modi-
fied to the following form:

(27)

The values of viscosities can be similarly replaced by
the values of elastic moduli if we deal with the vis-
coelastic properties of the bulk and interfacial layer.

At Bo � 1, the surface resistance dominates over the
bulk parameter, the flow in the bulk can be neglected,
and the measured resistance can be considered to be a
pure surface effect. However, at Bo � 1, the opposite
effect, i.e., the domination of the bulk resistance over
the surface friction, is observed.

The value of the Boussinesq number greatly
depends on the surface area; formally, it depends on the
characteristic length in equation (26). In this respect,
the use of both cylindrical and biconical movable ele-
ments is unfavorable, since the values of the Bouss-
inesq number becomes small and the role of the bulk
flow is significant so that it is necessary to very care-
fully consider its contributions to the total flow resis-
tance of the movable element of the device.

Simple and obvious procedures for the elimination
of the contribution of bulk flow are based on extrapola-

Tv
8
3
---R3 η1 η2+( )Ω,=

Bo
xs

lxv
-------,=

Bo
ηs

lη
-----.=

Bo
ηs

l η1 η2+( )
------------------------.=

tions. These procedures consist of the fact that the
torque T is measured at different depths h of immersion
of the rotating disc into the liquid bulk, and the obtained
T(h) dependence is extrapolated to h = 0. The thus
obtained zero value of the torque í0 is treated as a mea-
sure of the resistance to the surface deformation, and its
values is used to calculate the surface viscosity from
Eqs. (21) and (22).

However, a more complete and rigorous analysis
requires the methods of continuum mechanics and the
consideration of dynamic equilibrium equations. This
type of analysis was first performed by Boussinesq [8].
The current analysis of the problem stems from the
equilibrium equation formulated by Scriven [13] for the
general case of an arbitrary coordinate system

(28)

where τ is two-dimensional stress tensor; σ is the sur-
face tension; ηd is the surface dilational viscosity; ηs is

the surface shear viscosity;  is the velocity vector;

div is the divergence operator;  is the tensor, which is
projected by each vector on components tangential to
the surface; and  is the tensor of deformation rate. All
values entering Eq. (28) refer to linear surface (but not
to bulk) deformations.

This problem was rigorously discussed in [14],
where an analytical solution was derived for the veloc-
ity distribution in both liquids upon the rotation of both
flat and biconical discs. Further analysis was directed at
the calculation of the dependence of a dimensionless

torque  on the Boussinesq number [15], where  is
expressed in the following form:

(29)

According to the results obtained in [15] by numer-

ical methods, the dependence (Bo) is characterized
by a horizontal asymptote at small values of Bo; more-
over, the level of this asymptote depends on the ratio of

the viscosities of contacting media, = η1/η2. In the

limiting case   ∞; i.e., when we are dealing with

the air–solution interface, this asymptote  = 1. Within

a rather wide range of fairly large Bo values, the (Bo)
dependence becomes linear and only then Eq. (29) can

be applied. Thus, generalized (Bo) dependences for

different values = η1/η2 give a reliable theoretical
confirmation for the treatment of measurement results
obtained by the rotational method. It should be added
that the obtained theoretical results were also general-
ized to the case of measuring viscoelastic properties of
surface layers (dynamic modulus). This result is
achieved quite simply, i.e., by replacing the viscosities

τ σ ηd ηs–( )divV+[ ]P 2ηsD,+=

V

P

D

T̃ T̃

T̃
T

2πR3 η1 η2+( )Ω
----------------------------------------.=

T̃

Ỹ

Ỹ

T̃

T̃

T̃

Ỹ
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ηd and ηs in Eq. (28) for the corresponding complex
values.

The theory of calculating the surface shear viscosity
and the viscoelastic interfacial properties based on
measurements of rotations and oscillations of a disc
(cell) at the interface have been also considered earlier
in [16–20]. The effect of the emergence of a secondary
flow in the bulk of a viscous liquid and its influence on
the measured surface viscosity at large values of the
Reynolds number was discussed in [21].

