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We present a self-contained study of the dynamics of oscillating nanomenisci anchored

on nanometric topographical defects around a cylindrical nanofiber with a radius below

100 nm. Using frequency-modulation atomic force microscopy (FM-AFM), we show that

the friction coefficient surges as the contact angle is decreased. We propose a theoretical

model within the lubrification approximation that reproduces the experimental data and

provides a comprehensive description of the dynamics of the nanomeniscus. The dissipation

pattern in the vicinity of the contact line and the anchoring properties are discussed as a

function of liquid and surface properties in addition to the forcing conditions.

I. INTRODUCTION

The study of liquid dynamics in the close vicinity of the contact line is fundamental to

understanding the physics of wetting [1,2]. The strong confinement inherent to this region leads,

in the case of a moving contact line, to a divergence of the energy dissipation. This singularity

can be released by the introduction of microscopic models based on long-range interactions, wall

slippage, or diffuse interface [3], which are still difficult to determine experimentally. In most cases,

the spreading is also controlled by the pinning of the contact line on surface defects [4,5]. For

nanometric defects, the intensity and localization of the viscous energy dissipation is crucial to

understanding the wetting dynamics. The aim of this paper is to study the hydrodynamics of a

nanomeniscus anchored on nanometric topographic defects and subjected to an external periodic

forcing. This configuration allows one to investigate the viscous dissipation in a meniscus down

to the very close vicinity of the fixed contact line and to assess the dynamics of the pinning of

nanometric defects. In addition to being an important step towards the elucidation of the wetting

dynamics on rough surfaces, this issue is relevant for vibrated droplets or bubbles [6] and for the

reflection of capillary waves on a solid wall [7].

Atomic force microscopy (AFM) has proven to be a unique tool to carry out measurements

on liquids down to the nanometer scale: liquid structuration [8] or slippage [9] at solid interfaces

was evidenced, while the use of specific tips fitted with either micro- or nanocylinders allowed

quantitative measurements in viscous boundary layers [10] and at the contact line [11]. In this study,

we have developed an AFM experiment based on the frequency modulation mode (FM-AFM) to

monitor, simultaneously, the mean force and the energy dissipation experienced by an anchored

nanomeniscus. Artificial defects with adjustable size are deposited on cylindrical fibers (radius

below 100 nm) to control the pinning of the contact line and the meniscus stretching during the

oscillation. The experiments are analyzed in the frame of a nanohydrodynamics model based on

the lubrification approximation. Interestingly, the meniscus oscillation does not lead to any stress

divergence at the contact line allowing a full resolution without the use of cutoff lengths in contrast

with the case of a moving contact line. This study thus provides a comprehensive description of
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FIG. 1. FM-AFM spectroscopy curves performed on a 3EG liquid drop. (a) Force F and (b) friction

coefficient β as a function of the immersion depth d . (c) SEM image of the 3.2µm long and 170 nm diameter

probe, covered by three platinum rings of thicknesses r0 = 10, 15, and 40 nm, from bottom to top. (d) Zoom

on the friction coefficient curve on the second defect with sketches of the meniscus.

dissipation mechanisms in highly confined menisci and an estimate of the critical depinning contact

angle for nanometric defects.

II. EXPERIMENTAL METHODS

The fibers used in the experimental study were carved with a dual beam FIB (1540 XB Cross

Beam, Zeiss) from conventional silicon AFM probes (OLTESPA, Bruker). Using a beam of Ga

ions, a 2 to 3 µm long cylinder of radius R ∼ 80 nm is milled at the end of a classical AFM

tip. An ELPHY MultiBeam (Raith) device allows to manufacture nanometric spots of platinum

by electron beam induced deposition (EBID) in order to create ring defect of controlled thickness

around the cylinders (see Supplemental Material [12]). An example of a homemade cylinder with

three annular rings is displayed in Fig. 1(d). The liquids used are ethylene glycol (1EG), diethylene

glycol (2EG), triethylene glycol (3EG), and an ionic liquid, namely, 1-ethyl-3-methylimidazolium

tetrafluoroborate. The liquids have a low volatility at room temperature. Their dynamic viscosities

are η = 19.5, 34.5, 46.5, and 44 mPa · s, and their surface tensions are γ = 49.5, 49.5, 48, and

56 mN · m−1 at 20◦, respectively. As surface conditions play a crucial role in wetting, measurements

are made before and after a 5 min UV/O3 treatment aimed at removing contaminants and making

the surface more hydrophilic [13].

