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In the present paper, the different techniques used for the determination of changes
of surface stress of solid electrodes, as well as the kind and quality of information that
can be achieved using these methods are discussed. The most important methods are
briefly reviewed and advantages/drawbacks highlighted. Special attention is paid to is-
sues related to the use of the “bending beam” (“bending cantilever”, “laser beam deflec-
tion”, “wafer curvature”, etc.) methods. Recent development in these techniques has
been introduced and discussed.
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Introduction

The surface stress (“surface tension”) or the
“specific surface energy” (“generalized surface pa-
rameter”1) of solid electrodes is an important physi-
cal quantity, since most electrochemical systems in-
volving solids are, in fact, capillary systems, be-
cause any interaction between the bulk solid and
the remainder of the system takes place via the sur-
face region. Since thermodynamic properties of the
surface region directly influence the electrochemi-
cal processes, an understanding of the thermody-
namics of solid surfaces is of importance to all sur-
face scientists and electrochemists.

Unfortunately, for solid electrodes the thermo-
dynamic interpretation of the results from various
methods in terms of physicochemical properties of
the system is not without problems.2–20 In principle,
the results of the theoretical work can be checked
experimentally; however, specific surface energies
of solid/liquid interfaces are very difficult to mea-
sure owing to the lack of reliable and sensitive
methods. Theoretical estimates of absolute surface
tension of some relatively simple covalently
bonded, ionic, rare-gas, and metallic crystals are
discussed in the literature.21 In a few specific situa-
tions, the surface tensions of some solid surfaces
have been determined experimentally. These exper-
imental methods are designed for the solid/gas in-
terface, and are mostly incompatible for use at
room temperature or in the presence of an electro-
lyte solution. Consequently, they cannot be applied
to study the surface energetics of solid electrodes.

It is not surprising therefore, that during the
past decades several attempts have been made to
derive thermodynamic equations for the solid/liquid
interface, and several methods were suggested for
measurements of changes of the surface stress of
solid electrodes.22–32

Attempts to determine the surface stress of
solid electrodes fall into two main categories: mea-
surement of the potential dependence of contact an-
gle established by liquid phase on the solid surface
and the measurement of the variation in surface
stress experienced by the solid as a function of po-
tential. Variation in the stress may either be mea-
sured “directly”,23,33,34 with a piezoelectric element,
or be obtained indirectly,30,35–39 by measuring the
potential dependence of the strain (i.e. electrode de-
formation) and then obtaining the variation in stress
from the appropriate form of Hooke’s law. It should
be stressed again that the above methods only yield
changes of surface stress as a function of various
physicochemical parameters e.g. as a function of
electrode potential, and in principle, if there are
both “plastic” and “elastic” contributions to the to-
tal strain, the changes of the “generalized surface
parameter”1 can be determined.

Unfortunately, most of the proposed methods
have drawbacks; i.e., they are technically demand-
ing, they cannot be used to monitor changes of the
surface stress, they are semiempirical and depend
on further assumptions, or they are not generally
applicable.

This paper discusses the different techniques
used for the determination of changes of sur-
face stress of electrodes (“bending beam” method
[e.g.24–32,40], interferometry [e.g.36,39,41–43], piezo-
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electric method [e.g.44–46], extensometer method
[e.g.47,48]), as well as the kind and quality of infor-
mation that can be achieved using these methods.
Special attention has been paid to problems related
to the use of the “bending beam” (“bending cantile-
ver”, “laser beam deflection”, “wafer curvature”)
method.