Rotational devices of the described type are rather
widely used in research practice. For example, as early
as in the 1940s, the study of the rheological properties
of surfactant interfacial layers became possible due to
the development of a unique device by Rehbinder and
Trapeznikov [22–27], in which highly sensitive torsion
and optical system for the observation of deformations
were used as main elements. This torsion viscometer
was later employed by Izmailova et al. [4, 28–31] and
Abraham et al. [16–18].

An independent version of the considered approach
for measuring rheological properties of interfacial lay-
ers was the use of bodies of different geometries, in par-
ticular, ring (instead of disc) [32] or a system of hori-
zontal coaxial rings with movable inner and static outer
rings [25, 33]. In the latter case, the interfacial layer
formed in a narrow gap between the rings is studied
[34–39]. By using rings instead of discs, the contribu-
tion of the bulk flow is reduced. The theory for this type
of rotational rheometer designed for absolute measure-
ments of shear surface viscosity was described in [40].
This method can also be applied when the ring per-
forms damped torsional oscillations, which enables one
to estimate both the surface viscosity and the elastic
modulus of the interfacial layer [38, 41]. The applica-
tion of a system of two horizontal coaxial rings enables
one to study not only the rheological properties of inter-
facial layers, but also of free liquid films [42–46].

Another interesting version of rotational surface
rheometry is the use of supportless, floating, thin nee-
dles or plates placed at the interface and set in motion
by an electromagnet [47–49] or freely floating small
particles as an indication for the displacement [50]. A
comprehensive theoretical analysis of this type of
devices and a detailed experimental study of its range
of applicability have been reported in [51].

Further development of this technique is related to
the application of modern tools for producing a con-
trolled torque or rate of rotation with a corresponding
high-precision measurement of stress [15, 52–57]. The
description of the design of such modern rotational
instruments is beyond the scope of this review. It should
only be mentioned that measuring surface viscosity
requires the use of highly sensitive measuring devices
and a careful elimination of the inherent resistances of
all mechanical moving elements and employed trans-
ducers. The important element of each design is the

motor, which is set in motion by proximity electronics
[58]. Monitoring the signals during a complete defor-
mation cycle results in an improved determination of
the characteristics of harmonic oscillations [59]. Even-
tually, experimentalists succeeded in gaining outstand-
ing instrumental results, e.g., the possibility of measur-
ing the amplitude of deformation at a level of 0.1 µrad
and the torque on the order of 0.01 µN m [11, 15].

The employment of rotational instruments seems to
be a rather universal technique for determining rheo-
logical properties of adsorption layers at liquid inter-
faces, including viscoelastic layers of proteins and
biopolymers [60–68]. Furthermore, the use of the
improved experimental instrumentation described
above also made it possible to broaden the application
of the discussed method to include other systems [69].

4. METHODS BASED ON THE OSCILLATION 
OF DROPLETS (BUBBLES)

The idea of measuring rheological properties via
changes in the surface area in order to determine the
viscoelastic properties of interfacial layers of surfac-
tants by a biaxial stretching is quite evident. At present,
different methods of oscillating droplets (bubbles)
based on variations in surface (interfacial) tension as a
response to harmonic compressions–expansions of the
interfacial area (via variations of the volume of a drop-
let or bubble) are widely used. The determination of
dilational rheological properties of interfacial layers is
based on measuring the dynamic interfacial tension
during droplet oscillations at a certain frequency
(cf. Eqs. (12)–(20)).

These methods have been successfully implemented
in various devices, among which we distinguish
between two most widespread types. The first of these
methods is the drop profile analysis tensiometer, which
is used to measure surface tension by analyzing the
shape of a droplet (bubble) [70–72], which can be oper-
ated in the low-frequency range from 10–3 to 0.2 Hz.
The second device is the capillary pressure tensiometer,
which is used to directly measure capillary pressure
[73] at higher frequencies of 0.1–100 Hz (in some
cases, up to 500 Hz). These devices are summarized in
[74]. These methods are limited to a certain maximum
frequency due to the appearance of nonradial droplet
oscillations, which, for different reasons, appear at
higher frequencies of 102–104 Hz.

