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Abstract Gas embolisms can hinder blood flow and lead to
occlusion of the vessels and ischemia. Bubbles in
microvessels circulate as tubular bubbles (Taylor bubbles)
and can be trapped, blocking the normal flow of blood. To
understand how Taylor bubbles flow in microcirculation, in
particular, how bubbles disturb the blood flow at the scale of
blood cells, experiments were performed in microchannels at
a low Capillary number. Bubbles moving with a stream of
in vitro blood were filmed with the help of a high-speed cam-
era. Cell-free layers (CFLs) were observed downstream of the
bubble, near the microchannel walls and along the centerline,
and their thicknesses were quantified. Upstream to the bubble,
the cell concentration is higher and CFLs are less clear. While
just upstream of the bubble the maximum RBC concentration
happens at positions closest to the wall, downstream the max-
imum is in an intermediate region between the centerline and
the wall. Bubbles within microchannels promote complex
spatio-temporal variations of the CFL thickness along the
microchannel with significant relevance for local rheology
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and transport processes. The phenomenon is explained by
the flow pattern characteristic of low Capillary number flows.
Spatio-temporal variations of blood rheology may have an
important role in bubble trapping and dislodging.
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1 Introduction

A gas embolism is the presence of gas in blood circulation
(Muth and Shank 2000). The formation and transport of bub-
bles inside the blood vessels can have exogenous origin, when
air is injected in the blood stream, or endogenous origin when
gas bubbles form inside the blood stream. Bubbles from exog-
enous origin include bubbles resulting from medical proceed-
ings such as surgeries (Borger et al. 2001, Abu-Omar et al.
2004), hemodialysis (Bischel et al. 1975) and gas
embolotherapy (Samuel et al. 2012). Bubbles from endogenous
origin comprise the formation of bubbles by cavitation in heart
valves (Deklunder et al. 1998, Milo et al. 2003) and when
pressure decreases abruptly in scuba diving (Papadopoulou
et al. 2013), astronaut extra vehicular activities (Karlsson
et al. 2009) or in high altitude flight (Foster and Butler 2009).

Bubble formation, detachment, transport, coalescence and
entrapment in the blood vessels have been subject of research to
understand how bubbles can hinder the blood flow and lead to
occlusion of the vessels and ischemia (Papadopoulou et al.
2014). Bubbles in small vessels flow as tubular bubbles
(Branger and Eckmann 2002, Samuel et al. 2012), and they
can be trapped on bifurcations or small branches (Samuel et al.
2012). Bubbles in circulation dissolve in the blood at a rate
that depends on their size, composition and shape
(Papadopoulou et al. 2014). Surfactants are known to modify
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the surface tension and contact angles of bubbles (Suzuki et al.
2004, Eckmann et al. 2006). Decrease of the surface tension
facilitates the breakup of bubbles and increases the interfacial
area leading to the dissolution of the bubbles (Branger and
Eckmann 2002).

Some work has been done to visualize and measure the
flow of microbubbles in small vessels. Microbubbles moving
in steady state co-current flow in microchannels have been
studied numerically (Taha and Cui 2006, Angeli and
Gavriilidis 2008, Talimi et al. 2012) and experimentally
(Thulasidas et al. 1997, Angeli and Gavriilidis 2008).
Bubble flow and lodging in capillaries have been observed
in vivo by Samuel et al. (2012). The authors used vaporized
dodecafluoropentane to form bubbles of 34 to 39 um and were
able to visualize tubular bubbles, including bubbles lodge in
bifurcations. However, most researchers worked with in vitro
models, using single-phase blood analog fluids. Calderén
et al. (2006) studied the lodging of bubbles in microvessel
bifurcations. Oxygen plasma treated Poly(dimethylsiloxane)
(PDMS) models of vessel bifurcations were used. The authors
found that the pressure to dislodge a bubble from a bifurcation
is higher than the pressure to lodge the bubble. This phenom-
enon was attributed to contact angle hysteresis. It was also
found that when a bubble is trapped in one of the branches it
is not possible to remove it by increasing pressure.
Eshpuniyani et al. (2005) studied micro bubble transport in
networks with 3 generations of vessels, with the main branch
of 1 mm and a branching ratio of 0.78. The experimental setup
was made of acrylic and the fluid system used was water/air.
For these dimensions the authors found a dependence of
bubble splitting size ratio on buoyancy. The authors
observed sticking of the bubble below a critical capillary
number. A similar study was performed by Valassis et al.
(2012) for pulsated flow. The authors found no effect of os-
cillatory flow on splitting behavior. However, bubble lodging
was affected by the flow pulsatility.

