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Abstract. Microfluidics is a rapidly growing technology with applications in biochemistry and life sciences. To
support the ongoing growth there is a need for common metrology, quality control, and standardisation. Here
measurements of wettability and surface roughness can contribute, and these quantities affect flow
characteristics of devices, bonding processes in manufacturing, and special microfluidic mechanisms such as
droplet formation and spreading of fluids on surfaces. To quantify wettability, an optical laboratory setup was
used to measure liquid drop contact angles of three liquids on a microfluidic surface. To further quantify
wettability, the Owens, Wendt, Rabel, and Kaelble model was applied to contact angle measurements to
determine the total surface free energy. To quantify surface roughness, atomic force microscopy and stylus
profilometry measured area roughness parameter and profile roughness parameter for four samples of
microfluidic surfaces. The wettability methods successfully demonstrated measurements of contact angles, and
these methods were applied to determine a value for the total surface free energy. AFM and stylus profilometry
successfully determined surface roughness parameters, and the determined values agreed with the expected for
the material. In conclusion, the demonstrated methods can contribute to metrology, quality control and
standardisation in microfluidics.
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1 Introduction

Microfluidics is the technology of manipulating small
amounts of fluid using microchannels where one of the
transverse dimensions are smaller than 1000 pm [1,2]. The
microchannels are typically embedded in a thin slide, often
denoted a chip, and often made of polymer or glass.
Noteworthy applications of microfluidics are inkjet print-
ing [3,4], a microscale system for gas chromatography [5],
an array of capillary electrophoresis channels for DNA
sequencing [6,7], contributions to the Human Genome
Project [8,9], and organ-on-a-chip systems with cultures of
living cells in channels to simulate organ tissue in drug
trials [1]. Further examples of applications and technology
are available in the review by Convery and Gadegaard [1].

* Corresponding author: tsda@dti.dk

Different materials are used in microfluidic chips, and
the capabilities of microfluidic devices depend on materials
and their properties [10]. Thermoplastic polymers are an
often-used material, for example cyclic olefin copolymers
(COC) and copolyester thermoplastic elastomer (COP),
and these are suitable for mass production techniques such
as injection moulding [11]. Glass types, e.g. borosilicate
glass D236" bio or D236° T eco, are also commonly used
with advantages for devices requiring chemical stability,
high temperature, or high pressure [12]. The manufactur-
ing of glass chips can involve techniques such as glass
substrates, wet etching, and bonding of multiple glass
plates [12].

Wettability and surface roughness, both defined in
materials and methods, are relevant material properties
that can influence the operation and manufacturing of
microfluidic devices. Wettability describes the ability to
maintain contact between a liquid and a solid surface [13].
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Table 1. Samples of glass slides investigated in this study.

Sample Material Width (mm) x length (mm) Description

Sample 1 D263® bio 25 X 75 Flat surface for liquid drops
Sample 2 D263® bio 25 x 52.6 Two open channels

Sample 3 D263® bio 25 x 52.6 Two open channels

Sample 4 D263® bio 25 x 52.6 Two open channels

Sample 5 D263® bio 9.5 x 52.6 Bonding area only

In microfluidic devices associated with droplet mechanisms
the surface wettability is a fundamental characteristic
affecting the dynamic behaviour of droplet generation and
evolution [14]. Greater wettability has been shown to
enhance the flow of a fluid displacing another fluid, in a
microfluidic system with multiple fluid phases and a porous
medium [15]. Wettability is also an important characteris-
tic for microfluidic devices relying on spreading of a fluid for
chemical or biological reactions on a surface or in a
microchannel [16]. According to the classical description of
a stable laminar flow, wettability has no effect on the flow
in a microchannel [17]. However, multiple studies have
reported an experimental microchannel friction factor
higher than that predicted by the classical description
[18-20]. Li et al. propose a modified apparent viscosity
model for microscale flows based on molecular theory and
wetting theory [18]. In that model, the friction factor
increases with increasing wettability, and a greater
pressure difference would be needed to drive a flow in a
microchannel with greater wettability.

