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Abstract In general, the optical determination of static
and advancing contact angle is made on drops applied or
extended, respectively, onto a substrate through the use of
thin solid needles. Although this method is used extensively,
this way of dosing can be time consuming, cumbersome
and if not performed meticulously can lead to erroneous
results. Herein, we present an alternative way of apply-
ing drops onto substrates using a liquid jet produced by a
liquid pressure dosing system acting as a “liquid needle”.
We performed a comparative static contact angle study on
14 different surfaces with two different liquids (water and
diiodomethane) utilizing two different ways of dosing: the
conventional solid and a novel liquid needle-based tech-
nique. We found, for all but one sample, that the obtained
results on μl size drops were comparable within the experi-
mental error bars provided the liquid needle is thin enough.
Observed differences are explained by the special character-
istics of either way of dosing. In addition, we demonstrate
how the liquid pressure-based dosing system facilitates
high-speed optical advancing contact angle measurement by
expanding a drop from 0.1 to 22 μl within less than 1.2 s but
yet providing constant contact angle versus drop base diam-
eter curves. The obtained results were compared with data
from tensiometric dynamic Wilhelmy contact angle mea-
surements. These data, in conjunction with sequences of
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live images of the dosing process of the liquid pressure dos-
ing system, illustrate how this system can replace the solid
needle by a liquid needle.
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Introduction

Contact angle phenomena are one fundamental topic in
physics and its measurement is of great relevance in the
large multidisciplinary field of surface and interface sci-
ence for a vast range of industrial and practical applications
and scientifically motivated questions. Optical contact angle
(CA) measurements are as old as Young’s equation [1],
which is more than two centuries. Since then, advances in
this experimental technique have been made: The last rev-
olutionary input had been the introduction of digital image
processing in the 1990s [2] and automated liquid-dosing
and needle-moving systems have become common. Thanks
to these, the optical determination of contact-angle hystere-
sis [3] and, in particular, a precise optical determination of
the advancing contact angle have became possible. How-
ever, the method by which the liquid is applied on a solid
surface for the static contact angle determination has not
changed. Typically, a dosing mechanism generates a pen-
dant drop at the tip of a needle and is subsequently carefully
moved downward to the solid substrate until the liquid drop
touches the surface. Gravity, in addition to work of adhe-
sion, causes the droplet to detach from the tip of the needle,
and it is transferred on the substrate surface. This method
can become cumbersome or even erroneous for instances
wherein the needle is moved too far towards the substrate.
This results to squeezing and forcing the sessile drop on the
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surface and consequently an underestimation of the contact
angle. This is particularly important for hydrophobic sam-
ples exhibiting a considerable contact angle hysteresis [4].
For example, the water contact angle on the same surface of
polydimethylsiloxane (PDMS) can vary between 108◦ and
114◦ depending on how close the needle was moved towards
the substrate. Kwon et al. showed that even for careful use
of the well-established solid needle deposition technique,
transitions of wetting states can occur that go along with
drastic changes in observed contact angles [4]. Further-
more, the effect of the solid needle inside the droplet, which
has been shown to have an influence on both the dynamic
and static contact angle, is also frequently discussed and
is particularly important for superhydrophobic surfaces [5–
7]. Moreover, this method of drop deposition often takes
more than a few seconds if the abovementioned possible
errors should be avoided. An already existing needle-less
and quicker alternative is to shoot individual separate drops
onto the surface [8] or simply letting μl-size drops fall
down onto the substrate. However, the liquid drops impact
onto the substrate with non-negligible high kinetic ener-
gies (Weber numbers) [9–14]. This influences particularly
the contact angle results on surfaces with larger contact
angle hysteresis, which often makes them not comparable
to contact angle data recorded with a needle-based dosing
system (NDS).

Herein, we present a way of applying drops onto the
surface using a continuous liquid jet build up by a liquid
pressure-based dosing system (PDS). To the best of our
knowledge, this method has not been established in the field
of optical contact angle analysis thus far. This is because
usually the liquid jet needs to have a high speed (i.e., high
Weber number) in order to form a continuous jet. The high
kinetic energy is suspected to have a considerable influence
on the contact angle results. More precisely, if the liquid
jet is hitting the substrate with too high speed (i.e., kinetic

energy), it first splashes over the substrate and then con-
tracts to form a droplet. As a result, the measured contact
angles appear to be less reproducible and more importantly
are the result of a de-wetting process which is in contrast
to the contact angles measured with a traditional needle-
based system, where the result of a spontaneous wetting
process is observed. In addition, a break-up of the liq-
uid jet before hitting the substrate can cause the formation
of air bubbles inside the drops also falsifying the contact
angle results.

