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Surface Free Energy (SFE) has become a relevant design parameter to produce materials and devices with 
controlled wettability. The non-destructive measurement of SFE in nanopatterned super-hydrophobic 
hard surfaces is a challenge in both research and industry since in most cases time-consuming 
contact angle measurements are not feasible. In this work, we present a novel nanoindentation based 
method for the measurement of pull-off adhesive forces by carefully controlling environmental and 
instrumentation issues. The method is found to measure SFE over five orders of magnitude, covering 
hydrophilic to super-hydrophobic surfaces, and has been validated with contact angle measurements. 
Its limitations and shortcomings are critically discussed, with a specific focus on the experimental issues 
that could affect the reliability and reproducibility of the results. Finally, the potential applications of 
the newly developed methodology include fast non-destructive mapping of SFE over heterogeneous 
surfaces with spatially controlled wettability.

Introduction
The ability to engineer and control surface free energy and wet-
tability of functional materials is critical in industry, e.g. micro-
electronics, microsystem engineering, energy, photonics, tribol-
ogy, tissue engineering and biomedical devices [1–9]. Contact 
mechanics related problems, such as the uncontrolled adhesion 
of surfaces with complex shape and geometries, hugely affects 
the products and their applications in these sectors [10–14]. 
These problems arise from intertwined physicochemical prop-
erties of the contacting surfaces and the interfaces between 
them. The characterization of these surface and interface 
properties is important for reliability, reproducibility, and the 
ability to design a system with predictable performance. Spe-
cifically, in recent years, micro-actuators, engineered scaffolds 
for tissue regeneration, nano-patterned super-hydrophobic or 
hierarchically structured surfaces, micro/nanoparticles for drug 

delivery, and coatings for biosensors are examples of industrial 
applications where the problem of nano-scale adhesion must 
be addressed through an accessible, meaningful and high-
throughput way [15–19].

Furthermore, the complex mechanisms determining wet-
tability, adhesion and friction on nanopatterned materials also 
require the use of multiple techniques that can provide a quan-
titative characterization at multiple length scales, in both lateral 
dimensions and depth, underpinned by sound physical models 
that are validated experimentally [20, 21]. Indeed, the assess-
ment of wettability, adhesion, and friction at the micro- and 
nanoscales has become an extremely important scientific and 
industrial problem that is unresolved. In some cases, conven-
tional methods like contact angle measurement (CAM) are not 
feasible because of the limited amount of available surface area 
and/or the use of non-planar substrates. As a result, many of the 
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high-value products suffer from poor yield, low productivity, 
and unreliable end-use performance.

For instance, by using Young’s equation and different models 
(e.g. Owens–Wendt, Fowkes, Good–Girifalco, van Oss–Chaud-
hury–Good [22]), the total surface free energy and its dispersion 
and polar components can be determined by CAM [23]. How-
ever, the application of such models requires the use of multiple 
liquids over a relatively large area for testing, to perform the 
experiments in compliance with current international standards. 
Besides, the use of some of the liquids (e.g., methylene iodide) 
can lead to damage and/or degradation of the surface. Therefore, 
the development of novel non-destructive methods is a strong 
scientific and technological need, to achieve a fast, reliable, and 
non-destructive assessment of surface energy on small areas of 
nano-patterned surfaces.

Nanoindentation testing [24, 25] can offer a possible con-
tact-mechanics methodology that allows measurement of intrin-
sic surface properties like surface free energy of materials [26, 
27]. Through this technique, it is possible to measure the force 
required to separate the indenter tip from the sample surface 
[24, 28]. This force is usually called either the “pull-off force” or 
the “adhesion force” and it can be experimentally obtained from 
the load–displacement curve. The latter is then used to estimate 
the work of adhesion, which, in the case of identical contacting 
surfaces, is twice their surface free energy (see Fig. 1, where also 
the “snap-in” or “jump-to-contact” event is depicted).

