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Measurement of the surface free energy (SFE) of a material allows the prediction of its adhesion properties.
Materials can have microscale or sub-microscale surface inhomogeneities, engineered or random, which
affect the surface macroscopic behaviour. However, quantitative characterization of the SFE at such
length scales remains challenging in view of the variety of instruments and techniques available, the poor
knowledge of critical variables and parameters during measurements and the need for appropriate
contact models to derive the SFE from the measurements. Failure to characterize adhesion correctly
may result in defective components or lengthy process optimization costing billions to industry.
Conversely, for planar and homogeneous surfaces, contact angle (CA) measurements are standardized
and allow for calculating the SFE using for example the Owen-Wendt model, relying only on the
properties of the probing liquids. As such, we assessed and report here a method to correlate
quantitative measurements of force—distance curves made with an atomic force microscope (AFM) and
with silica and polystyrene (PS) colloidal probe pairs, with quantitative CA measurements and CA-derived
SFE values. We measured five surfaces (mica, highly oriented pyrolytic graphite, thermally grown silica on
silicon, silicon, and silicon with a super-hydrophobic coating), ranging from hydrophilic to super-
hydrophobic, and found an excellent classification of the AFM measurements when these are

represented by a set of principal components (PCs), and when both silica and PS colloidal probes are
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Accepted 15th December 2022 considered together. A regression of the PCs onto the CA measurements allows recovery of the SFE at

the length scale of the colloidal probes, which is here ca. 1 micron. We found that once the PC-
DOI: 10.1035/d2ra05508b regression model is built, test sets of only ten AFM force—distance curves are sufficient to predict the

rsc.li/rsc-advances local SFE with the calibrated silica and PS colloidal probes.

Introduction

Controlling wetting, adhesion, and friction properties is crucial
for tribology, photonics, scaffold materials, particles for drug
delivery and bio-coatings.'® Engineering surfaces with
controlled wettability also has applications in anti-icing, self-
cleaning, oil-water separation, and anti-biofouling.**® Surfaces
that can morph to be both super-hydrophilic and super-
hydrophobic create new opportunities for surface-tension-
controlled diagnostic devices and cell biology.”** Develop-
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T Electronic supplementary information (ESI) available: Table S1 contains the
recorded contact angle wetting measurements on the five test surfaces, using
three solvents. Total (7), polar (P), and dispersive (D) components of the SFE
calculated using Owen-Wendt approach. Fig. S2 shows the second-order
regression of F,y; on the CA-derived SFE values for the testing set with silica
colloidal probe, PS colloidal probe, and PS and silica probes combined
(regression coefficients computed on the training set). Fig. S3 shows
a R-squared analysis of the performance of the PCs and regression models.
Fig. S4 shows PC2 vs. PC1 maps including ITO data. Fig. S5 shows F(d) curves
recorded on the mica reference with different probe velocities. See DOI:
https://doi.org/10.1039/d2ra05508b
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ment and validation of standardized, quantitative methods to
reliably measure surface properties at relevant length scales
remains an industry requirement to account for important
contact phenomena such as adhesion and friction."* However,
standardization is impeded by the lack of an unambiguous link
between the nanoscale and macroscale SFE."* Macroscopically,
for planar and uniform solid surfaces, surface free energy (SFE)
can be quantified by contact angle (CA) measurements, typically
using a selection of liquid probes of varying polar
components,””™* and estimated from Young's equation using
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models such as Owens-Wendt, Fowkes, Good-Girifalco, or van
Oss-Chaudhury-Good."** Protocols also have been established
for performing reliable and reproducible advancing and
receding CA measurements.'® However, nano-patterned mate-
rials and other non-planar surfaces where adhesion is directly
linked to the physicochemical properties of the mating surfaces
require alternative measurement and derivation methods to
obtain the SFE.'*'*

