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ABSTRACT: Pinning of droplets on solids is an omnipresent wetting phenomenon that attracts
intense research interests. Unlike in classical wetting, pinning effects in a novel wetting problem
where droplets are confined onto the substrates by elastic films have hardly been investigated. Here,
following our study in an accompanying paper (Part 1) on the static mechanics of nanoscale blisters
confined between a two-dimensional elastic sheet and its substrate, we investigate in this Part the
pinning behaviors of such blisters by using atomic force microscopy. The blisters’ lateral retention
forces are shown to scale almost linearly with their contact lines and to increase until saturations
with increasing their resting times. Our analysis reveals a mechanism of micro-deformation of the
substrate at the contact line. Creep of the micro-deformation is found to cause the time-dependent
pinning, which is evidenced by residual fine ridge structures left by blisters after their spreads after
long resting times.
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INTRODUCTION

Wetting of solids by liquids is an omnipresent phe-
nomenon in nature and in daily life, and is also of great
importance in many industrial applications such as self-
cleaning surfaces, oil/water separation, and directional
liquid transport. It thus has been a longstanding subject
with rich results, yet still receives intense investigations
[1]. In contrast to the classical wetting on solid surfaces,
a novel wetting problem where droplets are confined onto
substrates by elastic thin films draws attention only re-
cently. Such wetting phenomena can be observed over a
wide range of length scales, for example as domes formed
by epithelia cells [2], and as nanoscale blisters trapped
in the interfaces between two-dimensional (2D) materi-
als and their substrates [3–9]. In this kind of wetting, the
elasticity of the capping film plays a role in governing the
wetting behavior together with the surface tensions. For
example, it has been shown that the morphology and the
contact angle of a droplet capped by an elastic film can
be tuned by adjusting the tension applied in the cap-
ping film [10]. It is therefore termed as elastic-wetting
elsewhere [11].

To understand the difference between the elastic-
wetting problem and the classical wetting, Rao et al
has theoretically studied the configurations of membrane-
confined droplets in equilibrium for different boundary
conditions [11]. However, other behaviors of elastic-
wetting have hardly been explored. Among them, one
significant concern is how the confined droplet pins in
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the interfaces and how it starts to slide (depinning). In
fact, this is also a major question in recent classical
wetting researches that draws interests from the com-
munity [12–19]. Understanding the pinning behaviors
of confined droplets is not only academically important,
but also is key for practical issues. For example, it is
no doubt of beneficial for developing methods of clean-
ing interfacial blisters trapped in van der Waals (vdW)
heterostructures, which are detrimental for their perfor-
mances [8, 20–22].

Here, in this work, we investigate the pinning behav-
iors of nanoscale blisters confined between a 2D elastic
sheet and its substrate by using atomic force microscopy
(AFM). Our study on the static mechanics of such blis-
ters can be found in an accompanying paper (Part 1) [23],
which is essential for the analyses in this Part. Sealing
of droplets by the 2D sheet makes manipulating them
and measuring their pinning forces by an AFM probe
possible. This brings the study of pinning effect of wet-
ting into the micro- and nanometer scales. Our results
reveal a time-dependent pinning effect of the confined
blisters. The blisters’ lateral retentions forces are found
to increase with increasing their resting times until sat-
urations. Our analysis suggests that dissipations by fine
deformations of the substrate, induced by vertical ten-
sions at the contact lines, play important roles in the
blisters’ pinning. The creep of the deformation is sug-
gested to result in the time-dependence of the blisters’
pinning, as well as the observed residual ridge structures
left by blisters at their original contact lines after their
spreads after long resting times.

This is the author’s peer reviewed, accepted manuscript. Please cite as: 10.1021/acs.langmuir.2c03318
Please see the full text at: https://doi.org/10.1021/acs.langmuir.2c03318
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FIG. 1. Shape characteristics of the confined blisters. (a) The optical image of two overlaying graphite flakes on the
SiO2/Si substrate; (b) A schematic model of the confined blister; (c) AFM topography of the overlay area of the two flakes; (d)
3D display of the encased area in (c); (e) AFM height profiles across the centers of typical blisters (data points), fitted by the
assumed deflection for a pressurized membrane; (f) The measured central heights h (square points), and the contact angles θ
(triangle points) as a function of the radii a for various blisters.

