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A brief history of the Wilhelmy technique for surface tension and contact angle measurements introduces the equation
and the methods necessary to apply this modern and automatic procedure correctly. Many simple practices may avoid
systematic errors and allow reliable results to be obtained for both quantities. The paper analyzes not only simple runs –

that is, applications to standard shapes such as cylinders and parallelepipeds, rigid, non-porous samples immersed in probe
liquids of low viscosity – but also non-simple runs – that is, applications to non-standard samples such as disk-shaped
samples, porous and flexible samples, planar samples with different contact angles on their two opposite faces, and to
the case of more viscous fluids. Many experimental details such as the size ratio of specimens to the liquid container may
be extremely important; their role and the history of discussion about these topics are reviewed and discussed herein.
Also, the possible determination of contact angles other than the usual advancing and receding ones is addressed.
Notation
2p perimeter of the maximum cross-section of a

cylindrical/discoidal sample along the immersion
plane

A cross-sectional area of the sample in a standard
Wilhelmy measurement

ALV area of the liquid–vapor interface
ASL area of the solid–liquid interface
Ca capillary number
c = rg/g squared reciprocal of capillary length
F(h) total force on the sample immersed at a depth h
F1(h) force on the sample immersed at a depth h without

considering the weight mg (tare)
Fdrag(v) viscous forces applied to the sample as a function of

the immersion rate
g acceleration due to gravity
H height of the meniscus in the Washburn equation
h depth of immersion of the sample in Wilhelmy

measurement
h0 depth of immersion of the sample corrected for the

ratio of cross-sectional areas of container and sample
L, s width and thickness of a parallelepipedic sample,

respectively
l height (thickness) of a cylindrical sample
m mass of the sample in the Wilhelmy measurement
P wet perimeter of the sample in Wilhelmy measurement
P1, P2 wet lengths of the two faces of a differently sided

sample
R radius of a cylindrical sample
r radius of the capillary in the Washburn equation
S cross-sectional area of the container in the Wilhelmy

measurement
t time (in Washburn equation)
V volume of the sample immersed in the test liquid
v immersion rate (speed) of the sample in the Wilhelmy
measurement

v* defined by Equation 7
WM gravitational potential energy of the meniscus
w in the original paper by Wilhelmy, this symbol was

used for the contact angle
a inclination of the sample with respect to the vertical in

the Wilhelmy measurement; note that in the paper by
Wilhelmy, this symbol was used to indicate the
quantity g cos q

g surface tension of the test liquid in Wilhelmy
measurement

q contact angle measured by the Wilhelmy microbalance
method

q1, q2 contact angles of the two faces of a differently sided
sample

m dynamic viscosity of the test liquid
r density of the test liquid

1. Introduction
The Wilhelmy technique is one of the most ancient methods used
for measuring surface tension or contact angle. It was proposed in
1863 by F. L. Wilhelmy, an original physical chemist. He was
born in 1812, on Christmas day, in Stargard (now Poland) and
went on to study pharmacy in Berlin. After that, he returned to
work with his father until, in 1843, he went to Heidelberg, where
he received a doctorate in 1846, defending a thesis on ‘heat as a
measure of matter cohesion’.

He remained an amateur scientist, and the majority of his
achievements were obtained not at the university, where he
worked as a professor only for a few years, but in his house. He
was also a member of the Physics Society (Deutsche Physikalische
Gesellschaft), which he founded with H. G. Magnus in Berlin.
1
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His most well-known paper1 was published in 1850, ‘The law by
which the action of acids on cane sugar occurs’, a classic experiment
on the saccharose ‘inversion’ reaction. He carried it out using a
polarimeter, and in the interpretation of the results, he introduced for
the first time the concept of the chemical reaction rate. Unluckily, his
role was misunderstood for many years until Wilhelm Ostwald
recognized the importance of his work in 1909, in his Nobel Lecture.2

In 1863 (Wilhelmy died in 1864), he published a paper founding
the topic of the Wilhelmy method in wettability:3 ‘On the
dependence of the capillarity constants of the alcohol on
substance and shape of the wetted solid body’ (see Figure 1).

It is worthy of note that this paper is commonly cited as volume
119, but Wiley has currently modified the volume numbers of the
2

journal, as indicated in the paper.3 Other minor differences in
volume number may be found in literature for this same paper,4

while the initial page number 177 is correctly reported.

Wilhelmy introduced the use of the plate method in evaluating the
‘capillary constant’, which is not the same quantity that is meant
today by this word. The quantity denoted with a in his paper
corresponds to what is now indicated as g cos q and, thus, for a
perfectly wetting liquid, to the surface tension of the liquid. In his
paper, the contact angle, denoted with the symbol w, is not considered
as a quantity to be determined, simply because he used plates made
of clean glass or metal whose contact angle is supposed to be zero.

For many years, this method has been applied for this aim and/or
for monitoring the surface tension variation in the trough used for
monolayer film operations. Noticeably, a similar method was
proposed and used by Agnes Pockels,5–8 one of the most famous
scientists working in the field of film liquid monolayers, and was
then rediscovered by Langmuir.9 Pockels did not cite the Wilhelmy
paper, but she understood German and through her brother Fritz
was able to know the German-written scientific literature. Pockels
was born in Venice, what is today Italy. But at that time, the town
belonged to the Austro-Hungarian Empire, which her father served
as an army officer. ‘In a rectangular tray filled to the brim with
water, she used a simple balance to determine the force required to
detach a small wooden disk from the surface of the water, a value
that Ludwig Wilhelmy had shown was in direct proportion to the
surface tension’ (Chemistry World, 2017).10

It is worthy of note that in the common presentation of the topic,
the role of Agnes Pockels is not clearly established, since she was
not only an amateur scientist like Wilhelmy, but also a woman,
performing experiments in her kitchen. Pockels used a rigid
(wooden) disk or a ring wire cleaned on a flame; the usage of a
ring wire is in fact the introduction of the method later proposed
by Harkins and du Noüy.

The Wilhelmy method for surface tension evaluation remained one
of the most important techniques, and it was only in 1919 that a new
technique entered surface laboratories. In fact, the first du Noüy ring
method (consisting of the immersion of a perfectly cleaned metal
wire and the following determination of force at rupture) was
proposed only in 1919,11,12 but it had the defect of requiring the
surface break to analyze the liquid properties. (It is worthy of note
that in the last paper,12 du Noüy criticizes the results obtained by
Harkins.13 In a note, Harkins indicates that the results were obtained
using a drop weight method starting from 1912, but that those results
needed the long development of a correction procedure and were
published only in 1917.) In contrast, it was possible to apply the
Wilhelmy method to not only check the surface tension variation, the
differential behavior of a surface monolayer with respect to a
reference surface, but also investigate a single surface without any
surface break, at least after 1925.14 Moreover, the du Noüy technique
used a torsion wire balance with some modification to manage the
verticality of the ring. The 1925 paper by Frumkin14 describes a
Figure 1. No certain portrait or photograph of Wilhelmy is present
in the literature or on the Internet, so the authors decided to
substitute it with this copy of the first page of his paper3 on the
subject. Reproduced with kind permission of Wiley
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relative method that applies the Wilhelmy equation to a system in
which only the starting condition is evaluated in an absolute way
(breaking the interface) and the subsequent process is followed
without any further breaking. This idea was then followed by others,
such as Dervichian15 and Harkins and Henderson.16

In 1934, F. E. Bartell and G. B. Hatch17 used the immersion of a
galena sample to evaluate the contact angle, but by estimating the
shape of the newly formed meniscus and not the produced force,
so that their work cannot be regarded as an application of
Wilhelmy’s original idea; this was not tensiometry, but
goniometry, even if performed in a different context.

