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Abstract

Accurate wetting characterization is crucial for the development of next‐generation

superhydrophobic surfaces. Traditionally, wetting properties are measured with a

contact angle goniometer (CAG) suitable for a broad range of surfaces. However,

due to optical errors and challenges in baseline positioning, the CAG method suffers

from inaccuracies on superhydrophobic surfaces. Here we present an improved

version of the oscillating droplet tribometer (ODT), which can reliably assess wetting

properties on superhydrophobic surfaces by measuring the frictional forces of a

water‐based ferrofluid droplet oscillating in a magnetic field. We demonstrate that

ODT has superior accuracy compared to CAG by measuring the wetting properties

of four different superhydrophobic surfaces (commercial Glaco and Hydrobead

coatings, black silicon coated with fluoropolymer, and nanostructured copper

modified with lauric acid). We show that ODT can detect the small but significant

changes in wetting properties caused by the thermal restructuring of surfaces that

are undetectable by CAG. Even more, unlike any other wetting characterization

technique, ODT features an inverse sensitivity: the more repellent the surface, the

lower the error of measurement, which was demonstrated by experiments and

simulations.

INTRODUCTION

The nonwettability of superhydrophobic surfaces emerges from a

combination of surface roughness and suitable surface chemistry. As a

result, there is a metastable air layer within the surface roughness

below the droplet. The presence of the air layer reduces the solid‐

liquid contact area and leads to high apparent contact angles

(θ > 150°), small roll‐off angles (<10°), and low droplet friction, making

superhydrophobic surfaces ideal for self‐cleaning,1 antifogging,2,3 and

antibiofouling applications.4 Comparison of superhydrophobic surfaces

with each other and understanding the interactions between the

droplet and the substrate, which determine properties such as droplet

friction, are crucial for the further development of superhydrophobic

surfaces.

Wetting properties are usually measured using a contact angle

goniometer (CAG),5–9 tilted plate method,10,11 or a force tensiometer.12,13

However, these methods typically suffer from inaccuracies on super-

hydrophobic surfaces due to measurement errors or low sensitivity. Even

though CAG is suitable for a broad range of surfaces,5,14,15 the method is

prone to substantial errors for contact angles larger than 150°.6,15
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An error of 1 pixel in baseline positioning,15,16 insufficient resolution,6

droplet edge detection issues,17 or a slight change of optical settings18

can cause a significant error in the measured contact angle, even over10°

for superhydrophobic surfaces. Also, the tilted plate method, which

provides information about droplet adhesion by measuring the sliding

angle, is affected by the experimental details, such as the droplet volume

and how the droplet was placed on the surface, making a comparison of

results challenging.15,19 Conventional force‐based wetting measurement

techniques can measure down to micronewtons levels of force,13,20

which is insufficient for superhydrophobic surfaces that can have

adhesion forces down to nN levels. However, by improving the force

sensitivity, it is possible to characterize extremely slippery super-

hydrophobic surfaces.21,22

Wetting properties of superhydrophobic surfaces can also be

assessed with the oscillating droplet tribometer (ODT), which uses

the oscillation of a water droplet containing a low concentration of

superparamagnetic nanoparticles (i.e., ferrofluid) to measure the

liquid‐solid interaction.23–25 The ferrofluid droplet is brought into an

oscillatory motion on the surface using a magnet below the sample

surface. The frictional forces related to contact angle hysteresis and

viscous dissipation are calculated from the damping rate of the

oscillation, that is, how rapidly the oscillation amplitude decays

with time.

In this study, we present an improved version of the ODT, which

uses two magnets instead of one. In contrast to the one‐magnet

ODT, the two‐magnet ODT allows precise control of the vertical

magnetic forces acting on the ferrofluid droplet. When the droplet is

at the same distance from both of the magnets, the net vertical

magnetic force is zero because of symmetry and the magnetic field

only produces a horizontal restoring force (Figure 1a). As a result, the

droplet shape and contact area with the surface are virtually

unaffected by the magnetic field. Additionally, for the two‐magnet

ODT, the horizontal magnetic force is about twice as strong as

compared to ODT with a single magnet.

We show that the ODT can reliably measure wetting

properties on four different superhydrophobic surfaces (glass

treated with commercial Glaco and Hydrobead coatings, black

silicon coated with a fluoropolymer, and nanostructured copper

modified with lauric acid, all of which have water contact

angle >150°). We compare the results from CAG and ODT and

show that ODT is a considerably more sensitive method for

characterizing superhydrophobic surfaces than CAG. Further-

more, we validated the ODT analysis using numerical simulations

and estimated the valid measurement range for ODT. We also

show that the ODT can measure the minute decrease in super-

hydrophobicity of nanostructured copper caused by thermal

degradation, while the change is undetectable by CAG. In addition

to the superior sensitivity, the ODT measurements are considera-

bly faster and more accurate over a large range of contact angle

hysteresis force (FCAH ) values compared to contact angle mea-

surements on superhydrophobic samples. A typical ODT mea-

surement only takes a few seconds, while a comprehensive

contact angle measurement, which includes evaluating advancing

and receding contact angles, typically takes minutes14 (Figure 1b).

