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A B S T R A C T

Measurements of the spreading and capillary forces for liquids deposited on solid surfaces of varying surface
chemistry and topography are a prerequisite to better understanding and quantification of the wetting me-
chanisms. In this study, glass slide surfaces were modified with trimethylchlorosilane to fabricate surfaces of
varying hydrophobicity. Then, the forces of spreading and adhesion were measured between water droplets and
glass surfaces using a high-sensitivity microelectronic balance. Integrated with a digital camera, the experi-
mental set-up recorded forces and water droplet deformations during water droplet attachment, spreading,
compression and retraction processes. It was confirmed that the spreading force increases with decreasing ad-
vancing contact angle for methylated glass, following a similar correlation as observed for smooth and rough
polymers. However, the spreading force values for methylated glass were a few times lower than reported for
polymers in spite of a similar roughness characteristic. It was also confirmed that the maximum adhesion force
between water droplet and methylated glass increases with decreasing value of the most stable contact angle, a
correlation that is similar to that reported for smooth polymers.
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1. Introduction

Understanding the wetting characteristics of solid surfaces benefits
a number of industrial operations and processes including wet proces-
sing of materials, froth flotation of minerals and plastics, wastepaper
deinking, sewage treatment technologies, and fabrication of surfaces
with designed functionality for antifouling, biomedical applications,
microfluidics, and many others [1–7]. For instance, in the case of froth
flotation, the stability of the intervening liquid film between a gas
bubble and the particle surface depends on the adhesion strength be-
tween the aqueous phase and the mineral surface [8,9]. In addition,
superhydrophobic surfaces with hydrophilic patterns are manufactured
to realize microfluidic transportation [10], where spontaneous and di-
rectional pumpless transportation of oil droplets or gas bubbles are
achieved under different fluids [11]. The designs of customized surfaces
such as blood-repellent superhydrophobic surfaces [12], antifogging
[13], self-regulating [14] and water harvesting surfaces [15] are driven
by studying the factors that influence liquid – solid interactions.

Contact angles are widely used to quantify the wettability of natural
and engineered solid surfaces [1,16]. Among several contact angle
measurement techniques, the sessile drop method is the most com-
monly used due to its simplicity as well as the fact that both the ad-
vancing (θA) and the receding contact angles (θR) can be measured by
changing the volume of a liquid droplet [17]. It is well documented that
experimental contact angle values are influenced by the surface
chemistry of the solid, including its heterogeneity pattern, surface
geometry, and topographic features and their distribution [1,16]. Since
surface characteristics in the solid-liquid contact area and at the peri-
meter of the liquid droplet base are rarely known in detail, inter-
pretation of experimental contact angle values is almost never accom-
plished, contributing to a growing confusion about the meaning of
measured contact angles and prompting misuses of contact angles [18].

In effort to understand relationships between experimental contact
angles and solid surface characteristics, research attention shifted re-
cently towards direct measurements of adhesion and capillary forces in
systems involving liquids, especially when the contact angle can be
quantified at different stages of spreading, adhesion and liquid se-
paration. The most promising instrument for this research is a micro-
balance integrated with a CCD camera that is capable of measuring the
adhesion directly between a liquid droplet and solid surfaces of dif-
ferent shape and topography and concurrently capturing images of a
droplet during all stages of its attachment to solid (or liquid), spreading,
and separation [19–22]. The correlations between adhesion forces and
contact angles for solid surfaces of varying surface characteristics are
not conclusive yet, although several useful observations were revealed
in recent publications. For example, as expected, Liu et.al [20] con-
firmed a decrease in liquid droplet – solid adhesion force with in-
creasing contact angle for gold surfaces modified with self-assembled
monolayers of controllable wettability gradient. Samuel et.al [19] at-
tempted to correlate apparent contact angles, including advancing and
receding contact angles, measured independently using goniometry,
with adhesion forces for water droplets in contact with 20 samples of
different topography characteristics and found no correlation. Sun et al.
[21,23] demonstrated experimentally that apparent advancing contact
angles measured independently are nearly identical to advancing con-
tact angles measured directly for droplets after their complete
spreading on smooth polymers, during force measurements with a mi-
crobalance. These values were found to correlate well with recorded
spreading forces. They also reported apparent receding contact angle
values measured with goniometry that were nearly identical to the re-
ceding contact angle measured during droplet pull-off from polymeric
surfaces. The receding contact angles correlated well with pull-off
forces during droplet detachment from the smooth polymer surface
whenever detachment of entire or nearly entire water droplets took
place during separation. Such contact angle vs. force correlations,
however, were not confirmed for polymeric patterns and in fact, are not