However, the second most important application of the Wilhelmy
method – that is, contact angle determination – was proposed and
practically used only after many years, in 1947, by Collins18 to
determine the perimeter of a fiber and its contact angle. It is
worthy of note that in the paper by Collins,18 there is already a
suggestion of the idea of adding a weight to the sample in order
to improve the experimental results, a trick that the authors have
independently rediscovered and applied and which is discussed in
the following sections. Collins18 defended his proposal with a
discussion at the end of his paper with Cassie. He wrote

Exploratory experiments have been carried out which suggest that by

measuring the surface tension thrust or pull on a fibre immersed in a

liquid it may be possible to estimate fibre perimeter, increase of

perimeter with swelling, or the contact angle of a liquid against a fibre.

(Collins, 1947: p. T77)

An improved method very similar to the modern one, based on
linear force extrapolation, was proposed by Guastalla in 1948
(together with his wife)19 and later better developed in 1956.20

Guastalla used a torsion balance instead of a common microbalance,
but the final result was the same. Moreover, it is worthy of note that
in the historic first plot of force against immersion, the inclination of
the force is positive, not negative, because the torsion balance
evaluates the force directed upward and the immersed body was a
waxed hydrophobic surface (see Figure 2).

When using this approach, the interface breaking is not the core of
the measurement as it was in the methods applied originally; nor is it
a relative measurement as in Frumkin’s equipment. For the very first
time, with Collins18 and Guastalla,19,20 the Wilhelmy non-breaking
approach for surface tension and contact angle measurement was
presented in detail in the scientific literature.

As with the paper by Collins,18 Guastalla’s work20 was published in a
specialist journal. The later paper by Ihrig and Lai21 published in the
Journal of Chemical Education, a journal dedicated to the didactics
of chemistry, may mark the definite acceptance of the modern
Wilhelmy method for contact angle determination. However, it may
be noted that in the book by Bikerman,22 published in 1958, the
Wilhelmy method for contact angle is not considered at all, although
Bikerman, then at the Massachusetts Institute of Technology, should
certainly be regarded as an outsider, a very original researcher.
Undoubtedly, the introduction of the Wilhelmy technique in
handbooks and university textbooks was certainly slower. Nowadays,
however, 40 years later, in a modern classic handbook such as that by
Lyklema,23 the method is fully acknowledged (in section 1.8a,
p. 139), for both interfacial tension and contact angle and for
breaking and non-breaking implementations.

The modern form of the experimental device was developed only
after 1963 when the modern electronic microbalance was patented
and mass-produced by Lee Cahn,24 who founded Cahn Instrument
at Palo Alto, California.

A very important theoretical contribution to the analysis of the
Wilhelmy experiment was also given by Jordan and Lane25 in
1964. They explained the reason why there was no significant
problem in the simple traditional equation used for the calculation
of the surface tension and that it was substantially unnecessary to
know or calculate the exact shape of the meniscus, at least on a
symmetrical object. A complete analysis may be also found in the
monumental book by the Russian researcher A. I. Rusanov and
by Prokhorov.26 This book is also one of the few cases in which
the differences among the breaking/non-breaking methods of
using the Wilhelmy idea are clearly exposed.

Thus, the method worked out by Wilhelmy himself and the method

described here are essentially different and they should not be mixed with
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Figure 2. The force-against-immersion plot obtained by Guastalla
and Guastalla19 in 1948. Reproduced with kind permission of
Académie des sciences, Institut de France
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each other. In the same time in literature it is the second method that the

name of Wilhelmy is often related with. This is not correct, but with

regard to the fact that nowadays the first method is rarely used in serious

investigations, while the method described in this Section, on the contrary,

is a very wide-spread one, we decided, without being afraid of confusion,

to keep for the latter the name of ‘Wilhelmy plate method’ which became

traditional. (Rusanov and Prokhorov, 1996: p. 180)

It should be noted that the importance of the problem of the exact
shape of the meniscus in the case of a parallelepipedic sample,
solved in fact by Jordan and Lane,25 depended on the role of the
breaking method. Rusanov and Prokhorov26 attribute the merit of
the answer to this question to Orr et al,.27 in 1973, but the authors
believe that Jordan and Lane25 had already published the actual
solution in 1964.

Another scientist who gave a very important experimental
contribution to this topic was certainly J. D. Andrade,28 with his
study on polymer surface dynamics in the 1980s.

Many other aspects and contributions will be acknowledged in the
next sections of this paper.

2. The Wilhelmy experiment: some very
general conditions

A dedicated microbalance or a balance for density measurement
(thus with a hook support below the standard plate) may be used;
the liquid container should be moved vertically up and down by a
very low-vibration motor at a controlled speed.

The speed of the liquid should be inversely correlated to its viscosity.

An axisymmetric or plane-symmetric sample should be used so
that the horizontal forces are always balanced and the net final
force is only vertical. This condition can be satisfied using
cylindrical or parallelepipedic samples; other symmetric shapes
will be considered in the following sections.

If the sample is significantly hygrophobic,29 lyophobic or
hydrophobic, it should also be sufficiently rigid to avoid bending.
The combination of low density, low thickness or low rigidity
may make it impossible to perform the experiment. Such a remark
holds true also for experiments on single fibers.

In this case, however, the simple trick proposed by Collins18 may
be sometimes applied, consisting of the addition of a (chemically
inert) weight to the lowest portion of the sample; this topic will be
discussed in the following sections.

As a rule, the sample should have a distance from the borders of
the container larger than 5 mm, to prevent the formation of a
capillary bridge which may significantly affect the force balance.

The container should also have a very large diameter with respect to
the immersion section of the sample, to avoid significant variation
in the liquid level during immersion. It is worth noting that due to
4

the finite size of the container, the liquid level variation cannot be
prevented completely, but it can be reduced to a few microns.
Alternatively, such variation should be modeled and the collected
data adjusted accordingly, a topic partly covered by Lyklema.23

A similar consideration holds for the meniscus itself, with the
only difference that while for the liquid reference level the
variation is always positive, in the case of the meniscus, it may be
positive or negative; it may sum up or compensate for the
immersion mechanism. A preliminary evaluation of these
quantities should be done for all runs.

In case of a significant variation in the reference liquid height, the
material of the container should be perfectly wettable (very clean
glass) to avoid the effect of advancing/receding meniscus on the
container border. The advancing/receding of the border meniscus
may change its volume and consequently the liquid level. But if
the container is perfectly wettable with respect to the used liquid,
its contact angle, and thus its meniscus volume, will not change
during the experiment. In other words, the hysteresis of the
material of the container should be zero, and a zero contact angle is
a good practical alternative. In practice, an opportunely sized glass
beaker preventively treated in a radio-frequency plasma chamber
may realize this condition for most of the common liquids.

3. The standard equation
If the conditions considered in the previous section are fully satisfied,
the experiment will be considered ‘simple’, and a very straightforward
equation may be used to analyze the data (see Figure 3)

F hð Þ ¼ mg þ Pg cos q − rgV1.

where F(h) is the total force measured on the sample immersed at
depth h, m is the sample mass, P is its perimeter, V denotes the
volume of sample immersed in the liquid of density r and surface
tension g, q is the contact angle at the ternary interface of the
mg

Horizontal components of
γ are equal and opposite

Pγ cosθ

− ρgV

x
θ

Figure 3. A simple schematic diagram illustrating the balance of
forces acting on the solid sample in a typical Wilhelmy experiment
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considered system (test liquid, film or plate sample and air) and g
stands for the local acceleration due to gravity. Since mg is a
constant, it can be set that F(h) − mg = F1(h). Extrapolating the
equation to the condition of zero depth of immersion (ZDOI), h = 0,
the following is obtained

F1 0ð Þ ¼ Pg cos q2.

where the constant weight mg is now included in the left-hand
term F1(0). From this relationship, P, g or cos q can be calculated
when the other two parameters are independently known.