Using a PicoForce AFM (Bruker), the tips are dipped in and withdrawn from a millimetric liquid

drop deposited on a silicon substrate. Prior to any experiment series, the cantilever quality factor

Q and deflection sensitivity are measured, and its spring constant k is determined using standard

calibration technique[14]. The experiments are performed in frequency modulation (FM-AFM)

mode using a phase-lock loop device (HF2LI, Zurich Instrument) which oscillates the cantilever at its

resonance frequency f . A proportional-integral-derivative controller is used to adjust the excitation

signal Aex in order to maintain the tip oscillation amplitude A constant. The excitation signal Aex is

therefore a direct indication of the system dissipation. In particular, it is linearly related to the friction

coefficient of the interaction through β = β0 (Aex/Aex,0 − 1), where Aex,0 and β0 = k/(ω0Q) are,

respectively, the excitation signal and the friction coefficient of the free system in air, measured

far from the liquid interface [15]. We used cantilevers with quality factor Q ∼ 200 high enough to

ensure that the resonant frequency is related to the natural angular frequency through ω0 = 2πf .

We showed recently that this procedure, and the appropriate calibration used, gives quantitative
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measurements of dissipation in the viscous layer around the tip [10]. In the present case, it allows us

to monitor, during the whole process, both the capillary force F and the friction coefficient β, which

are related to the shape of the meniscus and to the viscous dissipation, respectively. Note that both

values are obtained with a 20% accuracy mainly coming from the uncertainty in the determination

of k.

III. RESULTS

Figure 1 shows the results of a typical experiment performed on a 3EG drop. The measured

force F [Fig. 1(a)] and friction coefficient β [Fig. 1(b)] are plotted as a function of the immersion

depth d for a ramp of 2.5µm. The cylinder is dipped in (light blue curves) and withdrawn (dark

blue curves) from the liquid bath at 2.5µm · s−1. The tip oscillates at its resonance frequency (66

820 Hz in air) with an amplitude of 6 nm. The cantilever stiffness is k = 1.5N · m−1, soft enough

to perform deflection measurements while being adapted for the dynamic mode. The force curve

can be interpreted using the expression of the capillary force [16]: F = 2πRγ cos θ̄ , where R is the

fiber radius and θ̄ is the mean contact angle during the oscillation. After the meniscus formation at

d = 0, and until the contact line anchors on the first ring [at reference (i)] F and θ̄ remain constant,

consistent with Refs. [16–18]. A small jump of the force is observed when the contact line reaches

a platinum ring on reference points (i), (ii), or (iii). Once the meniscus is pinned, the contact angle

increases as the cylinder goes deeper into the liquid, leading to a decrease of the forceF . Conversely,

the withdrawal leads to a decrease of θ̄ and an increase of the force F on the left of (i), (ii), and (iii).

Hence, each ring induces two hysteresis cycles characteristic of strong topographic defects [4].

Different contributions to the probe-liquid system account for the friction coefficient behavior.

