
Chapter 15
Effect of Capillary Condensation on Nanoscale
Friction

Rosario Capozza, Itay Barel and Michael Urbakh

Abstract While formation of capillary bridges significantly contributes to the
adhesion and friction at micro- and nanoscales, many key aspects of dynamics of
capillary condensation and its effect on friction forces are still not well understood.
Here, by analytical model and numerical simulations, we address the origin of reduc-
tion of friction force with velocity and increase of friction with temperature, which
have been experimentally observed under humid ambient conditions. We demonstrate
that adding a low amplitude oscillatory component to the pulling force, when applied
at the right frequency, can significantly suppress condensation of capillary bridges
and thereby reduce friction. The results obtained show that frictional measurements
performed in this mode can provide significant information on the mechanism of
frictional aging.

15.1 Introduction

The ability to control and manipulate friction during sliding is extremely important
for a large variety of applications. Development of novel efficient methods to control
friction requires understanding microscopic mechanisms of frictional phenomena.
One of the main difficulties in understanding and predicting frictional response is
the intrinsic complexity of highly non-equilibrium processes going on in any tribo-
logical contact, which include detachment and reattachment of multiple microscopic
junctions (bonds) between the surfaces in relative motion [1–8]. Even for an appar-
ently sharp AFM tip sliding on a crystalline surface, the actual interface consists of
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an ensemble of individual junctions [9, 10]. On larger scales the multicontact pic-
ture becomes even more obvious. Friction is not simply the sum of single-junction
responses, but is influenced by temporal and spatial dynamics across the entire ensem-
ble of junctions that form the frictional interface. The way how individual junctions
can be averaged to yield friction response has been the focus of intense research
in the past decades [7, 8, 11–16]. These junctions may represent molecular bonds,
capillary bridges, asperities between rough surfaces, and for lubricated friction they
can mimic patches of solidified lubricant or its domains.

In this chapter we focus on the contribution of capillary bridges to frictional
response. Important examples include the flow of granular materials [17], adhesion
of insects or Geckos to surfaces [18], friction in micro- and nanoelectromechanical
systems (MEMS/NEMS) [19]. Condensation of capillary bridges may be responsible
for frictional ageing that is manifested as logarithmic increase of static friction with
time during which two surfaces are held in stationary contact [20]. Capillary bridges
play a crucial role in the operation of atomic force microscopy (AFM) under humid
ambient conditions and their formation often dominates the measured forces [21–25].
Recent investigations of dependencies of frictional force on hold time, �t , velocity,
V, and temperature, T, suggested that capillary condensation is thermally activated
[20–24]. It has been found that under ambient conditions the nanoscopic friction
force decreases linearly with ln V at low velocities, and increases with T [21–23].
These observations disagree with predictions of thermal Prandtl-Tomlinson model of
friction [26–28] and with results of experiments carried out under ultrahigh vacuum,
which show a logarithmic increase of friction force with velocity and reduction
of friction with temperature [29, 30]. In order to explain the observed logarithmic
decrease of friction force with velocity a phenomenological model has been proposed
[21] that is based on the thermally activated mechanism of nucleation of capillary
bridges in a gap between asperities on the contacting surfaces. The model suggested
that higher velocities correspond to shorter contact times and hence to smaller number
of water bridges formed between the tip and substrate, and as a result the friction
force decreases with V.

Despite importance of water bridges in frictional phenomena and the growing
efforts in the field, many key aspects of dynamics of capillary condensation and its
effect on friction forces are still not well understood. The present study addresses
this problem through an analytical model and numerical simulations.

One unique path to controlling and ultimately manipulating the friction forces
between material interfaces is through externally imposed oscillations of small ampli-
tude and energy. Validity of this approach has been demonstrated experimentally at
nano [31–33] and macroscales [34–36] and numerically with minimal models [37,
38] and molecular dynamics simulations [39, 40].