F IGURE 1 Oscillating droplet tribometer (ODT) measurements and comparison with contact angle goniometer (CAG) measurements.
(a) Schematic of the ODT showing two cylindrical permanent magnets (blue) above and below the sample surface (orange) and the ferrofluid droplet
(red). The magnetic force (blue arrows) produced by the magnetic field H (black‐red scale) pulls the droplet between the magnets. (b) Comparison of
ODT and CAG measurement. The ODT (left) records the position of the droplet as a function of time (red curve). The ODT measurement only takes
seconds and is robust against optical inaccuracies. The CAG (right) measures the angle between the baseline (red line) and the tangent to the liquid‐gas
interface (yellow line). The CAG method is susceptible to inaccuracies in the baseline location (top inset) and detected droplet shape (blue curve and
bottom insets), especially on superhydrophobic surfaces where the droplet edge and baseline need to be detected with subpixel accuracy.26 Recording
a pair of advancing and receding contact angles by increasing/decreasing drop volume takes multiple minutes.
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RESULTS AND DISCUSSION

The oscillating droplet tribometer23 measures the frictional forces

affecting a ferrofluid droplet as it oscillates on a superhydrophobic

surface in a harmonic potential well created by two cylindrical magnets.

The oscillation of the ferrofluid droplet is induced by moving the two

magnets in a sinusoidal way, which causes the droplet to oscillate in the

harmonic potential (Supporting Information: Video S1 and Figure S1).

The motion of the ferrofluid droplet follows the equation of a general

harmonic oscillator with viscous and sliding friction:

ma k x x βv v F= − ( − ) − − sign( ) ,m CAH (1)

wherem is the mass of the droplet, a is the acceleration of the droplet,

k is the spring coefficient due to magnetic forces, x is the location of

the droplet, xm is the location of the driving magnets, β is the viscous

coefficient, v is the velocity of the droplet, and FCAH is the contact

angle hysteresis force. The parameters k , β, and FCAH were solved by

fitting the measured droplet location with the analytical solution of

Equation (1).23,27 The magnetic fields of the two magnets can be added

together according to the superposition principle, and thus the two‐

magnet field can be calculated by combining the two one‐magnet

fields to be ( )( )F μ V M H H H H= + + , where = +m z
M

H

H

z

H

z( , ) 0
d

d

d

d

d

d u l
u l .23

The field in horizontal direction in the two‐magnet setup is

( )F μ Vc M H x x k x x≈ − + ( − ) = − ( − )m x
M

H m m( , ) 0
d

d
.23 Here, μ0 is the vac-

uum permeability, c the curvature of the magnetic potential well, V

volume of the ferrofluid droplet, M magnetization of the ferrofluid, H

total magnetic field, Hu and Hl the magnetic field of the upper and

lower magnet, respectively, and M

H

d

d
gradient of the magnetization as a

function of the magnetic field.

The improved version of the ODT presented here uses two

magnets to allow more versatile control over the vertical forces

affecting the ferrofluid droplet (Figures 1a and 2) compared to the

previous version of ODT that used a single magnet.23–25 A single

magnet below the oscillating droplet pulls the droplet against

the superhydrophobic surface, flattening the droplet and increasing

the contact area between the droplet and the surface (Figure 2b).

Conversely, ODT with two magnets allows adjusting the vertical

magnetic force to zero or even to point upwards by moving the sample

stage closer to the upper magnet. In addition, the horizontal restoring

force can be adjusted by changing the distance between the magnets.

The droplet centroid location was kept equidistant from the two

magnets, corresponding to a zero vertical magnetic net force based on

symmetry and the calculation of the magnetic force (Figure 1a). In this

case, the horizontal magnetic field is twice as strong compared to the

ODT with a single magnet, which allows measurements with more

dilute ferrofluid and more careful adjustment of the magnetic

properties of the instrument.

To highlight the difference between the one‐ and two‐magnet

setup, the two‐magnet setup with a 30mm distance between the

magnets as compared to the setup with a 100mm distance between

the two magnets to simulate one magnet setup. In the latter case, the

field strength of the upper magnet is only around 2% of the lower

magnet and the setup should be similar to one magnet setup. Using

both setups, the FCAH was measured at different droplet centroid to

magnet distances. The accuracy of one and two magnet ODT is

similar when looking at the singular data points. However, the two

magnet data form a nice linear correlation between the height and

the FCAH, while the one magnet data is more scattered. Also, the one

magnet data has larger confidence intervals on average (0.12 μN)

compared to the two magnet setups (0.034 μN). The ODT can be

used to simulate higher or lower effective gravity by changing the

distance between the droplet and the zero vertical force point

F IGURE 2 Comparison of one‐ and two‐magnet ODT setups. (a) Schematic illustrations of two‐magnet ODT and one‐magnet ODT.
The droplet motion is followed in the analysis area and the droplet centroid to bottom magnet distance (h) is obtained. (b) Droplet profiles from
video frame capture of 5μL 0.2 vol% ferrofluid droplet on Hydrobead sample showing the difference in the droplet shape and contact area for
two‐magnet ODT setup (blue, h = 15 mm, i.e., zero vertical magnetic force) and one‐magnet ODT setup (red, h = 15 mm). (c) Measured FCAH of
Hydrobead sample with one‐ and two‐magnet setups with different heights from the bottom magnet to the centroid of the droplet. Each data
point is a measurement of a single oscillation and the error bars correspond to the 95% confidence interval of the model. FCAH, contact angle
hysteresis force; ODT, oscillating droplet tribometer.
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(15mm for the two‐magnet setup), which is the plane of equal

distance from both of the magnets. This effect is seen in Figure 2c,

which shows an increase in the FCAH as the droplet is moved closer to

the lower magnet. This increase in hysteresis force is expected since

the baseline width increases as the droplet are closer to the lower

magnet.

Besides changing the distance between magnets or using

magnets of different sizes, the magnetic force acting on ferrofluid

droplets can also be adjusted by changing ferrofluid concentration.

To probe the adhesion similar to pure water, the ferrofluid

concentration should be kept low to maintain similar properties to

water (surface tension and viscosity) and limit distortion due to

magnetic force. Similarly, the vertical magnetic force should approach

zero to represent the case of normal gravity. The effect of the

ferrofluid concentration in the two magnet setup is explained in more

detail in (Supporting Information: Figure S2).