expected for the majority of rough substrates. In the case of patterns/
rough surfaces, the knowledge of triple-contact-line characteristics is
necessary for correct interpretation of contact angles and forces [24].

Additionally, it was demonstrated earlier that contact angles mea-
sured for the most stable configuration of a liquid droplet in contact
with a solid surface (reflected by the maximum adhesion force mea-
sured at a minimum in energy state for the liquid droplet – solid system
under experimental conditions) can be characterized by the contact
angle that is between the advancing and receding contact angle values,
usually significantly closer to the receding contact angle than the ad-
vancing one [21,23]. The contact angle measured at the maximum
adhesion force was referred to as the most stable contact angle.

In this study, spreading and adhesion forces were measured for
water droplets in contact with methylated glass. Methylated glass was
selected for this study because: (i) glass is a relatively smooth substrate
that can be easily hydrophobized using silanes and produce surfaces
having a broad range of hydrophobicity/hydrophilicity, and (ii) me-
thylated glass is typically considered a heterogeneous surface (from a
molecular to submicroscopic level), and heterogeneous surfaces were
not yet used in force measurements using a microbalance. The primary
objective here was to explore variations in spreading and adhesion
forces for a water droplet in contact with heterogeneous surfaces of
methylated glass and compare qualitatively the experimental values to
similar forces recorded for polymers of similar wetting characteristics in
terms of advancing and most stable contact angles.

2. Materials and methods

2.1. Materials

The glass slides used in this study were plain microscope slides
purchased from Erie Scientific Company. All glass slides were washed
multiple times to remove any organic and inorganic contaminants re-
maining on the surfaces of the original glass slides before their use and
methylation. The cleaning process of the glass slides included the fol-
lowing steps: (a) washing with Micro-90 detergent solution; (b) rinsing
with deionized water until all detergent was removed; (c) treating with
acidic solution (2.5 v/v% H2SO4); (d) rinsing with deionized water; (e)
treating with alkaline solution (2.5 w/v% NaOH); (f) rinsing with
deionized water; (g) washing with absolute ethanol, and finally (h)
drying in oven at 80 ℃.

2.2. Methylation

Methylation was conducted according to the protocol reported
earlier [25–27]. Analytical grade trimethylchlorosilane (TMCS) and
cyclohexane (as solvent) obtained from Sigma-Aldrich were used for the
methylation of glass slides to enhance their hydrophobicity, as per the
following reaction:

–Si−OH + (CH3)3 SiCl → –Si–O–Si (CH3)3 + HCl

The chemicals were used as received without further purification.
The concentration of TMCS in cyclohexane was 0.01M. The degree of
methylation was controlled by altering the methylation reaction time
(0, 0.5, 1 and 2 h).

After methylation, glass slides were washed with cyclohexane and
then absolute ethanol, dried in an oven and stored in a desiccator. The
glass slides with increasing hydrophobicity were named glass A, B, C
and D, respectively.

2.3. Contact angle measurements

The sessile drop method was used in measurements of advancing
and receding contact angles for deionized water using the G10 Drop
Shape Analysis system (Krüss GmbH, Germany) [17,28]. An average

Y. Sun, et al. Colloids and Surfaces A 591 (2020) 124562

2



value and standard deviation of at least 10 independent measurements
are reported in this study.