Surface roughness may be loosely described as the surface
irregularities that makes a surface not smooth. For
definitions of surface texture and surface roughness
parameters see ISO 25179-2 [21] and ISO 21920-2 [22].
According to the classical description of a stable laminar
flow, surface roughness does not affect the flow in a
microchannel [17]. However, there are studies where the
pressure difference needed to drive a flow in a microchannel is
larger than expected from classical laminar flow theory
[23-25]. These studies refer that the observed excess flow
resistance is an effect of the surface roughness of a
microchannel. Thus, higher surface roughness may increase
the pressure difference needed to drive a given flow through a
microchannel.

In summary, different values of wettability may help
facilitate special mechanisms in different types of micro-
fluidic devices. Smooth surfaces and low wettability can
lead to microchannels where lower pressure differences are
needed to drive the flow, which may improve flow
performance, and reduce risks of leaks and burst of
microfluidic devices and interfaces [26]. Furthermore,
surface roughness is important for microfluidic
manufacturing involving bonding of multiple glass or
polymer layers, where it can be more difficult to bond
rougher surfaces successfully [27]. The goal of this study is
to demonstrate accurate measurement and evaluation of
wettability and surface roughness, and thus help optimis-
ing and standardising the performance of microfluidic
devices. Stakeholders from industry, academia and
government have recognized that microfluidics has

unanswered needs regarding universally accepted metrol-
ogy, quality control, and standardisation [28,29]. Thus,
this study makes a novel contribution to the important
effort of advancing quality control, standardisation and
harmonisation in the field of microfluidics [28,29].

The experimental results presented in this study have
also been communicated in reports of the MFMET project,
and these reports are available on the Zenodo general
purpose open repository [30-35]. Furthermore, this work
was inspired by some of these reports [30-32].

2 Materials and methods
2.1 Samples

Table 1 lists the five samples of glass slides used in this
study. Sample 1 was used for wettability measurements, and
it had a flat surface of the material D263® bio, with thickness
1mm, width 25mm, and length 75mm. IMTAG in
Greifensee, Switzerland, provided sample 1 in a sealed box.

Table 1 also lists sample 2-sample 5, which were used
for surface rou@ghness measurements, and these were glass
slides of D263 bio with width 25 mm and length 52.6 mm
provided by IMTAG in Greifensee, Switzerland. From the
perspective of microfluidic manufacturing these glass slides
are unbonded glass substrates. Sample 2-sample 4 had two
open channels made by wet etching, see Figure 1. These
three samples had the surface types bonding surface and
channel surface. Sample 5 was a glass slide with only
bonding area and no channels.

2.2 Measurements of wettability on microfluidic
surfaces

ISO 19403-1 [13] defines quantitative measures of wetta-
bility, i.e. the contact angle 6 of a liquid drop resting on a
solid surface, and the total surface free energy of a solid
surface o,. The contact angle is the angle between the drop
base and the tangent of the liquid-atmosphere interface at
the three-phase point, see Figure 2. The total surface free
energy of a solid surface is energy or tension arising from
forces on the solid surface from interactions between
molecules, see Figure 2. While not used as a direct measure
of wettability, the total surface tension of the liquid o is an
important quantity, which describes energy or tension
arising from forces on the liquid surface from interactions
between molecules, see Figure 2. As explained below, the
contact angle 6 depends on both the liquid and the solid
surface, while the total surface free energy of a solid surface
is a material quantity that depends only on the surface.
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Fig. 1. Selected glass slides from Table 1, and locations of surface roughness measurements. The open channels in sample 2—sample 4
are 100 pm deep and 9.5 mm wide. Sample 1 is not shown in this figure, because it was used for wettability measurements only. A)
Sample 2-sample 4 had measurements with atomic force microscopy made at the indicated locations. B) Sample 2-sample 4 had stylus
instrument measurements made at the indicated locations. C) Sample 5 had stylus instrument measurements made at the indicated
locations.
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Fig. 2. Illustration of a liquid drop resting on a solid surface. In the three-phase point the solid, liquid, and atmosphere (containing
vapour) are in contact. Also shown in the illustration are the contact angle 6, the surface tension of the liquid is o}, and the surface free
energy of the solid surface 0. Source: Redrawn from ISO 19403-1 [13].
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Fig. 3. The laboratory setup at CETIAT in Villeurbanne, France, for measuring contact angles on a flat surface. A — white diffused
lighting, B — slide under test, C — slide holder, D — high resolution microscope camera. Image credit: CETIAT.

