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Cavitation, known as the formation of vapor bubbles when liquids
are under tension, is of great interest both in condensed matter
science as well as in diverse applications such as botany, hydraulic
engineering, and medicine. Although widely studied in bulk and
microscale-confined liquids, cavitation in the nanoscale is generally
believed to be energetically unfavorable and has never been experi-
mentally demonstrated. Here we report evaporation-induced cavi-
tation in water-filled hydrophilic nanochannels under enormous
negative pressures up to −7 MPa. As opposed to receding menisci
observed inmicrochannel evaporation, themenisci in nanochannels
are pinned at the entrance while vapor bubbles form and expand
inside. Evaporation in the channels is found to be aided by advec-
tive liquid transport, which leads to an evaporation rate that is an
order of magnitude higher than that governed by Fickian vapor dif-
fusion in macro- and microscale evaporation. The vapor bubbles
also exhibit unusual motion as well as translational stability and
symmetry, which occur because of a balance between two compet-
ing mass fluxes driven by thermocapillarity and evaporation. Our
studies expand our understanding of cavitation and provide new
insights for phase-change phenomena at the nanoscale.

nanobubbles ∣ confined fluids ∣ confined water ∣ bubble dynamics ∣
bubble formation

Liquids are known to sustain considerable negative pressures
(1–4). However, beyond a certain limit small vapor bubbles

are formed, a phenomenon widely known as cavitation. Although
the real “breaking” limit (the spinodal point) for homogeneous
nucleation in liquids such as water is around hundreds of mega-
pascal of negative pressure (2), heterogeneous nucleation can
lead to cavitation at much lower negative pressures. Such hetero-
geneous nucleation has attracted significant attention in many di-
verse fields of science and engineering such as the design of ship
propellers and various hydraulic machinery, where the impinge-
ment of vapor bubbles due to high-speed motion leads to serious
erosion damage (2). Cavitation also arises in microscale-confined
liquids in plants. Its occurrence in plant xylem (water transport
microchannels) (1–4) and the annulus cells of sporangia of ferns
(5, 6) plays a role in the ascent of sap and ejection of spores,
respectively. In condensed matter science, cavitation provides
opportunities to study phase transitions under the influence of
intermolecular forces of cohesion and adhesion at various inter-
faces. Despite these studies in bulk and microscale, cavitation in
nanoscale confined liquids, which offers extremes of negative
pressures and intermolecular forces, has not been observed or
studied. It has been pointed out that cavitation is energetically
unfavorable in nanochannels with uniform contact angle and
channel size, because the critical size of nucleating vapor bubbles
is comparable to the smallest dimension of the nanochannel (7, 8).
Here we show that gas-seeded vapor bubbles can occur and grow
unlimitedly during evaporation of liquids confined inside the
channel. The dynamics of such cavitation in 20–120 nm nanochan-
nels are studied and quantitatively compared with a series of
analytical models based on evaporation.

Cavitation experiments were performed in silica nanochannel
devices fabricated using sacrificial layer etching and microchan-
nel bonding (see SI Appendix) (9). As shown in Fig. 1 and SI
Appendix, Fig. S1, there are in all two microchannels separated
by a gap and nine sets of staggered nanochannels in each device.
Each set of nanochannels includes 10 individual nanochannels,
which are 120-μm long and 4-μm wide. These nanochannels are
located on the same horizontal plane, which is 2-μm below the
bottom surface of the microchannels. Each set of nanochannels
communicates with the microchannels through access holes that
are perpendicular to the microchannel bottom surface at two
ends of the channels. Out of these nine sets, there is only one
set of channels bridging the two microchannels (referred as brid-
ging nanochannels), which acted as reference channels for mea-
surement of channel height via ionic conductance (9). The other
sets of nanochannels, referred as nonbridging nanochannels, are
embedded inside the microchannels with access holes on either
ends of the nanochannels connecting to the same microchannel
(Fig. 1C). These nonbridging nanochannels with two ends in the
same microchannels were used to monitor the cavitation experi-
ments. The original channel height (20–30 nm) was defined by
the thickness of the sacrificial polysilicon layer, which could be
increased up to 120 nm in a controlled manner by gradual etching
in 30% wt∕wt KOH at room temperature (see SI Appendix).
Such etching did not result in tapered structures, as demonstrated
elsewhere (10). SEM images of channel cross-section and studies
of diffusion limited reaction (10) also confirmed a uniform chan-
nel height along the length of the nanochannels, except close to
the entrance (see SI Appendix). Surface contact angle measure-
ments showed that the channel surfaces remained hydrophilic,
and atomic force microscopy studies revealed a surface roughness
of less than 1 nm (see SI Appendix).