2.4. Surface imaging

The MFP-3D Origin atomic force microscope (AFM, Asylum
Research, Oxford Instruments, USA) was used in tapping mode opera-
tion for topographic imaging of the glass surfaces and determination of
surface roughness under ambient atmospheric conditions. Three sepa-
rate scans, each covering an area of 100 μm2, were acquired for each of
the samples at random locations to calculate the average value and
standard deviation of root-mean-square (RMS) roughness parameter.

2.5. Adhesion force measurements

The forces of spreading, maximum adhesion and separation were
measured for water droplets on glass slides using a high-sensitivity
(± 1 μN/m) microelectronic mechanical balance system (Dataphysics
DCAT 21, Germany) at room temperature of 22 °C–25 °C. HPLC water
obtained from Sigma-Aldrich was used in all force measurements. A
platinum/iridium ring holding an approximately 4 μL water droplet was
connected to the balance. In this balance, a sample holder is im-
mobilized on the upper side of a lift, which is driven by a computerized
motor that has a variable velocity within a range of 0.7 μm/s to 8mm/s.
In this study, the sample holder was lifted upward at a preadjusted
velocity of 0.03mm/s as it approached the suspended water droplet. At
the point of contact, the software senses the force of spreading between
the water droplet and the sample surface. After the contact is made, the
sample surface continues to move up to the compression distance (CD)
pre-set by the user. The CD values selected for this study were 0, 0.1,
0.3 and 0.5mm. After the CD value is reached, the solid surface retracts
at the same velocity of 0.03mm/s. The separation force is the largest
just before the water droplet base retreats and the droplet pulls off the
sample surface. The force versus displacement is recorded auto-
matically by the software. In addition, a high-speed CCD camera is
employed to record the spreading, compression and retraction stages as
they occur. From captured images, the shape of the water droplet is
analyzed and the contact angle is determined at each stage of contact
between droplet and sample.

Fig. 1 shows a picture of the instrument (Fig. 1a), its schematic
(Fig. 1b), and an image of a water droplet at the point of maximum
adhesion detected during force measurements (Fig. 1c), on which the
radius of droplet surface curvature and measured contact angle are
marked. The contact angles on both sides of the droplet were measured
and the average value is reported in this paper. More details on contact
angle measurements are provided in our previous contribution [21].

3. Results and discussion

3.1. Wettability of samples

Table 1 summarizes the mean values ± standard deviation for
advancing (θA) and receding (θR) contact angles measured for water
droplets on glass surfaces using goniometry, and RMS roughness mea-
sured with AFM for glass slides and polymers. Examples of the droplet
images during measurements of the advancing and receding contact
angles are showed in Fig. 2. Glass A refers to a cleaned glass slide and
glasses B to D refer to hydrophobized glass slides of increasing coverage
with trimethylsilane functionality.

Iglauer et al. [29] reported water contact angles on a clean glass
substrate in the range of 0-30°. They argued that the reported broad
data for contact angles on glass substrate was caused by surface con-
tamination. The advancing contact angle measured in this study for
unmodified glass is about 5°, indicating that multiple cleaning of the
glass can produce a surface with high hydrophilicity. However, such
high sample cleanness is indeed short-lived in a regular laboratory
environment and both organic contaminants and dust particles from
surrounding air can deposit on glass slides in a matter of minutes.

Methylated glasses B and C are still categorized as hydrophilic
surfaces, with advancing contact angles of about 67 and 74°, respec-
tively. These values are consistent with contact angles reported in the
literature when similar methylation protocol was used [30]. Glass D is
hydrophobic with an advancing contact angle of about 114°, which
matches the value reported by Rezayi et al., where the immersion time
in TMCS solution (10 % v/v) was 30min. [31].

As typically reported for methylated glass, the receding contact
angles are significantly lower than advancing contact angles, resulting
in a contact angle hysteresis (difference between θA and θR) from about
34–35° for glasses B and C to about 63° for glass D. Heterogeneity of
hydrophilic glass surfaces coated with hydrophobic trimethylsilane

Fig. 1. a) Instrument used in this study; b) schematic of the instrument and its major components; and c) image of droplet at maximum adhesion configuration with
marked surface curvature and measured contact angle.