In this Chapter we demonstrate that adding a low amplitude oscillatory component
to the pulling force, when applied at the right frequency, can significantly suppress the
formation of capillary bridges and thereby reduce friction. The results obtained show
that frictional measurements performed in this configuration can provide significant
information on the kinetics of bridge formation and their stiffness.
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15.2 Model

In our model and simulations we consider a rigid tip with mass M and center-of-mass
coordinate X that interacts with the underlying surface through an array of contacts
representing capillary bridges. The tip is pulled along the surface with a velocity Vd ,
through a linear spring of spring constant, Kd (see Fig. 15.1). In accordance with
recent observations [21–23], we assume that nucleation of capillary bridges occurs
preferentially between asperities at the tip and substrate surfaces, whose contact
radius is much smaller than the AFM tip radius.

Nucleation of capillary bridges is a thermally activated process [20–24], and its
rate, kon , can be described by the equation

k(i)
on = ωon exp

[
−�Ei

on/kB T
]
, (15.1)

where ωon , �E (i)
on are the attempting frequency and the barrier height for the ith

bridge. The energy barrier is proportional to the liquid volume needed to nucleate
the liquid bridge, v = a2

0h (ri ), where a2
0 is a typical nucleation area and h is the gap

between the surfaces at the nucleating site. The capillary bridges are characterized
by a broad distribution of the barrier heights [15, 20–23, 41, 42] that leads to time-
dependent increase of frictional strength, or frictional aging. Here, for simplicity we
assume a uniform distribution of barrier heights above a bottom threshold, �Emin

on .

Then a fraction of junctions with �E (i)
on < �E∗

on is equal to sE
(
�E∗

on − �Emin
on

)
,

with sE being the density of the distribution. Qualitative conclusions of this work
are not sensitive to a particular choice of the distribution. It is worth pointing out that
this model also describes a single capillary bridge growing with time. In this case
the number of contacts represents the bridge size, while the distribution of activation
energies constitutes the barrier to overcome in order to increase the size.

As long as a bridge is intact, it responds elastically to the applied force, and it
can be modeled as an elastic spring with stiffness, κ [43]. Under the action of the
pulling force the bridges are stretched in the lateral direction with a velocity equal
to the velocity of the tip, Ẋ , and therefore the tip experiences the surface force,

Fig. 15.1 Schematic sketch
of a model geometry
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Fcap = −∑i
Ns

fi , where fi = κ
(
li (t) − l0

i

)
, li (t) is the time-dependent bridge

length, l0
i is the bridge length at moment of nucleation and a sum is taken over all

bridges.
When the force, fi , acting on the ith bridge exceeds the threshold value, fc,

corresponding to a maximum force that a capillary bridge can hold the bridge detaches
from the tip. It should be noted that the height of the potential barrier for rupture of
condensed bridges is much higher than kB T [44, 45], and because of this the effect
of temperature on rupture processes is negligible.

Here for the estimation of the threshold force fc we use the value of the maximum
adhesion force (the capillary force) between the asperity and the tip that is given by
the equation

fc = 2πγ a0 (cos θT + cos θS) (15.2)

where γ is the liquid surface tension, a0 is the average radius of asperity, and θT and
θS are the contact angles at the tip and the substrate, respectively. (15.2) should be
applied with caution at microscopic scales [44–46], because it relies on macroscopic
concepts. It should be also noted that the maximum force that a capillary bridge
can hold in the lateral direction before it breaks can be different from the maximum
adhesion force in vertical direction, fc.

In the framework of the model described above the motion of the driven tip is
described by the following equation:

M Ẍ + η Ẋ − Fcap + Kd(X − Vdt) = 0 (15.3)

where η is a damping coefficient responsible for the dissipation of the tip kinetic
energy to phonons and other degrees of freedom which are not considered explicitly
here. In a wide range of parameters the results of calculations are independent of the
value of η.