The performance of the two‐magnet ODT is demonstrated by

characterizing four different superhydrophobic surfaces (glass slides

coated with commercial Glaco and Hydrobead coatings, nanostruc-

tured copper,28,29 and black silicon,30 prepared as described in the

Experimental Section). To compare ODT force measurements with

CAG results, the contact angles of the surfaces were measured

(Figure 3). The data were compared using the difference of cosines,

which was calculated for CAG measurements from the contact angles

( θ θ θΔ cos cos − cosrec adv≔ ), while for the ODT measurements

it was calculated from the contact angle hysteresis force

(F Dγ θ θ= (cos − cos )CAH
24

π rec adv3
31 as

θ θ θ
F

Dγ
FΔ cos cos − cos =

π

24
=
π

24
′ .rec adv

3
CAH

3

CAH≔ (2)

Here, D is the approximate width of the droplet baseline (liquid–solid

contact line on two‐dimensional [2D] droplet profile) determined

from the high‐speed video in ODT experiments and γ is the surface

tension of the ferrofluid. The θΔ cos is used for comparison as it is a

quantity that can be obtained from both measurement techniques

and it is proportional to the dimensionless friction force22 (F′CAH ,

Equation 2), which describes the mobility of the droplet. In addition

to the FCAH , the ODT measures the viscous coefficient of the

oscillating droplet, which describes the velocity‐dependent losses in

the system and thus energy dissipation (see Supporting Information

and Figure S1 for more details).

It is important to note that the θadv and θrec in Equation (2) are the

quasi‐static contact angles of a stationary droplet, which in general are

different from the dynamic contact angles (DCAs) observed in a

F IGURE 3 Characterization of superhydrophobic samples with CAG and ODT and limits of both instruments. (a) Advancing and receding contact
angles measured with CAG. (b) Contact angle hysteresis forcesFCAH measured with ODT. (a, b) Data points are mean values from three measurements
while error bars denote standard deviation. (c) The difference of cosines, θΔ cos , was calculated from CAG and ODT measurements. For the different
samples, θΔ cos , as measured by CAG, is the same within the margin of error, while θΔ cos from ODT shows clear differences between the samples.
(d) Limitation of the CAG with suggested θΔ cos = 0.02 (orange line) as an upper limit for CAG sensitivity. (e) Relative errors in the analysis of
simulated ODT data. The relative error is small (<1%) between 10−8 and 10−6 N, which corresponds to the typical FCAH range for superhydrophobic
surfaces measured with a 10μL droplet. The error bars represent the 95% confidence interval of the fitted model. CAG, contact angle goniometer;
FCAH, contact angle hysteresis force; ODT, oscillating droplet tribometer.
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moving droplet such as in ODT.9 The velocity‐dependent portion of

the viscous and CAH force is included in the viscous force of the

model (Equation 1) instead of FCAH . As a result, FCAH obtained from

the ODT measurements can be compared with the difference of

cosines θΔ cos determined with the CAG as long as the change of

DCAs due to velocity is small. The details of the separation of the

velocity‐dependent portion and velocity‐independent portion of

the FCAH are discussed in the Supporting Information. In addition to

the frictional forces, the DCAs were also determined from the videos

recorded with the ODT using a custom MATLAB code and compared

with the quasi‐static θadv and θrec measured with the OneAttension

goniometer (Supporting Information: Figure S3). The measured largest

and smallest DCAs are similar to the quasi‐static θadv and θrec

(Supporting Information: Figures S3 and S4, and Table S1), which

suggests at most a minor effect from the velocity (0–0.1 m s−1) on the

CAs in these measurements, which means we can compare the ODT

with the CAG measurements.

The θΔ cos (Figure 3c) was measured for each sample three times

at the same spot with both techniques. The standard deviation of the

CAG measurements is large and does not allow differentiating the

superhydrophobic samples from each other, which shows that CAG is

not suitable for sensitive characterization of these surfaces. In

contrast, the ODT can clearly detect the differences between the

samples, showing that droplets move more easily on black silicon and

Hydrobead samples (lower FCAH ) than on nanostructured copper and

Glaco samples (Figure 3b). Furthermore, the ODT can detect a

difference of ~500 nN between the samples with higher FCAH

(nanostructured copper and Glaco). Even the tiny difference of only

~50 nN between the samples with lower FCAH (black silicon and

Hydrobead) is statistically significant with a t‐test value of

p = 0.0018 < 0.05. The difference is more significant when calcu-

lated from the θΔ cos with a t‐test value of p = 0.00052 < 0.05. In

comparison, the t‐test of θΔ cos calculated from the CAG results for

the same surfaces produces p = 0.41 > 0.05, which implies that the

CAG measurements cannot detect a statistically significant difference

between the two surfaces. Figure 3c shows the difference of cosines

calculated from the CAG and ODT results ( θΔ cos CAG and θΔ cos ODT,

respectively), illustrating the higher sensitivity of the ODT compared

to the CAG. The uncertainties of θΔ cos CAG are caused by the

inaccuracies in the optically determined advancing and receding

contact angles, and the resulting uncertainties (0.016–0.024) are

much larger than the uncertainties in θΔ cos ODT (0.00072–0.011),

which include uncertainties from the determination of the width of

the droplet baseline. The lower uncertainties in θΔ cos ODT compared

to θΔ cos CAG indicate that ODT is more suitable than CAG for

characterizing superhydrophobic samples.