ISO 19403-1 [13] and ISO 19403-2 [36] describe a
method to measure the contact angle, and a method to
determine the total surface free energy. In the context of
microfluidic chips, it is worth noting that these methods
address a drop on a flat surface, and not inside a
microchannel. As such, the contact angle and total surface
free energy in this study characterise liquids and surfaces,
rather than the geometry of a channel. There exists
research and publications which discuss measuring the
contact angle inside channels or tubes [37—-42]. However, at
the time of this study there was heterogeneity and
ambiguity among these methods, and to support wide
applicability and standardisation this study did not use
them.

The measurements of contact angle were performed at
the liquid flow laboratory at CETIAT in Villeurbanne,
France. The measurements used sample 1, see Table 1, and
three liquids were used: water, di-iodomethane, and
ethylene glycol. Figure 3 shows the laboratory setup that
measured the contact angles on a flat surface. To comply
with the test conditions described in ISO 19403-2 [36], the
laboratory setup operated not exposed to vibrations, intense
air flows, or intense light from the outside. Furthermore,

the setup was oriented horizontally, equilibrated with the
room temperature that was within (23+2) °C, and the
room’s relative humidity was within (50 £ 5)%.

The glass slide was placed in a sample holder, and the
position adjusted to place it in the lower half of the image of
the microscope camera. The slide holder was positioned
between the microscope camera and a source of white
diffused lighting, see Figure 3. The test liquid was prepared
and filled in a clean and bubble-free syringe. The cannula of
the syringe was moved to the top of the image, and the
image was adjusted for focus, contrast, and brightness.
Carefully, the syringe placed a drop on the glass slide, and
the microscope magnification was adjusted to make the
drop take up about 2/3 of the image.

The laboratory setup was calibrated with the calibra-
tion standards CP24 from KRUSS [43]. The standards are a
set of contact angle shapes printed on glass slides, and they
accurately follow theoretical drop shapes according to
Young-Laplace. The Young-Laplace equation can be
found in ISO 19403-1 [13]. The calibration standards
allow calibration of contact angles with an accuracy of
Uangle standard = 0.1° [43]. Contact angles were measured by
manually evaluating captured images with the software
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ImageJ [44]. For this calibration three measurements of the
contact angle were made for each of the three standards
with reference contact angle values 30°, 60°, and 120°.
This study used the Owens, Wendt, Rabel, and Kaelble
(OWRK) model to determine the total surface free energy of
the solid surface [13,36]. The OWRK model originates from
application of adsorption theory to describe the wettability
of a solid surface with a liquid [13,45,46]. The theory
formulates a state of equilibrium for the three-phase point,
see Figure 2. This equilibrium involves quantities such as
the contact angle, the total surface free energy of the
solid surface, and the total surface tension of the liquid [13].
The OWRK model assumes that polar interactions and
disperse interactions dominate other molecular interac-
tions [13,45,46]. Thus, the model describes the total surface
free energy of the solid surface oy, as the sum of the polar
surface free energy of the solid surface o and the disperse
surface free energy of the solid surface o.! [13,45,46].
Likewise, it describes the total surface tension of the liquid
o1 as the sum of the polar surface tension of the liquid o1”
and the disperse surface tension of the liquid 01" [13,45,46]:

d
o5 = oh + o

o1 =0} +al. (1)

Finally, the OWRK model formulates the equilibrium
with the following linear equation [13,36]:

y=mzx+b (2)
where [13,36]:
Y- (1 4 cos 6)-0;
24/
m=\/o¥
p
2

b=/t 3)

In summary, application of the OWRK model enabled
determination of the total surface free energy of the solid
surface o, as follows. Two or more liquids with known
values of total surface tension o}, disperse surface tension
01! and polar surface tension o1”, were placed on the solid
surface and contact angles 6 were measured. In this study,
the surface tension values were obtained from ISO 19403-2
[36,47]. The literature and measured values enabled
calculation of z and y, as stated in equation (3), and a
linear equation of the form in equation (2) was fitted to
and y. From the fit parameters m and b, the polar surface
free energy of the solid surface was derived as o’ = m?, and
the disperse surface free energy of the solid surface was

derived as 0.1 = b”. As stated in Equation 1 the total surface
free energy of the solid surface was found by adding the
disperse and polar contributions. It can be inferred from
equations (2) and (3) that if all else is equal, a drop will
have a smaller contact angle on a solid surface with a
greater total surface free energy. The contact angle is
illustrated in Figure 2.