The instantaneous lateral spring force, which is the main observable in friction
experiments, reads as F = −Kd(X − Vdt), and its time average is equal to the
friction force 〈F〉.

15.3 Temperature and Velocity Dependencies of Friction

The essential difference of the model described above from the previous works
[14, 47, 48], where friction was described in terms of rupture and reattachment of
nanoscale contacts, is a broad distribution of nucleation barriers. This leads to a
long time scale dependence of number of condensed bridges on the time of contact
between the tip and the substrate, and thereby to the effect of frictional aging. The
average number of bridges, Nm f (t), which are formed during the time t, can be
estimated using the mean-field approach that gives [42]:
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N (t) = N0 ×
{

t/τ, t < τ

ln (t/τ) + γ, t > τ
(15.4)

where N0 = sE kB T , 1/τ = ωon exp[−�Emin
on /kB T ] and γ ≈ 0.5572 is the Euler-

Mascheroni constant. The number of condensed bridges as a function of time shows
a linear behavior at short times and logarithmic one at longer times. A logarithmic
increase of number of condensed bridges with time has been already suggested in
previous studies, which considered the effect of capillary condensation on friction at
nano and macro scales [20, 21].

The mean field description presented above allows to describe the effect of cap-
illary condensation on velocity and temperature dependencies of friction. When the
tip is pulled with velocity Vd , the force, fi , acting on a water bridge grows with a
time-dependent rate Kef f Vd/N (t), where Kef f (t) = N (t)κKd

N (t)κ+Kd
is the effective stiff-

ness of the system that includes the pulling spring, Kd, and capillary bridges with
total stiffness N (t)k. The bridge will be ruptured at the time, t0, for which fi = fc.
This yields the following equation for t0:

t0∫
τ0

Kef f

N (t)
Vd dt = fc , (15.5)

where τ0 is a time needed for nucleation of one bridge, N (τ0) = 1, and it can be
estimated as τ0 ≈ τ (N0)

−1. Assuming that N (t)k � K d, (15.5) can be rewritten as∫ t0
τ0

dt
N (t) = fc

Kd Vd
. Then considering a stick-slip regime of motion, the time averaged

friction force, 〈F〉, can be calculated as

〈F〉 ≈ 1

2
Kd Vd(t0 − τ0) (15.6)

It should be noted that (15.5)–(15.6) have been derived under the assumption that all
condensed bridges are ruptured simultaneously at the time t0, when the force acting
on one of them approaches fc. The validity of this assumption will be tested below
using stochastic simulations.

At low pulling velocities or relatively high temperatures, for which a large number
of bridges are condensed during the stick phase of motion N (t0) � N0, the friction
force can be written as

〈F〉 = fc N0�
(

fc N0

K V τ

)
, (15.7)

where � is a scaling function, which depends only on one parameter, ζ = fc N0
K V τ

,
and increases with increasing ζ . It should be noted that both N0 and τ are functions
of temperature, and thus (15.7) provides a direct link between the temperature and
velocity dependencies of friction. In particular, in the range of parameters, where 〈F〉
grows linearly with T, the average friction force decreases approximately logarith-
mically with velocity, 〈F〉 ≈ const − lnVd . This result can be obtained substituting
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(15.4) for N(t) in (15.5) and neglecting the terms of the form of ln ln
[

fc N0
Kd Vdτ

]
, which

are weakly dependent on temperature and velocity.
Equation (15.7) exhibits the same characteristic friction-velocity and friction-

temperature dependences as observed in the experiments [21–23]: (i) decrease of the
friction force with velocity and increase with temperature, (ii) two different regimes
of velocity dependence of friction for high and low pulling velocities, (iii) increase
of critical velocity, Vc, for a transition between the two velocity regimes with T. In
accordance with experimental observations [21–23], at low velocities 〈F〉 shows a
logarithmic-like decrease with Vd , and it levels off at high velocities.