Table 1
Advancing and receding water contact angles measured with goniometer, and
RMS roughness measured with AFM for glass slides and polymers
(Nylon= polyamide 6, PET=polyethylene terephthalate, EVA=ethylene
vinyl acetate, PDMS=polydimethylsiloxane) [21].

Samples θA /° θR /° RMS/nm

Glass slides – this study
glass A 5 ± 2 <5 7 ± 2
glass B 67 ± 2 33 ± 2 7 ± 3
glass C 74 ± 3 39 ± 3 8 ± 1
glass D 114 ± 3 51 ± 2 9 ± 1
Polymers – Sun et al.
Nylon 63 ± 1 29 ± 1 11 ± 6
PET 77 ± 1 54 ± 1 4 ± 1
EVA 100 ± 2 77 ± 2 340 ± 200
PDMS 117 ± 2 78 ± 1 6 ± 4
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functionality is certainly a significant contributor to contact angle
hysteresis. However, as discussed in a recent review [16], the sources of
contact angle hysteresis go beyond commonly considered surface
roughness and heterogeneity effects; these sources are not discussed in
this contribution.

3.2. Surface topography

Topographic images of clean and methylated glass slides are shown
in Fig. 3. The RMS roughness value determined for a clean glass slide
(glass A) was 7 ± 2 nm (Table 1). Hydrophobization with tri-
methylsilane had very small effect on surface roughness, which in-
creased to 9 ± 1 nm for glass D (Table 1). Therefore, the glass slides
used in this study had high quality surfaces with nano-sized roughness
of similar magnitude to three polymers used in the past (Table 1).

3.3. Force profile and key parameters

An example of the force vs. displacement curve is shown in Fig. 4.
As the first step, the net force was zeroed to provide the baseline (A)
during force measurements. The attachment of water droplet to the
glass surface caused the droplet to spread, which is reflected in an at-
tractive capillary force and rapid force value surge from point B to C.
Point B marks the point of contact and zero displacement position. The
force appearing at the turning point C is referred to as the spreading
force [21], also called snap-in force in early publications. The contact
angle measured at point C refers to advancing contact angle (θa), which
is typically identical or close to the advancing contact angle measured
with a goniometer (θA) [21] (as is also shown later). Spreading of the
water droplet after its contact with the glass slide is so spontaneous that
no other force value can be captured between points B and C, elim-
inating the possibility of tracking spreading kinetics. The time of the
spreading process (from point B to C) was recorded to be below 0.3-
0.4 s. Therefore, the spreading velocity of the water droplet on the glass
surface exceeded the droplet approaching velocity.

Then, between points C and D, the droplet is compressed me-
chanically against the ring by the sample, which causes the force to
decrease. The direction of movement of the stage is reversed at point D.
As the result, the water droplet base is pinned and the droplet is then

stretched until the maximum adhesion force point at E. The contact
angle measured at point E corresponds to the contact angle for the most
stable water droplet/solid surface configuration (θMAF) and was re-
ferred in our previous publication as the most stable contact angle [21].

Further stretching of water droplet after point E results in de-
creasing force values, the consequence of decreasing capillary force for
a progressively stretched droplet. The droplet contact line continues to
pin and then slide, reducing the droplet base diameter, and the radius of
curvature increases as the result of increasing distance between the
solid surface and ring. This process continues until separation at point
F. The force measured at point F is often called pull-off force but cor-
responds to the separation force if the entire, or nearly entire, droplet
can be removed from the sample surface. The separation is only ob-
served for hydrophobic and nearly hydrophobic surfaces, and the
contact angle measured at this point corresponds to the receding con-
tact angle (θr) [21,23], which is typically close to the receding contact
angle (θR) measured with a goniometer. Point F in Fig. 4 (and for other
hydrophilic samples) describes the point of critical necking of the
droplet, when the cohesive force between water molecules is lower than
the attractive adhesion force between water and the glass slide. The
necking ends in splitting the water volume into two droplets: one still
sitting in the ring and another (smaller one) left on the sample surface.
The volume of the droplet remaining on the solid surface can be cal-
culated from a difference between the baseline force (zero) and the
negative force shown in Fig. 4 after point F; this analysis is not ex-
ercised in this contribution. Whenever water-solid adhesion is stronger
than water cohesion and the water droplet divides, the contact angle
measured at point F does not necessarily correspond to θr and can have
a value in between θr and θMAF. Since the meanings of both force and
contact angle measured at point F are unclear for methylated glass
samples, the pull-off force values are not reported in this contribution.