In the specific case of the surface tension, the best results are
obtained when both advancing and receding portions overlap, due
to the fact that advancing and receding angles are zero. However,
it is possible to conceive that only the receding angle is zero.

In the case where the perimeter is being searched for, it is worthy
of note that the number of points is very high and so the standard
deviation is low, but no information is present on the effective
shape of the cross-section (square, rectangle, circle or more
complex shapes); this may be an important limitation. Note that
this task was Collins’20 original aim in his 1947 paper.

This calculation may be carried out by using the advancing and
receding zones of the run (see Figure 4) and choosing an
appropriate portion of the collected data.
In recent literature, some analysis is available about the error
related to the measurement of the contact angle,30 which is found
to be higher for very low and very high values, but no simple
indication is given concerning practical methods for checking the
quality of each run.

What is the appropriate zone of advancing and receding useful for
the calculation of the contact angle? Is there any method to check
this choice in an absolute way?

The condition is simply that the advancing and receding zone
must have an inclination related to the immersing section of the
sample, expressed by the obvious formula −rgA, where A denotes
the immersion section (for instance, Ls, where L is the width and
s is the thickness of the parallelepipedic sample, or the cross-
sectional area of the cylinder) and r is the liquid density. Since in
a simple run the section is a constant and may be promptly
calculated from the lateral size of the sample, one may easily
check if such a condition is satisfied.

For instance, if a cylindrical or parallelepipedic sample is not
perfectly vertical, then its immersion cross-sectional area will
be higher and consequently so will be the inclination of
the advancing or receding (or both) zone. This may also help to
check if the sizes of the sample are actually constant (irregular
sample shape).

In short, a good run will show the slope of the advancing and
receding portions of the plot, which is constant in the mean and
equal for both stages of the measurement: the two lines must be
parallel, a very simple trick which may also work as an internal
quality check of the run. Eventually, a predefined maximum
percent error may be set as an acceptable value, depending on the
incertitude in the determination of the sample sizes.

Noticeably, although the preceding check is very simple to
perform, it is not included in the common commercial software,
to which, however, it may be easily uploaded; the authors of this
paper have used it for many years with appropriate, self-
developed software.
4. Important conditions for designing and
performing a simple run

4.1 The sample and container size
In the case when the sample is too big with respect to the
container size, the liquid level will significantly change during the
experiment. This remark is not so frequently made in
literature;23,26,27 however, the possible variation in the liquid level
can be easily estimated in the following way to establish in
advance a practical limit and eventually correct the recorded data.

Using a container and sample with cross-sectional areas of S and
A, respectively, if the sample is immersed to a length h, then a
volume of liquid equal to Ah is moved above the old reference
Receding

Force Fr

Advancing

ZDOI

Immersion depth h

Figure 4. The ideal appearance of a typical run in the Wilhelmy
experiment. ZDOI denotes the zero depth of immersion, the height
at which the sample touches the liquid surface for the first time, at
the beginning of the advancing stage of the measurement.
According to the usual convention, Fr is the force measured by the
microbalance on the sample, directed downward and without
considering the weight of the sample itself. The figure is from
Della Volpe and Siboni31 (© European Physical Society.
Reproduced by permission of IOP Publishing. All rights reserved)
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level with a final height variation of Ah/(S − A); the new
immersion will thus be h0 = h + Ah/(S − A) = h[1 + A/(S − A)].

To remain in the boundary of a simple run, the height level
variation should be always lower than a couple of recording steps.
A recording step is the immersion interval between two weight
recordings during the run; generally, this parameter is decided
before the run by imposing a certain immersion rate. A typical
microbalance is able to record one datum per second, so the
uncertainty will be on the order of ±1 step.

For a rectangular section sample of 1mm by 1 cm immersed by
2 cm at a rate of 20 mm/s, the container would have to have a
minimum surface area of 100 cm2. A similar calculation can be
made for the length of the meniscus; using centimeter–gram–second
units, Pg/rg cm3 is a rough evaluation for the order of magnitude of
the meniscus volume. Considering the previous example and a zero
contact angle, the first effect corresponds to 0·2 cm3 and the second
one to 0·16 cm3.

It is worthy of note that in the original paper by Wilhelmy,3

this problem is addressed, but given the method details, it is taken
into account by a simple correction constant in the original
equation, k3, because the immersion length was constant during
the experiment.

4.2 The liquid viscosity and the immersion rate
To solve the problems posed by the possible variations in the
liquid level, one could think to increase the immersion rate v.
Unfortunately, for this parameter, an upper bound exists related to
the acceptable shape of the meniscus. The literature32,33 estimates
that to maintain a meniscus shape reasonably close to the static
condition, and thus to obtain data comparable with the usual drop
measurements not significantly affected by the viscous forces, the
capillary number (Ca = vm/g, m being the dynamic viscosity of the
test liquid) should be as low as possible. A practical choice of
10−4–10−5 is good, because it gives a shape to the meniscus
which is fully comparable with the static one. In water-like
liquids, this corresponds to an upper bound on the immersion rate
of about 100 mm/s.

4.3 The temperature control and the liquid
evaporation

Another practical problem which may be encountered during
Wilhelmy runs is temperature control. The duration of the
experiment and the surface area of the liquid are both larger than
in those other methods, and this makes it more difficult to control
the temperature parameters. To prevent evaporation, which may
contribute to the variation in the reference level of the liquid, one
should completely close the experiment chamber, which is
practically impossible, or flow through the chamber the vapor of
the used liquid, a procedure that may also contribute to
condensation ‘within’ the microbalance. The latter may be
avoided by dual-vapor-flow control, clean and dry air in the
microbalance and liquid-vapor-saturated atmosphere in the
6

measurement chamber. This kind of control was available in some
Cahn microbalance models, but it is more difficult to implement
and more expensive. Continuous control of the temperature in the
liquid and check of the liquid level at the end of the experiment
may provide a cheaper alternative.

4.4 The sample inclination
The sample inclination is one of the most common sources of
error. As discussed in the previous section, the cross-sectional
area estimate obtained by the slope of the force-against-immersion
graph allows determining if the sample has a significant
inclination, but one would also like to assess to what extent such
an inclination actually affects the final contact angle estimate. In
the usual case of a thin parallelepipedic sample, this goal can be
easily achieved by considering that if the sample is not perfectly
vertical, the surface tension forces on the two opposite faces have
different vertical components. Denoting with L the width of the
sample and neglecting its thickness, the total vertical surface
tension force is not simply 2L cos q, but can be better
approximated as L cos(q + a) + L cos(q − a) for small values of
the sample inclination angle a relative to the vertical direction.

This sum is reduced by means of the prosthaphaeresis formulas of
trigonometry to the simpler relationship 2L cos q cos a.

Using this formula, one may immediately arrive at three
conclusions: (a) the effect of the inclination is always that of
measuring an angle closer to 90° (i.e. with a lower value of the
cosine), thus lower than the true contact angle q if this is higher
than 90° and higher if it is lower than 90°; (b) this difference,
being proportional to cos a, may be acceptable only if a is lower
than 10–15°, corresponding to a 5% difference; and (c) the
importance of this error may be stronger when the angle q is very
high or very low.