In a typical experiment, evaporation of water occurring in
a set of nonbridging nanochannels (with both ends in the same
microchannel) was recorded. Deionized water was first intro-
duced into the reservoirs of a nanochannel device treated with
oxygen plasma that allowed for immediate wicking of the water
into the microchannel and nanochannels. Subsequently, water in
the reservoirs was removed and the device was left in the atmo-
sphere for evaporation to occur (SI Appendix, Fig. S10A). It was
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observed that two menisci formed at the end of the microchannel
first and then one of them started receding while the other was
pinned at the entrance (SI Appendix, Fig. S10B). As one of the
menisci receded, a thin film of water remained in the microchan-
nel. Once the meniscus receded completely out of the microchan-
nel, the thin film of water remaining on the microchannel wall
gradually disappeared (SI Appendix, Fig. S10C). Water in the
nonbridging nanochannels started evaporating only after water
in the corresponding microchannel had completely evaporated
(SI Appendix, Fig. S10D). The drying process was recorded using
a CCD camera mounted on a Nikon TE 2000-U inverted micro-
scope in the brightfield mode.

In previous experiments on evaporation in microchannels and
nanochannels (7, 11), it was observed that the menisci recede
from the channel entrance until all the water was evaporated.
In contrast, we found that the menisci remained pinned at the
channel entrance while a small bubble appeared at one end of the
channels and rapidly moved into the channel (Fig. 2). High-speed
imaging revealed that the meniscus first receded a distance up to
4 or 5 μm into the nanochannel. Next, water reappeared at the
entrance of the nanochannel, entrapping a bubble (see Fig. 2
t ¼ 0 s and SI Appendix, Figs. S16 and S17). The bubble then ra-
pidly moved into the channel. In a short timescale (ca. 50 ms), the
bubble stabilized at a certain location inside the channel and grew
gradually as evaporation continued. Furthermore, when one end
of the bubble reached the center of the nanochannel, it exhibited
a tendency to split into two bubbles, which then occupied sym-
metric locations in the nanochannel (Fig. 2). These two bubbles
then continued expanding until all the water in the nanochannel
disappeared due to evaporation.* Interestingly, this bubble split-
ting occurred only in nanochannels smaller than 70 nm in height.
In larger nanochannels, the bubbles did not split, although a clear
pinching of the bubble was visible at the center of the channel
(SI Appendix, Fig. S15). These observations were repeatable in
all the nanochannel devices regardless of surface plasma treat-
ment, fresh or stored surfaces, and before/after KOH etch. The
observed bubble entrapment, movement, and expansion were not
sensitive to the gas content in water, the ambient temperature, or
pressure. The same phenomena were observed using degassed
water at various temperatures (25–70 °C) under atmospheric
pressure. Similar behavior also occurred when the water-filled na-
nochannel device was placed in a vacuum chamber (200 mTorr)
and the liquid was allowed to evaporate, where the surrounding
gas was primarily water vapor instead of air. Presumably, the en-
trapped bubble primarily comprised water vapor (vapor pressure
ca. 20,000 mTorr) in the low-pressure case. Furthermore, these
observations were repeatable with other liquids, including etha-

nol, isopropanol, acetone, and hexane, both under atmospheric
conditions and under vacuum.