The PDS used for this study is designed such that it works
just at the right balance to have a sufficiently high flux of
the liquid in order to form a jet hitting the substrate but still
low enough so that influences of the kinetic energies on the
measured contact angles become negligible [15]. Hereby,
it overcomes the above mentioned obstacles. The liquid jet
builds up the droplet on the substrate similar to a solid nee-
dle whose tip is slightly above the substrate surface. In this
way, the solid needle is replaced by a liquid needle, as it is
exemplarily illustrated in Fig. 1.

Herein, we will present and discuss a comparative
study of static contact angles on a large range of differ-
ent solids obtained with the traditional solid needle-based
dosing mechanism and the liquid pressure based-dosing
mechanism, i.e., the liquid needle. For many applications,
static contact angle measurements provide already enough
information. However, there are also many applications
and scientifically motivated questions for that informa-
tion of the advancing contact angle were shown to be
more relevant and examples for this can be found in
the cited literature [16–18]. Therefore, we will addition-
ally present how the liquid needle facilities high speed,
highly reproducible advancing contact angle measurements.
These optical dynamic contact angle measurements will
also be compared with force-based measurements using the
Wilhelmy method.

Fig. 1 (color online)
Exemplary images of a droplet
dosed by a conventional solid
needle dosing system NDS (left
image) and by the novel liquid
needle (right image) technique
using the KRÜSS liquid
pressure dosing system PDS.
The blue scale in the upper left
corner of each image represents
0.5 mm. The red line is the drop
contour as detected by the
KRÜSS ADVANCE software.
The blue line is a Tangent-1 fit
to the drop contour. The green
lines represent the contact
angles determined from that fit
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Experimental

Samples investigated

We have investigated 14 different solid surfaces. We chose
very different material qualities, from almost ideally chem-
ically homogeneous surfaces and technical raw materials
to finished commercial products. All samples were flat.
Table 1 summarizes all samples investigated. The PDMS
samples were prepared from Sylgard 184 (Dow Corning,
Wiesbaden, Germany) Briefly, the resin component and the
curing agent were mixed in a 10:1 ratio and poured into
a clean glass vessel. After 30 min, the mixture was cured
for 1 h at 100 ◦C. For experiments performed according
to the Wilhelmy plate method, cured PDMS samples were
punched into rectangular pieces. Planar polyethylene (PE)
samples were prepared by melting of PE pellets (LDPE,
melt index 25 g/10 min at 190 ◦C, Sigma Aldrich, Stein-
heim, Germany) in an aluminum cup at 170 ◦C for 3 h
and successive overnight cooling. The surface of the result-
ing PE block was treated with sandpaper (Starcke Matador
991A P1500, Starcke GmbH & Co. KG, Melle, Germany)
to reduce its roughness. Commercially available sandpaper
(Starcke Matador 991A P500, P1000 and P1500, Star-
cke GmbH & Co. KG, Melle, Germany) with different
grain sizes was silanized with Fluka silanization solution
(5 % dimethyldichlorosilane in heptane, Sigma Aldrich,
Steinheim, Germany). The sandpaper was immersed in the
silanization solution for 6 h, followed by 2 h of drying under
ambient conditions. The P2I-plasma-treated filter paper was
kindly provided by P2i Limited, Abingdon, UK.

Organosilane self-assembled monolayers (SAMs)
formed on surfaces have been extensively used in the
past, and the free functional group moieties of the formed

monolayer are used to modify the physical and chemical
properties of surfaces. Organosilane SAMs were deposited
follwing published protocols [19, 20]. Briefly, silicon oxide
(SiO2) strips with dimensions of 1.5 × 0.5 cm (L × W)
were cut from ultra-flat (SiO2) wafer and were subsequently
sonicated in water, isopropanol, and ethanol for at least
30 min in each solvent. The (SiO2) strips were then dried
with low stream of air. To form the organosilane SAMs,
the substrate strips were immersed in a 2.5 % solution in
toluene of dichlorodimethylsilane (DDMS) or 5 % solution
in ethanol/water (95:5) of aminopropyltrimethoxysilane
(APTMS) for a minimum of 12 or 3 h, respectively. The
functionalized (SiO2) strips were then thoroughly rinsed
with either toluene or ethanol and isopropanol. Substrates
were then baked at 100 ◦C for 15 min and cooled down for
10 min. Contact angles were then measured within 30 min.