5. A more complete equation
The Wilhelmy technique has many advantages in comparison
with the other methods for wettability measurements: it is fully
automatic, thus having a lower role of the experimenter, and it has
a precise definition of the kinetic stages of advancing and
receding (rate and time, absorption). There are also, however,
some limitations: the sample must be homogeneous and have a
symmetric shape, and the volume of the liquid is higher. But it is
possible to address some of the limitations of the method, and this
is the topic of the following sections.

5.1 Higher dipping speeds
The simpler modification of the original Wilhelmy approach is
related to the presence of a drag, a viscous resistance due to the
immersion or emersion rate of the sample in the used liquid.
Literature analysis33 introduces a simple modification as a further
term on the right-hand side of Equation 1 depending on the rate
of sample immersion, something like +Fdrag(v), where v denotes
the immersion rate. Such a force contribution is always opposite
to the direction of the movement: it is negative during the
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insertion and positive during the withdrawal. As a consequence,
the shape of the plot of Figure 4 is modified as in Figure 5; the
advancing and receding portions are no longer parallel, but they
diverge as shown in the figures of Morra et al.33 The effect of this
change on the obtained contact angle is not easy to determine, but
is always present.

5.2 Flexible and lyophobic samples
A common case is the analysis of polymeric films. These
materials show generally low density, often lower than that of
water. Moreover, they are soft and flexible and their wettability is
low. At the very least, their advancing angle may be higher than
90°. The combination of these properties makes it possible that
during the advancing stage, the film cannot penetrate the liquid
surface and floats on the liquid.

A very simple way to solve this problem is to use a metal clip of
a planar shape and made of a pure metal – for example, gold. In
this way, it is possible to know in advance the density and, thus,
from the weight, the volume of the clip.

The clip may be fastened on the end of the film, so that it will
immerse during the first steps of the run. The final effect on the
force plot will be to increase the buoyancy effect of an amount
that one can calculate from the volume of the clip and from the
density of the liquid. In this way, the film will penetrate the liquid
and the run will be performed correctly; all the checks previously
listed may be carried out and the problem is solved.
5.3 Differently sided samples
In the current literature, the common opinion is that ‘if to the front
and back faces of a sample have been given different treatments,
then the average value may have little significance’ (Good, 1992:
p. 1277).34 This is quite obvious, but there are some alternative
strategies to follow to obtain single face wettability. In fact, if a
sample has two unlike faces, there are, at least, two possibilities

(a) the sample has intrinsically two different faces
(b) the different faces are the by-product of some process
applied on an originally uniform sample.

A flat and rigid sample may be often cut obtaining two identical
samples whose corresponding parts may be faced to yield a single
sample, thus exposing alike portions to the liquid. For samples
which are also lyophobic, this strategy allows a very good run,
because the capillarity effect of the liquid is not able to penetrate
the eventual thin empty space between the two faces. A difficulty
occurs when the non-exposed face is lyophilic, because the liquid
may penetrate and change the tare weight.

In this case, an adhesive tape may be used to mask one of the
faces or both if the liquid is not able to interact with the adhesive;
in this way, one may obtain the adhesive tape wettability, and
introducing its value in the following equation, the contact angle
of the residual face may be found

F hð Þ ¼ mg þ P1g cos q1 þ P2g cos q2 − rgV3.

where the subscripts 1 and 2 refer to the dissimilar faces of the
sample. This equation is formally analogous to the well-known
Cassie–Baxter equation (CBE),35 which describes how the overall
contact angle depends on a non-homogeneous surface
composition. However, the CBE was developed to analyze
surfaces in which inhomogeneities are distributed along the sample
perimeter in randomly arranged microscopic domains, so that no
net horizontal component of surface tension results. In the case
that is being analyzed, on the contrary, there is a macroscopic
separation of different surface contributions on two dissimilar
faces, and a net horizontal component of surface tension is present.

The only basic requirement to apply this strategy is that the
horizontal component of surface tension, which holds zero for
symmetric samples, is not able to incline or rotate the sample;
such an occurrence should be checked experimentally through the
methods described in the previous sections (parallel inclination of
advancing and receding zones).

An example of practical application was shown by Della Volpe.36

5.4 Non-standard shapes
The sample shapes most commonly used are parallelepipeds or
cylinders, but such shapes are not always those of the objects to
test nor can these shapes be easily obtained from them. For this
Receding

Force Fr

ZDOI Advancing

Immersion depth h

Figure 5. Schematic diagram illustrating the effect of viscous
forces on the Wilhelmy plot. At low immersion rate, viscous forces
are negligible and advancing and receding portions of the graph
turn out to be parallel (solid line). When the immersion rate is
significantly large, viscous forces become important and the
advancing and receding portions tend to diverge (dashed line).
The larger the immersion rate, the stronger the viscous forces and
the greater the divergence (dotted line)
7
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reason, some (few) papers are devoted to different geometric
shapes and to the appropriate methods to apply.

Dryden et al.37 were the only ones who dedicated a paper to shapes
such as cones. Being a chapter of a book, it is likely that it was less
popularized. The paper was aimed to verify that experimental
wetting curves match calculated data when all parameters are
known. The inverse problem, that of determining contact angle
from experimental data, was not investigated in that study.

Della Volpe and Siboni38 dedicated a comment to the case of
discoidal shapes for which the Andrade treatment was limited,
showing also how to calculate the contact angle. Nevertheless, it
is relatively common to find commercial programs developed for
this aim, but no check of such numerical tools has been done (in
the authors’ knowledge) in the scientific literature. The sample is
modeled as a right circular cylinder of small height l compared to
its radius R, which is immersed in the liquid with its circular ends
(faces) placed vertically.

The direct estimate of the vertical force acting on the sample as a
function of the contact angle, the liquid surface tension and the
immersion depth is a very difficult task, due to the non-trivial
shape of the sample that implies (a) changing length and shape of
the three-phase line and (b) changing inclination of the sample
surface at the three-phase line relative to the vertical (see Section
4.4), at the different stages of immersion.

That is why the general method used for this kind of analysis is
based on the estimate of the potential energy of the system. It is
the sum of various contributions: the gravitational potential
energy of the sample, the gravitational potential energy of the
liquid displaced by the sample, the gravitational potential energy
WM of the meniscus and the interfacial energy referred to as the
liquid–vapor, solid–liquid and solid–vapor interfaces. This
‘energetic’ point of view is well documented in the literature.39,40

After some simplifications, one finds that at a given immersion
depth h, the equilibrium condition is satisfied when the force of
the balance (positive if downward) is38

F1 hð Þ ¼ −g
dALV

dh
−
dWM

dh
þ g cos q

dASL

dh
− rgV hð Þ

4.

where A denotes the interfacial area of the phases indicated in the
subscripts, h is the immersion, V(h) is the immersed volume of
the sample and the other terms have the meanings already
described in the text.

A microscopic and detailed calculation of each derivative allows
estimating the explicit equation for the force for each shape with a
very good agreement between the theory and the experiment.

However, the agreement may be optimized by introducing a
correction due to the thickness of the sample (see Figure 6); this
8

was done by Della Volpe and Siboni38 by considering the shape of
the lateral menisci but neglecting the four lateral quadrant menisci
whose limited importance has also been proven for the standard
parallelepiped samples (less than 1% of the final menisci volume).

Moreover, differently from the conclusions of Dryden et al.,37 the
equation may be solved in terms of q, and the contact angle
obtained is in good agreement with the value for standard samples
of analogous composition.

The solution of the equation, due to the presence of complex
trigonometric terms, cannot be expressed analytically and must be
obtained by numerical methods.