2.3 Measurements of surface roughness on
microfluidic surfaces

The area roughness parameter S, is defined as the
arithmetic mean of the absolute value of the height z(z,y)
over the investigated surface A [21], see equation (4).

Su = [ 2t 9)ldady. (4)

Similarly, the profile roughness parameter R, is defined
as the arithmetic mean of the absolute value of the height
Z(z) over a line [, on the investigated surface [22,48], see
equation (5).

le
1
R, :E/|z(:c)|d:1: (5)
0

Notice that equations (4) and (5) use the absolute value
of the height, so peaks and valleys of a surface do not cancel
each other out. Furthermore, the height in equations (4)
and (5) is referenced with the mean of the surface, and ISO
25178 describes filters applied to surface data prior to
calculation of roughness parameters [21].

2.3.1 Atomic force microscopy

Atomic force microscopy (AFM) is a technique for imaging
three-dimensional surface topographies at the nanometre
scale [49-51]. AFM scans a sample by moving a sharp
physical probe over the surface, while measuring the
interaction forces between the probe and the surface
[49,51]. In AFM an important force for this interaction is
the interatomic weak force called van der Waals force
[50,51]. The sharp probe is attached to a small arm denoted
a cantilever, and during a scan either the cantilever or the
sample is moved by a very precise positioning system, e.g. a
piezoelectric scanner [52]. The interaction between the
probe and the surface is determined by measuring the
vertical motion of the probe, e.g. using a laser beam
deflection system [49,52]. In one operating mode the probe
is in contact with the sample, and this so-called contact-
mode could damage the surface or the tip. A special
operating mode of AFM is denoted tapping-mode, where
the cantilever vibrates vertically above the surface (~300
kHz typically), probing the interaction forces by the
changes in amplitude and phase of the oscillation can reveal
information about the vertical height of the sample surface
[49,50,52]. This mode is preferred for surface roughness
measurements, avoiding the smoothing of the tip or the
surface during acquisition of images.
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Fig. 4. The MarSurf GD 140 stylus instrument at IPQ, Caparica, Portugal, during the measurement of surface roughness parameters

of a sample. Image credit: IPQ.

Table 2. Results from calibration of the laboratory setup
for measuring contact angle. This result was also
communicated in a report of the MFMET project [33].

Angle of standard (°)  Measured angle (°)  Error (°)
30 30.55 0.55
30 29.35 -0.65
30 29.77 -0.23
60 59.84 -0.16
60 59.70 -0.30
60 59.32 -0.68
120 119.932 -0.068
120 120.20 0.20
120 120.13 0.13
Average of errors E (°) -0.13
Standard deviation of errors o (°) 0.40

This study employed a Veeco Dimension 3100 atomic
force microscope [52] and a Bruker AFM probe OTESPA R3
[53], and these measurements were made at LNE in Trappes,
France. The typical tip radius of OTESPA R3 is 7nm. The
NanoScope software controlled the acquisition of measure-
ments [52]. The AFM was in tapping-mode with cantilever
amplitude, cantilever frequency, gain, and resolution
adjusted according to manufacturer recommendations

[52]. The measurement campaign was carried out after
and before a calibration check to ensure the traceability of the
height measurement. This calibration was realised with a
P900H60 standard (nominal pitch 900 nm, nominal height
60nm) [54]. Furthermore, the measurements were made
after a few hours of thermalisation, and the protective
housing closed. The AFM scans were made in a scan area of
5 wm by 5 pm, 1024 pixels by 1024 pixels (pixel size 4.9 nm),
and scan speed 4 pm/s (scan rate 0.5 Hz).