Atomic force microscopy (AFM) can reliably measure forces
as low as 0.1 nN between a solid nanoscopic or microscopic
probe and a solid surface, from the bending of the cantilever on
which the probe is attached. Dedicated (probe-surface) contact
models have been used to estimate the SFE, for example from
the force that is required to break the contact between the probe
and the surface, generally referred to as the pull-off force.
Although pull-off force measurements are reliable, it is not
necessarily the case for the derived SFE values since the models
critically rely on properties of the probes that are poorly known,
including true contact geometry with the specimen surface and
probe surface chemistry and crystallinity, as well as water
meniscus,'”?® although noticeable improvements are seen
when the AFM-typical, sharp pyramidal probes are replaced by
colloidal probes, since the geometry of the latter is better
defined and since their surfaces are more reproducible.
Colloidal probes are now widely used to probe the mechanical
properties of metals, polymers, ceramics, nanocomposites, and
protein—protein, protein-surface, and cell mechanics.***°
Unfortunately, the contact models necessarily over-simplify the
probe-surface interaction.’*** For example, Bradley's model
considers the attraction between a rigid sphere and a planar
rigid-body surface, neglecting any elastic deformation. The
Derjaguin-Muller-Toporov (DMT) model only considers long-
range forces outside the probe-surface contact area. The John-
son-Kendall-Roberts (JKR) validity is limited to cases where the
elastic surface displacement is larger than the characteristic
range of action of the surface forces that follow Lennard-Jones
law of molecular interactions.

Acceptance of SFE characterisation on a global scale requires
standardization and agreement between the several techniques
probing adhesion across the different length scales, such as CA
measurements, nano-indentation and AFM.'?%*7 These
techniques are all well-developed and provide reproducible
measurements of adhesion in controlled environment and with
controlled probes. The generation of a quantitative, holistic
perspective between these techniques should be addressed with
innovative protocols to correlate the data collected by these
techniques, that is by increasing the reliance on data-based
models. Advances in statistics and their application in
machine learning (ML) have provided new insights in medicine
and diagnostics, as well as in many other fields including
material sciences, physics, and probe microscopy, and ML can
provide the desired holistic perspective for SFE.

In this work, principal component analysis (PCA)*** is used
to analyse the sub-microscopic AFM measurements made on
a series of planar, test surfaces covering a wide range of adhe-
sion (super-hydrophobic coated Si (sh-Si), HOPG, thermally
oxidized SiO, thin film on Si, clean Si, and mica) using colloidal

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

probes. Macroscopic CA measurements with three liquid probes
(deionised water, methylene iodide, and formamide) were made
on the same test surfaces, and their SFE values were calculated
using the Owen-Wendt model. A data-oriented regression
model was then developed to link CA-derived SFE values to the
AFM-derived principal components (PCs), bridging the two
extreme length scales probed by CA and AFM and derivation of
the SFE with only the simplest of the macroscopic contact
model. We verified that the data-oriented model can predict the
SFE from only ten AFM force-distance (F(d)) curves, suggesting
that rapid, multi-length scale and quantitative SFE analysis is
possible.

Experiments
AFM spectroscopy and metrics

Force — distance, F(d) spectroscopy was performed using
a commercial AFM instrument, NTEGRA Spectra II (NT-MDT)
equipped with a humidity-controlled environment. We used
PS and silica colloidal probes (Applied Nanostructures, Inc.
USA) of nominal diameter 10 microns attached to (otherwise
probe-less FORTG type) AFM cantilevers. The colloidal probes
were used as received. The SEM image of a colloidal probe after
measurements is presented in Fig. 1a. It suggests that the actual
contact area with the surface is ca. 1 pm®. The apparent
deformed surface of the colloid in the contact region could be
contaminants from the surfaces as deformation is not expected
within our experimental force regime <200 nN. The cantilevers’
force constant (with colloid attached to the cantilevers) were
determined from the power spectral density of their thermal
noise and the Sader method.***' Cantilevers with force constant
of 1-1.6 N m~" were selected for measurements. This range of
values is adequate for recording forces 1-1000 nN.

Inverse optical sensitivities relating cantilevers deflection to
actual height changes were measured from the F(d) curve slopes
upon contact with a clean Si surface, assumed incompressible.

Before the measurements were made, colloidal probes were
installed, samples were mounted onto the sample stage (elec-
trically grounded) and placed in the instrument, the humidity-
controlled chamber was filled with N, (gas flow kept on during
the experiment; humidity constant and <7% within 20 min,
temperature 21 + 1 °C constant throughout the experiment),
and an additional 30 min of waiting time was applied. For each
sample, multiple F(d) curves were measured across grid-
mapped points (100-1000 points, grid area 30 pm x 30 pm),
repeated on at least three locations across the samples surface.
The F(d) curves were acquired with approach-retract velocities
of 100 and 1000 nm s~ * (no significant influence of velocity on
the F(d) measurements was observed, and the data analysis
below is carried out without considering the velocity, ESI
Fig. S51) and an indentation force <200 nN. A waiting time of
100 ms was applied between successive curves measurement.