Using a Monte Carlo approach, it is also possible to estimate the
error for the contact angle; since the confidence intervals of the
model parameters (e.g. sample thickness and radius, liquid density
and surface tension) are known, one may generate random values of
such parameters within their confidence intervals and compute the
corresponding contact angle estimate. By repeating this procedure a
suitable number of times, a distribution of contact angle estimates is
obtained, from which the error in the contact angle can be deduced.

In the case of cylindrical and discoidal samples, two other
methods also turn out to be useful. One is an iterative procedure
based only on the force values pertaining to the central zone of
the sample. Such an approach is valid not only for disks but also
for planar-convex, biconvex or concave-convex samples with a
small curvature. In particular, this includes intraocular and contact
lenses, besides real disks.

A similar technique was illustrated by Smith et al.,41 but in that case,
the meniscus height was not considered and the authors described the
Cylindrical
sample

Face meniscus

R

g l

Reference level
of the liquid

Lateral
quadrant
(omitted)

Lateral side
meniscus

Figure 6. Face and lateral side menisci for a cylindrical or discoidal
sample. This figure shows schematically the model on which the
correction to the Dryden–Andrade model is based for thick disks,
according to Della Volpe and Siboni.38 The vertical dimensions of
the menisci are exaggerated for clarity.
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wetting of the disk diameter at an immersion depth equal to the disk
radius; such an assumption is generally incorrect, since it is verified
only for q = 90°, when the meniscus height vanishes.

The basic idea is to focus attention only on the central portion of
the experimental curve, which corresponds to the immersion of the
diameter zone (or even only the diametrical point). The authors
postulate that when the meniscus wets the diameter of a disk or
thin lens, it is substantially equivalent to the meniscus wetting a
plane wall with a length equal to the sample perimeter. Obviously,
this is an approximation, but it works sufficiently well. The method
assumes that the contact angle q is the solution of the equations
F1 hð Þ ¼ 2pg cos q − rgV hð Þ5a.

h ¼ R −
2

c1=2
sin

p
4
−
q
2

� �
5b.

where c = rg/g, F1(h) denotes the force acting on the sample as a
function of the immersion depth h, V(h) stands for the immersed
volume as a function of h and 2p is the perimeter of the
maximum cross-section of the sample along the immersion plane
(i.e. the cross-section with the largest perimeter, thickness l
included; for a disk this maximum is 2p = 2l + 4R, reached at the
diameter). F1(h) is obtained from the experimental data or, if
necessary, from their linear interpolation. The value of the
immersion depth h at which the meniscus exactly covers the
diameter of the sample is given by Equation 5b. The set of
Equations 5a and 5b can be solved by an iterative procedure,
which is proved to converge; see the paper of Della Volpe and
Siboni38 for the mathematical details.

It is noteworthy that another method for the wettability of the side
portion of the disk (which should be equal to the main face one)
may be applied particularly for thick disks – that is, cylindrical
samples of appreciable height; in this case, the method is based
on the observation that laterally the curvature of the meniscus
disappears for a certain specific height depending on the contact
angle. Therefore, by measuring the height of occurrence of a
plane meniscus on the lateral side, a rough but fast estimate of the
contact angle may be obtained directly, without any microbalance,
but using a ruler and visual inspection to determine the angle
between the meniscus and the tangent of the sample surface.38

5.5 Wicking samples
Wicking phenomena are generally regarded as a handicap for the
use of the Wilhelmy method; a porous material or a powder
cannot be analyzed, at least with the standard procedure. This
depends on the fact that liquid absorption changes the weight (and
reasonably also the properties) of the original sample.

There are, however, some alternatives.
The common strategy is the use of the Washburn equation to
recalculate the contact angle. This strategy is strongly doubtful.

This equation provides a kinetic model for the rise of a liquid in a
cylindrical capillary and is written in the form
H2 ¼ 1

2
rv*t

6.

with r as the radius of the capillary and H as the height of the
meniscus at time t. The coefficient
v* ¼ g
m
cos q

7.

expresses the ability of the liquid to penetrate into the porous
solid in terms of the liquid variables: the surface tension g, the
dynamic viscosity m and the contact angle q of the liquid on the
solid. In the original paper by Washburn,42 an equation for a
system of porous capillaries was obtained, simply considering the
case in which the porous body ‘may be taken as equivalent to the
penetration of n cylindrical capillary tubes of radii r1,…,rn’
(Washburn, 1921: pp. 280−281).42 However, it was clearly stated
that such an approach was valid unless one of the following cases
occurred: (a) the pores of the body could not be taken as
equivalent to a cylinder; (b) the cross-section of the pore changed
with its length; (c) the pores contained an enlargement or were
blind; or (d) the pores were of molecular size. It is apparent from
this list that the conditions for the applicability of the Washburn
equation are seldom satisfied, particularly due to the requirement
of constant cross-section of the pores along their length.

In 1955, Studebaker and Snow43 proposed a procedure based on
the assumption that by using a perfectly wetting or a non-
perfectly wetting liquid, the ‘mean’ pore radius of the porous
material did not change. As a consequence, one should be able to
evaluate the contact angle of non-perfectly wetting liquids in a
porous material from absorption measurements. This approach
was developed in a more complete form in other papers.44–47

The basic idea is to consider that a mean value of the pore radius
may be used and evaluated by means of a perfectly wetting liquid.
After that, any other measurement may be carried out using the
same mean quantity and introducing the new liquid parameters to
determine the corresponding contact angle value.

This strategy is widely used in literature, but there are many cases
where the value obtained by this measurement will deviate
significantly from the true pore radius.

There are many reasons for the possible disagreement between the
true pore radius and the mean value obtained in this way.
9
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In actuality, the motion in a porous medium is not completely
stationary, since the invading liquid always comes in contact with
a new surface of the solid matrix; this is in contrast with the
common approach of the Navier–Stokes equations for fluid
movement. The effects of viscosity and compressibility of the
removed fluid (typically, air) during imbibition are ignored.

Moreover, at a given pressure, the invading liquid that
accumulates on the walls of the pore may become unstable and
fill the pore. This mechanism, known as pinch-off,48 depends on
the contact angle, and it may lead to non-wetting liquid
entrapment in adjacent pores. Chains of trapped drops of the
wetting liquid, separated by bubbles of the removed fluid in the
same capillary, may support large pressure differences due to
hysteresis of the contact angle (the Jamin effect49).

Dullien et al.50 and Dullien51 concluded that the frequent
disagreement between the mean radius of pores obtained by applying
the Washburn equation and by mercury porosimetry was caused by a
fundamental limitation in the Washburn model. Generally, the value
of pore radius is one to two orders of magnitude lower than that
obtained from mercury porosimetry. Dullien proposed a new model
by studying the liquid flow through capillaries with an alternating
value of radius. The Dullien model provides an estimate to the
effective pore radius appearing in the Washburn equation in terms of
a minimum and a maximum pore size that can be measured
experimentally from pore structure data. Two experimental pore size
distributions are used: that obtained by mercury porosimetry, for the
minimum pore size, and the quantitative photomicrographic pore size
distribution, for the maximum one.50 The equivalent radius reckoned
by his model is, at least qualitatively, in agreement with the radius
values obtained by applying the Washburn equation. Finally, from an
experimental point of view, it is clear that the exact size of the
sample may significantly affect the result.52

For all these reasons, the common method for estimating the
contact angle from wicking measurement is strongly doubtful or
even flawed.