The typical errors of CAG can exceed ±6° in the super-

hydrophobic regime due to different error sources, for example, for

θ between 160° and 170°, uncertainty in baseline location ±3°,15,16

uncertainty in droplet edge detection ±3°,17 and suboptimal optical

settings ±4°.18 This measurement error of CAG can be transformed to

a hysteresis value of θΔ cos = cos 168° − cos 180° = 0.02, which can

be considered the smallest possible value of θΔ cos measurable by

CAG in the superhydrophobic range. This smallest measurable θΔ cos

can be visualized by calculating the advancing and receding contact

angle pairs from (Equation 2) as θ θ θ= arccos(cos − Δ cos )adv rec

(Figure 3d). To be able to measure the difference of cosines with

the same accuracy as ODT ( θΔ cos = 0.0007ODT ), the accuracy of the

CAG would need to be better than 0.2°, including all the systematic

errors for contact angles between 150° and 170°, which is techni-

cally not feasible with current CAG.

We also measured sliding angles on black silicon (≈0.2° ± 0.1°)

and Hydrobead (≈0.3° ± 0.1°) samples (see Supporting Information

and Table S2 for more details). Based on measured sliding angle

values, the tilting cradle precision (0.1°) does not allow differentiation

between the two samples. This also indicates that a slight variation in

droplet mobility across the sample could not be detected by

measuring sliding angles. Additionally, when measuring sliding angles

that are less than 1°, a user would need to follow careful protocol

(e.g., leveling samples) to avoid measurement errors. The details of

these measurements are included in (Supporting Information:

Table S2).

We validate the ODT analysis by using simulated oscillation data

(Figure 3e and Supporting Information: Figure S5) generated

numerically with the general harmonic oscillator equation

(Equation 1). The simulated oscillation data was analyzed using the

ODT algorithm. The accuracy was estimated with both the 95%

confidence interval of the fitted model and the difference between

the used simulation value for hysteresis force to the solved value of

the hysteresis force. The analysis of the simulated data shows low

fitting uncertainty (<5%) and low relative error (<1%) when FCAH is

between 10 and 10−8 −6 N for typical parameter values (droplet mass

m = 10 mg, viscous coefficient β = 13 μNs m−1, spring coefficient

k = 13mN m−1). The fitting uncertainty and relative error above

F > 1CAH μN start to increase due to the low number of oscillations;

however, the analysis is accurate as long as the outliers can be

identified. The increasing uncertainty below 10 nN is due to the

viscous force dominating FCAH, which causes the FCAH estimation to

be lower than the used simulation value down to −30% when

F ≈ 1CAH nN. This lower limit (F ≈CAH 10 nN) of the method for a 10 μL

simulated droplet is at the same force range as the lowest measured

F ≈CAH 10 nN for a 1 μL water droplet on black silicon with

fluorocarbon coating.22 These two factors imply there is a lower

and upper limit for the accuracy of ODT; however, these limits

depend on the parameter values used for generating/measuring the

data, for example, higher droplet mass shifts the range of accurate

analysis to higher FCAH, which allows tuning the measurements by

using differently massed droplets to probe a different FCAH range.

Overall, the range of measurable FCAH and the measurement accuracy

are suitable for measuring a wide range of superhydrophobic

surfaces.

Owing to their oscillatory nature, the ODT measurements

benefit from inverse sensitivity, which allows to accurately determine

the tiny viscous and contact angle hysteresis forces. The smaller

the frictional forces, the longer the droplet oscillates, resulting in

more data points available for analysis, thereby improving the
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accuracy of ODT. The inverse sensitivity is visible in the simulated

results (Figure 3e), which show high accuracy (error less than 1%)

and near‐constant uncertainty of fit (error bars roughly ±0.5%) for a

large range of FCAH values. This implies that as the measured friction

value decreases, the accuracy of the method increases since the

relative error stays constant. In addition, the quality factor (Q) of the

oscillations increases as the contact angle hysteresis force decreases

(Supporting Information: Figure S6), which supports the increased

sensitivity of the ODT.32 This inverse sensitivity is not a typical

property of measurement instruments, for example, the CAG does

not have inverse sensitivity.

Next, we evaluate the capability of CAG and ODT to detect tiny

changes in wetting properties. As a model type of sample, we use a

series of nanostructured copper surfaces that vary slightly in wetting

properties through a thermal restructuring process.28,29 The samples

were heat‐treated at 100°C for 1–5 h, which affects the surface

morphology of the nanostructured copper. The reference sample

(unheated, Figure 4a) shows the hierarchical morphology of flower‐

like copper oxide (CuO) structures on dense copper hydroxide

(Cu(OH)2) nanowires arrays.33 The heat treatment transforms the

metastable Cu(OH)2 nanowires into more stable CuO,34 which

decreases the number and coverage of Cu(OH)2 nanowires

structures, while the volume and density of the CuO flower‐like

structures increase (Figure 4a,b). The heat treatment also reduces

the thickness and density of the Cu(OH)2 nanowire layer and reveals

the smoother copper surface below which is not visible in the

SEM image before the heat treatment (Figure 4a).

The change in surface morphology caused by the heat treatment

affects the wetting properties of nanostructured copper, which were

measured using CAG and ODT. The measured wetting properties for

the unheated sample as well as for the samples heated for 1–5 h are

shown in Figure 4c. The CAG could not differentiate between the

samples due to the high uncertainties and lack of any clear trend in

the calculated θΔ cos CAG values, which were calculated based on θadv

and θrec measurements (Supporting Information: Figure S7). In

contrast, the ODT results show an approximately linear increase in

the θΔ cos ODT with respect to the heating time with low uncertainties

in the obtained values. It was also noticed that during the CAG and

ODT measurements the droplet moved in a stick‐and‐slip motion,

which further indicates an increase in θΔ cos , while on the unheated

surface the droplet moved smoothly.