EXPERIMENTAL SECTION

Sample Preparation. Nanoscale blisters that are sponta-
neously formed between two thin graphite sheets lying on a
SiO2/Si substrate are used for study. The sample was fab-
ricated by mechanically exfoliating graphite and graphene
flakes from a natural graphite sample and then transferring
them onto the SiO2/Si substrate by using the Scotch Tape
method [24]. The SiO2/Si substrate has an oxide layer thick-
ness of 90 nm. The sample was prepared and kept in normal
room temperature and humidity conditions. More informa-
tion on the sample can be found in Part 1 [23].

Measurement Methods. All the AFM measurements and

manipulations were carried out on a commercial AFM (Di-

mension Icon, Bruker, CA). Three silicon cantilevers (ContAl-

G, Budget-Sensors, Bulgaria) were used in the measurements.

Their spring constants were calibrated to be respectively 0.24,

0.33, 0.30 N/m by using the thermal noise method [25]. The

curvature radii of the tips were measured to be approx. 17.8,

23.4, and 18.5 nm after all the experiments by using a scan-

ning helium ion microscope (ORION NanoFab, ZEISS), see

Fig. S1 in the supporting information (SI). The blisters’ to-

pographies were acquired locally before their manipulations

with tip loads as small as possible. Their manipulations were

carried out by contact mode scanning with a scan rate of

5 µm/s in scan sizes ranging over 200∼900 nm2 depending

on their sizes. The adhesion forces measured on the graphite

flakes before each manipulation were included in the measured

tip loads, which range over 3∼4 nN.

RESULTS AND DISCUSSION

Shape Characteristics of the Confined Blisters.
As shown in the optical and AFM topography images
in Figs. 1(a) and 1(c), blisters that are spontaneously
formed between two overlaying graphite flakes on a
SiO2/Si are used for study in this work. A schematic
illustration of such a blister can be seen in Fig. 1(b).
Such blisters are indeed frequently observed between 2D
materials and their substrates [3–9, 20–22]. Studies have
suggested that liquid water is the most likely substance
inside the blisters [3–8, 22]. Our observation of residual
wetting ridge structures in this work provides further evi-
dence that the confined substance in our sample is liquid.
The blisters are determined to be confined between the
two graphite flakes since the graphite-SiO2 interface is
found holding no such features. In fact, for our sample,
we observe confined blisters only at graphite (or multi-
layer graphene)-graphite interfaces (see Part 1 [23]). The
two flakes are determined to have almost the same thick-
ness of approx. 8.6 nm by measuring their step heights
by AFM at their edges.
As can be seen from Fig. 1(d), the blisters span over

a large size scale. However, for simplicity, our study is
carried out on a number of blisters having central heights
that are at least three times larger than an effective
length scale he =

√
12(1− ν2)D/K =

√
E/Eint ∼ 1.6

nm. Here, D = Et3/12(1 − ν2) is the flexural rigid-
ity of the capping sheet, K = Eint is defined as its in-
plane elastic stiffness, in which E=36.5 GPa and ν=0.16
are respectively the Young’s modulus and Poisson’s ra-
tio, Ein=1.06 TPa is its in-plane Young’s modulus of
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FIG. 2. Manipulating the blister and measuring its retention force. (a) AFM topography of an area containing several
blisters, in which the slow scan coordinate and the center blister’s trajectory in subsequent motions are illustrated; (b) Typical
AFM topographies of the center blister in (a) under increased scanning tip loads; (c) 3D displays of the AFM topographies of
the same area in (a) showing the center blister’s different locations after motions; (d) The actual sliding angles αs measured
for various pushing angles αp (data points), and a solid line representing αs=αp; (e) The measured lateral retention forces F∥
for the 12 motions of the blister.

the lamellar graphite, as adopted from [26], and t=8.6
nm is its thickness. Blisters that meet the above cir-
cumstance are expected to be in the membrane regime,
and their central height profiles are expected to fol-
low the assumed deflection of a pressurized membrane,
w(r) = h(1− r2/a2) (see Refs. [27, 28] and Part 1 [23]).
Here, h and a are respectively the center height and the
capping radius, as illustrated in Fig. 1(b). Indeed, for the
blisters studied here, their central height profiles are well
described by this assumed deflection form, which can be
seen from the curve fittings in Fig. 1(e) of central height
profiles representing typical blisters from the largest to
the smallest.