Table 2 provides a summary of experimental forces, droplet – solid
contact diameter and contact angles for all four samples. Both the
contact diameter and contact angles were measured from captured
images. As expected, the spreading force decreased with decreasing
hydrophilicity, from about 530 μN for the hydrophilic surface of
cleaned glass with an advancing contact angle of about 16 degrees to
about 40 μN for fully hydrophobized glass with an advancing contact
angle of 114 degrees. The contact diameters after spreading also

Fig. 2. Profiles of water droplets captured during the advancing and receding contact angle measurements for the glass A, B, C and D.
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reflected changes in the affinity of water to glass surfaces and decrease
from 3.24mm for glass A to 1.24mm for glass D. Also, maximum ad-
hesion force values followed a very similar pattern with changes in
surface hydrophilicity/hydrophobicity. The maximum adhesion force
of about 740 μN for a cleaned glass slide with a most stable contact
angle of about 15 degrees dropped to about 180 μN for fully silanized
glass with a most stable contact angle of 83 degrees.

Both spreading and maximum adhesion forces can be calculated
from droplet dimensions and measured contact angles by analyzing the
capillary force, composed of two components: (i) the surface tension
per unit length of the three-phase contact line and (ii) the Laplace
pressure ΔP acting in the area of water droplet/solid adhesion, as per
the following equation [32–35]:

= −F πrγ θ πr ΔP2 sin 2 (1)

where θ is the contact angle during the spreading (θa) or MAF config-
uration (θMAF), and the Laplace pressure:

= −P γ
D R

Δ ( 1 1 ) (2)

where D and R are the principal radii of the spreading or adhered water
droplet.

Fig. 3. 3D AFM topographic images of the glass A (a), B (b), C (c) and D (d) surfaces.

Fig. 4. A force profile recorded during a water droplet attachment, spreading,
compression and retraction on a glass slide. The approaching and retracting
velocities (Va and Vr) were 0.03mm/s. The insets A to F show shapes of water
droplets at different stages of force measurements.

Table 2
Mean values and standard deviations for spreading (Fs) and maximum adhesion (FMAF) forces, droplet base diameter (2 r) and contact angles (θ) for experiments with
compression distance of 0.1 mm.

Samples Spreading MAF

Fs 2r θa FMAF 2r θMAF

[μN] [mm] [deg] [μN] [mm] [deg]

glass A 530 ± 16 3.24 ± 0.12 16 ± 3 741 ± 11 3.09 ± 0.03 15 ± 3
glass B 136 ± 41 2.52 ± 0.05 69 ± 4 587 ± 23 2.55 ± 0.02 36 ± 5
glass C 117 ± 8 2.12 ± 0.04 84 ± 3 426 ± 17 2.18 ± 0.04 49 ± 4
glass D 40 ± 2 1.24 ± 0.07 119 ± 6 182 ± 9 1.35 ± 0.04 83 ± 4
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The deviation between experimental force values measured with the
microbalance and calculated ones with Eq. (1) are typically within 5–10
%. Detailed validation of Eq. (1) was provided in our earlier publication
[21] and will not be repeated here.

Finally, the advancing contact angles (θa) measured at the point of
spreading force (Fs) can be compared to those measured with gonio-
metry (θA) and listed in Table 1. All the θa (mean) values are larger by
2–11 degrees than θA values, which confirms that these values are close
to advancing contact angles measured independently with the sessile-
drop method. A similar range of differences was also reported in our
earlier publication [21]. The difference is likely caused by small var-
iations in measurement conditions. In the sessile-drop method [17], the
droplet volume is progressively increased to volumes that are larger
than the volume of the droplet used in force measurements. The effects
of droplet size on both advancing and receding contact angles are well
documented in the literature [28,36]. More importantly, the droplets
are also allowed to spread freely over the sample surface in the sessile-
drop method, whereas the droplet in force measurements is held hos-
tage in the ring, adding extra tension on the droplet against its
spreading.