It was rigorously demonstrated [75] that the charac-
ter of an oscillating droplet (bubble) is highly sensitive
to the presence of surfactants at the interface. Hence,
quantitative characteristics of interfacial layers can be
estimated by studying oscillations. However, this idea
was only recently realized and introduced into the rou-
tine laboratory practice due to the progress in high-
speed video techniques and the development of com-
puter processing of the results of measurements that
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made it possible to reliably monitor changes in the
droplet profile and to perform the necessary calcula-
tions [76, 77].

An extensive and detailed review devoted to the
analysis of droplet shapes has been published recently

[72], so that we only dwell on the common fundamental
points. The scheme of measurements is shown in Fig. 4.

A reliable modern experimental unit for studying
droplet oscillations was probably for the first time
described in [78–80]. Later, numerous variants of this
measurement scheme were proposed. The scheme, in
which the upper cell was open, was used in [81]. The
variant of measurements using a closed upper cell was
described in [82, 83]. The implementation of this
method suggests a broad potential for measuring vis-
coelastic properties of interfacial layers of surfactants,
including all classical schemes of relaxation experi-
ments, e.g., periodic deformations [84], as well as the
relaxation of interfacial layers induced by transient
changes in the surface area of a droplet induced via
changes in its volume [85].

The theory of this method would be relatively sim-
ple if the droplet had a strictly spherical shape. Then, it
would be easy to calculate changes in the volume and,
hence, in the surface area upon oscillations. It was dem-
onstrated [79, 86] that a droplet (bubble) with an admis-
sible accuracy can be considered spherical provided
that its size does not exceed a hemisphere. In this case,
oscillations can be considered to be strictly radial.

2

1

3

Fig. 3. Basic scheme of measuring cell used in the oscillat-
ing droplet (bubble) method: (1) aqueous surfactant solu-
tion, (2) apolar liquid/air, and, (3) droplet/bubble.

4

3 1
2

5

Fig. 4. General scheme for measuring the viscoelastic properties of interfacial layers by the oscillating droplet (bubble) method:
(1) measuring cell, (2) video camera, (3) light source, (4) dosing unit, and (5) computer [56].
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However, there is a substantial difference in the
behavior of droplets depending on whether the measur-
ing cell (Fig. 4) is open or closed, as the compressibility
of the medium appears to be a significant factor that
affects both the shape and stability of the meniscus [87,
88]. Moreover, the character of oscillations depends on
whether the size of the bubble is smaller or larger than
the hemisphere [89]. Some instrumental errors can be
excluded by using a differential method when measure-
ments are performed simultaneously with two droplets
(squeezed from neighbor capillaries) of different sizes
[90]; this, however, entails other significant drawbacks.

From an experimental point of view, attention
should be paid to the general case when the spherical
shape of the meniscus cannot be assumed and the drop-
let acquires a complex (generally speaking, uncertain)
shape (Fig. 5a). The discussed method can be adapted
to a routine laboratory practice only after the develop-
ment of corresponding theoretical notions of the drop-
let shape and its dependence on the properties of the
interfacial layer. Figure 5a demonstrates a calculation
scheme that corresponds to the shape of a real droplet.

The calculation of the droplet shape is carried out
from the condition of equilibrium of forces acting on a
droplet surface. It is assumed that the curvature of the
surface is determined by the balance of forces; i.e., the
difference in interfacial pressures is balanced by the
capillary pressure and the following quite evident con-
dition:

(30)

is fulfilled. Here, êσ is the capillary pressure on the drop
apex, ∆ρ is the difference in the densities of contacting
phases, g is the gravity acceleration; σ is the surface
tension, and R1 and R2 are curvature radii in point S in
two planes (it is suggested that the droplet is axisym-
metric).

Pσ ∆ρgz+ σ 1
R1
----- 1

R2
-----+⎝ ⎠

⎛ ⎞ .=

The force balance for point S of coordinates (x, z)
was first formulated and analyzed in [91] where the cor-
responding version of the Laplace equation was pre-
sented in the following form:

(31)

where R0 is the radius of curvature at the droplet apex
and R is the radius of curvature of the surface in the
point in which principal curvature radii R1 and R2 are
equal; the angle ϕ is counted with reference to this
point.