Then, by applying curve fittings with the assumed
deflection equation above to the central height pro-
files of the blisters, their radii a and center heights h
are measured. It should be mentioned that the stud-
ied blisters are chosen to be relatively far from steps
or other interfaces defects. Most of the studied blis-
ters have near round shapes, with ∼70% of them hav-
ing an original mean major-to-minor-axes aspect ratio
of 1.09±0.04. However, measurements on a few el-
liptical blisters with major-to-minor-axes aspect ratios
of 1.18∼1.35 are also included considering that shape
changes may be inevitable after manipulations in lat-
ter experiments. Therefore, the shape characteristics of
the blisters, a and h, reported in this work are obtained
from the angularly averaged radial profiles of the blisters.
The Gwyddion software was used to analyze the major-
to-minor-axes aspect ratio of the blisters, as well as to

extract their angularly averaged radial profiles. In addi-
tion, it should be noted that corrections were done for a
to deduce the tip dilations as well as to define it from the
middle plane of the sheet by subtracting half the sheet
thickness t/2 (see section 2.1 in the SI). The resulting
central heights h of the blisters are shown in Fig. 1(f)
as a function of their radii a, from which a linear rela-
tion between them, i.e. a constant aspect ratio h/a ∼
0.060±0.001, is observed. This indicates that the blisters
have almost the same contact angle θ ∼ 6.88±0.12°, as
shown in Fig. 1(f), since we have tan θ = 2h/a from the
deflection equation. Such a scaling law is indeed also ob-
served for blisters confined in various interfaces [3, 6, 7, 9],
and is well explained by our theorical analysis in Part 1
[23].

Retention Force Measurement. Next, we investi-
gate the pinning effects of the blisters by manipulating
them horizontally with contact mode AFM. The reten-
tion forces, that are the threshold forces required to initi-
ate the blisters’ motions are measured. For this purpose,
a blister of interest is first located in an area that con-
tains it by imaging with a tip load as small as possible,
for example for the one at the center of Fig. 2(a). Then it
is manipulated locally to avoid interferences with other
blisters and blemishes such as steps. As demonstrated
in Fig. 2(b), in order to measure its retention force, re-
peated scans are carried out with increasing the tip loads
FN each time by a step of approx. 6.1 nN. The blister
is found to stay steady at small loads, and starts to slide
at a threshold tip load. An example of such a motion
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FIG. 3. Retention forces measured for various resting times. The lateral retention forces F∥ of a number of blisters
as functions of their radii a measured for their first and subsequent immediate motions (∼minutes) after a resting time of (a)
∼8 months and (b) ∼60 days; (c) The mean values of the blisters’ retention forces normalized by their corresponding ones for
∼8 months, with the error bars standing for standard deviations among blisters. The columns with slashes stand for the case
in (b) and the others for (a).

is displayed in Fig. 2(c). The lateral retention force F∥
is then calculated from the threshold tip load from a de-
composition of forces, see section 2.1 in the SI for details.

To examine whether there exists an anisotropy for the
blisters’ motion, we consecutively push the same blister
towards all directions and record its sliding angles and
retention forces. In Fig. 2(a), we show the blister’s rest-
ing locations after 12 motions, where the corresponding
AFM images are given in the SI (Fig. S2). The sliding
angles are calculated from the resting locations in the
same coordinate illustrated in Fig. 2(a). As can be seen
from Fig. 2(d), the actual sliding angles coincide well
with the pushing angles which are defined by the AFM
slow scan directions. In addition, from the measured re-
tention forces shown in Fig. 2(e), we see that except
for the first motion, the retention forces change little for
manipulations towards various directions. This implies
that the motion of the blister in the graphite-graphite
interface is isotropic.

Time-dependence of the Retention Force. It’s very
interesting to see the significantly larger retention force
of the blister for its first motion than the ones for subse-
quent immediate motions (Fig. 2(e)). This implies a pos-
sible pinning effect that depends on the blister’s resting
history. To further verify this observation, we measured
the retention forces of a number of blisters for their first
and followed immediate motions. It should be mentioned
that a few blisters have coalesced or been squeezed out
of the interface (see Fig. S3 in the SI), therefore they
were not studied in further experiments. Before their
first motions, the blisters have stayed undisturbed for al-
most 8 months since the sample fabrication. However,
they rested only a few minutes at their new locations
before the subsequent motions. The results are shown

in Fig. 3(a). For all the blisters, the retention forces
are found to be significantly decreased for the following
motions compared to their first motions. This surprising
phenomenon is again observed in Fig. 3(b) for repeating
the experiments after leaving the blisters undisturbed for
about 60 days. It can be found that the retention forces
have recovered notably after the 60 days’ resting. Then
once they are moved again, the retention forces drop in
a manner as in Fig. 3(a).