For all samples except for the functionalized and
silanized samples, the same cleaning procedure was applied
prior to the measurement: first cleaned with a degreasing
detergent solution and then rinsed thoroughly with hot and
cold tap water and finally with distilled water. Remaining
water drops were subsequently removed with isopropanol.
The samples were finally dried with clean compressed air.
The functionalized and silanized samples were rinsed with
isopropanol and dried in an clean air stream before the
contact angle measurement.

Experimental methods

All contact angle measurements were carried out using a
KRÜSS Drop Shape Analyzer-DSA100. For the experi-
ments with the solid needle-based dosing system, a software
controlled fully automatic drop deposition technique was
used in order to guarantee that every drop had the same

Table 1 Solid samples
investigated Description Quality Designation

Si wafer Finished product Wafer-1

Si wafer Finished product Wafer-2

Polydimethylsiloxane Pure, synthesized PDMS

P2I-treated filter paper Finished product P2I paper

Polypropylene Finished product PP

Glass microscope slide Finished product Glass

Polyamide 6, atmospheric plasma treated Finished product PA6

Polyethylene Pure, synthesized PE

Silanized sand paper (500 grain size) Finished product Sand paper (500)

Silanized sand paper (1000 grain size) Finished product Sand paper (1000)

Silanized sand paper (1500 grain size) Finished product Sand paper (1500)

Smartphone display Finished product Display

Dichlorodimethylsilane SAMs on SiO2 Surface Pure, functionalized DDMS SAMs

Aminopropyltrimethoxysilane SAMs on SiO2 Surface Pure, functionalized APTMS SAMs
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volume and was deposited in the same way (i.e., same
moving speed of needle, same minimum distance between
needle and substrate). In this way, effects on the contact
angle of the way how the drop is deposited are mini-
mized resulting in minimum standard deviation. For the
experiments with the liquid needle-based dosing, we used
the KRÜSS pressure-based dosing system (PDS) DO3252
[15]. For every sample, we measured the static contact
angles of two liquids, bidistilled water and diiodomethane
(Sigma Aldrich, ReagentPlus, 99 %). There were no time-
dependent changes in the contact angle for any of the
samples except for diiodomethane (DIM) on PDMS. Here,
the static contact angle measured with both dosing sys-
tem was recorded at the same time after drop deposition
was finished.

Water contact angles were measured for drop volumes of
1 and 3 μl in order to cover a range of volumes guarantee-
ing that the obtained drop base diameters (DBD) are well
below the corresponding capillary length scale

√
σl/(ρg) ≈

2.7 mm, with σl , ρ, and g being the surface tension, den-
sity of the liquid, and the gravitational constant, respectively
[21]. DIM contact angles were measured for drop vol-
umes of 1 μl. Owing to the larger density of DIM (three
times that of water), the capillary length scale of DIM is
reduced by a factor 0.57 compared to water. Only for glass,
we measured additionally DIM drops with a volume of
2.5 μl. For every sample and dosing system, a minimum
of 20 separate drops per liquid and drop volume were mea-
sured. All experiments were performed under ambient con-
ditions. For each different sample, the same light settings
and fitting algorithm were used. The used algorithms were
Tangent-1 (T-1), circle, and height-width as implemented
in the KRÜSS ADVANCE software. For further statisti-
cal evaluations, the mean contact angle as calculated from

the left and right hand side contact angle of every differ-
ent drop was used. The fully automatic measurement of 20
drops using the solid and liquid needle-based system usu-
ally took around 220 and 54 s, respectively. It is interesting
to note that unlike the NDS the PDS DO3252 can dose
and analyze two separate drops simultaneously. The optical
advancing contact angle measurements were done automat-
ically by the KRÜSS ADVANCE software, which analyzed
every image recorded by the camera during the dosing pro-
cess. Depending on the dosing mechanism frame rates up to
122 fps had been used. For the dynamic Wilhelmy contact
angle measurements, we used a KRÜSS Force Tensiometer-
K100. The immersion speed (i.e., speed of contact line) was
set to 0.2 and 1 mm/min for the PDMS and APTMS SAMs
samples, respectively.