Usually, this equation is considered in a slightly dif-
ferent form, which is derived by the introduction of the
form-factor β = ∆ρg/σ. Then, the basic equation takes
the form

(32)

Under the action of gravity, the droplet can only be
strictly spherical when both densities of the phases
inside and outside the droplet are equal (∆ρ = 0) and,
hence, the form-factor β = 0.

From the point of view of measuring surface prop-
erties, this equation represents the relationships
between surface tension and droplet shape. In earlier
works, solutions of this equation were presented in tab-
ular form [92, 93]. In modern instruments, the relation
between measured droplet shape and surface tension
was established using respective software. The calcula-
tion procedure is based on the comparison of the mea-
sured profiles with calculated (Laplacian) profiles so
that an optimum value of the adjustable parameter is
established. Numerical methods of the solution to this
problem are reviewed in detail in [72].

2σ
R0
------ ∆ρgz+ σ 1

R
--- ϕsin

x
-----------+⎝ ⎠

⎛ ⎞ ,=

2 R0
2β z/R0( )+ 1

R/R0( )
----------------- ϕsin

x/R0( )
----------------+ .=

(‡) (b)
z

x0

S(x, z)

ϕ

Fig. 5. (a) Real shape of a droplet and (b) calculation
scheme [72].

1

2

3

4

5

R

Fig. 6. Basic scheme of a measuring cell used in capillary
pressure method with oscillating droplets (bubbles):
(1) aqueous surfactant solution, (2) apolar liquid/air,
(3) droplet/bubble, (4) piezoelectric element, and (5) pres-
sure transducer.



COLLOID JOURNAL      Vol. 71     No. 1      2009

METHODS OF MEASURING RHEOLOGICAL PROPERTIES 9

The method based on measuring capillary pressure
upon oscillations of the droplet (bubble) is also widely
applied for determining rheological characteristics of
interfacial layers [74]. In such type of devices, the pres-
sure drop between the two phases separated by the
spherical surface of the droplet (bubble) with radius R
is measured under controlled changes in the droplet
volume, which makes it possible to determine the sur-
face tension from the simplified Laplace law

(33)

The scheme of the measuring cell is shown in Fig. 6.
The lower cell containing the liquid is closed and
equipped with a pressure transducer and a piezoelectric
element to induce oscillations in the volume (and,
hence, in the surface area) of the droplet formed at the
capillary tip and continuously monitored with a video
camera. The droplet radius is either measured directly
or calculated from the volume of injected liquid. We
present no technical details of this method, as they are
thoroughly described elsewhere [73]. It should only be
emphasized that calculations of this method are based
on the fact that the droplet has a spherical shape, which
is the result of either its small size or the use of two liq-
uids with a small difference in densities. This method
has also been applied successfully to determine the
dilational characteristics of interfacial layers under
microgravity [94]. The results obtained on the changes
in surface tension upon variations in the surface area
enable us to calculate the elastic modulus using relation
(12).

Relation (12) can easily be generalized to the case of
a viscoelastic (damped) response when the changes in
surface area (droplet volume) and surface tension are
not in phase. Then, the value of elastic modulus Ö0 is
substituted by the complex modulus expanded into real
and imaginary components; moreover, in general, these
components can depend on the oscillation frequency.

It is correctly emphasized that any experimental
success with both types of devices is mainly deter-
mined by the quality of the used video technique; more-
over, image acquisition performed simultaneously with
experiment that is especially important when studying
transient modes of deformation [95]. Note also that, in
the study of transient processes, the ratio of the rates of
relaxation and the process that induces changes in the
studied properties is important.A theoretical analysis of
transient processes, in which the diffusion of surfactant
from/to the bulk was assumed to be the main reason for
the changes in the interfacial properties, was performed
in [96].

