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Many of the remarkable properties of surface nanobubbles, such as unusually small contact angles and
long lifetimes, are related to the force that pins them onto their substrates. This pinning force is yet to be
quantified experimentally. Here, surface-attached nanobubbles are pulled with an atomic force microscope
tip while their mechanical responses are observed with total internal reflection fluorescence microscopy.
We estimate that a pinning force on the order of 0.1xN is required to unpin a nanobubble from its substrate.
The maximum force that the tip can exert on the nanobubble is limited by the stability of the neck pulled
from the bubble and is enhanced by the hydrophobicity of the tip.
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Surface nanobubbles are gaseous domains attached onto
wetted surfaces. They possess unusual properties, such as
long lifetimes and anomalously small contact angles, both
of which remain to be fully understood [1-3]. The key to
both properties is thought to be the experimentally observed
contact line pinning of nanobubbles, which constrains them
to grow or shrink only in height, while their footprints
remain fixed. Although no single explanation for the long
lifetimes of nanobubbles has gained wide acceptance, a
strong consensus has emerged from theoretical, experimen-
tal, and computational studies [4—9] that substrate pinning is
essential for nanobubble stability. Moreover, a popular
explanation for the unusually small contact angles of
nanobubbles observed in experiments is that line pinning
manifests as a line tension 7, changing the bubble’s
nanoscopic contact angle predicted by Young’s law,
cosO,. = (Ysy — ¥s51)/7> to cos@ = cos O, — z/yR, where R
is the radius of curvature and the subscripts in y refer to the
solid, liquid, and vapor phases.

Although it is now agreed that nanobubbles are strongly
pinned to their surfaces, the pinning strength has never been
determined accurately. Experimental efforts to quantify
contact line pinning have centered on a direct measure
of the pinning force or line tension. Traditionally, most
research groups favor the line tension approach, since this
quantity can be easily computed by fitting a distribution of
nanobubble contact angles and radii to three-dimensional
atomic force microscopy (AFM) data [1]. Unfortunately,
this method leads to conflicting estimates for 7 [10—14] that
span 3 orders of magnitude, in both positive and negative
values [1]. An alternative approach is to subject nano-
bubbles to strong forces, in the hopes of triggering their
unpinning or destruction. Remarkably, however, no method
has yet been known to unpin nanobubbles, even when they
are subjected to intense contact mode scanning in AFM
[15] or cavitation-induced shock waves [16]. The magni-
tude of the substrate pinning therefore remains an open
question.
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An understanding of pinning is also important in con-
trolling the distribution of surface-attached bubbles for
applications such as the reduction of drag in microfluidics
[17,18], surface cleaning [19], and even graphene transfer
[20]. In typical nucleation experiments, exchanging water
and organic solvent over a surface [21] creates an uncon-
trollable distribution of bubbles on the substrate. To tailor
the use of nanobubbles for specific applications, it is also
important to understand how large a force is required to
move or destroy these objects if they appear in undesirable
locations.

Even though it has long been desired to measure the
strength of the contact line pinning, widely used methods
such as AFM cannot provide the dynamic imaging required
to understand how strong forces interact with nanobubbles,
or to observe the threshold at which nanobubbles can unpin
from their substrate. In this Letter, we extend the current
understanding of contact line pinning by utilizing the
precise manipulation ability of AFM to pull bubbles with
a tip, while visualizing their mechanical responses optically
with total internal reflection fluorescence microscopy
(TIRFM). We show that this method is capable of unpin-
ning a nanobubble from its substrate and derive an estimate
of the pinning force.

Micro- and nanobubbles are nucleated on a glass cover
slip (no. 1, Menzel-Gliser, Germany) by exchanging water,
ethanol, and water within the confines of a polydimethylsi-
loxane (PDMS) microchannel [Fig. 1(a)]. 2.5 uM of rhod-
amine 6G (Sigma-Aldrich, Germany) fluorescent dye was
added to both exchange liquids to visualize the bubbles in
TIRFM. PDMS channels were fabricated with standard
techniques and plasma cleaned for 30 s before bonding them
onto the cover slip in a low-humidity, room temperature
environment for 24 h. This ensures that the channel is
removable for AFM characterization, while providing suf-
ficient sealing to avoid leakage of liquids during nanobubble
nucleation. Although contamination from PDMS is known
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to be a significant issue in nucleation experiments—Ieading
to the formation of oil droplets instead of nanobubbles—we
have verified that objects nucleated using the above-
mentioned protocol are gaseous [22].