Following measurements, the software MountainsLab
(Digital Surf) processed the raw images with the following
operations [55]: line to line levelling, thresholding to
exclude possible dust or residue on the surface, and
calculation of the area roughness parameter S, according to
ISO 25178 [56,57]. No additional filters were used.

Sample 2 to sample 4 were used for surface roughness
measurements with AFM. Each sample had three measure-
ments in channel 1, the bonding area, and channel 2, see
Figure 1.

2.3.2 Stylus profilometry

Stylus profilometry measures the topography of a surface by
physically probing the surface with a stylus tip mounted on a
probe arm [58-60]. The stylus profilometer operates with the
application of a small force, which makes the stylus tip
physically touch the surface [60]. Thestylusis typically in the
shape of a cone ending in a spherical tip, and typically the tip
is made of diamond and has radius of a few micrometres
[59,60]. The stylus scans the surface of asample by movement
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provided by a drive unit, typically comprising a motor and
gearbox [60]. The vertical motion of the stylus is electrically
detected, e.g. with a transducer device [60].

This study employed a Mahr reference measuring station
MarSurf GD 140, which scans surfaces with constant velocity
and constant force between surface and stylus tip [61] to give
quantitative information on heights with respect to position.
These measurements were made at IPQ in Caparica,
Portugal. Figure 4 shows the MarSurf probe arm with the
stylus scanning over the channel surface of one of the samples
at the IPQ laboratory. To comply with the MarSurf GD 140
instrument’s specifications, the parameters were set to probe
arm length 45 mm, measuring force 0.030N, spherical tip
radius 2 pm, vertical measuring range —250 wm to +250 pm,
maximum vertical resolution 0.2 nm, and measuring speed
0.10 mm/s [61].

Following the measurements, data analysis was made
with the MarWin EasyRoughness software from Mahr. The
settings for the evaluation of the surface texture of the profile
of the samples were based on the informative annex D of ISO
21920-3:2021 [62], as the samples were produced in aresearch
framework and therefore have no nominal values. Further-
more, the following measurement configuration parameters
were used: total profile length 0.56 mm, section length
0.08 mm, and evaluation length l,=0.4mm [22]. That
analysis enabled the evaluation of several parameters besides
profile roughness parameter R,. These were the height
parameters: root mean square height R, skewness R,
kurtosis Ry,, and total height R, [22], and these were the
feature parameters maximum height R,, mean peak height
R, and mean pit depth R, [22]. ISO 21920-2:2021 explains
these parameters in greater detail [22].

Sample 2 to sample 5 were used for surface roughness
measurements with stylus profilometry. Sample 2 to
sample 4 had nine profile measurements made in channel
1 and channel 2, see Figure 1. Finally, sample 5 had nine
profile measurements made in the bonding area, see
Figure 1. The choice of nine measurements was based
on, and exceeded, the recommendation of five sections in
the informative annex D of ISO 21920-3:2021 [62].

3 Results
3.1 Measurements of wettability on microfluidic surfaces

Table 2 shows results from calibration of the laboratory
setup for contact angle measurements.

From the results in Table 2, the measurement
uncertainty of contact angle measurements was deter-
mined to U(k = 2)contact angle = 1°, using the below formula:

Uangle standar ? =
U(k = 2)Contact angle — 2\/(%“) + (OE)Q + |E‘ (6)

In equation (6), Uingle standara 1S the accuracy of the
angle standard as defined in materials and methods, F and
oy, are respectively the average of errors and standard
deviation of errors, as defined in Table 2. In equation (6),
k=2 is the coverage factor, and its value implies a 95%
confidence level for the uncertainty.

Table 3 presents the results from contact angle
measurements of the three liquids on the surface of
sample 1. For each average contact angle 8, the uncertainty
was evaluated following JCGM [63], and the contributors
to the uncertainty evaluation were: the standard deviation
of the contact angles 6 for each liquid and Ucontact angle from
equation (6).

Table 4 shows values of z and y, see equations (1)—(3),
calculated from the average contact angles in Table 3 and
liquid surface tensions tabulated in ISO 19403-2 [36,47].
The uncertainty of y was determined following JCGM by
propagating uncertainty for y in equation (3) [63], and the
contributor to the uncertainty evaluation was: the
uncertainty of the average contact angle 6 from Table 3.