No in vivo study was performed to visualize flow near
bubbles at the scale of blood cells, and in vitro studies have
been performed using monophasic blood analogs. However,
blood is a multiphase fluid composed by blood cells and plas-
ma and several phenomena that have been observed in blood
at a microscale level are attributable to blood multiphasic na-
ture. Blood cells include red blood cells (RBCs), white cells
and platelets. In microfluidic systems and in capillary vessels,
the RBCs have a size that is a significant fraction of the size of
the channel. Effects due to the discrete size of the cells, such as
the formation of a plasma layer (Leble et al. 2011, Garcia et al.
2012, Pinho et al. 2013), plasma skimming (Faivre et al.
2006), the Zweifach-Fung effect (Svanes and Zweifach
1968, Fung 1973, Doyeux et al. 2011), the Fahraeus effect
(Fahraeus 1929) and the Fahraeus-Lindqvist effect (Fahraeus
and Lindqvist 1931) are relevant. A plasma layer or cell-free
layer (CFL) is usually formed near the wall of small vessels
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due to the migration of red blood cells to the center of the
microchannel. A CFL has also been observed in the channel
centerline after a confluence (Ishikawa et al. 2011, Leble et al.
2011). The size of the CFL can be enhanced by introducing a
constriction in the channel, as shown by Faivre et al. (2006).
The authors found that the CFL after a constriction is thicker
than the CFL before the constriction and attributed the obser-
vation to a geometrically enhanced Fahraeus effect.
Constrictions were also used by Sollier et al. (2010),
Yaginuma et al. (2013) and Pinho et al. (2013) to design
microdevices for blood fractionation.

While research on bubble flow in microvessels has focused
on lodging and occlusion of the vessels, leading to total block
of the flow stream in a certain region of the network, there is
need to study how bubbles can affect the distribution of RBCs
in the flow and how they interact with the CFL. In this paper,
experiments of gas embolisms using in vitro blood are per-
formed to analyze the effect of a gas slug on the CFL and on
the distribution of cells within the flow.

2 Materials and methods
2.1 Working fluids preparation

Dextran 40 (Dx40) containing about 10% (i.e., hematocrit
level of 10%) of ovine RBCs was prepared as working fluid.
Briefly, blood was collected from a healthy ovine and 1.8 mg
of K2EDTA (commercial tube BD Vacutainer® EDTA) per
milliliter of blood was added in order to prevent coagulation.
The RBCs were separated from bulk blood by centrifugation
(2000 rpm for 15 min at 4 °C) and aspiration of the plasma and
buffy coat. The RBCs were then washed twice with a physi-
ological saline solution and diluted with Dx40 to make up the
required RBC concentration. All blood samples were stored
hermetically at 4 °C until the experiments were performed at
room temperature of approximately 20 °C.

2.2 Microchannel fabrication

The molds for the microfluidic device used in this study were
fabricated using a xurography technique (Bartholomeusz et al.
2005, Pinto et al. 2015). First the microchannel geometries
were designed using a CAD software, and then the molds
were cut by using a cutting plotter Jaguar IT (GCC
Innovation) and vinyl HEXIS. Adhesive paper was used to
transfer and place the mold master inside the petri dish.
Microchannels were then produced by polydimethylsiloxane
(PDMYS) soft lithography (Duffy et al. 1998). PDMS prepared
by mixing curing agent (10:1 ratio) was poured onto master
mold in the petri dish and cured in an oven at 80 °C for 20 min.
The PDMS (20:1 ratio) was coated over a glass slide, dis-
persed homogeneously by means of a spin coater and cured
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in an oven at 80 °C for 20 min. By using a blade, the
microchannels were cut off and the inlet/outlet holes of the
fluid were made by using a fluid dispensing tip. Finally, the
channels were sealed by the PDMS covered glass slides. To
have a strong adhesion of the materials, the device was placed
in the oven at 80 °C for 24 h.