The above results have been obtained in the framework of mean field description,
which is based on consideration of average number of condensed bridges, N(t), and
assumes that all condensed bridges are ruptured simultaneously. This is an approxi-
mation, and a more accurate approach requires a consideration of stochastic dynamics
of nucleation and rupture of capillary bridges that is governed by the nucleation rates
k(i)

on and coupled to the motion of tip in (15.3) [42]. Results of stochastic simula-
tions are presented in Figs. 15.2 and 15.3, and they show velocity and temperature
dependencies of friction force, and of time-averaged number of condensed bridges.
One can see that the observed variations of friction force with Vd and T are entirely
determined by the corresponding variations of number of condensed bridges. The
proposed stochastic model enables us to describe all features of friction-velocity and
friction-temperature curves, which have been observed experimentally under humid
ambient conditions. The simulation parameters, fc, �E0

on, n0, have been chosen
to fit qualitatively the experimental data [21–23], and their values are close to those
suggested by experimental studies.

The results of simulations shown in Figs. 15.2 and 15.3 are qualitatively similar
to the predictions of the mean field approach [42]. However, for the same values
of system parameters the friction forces obtained in the stochastic simulations are
significantly higher (almost two-times) than those derived in the mean field approxi-
mation. This discrepancy results from complex dynamics of rupture and reattachment
of capillary bridges, which has been observed in simulations and neglected in the
approximate description. We found that part of condensed bridges is ruptured at the
values of the applied force, which are considerably lower than the value needed to
initiate a slip of the tip, and then they are nucleated again during the same stick
interval. This effect leads to an enhancement of friction force peaks in the stick-slip
series compared to those calculated in (15.5)–(15.6).

The kinetics of capillary condensation is characterized by a long-scale, logarith-
mic increase of number of condensed bridges with time that results in frictional
ageing [20]. However, measurements of velocity and temperature dependencies of
friction do not allow to distinguish this behavior from the condensation of molecu-
lar contacts characterized by a narrow distribution of nucleation barriers [42]. The
only essential condition for observation of friction-velocity and friction-temperature
curves similar to those in Figs. 15.2 and 15.3 is that formation of contacts (bridges) is
a thermally activated process, while kinetics of rupture is temperature-independent,
or only slightly influenced by T. This is different from the major assumption of
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(a)

(b)

Fig. 15.2 Results of stochastic simulations for velocity dependence of the average friction force
(a) and the average number of condensed bridges (b) calculated for three different tempera-
tures. Parameter values: M = 5 × 10−11 kg, η = 2 × 10−5 kg/s, fc = 0.8 nN, n0 =
2.5 × 1018 m−2, �E0

on = 4.2 × 10−20 J, ω0
on = 107 s−1, K = 6 N/m, k = 1 N/m, R =

30 nm, h0 = 1 nm

the standard thermally activated model of friction [26–28], according to which the
rupture of nanoscale contacts (barrier crossing) is a thermally activated process.
The above consideration shows that measurements of velocity and temperature
dependencies of friction do not allow to draw definite conclusions on contribution
of ageing processes to friction.

Nevertheless, friction measurements can provide an efficient way to study kinet-
ics of bridge formation. This can be done using slide-hold-slide experiments [41],
which are similar to slide-hold-slide tests on rocks [49, 50], where the external drive
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Fig. 15.3 Results of stochastic simulations for temperature dependence of the average friction
force (a) and average number of condensed bridges (b) calculated for three different velocities.
Parameter values as in Fig. 15.2
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Fig. 15.4 Maximum friction force as a function of the hold time calculated for the case of capillary
condensation (green) and for identical contacts (purple). The red and blue lines represent polynomial
fitting curves to the calculated data. Inset shows the lateral force versus time calculated for three
values of the hold time �t . Pulling velocity, V = 400 nm/s, and other parameters as in Figs. 15.4
and 15.6