Experimental methods

Piezoelectric method

According to our knowledge, Gokhshtein49–51

was the first to measure changes �� �s E of the sur-
face stress � s with the electrode potential E at plati-
num electrodes in sulfuric acid using the “piezo-
electric” method. The piezoelectric method origi-
nally developed by Gokhshtein33 and improved by
various authors,34,44,52,53 especially by Seo et al.,34,53

is a very powerful in-situ method for the rapid de-
termination of surface energy changes. The method
is “direct” in the sense that it is the variation in the
electrode deformation that is “registered” directly
by a piezoelectric element. A metal plate is rigidly
connected, in a special manner, to a highly sensitive
piezoelectric element (Fig. 1). The applied potential
consists of a mean component upon which is super-
imposed a high-frequency component. Electrode
potential oscillations with an amplitude �E will re-
sult in oscillations with an amplitude �� s in the
surface stress, which in turn set up forces of inertia
that excite vibrations in the entire elec-
trode-piezoelement unit. By applying this method
�� �s E is measured at high frequencies and the
quantitative determination of surface energy
changes requires a difficult calibration procedure
(the transfer function of the mechanical coupling is
rather complicated). However, the potentials of

extrema of the function surface stress vs. potential
can be obtained directly. A series of measurements
has been performed to date in order to understand
electrode processes such as electrosorption and ini-
tial oxidation. This technique was capable of de-
tecting sensitively the shift in potential of zero
charge (pzc) due to the adsorption of ions and the
sign reversal of surface charge due to the formation
and reduction of surface oxide phases. E.g. in case
of platinum is sulphuric acid solutions Gokhshtein
observed two extrema in the hydrogen adsorption
region.30 Similar results were obtained by Seo et
al.34 applying the same experimental method to
platinum in 0.5 M acid sulfate solutions. On the
other hand, Malpas et al.44 observed only one
extremum at E � 0.05 V for platinum in 0.1 M sul-
furic acid. The electrode potential of the maximum
was found to shift with pH to more negative values
according to �Em/�pH = –40 mV.34

Obviously, because of the dynamic features of
the method, the recorded variation in surface stress
does not always correspond to equilibrium condi-
tions. In addition, as indicated above, the greatest
disadvantage of the method is that the surface en-
ergy change can be calculated from the measured
signal only after a sophisticated calibration proce-
dure.

The extensometer method

Beck et al.47,54,55 attempted to determine varia-
tions in surface stress as a function of potential by
using an extensometer which measures the correspon-
ding variation in the length of a very thin metal rib-
bon. (The results published more recently in ref. [56]
are also noteworthy.) The variation in surface stress,
�� s , can be obtained from the change in the ribbon
length �L by an equation developed by Beck:

� �� s��
AE

PL
L (1)

where A and P are the cross-sectional area and pe-
riphery of the ribbon and E is Young’s modulus
(Fig. 2).

Unfortunately, thermal expansion constitutes a
serious problem in the extensometer method. The er-
ror due to thermal expansion can be reduced, but un-
less the effect on thermal expansion can be quantita-
tively accounted for, the results of the extensometer
method cannot be conclusively interpreted.

The “bending beam” method

The principles of the “bending beam” (“bend-
ing cantilever”, “laser beam deflection”, “wafer
curvature”, etc.) method were first stated by
Stoney,57,58 who derived an equation relating the
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F i g . 1 – Schematic illustration of a device for the “piezo-
electric method”



stress in the film to the radius of curvature of the
beam.

Measuring the bending of a plate or strip to
determine surface stress change or the stress in
thin films is a common technique, even in electro-
chemistry.22–32 It has been also used for instance
for the investigation of the origin of electroche-
mical oscillations at silicon electrodes59 or in
the course of galvanostatic oxidation of organic
compounds on platinum,39,40 for the study of
volume changes in polymers during redox pro-
cesses,60 for the investigation of the response kinet-
ics of the bending of polyelectrolyte membrane
platinum composites by electric stimuli,61 and for
the experimental verification of the adequacy of the
“brush model” of polymer modified electrodes,62

etc.