Different continuum contact mechanics models have been 
developed to obtain the work of adhesion and surface free 

energy from the experimentally determined pull-off force. Of 
these, the two major ones are the Derjaguin–Muller–Toporov 
(DMT) model, which accounts for the long-range surface forces 
outside the contact area, and Johnson–Kendall–Roberts (JKR) 
model, evaluating the work of adhesion from the force required 
to separate two elastic bodies having a certain radius of cur-
vature. The details of the contact mechanics of these models 
are discussed elsewhere [29–35]. A series of experimental 
reports have already assessed the validity of both JKR and DMT 
approaches [36–39], showing that the two models represent the 
boundaries of the adhesion mechanisms domain. In particular, 
the JKR model is accurate for describing the contact between 
compliant bodies, where large elastic deformations prevail. On 
the contrary, the DMT model better describes the interaction 
between stiff bodies where the contact radius is small. In both 
cases, the models consider the surface adhesive forces as an addi-
tional contribution to the normal load (in comparison with the 
classical Hertz theory, where surface forces are not considered 
at all). In a later paper, Maugis has described comprehensively 
the possibility of having intermediate cases between JKR and 
DMT regimes, by proposing a transition parameter λ describing 
different adhesive contact regimes [38]. The main assumptions 
of the models, together with the basic equations adopted for 
SFE calculation, are described in Fig. 1. In both cases, the SFE 
of the sample (γ2) can be evaluated from the measured pull-off 
force, by knowing the tip radius (R) and surface energy of the 
indenter (γ1). Clearly, both models assume the sample to be an 
infinite half-space.

Figure 1:  (a) Contact mechanics models for the assessment of the free surface energy at the micro- and nanoscale. (b) Theoretical nanoindentation 
Force–Displacement curve accounting for free surface energy related phenomena (snap-in and pull-off).
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Irrespective of the applicability or accuracy of the adopted 
contact models, which are not detailed and discussed in this 
article, the experimental determination of pull-off forces in 
case of hard nanopatterned surfaces is very challenging, as (i) 
a purely elastic contact should be maintained to avoid damage 
to the surface structures and (ii) the resulting pull-off forces 
are usually of the same order of magnitude of the commercial 
nanoindentation systems noise floor values.

A recent study has proposed the use of a specifically 
designed MEMS-based actuator (with a lower moving mass in 
comparison with standard nanoindentation systems) to improve 
sensitivity and resolution for the assessment of adhesive forces 
by nanomechanical experiments [40]. However, the objective of 
the present work is the development and validation of a novel 
testing protocol that uses commercially available actuators with 
minor hardware modifications, achieving wider feasibility of the 
nanoindentation SFE measurements.

On this basis, the developed experimental procedure allows 
the determination of the surface free energy of stiff/hard nano-
patterned surfaces, without altering the original morphology, 
by using the nanoindentation equipment in a non-conventional 
mode. The new protocol includes modifications of the force 
actuator to improve sensitivity and resolution, as well as a novel 
testing procedure to minimize spring-stiffness, damping and 
acceleration effects. The developed method has been thoroughly 
validated on different hydrophilic and hydrophobic reference 
surfaces, and then applied to nanopatterned super-hydrophobic 
materials to demonstrate that it can measure surface energy val-
ues over five orders of magnitude.

Results
Fabrication of nanopatterned samples and contact 
angle measurements

A set of reference surfaces was selected to test and validate the 
nanoindentation hardware modifications and the novel devel-
oped method: (i) muscovite mica provided highly energetic, 
new, and atomically flat surfaces via cleavage of its sheet-based 
silicate structure; (ii) germanium (100) crystals yielded the 

reference substates for the development of super-hydrophobic 
surfaces.

The reduction of the surface free energy of the reference 
germanium surfaces was tackled by both patterning and func-
tionalization. The effects of those processes were independently 
studied on flat fluorinated silane coated substrates (silanized) 
and nano-patterned surfaces. The interplayed role of both pat-
terning and functionalization was then investigated on nanopat-
terned and silanized germanium substrates. A detailed descrip-
tion on processing of the studied samples, for which a schematic 
is reported in Fig. 9a, is presented in the Methodology section 
of the present work.

Contact angle measurements were performed on all the 
surfaces investigated to provide comparative results for the val-
idation of the novel nanoindentation method. Those outcomes 
are shown in Table 1. CAMs reveal a clear transition from a 
hydrophilic behavior for the flat reference samples (mica and 
germanium) to hydrophobic for the silanized sample, and 
to super-hydrophobic for the nano-patterned and silanized 
sample (see Fig. 2). In the case of the two reference flat sam-
ples (mica and germanium), we found reasonable agreement 
between contact mechanics results (with both adopted sphero-
conical tips) and the contact angle measurements. On the 
contrary, the two methods seem to give different results for 
the case of surface-treated and nano-patterned samples. Still, 
the trend remains identical in both cases, showing a transi-
tion from hydrophilic to super-hydrophobic for the case of 
the patterned and silanized germanium sample. CAM with the 
three liquids was not possible in all cases: for the mica sample, 
the measurement with formamide was not feasible because of 
the spontaneous spreading behavior of the droplets, result-
ing in unstable contact angle values. In case of the patterned 
and silanized germanium, water contact angle was not pos-
sible because of the extreme hydrophobic behavior Fig. 2e). A 
video of this latter phenomenon is given in the supplementary 
material. The minimum available testing area of the patterned 
germanium sample (only a small piece of the patterned sample 
was taken before the silanization process), limited the meas-
urements only to water contact angle. 