In TIRFM, a laser beam (4 = 532 nm) is steered through
a 60x oil-immersion microscope objective (Olympus,
Japan) and reflects internally on the bottom of a glass cover
slip, generating a evanescent region above its top surface
[23]. Under excitation by the evanescence, dye attached onto
the bubbles fluoresces, and when the excitation is removed
using suitable filters, nanobubbles appear as highly con-
trasted regions against the dark background, as shown in
Fig. 1(b). To ensure that the nanobubbles remain immersed
during AFM characterization, a reservoir of 1 ml of
deionized water is dispensed around the channel before
removing it. The nanobubbles are then imaged in tapping
mode AFM (Bioscope Catalyst, Bruker, U.S.) using a gold-
coated cantilever (NSC-19/Cr-Au, MikroMasch) with a
nominal spring constant £ = 0.5 N/m. The AFM tips are
hydrophobic when used as received, but plasma cleaning
(Harrick Plasma, United States) for 20 s renders them
hydrophilic.

removable AFM
(a) channel cantilever
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FIG. 1. Simultaneous microscopy of nanobubbles. (a) Bubbles
are nucleated by solvent exchange within a removable channel.
(b) TIRFM image of the bubbles. (c) AFM image of the same
feature. A bright spot in the middle (white arrow) corresponds to
the location of the AFM tip. The scale bars in (b) and (c) are
5 um. (d) AFM-measured height profile of a bubble marked in
white in (c), fitted to a spherical cap (red line). The fitted contact
angle is 28.2°.

Simultaneous AFM-TIRFM images [Figs. 1(b) and
1(c)] of a 20 x 20 ym? area show the advantages of each
imaging mode. Optical microscopy allows dynamic imag-
ing over areas of ~100 x 100 gm?. On the other hand, the
superior spatial resolution of AFM is evident, embodied by
the appearance of tiny nanobubbles that are not visible in
the optical image due to the diffraction limit [Fig. 1(c)]. An
AFM height profile of one of the bubbles is shown in
Fig. 1(d) and is fitted to a spherical cap by the least-squares
method (red line). The fitted contact angle of 28.2° is
defined from the less dense gas phase and is consistent with
previous reports [1-3]. However, this angle should not be
considered definitive, since the contribution of dye to the
interfacial energy balance at the bubble’s three-phase line
may alter the contact angle from a “pure” system.

The precise control provided by AFM allows the
mechanical response of nanobubbles to pulling to be
measured. A schematic of the experiment is depicted in
Fig. 2(a). In tapping mode AFM, the tip’s oscillation
amplitude is kept constant by a feedback mechanism that
monitors the input amplitude signal with respect to a
setpoint. A lower setpoint corresponds to a larger amplitude
drop and a stronger tip-sample interaction.

Careful control of the lateral position of the tip as well as
the tip-object contact allows individual nanobubbles to be
manipulated. First, the tip is maneuvered to a position just
inside the footprint of a selected nanobubble without
contacting it (here, a setpoint beyond 100% is used).
Second, the tip is made to anchor onto the bubble and
contact the substrate strongly by reducing the setpoint to
10%. Third, the bubble is pulled laterally over the substrate
by adjusting its position via software control. Note that in
our AFM setup, the stage containing the substrate and
bubbles is moved, while the lateral position of the AFM tip
is fixed at all times. Optical imaging in TIRFM is captured
at 10 frames/s.

Moving a tip that is anchored to a nanobubble causes a
neck to extend from it, as we show for hydrophobic and
hydrophilic tips in Figs. 2(b) and 2(c). In most cases, the
neck can only be pulled out for a limited distance before it
becomes unstable and pinches off, as shown in Fig. 2(b) for
a hydrophilic tip. In some cases, the necks pulled by a
hydrophobic tip resist collapse, which allows them to be
extended with sufficient force to unpin from their substrate;
see t = 50-60 s in Fig. 2(c). No bubbles were successfully
unpinned with a hydrophilic tip.

The ability to observe the deformation of bubbles by the
AFM tip allows the pulling force induced by the tip to be
estimated. The work done by the tip pulling out a neck of
length 7 from the bubble leads to a change in surface
energy yAS in the bubble, where y is the surface tension
and AS = S;ied — Sunpuiiea 18 the difference in surface
energy between the unpulled, spherically capped nano-
bubble, and at its maximal extension. Equating these terms
leads to
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FIG. 2. Pulling of nanobubbles. (a) A schematic of the bubble pulling experiment. Note that in our setup the AFM tip is always at a
fixed lateral position, while the stage and the bubbles are moved by software control. (b) TIRFM image of a microbubble as it is pulled
by a hydrophilic tip. (c) TIRFM image of a bubble pulled by a hydrophobic tip. Over the last 20 s the bubble unpins and slides across the

substrate. The scale bars in (b) and (c) are 5 ym.

F="22 (1)

We estimate AS from the optical TIRFM images by
detecting the footprint, calculating the effective radius of
curvature, and taking a surface of revolution about the
bubble’s axis of symmetry while enforcing the experi-
mentally observed contact angle of the nanobubble in the
integration. More details are presented in the Supplemental
Material [24].

The calculated values of the maximum force F exerted
by the tip are shown in Fig. 3(a). The nanobubbles that
survived the pulling were subjected to F' ~ 0.05 uN before
their necks collapsed, while those that were successfully
unpinned were generally subjected to F ~ 0.1 uN. Since
the neck length £ is the maximum extension just before the
nanobubble starts to slide along the substrate, the maximum
force exerted by the tip on the unpinned bubbles is
equivalent to the pinning force by the substrate for the
bubbles, denoted by green points in Fig. 3(a). As the
absolute pinning force varies with the nanobubble’s size,
we also plot the pinning strength, the force normalized by
the footprint perimeter of the unpulled nanobubble F/2zL
in Fig. 3(b). The normalization identifies a threshold
pinning strength of about 5 mN/m, which reaches up to
~20 mN/m. Variations in pinning strength are presumably
due to chemical and physical heterogeneities along the
substrate.