The “bending beam” method can be effectively
used in electrochemical experiments, since the
changes of the surface stress (�� s ) for a thin metal
film on one side of an insulator (e.g. glass) strip (or
a metal plate, one side of which is coated with an
insulator layer) in contact with an electrolyte solu-
tion can be estimated from the changes of the radius
of curvature of the strip. If the potential of the elec-
trode changes, electrochemical processes resulting
in the change of � s can take place exclusively on

the metal side of the sample. The change in � s in-
duces a bending moment and the strip bends. In
case of a thin metal film on a substrate if the thick-
ness of the film tf is sufficiently smaller than the
thickness of the plate, ts >> tf , the change of � s can
be obtained by an expression based on a general-
ized form of Stoney’s equation57

� �� s i� k R( )1 (2)

where k i depends on the design of the electrode. In
most cases

k
E t

vi
s s

s

�
�

2

6 1( )
(3)

where Es, vs, and R are Young’s modulus, Poisson’s
ratio and radius of curvature of the plate, respec-
tively.

The derivation of eqs. (2) and (3) imply the as-
sumption that � �� s f f� t g , where �g f is the
change of the film stress. (In principle, if there are
both plastic and elastic contributions to the total
strain, the change of the “generalized surface pa-
rameter” (�� s )

1 can be determined.) According to
eq. (2), for the calculation of �� s the changes of the
reciprocal radius �( )1 R of curvature of the plate
must be known.

The values of � �( )1 R k� � s i can be calcu-
lated,

a) if the changes of the deflection angle of a la-
ser beam mirrored by the metal layer on the plate
are measured using an appropriate experimental
setup as shown in Fig. 3,

b) or the deflection of the plate is determi-
ned directly, e.g. with a scanning tunneling micro-
scope.
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F i g . 2 – Design of the extensometer

F i g . 3 – Scheme of the electrochemical (optical) bending
beam setup. Dd: the displacement of the light spot on the posi-
tion sensitive detector if the radius of curvature changes from
R to R’. l: the distance between the electrode and the photo-
detector, h: the distance between the solution level and the re-
flection point.



Optical detection

Direct position sensing

Fig. 4 shows a possible arrangement for elec-
trochemical bending beam experiments with optical
detection.63 Such a setup can be used mainly for the
investigation of small deflections, and several de-
tails may be different in special cases. E.g. a
multi-beam optical technique was used by Proost
et. al in.64,65 With this technique, the spacings be-
tween a one-dimensional array of multiple laser re-
flections off the cantilevered substrate can be con-
tinuously monitored with a charge coupled device
(CCD) camera.

As it can be seen in Fig. 4, l is the distance be-
tween the electrode and the photodetector, l1 is the
distance between the optical window and the reflec-
tion point (B) on the electrode, l2 is the distance be-
tween the optical window and the detector plane,
and s is the length of the electrode in the solution,
respectively. The angle of incidence of the light
beam coming directly from the laser (in air) is �.
Because of the refraction at A the direction of the
beam changes, the new direction of it (in the solu-
tion) is AB, the angle of refraction is �� . The laser
beam arriving from the direction AB is reflected at
point B on the surface. The direction of the re-
flected beam (which strikes the surface of the opti-
cal window with an angle of incidence of �) is BG.
Due to the refraction at G, the direction of the re-
flected beam changes again, the new direction of it
(in air) is GH, and the angle of refraction is �� . The
reflected beam results in a light spot at H on the de-
tector plane. According to the above considerations,
if the radius of curvature of the electrode changes, a

displacement of the light spot (�d) on the position
sensitive detector can be observed.

The distance d can be expressed with the help
of the corresponding triangles:

d l l� 	 �1 2tan tan� � (4)

and

l l l1 2	 � (5)

From Fig. 4 and from Fig. 5 (in which the cor-
responding segment of the electrode with the inci-
dent and reflected light beam is magnified) we can
see that

� � 
	 �� , (6)

and



� �

2
90� �� � �( ). (7)
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F i g . 4 – Optical configuration of a typical arrangement for electrochemical
bending beam experiments. �: the angle of incidence of the light beam coming di-
rectly from the laser (in air), �� : the angle of refraction at A, �: angle of incidence
at G, ��: angle of refraction at G, H: light spot at H on the detector plane, l: the
distance between the electrode and the photodetector, l1: the distance between the
optical window and the reflection point (B) on the electrode, l2: the distance be-
tween the optical window and the position sensitive detector (PSD), s: the length
of the electrode in the solution, h: the distance between the solution level and the
reflection point.