Results and discussion

Static contact angles

A comparison of the static water contact angles measured on
all samples using different drop volumes and dosing mech-
anism is shown in Fig. 2. The open columns represent the
contact angles of drops deposited with the NDS and the
filled columns show the ones with the PDS, i.e., the liq-
uid needle. The error bars reflect the standard deviation of
the mean value calculated from a minimum of 20 separate
drops. All obtained standard deviations are in the range of
0.4◦ (1 μl drop dosed with NDS on DDMS SAMs) to 3.6◦
(3 μl drops dosed with PDS on glass). For both dosing sys-
tems, the way how the liquid is applied onto the substrate
were well controlled thus reducing the experimental error
caused by different ways of drop deposition to a minimum.

Fig. 2 (color online) Mean static water contact angles as measured
after dosing with the solid needle dosing system NDS (open columns)
and the liquid needle, i.e the pressure dosing system PDS (filled
columns) for 1 μl (yellow, bright) and 3 μl (blue, dark) drops on all

samples investigated. For the P2I Paper sample drops with a volume
of 6 μl (green) are also shown. The error bars reflect the standard
deviation as obtained from a minimum of 20 different drops measured
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As a result, the error bars mostly reflect the inhomogene-
ity of the sample surfaces. This is supported by the fact that
the functionalized wafer, a chemically homogeneous and
topographically very smooth surface exhibits error bars at
the lower end of this range with a maximum value of 1.6◦
for the 3 μl drops deposited with the PDS. Similarly, for
most measured samples and volumes, the observation that
the magnitude of the error bars are comparable independent
of the used dosing mechanism indicates that the magnitude
of the error bars do not depend significantly on the method
of dosing.

With all examined samples, we covered a range of con-
tact angles between 10◦ (display) to 150◦ (P2I plasma
treated filter paper). The contact angles measured on DDMS
and APTMS SAMs agree well with those reported on
equally prepared samples [19, 20]. With the exception of
PDMS, the contact angles measured on 1 μl drops dosed
with both systems are in agreement within the experimen-
tal error bars. For 3 μl drops, only the contact angles on
PDMS, PE, and the sand paper (grain size of 1000), were
not in agreement within the error bars when comparing both
dosing mechanisms. The observed difference for the sand
paper sample is very small, which suggests that this is not
caused by using either dosing systems but rather by normal
experimental error due to sample inhomogeneity. In con-
trast, the PDMS sample, which is physically very smooth,
exhibited a significant difference of about 5◦ between the
two dosing systems. Interestingly, for both investigated drop
volumes, the contact angle measured on drops deposited by
the liquid needle (i.e., PDS) is larger than by the NDS. Pre-
sumably, this is related to the considerably large hysteresis
of the water contact angle on PDMS of about 60◦ (com-
pare Fig. 6), i.e., there are pronounced pinning effects for
the water contact line on this substrate. The fact that the
contact angles for the liquid needle-based dosing system are
larger indicates that this method applies a droplet with even
less kinetic energy than the NDS. When the drop is applied
with the solid needle, the gravitation (i.e., additional kinetic
energy) helps the drop to wet more surface of the PDMS
than would be wetted by a purely work of adhesion driven
wetting. Due to the large contact angle hysteresis (i.e., pin-
ning forces), the contact line does not retract after all the
initial kinetic energy has dissipated. For the PDS, this does
not happen, i.e., the contact line does not move so far from
the center of the drop and therefore the measured contact
angle is larger. Thus, for the PDS, the effects of additional
kinetic energies on the contact angle are even reduced com-
pared to the solid needle-based system. We consider this as
a strong point of the PDS as it can provide information on a
more purely work of adhesion driven wetting not influenced
by an additional forceful expansion of the drop. However,
for most samples having a smaller contact angle hysteresis,
this difference was observed to be negligible.

Interestingly, the contact angles measured on the
three equally silanized sand papers with grain sizes
(i.e., roughnesses) of 500, 1000, and 1500 do not
exhibit significant differences between the different dos-
ing mechanism. This suggests that irrespective of dosing
method macroscopically rough surfaces yield comparable
results.

