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Amethodology is described for the theoretical-experimental evaluation of themeasurement uncertainty of the polar and dispersive
components of the surface free energy (SFE) in polypropylene films; these parameters are related to the filmwettability of adhesives
and inks. The proposed method is based on the measurement by means of a vision system of the contact angles of liquid drops
deposited on the film itself, which allows for obtaining, through mathematical models drawn from the literature, the physical
quantities of interest. The effect of the principal influence parameters has been experimentally evaluated, and testing has allowed
the defining of the technical procedures readily transferable in the industry. The uncertainty assessment is interesting not only
to correctly evaluate experimental data but also to characterise the reproducibility of the effects of techniques for improving the
wettability of films, such as surface treatments.

1. Introduction

The possibility of measuring the wettability of polymeric
films, particularly of polypropylene materials for food pack-
aging applications, is becoming increasingly important from
an industrial and economic standpoint because it determines
the possibility of using new materials for bonding and new
inks for printing. These technological innovations, provided
they ensure a satisfactory and stable surface adhesion, allow
for creating packaging that is increasingly pleasing from an
aesthetic point of view and for geometries of packaging that
are more and more particular, as the food market requires.
If, instead, the characteristics of wettability of adhesives are
taken into consideration, their better characterisation allows
for reducing the area of overlap for the gluing and conse-
quently to reduce the film surface required bymore than 10%,
as experimentally verified.Thewettability is the technological
characteristic that takes into account the capacity of adhesion
of a liquid on a solid film; the physical quantities to evaluate
it are the polar and dispersive components of the surface free
energy (SFE), usually expressed in millinewtons per meter,
for which there are no methods for direct measurement.

The polar SFE, constituting together with the dispersive
component the overall SFE, has greater effect on the wetta-
bility of polypropylene films; the methods currently in use,
as defined in ASTM D 2578 [1], that provide the overall
SFE are, thus, only partially exhaustive. They, in fact, are not
always able to provide the information necessary to support
the experimental investigations, which are usually performed
to characterise the film produced and to assess the effect
of surface treatments to increase the wettability. The results
that can be obtained with the procedure proposed in [1] are
also significantly affected by the subjectivity of the operator
assessment, and the method provides the SFE only as a value
belonging to predefined classes.

However, different methods are already available in the
literature for the calculation of the SFE and the significant
components of the phenomenon. In fact, there are the
methods of Fox and Zisman [2] and the method of Fowkes
[3] capable of providing the polar and disperse compo-
nents in two subsequent steps of the calculation, which are
then reduced to one from Owens-Wendt-Rabel and Kaeble
(OWRK), as described in [4].
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They provide different physical models that bind the
quantities of interest, even if their validity appears limited
to certain classes of materials (polymeric films with different
treatments, metals, paints, coatings, and biological film), due
to the specific modelling assumptions. All, however, make
it possible to evaluate the polar and disperse components
of the SFE, by direct measurement of the contact angle;
consequently, the uncertainties with which the polar and
disperse SFE can be assessed depend on the measurement
uncertainty of the contact angle.

In this paper, particular reference is made to the method
(OWRK) [4] among the methods available in the literature
for several reasons: the physical hypotheses appear complete
and suitable to the type of polymer studied, and the approach
is operationally feasible, even in an industrial context. For
these reasons, it has been used in other works described in
the literature [5–7].

Although the method is widespread, preliminary evalua-
tion of the measurement uncertainty only recently appeared
[4, 5, 7]. In particular, reference [7] proposes an analytical
evaluation of the SFE uncertainty. In this paper, however,
an experimental uncertainty assessment is proposed, which
takes into account the real behavior of the instrument used.

The measurement uncertainty of the methodology and
also the identification of technical-operational solutions to
reduce it appear important, not only for reasons of metro-
logical correctness but also to readily identify possibilities of
the development of new materials and the effects of surface
treatments.

In fact, as will be described below, the method is affected
by numerous influence variables of different types, which
complicates the uncertainty evaluation.