An F(d) curve represented in Fig. 1b is example of 20 experi-
mental F(d) curves recorded in this study on freshly cleaved HOPG
with a silica colloidal probe (100 nm s~ %), illustrating the repro-
ducibility of our AFM measurements. In the F(d) curves, F is the
force as estimated from the bending of the cantilever and d the

RSC Adv, 2023, 13, 2718-2726 | 2719
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(a) Scanning electron microscopy image of a silica colloid probe used in this study. (b) Presentation of series of 20 F(d) curves recorded on

freshly cleaved HOPG at a single location, with silica colloidal probe (velocity: 100 nm s7%). The series illustrates the jump-to-contact event
(snap-in) at distance d (see also inset to visualize the recorded force change) and the pull-off event at d,. The part of the curve recorded during
approach is shown in red, and the part of the curve recorded during retraction is shown in black. The series also illustrates the reproducibility in

the measurements.

relative change in distance between the supporting cantilever and
the sample surface, as determined from the piezo scanner. In
Fig. 1b, during approach (red curve) the force F initially remains
constant with decreasing distance d. The distance d; marks the
event where the approach curve exhibits a sudden (small) negative
force jump, followed by a linear increase of F with decreasing
d that marks the resistance of the surface and colloidal probe
against deformation. The distance d; is thus associated with the
jump-to-contact or snap-in event between the colloidal probe and
the sample surface. Upon retraction (black curve), the colloidal
probe remains in contact until the distance reaches d,, with the
colloid-surface adhesion interaction bending the cantilever
further until the sudden jump-out-of-contact or pull-off event at
d,. The change in force at d, measures the force of adhesion
between the colloidal probe and the sample.

The experimental F(d) data were automatically processed
using MATLAB scripts, to extract a discrete number of metrics
(six) from each approach-retract curve pair. We extracted the pull-
off force (i.e., force of adhesion, Fy,j) at d, and the snap-in force
(Fsnap) at dg. Each were extracted using two algorithms to mitigate
errors in determining the force baseline (taken as the mean force
within the last 10% of the relevant d), the noise at d,, and d,, and
digitalization and bandwidth limitations. The forces F,,; and
Fynap were thus both computed twice: first, as the minimum of F
in the curves with respect to the baseline and, second, as the force
difference across the snap-in and pull-off events at d, and dj,, with
the events d, and dj, identified by computing the derivatives of the
F(d) curves. We also extracted the work of adhesion (W,apn),
defined as the integral below the baseline of the retraction curve,
as well as the contact difference Ad = d, — d,. PCA and regres-
sions were performed with MATLAB using built-in functions.

Samples

Mica “Ratan Mica Exports Ltd., India” and highly oriented
pyrolytic graphite “HOPG; Agar Scientific” were sourced
commercially. Indium-tin-oxide (ITO) coated glass slides with

2720 | RSC Adv, 2023, 13, 2718-2726

typical resistivity of 50 Q per square were commercially sourced
by “Delta Technologies”. Si and thermally evaporated SiO, on Si
approx. 40 nm thick were provided by “Analog Devices Inter-
national Limerick, Ireland” and the oxide thickness was
measured by ellipsometry. Superhydrophobic coated Si (sh-Si)
was prepared using an Atmospheric Pressure Plasma Dielec-
tric Barrier Discharges (APDBD) in open air reactor on one-side
polished Si wafers (thickness: approx. 300 pm). In a first step,
silicon substrates were subjected to a pre-cleaning procedure
using the same APDBD reactor and nitrogen plasma gas to
eliminate contaminants and improve coating adhesion. In the
second step, a mixture of liquid precursor nanodroplets and
nitrogen gas was introduced into the plasma discharge to
promote plasma polymerization. Plasma discharge was gener-
ated by an AC power supply with a 6 kHz frequency and 100 W of
delivered power. The liquid chemical precursor injected into
the discharge was 1H,1H,2H,2H-perfluorodecylacrylate from
“Sigma Aldrich”. Five surfaces (mica, HOPG, silica, Si and sh-Si)
cover a wide range of adhesion properties and are planar,
uniform, and free from major defects and therefore chosen as
reference surfaces in this study. Before introduction into the
humidity-controlled AFM or before CA measurements, mica
and HOPG were freshly cleaved and not processed further, while
SiO,, Si and sh-Si were cleaned with a spray of deionized water
and dried with a nitrogen gas flow.