The contact angle results of the P2I plasma treated fil-
ter paper demonstrate a neat advantage of the PDS over
the NDS. Figure 2 shows only results of 6 μl volume
drops deposited with the NDS on this super hydropho-
bic, i.e., low surface free energy sample (water contact
angle of about 150◦). For this sample, only water droplets
with a minimum volume of 6 μl could be deposited with
the NDS. For smaller volumes, the drop did not detach
from the needle. With increasing drop volume the contour
length scale of the liquid being in contact with the solid
substrate increases as it still hangs at the tip of the nee-
dle. As a result, the drop-surface adhesive force is greater
than the drop-needle adhesive force [5] which makes the
drop detach from the needle, i.e., the substrate wins the
battle in work of adhesion over the needle. However, for
the PDS, this is not applicable and as shown in Fig. 2,
3 μl drops could be deposited using the PDS. This way
the liquid needle-based dosing system facilitates volume
dependence studies on hydrophobic substrates over a larger
volume range down to smaller volumes not accessible with a
traditional NDS.

Figure 3 shows a corresponding comparison of the mea-
sured contact angles of 1 μl DIM drops on the same
samples. Even though the error bars for the DIM contact
angles were for most samples smaller than for the water
measurement, the measured contact angles obtained by both
dosing systems are in agreement for all samples except for
wafer-1 and glass samples. For wafer-1, the difference is
only minimal in relation to the magnitude of the errorbars.
However, the DIM contact angle on glass measured with
the PDS is about six degrees smaller than the one mea-
sured with the standard NDS. Considering that the density
of DIM is tripled compared to that of water, this difference
suggests that, for the glass sample, the effect of the kinetic
energy on the contact angle is larger using the PDS than the
NDS resulting to the liquid wetting a larger surface area and
thus a smaller contact angle. However, how the effect of the
kinetic energy of the liquid dosed with a liquid jet on the
substrate affects the contact angle depends on the flux of
the liquid jet and the ratio of the diameter of the jet com-
pared to the drop base diameter (DBD) [15]. The smaller the
ratio of diameter of the liquid jet compared to the DBD, the
less influence the kinetic energy has on the resulting con-
tact angle. Simply spoken, the kinetic energy of the liquid
jet dissipates over larger volumes (i.e., liquid’s mass) and
thus less affects the three phase contact line, i.e., the contact
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Fig. 3 (color online) Mean static diiodomethane contact angles as
measured after dosing with the solid needle dosing system NDS (open
columns) and the liquid needle, i.e, the pressure dosing system PDS
(filled columns) for 1 μl drops on all samples investigated. For the

glass sample 2.5 μl drops were also measured. The error bars reflect
the standard deviation as obtained from a minimum of 20 different
drops measured

angle. In order to experimentally support this idea, Fig. 3
shows additional results for DIM contact angles on the glass
sample for drop volumes of 2.5 μl. As the volume of the
drops increases, the difference in contact angle observed by
the two different dosing mechanisms becomes smaller than

the experimental error bars. This effect of a too large ratio
of liquid needle diameter to DBD on the contact angle can
also be nicely seen by a detailed look on the dynamic con-
tact angle measurement done with the PDS discussed and
shown below.

Fig. 4 (color online) Sequence of images illustrating the dosing pro-
cess when a 22 μl water drop is dosed on PDMS using the liquid
needle, i.e., PDS. The total time of the dosing process was 1.15 s. The
blue scale in the upper left corner of each image represents 0.5 mm.

The red line is the drop contour as detected by the KRÜSS ADVANCE
Software. The blue line is a Young-Laplace fit to that drop contour.
The green lines represent the contact angles determined from that fit
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Fig. 5 (color online) Dynamic contact angle measurements of water
(top panel) and diiodomethane (bottom panel) on PDMS performed
with the liquid needle dosing system, i.e., PDS. The mean contact
angle as calculated from the left and right hand side contact angles and
the drop volume are plotted as a function of the drop base diameter.
In the top panel, curves obtained from 10 different measurements are

shown by the colored symbols. In addition, the results from one mea-
surement done with the NDS are shown as full black squares. In the
bottom panel, the results of four different measurements are shown.
Each measurement performed with the liquid needle took less than
1.15 s

Dynamic contact angles

Figure 4 shows some representative raw data images
together with the fitted drop contour curves for one single
advancing contact angle measurement. From these, it can
be nicely seen how the liquid jet acts like a very thin liquid
needle that increases the drop volume over time with a con-
tinuously forward moving contact line. The upper panel of
Fig. 5 shows the mean value of the advancing contact angles
on the left and right side of the droplet and the drop volume
as a function of the DBD for ten different measurements of
water on PDMS. These curves CA versus DBD show that
at the beginning of the dosing process until a DBD of about
2 mm has been reached, the values of the contact angles
increase from around 105◦ to 120◦. In addition, the scatter-
ing of the data obtained from the ten different measurements
is rather large at the beginning of the dosing process. The
latter can also be seen in the first four images in Fig. 4. How-
ever, starting from a DBD of about 2 mm, the advancing
contact angle stays constant at 120◦ and is highly repro-
ducible as seen from the curves of the ten separate measure-
ments lying almost on top of each other. The mean contact
angle was calculated from all contact angles measured dur-
ing an advancing contact angle experiment starting from a
DBD of 2 mm. The obtained values from all 10 measure-
ments range from 119.0◦ to 120.0◦ for the mean and from