is stopped for a certain hold time, �t , and then reinitiated with the same pulling
velocity, Vd . Figure 15.4 shows results of calculations of the maximum force, FS ,
following specified hold periods. The presented forces have been found by averaging
over hundred realizations. The maximum force is larger than the time-averaged fric-
tion force corresponding to the same velocity by an amount �F = Fs − 〈F〉, called
friction drop. For capillary condensation of bridges FS , grows linearly with the log-
arithm of the hold time showing a strong effect of ageing on nanoscopic friction that
results from a broad distribution of activation energy barriers for capillary conden-
sation. In the case of identical contacts significant deviations from the logarithmic
dependence are observed already for �t ≥ 3τ . Thus, our simulations demonstrate
that slide-hold-slide experiments can provide important information on kinetics of
bridge formation and mechanism of frictional ageing.

Figure 15.4 shows that in the case of capillary condensation the calculated relative
friction drop, �F/ 〈Fs〉 increases about ten times as the hold time increased by two
orders of magnitude. This result is consistent with recent nanoscopic friction mea-
surements [41], which found ten times increase of relative friction drop, when the
hold time increased by two orders of magnitude. The magnitude of the ageing effect
for the nanoscale single asperity contacts that has been found in experiments [41] and
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in our simulations is much larger than for macroscopic multi-asperity friction exper-
iments [49–51]. However, it should be noted that in the cited experiments the large
ageing effect has been observed also for low humidities showing that the capillary
condensation is not the only mechanism for frictional ageing. Further experimental
and theoretical studies are needed to address the mechanisms that account for this.

15.4 Effect of Inplane Oscillations

In order to study the effect of inplane oscillatory modulation on friction, we add a low
amplitude oscillatory component to the ramped forces. Then the displacement of the
stage reads as Xd = Vdt + A cos(2π υ t) where Vd is a constant velocity, υ and A
are the frequency and amplitude of oscillations. When the tip is pulled with constant
velocity, time series of the spring force exhibit stick-slip behavior corresponding to
collective rupture and reattachment of capillary bridges (see Fig. 15.5a). Once small
harmonic perturbations are introduced to the ramped loading, this picture changes
significantly. Figure 15.5b shows that for frequencies of oscillations above a thresh-
old one, υth , the force traces represent a set of alternating segments of stick-slip
oscillation and low friction sliding, which are marked as ts−s and tlag, respectively
[52]. For high frequencies (green curve in Fig. 15.6a) the stick-slip oscillations are
completely suppressed and the spring force remains low over the entire time of
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Fig. 15.5 a Typical stick-slip profile obtained when the tip is pulled with constant velocity. b
Force trace corresponding to lateral modulations with the amplitude A = 1 nm and υ= 14 kHz. The
trace shows alternating segments of stick-slip and low friction motion with durations ts−s and tlag,
respectively
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Fig. 15.6 a Force traces and b time-dependent number of condensed bridges, N(t), calculated in
the absence of oscillations (black curves) and including the oscillatory component of the force with
A = 1nm and υ= 14 kHz (red curves) and υ= 19.6 kHz (green curves). Dashed-dotted line in the
panel (b) indicates the maximal number of bridges, Nc, which can be ruptured by the oscillatory
modulations with the amplitude A = 1 nm estimated using (15.8). c Ratio

〈
tlag

〉
/ 〈ts−s〉 as a function

of υ for two amplitudes of oscillations which are indicated in the figure. Solid and dashed curves
present results of simulations and analytical theory, respectively