Figure 1 shows the microchannel geometries and flow di-
rections of RBCs and air. As can be seen, Dx 40 containing
10% of RBCs and air are injected from separate inlets and are
to be met at the cross section. Flow rate of RBCs was set to
4 ul/min and air pressure was set to 25 mbar. These condi-
tions were set in order to study the effect of the bubble itself
and neglect the effect from former passing bubbles. In this
work 20 bubbles flowing with approximately the same condi-
tions were analysed. The time interval between the formation
of each bubble was about 8.8 s and the bubble average veloc-
ity was around 2.3 mm/s (a video showing the bubble frequen-
cy can be found in supplementary material — Movie 2). The
depth along the length of the microchannels is approximately
uniform and has a value of about 100 pum.

Taylor bubble flow in co-current liquid flow in micro-
channels is characterized by the Capillary number, which
measures the ratio between viscous and surface tension forces
and is defined as:

= —Ub'u
g

Ca

where Uj, is the bubble velocity, 1 a the liquid viscosity and o
the surface tension. Gravity can be neglected for flows in
microchannels and inertia can be neglected for realistic liquid
velocities. Thus, the bubble velocity normalized by the liquid
average velocity, the film thickness and the bubble shape are func-
tion of the capillary number. The capillary number for the
experiments performed in this work is 1.4 x 107*,

The region of interest (ROI) at this study is around the
contraction region downstream the cross section (cf. indicated
by a dotted circle in Fig. 1), where the width of microchannel
is narrowed from 600 um to 350 um and then expanded back
to 600 wm. The contraction facilitates the release of the bubble
since the bubble is subjected to a higher liquid velocity. The
reason to use a contraction with a minimum width of 350 um
was mainly due to limitations of the xurography technique
(Bartholomeusz et al. 2005, Pinto et al. 2015).
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Fig. 1 Microchannel geometries and flow directions

2.3 Experimental set-up

A high-speed video microscopy system was used in this study.
This system consists of an inverted microscope (IX71,
Olympus) combined with a high-speed camera (i-SPEED
LT, Olympus). Images were acquired at 60 fps and the time
interval between each image was 0.01666 s. The fabricated
microfluidic device was placed on the stage of the inverted
microscope. A syringe pump (Harvard Apparatus PHD
ULTRA) was used to produce a constant flow rate of in vitro
blood. An additional pressure pump (Elveflow AF1 PG1113)
was used to inject air at a constant pressure in the
microchannel.

2.4 Image analysis

For CFL measurement, MTrack] plug-in integrated in ImageJ
software was used (Abramoff et al. 2004, Meijering et al.
2012). Before the measurement, recorded images were pre-
processed as the following steps. First, RGB video images
were converted to 8 bit grey scale images. Then, by replacing
each pixel with the median of the neighboring pixel values,
noise of the images was reduced. In this way, the distinction
between high intensity region (CFL) and low intensity region
(RBCs) became smoother and clearer. Using this intensity
level gap, the edge of CFL was identified and tracked manu-
ally by MTrack] as well as the wall edge (cf. Fig. 2), and then
the thickness of CFL was calculated.

3 Results and discussion

Figure 3 shows the sequential images of bubble flow at the
contraction region. When the bubble is generated, CFLs are
observed downstream both near the wall and at the center of
the microchannel, showing brighter color than other regions.
As the bubble proceeds in the contraction region, the CFLs down-
stream become much clearer and slightly wider. On the other
hand, cell depleted regions upstream the bubble are not as
clear as downstream, especially at the center. Nevertheless, it
is observed that the CFL is on the way to be formed at
the center. Immediately upstream to the bubble, the CFL

Fig. 2 View of image analysis and measurement of CFLs near the wall,
top and bottom, and at the center. The color lines represent different
regions where the CFL was measured within the microchannel
contraction
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Fig. 3 Sequential images of
bubble flow at the contraction
region. A reference movie of a
microbubble moving in blood
flow can be found in
supplementary material (Movie
1). At the contraction region the
size of the bubble has a major and
minor axis length of about

591 um and 342 pum. At the
expansion region the bubble has a
diameter of about 471 pm

near the wall is not visible. Only far upstream to the
bubble is clearly seen.

Figure 4 shows the bubble velocity as the bubble moves
along the channel. Before the release of the bubble, the bubble
tip moves at a velocity of about 0.5 mm/s. When it is released,
the bubble accelerates reaching a terminal velocity of about
2.3 mm/s in less than 0.1 s. The bubble velocity remains
constant along the contraction region and starts decreasing
when the bubble enters the expansion after the contraction,
where the liquid velocity is smaller.