The ODT has a remarkable property of inverse sensitivity (i.e.,

measurement error becomes smaller for smaller θΔ cos ), while the

CAG has relatively constant sensitivity (Figures 3c and 4d).

The inverse sensitivity of the ODT enables accurate measurement

of the FCAH and θΔ cos as FCAH can vary over multiple orders of

magnitude (from 10 nN to 3μN) on superhydrophobic surfaces. For

example, as the θΔ cos ODT changes from 0.005 to 0.018, the receding

value would change from 164° to 161°, if the advancing contact angle

is assumed to be 165°. This small difference of 3° between the

advancing and receding contact angles is too small to measure for

superhydrophobic surfaces due to large errors up to ±6°.

The results in Figures 3 and 4 show that the CAG is not sensitive

enough to detect differences between superhydrophobic surfaces with

contact angles above 160°, while the ODT can clearly differentiate

between the samples. Still, the CAG remains useful for a wide range of

surfaces with contact angles well below 160°, while above 160° the

accuracy decreases due to potential errors in baseline location,15,16

F IGURE 4 Measuring wetting of thermally modified copper surfaces. (a) SEM image of the nanostructured copper before heating, showing
the hierarchical morphology of flower‐like CuO structures on dense Cu(OH)2 nanowires. (b) SEM image of the nanostructured copper after
heating, showing morphological changes. (c) The difference of cosines ( θΔ cos ) obtained with the CAG and the ODT was plotted as a function of
heating time. Each point is the mean of three measurements and error bars are standard deviations of the measurements. (d) The error of the

θΔ cos as a function of θΔ cos for the CAG and the ODT measurements. The θΔ cos are the means from (c) and the error θΔ cos are the error bar
magnitudes. CAG, contact angle goniometer; ODT, oscillating droplet tribometer; SEM, scanning electron microscopy.
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measurement protocols,14 optical settings,18 and droplet edge detec-

tion.17 When reporting contact angles, the error estimation previously

has typically included only the standard deviation of the measured

contact angle, not these systematic error sources. To characterize a

superhydrophobic surface, the θadv and θrec need to be measured, which

means two highly accurate contact angle measurements using CAG

would be needed.5 In addition, for contact angles near θ = 180°, the

θΔ cos changes a lot even if the change in θadv and θrec is small,35 which

hinders the analysis of droplet mobility via θΔ cos on superhydrophobic

surfaces. In contrast, the ODT does not rely on optically measured

contact angles and is thus able to characterize superhydrophobic

samples accurately and detect minute differences, as demonstrated by

comparing four different samples as well as systematically modified

surfaces (Figures 3b and 4c). The ODT measurements are accurate as

long as the magnetic droplet oscillates sufficiently on the surface

(Figure 3e). The extremely low FCAH can be measured accurately due to

the inverse sensitivity of the method (Figures 3e and 4d) and the more

accurate input parameters such as the centroid and volume of

the droplet. The centroid is optically measured as the mass center of

the 2D droplet silhouette, which is basically an average of all the points

of the droplet. The centroid measurement is more robust against optical

inaccuracies, which typically affect the edges of the image instead of

large areas as a small change at the edge of the droplet has a small effect

on the centroid location (Supporting Information: Figure S8).

For both measurement methods, the fitting of a model is a

complex step, which must be considered carefully – especially if the

measurement data are inaccurate. For both CAG and ODT, the fitting

and the model themselves are accurate; however, for CAG, the

measurement data can be inconsistent with the Young–Laplace

model.26,36,37 The Young–Laplace model assumes a rotationally

symmetric droplet shape without a needle in it, which does not hold

for the typical CAG measurements in which the volume is adjusted via

syringe needle and the droplet can be asymmetric due to pinning to

the surface. This difference between model and reality decreases the

accuracy of the measurement, especially as the small changes in the

droplet edge location and baseline have a large effect on the measured

contact angles. In contrast, with ODT the model is a general harmonic

oscillator, which can be applied as long as the assumed forces (spring,

viscous, and FCAH ) exist in the system. The magnetic spring force

follows a linear relation with the displacement from the magnet axis.23

The viscous dissipation force is a typical dissipation force dependent

on velocity. The FCAH is of a known form,31 which depends explicitly

only on the material properties. With higher velocities, the air

resistance could play a role, but with the current setup, the estimated

maximum air resistance (17 nN, see Supporting Information) is at least

an order of magnitude smaller than the other forces.

CONCLUSION

In this study, we developed the two‐magnet ODT and demonstrate it

to be a more accurate technique for wetting characterization of

superhydrophobic surfaces than CAG. By measuring the frictional

forces that water‐like ferrofluid droplets experience while oscillating

on the sample surface, the ODT can detect variations between the

samples that cannot be distinguished with the CAG due to large

uncertainties in the optically measured contact angles. Furthermore,

the ODT can detect the tiny variations in wetting properties caused

by gradual structural changes on the surface due to thermal

treatment, showing a linear correlation between the heating time

and θΔ cos while the CAG results remain virtually unchanged. The

CAG and ODT results were compared by calculating θΔ cos , which is

proportional to the dimensionless friction force, which describes the

lateral adhesion of liquid on a surface. The accuracy and error source

analysis for both methods in the superhydrophobic regime suggests

an upper sensitivity limit for the CAG around 160° above which the

goniometer cannot meaningfully distinguish different samples. On

the contrary, the ODT benefits from the highly robust optical analysis

(measuring the droplet location instead of the shape of the droplet).