Here, we compare the retention forces of the blisters
as a function of the resting time to reveal its effect more
clearly. To do so, the retention forces of the blisters F∥
are normalized by their respective F∼8mos.

∥ for resting

times of ∼ 8 months. From the statistical results shown
in Fig. 3(c), one can see that for both cases having rest-
ing times of only a few minutes, the blisters experienced
equivalent retention forces that are as small as ∼ 35% of
their F∼8mos.

∥ . Then by increasing the resting time to ∼
60 days, the retention forces increased to ∼ 77% of their
F∼8mos.
∥ . The results unambiguously illustrate that pin-

ning of those blisters is indeed dependent on their rest-
ing time. Additionally, one can see from both Figs. 3(a)
and 3(b) generally linear relations between the retention
forces and the blisters’ radii for all cases, which indicate a
length-dependent rather than an area-dependent pinning
behavior.

Residual Fine Ridge Structures. What is the mech-
anism behind the time-dependent pinning of the blisters?
In order to answer this question, we first rule out the
possibilities of shape characteristics variations. The blis-
ters’ radii a and aspect ratios h/a are observed to vary
little and therefore are hardly responsible for the time-
dependence. Instead, we notice fine residual structures
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being left over after moving the blisters, whose emer-
gences correlate with the resting times of the blisters. For
example, when the blister pointed in Fig. 4(a) is moved
as in Fig. 4(b) after a resting time of ∼ 8 months, a ring
ridge structure appears at the original spot. It is how-
ever not observed for a blister motion after a short resting
time of a few minutes (Fig. 4(c)), but again emerges for
a longer resting time of ∼ 60 days (see Fig. S4 in the SI).
More of such residual features left earlier by other blisters
can also be seen in Figs. 4(a)-(c). Be aware of their cor-
relations to the time-dependent pinning effect, here we
characterize the residual features of corresponding blis-
ters in Fig. 3. As illustrated in Fig. 4(d), the residual
features present as fine ridge structures protruded from
the substrate. From their central height profiles, we mea-
sure their radii ac and heights hc = (hc1 + hc2)/2 as de-
fined in Fig. 4(d). From the resulted ac as shown in Fig.
4(e), we conclude that the residual structures appear ex-
actly at the blisters’ circumferences before motions. This
applies to both cases with resting times of ∼ 60 days and
∼ 8 mos.. In addition, we can see from Fig. 4(f) that the
heights of the residual structures are of a few angstroms.
The longer resting time ∼ 8 mos. is found to induce
residual structures with larger heights.

Wetting Ridge at the Contact Line and Its Influ-
ence on the Retention Force. The residual ridge
structures emerged at the blisters’ original circumfer-
ences after their motions are reminiscent of deforma-
tions of solid substrates induced by liquid droplets at the
three phase contact lines [12, 13, 29–36]. Such deforma-
tions originate from the unbalanced vertical tensions in
the classical Young–Dupré equation. The Young–Dupré
equation describes the balance of interface tensions in the
horizontal direction, however ignores the balance in the
vertical. The latter then must be fulfilled by a tension
provided by the substrate, which pulls the substrate to
form a ridge-like structure at the contact line known as
“wetting ridge” [29–31]. Such a wetting ridge is minus-
cule for a rigid substrate, but can be as high as tens of
nanometers [31] or even a few micrometers [13] on soft
surfaces. Its influences on macroscopic wetting behaviors
are therefore of significant [12, 31, 32, 37].

Here, we employ this theory to our case to investigate
the micro-deformation of the substrate and its effect on
pinning. To do so, we first examine the tension balance
at the contact line of a liquid droplet confined between
an elastic sheet and a substrate. As illustrated in the left
inset of Fig. 5(a), the radial tension τ in the elastic sheet
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should be incorporated together with the interfacial ten-
sions [10, 11]. Here, γcb, γsb, γcs represent respectively
the interfacial tensions between the capping sheet (‘c’),
the blister substance (‘b’), and the substrate (‘s’). Sim-
ilar to the classical Young–Dupré equation, a horizontal
balance of the tensions defines the apparent contact angle
θ as

cos θ =
γcs − γsb + τ

γcb + τ
=

−γgb + τ

γgb + τ
. (1)

Here, in our case, the radial stretching tension τ in
the capping sheet at the blister’s edge is obtained as
τ = K(h/a)2/4 from our analysis in Part 1 [23]. The cap-
ping sheet and the substrate are both graphite, we then
assume the interfacial tension between them γcs=0, and
γcb=γsb=γgb. In addition, since we have tan θ = 2h/a
from the blister’s deflection profile, we derive γgb ∼
(h/a)2τ from Eq. (1) with a small-angle approximation
for θ.