In the original version, this technique was success-
fully applied to studies of kinetic processes resulting in
surface tension changes with time [97, 98]. It turned out
later that the analysis of video images is a very efficient
procedure for studying viscoelastic properties of inter-

σ t( )
Pσ t( )R t( )

2
------------------------.=

facial layers, i.e., dependences of the components of the
complex elastic modulus on oscillation frequency.
Here, it is basically important to ensure a high-speed
analysis of deformations, because the oscillation fre-
quency can be fairly high.

When estimating the available frequency range in
which the viscoelastic properties can change, it is nec-
essary to take different factors into account. The start-
ing point should be the state when equilibrium interfa-
cial layer is already formed. Then, the method of har-
monic oscillations makes it possible to evaluate the
properties of this layer. In this respect, the strategy of
application of this method in 2D rheology is not essen-
tially different from problems of relaxation spectros-
copy, which has been developed extensively and is used
in the rheology of polymers [5, 99]. In any case, with
this approach, the range of studied frequencies has no
essential limitations. However, purely hydrodynamic
restrictions in frequency are possible that are caused by
the deviation of the droplet profile from the theoreti-
cally expected shape. In this case, the processing of
measurement results according to the standard proce-
dure (which was used to develop the software) becomes
incorrect [100].

Therefore, it is noted that the droplet oscillation
method in the standard version can usually be applied
within the low-frequency range confined to an upper
frequency of 1 Hz [72, 100]. The expansion of potential
of the discussed method is related with the use of very
small droplets (bubbles) [101]. Nevertheless, in some
experiments (under conditions of microgravity), it was
possible to form ideally spherical bubbles that avoid
experimental problems and allow measurements within
a frequency range of up to 100 Hz [102, 103]. It was
mentioned that the shape of a bubble depends on the
ratio between surface forces and viscous drag in the
bulk; i.e., as usual, the stability of the bubble shape
depends on the capillary number Ca, and distortions of
a spherical surface becomes possible at very small Ca
values (Ca > 0.002) [104].

The second approach has gained wider recognition
in colloid science when dealing with methods based on
droplet (bubble) oscillations for monitoring changes
occurring due to various reasons in the interfacial layer.
First of all, diffusion phenomena play here a significant
role and the characteristic observation time (reciprocal
to the oscillation frequency) should therefore be
smaller than the characteristic time of diffusion. The
same principle, as mentioned above in discussing the
relaxation method, is valid in this case. Thus, generally
speaking, such approach to the application of an oscil-
lation method inevitably imposes some constraints on
the admissible frequency range in which correct results
can be obtained.

The first application of the oscillating droplet
method for measuring viscoelastic properties of interfa-
cial layers is described in [105]. In subsequent years,
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this method was repeatedly used to study various sys-
tems with different purposes, in particular, to investi-
gate the role of the surfactant nature in the stability of
interfacial layers, to study mass exchange processes at
the interface, changes in conformations of molecules in
the interfacial layers, etc. [69, 106–112].

The application of the oscillation method for mea-
suring the viscoelastic properties of interfacial layers,
including nonharmonic and aperiodic oscillations, is
closely associated with the use of the Fourier analysis
of experimentally measured functions [72]. In this
respect, there is a complete analogy with the applica-
tion of the mechanical Fourier spectroscopy of anhar-
monic signals considered in [113, 114].

At present, the oscillating droplet (bubble) method
used for measuring viscoelastic properties of interfacial
layers at liquid interfaces is widely applied in the labo-
ratory practice and also realized on a commercial level
by a number of companies for producing different
instruments [115–117].

5. OSCILLATING BARRIER METHOD

The oscillating barrier method [118] is used for
studying the dilational behavior of adsorption layers
formed by adsorption from a surfactant solution or by
spreading a monolayer of an insoluble surfactant. This
method and its design are described in detail in [70,
118–121]. The main measuring cell is a Langmuir
trough containing the surfactant surface layer restricted
on three sides by the trough walls and at the fourth side,
by a movable barrier. As a result of the back-and-forth
motions of this barrier, compression–expansions of the
surface layer are generated and the surface tension is
measured by the standard Wilhelmy plate method. The
scheme of this method is shown in Fig. 7.