TABLe 1:  Summary of contact angle 
measurements and Owens–Wendt 
calculated SFE values on all the 
samples analyzed.

Sample Water (deg) Diiodomethane (deg) Formamide (deg)
SFE

Owens Wendt (mJ/m2)

Mica 19 ± 3 49 ± 2 n.a 70 ± 2

Bare germanium 51 ± 2 42 ± 4 40 ± 4 53 ± 3

Silanized germanium 103.9 ± 1.3 96 ± 1.67 95 ± 1.5 13 ± 1

Patterned germanium 88 ± 3 n.a n.a n.a

Patterned and silanized 
germanium

n.a 106 ± 4 116 ± 2 4.45 ± 0.71
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Optimized nanoindentation method and testing 
protocol

Determining the SFE from pull-off force during an instru-
mented indentation test is a simple and hence attractive option, 
especially for small volumes of material, wherein conventional 
techniques may not be feasible [41]. However, given the typi-
cal order of magnitude of the pull-off forces (µN) for hard/stiff 
materials, extreme caution needs to be exercised during the 
measurements with a commercially available nanoindentation 
system (typically designed to operate in the mN range). Of the 
several factors that can potentially influence the measurements, 
the instrument’s dynamics and electronic contribution, thermal 
stability, testing environment and test protocol play a major role 
in making reliable measurements. In this work, a commercially 
available Nanoindenter, iNano® Nanoindenter (Nanomechanics 
Inc., KLA corporation, Oak Ridge, USA) has been specifically 
modified to enable accurate measurement of the pull-off forces. 
As a logical next step to the hardware modifications, a novel 
test protocol is also developed to leverage the new hardware 
capabilities.

As mentioned earlier, the key to reliable adhesion meas-
urements is the ability to accurately measure forces in the µN 
range along with low noise levels. The latter are achieved using 
a new high-resolution electromagnetic force actuator, designed 
to exert a maximum force of 5 mN (instead of the conventional 
limit of 50 mN of the InForce50 actuator from KLA-Nano-
mechanics), which enables an improved Signal-to-noise ratio 
(SNR). This new high SNR force actuator, considering the 
inherent linearity of the electromagnetic actuated, leaf-springs 

supported assembly, enables the instrument to be accurately 
modelled as a single degree of freedom oscillator with a mass of 
259.8 mg, damping coefficient of 0.106 Ns/m and spring stiffness 
of 716 N/m, and thereby provides a simple way to account for 
the instrument’s dynamic contribution to the load for enhanced 
load accuracy, as detailed elsewhere [42].

To leverage the enhanced hardware capabilities, the test 
protocol is also modified to further improve the accuracy and 
precision of the measurements. While the hardware modifica-
tions enable accurate force measurements by accounting for the 
instrument’s contribution, it is imperative to perform the tests 
under conditions in which this contribution is anyway mini-
mal. A typical mechanical system has force contributions from 
the spring, damper, and mass. The spring constant of the actua-
tor is specifically designed to be higher than the typical value 
of ~ 100 N/m to minimize the instability due to the strong adhe-
sive forces on highly hydrophilic materials, which could cause 
uncontrolled early loss of contact and, therefore, a significant 
underestimation of the pull-off force and inaccurate measure-
ment of the surface free energy. This phenomenon is particularly 
pronounced in AFM experiments, where a low cantilever stiff-
ness usually gives unstable jump-to-contact and pull-off events. 
The use of a higher spring stiffness in this work minimizes this 
issue. In situations where the indenter rings after loss of contact, 
using the high data acquisition rate and short displacement time 
constant signal, it has been ensured that the indenter does not 
contact the sample surface again after pull-off.

The other mechanical contributors are damping and iner-
tia, which depend on velocity and acceleration, respectively. 