2. The Physical Model and
the Experimental Methodology

Thegeneral equation describing the interaction of the surface
tension of a liquid and a solid is called the Young equation [4]:

𝛾
𝑠
= 𝛾sl + 𝛾lv cos 𝜃, (1)

where 𝜃 is the measured contact angle, 𝛾
𝑠
is the surface free

energy (SFE) of the solid in the case of negligible spreading
pressure, and 𝛾sl and 𝛾lv are the surface tensions at the solid-
liquid and liquid-vapour interface, respectively. Both the
surface tension and the SFE can be split into two components
considering only the dispersion forces on the one hand and
all polar interactions on the other:

𝛾 = 𝛾
𝑑

+ 𝛾
𝑝

. (2)

On the basis of this approach, Owens, Wendt, Rabel, and
Kaeble developed a linear equation [4], inwhich the slope and
the intercept are given by the square root of both the polar and
the disperse components of the SFE, respectively:
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Figure 1: Method for the determination of the polar and disperse
parts of the surface free energy, where 𝑚 and 𝑏 are the slope and
intercept, respectively, of the best fit line of the experimental data
[4].

Thus, the measurement of the contact angles of different liq-
uids, with known surface tensions and relative components,
enables the determination of the polar and disperse parts
of SFE by the line of best fit (least square method) of the
experimental data (Figure 1).

The knowledge of the values of the polar and disperse
components of the SFE allows for describing a curve, very
important from the point of view of applications, the “wetting
envelope” [4], which makes particularly immediate the eval-
uation of the surface wettability by a known liquid. If the
representative point of the new liquid is inside the curve, the
film will be “wetted.”

3. Materials, Measurement
Method, and Results

As previously mentioned, for the indirect evaluation of
the SFE components of a polypropylene film, the method
of the contact angle measurement has been used, using a
vision system, which allows the assessment of the geomet-
rical parameters of the “sessile” drop, both statically and
dynamically, where the dynamic measure consists of the
determination of the temporal trend of different geometric
parameters of interest, such as the contact angle and volume
of the drop and position of the contact line.

The measurements have been conducted on a test bench
consisting of a commercial system for the analysis of images,
OCA20 of Data Physics Company, which has been used to
dispense, in a controlled manner, the volumes of the drops
and to monitor their variation over time, to optimise the
fixing of the film and to adjust the illumination of the sample.
A part of the image processing has been performed by the
software package of the above measurement system; some
procedures for image and data processing have also been
specifically developed in this work to achieve both a valida-
tion of the software indications and different information for
comparison purposes.

Two different polypropylene films have been analysed,
Film1 and Film2, for reasons of industrial privacy. They are
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both PET films, but the second has been subjected to a corona
surface treatment [6].

The analysis of the drop geometry has been conducted by
comparing the results of three different geometric models:

(a) circular fitting of the drop outline (sphericity assump-
tion);

(b) Laplace curve fitting;
(c) 𝜃/2 method, taking into account the appropriate

corrections [8].

Thesample fluidswerewater, formamide, anddiiodomethane.
For the surface tensions, the following values have been

assumed [4, 7]:

water: 𝛾lv = 72.8mN/m; 𝛾lv
𝑑 = 21.8mN/m; 𝛾lv

𝑝 =
51.0mN/m;
formamide: 𝛾lv = 58.0mN/m; 𝛾lv

𝑑 = 39.0mN/m; 𝛾lv
𝑝

= 19.0mN/m;
diiodomethane: 𝛾lv = 50.8mN/m; 𝛾lv

𝑑 = 49.5mN/m;
𝛾lv
𝑝 = 1.3mN/m.

The percentage uncertainties of these data have been taken
equal to 2%of the total component, according to the literature
indications [4].

The sample fluids have been chosen because they wet the
polypropylene film in a unique way; the wettability decreases
rapidly from diiodomethane to formamide and water. The
contact angle follows an opposite trend.