Figure 5 shows fitting of a linear equation to the values
of z and g, and the caption of Figure 4 presents the fit
parameters. The R-squared value is close to 1 and indicates a
decently successful fit [64], though it is important to notice
that the R-squared statistic does not consider the uncertain-
ty of data. If one compares data uncertainty and the fitted
linear equation in Figure 5, there is a clear discrepancy
between data and fit. The fitting procedure aimed to mitigate
this by using scale_ covar=True in LMFIT, so the width of
the confidence band and uncertainties of the fit parameters
were scaled according to the discrepancy [65].

Using equation (1), equation (3), and the fit parameters
from Figure 5, calculations were made of the polar surface
free energy of the solid surface o,”, and the disperse surface
free energy of the solid surface 0., and the total surface free
energy of the solid surface o,. The associated uncertainties
were evaluated following JCGM by propagating uncertainty
for o, 0., o, in equations (1) and (3) [36,63], and the
contributors to the uncertainty evaluation were: the fit
parameter band mfrom Figure 5. Table 5 displays the results.

3.2 Measurements of surface roughness on
microfluidic surfaces

Table 6 shows results from surface roughness measure-
ments with AFM, and given the resulting uncertainties this
method effectively resolved the nanometre scale of the
observed surface roughness. The uncertainty of S, was
evaluated following JCGM [63], and the contributor to the
uncertainty evaluation was: the standard deviation of three
measurements from the same surface, see Figure 1. Figure 6
shows topographic 2D surfaces from selected measure-
ments with AFM.

Table 6 shows the results from surface roughness
measurements with stylus profilometry, and given the
resulting uncertainties the profile roughness parameter R,
effectively resolved the nanometre scale of the observed
surface roughness. Apart from R, Table 6 also shows the
parameters R, Rg, Ri,, R, R, R, and R, from stylus
profilometry, and these were introduced in the materials
and methods section, and they will be discussed further in
the discussion section. The uncertainty of all parameters
associated with stylus profilometry was evaluated follow-
ing JCGM [63], and the contributor to the uncertainty
evaluation was: the standard deviation of nine measure-
ments from the same surface, see Figure 1.
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Table 3. Contact angle measurements of three liquids on the surface of sample 1. Uncertainties in this table are stated
with a 95% confidence level (k=2). These results were also communicated in reports of the MEMET project [32-34].

Contact angles 6 (°) Water Di-iodomethane Ethylene glycol
27+1 38+1 41+1
22+1 34+1 33+1
21+1 41+1 35+1

Average contact angle 6 (°) 23+6 38+7 36+8

Table 4. Values of z and y. The uncertainties U, are stated with a 95 % confidence level (k= 2). These results were also
communicated in reports of the MFMET project [32,33]. Also shown are values, yg;, from the fit in Figure 5 and a
comparison of y and yg, with Z-score [64] using u, = U,/2. The discussion has further details on the Z-score comparison.

Water

Di-iodomethane Ethylene glycol

T 1.53
y=+U, ((mN/m)"/?) 15.0+0.3
yge ((MN/m)?) 14.1
Z-score (Y-Ygt)/ Uy 4.9

0.00
6.4+£0.3
5.8

4.2

0.74
7.7£04
9.8
-11.1

4 Discussion

The materials and methods described methodology that
can be used as test protocols in microfluidics. A test
protocol to determine the wettability of a surface was
demonstrated on sample 1, a surface of D263® bio glass,
and with three liquids: water, di-iodomethane and ethylene
glycol. The measurement system for contact angles was
calibrated using traceable angle standards. The results of
measured contact angles are presented in Table 3, and the
determined surface free energy of sample 1 is presented in
Table 5. Notice the relatively large uncertainties of the
surface energies, which derived from the discrepancy
between fit and data, see Figure 5. Here, LMFIT was
used with scale covar=True, so the discrepancy contrib-
uted to the uncertainties of fit parameters and in turn to
the uncertainties of the determined surface free energies in
Table 5. Given the discrepancy, it is important to be
critical towards the reliability of the result in Table 5, and
it was not possible to make precise claims about the values
of surface free energies.