Contact angles

CA measurements followed the standard procedures UNI EN
828, UNI 9752, and ASTM D-5725-99 and were done using
a computer-controlled CAM 200 system (KSV instruments). The
contact angles were recorded with three liquid probes (deion-
ized water, formamide, and methylene iodide) and the
measurements repeated at least five times on different areas of
the surfaces. The droplets (5 pL) were deposited on the samples
and images of the sessile droplets were captured by a digital
camera for 30 s (1 frame/second). The contact angles 6; (i = 1, 2,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3 for the 3 probe liquids) were then determined with the CAM
software provided by the instrument manufacturer, using
contrast enhancement and axisymmetric drop shape analysis.
The samples SFE og was calculated using the commonly used
Owens-Wendt model.”* The model assumes that the sample
SFE is the sum of polar and dispersive components, os* and o5".
With the dispersive and polar SFE values of the three liquid
probes (aL,iD and aL,iP) known, os” and os” can be found by
plotting eqn (1) as a line for all three liquids and computing the
square of the slope and intercept respectively.

f\f Vb 0

aLl(cos 0, + 1)
Z(O'Ll

The probe liquids were selected for their varied polar and
dispersive components: water a highly polar liquid with a small
dispersive component, methylene iodide a highly dispersive
liquid with very little polarity and formamide exhibiting similar
polar and dispersive components.

Results and discussion

The polar and dispersive components of the SFE for the five test
surfaces are presented in Fig. 2 and the measured contact angle
values are summarized in Table S1 (ESIt). The total SFE is taken
as the sum of the two components. We find that the planar
super-hydrophobic sh-Si has the lowest SFE at 4.2 mJ m ™2, with
water contact angles averaging 162.5°. Mica is the most hydro-
philic surface tested here, with an SFE of 68 mJ] m 2. The
surfaces under test show distinctive polar SFE components,
with relatively less variations in their dispersive components
(with the exception of sh-Si).

Means and standard deviations of Fyui, Fenapy Waan and Ad
extracted from F(d) (over 300-1000 curves per sample per
colloid) are presented in Fig. 3 for both silica and PS colloidal
probes, and for the five surfaces under test. The values are

40 ] W polar

35 | E dispersive
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sh-Si

HOPG SiO, Si mica

Fig.2 Polar and dispersive components of the SFE calculated from CA
measurements on sh-Si, HOPG, SiO,, Si, and mica, using three liquid
probes (deionized water, formamide and methylene iodide). The
values were calculated using the Owen—-Wendt model as described in

the text.
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plotted as a function of the CA-derived (total) SFE values pre-
sented above in Fig. 2. With the PS colloidal probe (Fig. 3a), we
observe a monotonically increasing, relatively linear relation-
ship between F,u, Waan and Ad and the SFE. These three
metrics (in the absence of significant colloidal probe or surface
deformation) are indeed expected to scale with the force of
adhesion between the colloid and the surfaces and the contact
models such as JKR and DMT indeed highlights such a rela-
tionship.**** Other authors have reported a similar relationship
between F,,; and CA-derived polar SFE components with
a SizN, tip (in ambient atmosphere).>® We note small differ-
ences in our data in the Fyy and Fg,,p values extracted with the
two algorithms, although the mean values for both algorithms
are in good agreement with each other as one would expect.
Fgnap does not exhibit a linear relationship with the SFE, and
this is especially observable with silica and silicon for which the
largest values are measured. From a data-oriented perspective,
we note that these deviations between AFM-extracted metrics is
advantageous, as this will be further discussed below. With the
silica colloidal probe (Fig. 3b), the mean values of Fyui, Wadn
and Ad exhibit a non-linear relationship with the CA-derived
SFE. This is particularly clear for the values measured for
mica, which are consistently lower than for the other test
surfaces, except for sh-Si. Comparing the magnitudes of these
metrics between PS and silica colloidal probes, we observe that,
with the exception of mica, Fyuy1, Waan and Ad are consistently of
higher magnitudes with the silica colloidal probe. With the
silica colloidal probe, the Fy,p, values are generally lower than
with the PS colloidal probe, although silica and silicon again
show the largest values. We note that the contact geometry is
expected to be similar for the two colloidal probes that have the
same nominal diameter. The SFE for PS is expected to be 30-36
mJ m ™2 ?*while the reported SFE values for silica significantly
vary, from 50 to 259 mJ m~>.**> The higher SFE expected for the
silica colloidal probe qualitatively justifies thus the larger AFM-
derived metrics Fpyui, Waan and Ad values. However, the metrics
do not scale linearly between the samples as one expects from
contact models. These observations reinforce our proposition to
rely on a data-based model to quantify the SFE.