F i g . 5 – A magnified segment of the electrode with the in-
cident and reflected light beam (see Fig. 4)



Taking into account the rectangle triangle
shown in Fig. 5 the angle 
 can be expressed as


 �� ��90 (8)

By combining eqs. (6)–(8) one obtains

� 
 �� 	 �2 (9)

To express �� , which is the angle between the
normal to the optical window and the light beam
exiting the electrochemical cell, we can use
Schnell’s law:
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sin

�
�

�

�
ns (10)

From eq. (4) we have:
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�
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and, with eqs. (9) and (10)
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It can be seen, that eq. (12) is suitable (at least
in principle) for calculating d using experimentally
measurable parameters: the values of 
 and �� can
be determined knowing the incident angle of the
beam, the refractive index and the radius of curva-
ture of the plate.

However, on the basis of this expression we
can derive simpler equations for the change in d
when 
 changes. Differentiating the d( )
 function
with respect to 
 we have:

d

d

d
l
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By taking into account eqs. (9) and (10), eq.
(13) can be rewritten into a simpler form, from
which it is clear that the factor multiplying ns in the
second term of the RHS of eq. (13) is always
greater than one:

d

d s

d
l l n
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�

�
� 	

�
2

1
21 2 2 3cos

cos

cos
(14)

It is clear that ��� �, since the solution is the
optically denser medium. However, from ��� � fol-
lows that cos cos cos3 1�� �� �� � � , and therefore

cos

cos

�

�3
1

�
� (15)

Since d d
� s R( )1 , by using eq. (13) the fol-
lowing equation can be obtained:
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It should be noted, that except for the assump-
tion that the thickness of the optical window is zero
(see later), no approximations were used in the deri-
vation of eq. (16).

Now we can express �d (the change of the
position of the light spot on the PSD) by using

Schnell’s law (
sin

sin

�

��
� ns ) and the following as-

sumptions: �( )1 R is small enough to use first-order
approximation for the changes, s h� , and
2 2s R� �� �
 � .

According to the above considerations:

� �d
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R
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The factor � �( , )ns in square brackets in eq.
(19), expressing the effect of the incident angle, is
a monotonously decreasing function of �, and for
ns(20 °C) � 1.33 (pure water) and for � = 10° it has
the value of �( , . )10 1 33� = 0.966, the value of
�( , . )30 1 33� = 0.721 for ns(20 °C) � 1.33 and � =
30°; �( , . )10 1 42� = 0.965 for � = 10° and ns(20 °C)
� 1.42 (this is the refractive index e.g. of propylene
carbonate), and �( , . )30 1 42� = 0.716 for � = 30° and
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ns(20 °C) � 1.42, respectively. Note that if the de-
flection of the electrode is small and � tends to zero
(“normal incidence”) we get back the formula de-
rived earlier for perpendicular incident light:66

� �d l h n R�2 1s ( ) (20)

or

�
�

( )1
2

R
d

l h n
�

s

(21)

As it can be seen from eqs. (2), (3), and (21) if
the actual values of ki (or ts, Es, �s), l, h, and ns are
known, for the calculation of �� s only the experi-
mental determination of �d is necessary.

Unfortunately, in many papers reporting results
on electrochemical bending beam experiments with
optical detection, schemes of experimental arrange-
ments can be found in which the direction of the re-
flected beam before and after passing the optical
window or the air/solution boundary is indicated in-
correctly, since the effect of refraction is ignored
(see e.g. in 63,66,67). It is even more regrettable that
the effect of refraction is often neglected also in the
calculations. In addition no reference is made to the
refractive index of the solution, or the value of the
refractive index of the solution is not indicated.
However, refractive indices of aqueous solutions
are about 1.33 – 1.48. It is evident from the above
equations that the complete neglect of the bending
of the laser beam due to refraction at the optical
window may cause an error of about 25–32 % in
the determination of �� s in aqueous solutions (be-
cause of ns only!), and the error is more pronounced
in the case of liquids of higher refractive index. The
error is even greater (e.g., it is about 50 % for ns =
1.42 and � = 30°) if the incident angle is different
from zero.