More importantly, the sensitivity of the ODT increases with

decreasing droplet friction, making the method excellent for

characterizing highly superhydrophobic surfaces. The extreme

sensitivity of the ODT could fit to promote the understanding and

development of the next generation of high‐performance super-

hydrophobic surfaces.

EXPERIMENTAL SECTION

Contact angles were measured with the sessile drop method by using

an optical tensiometer (Attension Theta, Biolin Scientific) with an

automated liquid dispensing system. The advancing contact angles

were measured by placing a 2 µL water droplet on the surface of the

sample and increasing its volume to 10 µL at a rate of 0.05 µL s−1, as

described in a protocol dedicated to hydrophobic and superhydro-

phobic surfaces.14 The receding contact angles were measured by

letting the droplet evaporate.

An oscillating droplet tribometer measurement was done by

placing a superhydrophobic surface on the sample holder between

the two N52 neodymium magnets (diameter 2.5 cm, height 5 cm)

from K&J Magnetics. The distance between the magnets is 3.0 cm

with opposing magnetic poles facing each other. A 10 µL ferrofluid

droplet is deposited on the superhydrophobic surface with a

Finnpipette and the droplet moves to the minimum energy position

between the magnets. The magnets are moved sinusoidally (ampli-

tude 1mm, frequency 4.8 Hz) for two oscillations using a linear stage

(Aerotech PRO165LM), which displaces the droplet from the

minimum energy position and causes it to oscillate in the harmonic

potential created by the magnets. A high‐speed camera (Phantom

v1610) is used to record the motion of the droplet, and a custom

MATLAB code is used to determine the location of the droplet from

the recorded video. The droplet location data after the magnets have

stopped moving is fitted with a general harmonic oscillation model

(Equation 1) by the least‐squares method. Only the harmonic portion

of the oscillations was included in the analysis. The harmonic portion

includes the sufficiently large oscillation amplitudes (>0.5 mm) in the
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approximately parabolic part of the magnetic field (<5mm from the

magnet axis).23

Glass slides were ultrasonicated in analytical grade acetone

at a frequency of 37 kHz for 20 min followed by rinsing in

analytical grade isopropanol and Milli‐Q‐water. Afterward, the

slides were dried with nitrogen and left in the fume hood for

30 min for further drying. Commercial Glaco Mirror Coat Zero

(SOFT99) and Hydrobead‐T coatings were sprayed on the cleaned

glass slides according to the instructions provided by the

suppliers.

The silicon samples were fabricated by maskless cryogenic

deep reactive ion etching (Oxford Plasmalab System 100; Oxford

Instruments) on a 4‐inch silicon wafer (<100>, p‐type doping

1–20 ohm cm) using the so‐called black silicon method.30 The

etching parameters were −110°C etching temperature, 40 sccm

SF6 flow, 18 sccm O 2 flow, 1000W ICP power, 6W platen power,

10 mTorr pressure, and 7 min etching time. After etching, the

samples were coated with plasma‐enhanced chemical vapor

deposited (Oxford Plasmalab 80+; Oxford Instruments) fluoropo-

lymer. The parameters for depositing the fluoropolymer coating

were 50W power, 250 mTorr pressure, 100 sccm of CHF3, and a

deposition time of 5 min.

Nanostructured copper samples were prepared as described in

the literature.28,38 Potassium persulfate (K S O2 2 8, 98%; Sigma‐

Aldrich), sodium hydroxide (NaOH, Fluka), and lauric acid (Fluka)

were used as obtained. Mechanically polished copper substrates

were cleaned by ultrasonication in acetone (99.5%; Sigma‐Aldrich)

for 10 min, followed by rinsing with Milli‐Q water and drying under

nitrogen flow. Subsequently, the substrates were immersed in a

mixed solution of 2 M NaOH and 0.1 M K S O2 2 8 for 20 min at room

temperature (~23°C) and rinsed afterward with Milli‐Q water as

well as dried under nitrogen flow. The K S O2 2 8 and NaOH react

with the surface of the copper substrate forming Cu(OH)2

nanowires and flower‐like CuO structures. The surface modifica-

tion of nanostructured copper was done by immersing the

substrates in 5 mM lauric acid (ethanol solution) for 20 min,

followed by rinsing with acetone and drying under ambient

conditions for ~15 min.

The thermal modification of the nanostructured copper

samples was carried out in an ambient atmosphere using a

hot plate with a temperature of ~100°C. The samples were

placed on the hot plate and removed after a set time ranging from

1 to 5 h.

The simulated data was generated by numerically solving the

differential equation of the general harmonic oscillator (Equation 1)

with a custom Python code. To obtain the droplet location, the

differential equation was solved forward in time (t from 0 to 5.45 s)

with the Runge–Kutta method of order 5(4) from the SciPy integrate

package.39,40 The input parameters for the equation were mass of the

dropletm, magnet location xmag, spring and viscous coefficients k and

β, and the contact angle hysteresis force FCAH. The magnet

location was zero at the start, and then oscillated at frequency

f (x A ft f A= cos(2π ), = 4.8 Hz, = 1 mmmag ) for two oscillations, and

then kept still at zero.

The droplet oscillation motion was stopped at the end of the

oscillations to improve the simulation efficiency of the code at low

velocities as the FCAH changes direction rapidly as the velocity

changes sign at low velocity. This rapid change of force direction

causes the solver to take smaller steps lowering the efficiency of

the code. This stopping was done by increasing the viscous

coefficient 100‐fold when velocity was small ( v < 10 m s−5  −1) and

hysteresis force large compared to other forces ( kx βv F+ < CAH).