The global increase of β with d observed on Fig. 1(b) results from the contribution of the viscous

layer around the tip which is proportional to the immersion depth [10]. At withdrawal, β increases

dramatically when the probe reaches the reference points (iv), (v), and (vi) of Fig. 1(b). In those

regions, the force curve indicates that the meniscus is pinned on a defect. The dissipation growth

is therefore attributed to the decrease of the contact angle before depinning as schematized on the

zoom on the friction coefficient curve [Fig. 1(c)]. This large effect can be qualitatively understood

considering that small contact angles—corresponding to reduced film thickness—generate strong

velocity gradients in themeniscus and thus a large dissipation.Note that a similar behavior is observed

on a moving contact line for which the friction coefficient also displays a strong dependance upon

the contact angle β ∼ 1/θ̄ [1].

IV. THEORETICAL MODEL

In order to account for the experimental results, we developed a theoretical model for the

oscillation of a liquid meniscus in cylindrical geometry (see the Supplemental Material [12]). We

consider the problem in the frame of reference attached to the cylinder (see Fig. 2). The flow induced

by the interface motion leads to a friction coefficient βmen. The latter is related to the mean energy

loss P during an oscillation cycle, through P = βmen(Aω)2/2 [19]. Since the capillary number is

small (see Ref. [20]) we may safely state that viscous effects do not affect the shape of the liquid

interface. Therefore, the meniscus profile is solution of the Laplace equation resulting from the

balance between capillary and hydrostatic pressures, which in turn yields the well-known catenary

shape [21–23]:

h = (R + r0) cos θ cosh

[

z

(R + r0) cos θ
− ln(ζ )

]

(1)

were ζ = cos θ/(1 + sin θ ). The meniscus height Z0 is given, in the limit of small contact angles,

by

Z0 = (R + r0) cos θ

[

ln

(

4 lc

R + r0

)

− γE

]

(2)



CAROLINE MORTAGNE et al.

FIG. 2. (a) Oscillating meniscus anchored on a defect, displayed in the frame of reference of the fiber. The

velocity profile (black arrows) is calculated from Eq. (4). The stress field η∂rv (color gradient) is computed for

R = 100 nm, r0 = 40 nm, lc = 2mm, A = 10 nm, f = 65 kHz, θ̄ = θcrit = 6.73◦, and η = 30mPa · s. Color

bar in Pa. (b) Same with r0 = 10 nm and θ̄ = θcrit = 7.5◦.

with γE ≃ 0.577 the Euler constant and lc the capillary length. Since Z0(t) oscillates around its

mean position as Z0[θ (t)] = Z0(θ̄ ) + A cos(ωt), we can derive the temporal evolution of the contact

angle:

cos θ (t) = cos θ̄ +
A cos(ωt)

(R + r0)
[

ln
(

4lc
R+r0

)

− γE

] . (3)

Note that our model is meant to deal with positive contact angles only, even if the

defect thickness could in principle allow slightly negative ones. This defines a critical contact

angle θcrit related to the minimum value of θ̄ allowed by the model. One has cos θcrit =

1 − A/((R + r0){ln[4 lc/(R + r0)] − γE}). This critical depinning angle on an ideally strong defect

increases with respect to A and decreases with respect to R + r0. The interface motion being known,

the velocity field is derived using the Stokes equation. Indeed, gravity and inertia can be safely

neglected (Re ∼ 10−8 and lc ≃ 2 mm). Moreover, the viscous diffusion time scale τν = R2/ν is

much smaller than the oscillation period (τνf ∼ 10−7), such that the Stokes equation reduces to the

simplest steady Stokes equation. Using the lubrication approximation, we have finally ∂zP = η1rv

where P is the hydrodynamic pressure and v is the velocity component in the z direction. Finally,

combining themass conservation equation, ∂t (πh2) + ∂zq = 0, where q is the local flow rate through

a liquid section of normal z, the no-slip (at r = R), and free interface (at r = h) boundary conditions

yields the velocity profile:

v(r,z,t) =
2[R2 + 2 h2 ln(r/R) − r2]

∫ z

0
du ∂t (h

2)

R4 + 3 h4 − 4 h2 R2 − 4 h4ln(h/R)
. (4)

From Eq. (4) we derive the expression of βmen:

βmen(θ̄ ) =

〈

4πη

A2ω2

∫ Z0

0

∫ h

R

(∂rv)
2r dr dz

〉

t

, (5)

where 〈 〉t , designates the temporal average over an oscillation cycle (see the Supplemental Material

[12]). Figure 2 displays an example of viscous stress field (color gradient) and velocity profile

(vertical dark arrows) inside a nanomeniscus. The latter are computed from Eqs. (1), (3), and (4)

for a fiber of radius R = 85 nm and a defect with r0 = 10 nm, for typical operating conditions

(f = 65 kHz and A = 10 nm). We observe that the stress is essentially localized at the fiber wall

and is at maximum at a distance of the order of R beneath the contact line. Interestingly, the
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FIG. 3. Normalized friction coefficient βmen/η plotted as a function of θ̄ [see Eq. (5)]. The dashed line

signifies the theoretical model, and the experimental dotted curves are performed over all the studied liquids,

before and after UV/O3 treatment, with R = 85 nm, A = 18 nm, and r0 = 40 nm. The values of the free

parameters used are θbreak = 18.5◦, 12.6◦, 15.1◦, 9.5◦, 10.9◦ and 14.9◦ and βbottom/ηR = 8.7, 4.5, 10.2, 8.9,

13.2, 9.1 for 1EG, 2EG and 3EG, before and after UV/O3 treatment, respectively.

meniscus oscillation does not lead to any stress singularity at the contact line. It does not require

the introduction of a slippage in the vicinity of the (moving) contact line as in the case of wetting

dynamics [24,25]. We therefore used the standard no-slip boundary condition, validated by the

molecular scale values of slip lengths measured on hydrophilic surfaces [26]. The viscous stress

maps also allow one to check a posteriori the interface profile hypothesis. The local capillary

number is Calocal = η∂zv/1P where 1P ≃ γ /R − γ /(R + A) ≃ Aγ/R2. Taking a maximum

value of η∂zv = 3000 Pa obtained for 10 nm defects [see Fig. 2(b)] we find that Ca 6 5 × 10−2, thus

validating the hypothesis. The fact that the viscous stress strongly decays when z becomes of the

order of a few probe radii also strengthens the lubrication approximation, only valid for small surface

gradients (∂zh ≪ 1).

When the mean contact angle θ̄ is decreased, a strong increase of the viscous stress is observed but

its localization remains mostly unchanged (see the Supplemental Material [12]). Another striking

result is the influence of the defect height r0: for contact angles close to the critical one, a reduction

in size of the defect increases significantly the viscous stress but also affects its localization, which

becomes concentrated closer from the contact line as r0 is decreased (Fig. 2). This effect is not

straightforward and may have important consequences on the wetting on surfaces with defects.

Finally, the integration of the stress according to Eq. (5) leads to the normalized friction coefficient

βmen/η as a function of θ̄ , an example of which is plotted in Fig. 3 (dashed line). A significant increase

of βmen is observed for decreasing contact angles in agreement with the experimental observations.

V. DISCUSSION

To quantitatively confront the FM-AFM experiments to the theoretical model, we use the force

signal to determine the experimental contact angles θ̄ . We assume that, due to the inhomogeneous

thickness of the platinum rings, the meniscus depins from the defect for a contact angle θbreak
larger than θcrit value expected for an ideal defect. The maximum force before depinning then reads

Fmax = 2πγ (R + r0) cos θbreak, which allows one to calculate the experimental contact angle for any

d values using cos θ̄ = (F/Fmax) cos θbreak. The latter equation enables us to determine the contact

angle for each d position without using the cantilever stiffness k only known within 20% error. For

each experiment, we make a linear fit of the friction coefficient curve only taking into account the

regions which are not influenced by the defects such as, for example, the portion between points

(iv) and (v) in Fig. 1(b). The subtraction of this fit allows one to dispose of the viscous layer
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FIG. 4. Normalized friction coefficient βmen/η vs mean contact angle θ̄ for different operating conditions.