There are many questions that are raised by these observations:
How does the bubble occur at the channel entrance and why does it
grow inside the nanochannel? What determines the bubble growth
rate?Why are there stable locations in the nanochannels where the
bubbles are stationary, and why are these locations symmetric?
What drives the bubbles to these stable locations and what governs
the stability? Why do some of the bubbles split and others do not?
We will now attempt to answer these questions by invoking an ex-
perimental and theoretical combined study.

First, we observed that the appearance of the initial small
bubbles had a strong correlation with the presence of local expan-
sions at the nanochannel entrances, which were produced by SF6

plasma etching before releasing the sacrificial polysilicon layer
(see SI Appendix). As shown in Fig. 3, the nanochannel height at
the channel entrance was about 20-nm larger than that in the cen-
ter and gradually decreased to the center value within a few mi-
crons. In the nanochannels with a tapered entrance, the bubble
entrapment phenomenon was consistently observed. In contrast,
bubbles were never observed in nanochannels without the local
expansions (where the SF6 etch step was omitted). Instead,
menisci receded from one or both sides of such uniform-height
channels, being consistent with the previous studies on negative
pressure and evaporation in nanochannels (7, 11). These obser-
vations suggest that the expansion at the entrance of the nano-
channels played a role in remerging of the menisci, resulting in
the entrapped bubble that subsequently moved into the nano-
channel and expanded.

In nanochannels with local expansions, expansion of the
entrapped bubble may be facilitated by the small radius of the
menisci at the nanochannel entrance that result in a huge nega-
tive pressure (Pl ¼ Pair − 2σ

h ) inside the liquid (7, 12). Taking water
as an example, the corresponding water pressure in 20- to 120-nm
1D confined nanochannels varies from −7 to −1 MPa. Water is
metastable at such negative pressures, which may facilitate the
growth of the entrapped bubbles that act as the nuclei. The role
of the menisci at the nanochannel entrance in the cavitation pro-
cess was confirmed by a control experiment where water was
reintroduced into the microchannel before bubbles occupied the

Reservoirs Microchannels
120 m

Nonbridging NanochannelsBA C
Bridging 

Nanochannels

Fig. 1. Transparent nanochannel device. (A) A bonded nanochannel device
with reservoirs on top. Each device includes two microchannels and four re-
servoirs. Microchannels are 1-cm long, 500-μm wide, and 40-μm deep. Reser-
voirs are through-holes with 1-mm diameter. (B) Zoom-in image of the nine
sets of staggered nanochannels. Only one set of nanochannels is bridging to
the two microchannels. These bridging nanochannels were used to measure
channel height, whereas nonbridging nanochannels were used for cavitation
experiments. (C) Zoom-in image of a set of nonbridging nanochannels with
two ends in the same microchannel. Each set consists of 10 120-μm-long,
4-μm-wide silica nanochannels.

t=0.0 s

t=0.5 s

t=1.0 s

t=1.5 s

t=0.25 s

t=0.75 s

t=1.25 s

t=1.75 s

Fig. 2. Cavitations in 58-nm nanochannels. Instead of menisci recession,
vapor bubbles occurred at the left entrance and two menisci were pinned
at the entrances. Bubbles then moved toward the center of the channel
and started expansion. There are two symmetric stationary positions in each
channel that bubbles prefer to stay.

*In 20-nm nanochannels, the outward ends of these two split bubbles reached nanochan-
nel entrance at t ¼ 0.85 s. Vapor bubbles disappeared after that time (see Fig. 4A).
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entire nanochannel. Because the reintroduction of water in the
microchannels removes the evaporation-induced menisci at the
nanochannel entrance, water should no longer be under negative
pressure and the bubbles should collapse. This scenario was
indeed what we observed—i.e., all bubbles disappeared immedi-
ately after water introduction, suggesting that the final bubble
content is water vapor and this bubble expansion process is an
evaporation-induced cavitation. In contrast, when water was re-
introduced after nanochannels were dry, air bubbles were trapped
and disappeared slowly (after several minutes) due to the time
required to dissolve air in the water. Thus, we can confirm that
the bubbles in the nanochannels were comprised primarily of
water vapor and stabilized by the negative pressure due to the
menisci at the channel entrances, at least in the later stages of
evaporation when the bubbles had moved to stable positions with-
in the nanochannels.