Another source of errors is associated with the
“shifting” due to the thickness of the optical win-
dow.68 Nevertheless, this effect is expected to be
negligible for aqueous solutions and glass optical
windows.

Interferometric detection

The deflection of a strip or a plate can also be
measured interferometrically. Fig. 6 shows the prin-
ciple of the electrochemical Kösters laser interfer-
ometer, which can be used for the determination of
changes of surface stress by the resulting deforma-
tion of an elastic plate. The Kösters laser interfer-
ometer (Kösters-prism69 interferometer) is a laser-il-
luminated double-beam interferometer. The main
advantage of this type of interferometer is its high
immunity to environmental noise due to the close
vicinity of the two interfering beams. This immu-

nity makes it an ideal tool for high-precision mea-
surements. The central constituent of the interfer-
ometer is the Kösters-prism beam splitter, which
produces two parallel coherent beams. The two re-
flected beams recombine in the prism, and an inter-
ference pattern can be observed. Kösters-prisms
consist of two identical prisms halves which are ce-
mented together. The angles of the prism halves are
30°–60°–90°, with high angular accuracy, and one
long cathetus side is semi-transparent (the reflection
and transmission coefficients are equal).

As it can be seen in Fig. 6, the light beam is re-
flected by the metal mirror perpendicular to the en-
trance side of the prism. The point of entrance de-
termines the distance of the two beams emerging
from the base of the prism. They are reflected at a
nearly zero angle of incidence from the plate. The
interfering light leaves the Kösters prism through
the exit side, and it is projected onto a screen with a
hole of a given diameter and a photodiode behind
it. The difference between the optical path lengths
(2 � �ZC) can be determined from the change in
light intensity detected by the photodiode. The
height �ZC of the center of the plate with respect to
a plane at a given radius yields �� s from the appro-
priate form of Hooke's law

� �� s C� k Z (22)

The sensitivity is of the order 0.1 nm with re-
spect to �ZC and 1 mN m–1 with respect to �� s .
The constant k in eq. (22) is determined by the me-
chanical properties of the quartz plate (radius R)
and by the type and quality of the support at the
edge of the plate.

Choosing a circular AT-cut quartz plate with a
thin metal layer on it in contact with the solution
being the working electrode in an electrochemical
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F i g . 6 – Interferometric apparatus with He-Ne laser and
Kösters prism. W: working electrode; A: counter
electrode; B: reference electrode.



cell provides the advantage to measure simulta-
neously surface energy, mass and charge.36,39,41–43,70

(If the metal layers on both sides of the quartz disc
are connected to an appropriate oscillator circuit,
the device can be used as an electrochemical quartz
crystal microbalance.) In addition, since the light
beams do not pass the air/solution interface, the
effects of light refraction at the surface are ex-
cluded.

Even though there are great advantages of the
interferometric detection, there are still some prob-
lems connected with this method. As mentioned
above the type and quality of the support at the
edge of the plate is extremely important. The shape
and the magnitude of the deformation Z(r,  ) as a
function of the radial distance r and the angle  de-
pends on the type of support at the edge of the cir-
cular plate The largest deformation and thus the
highest sensitivity for measurements of the surface
stress change is expected for the “unsupported”
plate. A plate is also unsupported if a mounting is
present but exerts no forces on the edge. Evidently,
the design and realization of such a device is very
difficult.36 In addition, no absolutely satisfactory
solution has been found for the problem of making
reliable electrical connections to the metal layers on
the quartz crystal. In the case of evaporated/sput-
tered metal layers the high surface stress changes
may cause problems with the adhesion of the films,
etc.