simulations shown in Fig. 15.6a. In order to elucidate the mechanism of reduction
of friction we show in Fig. 15.6b the effect of oscillations on the time-dependent
number of condensed bridges, N(t). While in the absence of oscillations N(t) starts
to grow monotonically directly after the slip event, application of small-amplitude
oscillations suppresses the formation of capillary bridges during finite time-intervals,
tlag. This effect results in a low friction regime of motion corresponding to uncor-
related rupture of small clusters of bridges. Because of stochastic nature of bridge
formation, the regime of low friction motion persists only for a finite time, tlag until
the number of bridges formed during a half-period of oscillations becomes larger
than a critical value Nc that cannot be ruptured by the oscillatory component of
force, as shown by dashed-dotted line in Fig. 15.6b. Then, oscillatory modulations
become inefficient, and the number of bridges grows until the ramped component of
the loading force causes the collective rupture of bridges similar to what happens in
the absence of modulations. The value of loading force corresponding to the collec-
tive rupture in the presence of modulation is only slightly below the maximal force
for constant velocity pulling (see Fig. 15.6a) and it depends weakly on υ. However,
the length of the time-intervals of low friction, tlag , increases rapidly with υ and as
a result the average friction force decreases.
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Fig. 15.7 Average friction force, 〈F〉, as a function of frequency (a) and amplitude (b) of oscilla-
tions, and the corresponding variations of average number of condensed bridges, 〈N (t)〉, reported in
panels (c) and (d). Solid and dashed curves in (a) and (b) show results of simulations and analytical
calculations according to (15.12), respectively. Vertical dashed-dotted lines in (c) present analytical
estimations of the threshold frequency, υth , corresponding to different values of the amplitude A

Figure 15.6c shows the ratio
〈
tlag

〉
/ 〈ts−s〉 as a function of υ for two amplitudes

of oscillation, where
〈
tlag

〉
and 〈ts−s〉 are the mean values of tlag and ts−s which have

been calculated by averaging over a large number of realizations. Inplane oscillations
induce nonzero time-intervals of low friction, tlag, only for frequencies exceeding a
threshold value, υth , which decreases with the amplitude of oscillations. Above the
threshold frequency,

〈
tlag

〉
/ 〈ts−s〉 increases sharply with υ and the average friction

force is reduced. It should be noted that over the entire range of data presented,
the amplitude of the applied force oscillations was lower than the tenth of the force
needed to initiate a slip of the tip in the case of constant velocity pulling. Thus,
despite strong effects on stick-slip dynamics the perturbations are decidedly small.

Figure 15.7 presents the average friction force, 〈F〉, and the average number of
condensed capillary bridges, 〈N (t)〉, as functions of frequency and amplitude of
oscillations. One can see that for a given amplitude, N (t) decreases steeply above a
threshold frequency, υth (A), and the friction force follows this behavior. Figure 15.7b
demonstrate a similar reduction of 〈N (t)〉 and 〈F〉 with increase of the amplitude of
oscillations for a given frequency. Thus, application of small amplitude oscillations
with frequencies of few kHz allows to reduce the friction force by more than one
order of magnitude.
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The mechanism of reduction of friction discussed here differs significantly from
those suggested in previous works [32, 40] on the effects of oscillatory modulations
on friction. It can operate only in tribological contacts exhibiting aging where times
for bridge formation are widely distributed or there is a long time-scale strengthening
of bridges. In these systems a frequency of force modulations can be chosen in a way
that only a small number of bridges is formed during the half-period of oscillations,
and these “fresh” bridges can be ruptured by the oscillatory component of the loading
force. Thus, small inplane oscillations are able to prevent the formation of multiple
bridges and reduce friction. In order to achieve similar reduction of friction in contacts
characterized by a narrow distribution of times for bridge formation (in the absence
of aging) much higher amplitudes or/and frequencies of modulation are required.

The main features of numerical results presented above can be reproduced by
an analytical model based on a mean field description of ensemble of bridges
that has been discussed above. When the tip is pulled with the velocity Ẋd , the
force, fi , acting on a bridge grows with a time-dependent rate Kef f Ẋd/N (t), where
Kef f (t) = N (t)κKd