The main sources of uncertainty in the contact angle
measurement can be classified into the following types [4]:

(1) operational, such as drop volume, waiting time
between the drop deposition and the angle measure-
ment, temperature, and humidity;

(2) instrumental, as the variables related to the image
optical analysis for the determination of the geomet-
ric parameters of the drop, such as angle and volume;

(3) accuracy of the surface tension values of liquids used;
(4) accuracy of the used model;
(5) physical inhomogeneity (roughness and stretching

due to the production process and the superficial
treatment) and chemical inhomogeneity of the film
surface.

In this work, the uncertainty will be evaluated in terms of the
standard uncertainty, 𝑠.

Tests have been conducted with the aim of identifying the
different contributions that will be afterwards composed.

3.1. Operational and Instrumental Factors. Graphs of Figures
2, 3, and 4 show some of the results of tests conducted by
varying some parameters of interest, in particular, the size of
the drop and the waiting time between the drop deposition
and the angle measurement for different films and reference
liquids. The drop outline has been obtained by using the
circular fitting method.
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Figure 2: Dependence of 𝜃 on the radius of the drop for the
pair Film1-diiodomethane, assuming a circular model for the drop
outline.
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Figure 3: Variation over time of the contact angle, for the pair
Film2-water (drop volumes: 0.5, 1, 2.0𝜇L).
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Figure 4: Variation over time of the contact angle, for the pair
Film2-diiodomethane (drop volumes: 0.5, 1, 2.0 𝜇L).
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Figure 5: Dependence of the contact angle on the drop volume and
on the method used to define the drop outline, for the pair Film1-
diiodomethane.

The diagrams refer to different pairs of film-liquid, not
for the purpose of comparison, but with the aim to give
examples of the data from which the contribution of the
different variables involved has been calculated.

The effect of size (Figure 2) appears more important on
the measurement uncertainty of the angle, with respect to
the waiting time (Figures 3 and 4). In fact, as long as you
wait a minimum time for the settling of the drop, which is
dependent on the liquid, the percentage changes of data over
time appear to be less important than the other effects.

The tests have been conducted in laboratory with the
temperature in the range (20 ± 2)∘C and relative humidity
in the field (50 ± 10)%. The effects of these parameters,
which affect the liquid evaporation, have been taken into
account experimentally by evaluating the temporal trend of
the contact angle. They appear, however, to be not relevant.

The graphs of Figures 3 and 4 show that the measurement
dispersion also depends on the type of film/fluid pair; the
highest variability occurs with the water, to which the films
of polypropylene must be strongly repellent.

Figure 5 shows the variation of the results when different
methods of fitting are used, according to different geometric
hypotheses.

Fifty tests have been conducted for each film/liquid pair
with different operators, on different days, in the environ-
mental conditions specified above, for data reproducibility
evaluation.

The contribution to the overall uncertainty of the envi-
ronmental and operating variables, such as, in particular,
volume andmodelling of the drop outline, has been expressed
as standard deviation 𝑠vm of the results.

The contribution to the overall uncertainty of the waiting
time before the angle measure has been evaluated as the
standard deviation 𝑠

𝑡
, assuming a rectangular probability

distribution between the minimum and the maximum value
of a measurement time sequence.

The use for testing of different samples of the same type
of film has allowed for taking into account the variability of
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Figure 6: Temporal trend of the contact angle, for the pair Film1-
diiodomethane, when the drop volume increases with continuity;
in abscissa, the progressive number of drops dispensed. Maximum
volume = 20 𝜇L.

the surface roughness and inhomogeneity related to surface
treatments.

3.2. Other Factors. Considering the period of validity of
the certificated properties of liquids and the test duration,
the effect of the stability of the reference fluids has been
considered negligible.

3.3.UncertaintyAssessment. Theoverall uncertainty has been
obtained according to [9] by the following equation:

𝑠
2

= 𝑠vm
2

+ 𝑠
𝑡

2

. (4)

The uncertainty changes, as outlined above, depending on the
film/fluid pair considered.

For example, in the case of Film1/diiodomethane 𝜃 =
(16.1 ± 1.2)

∘, and in the case of Film2/water 𝜃 = (69.2 ± 4.0)∘.
The other values of 𝜃 are intermediate.