3.4. The effect of compression distance on force curves

Figs. 5 and 6 show the force curves for tests conducted with varying
compression distances. Changes in wettability of glass samples influ-
enced the force curve slopes of compression (C to D), retraction (D to
E), and dewetting (E to F), confirming the decreasing adhesion of water
to glass samples of increasing hydrophobic component.

High affinity of water to a clean glass surface (glass A) was re-
sponsible for spontaneous spreading of a water droplet on this sample
that disturbed the stability of a microbalance spring holding the ring
with the water droplet and caused vibrations. These vibrations of force
value are visible in the force curves after point C in Figs. 5a and 6 b and
d (glass A). For other samples, no noticeable fluctuation of the force
curve was observed, mainly because of decreasing affinity of water to
hydrophobized glass samples, B to D. For example, the spreading force
decreased nearly four and thirteen times for glass B and D as compared

to the high spreading force of about 530 μN for an unmodified glass
slide (Table 2).

Intuitively, the compression distance, changed during experi-
mentation from CD=0 to CD =0.5mm, should not affect the
spreading force because the compression of water droplets takes place
after droplet attachment and completion of spreading. However, in
some instances increasing compression distance increased the experi-
mental spreading force value (Fig. 7). For glasses A, B and C, the
spreading force increased gradually with the increasing CD value, al-
though there are significant differences in magnitude of this effect for
different samples. The spreading force increased by nearly 100 % for
glass B when the CD increased from 0 to 0.5 mm. This effect was re-
duced to about 10 % and 6 % for glasses C and A, respectively. As for
the glass D, the spreading force remained practically constant regard-
less of CD.

We do not have a clear explanation for correlations in Fig. 7 and
speculate that this effect relates to spreading time and resistance to
water spreading caused by a ring holding the water droplet. By in-
creasing the CD value, more time is provided for water droplet
spreading to reach its final state. More importantly, by rising the sample
closer to the holding ring, a tension from ring against spreading is re-
duced.

The experimental MAF values are plotted as a function of CD value
in Fig. 8. By increasing the CD value, the attached water droplets were
mechanically forced to spread to a larger base diameter (2 r). As ex-
pected, the MAF value increases with increasing CD. As per Eq. (1), the
adhesion force between the water droplet and the solid surface is re-
lated to the length of the three-phase contact line and it is also affected
by the Laplace pressure component [21,37].

3.5. Correlation between spreading force and advancing contact angle

It is shown in Fig. 9a that the force that drives the water droplet to
spread over the solid surface decreases monotonically with the in-
creasing advancing contact angle, reflecting increasing hydrophobicity
of the solid surface. As discussed earlier, with the exception of glass B,
all other three samples show minor effect of CD on spreading force. For

Fig. 5. Force profiles for water droplets on glass A (a), glass B (b), glass C (c) and glass D (d).
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example, the spreading force decreased from about 544 μN to 40 μN
(CD=0.5) when the methylation time of the glass slides increased from
0 h to 2 h.

Fig. 9b presents the mean values of spreading forces from Fig. 9a
and compares those to two other sets of data: for four different poly-
mers published in our earlier publication [21] and several polymers of
different roughness characteristics published by Samuel et al. [19] It
should be noticed that the RMS roughness values were similar for glass
slides used in this study and polymers used by Sun et al. [21], with
exception of EVA (Table 1). Roughness of polymers was not quantified
by Samuel et al. [19], although the majority of them could be con-
sidered as polymers with rough surfaces.

As shown in Fig. 9b, all three data sets show similar trends where
the spreading force decreases with increasing advancing contact angle.