Figure 5 is a view of the cross section where RBCs and air
meet. These images are created by adding 5 frames of image
sequences in order to visualize the cells flow behavior.
Figure 5a shows only RBCs flow and no significant CFL is
seen. In Fig. Sb, where the air is entering the cross section,
CFL formation downstream the air in y direction around the
center of the microchannel is observed. In both Figs. 3 and 5, it
is possible to observe the formation of a CFL in the centreline
of the microchannel. This phenomenon is similar to the CFL
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Fig. 4 Bubble velocity as a function of time for the reference case. The
bubble accelerates when released taking less than 0.1 s to reach a constant
terminal velocity (2.3 mm/s). The velocity remains constant and
decreases after the contraction due to the increase of the cross-section
area of the channel
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formed immediately downstream of the apex of a confluence
(Ishikawa et al. 2011, Leble et al. 2011). The CFL observed in
Fig. 5b is originated from the upstream cell depleted layers
that are formed around the microchannel walls and the pres-
ence of a bubble promotes the convergence of both layers into
the centreline of the microchannel. The size of the observed

(@)

CFL

300 pm

Fig. 5 A view of cross section. a Only RBCs are flowing. The CFL
originated from the walls tend to disappear at the downstream region. b
Air is entering the cross section and CFL formation is observed at the
center of microchannel. The presence of a bubble promotes the
convergence and enhances the CFLs originated from walls of the
daughter channels to the centerline of the parent channel
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layer also suggests that the bubble has an additional contribu-
tion to the formation of the CFL, acting as a wall and
forcing the RBCs to migrate away from the bubble sur-
face across the streamlines.

The CFL thicknesses near the walls and at the center were
measured and plotted for 5 different time phases as shown in
Fig. 6. For = 1.4 s and 3.2 s, we did not measure the CFL at
the centerline as we considered the depletion of the cells were
not as complete as downstream.

Using results plotted in Fig. 6, CFL thickness was averaged
to provide the mean CFL thickness for the selected region (cf.
Fig. 7). The CFL thickness both near the wall and at the center
becomes maximum when ¢ = 0.8 s where the bubble is
reaching the exit of the contraction region. Except for t = 0.8 s,
the CFL thickness near the wall does not show significant
difference by time phase.

By analyzing a reference movie (see supplementary
material, Movie 1) of a microbubble flowing through the con-
traction it is possible to observe that, just before the bubble
release, the CFL near the wall develops immediately after the
bubble (triangular shape in Fig. 8). At this early stage the
bubble is being bypassed by a stream with high cell concen-
tration. This stream flows through a narrow constriction be-
tween the bubble and the walls of the channels. Narrow con-
strictions contribute to enhance the CFL, as shown by Faivre
et al. (2006). When the bubble is released, the bypassing flow
stops because the bubble is moving faster than the liquid av-
erage velocity and the fluid velocity, in the bubble frame of
reference, in the film is almost zero (according to Taha and
Cui (2006)). When the bubble reaches the terminal velocity
(Fig. 4), the liquid flow, observed from the perspective of the
bubble reference frame, can be represented by the streamlines
of Fig. 9. This streamline representation is based on the work
of Taha and Cui (2006) and is valid for low Capillary numbers
(Ca<0.05). Upstream to the bubble the fluid in the centerline
moves to the bubble and the fluid near the wall moves away
from the bubble. Downstream to the bubble the reverse oc-
curs, the fluid in the centerline moves away from the bubble
and the fluid near the wall moves to the bubble. Downstream
to the bubble, low concentration fluid near the wall moves
along the streamlines and away from the wall and from the
bubble decreasing the concentration in front of the bubble and
increasing the CFL thickness (¢ = 0.8 s, Fig. 7). Immediately
upstream to the bubble the reverse phenomenon occurs: high
concentration fluid moves to the wall eliminating the CFL
near the wall. This region is not analyzed in Fig. 7 but the
phenomenon of the disappearance of the CFL immediately
upstream of the bubble can be observed in Fig. 10 and in the
reference movie in supplementary material.

The influence of the CFL thickness by physical and rheo-
logical factors such as hematocrit, RBC deformability, vessel
diameter and flow rate is well documented in the literature
(Maeda 1996, Mchedlishvili and Maeda 2001, Lima et al.