Figure 2:  Representative water contact angle measurements for (a) flat mica crystal, (b) flat germanium wafer, (c) silanized flat germanium, (d) nano-
patterned germanium and (e) nano-patterned and silanized germanium.
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These contributions can be minimized by low approach veloc-
ities (< 5 nm/s). However, low approach velocities result in 
longer testing times, a large fraction of which is not in con-
tact with the sample, possibly contributing to the thermal 
drift. Some of the typical issues encountered in measuring an 
accurate load–displacement response at low loads using the 
standard test protocols are illustrated in Fig. 3, in the case of a 
germanium (100) wafer with an approach velocity of 100 nm/s 
starting from 1000 nm above the surface. It may be noted that 

the maximum load is limited to 50 µN to highlight the issues 
at low loads. The approach and retraction segments have a 
slight slope and are also separated by a delta in the force values 
of ~ 20 µN. While this is a small deviation for a typical inden-
tation test (where the loads are in mN range), it is a significant 
fraction of the pull-off force for an adhesion experiment.

The schematic representation of the new test protocol is 
shown in Fig. 4, along with a typical displacement–time and 
load–displacement response. The modified procedure involves 

Figure 3:  Typical Load vs. Displace-
ment Into Surface response using a 
standard test protocol, highlighting 
several experimental issues.

Figure 4:  (a) Schematic of the new test protocol. (b) displacement vs time curve during the different highlighted segments of the procedure and (c) the 
corresponding Load vs. Displacement curve.
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a two-step surface approach, wherein the surface is initially 
detected at a fast approach velocity of 100 nm/s. Subsequently, 
the indenter is retracted to a position very close to the surface 
(100 nm) and allowed to stabilize before starting a second 
approach at a very low velocity of 2–5 nm/s. This procedure has 
several advantages compared to the standard technique shown 
in Fig. 3, such as (i) a significant reduction in the overall time 
required to perform a test, owing to the initial fast approach 
and the extremely limited distance from the sample surface at 
which the second slow-velocity one is performed, while, due to 
the latter, (ii) still greatly reducing the instrument’s damping 
and inertial contributions. Also, allowing the system to stabilize 
at a position very close to the surface minimizes any thermal 
gradient that could contribute to the displacement drift. A low 
approach velocity (5 nm/s) provides an accurate estimate of the 
spring constant at the location of the test. The algorithm used 
for surface detection also plays a key role in this method, not 
only for an accurate calculation of load, but also to ensure elastic 
contact during the first approach. Using a high data acquisition 
rate (1 kHz) coupled with a low-noise (~ 0.25 nm) displacement 
sensor of 20 µs time constant, the surface position and the load-
ing can be accurately determined and controlled, based on small 
deviations from threshold value of the tip velocity. Figure 4c 
shows the load–displacement response measured with the new 

test protocol with the maximum load limited to around 10 µN. 
The issues with the accuracy of spring and damping correction, 
typically encountered in the standard test protocol (see Fig. 3) 
have been successfully overcome, with a flat and overlapped 
load–displacement response during loading and retraction. 
The typical RMS value of the load during approach is less than 
0.5 µN (with values reaching below 0.21 µN when testing at 
the smallest viable velocities for the lowest SFE samples), which 
is still an order of magnitude lower than the pull-off force for 
samples exhibiting low surface free energy values, thereby ena-
bling accurate adhesion measurements. It may also be noted 
that the load–displacement data for the loading and unloading 
segments are almost identical, thereby demonstrating a purely 
elastic response and the efficacy of the surface detection and 
loading criteria at both the high and low velocity approaches.

For the present investigation, two different sphero-conical tips 
were used, with a radius of 52.5 µm and 15.8 µm. In this way, a 
comprehensive validation on the reference materials and sensitivity 
analysis was possible as will be presented in subsequent sections.

Results of Surface Free Energy (SFE) measurements

Figure 5 reports the representative load–displacement curves 
for the mica and germanium flat reference samples using the 

Figure 5:  Representative Load – Displacement Into Surface curves on flat mica and bulk germanium samples with no-surface functionalization, using a 
52.8 µm sphero-conical indenter tip (a–b) and a 15.81 µm sphero-conical tip (c–d).
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two different tips. As discussed in the previous section, with 
the new test protocol, the load–displacement data during 
the approach and retraction segments are flat and character-
ized by minimal noise levels (i.e. of an order of magnitude 
lower than the pull-off forces). The maximum load has been 
appropriately controlled to ensure purely elastic contact, as 
evidenced by the reversibility of the load–displacement data 
during loading and unloading, thereby enabling the accurate 
determination of snap-in and pull-off phenomena according 
to the selected SFE-accounting contact mechanics models. 
The data clearly show a reduction in the pull-off force with 
decreasing tip radius, as predicted by models.