The larger deviation from linearity in force of adhesion (with
respect to the SFE) is seen for mica, with the silica colloidal
probe. The measured force of adhesion sums Van Der Waals,
electrostatic and capillary contributions.***® Since our
measurements are systematically performed with humidity
<7%, capillary forces are not expected to play a major role.*”*
Moreover, PS and silica colloidal probes have similar Hamaker
constants® and also have nominally the same diameter here. As
such, one does not expect any significant difference in the Van
Der Waals force either. One can speculate thus that electrostatic
forces differ. Mica is indeed an excellent dielectric and is largely
the least conductive of the samples under test, while the other
materials have sufficient bulk electrical conductivity to avoid
significant local electrical charging (HOPG, silicon, silica (i.e.,
42 nm Si0,/Si), and sh-Si). Mica typically displays (positive)
potassium ions and with the propensity of silica colloidal
probes to positively charge by triboelectric charging,*>*** the
electrostatic force between the silica colloidal probe and the

RSC Adv, 2023, 13, 2718-2726 | 2721
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recorded with a PS colloid. The means and standard deviations are plotted versus the CA-derived SFE for sh-Si, HOPG, SiO,, Si, and mica. (b)
Same with SiO; colloid. The data for sh-Si are shown in black, HOPG in red, silica in green, silicon in blue, and mica in cyan.

mica surface will reduce the measured pull-off force. This is not
the case for PS colloidal probes that tend to charge negatively in
contact with mica.>**®

Notwithstanding our speculations on the origin of these
deviations from linearity between the AFM-derived metrics and
CA-derived SFE, it remains experimentally demonstrated that
our AFM measurements do not systematically all agree with
contact mechanics models such as DMT and JKR,**? and we
thus gave preference to develop a data-oriented model by PCA of
the six AFM-derived metrics. For the analysis, we randomly set
20% of the data apart for testing. PCA and regressions were
computed only on the training set (80% of the data). We studied
three datasets: PS colloidal probe, silica colloidal probe, PS and
silica colloidal probes combined. For each surfaces and
colloidal probes, 200 samples of n x F(d) curves (n = 10 in the
main text, see results forn =1, 5,10, and 20 in ESI Fig. S31) were
randomly picked from the total population of curves. The
median values for each of the six metrics in the samples were

2722 | RSC Adv, 2023, 13, 2718-2726

calculated and assembled in input vectors for the PCA. For PS
colloidal probe and silica colloidal probe analysis, the PCA
input vectors were thus made from the six AFM-derived metrics
medians, while for the analysis with both PS and silica colloidal
probes combined, the PCA input vectors contained twelve
values. The PC2 versus PC1 scatter plots are shown in Fig. 4 (top
panel) for each of the three datasets, where PC1 and PC2 are
respectively the first and second PCs.

With the PS colloidal probe alone (Fig. 4a), we note that
along the PC1 axis, the data are clustered alike for the F,,; and
Waan means graphs in Fig. 3a. This is consistent with most of
the variance in the datasets seen for these parameters.

The clusters distribution along the PC2 axis is reminiscent of
the Fgnap graphs, highlighting the relevance of this metric. The
classification is excellent except for HOPG, whose large stan-
dard deviation in the datasets remains in the PC1, and the
HOPG data partially overlap with those of sh-Si and mica. We
note the usefulness of PC2 in separating the SiO, and Si data.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CA-derived SFE values for the testing sets: (d) PS colloid, (e) silica colloid,

and PS and silica colloids combined. Each PCA input vector was made

from the six median values computed on 10 F(d) curve pairs. The continuous lines mark the ideal match where regression and CA-derived SFE are

the same.