The discrepancy between fit and data could be
explained by an underestimation of measurement uncer-
tainties. The uncertainty of y derived from propagation of
the uncertainty of contact angle 6. In turn, the uncertainty
of 6 was estimated using the standard deviation of
reproduced measurements and the measurement uncer-
tainty from the calibration of the contact angle laboratory
setup. Table 4 quantitatively compares y uncertainties and
y values from data and fit. Assuming the fit is correct and
considering the values of Z-score, the uncertainties of y may
have been underestimated by a factor of 4.2 to 11.1.
Considering the values and uncertainties in Table 3, it
seems doubtful that all this underestimated uncertainty
could come from the contact angle measurements. Indeed,
uncertainties greater by a factor of 4.2 to 11.1 could exceed

189 ——- Fit

Confidence band (68 %)
Data (k=2)

161 4
14 1 o
12 1 =

101 -~

y ( (mN/m)¥2)
\
\

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
X

Fig. 5. Plot of values of z and y. Uncertainties of y, b and m have
a 95 % confidence level (k=2). A linear equation with confidence
band was fitted using LMFIT [65], and the fit parameters are:
intercept b= (6 3) (mN,/m)"/? and slope m= (5% 4) (mN/m)"/2
The R-squared of the fit is R*=0.87. These results were also
communicated in reports of the MFMET project [32-34].

Table 5. Calculated values for 0., 0.9, and o for sample 1
from Table 1. See equations (1) and (3) for definitions, and
this table shows uncertainties with 95% confidence level
(k=2). These results were also communicated in reports of
the MFMET project [32-34].

Parameter Value £ uncertainty (mN/m)
os’ 30£40
o4 34+ 38
o 63 £55
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Table 6. Results of surface roughness measurements by AFM and stylus profilometry. The samples and locations of
measurements are shown in Figure 1. The uncertainties have a 95 % confidence level (k=2). No AFM results were
available from the channel surfaces of sample 4, or from sample 5. No stylus profilometry results were available from the
bonding surface of sample 2 — sample 4. These results were also communicated in reports and a data set of the MFMET

project [31,32,34,35].

AFM

Stylus profilometry

Sample Location .S, (nm) R, (nm) R, (nm)

R, (nm)

R, (nm) R, (nm) R, (nm) Ry R

2 Channel
surface 1

Channel
surface 2

Bonding
surface
3 Channel
surface 1
Channel
surface 2
Bonding
surface
4 Channel -
surface 1
Channel -
surface 2