Figure 6 shows the surface free energy (SFE) obtained by 
nanoindentation (both JKR and DMT models), in compari-
son with the conventional contact angle method. Very good 
agreement between the nanoindentation based method and 
contact angle method can be observed, with the latter yield-
ing results between the two extreme cases (JKR and DMT) 
of adhesion models used in nanoindentation method. It is 
also worth noting that values obtained by nanoindentation 
with the two different tips are also in good agreement, thus 
validating the new testing protocol. A larger tip radius results 
in higher pull-off forces, thereby improving the sensitivity of 
the measurements, which is especially beneficial for hydro-
phobic materials. Henceforth, results from the larger, 52.8 µm 
sphero-conical tip will be presented.

The results of nanoindentation based adhesion meas-
urements on mechanically and chemically functionalized 
germanium samples, which exhibit hydrophobic and super-
hydrophobic response, are shown in Fig. 7. In this case, we 
observe a significant reduction of the pull-off force compared 
to the flat untreated samples. For the flat silanized sample, 
the measured pull-off force is still significantly higher than 
for the case of the two nano-patterned materials, while the 
lowest pull-off force is measured for the nano-patterned and 
silanized germanium.

In the latter case (super-hydrophobic behavior), it is cru-
cial to ensure that the surface approach and retract load-depth 
curves are perfectly flat (precise spring calibration) and with-
out any separation (correct damping calibration). Any devia-
tions thereof should be addressed by appropriate calibration 
to minimize the experimental artifacts.

Finally, a summary of all nanoindentation based SFE 
measurements, using both the JKR and DMT models (Fig. 1), 
is shown in Fig. 7d (exact values are provided in the supple-
mentary Table I to the present work). As previously discussed, 
these two models represent the possible extremes for adhesive 
contact regimes encountered during the experiments. Note that 
the surface free energy is plotted based on a logarithmic scale 
which highlights the ability of the present method to measure 
SFE over several orders of magnitude using a single instrument 
and test protocol.

Discussion
Novel test protocol for adhesion measurement

The main purpose of the present work was to develop and vali-
date a non-destructive method for fast and reliable measurement 
of surface free energy (SFE) on hard super-hydrophobic nano-
patterned surfaces. To this end, an optimized nanoindentation 
protocol was developed, allowing for reliable measurement of 
contact forces in the µN range. The key factor for enabling force 
measurements in this range is the fine control of the various 
factors affecting force measurement, which, as mentioned previ-
ously, include precise control of the testing environment, spring 
stiffness, thermal drifts, damping and acceleration effects. The 
proposed method allows to achieve this in two different, but 
complementary ways: (a) careful design of the force actuator 
to enable application of limited forces coupled with accurate 
calibration of the system under controlled atmosphere; and 
(b) robust dynamic modelling of the system to account for the 
instrument’s spring, damper, and mass contributions.

Figure 6:  Comparison of surface free energy obtained from different techniques on (a) mica and (b) bulk germanium with no-surface functionalization.
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The newly developed method minimizes the instrument’s 
contribution to the overall measurement and the experimen-
tal issues arising from thermomechanical effects and damping 
effects, by using an improved actuator (higher spring stiffness, 
improved force resolution) and a two-step surface approach pro-
cedure. In this way, the RMS noise on force measurement can 
be controlled to reach and stay below values of around 0.21 µN, 
and a purely elastic contact is achieved also in case of the nano-
patterned samples, with a maximum contact force of about 5 µN 
while still retaining a high throughput. The developed protocol 
has been validated on two reference flat materials with indepen-
dently measured SFE values, obtained by contact angle measure-
ments, and using two sphero-conical diamond tips with different 
radius of curvature. The proportional reduction of the pull-off 
forces with decreasing indenter tip radius and the agreement in 
the SFE is a strong evidence that the surface contact forces are 
correctly being measured.

By using this validated protocol, the method was demon-
strated to be able to measure surface energy on hydrophobic and 
super-hydrophobic materials, over a SFE range of five order of 
magnitude. In addition, the method allows performing a large 
number of experiments over wide areas, since a single meas-
urement takes less than 2 min and is completely non-destruc-
tive. This aspect is particularly relevant for the nanopatterned 
surfaces under investigation, where one of the main industrial 
challenges is to perform mapping of adhesive properties over 
non-planar substrates, with the aim of developing surfaces with 
spatially tailored surface energy and wettability.