N (t)κ+Kd
is the effective stiffness of the system. Assuming that all

bridges are ruptured simultaneously at time t, when the force acting on one of them
approaches fc, the condition for a collective rupture is given by (15.5). This equation
allows to estimate the key parameters which define the effect of oscillations on fric-
tion, such as: the maximal number of capillary bridges, Nc, which can be ruptured by
the oscillatory modulations, and the threshold frequency, υth , above which the force
oscillations produce low friction segments of motion. Considering that rupture occurs
at a time corresponding to the maximum of the oscillatory force, t = Tυ = 1/(2 υ),
and using (15.4) for N(t) we get the following approximate equation for Nc = N (Tυ):

Nc
κ

Kd

(
1 − fc

4AKd
Nc

)
= ln

(
1 + κ

Kd
Nc

)
(15.8)

Then, for a linear regime of growth of N(t) in (15.4) the threshold frequency can be
estimated as υth 
 N0

2τ Nc
. Estimations of Nc and υth(A) reported in Figs. 15.6b and

15.7c, respectively, show a good agreement with the results of simulations.
In order to describe the effect of oscillations on friction we have to consider a

stochastic nature of bridge formation. The number of bridges formed during the
half-period of oscillations fluctuates around an average value N (Tυ) given by (15.4).
While N(t) is below the critical value, Nc, the spring force, F(t), remains low but
if during one of the oscillations N (Tυ) exceeds Nc the force oscillations become
inefficient and F(t) grows. The probability, P(m,t), of formation of m bridges in
time t is given by a sum of probabilities of formation of all possible clusters of
bridges of size m. In the case of identical bridges, P(m,t) can be easily calculated
taking into account that there are Ns!

(Ns−m)!m! clusters of size m, where Ns is a total
number of available bridges. However, in systems exhibiting aging, different bridges
have different barrier heights �Ei

on , and correspondingly different probabilities of
formation which can be calculated as, Pi (t) = 1 − exp

(−ki
on t

)
, where ki

on is the
rate of formation of i-th bridge given by (15.1). Then, the probability P(m, t) can
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be found using the recursive equation [53]

P (m, t) =

⎧
⎪⎪⎪⎨
⎪⎪⎪⎩

Ns∏
i=1

(1 − Pi (t)) , m = 0

1
m

Ns∑
i=1

(−1)i−1 P (m − i, t) Qi (t) , m > 0
(15.9)

where Qi (t) =
Ns∑
j=1

(
Pj (t)

1−Pj (t)

)i
. Then the average length of the time-interval,

〈
ttag

〉
,

during which the number of condensed bridges is below Nc, and the spring force
remains low, can be calculated as

〈
tlag

〉 = Tν

∼
P(Nc, Tν)

(15.10)

where
∼
P (Nc, Tν) =

+∞∑
i=1

P(i, Tυ) is a probability that no less than Nc bridges are

formed during the time Tυ.

As the frequency increases, the probability
∼
P (Nc, Tν) decreases rapidly and

〈
tlag

〉
increases. Dashed curves in Fig. 15.6c present results of analytical calculations of〈
tlag

〉
in (15.10), which agree qualitatively with the results of numerical simulations

discussed above.
Considering that in the presence of oscillatory modulations the force series represent
the set of alternating segments of stick-slip oscillations and low friction sliding (see
Figs. 15.5 and 15.6), the average friction force can be estimated as

〈F〉 = 〈Fs−s〉 〈ts−s〉
〈ts−s〉 + 〈

tlag
〉 (15.11)

where 〈ts−s〉 /
(〈ts−s〉 + 〈

tlag
〉)

is a fraction of time corresponding to the stick-slip
state of motion, 〈Fs−s〉 is the average force experienced by the tip in that state,
and the contribution of the low friction sliding was neglected. Approximating by
〈Fs−s〉 ∼= Kd Vd 〈ts−s 〉

2 , we get the following equation for the average friction force

〈F〉 = 2 〈Fs−s〉2

2 〈Fs−s〉 + Kd Vd
〈
tlag

〉 (15.12)