The physical idea of this method is quite evident.
Equation (12) is directly used in this method, as
changes in the surface tension and surface area at the
interface are measured simultaneously with the move-
ment of the barrier. The method makes it possible to
measure both the static values of the elastic modulus
and the dynamic modulus, provided that the barrier is
subjected to oscillations. The complex modulus is cal-
culated from the ratio of oscillation amplitudes of sur-
face tension and surface area of the interfacial layer
(see relation (16)). The dilational 2D elastic modulus is
calculated using relation (19) and taking into account
the phase shift between oscillations of two aforemen-
tioned parameters. Although the measurement of sur-
face tension by the Wilhelmy plate is, in principle, a
static method, it remains applicable at relatively low
oscillation frequencies of the movable barrier. There-
fore, the discussed method of an oscillating barrier is
used at oscillation frequencies not higher than 0.2 Hz
[118, 122]. The method was applied in [123–127] and
discussed in detail in a recent review [128].

Despite the evident character of measuring scheme,
the application of this method requires very accurate
measurements of surface tension and barrier displace-
ment. Thus, as far as practical applications are con-
cerned, the oscillating barrier method is inferior, e.g., to
the torsional oscillation method, which can be very eas-
ily automated. Nevertheless, this method continues to
be applied.

6. CAPILLARY WAVES

The emergence of capillary waves is a well-known,
routine phenomenon observed on liquid surfaces called
in every day life “ripple waves.” These waves appear
under the action of small disturbances and their exist-
ence and characteristics are related to the action of sur-
face forces. Low amplitudes and length are typical for
capillary waves; therefore gravity does not play a sub-
stantial role in the existence of capillary waves, in con-
trast to the steep sea waves, which are explained, first of
all, by gravity [75, 129].

A quantitative study of the effect of surface layers
on the wave motion of liquids was started probably in
[130]. Even in earlier theoretical studies [75, 131, 132],
it was mentioned that the effect of the surface is corre-
lated to the expansion–compression of the surface layer
that is equivalent to a certain surface viscosity, although
this conception was not used directly. Surface tension
forces appear due to the considerable differences in the
curvature at the ridge of a wave and wave depression.
The current theory of capillary waves is fairly devel-
oped and described in many publications [133, 134].

Methods of surface rheology mentioned above, such
as the oscillating droplet (bubble) and oscillating bar-
rier method, are limited in oscillation frequency and
used at low frequencies. Hence, the capillary wave

1 2

3 4

Fig. 7. Scheme of oscillating barrier method: (1) Langmuir
trough, (2) movable barrier, (3) Wilhelmy plate, and (4) sur-
factant film.
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method is used for studying the dilational behavior of
surfactant interfacial layers in the high-frequency range
(up to 1000 Hz).

From an experimental point of view, for the realiza-
tion of the capillary wave method, it is necessary to
solve two problems, i.e., the development of a proce-
dure for exciting the wave motion and the development
of a method for measuring motion of the waves. It is
possible to produce both transverse [135–139] and lon-
gitudinal [140–149] wave oscillations; in this case, the
experimental scheme remains essentially the same. In
both cases, it is sufficient to reliably measure the char-
acteristics of the wave process, i.e., oscillation ampli-
tude and damping coefficient.

Some experimental designs are described in [90,
118, 150–152]. Capillary waves are created either by
using an electric generator [153] and initiating them
with a thin blade arranged above the liquid surface (Fig.
8) or by using a mechanical generator [150]. Oscilla-
tions can also be created by a periodic displacement of
the cell containing the system under study [154, 155].
In the majority of cases, the motion of arising waves is
monitored via contactless optical systems [153, 155–
157].

Fundamental advantage of the wave damping meth-
ods is the fact that measurements are performed by a
contactless procedure so that the surfactant interfacial
layer is not subjected to any external perturbations. The
method of measuring surface properties via capillary
waves was used in a number of works when studying
insoluble monolayers of surfactants and polyelectrolyte
solutions (e.g., see [158–162]).