While the method presented here bears several advantages, 
it is instructive to also highlight its limitations and key experi-
mental aspects for reliable measurements. First, a fine control 
of all experimental parameters and testing environment is 
extremely important. Tip and sample cleaning and humidity 
control are critical. Another important aspect of the method 

Figure 7:  Representative load-displacement curves for measurements with a 52.8 µm sphero-conical tip, on mechanically and chemically 
functionalized germanium samples. (a) flat silanized germanium, (b) nano-patterned germanium and (c) nano-patterned and silanized germanium. 
(d) Comparison of surface free energy measured on mechanically and chemically functionalized germanium substrates – data are represented on a 
logarithmic scale.
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is the ability to determine the spring stiffness, damping coef-
ficient and mass of the actuator, which can significantly affect 
the measured pull-off forces. Additionally, in case of extremely 
hydrophilic materials, which are not under investigation in this 
work, an instability due to the support springs can occur dur-
ing pull-off. In this case, it is preferable to use a tip with smaller 
radius to reduce the magnitude of the pull-off force. If the above-
mentioned aspects are carefully addressed, we believe that it is 
possible to perform reliable and reproducible adhesion measure-
ments via nanoindentation.

Comparison of the different adhesion measurement 
techniques

The comparison with contact angle measurements (CAM) is a 
critical factor for validation and possibly industrial exploitation 
of the method developed in this work. As reported in Table 1, a 
very good agreement exists between CAM and nanoindentation 
results on the flat reference samples. However, the two methods 
yield significantly different results in case of the super-hydro-
phobic materials, even if a very low SFE value is calculated in 
both cases. There are two possible explanations for the observed 
discrepancy. First, there is a transition from Wenzel to Cassie-
Baxter wetting regimes [20, 43, 44] in case of the contact angle 
measurements of super-hydrophobic materials (Fig. 8a–b). Since 
Wenzel and Cassie-Baxter regimes refer strictly to wettability, 
there is no direct correlation with a nanoindentation experiment 
of a nanopatterned surface.

In fact, in case of the nanoindentation tests the actual area 
of interaction between the tip and the sample is significantly 
reduced for the nano-patterned surface, an effect that is not 

considered by the JKR and DMT models used to calculate the 
SFE values. A schematic representation of this configuration 
is shown in Fig. 8c, where the actual geometry of the samples 
under investigation differs significantly from the half-space 
assumption that is inherent in JKR and DMT models. If the 
contact area and effective contact radius are corrected to account 
for the actual surface geometry of the sample, which consists 
of high aspect ratio cones with tip curvature of about 50 nm, 
a better agreement is expected. In this way, the evaluated SFE 
value for a given pull-off force value would be higher than the 
one corresponding to the half-space situation.

An approximate calculation of the actual contact area could 
be performed by assuming that the cones are truncated with 
a top-area of 50 × 50  nm2. Under this assumption, an average 
number of four cones are in contact with the indenter when 
the displacement into surface is of 5 nm, corresponding to a 
contact area of the order of  104  nm2. This value is two orders 
of magnitude lower than the one obtained (for the same dis-
placement into surface of 5 nm) by using the classical Hertz 
theory of elastic contact. While this simple estimation provides 
a general idea of the extent of area reduction, the fully elastic 
deformation regime achieved during testing, combined with 
an extremely limited ratio between the pattern periods investi-
gated (2.4 μm) and the characteristic lengths of the indenter tip 
(selected 52.8 μm radius), ensures the complete applicability of 
the adopted models.

Finally, it worth discussing the comparison between the 
present method and other available techniques in the literature. 
A large body of literature exists on adhesion measurements on 
soft materials, biological tissues, and atomically flat surfaces by 
atomic force microscopy (AFM) [39, 47, 48]. While the force 
range of interest in the present work is well within AFM regime, 
the inherent nature of the AFM technique which is optimized for 
greater flexibility to enable high contrast topography measure-
ment, naturally compromises the ability to accurately measure 
force. As AFM’s are designed to be multiple degrees of freedom 
oscillators, accurately factoring out the instrument’s dynamic 
contribution to the force is challenging, unlike the nanoindenta-
tion system which is designed to be a single degree of freedom 
oscillator [49]. Additionally, the use of AFM for mechanical 
characterization of nanopatterned hard materials can lead to 
fast degradation of the tips.