Next, we consider the vertical balance at the contact
line. To fulfill the balance, a downward line tension from
the substrate as below is must.

f⊥ = (τ + γgb) sin θ ≈ K

2

(
h

a

)3
[
1 +

(
h

a

)2
]
. (2)

Deformation of the substrate at the contact line is then
expected. According to the calculation by Shanahan and
De Gennes [38], a vertical line tension f⊥ can result on
an elastic substrate a wetting ridge with a height profile
of

ξ(x) =
2(1− ν2s )f⊥

πEs
ln

∣∣∣∣dx
∣∣∣∣ , |x| > ϵ. (3)

Here, x is the distance from the contact line, ξ(x) is de-
fined for |x| > ϵ where ϵ is a cutoff length below which
the deformation is no longer elastic, d is a distance where
the deformation can be assumed to zero. Es and νs are
the Young’s modulus and Poisson’s ratio of the substrate.

For an almost constant aspect ratio of h/a ∼ 0.060 in
our experiments, we obtain a vertical traction of f⊥ ∼
1.0 N/m at the contact line. If we treat the graphite
substrate as an isotropic continuum material, then we
get a wetting ridge height of ∼ 0.9 Å by assuming ϵ =1
nm and d =50 nm, as schematically illustrated in the
right-hand inset of Fig. 5(a). However, this can only
serve as a rough estimation since both parameters ϵ and
d in Eq. (3) are hard to be defined precisely. In addition,
graphite is actually a lamellar material which induces
further complexity at this scale.

Let us now discuss how the microscopic deformation at
the contact line affects the pinning of the latter. With the
lateral spreading of a droplet, the wetting ridge accom-
panies by forming new ones at the fresh contact lines.
Meanwhile, the substrate area that holds the original
ridge restores its original configuration after the passage
of the contact line (Fig. 5(b)). During this process, a

fraction of the strain energy in the wetting ridge is ex-
pected to be dissipated in the lifting/releasing cycle. This
then results in resistance for spreading of the droplet. For
instance, for a viscoelastic substrate, the significant influ-
ence by the viscoelastic dissipation by the moving wetting
ridge on the spreading dynamics of the droplet is well ev-
idenced in classical wetting studies [13, 15, 31, 32, 39–41].

Here, for the graphite substrate, two mechanisms of
energy loss maybe involved during the moving of its wet-
ting ridge: viscoelastic process and interlayer friction, as
suggested by a previous study [42] on the lateral displace-
ment of adhesion-induced deformations on graphite. The
exact fractions of these two kinds of dissipations are how-
ever hard to quantify. Therefore, here we regard them
as one total dissipation which takes a χ fraction of the
strain energy in the wetting ridge. The work done by the
vertical tension (strain energy) during the moving of the
wetting ridge has been calculated previously by Shana-
han et al [39, 41]. Following their theory, we expect for
our case a dissipation per unit time and per unit length
as

δWr = χ
2(1− ν2s )(τ + γgb)

2U

πEsϵ
, (4)

Here, U is the advancing speed of the droplet. Other
parameters are the same as in Eq. (3). Then, for an
advancing distance of ∆x, the dissipation by the entire
wetting ridge having a perimeter of 2πa is derived as
∆Wr = δWr · 2πa · ∆x

U . Considering a blister advanc-
ing in an equilibrium state, the wetting ridge dissipa-
tion ∆Wr is required to be balanced by an external work
F∥r

∆x. Here, F∥r
is the retention force provided by the

wetting ridge. From F∥r
∆x = ∆Wr, we obtain the pin-

ning strength of the wetting ridge, that is the retention
force per unit length, as

F∥r

2πa
= χ

2(1− ν2s )(τ + γgb)
2

πEsϵ
∼ χ

(1− ν2s )K
2

8πEsϵ

(
h

a

)4

.

(5)
This then reveals a constant contact line pinning strength
for the investigated blisters in our study considering that
they have a constant aspect ratio h/a.