We also compared the rates of evaporation of water in 20-nm
nanochannels in the presence and absence of cavitation, as de-
duced from the change in the amount of liquid water in the chan-
nels as a function of time (Fig. 4A). In the nanochannels where
the cavitation was absent, evaporation occurred faster than the
theoretical prediction based on pure vapor diffusion in the nano-
channel, which may be attributed to the presence of a water film
along the corners of the rectangular cross-sections of these nano-
channels (11). However, the total water evaporation length, L,
still followed L ∝

ffiffi
t

p
behavior indicative of a diffusion-governed

process. In contrast, in the channels where cavitation occurred,
bubble length followed L ∝ t behavior. This linear relationship
indicates a constant, faster transport mechanism, caused by pre-
sence of the meniscus at the nanochannel entrance. However,
when one side of the vapor bubbles reached the end of the na-
nochannel, the bubble confined within the channel disappeared
and the menisci receded from both directions, similar to the case
without cavitation. In this regime (termed Evaporation after
Cavitation in Fig. 4A), the evaporation rate was significantly low-
er than that in the former case: The initial evaporation rate in the
presence of cavitation inside nanochannels was almost 35 times
larger than the later evaporation rate without cavitation. This
constant evaporation rate was also observed in other nanochan-
nels with different heights (Fig. 4B). Although growth of confined
bubbles in nanochannels has not yet been reported, the growth of
confined vapor bubbles reported in larger microchannels typically
does not exhibit a constant evaporation rate (13). Instead, the
growth rate of confined vapor bubbles in microchannels is typi-
cally observed to increase with time, consistent with the momen-
tum-governed bubble growth theory (13).

Because the two menisci are pinned at the nanochannel en-
trances, any volume increase of the vapor bubble indicates that
the same volume of water is removed from the channel. However,
to conserve mass, the volume of water entering the vapor phase
must be larger than the volume of liquid by a factor equal to the
density ratio, ρl

ρv
, which is equal to 5 × 104. Because the bubble

volume does not increase by such a factor, one concludes that
most of the water must be removed at the nanochannel entrances
where the menisci are pinned. Fig. 4C shows that the bubble
growth rate is inversely proportional to the channel height, sug-
gesting that the rate of evaporation at the menisci at the entrance
govern the evaporation rate. The evaporation processes can be
treated as a steady-state vapor diffusion problem that is governed
by the Laplace equation (14). It can be further simplified by using
the concept of a series of diffusion resistances. There are three
resistances between the nanochannel entrance and the atmo-
sphere: (i) diffusion resistance around the nanochannel entrance
Rn; (ii) diffusion resistance along the microchannel Rm; and (iii)
diffusion resistance from the reservoir to the atmosphere (see SI
Appendix and Fig. S18). The consequent water evaporation rate
inside the nanochannel can thus be expressed as

U ¼ 1

2Nwnhnρw

ρvðϕn − ϕ∞Þ
Rn þ Rm þ Rr

; [1]

where N is the total number of nanochannels; wn and hn are the
nanochannel width and height, respectively; ρv is the saturated
water vapor density at 25 °C; ρw is the liquid water density;ϕn is
the relative humidity at the nanochannel entrance; and ϕ∞ is the
relative humidity of ambient atmosphere. These three resistances
do not include the diffusion resistance along the nanochannel be-
cause the meniscus is pinned at the entrance. It is this resistance
that causes the slow square root of time dependence of normal
evaporation process because the resistance continuously in-
creases as the meniscus recedes away from the channel entrance.
In our experiments, all three resistances are constant, leading to a
constant evaporation rate for a given geometry and humidity con-
dition. As can be seen, the resistance of the microchannel, Rm,
dominates over the corresponding resistances of the nanochannel
and the reservoir (see SI Appendix). The other two are at least
one order of magnitude smaller than this resistance. Therefore,
Eq. 1 is further simplified as