The classification is clearly more ambiguous with the silica
colloidal probe alone (Fig. 4b), with a more pronounced overlap
between mica, and HOPG and sh-Si. This is expected from the
low values of F,u; and W,q, for mica when the silica colloidal
probe is used.

By contrast, when both PS and silica colloidal probes are
used for a combined analysis, we observe an unambiguous
classification for the training set, with well-separated clusters of
data for the five specimens under test. This means that
measuring ten F(d) curve pairs with each colloidal probe on the
same surface is sufficient. The twelve input parameters influ-
ence PC1 and PC2, but as expected, the PCs reflect largely
a combination of F,y; and W,q, between the two colloidal
probes.

We fitted a second-order regression of the first three PCs
onto the CA-derived SFE values for each of the training datasets.
The scatter plots for the test sets of those regression versus the
SFE (mJ m™2) are presented in Fig. 4d-f. The regression with the
silica colloidal probe alone performs poorly, especially for
silicon and mica that have the largest targeted SFEs (see ESI
Fig. S31 for a detailed summary of the R-squared values and
where we also list the R-squared values for models built with
samples made with 1, 5, 10, and 20 curves). The regression with
the PS colloidal probe alone performs better but remains unable

© 2023 The Author(s). Published by the Royal Society of Chemistry

to provide a satisfactory fit across all the specimens, especially
for sh-Si and HOPG. The regression based on the PCs computed
for both colloidal probes combined provides a better fit to the
SFE, avoiding the cases where PS and silica colloidal probes
perform the poorest (i.e., sh-Si and HOPG, and mica, respec-
tively). Since these regressions are built using the median values
of ten F(d) curves for each colloidal probe, we can reasonably
expect good predictability of the SFE from such a limited
number of measurements, if both PS and silica colloidal probes
are used together. For comparison, we show in Fig. S2 (ESIT) the
regressions (second order) based on F,; alone for PS and silica
colloidal probes and list in Fig. S31 the corresponding R-
squared values. The performances are clearly more limited,
again especially for the silica colloidal probe.

We further validate our approach by quantifying the micro-
scale SFE of an ITO coated glass. The F(d) were recorded with
the same PS and silica colloidal probes and the metrics for ITO
were introduced in the PCA and regression models developed
from the sh-Si, HOPG, SiO,, Si, and mica reference surfaces. The
PC scores maps (PC2 vs. PC1) are reproduced in Fig. S4 (ESIf)
with the ITO data included, for the model based on the PS
colloidal probe as well as the one based on the PS and silica
colloidal probes combined. The ITO data form a cluster in both
cases albeit without overlap onto the reference surfaces clusters

RSC Adv, 2023, 13, 2718-2726 | 2723
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only for the combined colloidal probes model. When the cor-
responding regression models are applied on the ITO PCs, we
find SFE values of 59 mJ m~” and 54 m] m > for the PS only, and
PS and silica combined models. These SFE are comparable to
values reported for ITO in the literature.*®

Conclusions

We reported the recording of a large series of sub-microscale
F(d) spectra in humidity-controlled environment, for five
planar and uniform surfaces of interest with adhesion proper-
ties spanning from super-hydrophobic to hydrophilic and using
two different colloidal probes (PS and silica). The macroscopic
SFE values were derived from the measurement and analysis of
CA, using three liquid probes and the Owen-Wendt model.
When plotting the means of AFM-derived metrics such as Fyyy
and Wan versus the CA-derived SFEs, we found that the quan-
tities vary relatively linearly with the PS colloidal probe but not
with the silica colloidal probe. This deviates from predictions of
standard contact models such as JKR and DMT. Moreover, the
differences in the values recorded with PS and silica colloidal
probe do not scale well with the same, despite the large change
in the SFE of PS and silica.

We thus proposed a data-oriented model, where PCs are
computed from six AFM-derived metrics and where the first PCs
are used to fit a second-order regression onto the CA-derived
SFE. We found that silica and PS colloidal probes data
complement well each other and their combination leads to the
best predictive SFE model. As such, once the model is trained,
the recording of ten F(d) curves with each colloidal probe is
sufficient to correctly classify the specimens under test and to
determine their SFE.

The demonstration here shows that the SFE can be quanti-
fiably mapped at sub-microscale using macroscopic SFE refer-
ence values, without the need thus for local contact model
relying on poorly known probe parameters. This work aims at
facilitating standardization of SFE values across the various
length scales.
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