In addition, a “hard stop”, which stops the droplet completely, was

done if the hysteresis force was larger than the spring force

( kx F< CAH) and the velocity was small ( v < 10 m s−4  −1). This

stopping does not affect the analysis, since it happens at the tail

end of the oscillations, which are omitted from the analysis.23

However, if the hysteresis force is large enough (e.g., F > 13 μNCAH

when k x= 13 mN m and max( ) = 1 mmm
−1 ) to prevent the motion

of the droplet, then these pinning effects will affect the motion

and the droplet does not move.

The scanning electron microscope (SEM) images of nanos-

tructured copper were taken with a Zeiss Sigma VP SEM. For the

top‐view imaging, samples were placed on carbon tape attached to

an aluminum stub and coated with 5 nm gold‐palladium using a

Leica EM ACE600 high‐vacuum sputter coater. The images were

taken at a low accelerating voltage of 1.0 kV with an in‐lens

detector.

The aqueous ferrofluid was synthesized from iron(II) chloride

and iron(III) chloride using the co‐precipitation method41

and stabilized with citric acid near pH 7.42 The excess water

was evaporated at room temperature until the ferrofluid

contained up to 6.6 vol% of magnetite nanoparticles. For the

ODT measurements, the ferrofluid was subsequently diluted with

Milli‐Q water to 0.2 vol%. The magnetic properties of the

synthesized ferrofluid are shown in Supporting Information:

Figure S9.

ACKNOWLEDGMENTS

The authors would thank Ville Jokinen from the Department of

Chemistry and Materials Science, School of Chemical Engineering,

Aalto University, for providing the black silicon samples coated with a

fluoropolymer. The authors acknowledge the support from the

European Research Council ERC‐2016‐CoG (725513‐SuperRepel),

the Academy of Finland (Centres of Excellence Programme

[2022–2029], No. 346109), and the provision of facilities and

technical support by Aalto University at OtaNano‐Nanomicroscopy

Center.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ETHICS STATEMENT

NA.

JUNAID ET AL. | 45



ORCID

Muhammad Junaid http://orcid.org/0000-0002-1268-1785

Heikki A. Nurmi http://orcid.org/0000-0001-8273-2077

Mika Latikka http://orcid.org/0000-0002-5060-158X

Maja Vuckovac http://orcid.org/0000-0001-5895-7612

Robin H. A. Ras https://orcid.org/0000-0002-2076-242X

REFERENCES

1. Qian H, Lin W, Qi X. Numerical simulation of Fresnel and Fraunhofer
diffractions of monochromatic and white light. Opt Eng. 2016;
55(8):084104.

2. Yoon J, Ryu M, Kim H, et al. Wet‐style superhydrophobic

antifogging coatings for optical sensors. Adv Mater. 2020;32(34):
2002710.

3. Shang Q, Zhou Y. Fabrication of transparent superhydrophobic
porous silica coating for self‐cleaning and anti‐fogging. Ceramics Int.
2016;42(7):8706‐8712.

4. Zhang P, Lin L, Zang D, Guo X, Liu M. Designing bioinspired anti‐
biofouling surfaces based on a superwettability strategy. Small.
2017;13(4):1503334.

5. Krishnan A, Liu YH, Cha P, Woodward R, Allara D, Vogler EA. An

evaluation of methods for contact angle measurement. Colloids

Surf B: Biointerfaces. 2005;43(2):95‐98.
6. Vuckovac M, Latikka M, Liu K, Huhtamäki T, Ras RHA. Uncertainties

in contact angle goniometry. Soft Matter. 2019;15(35):7089‐7096.
7. Subedi DP. Contact angle measurement for the surface characteri-

zation of solids. Himalayan Phys. 2011;2(1):1‐4.
8. Kwok DY, Neumann AW. Contact angle measurement and contact

angle interpretation. Adv Colloid Interface Sci. 1999;81(3):167‐249.
9. Marmur A, Volpe CD, Siboni S, Amirfazli A, Drelich JW. Contact

angles and wettability: Towards common and accurate terminology.

Surf Innov. 2017;5(1):3‐8.
10. Macdougall G, Ockrent C. Surface energy relations in liquid/solid

systems I. The adhesion of liquids to solids and a new method of
determining the surface tension of liquids. Proc Roy Soc

London, Ser A. Math Phys Sci. 1942;180(981):151‐173.
11. Krasovitski B, Marmur A. Drops down the Hill: Theoretical study of

limiting contact angles and the hysteresis range on a tilted plate.
Langmuir. 2005;21(9):3881‐3885.

12. Volpe CD, Siboni S. The Wilhelmy method: A critical and practical
review. Surf Innov. 2018;6(3):120‐132.

13. Samuel B, Zhao H, Law KY. Study of wetting and adhesion
interactions between water and various polymer and superhydro-
phobic surfaces. J Phys Chem C. 2011;115(30):14852‐14861.

14. Huhtamäki T, Tian X, Korhonen JT, Ras RHA. Surface‐wetting

characterization using contact‐angle measurements. Nat Protocols.
2018;13(7):1521‐1538.

15. Liu K, Vuckovac M, Latikka M, Huhtamäki T, Ras RHA. Improving
surface‐wetting characterization. Science. 2019;363(6432):

1147‐1148.
16. Srinivasan S, McKinley GH, Cohen RE. Assessing the accuracy of

contact angle measurements for sessile drops on liquid‐repellent
surfaces. Langmuir. 2011;27(22):13582‐13589.

17. Konduru V. Static and Dynamic Contact Angle Measurement on Rough

Surfaces Using Sessile Drop Profile Analysis With Application to Water

Management in Low Temperature Fuel Cells. Master's Thesis. Michigan
Technological University; 2010.

18. Zimmermann J, Seeger S, Reifler FA. Water shedding angle: A new
technique to evaluate the water‐repellent properties of super-
hydrophobic surfaces. Textile Res J. 2009;79(17):1565‐1570.