A confirmation of the variability estimated for the contact
angles has been obtained from dynamic tests; the temporal
trend of 𝜃 is evaluated when the volume is increased contin-
uously, beyond the value of the maximum value of the drop
volume (2 𝜇L) set in the static tests. The results of this type of
test are affected by hysteresis phenomena [10], as shown by
the “sawtooth” trend of the diagram in Figure 6.

In this situation, metastable conditions of the drop occur,
and the variability of 𝜃 appears overestimated.

It is noted that, considering an average hysteresis interval
of 6∘ for the Film1, as can be seen from the graph in Figure 6,
and assuming a rectangular probability distribution within
this range, the resulting uncertainty 𝑢hyst can be evaluated as
[9]

𝑢hyst =
6
∘

2√3
= 1.7
∘

. (5)

This value of uncertainty seems to be overestimated, as
mentioned, and, in fact, it is assumed to be a confirmation of
the uncertainty evaluation of 1.2∘, as evaluated for the Film1.

The measure of the 𝜃 values and the evaluation of their
uncertainties have allowed for assessing, in accordance with
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(3), the components 𝛾
𝑠

𝑝 and 𝛾
𝑠

𝑑 for the two films studied,
when subjected to different surface treatments.

Theuncertainties of SFEhave been obtained by evaluating
the values of 𝛾

𝑠

𝑝 and 𝛾
𝑠

𝑑 by the model described, varying 𝜃 in
the range of uncertainty (𝜃 ± 𝑠)∘, and calculating the standard
deviation of the data. The effect of the uncertainty of the
characteristics of the reference fluids appears to be negligible.

If the results are taken into account, the component
affected by greater uncertainty is 𝛾

𝑠

𝑝.
In particular, 𝛾

𝑠

𝑝

= (7.0 ± 1.3)mN/m in the case of Film1
and 𝛾
𝑠

𝑝

= (10.4 ± 2.1)mN/m in the case of Film2.
In Figures 7 and 8, the curves of wettability in the wet-

tability diagram are described, obtained for Film1 and Film2
and calculated in correspondence with the aforementioned
average angles 𝜃 = 16.1 and 𝜃 = 69.2, respectively; the uncer-
tainty range is also represented (𝑢(𝛾lv

𝑝

) = 1.5mN/m and
𝑢(𝛾lv
𝑑

) negligible in the case of Film1, 𝑢(𝛾lv
𝑝

) = 2.5mN/m
and 𝑢(𝛾lv

𝑑

) negligible in the case of Film2).
There is a need to “stress” the surface treatment for the

Film2 to create a sufficient area of wettability in thewettability
diagram. The low value of dispersive SFE, 𝛾

𝑠

𝑑, has led to

a considerable increase of the uncertainty, presumably due to
higher physical and chemical nonuniformity of the surface,
due to the stressing surface treatment.

These results suggest that the average value of the SFE
provided by the measurement method is not sufficient to
make assessments about the wettability of films, especially
when they are subjected to surface treatments to increase the
wettability itself. Uncertainty evaluation is, then, essential to
make reliable evaluations of the possible compatibility of new
materials.

4. Conclusions

In the present work, the effect of the influence variables in
the measurement of the contact angle of drops, 𝜃, deposited
on different polypropylene films for food packaging was
evaluated.

In particular, the effect of the operational quantities
was evaluated, such as drop size, growth rate, waiting time,
positioning of the sample on the measuring bench, lighting,
and geometric modelling of the droplet.

The analysis enables the identification of the most impor-
tant influence parameters, which is also useful for the imple-
mentation of experimental procedures that are transferable in
an industrial contest.

The study of different films allowed for highlighting the
importance of the surface treatment on the measurement
accuracy.This treatment, on one hand, leads to improvement
of the wettability. On the other hand, because of the possible
considerable increase of themeasurement uncertainty of SFE,
it may affect the possibility to provide operatively usable
information based on experimental data having an excessive
measurement uncertainty.
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