The dashed lines are plots of the theoretical model [Eq. (5)]. (a) Influence of ring thickness r0 on 2EG for

A = 6 nm. The arrows indicate the value of θbreak. The values of the free parameters used are θbreak = 19.6◦,

15◦, and 12.5◦ and βbottom/ηR = 8.6, 8.2, and 7 for r0 = 30, 40, and 50 nm, respectively. (b) Influence of

oscillation amplitude A for 1EG on a defect with r0 = 40 nm: A = 6 nm, 17.7 nm, and 29.5 nm are plotted in

blue, green, and yellow, respectively. The values of the free parameters used are θbreak = 7.9◦, 9.5◦, and 11.5◦

and βbottom/ηR = 0.13, 0.89, and 2.7 for A = 6 nm, 17.7 nm, and 29.5 nm, respectively. Inset: plot of θbreak
(symbols) and θcrit (solid line) as a function of the oscillation amplitude for a defect of thickness r0 = 40 nm.

Symbol size corresponds to the error bar in θbreak measurements.

contribution on the side of the fiber, leaving only βmen and a constant term induced by the dissipation

associated with the bottom of the tip, called βbottom. The data are then fitted by computing the two

free parameters βbottom and θbreak which minimize the standard deviation between the experimental

data and the theoretical curve [Eq. (5)]. The routine is performed with MATLAB, using the Curve

Fitting toolbox. It (independently) determines the values of the adjusting parameters βbottom and

θbreak using the nonlinear least squares method. As for R and r0, we use effective values measured by

SEM. FM experiments were then performed over all the studied liquids. More than 90 experiments

were carried out with two different home-made probes (R = 80 nm and 85 nm), defect thicknesses

r0 between 10 and 50 nm and oscillation amplitudes A ranging from 5 to 35 nm. Additionally,

experiments were performed before and after surface cleaning by UV/O3 treatment to assess the

influence of tip wettability.

As an example, Fig. 3 displays six curves performed with three different liquids, before and after

UV/O3 treatment, on the same defect (R = 85 nm and r0 = 40 nm) with an amplitude A = 18 nm.

The agreement between the experimental data and the theoretical model is remarkable. A 10-fold

enhancement of dissipation is observed when the contact angle is decreased from 50◦ to 10◦.

As expected, the 5 min surface cleaning does not affect the dissipation process since all curves

superpose on a same master curve. Yet ozone cleaning has a strong impact on the θbreak values.

The hydrophilic surfaces obtained after UV/O3 treatment lead to a strong pinning which allows

to reach smaller contact angle values. For example, for 1EG θbreak decreases from 18.5◦ to 9.5◦,

the latter value being very close to the value of θcrit = 9.4◦. Consequently, the dissipation can

reach larger values after ozone treatment. This is a common observation on all the measurements.

When the tip is more hydrophobic, the liquid may detach between the dots forming the defect

before the θcrit value is reached. Note that, while the model is developed for small contact angles,

confrontation with experiments demonstrates that it remains valid until θbreak ∼ 50◦, values giving

a weak dissipation. This is consistent with previous observations that the lubrication approximation

yields good predictions for moderately large contact angles [2].

In order to discuss further the influence of the various parameters and the resulting values of

the fitting variables θbreak and βbottom, we report in Fi. 4(a) a comparison between the theoretical

model and FM experiments performed on 3EG for (a) different defect thicknesses and (b) various
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FIG. 5. Superposition of 30 experimental curves. In order to visualize different curves, the color is related

to the θbreak value. The range of theoretical values is limited by two solid lines (r0 = 5 nm, A = 33 nm for the

higher one and r0 = 50 nm, A = 6 nm for the lower one); Inset: Histogram of the βbottom values extracted from

the experimental data.