Detection by microscopy

A rather elegant method to measure the bend-
ing of a strip or a plate is to use the scanning tun-
neling microscope (STM).37,71–75 The STM may be
used then as a means to simultaneously investigate
the structure of the surface (Fig. 7). (It should be
noted that the atomic force microscope (AFM), is a

combination of the principles of the scanning tun-
neling microscope and the stylus profilometer (SP),
where the stylus in the profilometer is carried by a
cantilever beam and it rides on the sample sur-
face.76)

However, even this method is not without pit-
falls. In electrolyte solutions there is double layer
like structure also around the STM tip. Conse-
quently, there are some interactions between the tip
of the STM and the sample that seem to be un-
avoidable. These are: long range electrostatic inter-
actions between electrical (electrochemical) double
layers, and structural/dispersion/hydration forces
that dominate the interaction at very short ranges.
Most of these contributions have been widely
studied but some are marginally understood. The
repulsion of two double layers was discussed e.g. in
[77–80]. As it has been noted in [81] “… one can lift
solids by the electrical forces in the double layer”.
We note here that attractive forces were observed
also between two gold spheres used in vacuum tun-
neling.82

In experiments reported in [75] a small circular
portion of the liquid was removed by a syringe in
the vicinity of the tip (Fig. 8). According to the au-
thors with this simple procedure the tip remained
dry and the electrochemical offset current with its
concomitant noise was eliminated. The values of
the surface stress changes derived from the Stoney
formula were corrected for the small area not cov-
ered by the solution. The uncertainty incurred by
this procedure has been estimated at most 5 %. Ob-
viously, in this setup the error due to the interaction
between double layers is eliminated, but a new
source of error, namely that due to the creation of a
three phase boundary, is introduced (Fig. 8). It is
well known, that in a three-phase system there is a
greater likelihood of surface contamination from or-
ganic and oxygen impurities present in the gas
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F i g . 7 – Schematic illustration of a typical arrangement for
STM studies at the solid/liquid interface which allows simulta-
neously to measure the bending of the cantilever when the elec-
trode potential is varied

F i g . 8 – A bending cantilever setup with a “hole” in the
liquid layer at the vicinity of the STM tip. L: electrolyte solu-
tion, S: cantilever sample, H: hole, T: STM tip, Q: contact
angle. �sg, �sl, and �gl are the surface tension at the solid-gas,
solid-liquid, and liquid-gas interfaces, respectively.



phase. On the other hand, the wetting of such met-
als as gold and platinum is still a subject of contro-
versy among those who consider these metals to be
hydrophobic in nature and others who report low or
zero contact angle. It is clear, that if the surface ten-
sion of the liquid-gas interface or/and the contact
angle changes during the experiment, the results
obtained may be incorrect.

As pointed out in [22], another source of error,
which can be important, arises because the exact
elastic behavior of membranes is strongly depend-
ent on the boundary conditions, which are not well
defined in many experiments. E.g. in the study re-
ported in ref. [71], the bending of a crystal disc was
measured. This disc was clamped on the entire cir-
cular boundary. For a flat disc which is clamped on
the perimeter, a bending in either direction in-
creases the area of both surfaces (Fig. 9). Conse-
quently, a tensile stress applied to either surface
would not bend the plate at all.22 In reality, a disc or
a plate is always slightly deformed and one would,
therefore, observe also a linear effect on such a
sample. However, the magnitude of the bending ef-
fect would depend on the initial bending of the
crystal.

Conclusions

In their famous textbook ‘Electrochemical
Methods’ A. J. Bard and L. R. Faulkner wrote in
1980 that “Examining interfacial structure at a solid
surface is extremely difficult … Measurements of
surface tension and surface stress are not easy, but a
great deal of attention has been paid to them re-
cently; and there is reason for optimism about the
future in this area”.83 In retrospect, this prediction
did not exactly come true, however, promising re-
sults have been obtained in this field. Especially,
the “bending beam” or “bending plate” (“bending
cantilever”, “laser beam deflection”, “wafer curva-
ture”, etc.) methods with optical detection (PSD or
interferometer) seem to be generally applicable.
However, even these methods are not without po-
tential problems. It is necessary to be flexible and

to choose the most appropriate method for each par-
ticular case. We hope that this short review will
help the interested reader to select the most appro-
priate technique for a given problem.
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