On the other hand, it is possible to correct a Wilhelmy run in an
absorbing sample without hypothesizing any previous contact angle
or mean radius, simply supposing that the absorption, in a sample
where the liquid cannot attain the top of the sample during the
experiment, depends on the square root of the time. This simple
correction may ‘normalize’ the behavior of the advancing and
receding Wilhelmy run, producing a result in which both are
parallel and their common inclination (that usually varies its size by
the absorption, as it is in the case of wood or non-woven fabrics)
turns out to be in agreement with the known cross-sectional area of
the sample. To do this, some preliminary Wilhelmy runs are carried
out on the sample in a perfectly wetting liquid, simply to extract the
effective maximum wetting perimeter. This datum is then used
along with the subtraction of the absorbed liquid weight, estimated
as proportional to the square root of time. The combination of these
two corrections allows one to obtain a typical shape run. The
10
results obtained may be considered as having at least a
‘comparative’ role – that is, they may be used to compare samples
of the same size and porosity but different composition and
wettability. Some results obtained in this way on many different
materials have been published, and the details of the results help to
compare the used stones, wood or non-woven fabrics samples53

(see Figures 7(a) and 7(b)). To obtain better results, the length of
the sample should be large enough to avoid the liquid reaching the
top of the sample during the run.

6. Equilibrium or ‘most stable’ contact angle
The theory of contact angles has been developed using the concept
of the Young contact angle, an equilibrium quantity related to
perfectly smooth and homogeneous surfaces. On real surfaces, it is
commonly accepted that one can obtain ‘metastable’ equilibrium
states, in which the shape of the meniscus along the triple line is not
fully equivalent to the ‘equilibrium’ meniscus (see Figure 8).

For its similarity to the contact angle situation, it is useful to
remember the water undercooling. Having an extremely pure
sample of filtered and degassed Milli-Q water in an opportune
vessel, with extremely clean and flat walls under nitrogen, one
can reduce its temperature very slowly, accurately avoiding any
shock and vibration. It is possible to attain a temperature as low
as −40°C, without the solidification of liquid water occurring. If
during the cooling under 0°C even a single shock is given to the
container, all the water freezes instantaneously.

Note that if using great experimental care, the reproducibility of
the water undercooling is exceptional, but no researcher would
conclude from these facts that water freezes or melts at −40°C, an
extreme and metastable state, which cannot be confused with
‘true’ equilibrium.

Nevertheless, in a certain sense, this is exactly what happens in
the case of the contact angle.

Great experimental care has been used to reproduce metastable states
of the meniscus which are commonly used as the advancing contact
angle or, in other rarer cases, the receding contact angle, whose
stability is so low that no shock or vibration is allowed during a
common experiment, and it is a common care to mount the
goniometer or the Wilhelmy microbalance on an antivibration table.
The results are very good from the point of view of the precision –

that is, of the reproducibility of the contact angle values – but not
from the point of view of the accuracy – that is, of the actual
existence of a ‘stable’ (or, however, not metastable) equilibrium state.

Already in 1945, Pease (1945: p. 107)54 wrote

There are, however, three different contact angles which can be

measured. Bartell and his group in recent years have developed

particularly refined techniques for determining ‘advancing’ and

‘receding’ contact angles (for the literature, see reference 1).

Fundamentally these are the same angles that are measured when the
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solid surface is very carefully advanced or removed from the fluid.

Their reality has been established, and each of them is entirely specific
for any system under investigation. In addition, there is the

‘equilibrium’ contact angle, ordinarily having an intermediate value.

Techniques for the measurement of the latter are less refined but, in

the author’s experience, measurements are reproducible within ±2°,

using essentially the method of Nietz (3).

(The paper by Nietz55 cited in the text of Pease54 was probably
the first to introduce the idea of equilibrium angle.)

The Wilhelmy method, as described until now, is particularly
efficient in the measurement of the advancing and receding states,
because as important a parameter as the immersion rate may be
precisely set. In contrast, the so-called static angle, which is,
unfortunately, the most commonly measured contact angle, is
fully undetermined from the point of view of the kinetic
parameters of its formation.

But the superiority of the Wilhelmy method in the determination
of the contact angle is confirmed by the ability to also obtain a
stable equilibrium state, that is better known as the ‘most stable
contact angle’.29 This is hopefully very close to the equilibrium
contact angle, as repeatable as the advancing or receding angle,
but not significantly influenced by the roughness and partially by
the heterogeneity of the surface.

This angle may be obtained by providing mechanical energy to
the system as vibrations of the liquid.

The idea of this method comes from a long list of experimenters.
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Figure 8. Schematic plot illustrating the qualitative trend of
surface free energy against the experimental contact angle in a
triphase system. The local minima correspond to the metastable
equilibria of the system. The shape of the local minima, and
particularly the height of free energy barriers between adjacent
local minima, is important in determining the actual mobility of
the meniscus. CA, contact angle. From Marmur et al.,29
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Figure 7. (a) The results of a Wilhelmy experiment performed on a porous stone sample, corrected to take into account test liquid
absorption and evaporation. The graph shows separately the detected force, the absorbed liquid mass, the evaporated liquid mass and
the final force, calculated by eliminating the absorption and evaporation effects. The symbols are defined in the figure key. The unit mg
corresponds to the force mg, which in precisely equivalent to 0·986 dyn. Figure from data of Brugnara et al.53 (b) The same as (a),
showing the measured force, the force calculated by removing the effect of the liquid absorption only and the force estimated by
considering both absorption and evaporation. As in (a), the symbols are defined in the figure key and the unit mg stands for the force
mg, corresponding to 0·986 dyn. Figure from data of Brugnara et al.53
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In the oldest papers, the researchers have simply applied what
Fowkes and Harkins56 called the slight shaking technique56–58 to
obtain faster the equilibrium meniscus shape corresponding to the
most stable angle. In very few recent papers, direct vibrations
obtained by mechanical or acoustical methods have been applied
to the solid surfaces,59–61 studying the results along with the
variation in the defects present on the surface or with the
characteristics of single ‘spike-like’ movements.

A practical method was proposed in 200162 and 200263 and in
slightly different ways reproposed by Sedev et al.64

It is worthy of note that even a book reported this idea65 even if
from a different point of view: the reduction and/or elimination of
the hysteresis through vibration, but concluded that the approach
is not completely reproducible, a conclusion that does not agree
with the authors’ experience.

What is different in Wilhelmy vibrated methods with respect to the
drop is that the vibration is applied to the liquid and not to the solid.
This corresponds to a lower frequency (the natural resonance
frequency inversely depends on the mass) and also to an easier
reproducibility, given the different size ratio between the drop and the
vibration source, commonly consisting of a loudspeaker.

However, it is worthy of note that the use of a vibration should be
done ‘cum grano salis’: the vibration is introduced in the system,
slowly increasing its amplitude to avoid sprinkling of drops from
the liquid, and then the vibration is maintained for a short time
(few seconds) and finally the signal is faded, reducing its
amplitude and allowing the system to remain as close as possible
to the lowest possible energy minimum. The details of the method
are very important to ensure its reproducibility.

7. Conclusions
The ‘Wilhelmy method’ is a term referring to a procedure invented
more than 150 years ago by an original physical chemist, Ludwig F.
Wilhelmy. In so long a time, the name has been used for
conceptually different techniques, all based on the detection of a
force during the immersion of a sample of various shapes in a liquid.
This method has been automated in the past 40 years, but
commercial programs also do not allow one to appreciate completely
the many important aspects of the measurement. Obviously, the
authors do not claim to have completed this task. The present paper
tries to summarize only some elements, according to a very personal
opinion, which are often neglected, from both a practical and a
theoretical point of view. The difficulty in performing such a task is a
further proof that ‘surfaces were invented by the Devil’, as the
famous physicist Wolfgang Pauli wrote many years ago.