U ¼ 4Dwmhmρvðϕn − ϕ∞Þ
Nlmwnhnρw

; [2]
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Fig. 3. Nanochannel cross-sectional images along the channel length direction. (A) Top view image of a set of nanochannels. The first nanochannel was “cut”
by dry etching method for SEM cross-section (see SI Appendix). (B) SEM cross-sectional images of the nanochannel at the right end, center, and left end.
(C) Height change along channel length direction. The maximum height difference is 22 nm.
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where D is the diffusion coefficient of water vapor in air; and
wm, hm, and lm are the microchannel width, height, and length,
respectively. Eq. 2 indicates that bubble growth rateU is inversely
proportional to the height of the nanochannel, U ∝ 1∕hn. The
agreement in the trends between the experimental data and
our theoretical analysis (Fig. 4C) suggests that this process is in-
deed limited by evaporation at the nanochannel entrances.

It is also of interest to understand the bubble motion during
the cavitation process from the entrance of the channel toward
the center. The bubbles preferred to move to two symmetric
locations on either side of the center line, which are highly de-

pendent on the channel height (Fig. 5A). For larger channel
heights, the preferred location moved closer to the center of the
channel. It may be anticipated that the stationary position of the
bubble can be explained by competing transport phenomena.
Because the continuous evaporation at two ends of the channel
requires heat transfer from surroundings, we examined whether
the balance of thermocapillary motion of the bubble under a tem-
perature gradient and the convective motion due to evaporation
could predict the stationary bubble location. A one-dimensional
steady-state heat transfer model can be used to estimate the tem-
perature distribution along the channel length direction (see SI
Appendix). The temperature gradient

dT
dx

¼ ðln − 2xÞ
ln

Uρwhnhlatent
kodo

reaches its maximum value (1;000 K∕m) at the channel entrance
and linearly decreases to zero at the center of the channel.

Such a temperature difference around the bubble results in a
nonuniform surface tension, leading to a net water flow (referred
as thermocapillary flow) that drives water around the bubble
toward the cold side. For the circular-disk-shaped bubble, the cor-
responding thermocapillary flux is

Jthermocapillary ¼ C
r
μ

dσ
dT

dT
dx

wnhn;

where C is a geometry-related constant, μ is the viscosity of water,
r is the radius of the bubble, and T is the temperature (see SI
Appendix).
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Fig. 4. Vapor bubble growth rate in the presence of cavitation. (A) Total
vapor bubble length (water evaporation length) as a function of time in
20-nm nanochannel with/without cavitation. Unlike normal evaporation
where L ∝

ffiffiffi
t

p
, evaporation with cavitation follows L ∝ t, leading to a signifi-

cant increase in evaporation rate. (B) Total vapor bubble length (water
evaporation length) as a function of time in 20-, 41-, and 105-nm-deep na-
nochannels. Vapor bubbles always expand linearly with time, which is signif-
icantly different from vapor bubble growth in confined microchannels (13).
(C) Experimental results as well as theoretical predictions of bubble growth
rate in nanochannels with heights from 20 to 120 nm. Bubble growth rate
decreases as the nanochannel height increases. Each experimental point re-
presents the average growth rate in five nanochannels. The standard devia-
tion is within 4% of the mean value, which is similar to the symbol size and
thus not shown in the plot. The solid line represents a fit with Eq. 2, which
gives the relative humidity 90.6%.
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Ideally, such water flow will push the bubble toward the hot
side—i.e., the center of the channel in our case. However, water
continuously evaporates at the channel entrance with a flux
Jevaporation ¼ Uwnhn. If the thermocapillary-driven mass flux ex-
actly compensates the evaporation-induced mass flux at a certain
location, a bubble will become stationary. The location of this
stationary point can be estimated to be

X ¼ 1

2

�
1 −

μkodo
Crρwhlatenthn dσ

dT

�
; [3]

where ko is the thermal conductivity of silica, do is the thickness of
the capping silica layer, and hlatent is the latent heat of water eva-
poration. X ¼ x∕ln is the relative stationary position with X ¼ 0.5
the midpoint of the nanochannel.