It is of interest that a wave regime of flow also arises
in thin liquid films flowing down the surface of a verti-
cal solid. Here, the crucial role also belongs to surface
forces, thus indicating that the capillary mechanism of
flow is realized in this case as well [163].

7. OTHER METHODS

Various versions of the realization of flow of a Lang-
muir films through narrow channels gained widespread
application in laboratory practice. Two types of flow are
distinguished, including the flow induced by surface
pressure (pressure driven flows) or by the displacement
of a solid wall at which the liquid film is deposited
(drag flows).

3

4 1

2

5

Fig. 8. Possible scheme of actuation and observation for capillary waves: (1) measuring cell, (2) motor for generating capillary
waves, (3) optical system for monitoring capillary waves, (4) electrode, and (5) surfactant film.

12

5 43

Fig. 9. Scheme of channel viscometer: (1) Langmuir trough, (2) Wilhelmy plates, (3) and (4) movable barriers, and (5) immovable
barrier with microchannels.
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With a capillary flow, the surfactant monolayer
flows on a free liquid surface due to the applied surface
pressure through the narrow gap; in this case, the veloc-
ity of flowing liquid is measured as the analog of a Poi-
seuille flow. This scheme of deformation is sometimes
called a Marangoni flow. The experimental units are
described elsewhere (cf. [164–167]); the general solu-
tion to the problem of joint flow at the surface and in the
bulk at arbitrary ratios of viscosities was proposed in
[168].

According to this method, a Langmuir film is
formed at the liquid surface between two barriers
(immovable and movable); a membrane with narrow
microscopic channels is placed between these barriers.
Upon the displacement of the movable barrier, the
monolayer is pressed through these channels and the
velocity profile is measured by some optical methods.
The character of motion can be monitored by the dis-
placement of markers placed into the flowing surface.
The velocity profile depends on the ratio between bulk
and surface flows [165, 168]. Note that this method
made it possible to discover the non-Newtonian behav-
ior of a surface layer, i.e., the dependence of apparent
surface viscosity on the flow rate [165].

The method of thin-film deformation induced by the
motion of an interfacial layer is also described in [169–
172], in which the authors were dealing with a channel-
type rheometer (Fig. 9).

When speaking of the drag flows of thin layers
caused by the motion of a boundary, it should be men-
tioned that the historic priority belongs to Derjaguin’s
works [173, 174]. This method was realized by Kusa-
kov [175, 176] as it applies to measuring rheological
properties of thin films deformed by an airflow created
above the film surface.

The idea of measuring the resistance to the displace-
ment of very small particles at the surface of a liquid as
a procedure for determining its surface viscosity was
applied in [177] by measuring the force needed to dis-
place a small sphere on the surface. This method can be
considered to be a certain analog of the classical Stokes
method for measuring bulk viscosity.

The measurement methods described above con-
tinue to dominate and are widely applied for measuring
the rheological properties of surfaces and interfacial
adsorption layers. However, other approaches are
sometimes mentioned in the literature, though some of
them are considered old-fashioned. Nevertheless, the
procedure of measuring viscoelastic properties of a sur-
face by the observation for the kinetics of a rising liquid
over thin wires is described in [153]. The driving force
of this process is the electrostatic field caused by the
voltage on the wire. A modification of the classical ring
detachment method can be used (Du Noüy method) in
which the ring is replaced by a wire and the kinetics of
the motion of liquid layer detached from the surface
and the dynamics of capillary motion of the thin film
are monitored [178].

The so-called “deep channel surface viscometer” is
described in a number of works. This viscometer is
designed as follows (Fig. 10). The outer and inner cyl-
inders are immovable and the bottom is rotated at con-
stant angular velocity so that the flow occurs in a rela-
tively narrow circular gap. The monolayer of an insolu-
ble surfactant to be studied is placed at the interface in
this gap.

The flow character depends on the Reynolds num-
ber. At low flow rates, the governing factor is the sur-
face shear viscosity; high rates of bottom rotation give
rise to secondary flows. Therefore, the monolayer,
which is first uniformly distributed over the surface,
moves toward the inner cylinder [179–181]. The quan-
titative theory of this method based on the numerical
solution of Scriven’s equation (28) was developed in
works cited above.