REFERENCES
1. Wilhelmy L (1850) The law by which the action of acids on cane

sugar occurs. Annalen der Physik 157(12): 499–526.
2. Nobelprize.org (2017) https://www.nobelprize.org/nobel_prizes/

chemistry/laureates/1909/ostwald-lecture.html (accessed 10/12/2017).
12
3. Wilhelmy L (1863) Ueber die Abhängigkeit der Capillaritäts-
Constanten des Alkohols von Substanz und Gestalt des benetzten
festen Körpers. Annalen der Physik 195(6): 177–217 (in German).

4. Wilhelmy L (1863) Ueber die Abhängigkeit der Capillaritäts-
Constanten des Alkohols von Substanz und Gestalt des benetzten
festen Körpers. Annalen der Physik 119(6): 177–217 (in German).

5. Pockels A (1891) Surface tension. Nature 43(1115): 437–439.
6. Pockels A (1892) On the relative contamination of the water surface by

equal quantities of different substances. Nature 46(1192): 418–419.
7. Pockels A (1893) Relations between the surface tension and relative

contamination of water surfaces. Nature 48(1233): 152–154.
8. Pockels A (1894) On the spreading of oil upon water. Nature

50(1288): 223–224.
9. Langmuir I (1917) The constitution and fundamental properties of

solids and liquid: II. liquids. Journal of the American Chemical
Society 39(9): 1848–1906.

10. Chemistry World (2017) https://www.chemistryworld.com/opinion/
pockels-trough/8574.article (accessed 10/12/2017).

11. du Noüy PL (1919) A new apparatus for measuring surface tension.
Journal of General Physiology 1(5): 521–524.

12. du Noüy PL (1925) An interfacial tensiometer for universal use. Journal
of General Physiology 7(5): 625–632 (and references therein).

13. Harkins WD, Brown FE and Davies ECH (1917) The structure of the
surfaces of liquids, and solubility as related to the work done by the
attraction of two liquid surfaces as they approach each other [Surface
tension. V]. Journal of the American Chemical Society 39(3): 354–364.

14. Frumkin AN (1925) Surface Tension curves of the higher fatty acids
and the equations of conditions of the surface layer. Zeitschrift für
Physikalische Chemie 116(1): 466–480.

15. Dervichian DG (1935) Enregistrément direct des variations de la
pression superficielle en fonction de la surfaceet en fonction du temps
(couches monomoléculaires. Journal de Physique et le Radium 6(5):
221–225 (in French).

16. Harkins WD and Henderson TF (1937) I. A simple accurate film
balance of the vertical type for biological and chemical work, and a
theoretical and experimental comparison with the horizontal type. II.
Tight packing of a monolayer by ions. Journal of the American
Chemical Society 59(11): 2189–2197.

17. Bartell FE and Hatch GB (1934) The wetting characteristics of galena.
Journal of Physical Chemistry 39(1): 11–23.

18. Collins GE (1947) 11 – A surface tension method for measuring the
perimeters of fibers and the contact angles of liquids against fibres.
Journal of the Textile Institute Transactions 38(2): T73–T77.

19. Guastalla J and Guastalla L (1948) Mesure directe de la ‘tension
d’adhésion’ solide–liquide. Comptes Rendus 29(6): 2054–2056 (in
French).

20. Guastalla J (1956) Recent work on surface activity, wetting and
dewetting. Journal of Colloid Science 11(4–5): 623–636.

21. Ihrig JL and Lai DYF (1957) Contact angle measurement. Journal of
Chemical Education 34(4): 196–198.

22. Bikerman JJ (1958) Surface Chemistry – Theory and Applications,
2nd edn. Academic Press New York, NY, USA.

23. Lyklema J (2000) Fundamentals of Interface and Colloid Science –
Volume III: Liquid–Fluid Interfaces. Academic Press, New York, NY,
USA.

24. FreePatentsOnline.com (2017) http://www.freepatentsonline.com/
3224517.pdf (accessed 10/12/2017).

25. Jordan DO and Lane JE (1964) A thermodynamic discussion of the
use of a vertical-plate balance for the measurement of surface tension.
Australian Journal of Chemistry 17(1): 7–15.

26. Rusanov AI and Prokhorov VA (1996) Studies in Interface Science 3 –

Interfacial Tensiometry. Elsevier, Amsterdam, the Netherlands.
27. Orr FM, Scriven LE and Chu TY (1977) Menisci around plates and pins

dipped in liquid: interpretation of Wilhelmy plate and solderability
measurements. Journal of Colloid and Interface Science 60(2): 402–405.

https://www.nobelprize.org/nobel_prizes/chemistry/laureates/1909/ostwald-lecture.html
https://www.nobelprize.org/nobel_prizes/chemistry/laureates/1909/ostwald-lecture.html
https://www.chemistryworld.com/opinion/pockels-trough/8574.article
https://www.chemistryworld.com/opinion/pockels-trough/8574.article
http://www.freepatentsonline.com/3224517.pdf
http://www.freepatentsonline.com/3224517.pdf


Surface Innovations The Wilhelmy method: a critical and
practical review
Della Volpe and Siboni

Offprint provided courtesy of www.icevirtuallibrary.com
Author copy for personal use, not for distribution
28. Andrade JD (1986) Polymer Surface Dynamics. Plenum Press,
New York, NY, USA.

29. Marmur A, Della Volpe C, Siboni S, Amirfazli A and Drelich
JW (2017) Contact angles and wettability: towards common and
accurate terminology. Surface Innovations 5(1): 3–8.

30. Extrand CW (2015) Uncertainty in contact angle estimates from a
Wilhelmy tensiometer. Journal of Adhesion Science and Technology
29(23): 2515–2520.

31. Della Volpe C and Siboni S (2011) A ‘conveyor belt’ model for the
dynamic contact angle. European Journal of Physics 32(4): 1019–1032.

32. Ramé E and Garoff S (1996) Microscopic and macroscopic dynamic
interface shapes and the interpretation of dynamic contact angles.
Journal of Colloid and Interface Science 177(1): 234–244.

33. Morra M, Occhiello E and Garbassi F (1992) The effects of velocity
and viscosity on solid–liquid interfacial behavior during dynamic
contact angle measurement. Journal of Adhesion Science and
Technology 6(6): 653–665.

34. Good RJ (1992) Contact angle, wetting, and adhesion: a critical
review. Journal of Adhesion Science and Technology 6(12):
1269–1302.

35. Cassie ABD and Baxter S (1944) Wettability of porous surfaces.
Transactions of the Faraday Society 40(1): 546–551.

36. Della Volpe C (1994) Contact angle measurements on samples with
dissimilar faces by Wilhelmy microbalance. Journal of Adhesion
Science and Technology 8(12): 1453–1458.

37. Dryden P, Lee JH, Park JM and Andrade JD (1986) Modeling of the
Wilhelmy contact angle method with practical sample geometries. In
Polymer Surface Dynamics (Andrade JD (ed.)). Wiley, Hoboken, NJ,
USA, pp. 9–24.

38. Della Volpe C and Siboni S (1998) Analysis of dynamic contact angle
on discoidal samples measured by the Wilhelmy method. Journal of
Adhesion Science and Technology 12(2): 197–224.

39. Goodrich FC (1961) The mathematical theory of capillarity: I.
Proceedings of the Royal Society of London, Series A 260(1303):
481–489.