oscillation amplitudes. Figure 4(a) shows that the ring thickness r0 has a low impact on the friction

coefficient curve for 30 nm 6 r0 6 50 nm. Nevertheless, a systematic evolution of θbreak is observed:

larger defect thicknesses lead to a stronger pinning of the defect, which results in a smaller θbreak
value, as marked by the arrows on the curves. We also found that the oscillation amplitude plays a

significant role only for contact angles close to θcrit. Therefore its influence can be noticed only after

the UV/O3 treatment. The theoretical model reproduces well the influence of amplitude observed

for contact angles smaller than 15◦ [see Fig. 4(b)]. A larger amplitude increases the value βmen at

low θ̄ and also leads to an increase of the θbreak value, a general trend observed on all experiments.

These results show that the experimental conditions, namely, the defect size r0, the oscillation

amplitudeA, and the surface wettability, have a small influence on the shape of the friction coefficient

as a function of the contact angle.We therefore report in Fig. 5 30 curves obtained using different tips,

defects, liquids, and amplitudes. All curves superimpose in a rather thin zonewhich is nicely bounded

by the theoretical curves giving the extreme cases within the range of experimental conditions

(10 nm 6 r0 6 50 nm and 6 nm 6 A 6 33 nm). The highest dissipation is obtained for small defect

and high amplitude (r0 = 5 nm and A = 33 nm). From all the measurements (more than 90), we

extracted values of the two adjustable parameters, namely, θbreak and βbottom. The value of θbreak
gives an indication of the pinning behavior. Strong pinning, which corresponds to low θbreak values,

is reached for large defects on hydrophilic tips under weak forcing. This trend, consistent with

macroscopic expectation, therefore remains valid down to nanometer-scale defects. In the optimal

case, the θcrit value expected for an ideal defect could be approached [see Fig. 4(c)]. Dynamic

effects are also probably involved in the depinning transition since three liquids with similar surface

tension and contact angle but varying viscosities show different pinning behaviors. This result,

which has important consequences for the description of wetting dynamics on real surfaces, requires

further investigations. Unlike θbreak, βbottom does not show any systematic influence of amplitude,

defect size, and wettability as expected from the model. Statistics over all experiments (see inset of

Fig. 5) show that βbottom is proportional to the liquid viscosity and is centered around a mean value

βbottom/(ηR) = 7. This is consistent with expected values for a either a flat end or an hemispherical

end leading to βbottom = 8η R [27] or βbottom = 3πη R. This large dispersion comes from the fact

that the tip end is ill-defined and moreover may evolve with time since measurements on hard

surfaces are required, after each series of measurements, for calibration purposes. This hinders a

more quantitative comparison with the theory.
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VI. CONCLUSION

In conclusion, this work provides a comprehensive investigation of the viscous dissipation in

anchored oscillating menisci. We find an excellent agreement between the experimental results and

our lubrication-based theoretical model describing the flow pattern inside the oscillating meniscus.

The confinement induced by the stretching of the meniscus leads to a strong increase of viscous

stress which accounts for the surge of dissipated energy observed at a small angle. Note that this

effect is amplified for small defect sizes, in which case the stress is strongly localized at the contact

line with important consequences for the wetting dynamics on surfaces with defects. The fabrication

of artificial nanometric defects also gives new insights on the depinning of the contact line which

appears for a contact angle value θbreak larger than the theoretical one θcrit obtained for a perfect

pinning. The latter value could be approached using hydrophilic tips showing that the pinning is

all the stronger that the oscillation amplitude A is small and the defect size r0 is large. This study

demonstrates that FM-AFM combined with the nanofabrication of dedicated probes with controlled

defects is a unique tool for quantitative measurements of dissipation in confined liquids, down to

the nanometer scale, and paves the way for a systematic study of open questions in wetting science

regarding the extra dissipation which occurs when the contact line starts to move. In particular,

our approach brings new insights for the role of surface defects, their pinning behavior, and the

associated induced dissipation, down to the nanometer scale.
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