2009a, Garcia et al. 2012, Bumseok et al. 2014), however to
the best of our knowledge the effect of a microbubble on the
CFL thickness has never been investigated. The results from
Figs. 6 and 7 show clearly that microbubbles have a signifi-
cant influence on the CFL thickness and consequently on the
rheological properties of blood flowing in microvessels and
biomedical microdevices.

In order to understand the influence of a microbubble on
the local RBC concentration, plots of the gray-scale values
across the microchannel for different time phase, both up-
and downstream of the microbubble, are shown in Fig. 10.
By assuming an approximate correspondence between the
gray-scale intensity and the RBC number density (high gray-
scale values correspond to white regions and low RBC num-
ber density), the results indicate that the microbubbles have a
strong influence in the number density of RBCs located at
both downstream and upstream. Additionally, these results
also show evidence that the existence of a microbubble
flowing in a microvessel may give rise to a local maximum in
the cell number density at positions closest to the wall. Note
that this latter phenomenon only happens upstream to the bub-
ble. In contrast, for the downstream part the maximum con-
centration of cells occurs at positions off the centerline and
walls. The flow pattern represented in Fig. 9 explains
these phenomena. Upstream to the bubble, high concen-
tration fluid is transported to the wall. Downstream to
the bubble, low concentration fluid is transported from
the wall to the centerline.

In general, the results reported here have revealed that the
presence of microbubbles leads to a non-uniform cell concen-
tration in both microvessels and biomedical microdevices.
Hence, we believe that microbubbles may have a strong im-
pact on the transport processes happening in microcirculation,
such as nitric oxide scavenging by RBCs and oxygen delivery
from the cells to tissues. Previous works on dislodging of
microbubbles have neglected the effect of cell concentration.
Cell concentration has a direct effect on the local blood vis-
cosity, which indirectly affects pressure drop along the flow
and, consequently, pressure distribution around the bubble
and bubble shape. Further work will be necessary to determine
how cell concentration affects local blood viscosity and how it
influences bubble trapping and dislodging.

3.1 Limitations and future directions

Photolithography is one of the most popular methods to fab-
ricate molds to produce biomedical microdevices by soft li-
thography. However this technique is inadequate for mass
production, requires a cleanroom environment and needs spe-
cific equipment, which are inaccessible to the majority of the
biologists and biomedical engineers. Those features are
slowing down the interest of the industrial community to com-
mercialize lab-on-chip devices. Therefore, many efforts have
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Fig. 6 CFL thickness at different time phase. The measured values are expressed as the means + standard deviation according to a ¢-test analysis at a 95%
confidence interval. Twenty bubbles flowing with approximately the same conditions were analysed

been made to develop simple, fast and low-cost alternatives
techniques for the fabrication of microstructures, avoiding the
use of cleanroom facilities. A successful example is the
xurography technique that uses a cutting plotter machine and
adhesive vinyl films to generate the master moulds to fabricate
microfluidic channels (Faustino et al. 2016). Recently, Pinto and
his colleagues (Pinto et al. 2015), by using this technique, have
successfully fabricated biomedical microfluidic devices and have
observed blood flow phenomena that happens in both in vivo an
in vitro environments. Hence, this latter work has encouraged us
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to apply this technique to perform generation of bubbles and to
investigate its effect on the blood flow behavior in microchannels
bigger than 350 um. Although the geometries are not completely
symmetric we have found that for the dimensions tested in this
study, such limitation has a negligible effect on the blood flow
results and it is reasonable to investigate the CFL phenomenon.

For small Capillary numbers (Ca <0.05) the flow of Taylor
bubbles is in the surface tension dominated regime. In this
regime the flow pattern has the following characteristics
(Taha and Cui 2006):
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Fig. 7 Mean CFL thickness near 60
the wall and at the center by
different time phase 50

40
30

20

CFL thickness (um)

10

* Very thin film.

* Velocity of the bubble slightly above the average fluid
velocity.

» Recirculation zones that occupy all the liquid slug (in the
bubble frame of reference) upstream and downstream the
bubble (Fig. 9).

* Bubble has front/back symmetry.

The capillary number in the human circulatory system in ves-
sels smaller than 500 pm is smaller than 3 x 10> and the present
results are for Ca= 1.4 x 10~*. The flow characteristics of the
present study are therefore similar to the ones found in human
circulatory system and the same phenomena are expected to
be found in vivo.