40. Schwartz LW and Garoff S (1985) Contact angle hysteresis and the
shape of the three-phase line. Journal of Colloid and Interface
Science 106(2): 422–437.

41. Smith LM, Bowman L and Andrade JD (1982) Contact angle analysis of
hydrated contact lenses. In Proceedings of the Durham Conference on
Bio-medical Polymers, Durham, UK, 12–15 July, pp. 279–286.

42. Washburn EW (1921) The dynamics of capillary flow. Physical
Review 17(3): 273–283.

43. Studebaker ML and Snow CW (1955) The influence of ultimate
composition upon the wettability of carbon blacks. Journal of
Physical Chemistry 59(9): 973–976.

44. Buckton G (1993) Assessment of the wettability of pharmaceutical
powders. Journal of Adhesion Science and Technology 7(3): 205–219.

45. Costanzo PM, Giese RF and van Oss CJ (1990) Determination of the
acid–base characteristics of clay mineral surfaces by contact angle
measurements – implications for the adsorption of organic solutes
from aqueous media. Journal of Adhesion Science and Technology
4(1): 267–275.

46. van Oss CJ, Giese RF, Li Z et al. (1992) Determination of contact
angles and pore sizes of porous media by column and thin layer
wicking. Journal of Adhesion Science and Technology 6(4): 413–428.

47. Chibowski E and Holysz L (1992) Use of Washburn equation for
surface free energy determination. Langmuir 8(2): 710–716.

48. Bernadiner MG (1998) A capillary microstructure of the wetting
front. Transport in Porous Media 30(3): 251–265.

49. Jamin JC (1860) On the equilibrium and motion of liquids in porous
bodies. Philosophical Magazine 19(126): 204–207.

50. Dullien FAL, El-Sayed MS and Batra VK (1977) Rate of capillary rise
in porous media with nonuniform pores. Journal of Colloid and
Interface Science 60(3): 497–506.
51. Dullien FAL (1979) Porous Media: Fluid Transport and Pore
Structure. Academic Press, New York, NY, USA, p. 396.

52. Brugnara M, Degasperi E, Della Volpe C et al. (2006) Wettability of
porous materials. II: Can we obtain the contact angle from the
Washburn equation? In Contact Angle, Wettability and Adhesion
(Mittal KL (ed.)). VSP, Utrecht, the Netherlands, vol. 4, pp. 143–164.

53. Brugnara M, Della Volpe C, Maniglio D et al. (2006) Wettability of
porous materials. I: The use of Wilhemy experiment: The cases of
stone, wood and non-woven fabric. In Contact Angle, Wettability and
Adhesion (Mittal KL (ed.)). VSP, Utrecht, the Netherlands, vol. 4,
pp. 115–142.

54. Pease DC (1945) The significance of the contact angle in relation to
the solid surface. Journal of Physical Chemistry 49(2): 107–110.

55. Nietz AH (1927) Molecular orientation at surfaces of solids: I.
Measurement of contact angle and the work of adhesion of organic
substances for water. Journal of Physical Chemistry 32(2): 255–269.

56. Fowkes FD and Harkins WD (1940) The state of monolayers adsorbed
at the interface solid–aqueous solutions. Journal of the American
Chemical Society 62(12): 3377–3386.

57. Del Giudice GRM (1936) The bubble machine for flotation testing.
Engineering and Mining Journal 137(6): 291–294.

58. Phillipoff W, Cooke SRB and Caldwell DE (1952) Contact angles and
surface coverage. Mining Engineering 4(3): 283–286.

59. Smith T and Lindberg G (1978) Effect of acoustic energy on contact
angle measurements. Journal of Colloid and Interface Science 66(2):
363–366.

60. Andrieu C, Sykes C and Brochard F (1994) Average spreading
parameter on heterogeneous surfaces. Langmuir 10(7): 2077–2080.

61. Decker EL and Garoff S (1996) Using vibrational noise to probe
energy barriers producing contact angle hysteresis. Langmuir 12(8):
2100–2110.

62. Della Volpe C, Maniglio D, Siboni S and Morra M (2001) An
experimental procedure to obtain the equilibrium contact angle from
the Wilhelmy method. Oil & Gas Science and Technology 56(1):
9–22.

63. Della Volpe C, Siboni S, Morra M and Maniglio D (2002) The
determination of a ‘stable-equilibrium’ contact angle on
heterogeneous and rough surfaces. Colloids and Surfaces A:
Physicochemical and Engineering Aspects 206(1): 46–67.

64. Sedev R, Fabretto M and Ralston J (2004) Wettability and surface
energetics of rough fluoro-polymer surfaces. Journal of Adhesion
80(6): 497–520.

65. Hiemenz PC and Rajagopalan R (1997) Principles of Colloid and
Surface Chemistry, 3rd edn. Marcel Dekker New York, NY, USA.
How can you contribute?

To discuss this paper, please submit up to 500 words to the
journal office at journals@ice.org.uk. Your contribution will be
forwarded to the author(s) for a reply and, if considered
appropriate by the editor-in-chief, it will be published as a
discussion in a future issue of the journal.

ICE Science journals rely entirely on contributions from
the field of materials science and engineering. Information
about how to submit your paper online is available at
www.icevirtuallibrary.com/page/authors, where you will also
find detailed author guidelines.
13



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Europe ISO Coated FOGRA27)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedExtraBold
    /AbadiMT-CondensedLight
    /AndaleMono
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellGothic-Black
    /BellGothic-Bold
    /BellGothic-Light
    /BernardMT-Condensed
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldCondensed
    /Bodoni-BoldItalic
    /Bodoni-Book
    /Bodoni-BookItalic
    /Bodoni-Italic
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /Bodoni-PosterItalic
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /Braggadocio
    /BritannicBold
    /BrushScriptMT
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /CurlzMT
    /Desdemona
    /EdwardianScriptITC
    /EngraversMT
    /EngraversMT-Bold
    /EurostileBold
    /EurostileRegular
    /FootlightMTLight
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GillSans-UltraBold
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /Gulim
    /Haettenschweiler
    /Harrington
    /Impact
    /ImprintMT-Shadow
    /KinoMT
    /LatinWide
    /LucidaBlackletter
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /MS-Gothic
    /MS-Mincho
    /MS-PGothic
    /MS-PMincho
    /MaturaMTScriptCapitals
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /NewCaledonia
    /NewCaledonia-Black
    /NewCaledonia-BlackItalic
    /NewCaledonia-Bold
    /NewCaledonia-BoldItalic
    /NewCaledonia-BoldItalicOsF
    /NewCaledonia-BoldSC
    /NewCaledonia-Italic
    /NewCaledonia-ItalicOsF
    /NewCaledonia-SC
    /NewCaledonia-SemiBold
    /NewCaledonia-SemiBoldItalic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /Onyx
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Sabon-Bold
    /Sabon-BoldItalic
    /Sabon-BoldItalicOsF
    /Sabon-BoldOsF
    /Sabon-Italic
    /Sabon-ItalicOsF
    /Sabon-Roman
    /Sabon-RomanOsF
    /Sabon-RomanSC
    /SimSun
    /Stencil
    /Symbol
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanPS
    /TimesNewRomanPS-Bold
    /TimesNewRomanPS-BoldItalic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-Italic
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Universal-GreekwithMathPi
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Wingdings
    /Wingdings2
    /Wingdings3
  ]
  /NeverEmbed [ true
    /Arial-BlackItalic
    /ArialUnicodeMS
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /LucidaConsole
    /TimesNewRomanMT-ExtraBold
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    23.95276
    23.95276
    24.12284
    24.12284
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ([Based on 'Sheridan'] Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