0.60+0.04 1.4+£02 1.7£04 8%2

0.60£0.06 1.3+£0.6 1.6+0.7 8£3

0.51£0.04 - - -

0.56+0.06 1.3+£0.2 1.6£04 8+2

0.56+£0.02 1.3£06 1.7£0.7 8£4

0.49+£0.04 - - -

1.4+03 1.8+06 8&£2

1.5+0.7 1.9+£09 9+4

Bonding 0.46+£0.02 - - -
surface

5 Bonding -
surface

1.4+04 1.8+05 8&£2

12+6 4+1 4.0£0.8 -0.1+06 4+2

10+6 4+2 4+2 —04+£0.7 3+2

11£6 4+2 4+1 -0.1£08 4+2

12+6 4+2 4+2 -0.2+£06 32

13+9 4+1 4+1 0+1 55

13+9 4+2 4+2 0x+1 5+5

11+3 4+1 4+1 -0.4+£04 33+£0.6

the values of 6 in Table 3, and that large uncertainties
cannot be justified by observations. Another possibility is
that the uncertainties in Figure 5 were underestimated
because the values used for surface tension of liquids did
not account for uncertainty. Analysis of propagation of
error [63] for y in equation (3), using values applicable to
water for 6, o, o,%, suggested that surface tension
uncertainties of order of magnitude ~1 mN/m (corre-
sponding to a relative uncertainty of #1%) would dominate
the uncertainty contributions to gy, and exceed the
uncertainties reported in Table 4. However, the widespread
practise of reporting and using surface tension values
without uncertainty makes it difficult to investigate this
further [36,66-68]. It is also possible that some data in
Figure 4 is an outlier due to an experimental mishap related
to the cleanliness of the surface, placing the drops, or issues
with liquids or photographs. This study made measure-
ments of wettability in the fall of 2022. While this study
was in review, ISO 19403-2:2017 [47] was updated to ISO
19403-2:2024 [36], and this update removed the use of
ethylene glycol as a test liquid. It is possible that the data
from ethylene glycol was an outlier, because of an issue with
ethylene glycol. For example, ethylene glycol is hydro-
scopic and it changes surface tension with increasing water
content [47]. Future studies may investigate further
underestimated sources of uncertainty or practises to
reduce the occurrence of outliers.

IMTAG communicated that the glass of sample
2-sample 5 was produced to have a surface roughness
below 0.5 nm. The surface roughness was however expected
to increase from various steps during manufacturing, so
values larger than 0.5nm were expected. The AFM
measurements produced surface roughness values in the
range 0.46-0.60nm, which was similar to the surface
roughness specified by IMTAG. Looking in Table 6, the
bonding surface appeared to have slightly lower surface
roughness than the channel surface. Looking at Figure 6, it
appeared that the channel areas were more homogenous,
while the bonding area had more changes in surface
topography over smaller distances. Based on the AFM
results, it can be argued that manufacturing steps
associated with the channels, e.g. wet etching, increased
the surface roughness by a low amount (~0.1nm). Low
surface roughness is a positive situation for later steps in
manufacturing, e.g. bonding processes, and it is positive for
the later applications where a microfluidic flow is contained
by the channel surfaces.

The measurements with stylus instrument in Table 6
showed slightly higher values of profile roughness parame-
ter R, than area roughness parameter S, with AFM in
Table 6. However, it was not possible to directly compare
the two parameters because of some key differences
between the AFM method and the stylus profilometry
method. First, AFM measured the surface roughness as a
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Fig. 6. Topographic surfaces of selected measurements with AFM. Samples and surface types can be compared with Table 1 and
Figure 1. For each pair of sample and surface, three AFM measurements contributed to the AFM averages presented in Table 6. These
results were also communicated in reports of the MFMET project [31,34].

mean over two dimensions, while stylus profilometry
measured it as a mean over one dimension. Second, the
scanning ranges were different with AFM scanning 5 pwm by
5 pm, and stylus profilometry scanning 560 pm. Hence, the
two methods measured surface roughness on different
scales. Finally, the tip radius of AFM was 7nm, while the
tip radius of stylus profilometry was 2 pm, and thus the two
methods see the surface roughness with different levels of
detail. With these considerations, differences are expected
between the two methods.

Models exist for the relationship between surface
roughness and wettability [69-71]. Wenzel stated that
wettability is affected by surface roughness and introduced
the Wenzel roughness factor accordingly [69,70]. In that
model, a higher surface roughness is associated with an
increased contact angle for otherwise chemically similar
surfaces. The work by Cassie and Baxter extended the
relationship between wettability and surface roughness to
porous surfaces, where the liquid drop and solid surface
may not be in full contact, but leave small pockets of air
[71]. Cassie and Baxter discussed examples where a surface
with a regular grid of fibres was associated with a large
contact angle and water-repellency [71]. In this study,
the feature parameters R,, R, and R,, see Table 6 and the
materials and methods section, partly described the mean
peaks and pits of the surfaces, and this was partly related
to the relationship between surface roughness and wettabili-
ty. In that perspective, Hongru et al. evaluated the Wenzel

roughness factor of several surfaces using laser scanning
confocal microscopy, albeit not they did not measure
wettability which was the objective of this study [72].

In conclusion, this study presented methods which can
be used as test protocols for wettability and surface
roughness in microfluidic manufacturing of devices. These
quantities are important in microfluidics, and they may
affect flow characteristics, bonding processes, and special
mechanisms such as droplet generation, multiple fluid
phases in a porous medium, and spreading of fluid. Such
test protocols can help the microfluidic industry in
facilitating robust quality control, characterisation of
devices, validation of devices, and standardised metrology.
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