This estimate of the pinning force is consistent with
previous theoretical and experimental work in the literature,
in particular, with the lattice density functional theory
calculations of Liu et al. [8], which predict a pinning force

per unit length within an order of magnitude of the surface
tension. Our measurements also reinforce experiments that
show nanobubbles comfortably surviving up to 50 nN of
force from invasive contact mode AFM scanning [25].

It is clear from our experiments that the maximum force
exerted by the tip on the bubble depends on the stability of
the neck that is pulled out by the tip, since the neck
collapses beyond a certain extension. The neck is a
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FIG. 3. (a) Pulling force F [calculated from Eq. (1)] on

nanobubbles and (b) F normalized by the perimeter of the
unpulled bubble.
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minimum energy surface [26-28] formed by an interface
which spans two coaxial rings separated by a distance x.
Since the free energy of the interface is proportional to its
surface area, the minimal energy configuration of the
interface is equivalent to finding its minimal surface area.

This surface of revolution is S[r] =2z [ r\/1+ (¥)%dr.
The interfacial profile r(x) that generates the minimal
surface area can then be found from variational calculus to
be r# = 1 + i%. The general solution of this equation is the
catenary [29]

r(x) = acosh(x/a + ¢), (2)

where a and c¢ are constants determined by the boundary
conditions.

This argument can be extended to the neck pulled out of
a surface-attached nanobubble, a schematic of which is
shown in Fig. 4. The neck, whose cross section is a
truncated sphere, can also be described by a catenary since
the angular dependence factor 2z drops out during the
derivation of Eq. (2) [30]. The boundary conditions at the
two footprint radii at each end of the neck are then
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FIG. 4. Stability of the neck pulled from a bubble. (a) The neck
region describes a catenoid with footprint radius Ly, at the
bubble’s base, Ly, at the tip, and length x (see Fig. 2 for a top
view). (b) The stability threshold of the neck as a function of
w=h/2Lg, and @ = Ly,/Lyp. Points that lie above the
theoretical curve (black line) are unstable. The experimental
points (green squares) represent bubbles unpinned from their
substrates by hydrophobic tips; these points notably fall within
the stable region.

Ly, = acosh ¢ and Ly, = acosh(h/a + c). The classical
calculation requires the radius of curvature R [see Fig. 4(a)],
but this cannot be resolved in our experiment. Instead,
we utilize the experimentally observable footprint radii L.
We justify this by noting that a spherical cap with constant
contact angle & obeys L = Rsin6 and, thus, Lye/Lip =
Ryyse/ Riip- By also defining X = Lg,/a, w = h/2L,, and
@ = Ly /Lyp, Salkin et al. [31] showed that the equation
for Ly, can be expressed as the nonlinear equation

sinh?>(wX) — X?[1 = 2acosh(wX) +a?] =0. (3)

A stable neck exists when one or more roots for Eq. (3) can
be found. By iteratively searching for roots with a param-
eter sweep of X and w, it can be shown that every unique
neck configuration @ = Ly,/Lg, possesses a unique
maximum stretching length & (see the Supplemental
Material [24]). After the neck is stretched beyond its
threshold length #,,,,, Eq. (3) has no roots and the neck
is no longer stable. (Note that the boundary values a and ¢
do not influence 4,,,.) This calculation is then repeated for
I <a<5 to obtain the stability threshold curve in
Fig. 4(b). Our experiments show reasonable agreement
with the stability theory [Fig. 4(b)]—the bubbles tolerate a
certain amount of stretching before the neck becomes
unstable and pinches off. We also find that the bubbles
which successfully unpin and start to slide along the
substrate [green square points, Fig. 4(b)] lie within the
stable region, as expected.

The preceding analysis suggests that the key to unpin-
ning nanobubbles from their substrate lies in a relatively
large neck radius L, and low @, which promotes neck
stability. It is also apparent from Figs. 2(b) and 2(c) that
hydrophobic tips are more likely to unpin nanobubbles,
since the necks that they pull out from the nanobubbles are
considerably wider than the thin ones pulled out by
hydrophilic tips. However, it is not immediately clear
why hydrophobic tips have significant variation in the
neck width, leading to some nanobubbles unpinning and
others not. It is likely that the hydrophobic tips in our
experiments, which are not cleaned, contain some nano-
rough heterogeneities leading to a spread in observed
contact angles at the neck.

In conclusion, we have measured the pinning force on
nanobubbles by stretching them with a precisely maneu-
vered AFM tip to the point that they begin to slide along the
substrate. For a nanobubble to be successfully unpinned,
the neck pulled out by the tip must be stable against pinch-
off, a condition that is facilitated by the tip wettability. Our
results have implications not only in understanding funda-
mental properties of nanobubbles that are still elusive, but
also in controllably decorating surfaces with nanobubbles
for various industrial applications.
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