Another possibility is the use of a Surface Force Apparatus 
(SFA), which is specifically designed for surface energy measure-
ment based on the surface contact forces between two identi-
cal materials as detailed by Israelachvili et. al. [50, 51]. In case 
of SFA, the displacement is measured by means of an optical 
method, and the geometry and nature of the samples is thus 
strongly limited. In fact, the use of the optimized nanoindenta-
tion protocol presented here allows for the measurement of SFE 

Figure 8:  (a) Cassie-Baxter wetting regime and (b) Wenzel wetting 
regimes compared to the contacting regime of a sphero-conical 
indenter tip schematized in (c) overlaid to the FIB cross-section 
(micrograph of the actual sample) of a nano-patterned hydrophobic 
Germanium sample.
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on complex nano-architected materials, which is quite challeng-
ing by conventional methods.

In summary, the use of an improved nanoindentation 
method seems to be an optimal solution for those applications 
where fast mapping of surface free energy is required for design 
and optimization on new materials with tailored wettability. A 
non-destructive technique is very useful in those cases where 
water contact angle measurement is not possible because of an 
extreme hydrophobicity.

Applications where this method can be extremely useful 
comprise avionics and optics, where there is a strong need for 
the development of non-planar transparent surfaces with hydro-
phobic (still mechanically robust) behavior. Potential future 
developments of the method could be the use of high-speed 
nanoindentation for fast mapping [52] of adhesion forces over 
large areas, as well as the use of this tool for in-line non-destruc-
tive measurement of surface energy.

Conclusions
In this paper, an improved and optimized nanoindentation pro-
tocol is presented for surface free energy (SFE) measurement on 
hard nano-patterned super-hydrophobic materials. By carefully 
controlling environmental and instrumentation aspects, adhe-
sion forces lower than 0.5 µN can be measured.

The validation on selected reference materials showed very 
good agreement with SFE values obtained by contact angle 
measurements, while the application on hydrophobic and super-
hydrophobic materials has shown that this method can measure 
SFE values over a range of five orders of magnitude. Besides, the 
method can be particularly useful in situations where contact 
angle measurement is not possible (either due to limited avail-
able testing area, or extreme hydrophobic behavior).

The newly developed method can find potential applications 
for high-speed surface free energy mapping over large areas in 
super-hydrophobic heterogeneous materials, where a spatially 
informed measurement of adhesive properties is needed for the 
development of new materials with tailored wettability.

Methodology
Samples under investigation

The samples used as a reference consisted of a commercially 
sourced germanium (100) wafer (Neyco.fr) and mica natu-
ral crystals (Ruby Mica Co. LTD.). Mica is a silicate mineral 
in sheet form that can be easily cleaved to create atomically 
flat and defect-free surfaces, by using the scotch tape method 
like the one adopted to obtain graphene from graphite (cleav-
age method). The water contact angle of the mica surfaces was 
observed to be unstable for some minutes after cleavage [53]. 

Hence, all testing on mica was performed after a waiting time 
of at least 30 min after preparation.

Hydrophobic flat reference samples were obtained by gas 
phase deposition of fluorinated silane  (C10H4F17Si) over the flat 
germanium substrates (silanization process). Before deposi-
tion, an oxygen plasma treatment is performed, which creates 
Ge–OH groups on the surface. Ge–OH reacts with the silanes of 
perfluorodecyltrichlorosilane (FDTS) and forms a hydrophobic 
single layer on the surface.

Finally, the nano-patterned super-hydrophobic material [54] 
was obtained by e-beam lithography, using the process described 
in Fig. 9b. A metallic mask is deposited on the germanium sub-
strate by sputtering and patterned with high-resolution lithog-
raphy and etching steps. The patterns are then transferred onto 
the substrate using a SF6 based ICP/RIE plasma. The isotropic 
component of the plasma enables formation of nanostructures 
with conical shapes. The metallic mask is finally removed in an 
acid solution and the samples are subsequently cleaned.

The above-mentioned silanization process was also carried 
out on the nanopatterned sample to study the effects on wet-
tability of the combination of the two methods.