The results obtained in the present paper can be compared
with studies on blood flow in microchannels that have been
presented in a large body of literature. In these studies, the
channels usually have square/rectangular cross sections due
to the most common methods to fabricate microchannels, i.
e., SU-8 photolithography and xurography are planar tech-
niques. Extrapolation of the results to circular microchannels
is a common problem. The wall CFL observed are boundary
layer phenomena, which are not significantly influenced by
the bulk flow and by 3D effects. Our experiment captures the
phenomena in the midplan of the channel. Since the cross
section is rectangular, with a width/depth ratio of 3.5, the
observed midplan is similar to a plan crossing the center of a
channel with a circular cross channel. Flow patterns of bub-
bles in rectangular channels and in circular microchannels are

Fig. 8 A view of the CFL
triangular shape formed
immediately downstream of the
bubble (left side) and uniform
CFL near the wall after a certain
time (right side)

M CFL near the wall

CFL at the center

0.5s 0.8s 14s 3.2s
time phase (s)

similar, as shown in the literature (Taha and Cui 2004, Taha
and Cui 2006). The CFL in the center of the channel forms
around the bubble and depends on the 3D shape of the bubble,
which is influenced the geometry of the channel.

Although, the flow characteristics investigated in this study
are the ones found in human circulatory systems, it is impor-
tant to confirm if there are relevant differences between the
Capillary number studied and the maximum capillary number
observed in human circulation, and for these reason experi-
ments at a higher flow rate should be performed in the future.
Additionally it would be useful to examine the bubble effect
on the CFL at smaller dimensions, for which the ratio between
the cell and the vessel characteristic dimension is higher, and
complex geometries such as bifurcations and confluences. By
using moulds produced by photolithography technique, in the
near future, we are planning to obtain more detailed insights
about embolisms at smaller dimensions. Further work is also
necessary to observe these phenomena in circular cross-
section microchannels (Lima et al. 2009b, Fiddes et al.
2010), preferentially using cells cultured on their walls in or-
der to provide an environment to mimic in vivo microvessels.

One of main purposes of this work was to investigate the
effect of the bubble itself and neglect the effect from former
passing bubbles. Hence, for the predefined conditions the high
speed camera used in this study was suitable to record both the
bubble generation and the CFL phenomenon (see supplemen-
tary movies). However, for higher bubble frequencies and
higher flow velocities a high speed camera able to record
10,000 frames per second is mandatory.

cells

no cells
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Fig. 9 Schematic representation based on the work of Taha and Cui
(2006) of the flow streamlines in the bubble reference frame when the
bubble reaches the terminal velocity in the contraction region

4 Conclusions

In this paper, we reported experiments on the influence of a
microbubble on the flow of RBCs in microchannels. We
showed that the presence of bubbles within microchannels
promotes complex spatio-temporal variations of the CFL thick-
ness along the microchannel. Our in vitro blood experiment
suggests that the microbubbles lead to heterogeneous distribu-
tion of blood cells around it. Our results have shown that for
positions just upstream of the bubble the maximum number of
RBC concentration happens at positions closest to the wall.
However, for locations close to the downstream part of the
bubble, the maximum concentration of cells occurs at posi-
tions off the centerline and walls. We linked these observa-
tions to the recirculations present in the liquid slug character-
istic of low Capillary number flows.

It is well known that blood flows in the microcircu-
latory system is characterized by a narrow CFL adjacent
to the walls and its width is affected by physical
and rheological factors such as hematocrit, RBC
deformability and aggregability, microvessel diameter
(Faivre et al. 2006, Bumseok et al. 2014). In this study,
we have identified a new physical factor that strongly
influences the CFL thickness in both in vivo and in vitro
environments. The CFL plays an important role in
balancing NO production by the endothelium and NO
scavenging by RBCs. Cell distribution influences hemo-
dynamics around a trapped bubble, implying that the
observed phenomena may have an important role in
bubble trapping and dislodging. Hence, we believe that
the results shown here may contribute for new insights
into how microbubbles may influence on the transport
processes happening in microcirculation.

Fig. 10 Value of the intensity of the gray scale (0 = black; 255 = white) P>
versus the displacement y across the microchannel before (A) and after
(B) the microbubble for different time phase: a#=0.5s;bt=0.8 sand ¢
t = 1 s. The measured values are expressed as the means + standard
deviation according to a #-test analysis at a 95% confidence interval. 20
bubbles flowing with approximately the same conditions were analysed
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