Eq. 3 indicates that the bubble stationary position is deter-
mined by the device geometry and material properties and is thus
independent of the relative humidity as well as the evaporation
rate. This theoretical analysis is consistent with our observation
because the bubble stationary location in a 74-nm channel did not
change when repeating the experiment with evaporation rates
ranging from 60 to 21 μm∕s due to changes in humidity. This sta-
tionary location also did not change when the experiment was
performed under vacuum. This independence results from the
intrinsic relationship between the evaporation rate and the tem-
perature gradient; i.e., evaporation at the nanochannel entrance
determines the temperature gradient along the nanochannel and
enhancing the evaporation rate simultaneously enhances the
thermocapillary flow. There are also other possible mechanisms
to explain these bubble stationary locations, such as the competi-
tion between evaporation-driven flow and geometry-induced (or
surface roughness/surface composition induced) pressure-driven
flow. However, the channel topography study showed that the
required geometry (continuous constriction from the entrance
to the center) does not exist (see SI Appendix). Furthermore,
predictions based on those mechanisms cannot explain the inde-
pendence of the bubble position on the evaporation rate (see SI
Appendix). Assuming a confined bubble with a diameter of 2 μm,
the theoretical prediction based on the thermocapillary flow
(Eq. 3) shows excellent agreement with the experimental results
(Fig. 5B). Therefore, it appears that the stationary bubble loca-
tion results from a balance between a constant evaporation-
induced liquid flow toward the nanochannel entrance and an
opposing thermocapillary-driven flow toward the nanochannel
center. What is remarkable is the precision and control of nanos-
cale bubble motion through such a competition.

The above analysis for bubble dynamics can also qualitatively
explain bubble splitting in larger nanochannels. Because σ mono-
tonically decreases from the entrance to the center (see the
temperature analysis above), Pliquid ≈ Pvapor − 2σ

hn
, reaches its max-

imum at the center of the channel. The liquid pressure difference
ΔPliquid between the center of the channel and the surroundings
will press the bubble locally, resulting in a deformation in the bub-
ble at the center of the nanochannel. This deformation could
serve as a perturbation to induce Plateau–Rayleigh instability.
Because ΔPliquid is inversely proportional to hn, the deformation/
perturbation increases with the decreasing channel height. Con-
sequently, bubbles in smaller channels prefer to split, whereas
bubbles in bigger channels do not.

Although the above model explains many of the observations,
the mechanism of bubble emergence at the channel entrance and
stability of bubbles inside the nanochannels are still unclear. The
remerging of water menisci at the entrance results in trapped
bubbles comprising air, vapor, or air–vapor mixture. These en-
trapped bubbles serve as stable nuclei for cavitation in these
1D confined nanochannels. However, for nanochannels with uni-
form properties and local expansions at both entrances, these
trapped gas bubbles should not grow because they are confined

by the channel to a size smaller than the critical bubble nucleation
size required for bubble growth (the channel height at the nano-
channel entrance is larger than that at the bubble location).
Anomalous bubble stability has also been observed in another
case; several studies have reported stable spherical-cap-shaped
air nanobubbles on hydrophobic surfaces. Surface tension change
due to contamination (15, 16) and/or adsorption of hydroxide
ions (17) at the air/water interface, as well as continuous influx
of gas due to the gas attraction toward the hydrophobic surface
(18), have been proposed to explain the stability of these nano-
bubbles larger than approximately 5 nm. Because our nanochan-
nel surface is always hydrophilic, cavitation also occurred during
water evaporation under vacuum, and the bubbles immediately
collapsed upon reintroduction of water into the device, continu-
ous influx of gas is unlikely the reason for bubble stability in
nanochannels. However, it is possible that the meniscus at the
channel entrance differs from that at the bubble/liquid interface,
in terms of surface tension due to contamination and/or ion
adsorption, or meniscus curvature due to disjoining pressure (19)
and other factors. Such differences may result in a larger pressure
drop at the nanochannel entrance than that at the bubble/liquid
interface, resulting in stable bubbles inside the nanochannel.
(Surface tension also changes due to temperature difference
along the nanochannel, but such change is not big enough to yield
a lower liquid pressure at the entrance.)