Contact angle measurements

Wettability and surface energy were also measured by contact 
angle experiments, according to the procedures described in 
UNI EN 828, UNI 9752, ASTM D-5725–99 standards. To evalu-
ate surface energy and its components (polar, non-polar), three 
different liquids can be used: distilled water and formamide 
(AnalaR NORMAPUR®) as polar liquids; methylene iodide 
(Merck Millipore) as non-polar liquid. To be able to calculate 
SFE, data on at least two liquids (one polar, one non-polar) are 
obtained. The values of the polar and dispersive components 
of the surface tensions of the liquids were found in literature 
from the works of van Oss et. Al. and Chaudhury [55–57]. Test-
ing was performed in a controlled environment (temperature 
20–22 °C, relative humidity 25–35%). Six drops (with a volume 
of 3 μl) were deposited for each liquid. After the acquisition 
and processing of the images, contact angles values from at least 
two liquids (one polar, one non-polar) are used to calculate the 
total surface energy and the two components (dispersion, polar) 
using the Owens–Wendt method [58]. Since CA measurements 
require a large area for depositing the droplets (at least 5 × 5  cm2 
in the present case), surface energy analysis have been limited 
to water contact angle measurements with 1.5 μl on the nano-
patterned sample.

Nanoindentation measurements

Nanoindentation measurements were performed using a 
Nanoindenter iNano from KLA-Nanomechanics, equipped 
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with a modified inForce50 actuator (spring stiffness 716 N/m). 
To reduce the maximum load from 50 to 5 mN, a device limit-
ing the maximum current to the magnetic coil in the actuator 
(called “force concentrator”) was used. In this way, the force 
resolution is further improved and the associated RMS value 
of force, considering the dynamics of the instrument, is below 
0.21 µN. In the case of surface energy measurements, tests were 
performed by using two different sphero-conical tips, with a 
radius of 52.5 µm and 15.8 µm, respectively. The experiments 
are performed in pseudo-displacement control mode, with an 
approaching speed of 2–5 nm/s. After the contact, the same 
velocity is maintained until a fixed number of data points, cali-
brated to ensure that the displacement into surface is kept below 
5 nm (which roughly corresponds to a maximum load of 5–10 
µN for the flat reference samples), is acquired. In this way, a 

purely elastic deformation of the samples surfaces is ensured. 
For the mica sample tested with the 52.8 um tip, a long-range 
sample-tip interaction can be noticed (see Fig. 5a) before the 
real snap-in event. Presumably, this is due to induced artifacts 
(e.g., detached layers remaining on the surface, electrostatic 
long-range polar interactions) from the cleavage process used 
to create a fresh surface for this material which are cancelled 
during contact, and hence not considered in the pull-off based 
surface energy calculations.

With regard to the selection of the indenter tip, it is worth 
noting that, in principle, the Berkovich geometry could also be 
used for SFE measurement. However, the pull-off forces would 
be reduced significantly (in comparison with a large spherical 
indenter) and a very sharp tip cannot be used on nano-patterned 
materials, since the indenter would fall in between two adjacent 

Figure 9:  (a) Samples under 
investigation, with actual SEM 
micrographs of the produced pat-
tern. (b) Schematic of different steps 
in patterning and silanization of 
germanium.
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cones in most of the cases. Using a Berkovich tip on flat surfaces 
with a large penetration depth of the indenter into the surface, 
results in a large contact area and precise measurement of pull-
off force. However, in such cases the effective indenter shape 
[45, 46] should be used for SFE calculation, as the “effective” tip 
radius. Such a solution may be a good alternative to spherical 
tips in case of SFE measurement on soft materials.

For the nanopatterned samples, the testing procedure was 
set to have a maximum load not higher than 5 µN. In addition to 
using an improved actuator, the entire nanoindentation system 
is installed inside a glovebox to carefully control the humidity 
(RH 8% ± 4%) and temperature (23.0 ± 0.2 °C) during testing 
(the glovebox system is shown in Figure I in the supplementary 
material), resulting in enhanced thermal and environmental 
stability. The spring stiffness calibration was performed under 
the same environmental conditions, before and after each 
series of tests. Tip cleaning was performed after each series of 
experiments, by using isopropyl alcohol in ultrasonic bath. In 
all cases, the presence of a clear pull-off force on the reference 
Germanium sample was an indicator of a properly cleaned tip. 
Therefore, a series of tests on the reference germanium was also 
performed before and after each new sample. After testing, the 
measured pull-off force was used to calculate the material’s Sur-
face Free Energy (SFE), by using both the JKR and DMT models. 
At least 20 valid measurements for each sample were used. The 
reference SFE of the diamond indenter was taken from the lit-
erature, equal to 43 mJ/m2 [59].
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