19. Pierce E, Carmona FJ, Amirfazli A. Understanding of sliding and
contact angle results in tilted plate experiments. Colloids Surf A:

Physicochem Eng Aspects. 2008;323(1‐3):73‐82.

20. Butt HJ, Roisman IV, Brinkmann M, Papadopoulos P, Vollmer D,
Semprebon C. Characterization of super liquid‐repellent surfaces.
Curr Opin Colloid Interface Sci. 2014;19(4):343‐354.

21. Liimatainen V, Vuckovac M, Jokinen V, et al. Mapping microscale

wetting variations on biological and synthetic water‐repellent
surfaces. Nat Commun. 2017;8:1798.

22. Backholm M, Molpeceres D, Vuckovac M, et al. Water droplet
friction and rolling dynamics on superhydrophobic surfaces.
Commun Mater. 2020;1:64.

23. Timonen JVI, Latikka M, Ikkala O, Ras RHA. Free‐decay and resonant
methods for investigating the fundamental limit of superhydropho-
bicity. Nat Commun. 2013;4:2398.

24. Al‐Azawi A, Latikka M, Jokinen V, Franssila S, Ras RHA. Friction and
wetting transitions of magnetic droplets on micropillared super-

hydrophobic surfaces. Small. 2017;13(38):1700860.
25. Goncalves Dos Santos A, Montes‐Ruiz Cabello FJ, Vereda F,

Cabrerizo‐Vilchez MA, Rodriguez‐Valverde MA. Oscillating magnetic
drop: How to grade water‐repellent surfaces. Coatings. 2019;
9(4):270.

26. Kalantarian A, David R, Neumann AW. Methodology for high
accuracy contact angle measurement. Langmuir. 2009;25(24):
14146‐14154.

27. Ricchiuto A, Tozzi A. Motion of a harmonic oscillator with sliding and

viscous friction. Am J Phys. 1982;50(2):176‐179.
28. Zhang F, Zhang W, Shi Z, Wang D, Jin J, Jiang L. Nanowire‐haired

inorganic membranes with superhydrophilicity and underwater
ultralow adhesive superoleophobicity for high‐efficiency oil/water
separation. Adv Mater. 2013;25(30):4192‐4198.

29. Pan Z, Dash S, Weibel JA, Garimella SV. Assessment of water
droplet evaporation mechanisms on hydrophobic and superhydro-
phobic substrates. Langmuir. 2013;29(51):15831‐15841.

30. Sainiemi L, Jokinen V, Shah A, et al. Non‐reflecting silicon and
polymer surfaces by plasma etching and replication. Adv Mater.

2011;23(1):122‐126.
31. ElSherbini AI, Jacobi AM. Retention forces and contact angles for

critical liquid drops on non‐horizontal surfaces. J Colloid Interface Sci.
2006;299(2):841‐849.

32. Wang YZ, Ding XD, Xiong XM, Zhang JX. Comparative analysis of

internal friction and natural frequency measured by free decay and
forced vibration. Rev Sci Instrum. 2007;78(10):103907.

33. Chen X, Kong L, Dong D, et al. Fabrication of functionalized copper
compound hierarchical structure with bionic superhydrophobic

properties. J Phys Chem C. 2009;113(14):5396‐5401.
34. Cudennec Y, Lecerf A. The transformation of Cu(OH)2 into CuO,

revisited. Solid State Sci. 2003;5(11‐12):1471‐1474.
35. Whyman G, Bormashenko E, Stein T. The rigorous derivation of

young, Cassie‐Baxter and Wenzel equations and the analysis of

the contact angle hysteresis phenomenon. Chem Phys Lett.
2008;450(4‐6):355‐359.

36. Chini SF, Amirfazli A. A method for measuring contact angle of
asymmetric and symmetric drops. Colloids Surf A: Physicochem Eng

Aspects. 2011;388(1‐3):29‐37.
37. Hoorfar M, Neumann AW. Recent progress in axisymmetric drop

shape analysis (ADSA). Adv Colloid Interface Sci. 2006;121(1‐3):
25‐49.

38. Pan Q, Jin H, Wang H. Fabrication of superhydrophobic surfaces on
interconnected Cu(OH)2 nanowires via solution‐immersion.

Nanotechnology. 2007;18(35):5605.
39. Dormand JR, Prince PJ. A reconsideration of some embedded

Runge–Kutta formulae. J Comput Appl Math. 1986;15(2):203‐211.
40. Virtanen P, Gommers R, Oliphant TE, et al. SciPy 1.0: Fundamental

algorithms for scientific computing in Python. Nat Methods.
2020;17:261‐272.

41. Massart R. Preparation of aqueous magnetic liquids in alkaline and
acidic media. IEEE Trans Magn. 1981;17(2):1247‐1248.

46 | DROPLET

http://orcid.org/0000-0002-1268-1785
http://orcid.org/0000-0001-8273-2077
http://orcid.org/0000-0002-5060-158X
http://orcid.org/0000-0001-5895-7612
https://orcid.org/0000-0002-2076-242X


42. Vasilescu C, Latikka M, Knudsen KD, et al. High concentration
aqueous magnetic fluids: Structure, colloidal stability, magnetic and
flow properties. Soft Matter. 2018;14(32):6648‐6666.

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Junaid M, Nurmi HA, Latikka M,

Vuckovac M, Ras RHA. Oscillating droplet tribometer for

sensitive and reliable wetting characterization of

superhydrophobic surfaces. Droplet. 2022;1:38‐47.

doi:10.1002/dro2.9

JUNAID ET AL. | 47

https://doi.org/10.1002/dro2.9