The other aspect that remains elusive is the reason for bubble
entrapment that leads to cavitation. Although there is a strong
correlation between cavitation and presence of the local expan-
sion at the channel entrance, we do not know how the local
expansion causes water to reappear at the channel entrance.
Instability around the deformed meniscus observed on the hor-
izontal plane due to channel height change is certainly a possible
reason (see SI Appendix, Figs. S16 and S17). Remerging of liquid
thin film from top and bottom surfaces due to thin-film flow at
the local expansion could be another potential reason. Because
the nanochannel surface is hydrophilic, we expect a film of water
on the nanochannel entrance ahead of the meniscus. Water flow
in this thin film toward the entrance has been considered as a
major reason for accelerated evaporation in microporous media
(12). This thin-film liquid flow may result in the formation of two
capillary ridges at the local expansion because of evaporation-
induced temperature difference and the channel topography
(20), causing remerging of water and trapping surrounding gas.
This temperature difference and the local expansion may also
facilitate capillary condensation (21, 22) close to the entrance and
thus trap a bubble. These are a few possible hypotheses, and there
could be others as well. At this point, we do not understand the
mechanism of bubble emergence, but our observations confirm
that cavitation can indeed occur in nanoscale confined liquids,
which may have bearing on several phenomena.

It is known that cavitation can occur in plant xylem, which is an
array of parallel microchannels (stem part) in series with many
nanopores at their entrances (leaf part) that are used for water
transport. These microchannels are connected with each other
through intervessel nanochannels (see SI Appendix, Fig. S22).
Cavitation in xylem is currently thought to occur when the liquid
meniscus at the entrance of these intervessel nanochannels
recedes to the xylem (3, 4, 23) (SI Appendix, Fig. S22A). Our ob-
servations suggest the possibility of air bubbles being nucleated at
the nanochannel entrance and transported into the xylem while
the meniscus remains pinned at the entrance of the nanochannels
(SI Appendix, Fig. S22B), which could be another possible me-
chanism for heterogeneous liquid cavitation under negative pres-
sure (3, 24). Our analysis also suggests that, no matter where the
original bubble occurs, the cavitation bubble growth rate in
plant xylem likely depends on the water evaporation rate on the
surface. Direct visual observations of cavitation in nanoscale
channels could help gain deeper insight into cavitation in these
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systems, which is currently studied using indirect acoustic meth-
ods (25) or hydraulic conductance measurements (26), or in
hydrogel systems (24).

The presence of cavitation during evaporation in nanochan-
nels and the consequent high evaporation rate also suggests that
it could be a possible mechanism for fast drying of porous materi-
als, which is an important engineering process in various applica-
tions such as paper, textile, food, and medicine (27). The structure
of pores in such materials is a network of micro- and nanochannels.
It has been proposed that counterflow of water from the thick cor-
ner film in these channels is responsible for the fast evaporation
(28). Our observations suggest an alternative mechanism whereby
evaporation-induced cavitation inside the nanochannel increases
the evaporation rate because the evaporating meniscus is pinned
at the channel entrance and the entire channel is used to transport
water to the entrance (see SI Appendix, Fig. S23).

In conclusion, cavitation due to evaporation-induced negative
pressure has been directly observed in transparent nanofluidic
channels. We found that local expansions at the nanochannel
entrances could result in entrapped bubbles that act as nuclei for

such cavitation. The growth rate of vapor bubbles during this con-
fined cavitation process only depends on the water evaporation
at the nanochannel entrance. The resulting water evaporation is
not diffusion limited and can thus occur at a much faster rate
than evaporation without cavitation. There are certain stationary
positions for vapor bubbles inside the nanochannel, which are
determined by two competing fluidic flows: evaporation-induced
hydraulic flow and thermocapillary-driven flow. Our visual study
combined with theoretical analysis could form the foundation
for further investigation of cavitation in plants and fast drying of
micro/nanoporous materials.
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