With increase of A or/and υ the length of low friction segments
〈
ttag

〉
grows and

the friction force decreases rapidly. Dashed curves in Fig. 15.7a, b show 〈F〉 as
functions of frequency and amplitude of modulations which have been calculated
according to the (15.12). The analytical results are in qualitative agreement with
numerical simulations. It should be noted that the mean field description given by
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Fig. 15.8 a Displacement of the tip, X(t), as a function of time in response to harmonic driving.
The tip is brought in contact with a substrate at t = 0. b Dynamics of bridge formation, N(t).
Dashed dotted line in the panel (b) indicates the maximal number of junctions, Nc, which can be
ruptured by the oscillatory modulations with the amplitude A = 1.0 nm. The insets zoom in the
region corresponding to the transition from the low to high friction state

(15.5), (15.8)–(15.12) assumes that bridges are ruptured simultaneously under the
action of the pulling force and 〈Fs−s〉 is independent on A. These assumptions are
inaccurate for high amplitudes and frequencies of oscillation, and in this range of
parameters the analytical results deviate essentially from the numerical ones (see
Fig. 15.7a, b).

Our simulations suggest that applying small-amplitude inplane oscillations to the
stage of AFM one can give important information on the kinetics of frictional aging
and the stiffness of bridges. In order to do this we propose to bring the oscillating tip
in contact with the surface and to follow the time variation of the amplitude of the
tip oscillations, Atip. Figure 15.8 shows the tip motion and the kinetics of capillary
bridges formation for the tip that is driven at the velocity Vd = −2πν A sin(2πνt)
and brought in the contact at t = 0. The tip exhibits high amplitude oscillations for
the time interval t < tlag during which the formation of bridges is suppressed by
oscillations. In this regime the amplitude of tip oscillations, Atip, is only slightly
below the driving amplitude A = 1 nm, as shown in Fig. 15.8a. When the number of
bridges formed during a half-period of oscillations exceeds the critical one, Nc, (inset
in Fig. 15.8b) the cluster of condensed bridges starts to grow and the amplitude, Atip,
is greatly reduced as shown in Fig. 15.8a. Considering the balance of forces acting on
the tip, Atip (t) N (t)κ = (

A − Atip(t)
)

Kd , the time variation of the amplitude of tip
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oscillations can be related to the time-dependent stiffness of the cluster of condensed
bridges,

N (t) κ = Kd

(
A

Atip (t)
− 1

)
(15.13)

Thus the proposed measurements can provide direct information on the kinetics of
frictional aging and the stiffness of bridges. Additional information on the distribution
of heights of barriers for bridge formation can be obtained comparing the measured
values of ttag with the results of calculations according (15.10). This comparison
allows to estimate the main parameters of the distribution of the barrier heights, such
as the minimal barrier height, �Emin

on , and the density, SE .

15.4.1 Summary

Capillary bridges play a crucial role in the operation of atomic force microscopy
under humid ambient conditions and their formation often dominates the measured
forces. It has been found that under ambient conditions the nanoscopic friction force
decreases with pulling velocities and increases with temperature [21–23]. These
observations differ significantly from the results of friction experiments carried out
under ultrahigh vacuum, and disagree with predictions of thermal Prandtl-Tomlinson
model of friction. Here, by analytical model and numerical simulations, we demon-
strate that the observed friction phenomena are caused by the fact that formation of
capillary bridges is a thermally activated process, while kinetics of their rupture is
temperature-independent, or only slightly influenced by T. Our calculations show
that measurements of velocity and temperature dependencies of friction force do
not allow to draw definite conclusions on contribution of ageing processes to fric-
tion. However, we found that this information can be provided by slide-hold-slide
measurements.

We demonstrated that adding a low amplitude oscillatory component to the pulling
force, when applied at the right frequency, can significantly suppress formation of
capillary bridges and thereby reduce friction. Our simulations suggest that applying
small-amplitude inplane oscillations to the stage of AFM one can get direct infor-
mation on the kinetics of frictional aging and the stiffness of capillary bridges.
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