0.7◦ to 1.5◦ for the standard deviations. The standard devi-
ations are in the same range as the ones obtained from the
static contact angle measurements supporting the idea that
the rather high flux of the liquid needle does not cause any
additional effects on the result of the dynamic contact angles
as long as the ratio liquid needle diameter (LND) to DBD
is small. This is also supported by the fact that the detected
drop contours in Fig. 4 are reasonably well described by the
Young-Laplace function. The slight underestimation of the
Young-Laplace fit in Fig. 4 allows approximating how lit-
tle the drop shape is affected by the fluid dynamics during
dosing. After dosing is finished, the drop shape is perfectly
described by the Young-Laplace function as shown in the
last image of Fig. 4. Using a different less restricted fit-
ting function (e.g., Tangent-2), the drop shape is perfectly
fitted at all times during dosing (images not shown here).
The initially obtained lower contact angles at the begin-
ning of the dosing process indicate how the in relation to
the drop size relatively high kinetic energy affects the con-
tact angle. However, as already observed and discussed in
the previous section, these effects become negligible if the
ratio of the LND to the DBD decreases. A single mea-
surement on a droplet expanded to a volume of 22 μl was
completed after 1.15 s and from which the speed of the
moving contact lines was calculated to be approximately
1.1 mm/s.
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Fig. 6 Dynamic water contact angle measurements on PDMS and
DDMS SAMs as measured with the KRÜSS Force Tensiometer-K100
using the dynamicWilhelmy method. The immersion speed (i.e., speed
of contact line) was set to 0.2 and 1 mm/min for the PDMS and
APTMS SAMs samples, respectively

For water on PDMS, we also measured the dynamic con-
tact angles using the two already established techniques:
expanding droplet using a solid needle and Wilhelmy Force
measurements. The data of the expanding droplet measure-
ment is also included in Fig. 5 as filled black squares. The
results of the contact angle are in good agreement with the
contact angle measured with the PDS. The volume vs. DBD
curve shows a smaller slope which can be explained by the
solid needle flattening the drop shape and thus resulting in
smaller volume to DBD ratios. This type of advancing con-
tact angle measurement took about 25 s which corresponds
to a speed of the moving contact lines of about 0.03 mm/s.
The measured advancing and receding contact angle ver-
sus position using the Wilhelmy Force method is shown in
Fig. 6. Here, the speed of the contact line was precisely
0.2 mm/min, thus 3.3×10−3 mm/s. The advancing contact
angle depends on the speed of the contact line [3, 21, 22].
Interestingly, for water on PDMS, all three different meth-
ods each with a speed of the contact line in a different order
of magnitude exhibit a comparable advancing contact angle
of 120◦.

The bottom panel of Fig. 5 shows four different advanc-
ing contact angle measurements for diiodomethane on
PDMS. The speed of the contact line was comparable to that
of the water measurements. Similar to the results obtained
for water, all four curves exhibit an increase in the measured
contact angle until a DBD of about 2 mm has been reached.
Subsequently, a further increase in the DBD resulted in
a constant advancing contact angle of 103◦. The obtained
mean contact angle values calculated from values for a
DBD >2 mm range from 102.2◦ to 104.4◦ each with a

corresponding standard deviation smaller than 0.65◦. We
consider this as a very good reproducibility for this type of
high-speed advancing contact angle measurements.