The evaluation of the properties of interfacial layers
is based on the direct measurements of the velocity dis-
tribution over the surface by using different procedures.
In particular, tracers are placed on the surface, as
described in [182–184]. Of special interest is the review
[184], where various modern rheometry methods are
considered.

Deep channel surface viscometers have been suc-
cessfully applied in a number of works [183, 185],
although some difficulties have been mentioned when
studying systems in which surfactant was partially sol-
uble in liquid [186]. However, this remark is applicable
to almost any measurement method.

4

3

1

2

Fig. 10. Scheme of deep channel surface viscometer:
(1) immovable part of instrument, (2) rotating vessel, (3)
liquid, and (4) surfactant interfacial layer.
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8. CONCLUSIONS

Surfactants play a crucial role in manufacturing a
large number of items in the food industry, biotechnol-
ogy, in the production of drugs and cosmetics, etc.,
which present primarily disperse systems and their
properties depend on the properties of the involved
interfaces, thus giving rise to the problem of a tailored
optimal choice of necessary components. This problem
can only be solved on the basis of a description and
understanding of the phenomena occurring at the inter-
face, which, in turn, requires knowledge of quantitative
characteristics of the rheological properties of the
interfacial layers. In this review, we attempted to con-
sider the current notions of experimental procedures of
the measurement of these properties devoted precisely
to this problem.

The discussed experimental methods are based on
the general concept that surface (interfacial) layers of
surfactants are two-dimensional objects and their prop-
erties are characterized by surface viscosity and elastic-
ity, i.e., viscoelasticity. Similar to the viscoelastic prop-
erties of bulk (three-dimensional) material, these char-
acteristics represent (in the linear region of mechanical
behavior) the frequency dependences of the compo-
nents of complex elastic modulus (or complex vis-
coelasticity); in the nonlinear region, amplitude-depen-
dent components of dynamic functions must be added
to these characteristics. In the stationary state of a sys-
tem, surface viscosity and equilibrium elastic modulus
are used as characteristics of interfacial layers.

At present, two basic approaches to the experimen-
tal determination of the rheological properties of two-
dimensional objects received widespread use, namely,
rotational 2D rheometry and dilational rheometry.

In the first case, disturbances are created on the sur-
face in a thin interfacial layer by either the stationary
rotation of a solid in contact with the surface or by its
periodic oscillations. The processing of the dependence
of the measured torque on the surface deformation is
based on an analysis of the dynamic equations that
yield the values of the 2D shear characteristics of the
surface such as shear viscosity and shear elastic modu-
lus. Furthermore, 2D shear viscosity, in principle, can
depend on the rate of deformation, i.e., on the two-
dimensional structure of the interfacial layer, as well as
bulk medium, and, hence, can exhibit non-Newtonian
properties.

In the second case, upon the oscillations (expan-
sion–compression) of the surface of a droplet (bubble),
the area of the interfacial layer covered by surfactants is
subjected to changes, thus generating changes in the
surface tension. The ratio between these changes in sur-
face tension and surface area makes it possible to calcu-
late the 2D dilational characteristics of the surface, i.e.,
the viscosity and elastic modulus.

It is significant that, in 2D rheology, the shear and
dilational characteristics of the interfacial layers are
considered as independent parameters, although, in the
rheology of three-dimensional media, there are certain
quantitative relationships, at least in the linear region of
the mechanical behavior of the studied object.

It is these two approaches that constitute the basis of
modern experimental methods of 2D rheology. These
approaches have been strictly substantiated theoreti-
cally, incorporated into experimental units operating in
many laboratories, and have been implemented in a
number of commercial instruments.

Among the experimental methods, attention is
focused on the study of low-scale surface (capillary)
waves, as this approach makes it possible to make
progress in the region of high-frequency oscillations,
which can be very promising as it applies to the simu-
lation of atmospheric, oceanographic, and other phe-
nomena.
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