Besides the contact line pinning effect, resistances for
moving a blister may also come from dissipations by the
viscous flow of the liquid, blemishes at the solid-liquid
interfaces, the debonding-bonding of the capping sheet
from the substrate at the advancing front and rear, as
well in the capping sheet. A complete investigation of
these contributions is very challenging. However, con-
sidering the generally linear dependence of the measured
retention forces F∥ on the blisters’ radii a, and especially
the correlation between the residual wetting ridges and
the significantly increased retention forces (Fig. 3), we
suggest that the wetting ridges play major roles in the
retention forces of the blisters. Therefore, here in this
work we focus on the contact line pinning effect induced
by the wetting ridge.
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Creep of Wetting Ridge and Time-dependent
Pinning. The observation of time-dependent residual
ridge structures in Fig. 4 implies creep deformations in
the wetting ridges. As discussed before, under the ver-
tical traction at the contact line, the substrate deforms
and produces a wetting ridge. As illustrated in Fig. 5(b),
for relatively short resting time, the wetting ridge defor-
mation is mainly elastic and no residual structure is left
after the passage of the blister. However, by increas-
ing the persisting time of the traction, the material in
the ridge creeps gradually, resulting in irreversible plas-
tic deformation that remains after removing the traction.
Since creep is a time-dependent deformation, it explains
our observations in Fig. 4 that residual structures are
only seen for the cases of long resting times ∼ 60 days
and ∼ 8 mos.. Moreover, the larger heights of the resid-
ual ridges of ∼ 8 mos. than those of ∼ 60 days are also
expected by this mechanism.

Here, let us discuss how the creep of a wetting ridge
influences its pinning effect. With creep develops in the
wetting ridge, more energy is dissipated in the cycle of
lifting/releasing it, implying a larger work to advance it.
The larger retention forces measured for blisters having
longer resting times (Fig. 3) support this mechanism.
Here, considering a standard linear solid (SLS) model, we
expect a time-dependent creep compliance in the form of
J(t) = 1/Es(t) = J0 + J1(1 − e−t/T ) to replace the fac-
tor 1/Es in Eq. (5). Here, J0 and J∞ = J0 + J1 are
respectively the compliances at t=0 and t=∞, and T is
the retardation time. This then results in a same time-
dependent form for the wetting ridge induced retention
force F∥r, as well as for the total retention force F∥ as-
suming that the additional retention force due to other
dissipations is time-independent.

To verify this mechanism, we measured the retention
forces F∥ of two blisters for various resting times. The

blisters have very close radii a of 148.6 (blister 1) and
146.4 nm (blister 2). Their resulting pinning strengths
F∥/2πa are shown in Fig. 5(c) as functions of their rest-
ing times. It can be seen that the two blisters experi-
ence quite close pinning strengths, which is expectable
from their almost same sizes. Additionally, their pin-
ning strengths are found to increase in a very similar
tendency with increasing their resting times. For rest-
ing times smaller than a few days, the changes of the
retention forces are negligible, indicating minimal creep
deformations in the wetting ridges. However, the reten-
tion forces are seen to increase significantly from a resting
time of ∼ 10 days and to plateau after a resting time of
a few hundred days. By fitting the data of both blisters
by the SLS model as shown in Fig. 5(c), we can see that
the time-dependent pinning effect of the blisters indeed
agrees quite well the creep mechanism. The fitting yields
pinning strengths of ∼ 7.9 mN/m at t=0, ∼ 28.0 mN/m
at t=∞, as well as a retardation time of T ∼ 88±20 days
for the graphite substrate.

We aware that a previous work by N’guessan et al [43]
has shown that the retention forces of water drops on
graphene/graphite surfaces are invariant with the resting
time, unlike experiments on some other surfaces where
the retention forces increase with increasing the resting
time, and reach plateaus typically after several minutes
[15, 16]. However, their measurements are done for rest-
ing times of a few to∼ 20 minutes, and our study suggests
that such resting times maybe far too short to observe
the time-dependent pinning effect on graphite.

CONCULSION

In summary, we have investigated the pinning of
nanoscale blisters confined by a 2D elastic sheet by us-
ing AFM. Their retention forces were shown to scale al-
most linearly with the contact lines, and were further
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demonstrated to increase with increasing their resting
times until saturations. Fine residual ridge structures
were observed at their original contact lines after moving
the blisters for cases having long resting times. We con-
cluded from the phenomena that the unbalanced vertical
tensions at the contact lines of blisters pull the substrate
to form ridge structures. The energy dissipations in such
wetting ridges were found to play important roles in the
blisters’ retentions. The time-dependent pinning effects
were suggested to result from creeps in the wetting ridges.
The mechanism also explains the residues of permanent
deformations left by blisters at their original contact lines
after their spreads after long resting times.
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