In addition to the advancing contact angle measurements
using NDS and PDS on PDMS, we performed similar
measurements on DDMS SAMs formed on an ultra-flat
(SiO2) surface. We performed five dynamic water and DIM
contact angle measurements using the liquid needle. The
measurement curves show a qualitatively similar behavior
to those obtained on PDMS (curves not shown). Analo-
gous to the analysis for PDMS, we calculated the mean
and standard deviation of each single experiment where
only contact angle values from liquid drops with a DBD
larger than 2 mm were considered. The obtained mean val-
ues for DDMS SAMs range from 102.0◦ to 103.5◦ with
corresponding standard deviations smaller than 2.2◦ and
from 78.6◦ to 79.8◦ with corresponding standard deviations
smaller than 1.3◦ for water and DIM, respectively. In addi-
tion, we performed 11 dynamic water contact angle mea-
surements using the NDS. Similarly, we calculated the mean
over all different position measured in each single advanc-
ing contact angle measurement not taking into account the
initial increase of contact angle. The obtained mean values
range from 100.1◦ to 104.4 ◦ with corresponding standard
deviations smaller than 1.2◦. Figure 6 shows the advanc-
ing and receding contact angle of water on DDMS SAMs
using the single side Wilhelmy Force method of the Force
Tensiometer-K100. A global mean value for each differ-
ent sample and type of measurement was calculated from
the obtained mean values and summarized in Table 2. As
for PDMS, for DDMS SAMs, we also found that the water
advancing contact angle measured with the liquid needle
and thereby on a fast forward moving contact line is com-
parable to the one measured with the solid needle and with
the Wilhelmy force method, i.e., for a considerably slower
forward moving contact line.

Finally, we want to note that the receding contact angle
cannot be measured by this liquid needle dosing system.
However, we believe that receding contact angles measured
using a solid needle are often ill-defined as the distance
between solid needle and the substrate can have a signifi-
cant influence on the result and that receding contact angle
measurement are much better defined when the Wilhelmy
method is used. In case optical receding contact angle mea-
surements are needed, tilting table experiments can provide
a better defined option.

Table 2 Global mean values obtained from advancing contact angles measurements using the pressure dosing (PDS), the needle dosing system
(NDS), and the Wilhelmy Force method for PDMS and DDMS SAMs

Sample Water - PDS DIM - PDS Water - NDS Water - Wilhemly

PDMS (119.5±1.1)◦ (103.7±0.8)◦ 120◦ 120◦

DDMS SAMs (102.9±2.0)◦ (79.2±0.8)◦ (103.5±2.4)◦ 103◦
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Conclusions

We present a thorough comparative study of static con-
tact angles measured on a variety of different samples for
the liquid drops deposited using two fundamentally dif-
ferent techniques: the traditional solid needle and a liquid
pressure-based dosing systems. We illustrate how the lat-
ter carefully doses the droplet on the substrate surface with
a thin liquid jet acting as liquid needle. We found that
the measured static contact angles using either technique
are in agreement for almost all samples. This and the few
significant differences in contact angle measured by the
two techniques were explained by the special characteris-
tics of the pressure-based dosing system. The liquid jet is
designed such [15] that its flux is as low as possible but
still high enough in order to have a continuous liquid jet
hitting the substrate and with a thin diameter resulting in
a very low ratio of LND to DBD. Our experimental data
support the idea that the corresponding kinetic energy of
the liquid jet is dissipated over a sufficiently large drop
volume guaranteeing that this kinetic energy has a neg-
ligible influence on the contact line and thus the contact
angle of the droplet. In conclusion, using this specially
equilibrated liquid needle for optical static contact angle
measurements is as independent of additional kinetic ener-
gies affecting the contact angle as a carefully performed
experiment with a solid needle. Sessile drops (1 to 3 μl
volume) deposited by the the liquid needle are compara-
ble to those deposited by the way in which a pendant drop
on a solid needle is carefully brought into contact with
the substrate.

In addition, we demonstrated how this liquid needle facil-
itates high-speed advancing contact angle measurements
which are highly reproducible. And although the measure-
ments are very fast resulting in a very fast forward moving
contact line, the drop can be continuously and reasonably
well described by the Young-Laplace function during the
whole dosing process.

This experimental work provides a sound set of data and
can be the motivation for future more theoretical works
about this method of dosing using a liquid needle for static
and advancing contact angle measurements. In addition,
the liquid needle dosing process is much faster (less than
100 ms for dosing a 2 μl drop) as when using a solid needle
and is better experimentally defined. Thus, possible errors
due do different ways of how the drop is deposited on the
substrate as they can occur for the NDS are intrinsically
excluded. Furthermore, it enables low kinetic energy depo-
sition of drops on super hydrophobic surfaces. Therefore,
we believe that replacing the solid needle by a liquid will
become more advantageous for many contact angle studies

and may become another standard method for optical con-
tact angle measurements.
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