Polynomial equations fitting the data are also included in Fig. 9b. It is
interesting to note that although all three sets of data confirm the same
trends, there are significant shifts in location of the trendlines. Surface
roughness cannot explain it; both methylated glass and “smooth”
polymers had nearly identical RMS values (Table 1). Further, Eq. (1)
suggests that both radius of droplet base diameter and surface tension
could be responsible for differences in spreading force. Droplet volume
is controlled by the size of the ring. At least in our studies, the same ring
was used allowing for only small, if any, variations in droplet volume
and droplet base diameter after attachment and spreading on solid

Fig. 6. The force curves for water droplets and glass surfaces with different CD of 0 mm (a), 0.1 mm (b), 0.3 mm (c) and 0.5 mm (d), respectively. The dotted lines are
guides for the eye.

Fig. 7. Spreading force for the water droplets on glass A, B, C and D under
different CD of 0.1, 0.3 and 0.5 mm.

Fig. 8. Maximum adhesion force between water droplet and glass A, B, C and D
under different CD value of 0.1, 0.3 and 0.5 mm. The insets present the droplet
shape and the 2r (red number) for glass D at the MAF point. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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surfaces of particular wettability. Surface tension of water is sensitive to
temperature and surface-active contaminants that can be picked up by
water during experimentation from either the surrounding air or sub-
strate. Temperature unfortunately was not controlled in any experi-
mentation but variation of up to 4–5 degrees per set is not sufficient to
explain differences in position of data sets in Fig. 9b. Contamination
should not have any huge effect on data in Fig. 9b because each mea-
surement is typically conducted with a fresh water droplet taken from a
clean supply.

In conclusion, differences in location of data sets in Fig. 9b are
puzzling but cannot be explained by roughness, at least for samples
listed in Table 1. It could have some roots in differences in surface
heterogeneity between samples. Methylated glass (or quartz) is known
from its heterogeneity where hydrophilic substrate is non-uniformly
covered with trimethylsilane functionalities [38]. We also speculate
here that a variation in humidity level during experimentation could
also affect the state of the glass surface. All these factors, unexplored in
this study, deserve further investigation in a future but are beyond the
scope of this contribution.

3.6. Correlation between maximum adhesion force and contact angle

The measurements of the most stable contact angle for liquids on
solids of varying surface characteristics under actual laboratory con-
ditions are extremely difficult with traditional goniometric methods
[16]. The microbalance used in this study is capable of such measure-
ments as demonstrated earlier [19,21]. The most stable contact angle
values are measured at the point of maximum adhesion force, when the
system is at the most (mechanically) stable configuration. Fig. 10 shows
the correlation between the MAF and θMAF. The MAF values decrease
monotonically with increasing θMAF for the glass samples. The data
published in our earlier publication follow similar correlation. The
closeness of the two sets of data confirms that small variations in dro-
plet base radius and surface tension have rather small effect on corre-
lations in Fig. 10, as well as those in Fig. 9b.

4. Conclusions

In this study, a sensitive microelectronic balance was employed to
record the spreading and adhesion forces for water droplets on glass
surfaces of varying surface coverage with trimethylsilane functionality.
It was found that the spreading force increases with decreasing ad-
vancing contact angle but can also be sensitive to a compression dis-
tance value (distance over which the deposited droplet is compressed
by the holding ring) set for the force measurements. In comparison to
previously reported spreading forces for rough polymers, the spreading

force values for methylated glasses with smooth surfaces were several
times lower. In comparison to polymers with smooth surfaces, the
spreading force values for methylated glass were still a few times lower.
This finding suggests that the interpretation of spreading force as the
function of globally measured apparent advancing contact angle might
be over-simplification.

Further, it was demonstrated that the maximum adhesion force in-
creases with decreasing value of the most stable contact angle (contact
angle measured at the point of maximum adhesion). A trendline de-
scribing a correlation between maximum adhesion force and most
stable contact angle for methylated glass samples was in close proximity
to a similar trendline for smooth polymers.

This contribution sheds a new light on water – solid adhesion during
and after droplet spreading. It provides new insights into challenges in
designing the solid surface functionality and roughness with tailored
liquid spreading and adhesion forces.
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