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In the present study, we investigate the effect of wall flexibility on the plug propagation and the
resulting wall stresses in small airway models with experimental measurements and numerical
simulations. Experimentally, a flexible microchannel was fabricated to mimic the flexible small
airways using soft lithography. Liquid plugs were generated and propagated through the
microchannels. The local wall deformation is observed instantaneously during plug propagation
with the maximum increasing with plug speed. The pressure drop across the plug is measured and
observed to increase with plug speed, and is slightly smaller in a flexible channel compared to that
in a rigid channel. A computational model is then presented to model the steady plug propagation
through a flexible channel corresponding to the middle plane in the experimental device. The results
show qualitative agreements with experiments on wall shapes and pressure drops and the
discrepancies bring up interesting questions on current field of modeling. The flexible wall deforms
inward near the plug core region, the deformation and pressure drop across the plug increase with
the plug speed. The wall deformation and resulting stresses vary with different longitudinal tensions,
i.e., for large wall longitudinal tension, the wall deforms slightly, which causes decreased fluid stress
and stress gradients on the flexible wall comparing to that on rigid walls; however, the wall stress
gradients are found to be much larger on highly deformable walls with small longitudinal tensions.
Therefore, in diseases such as emphysema, with more deformable airways, there is a high possibility
of induced injuries on lining cells along the airways because of larger wall stresses and stress
gradients. © 2009 American Institute of Physics. �DOI: 10.1063/1.3183777�

I. INTRODUCTION

The lung consists of a branching network of flexible air-
ways that conduct the air and exchange gas between the al-
veoli and the pulmonary capillaries. The airway walls are
lined by a thin liquid layer, which may cause the closing off
of small airways either in healthy lungs near the end of ex-
piration at low lung volumes1,2 or in diseased lungs such as
emphysema,3 infant and adult respiratory distress syndrome
�RDS�,4,5 and cystic fibrosis.6,7 Closure can occur due to plug
formation as a result of surface tension,8–10 or by airway wall
collapse.11,12 After the liquid plug forms, it propagates and
may finally rupture to reopen the airways during the next
breathing cycle. The propagation and rupture of the liquid
plug can cause damage to the lining epithelial cells by the
mechanical stresses associated with the two-phase interfacial
flow.13,14 The process of these airway closure and reopening
systems is therefore of fundamental importance and physi-
ological significance.

In addition, external liquid plugs can be instilled into the
lungs15–17 to treat diseases such as RDS and cystic fibrosis.
For example, premature infants lack significant amount of
surfactant and require external surfactant delivery. They tend
to have very stiff lungs with low compliance and develop
RDS, which is the fourth leading cause of death for the pre-
mature infants in the United States.18 Surfactant replacement
therapy has been clinically successful in treating infant RDS.

Drug delivery into the lung has been studied for treating
diseases such as cystic fibrosis or other genetic diseases.15

These are situations where externally instilled liquid plugs
form and are transported through the flexible airway net-
works. Plug propagation in airway branches, distribution in
the lung, and resulting wall stresses may affect therapeutic
efficiency and may even cause additional lung injury. It is
thus of great importance to understand the mechanisms of
liquid plug propagation.

Efforts have been made to understand the mechanical
process of airway closure and reopening systems. When long
sections of airways are closed, the reopening process can be
simulated as the penetration of a semi-infinite bubble finger,
which inflate the closed airway branches and peel apart the
opposed walls.12,19,20 The propagation of an air finger
through an initially flooded and collapsed tube/channel has
been investigated experimentally21–24 and theoretically.25–28

The opening pressure and bubble speed have been studied
during this process with respect to different tube elasticity
and collapsing levels. When short plugs form and block the
lung airways, the propagation and final rupture of the liquid
plugs reopens the lung airways. Howell et al.29 investigated
the dependence of the pressure drop across the plug and film
thickness on the plug speed and tube wall elasticity. They
found a critical pressure above which a plug ruptures and
reopens an airway.

The interactions between the airway fluid and deformed
airway walls can be physiologically significant.30,31 Airway
closure may reduce gas exchange and induce hypoxia in lo-
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cal regions. At the cellular level, the reopening process may
result in injury due to high fluid stresses on the lining lung
epithelial cells13,14,32 from the two-phase interfacial flow as
well as damage to the surrounding alveolar tissue due to
collapsed wall stretching.33,34 The large stress gradients from
the fluid flow were hypothesized to be responsible for cellu-
lar injury during the airway reopening process. Normal lung
stretching has been found to be helpful on the lung epithelial
cell growth and differentiation;35 however, stress stimulation
at above normal levels may destabilize the pulmonary air-
ways and affect surfactant sorption, the blood-gas barrier,36,37

the transport of fluid and ion,38,39 as well as protein
synthesis.40,41

Previous theoretical studies have suggested that liquid
plug or air bubble propagation during the airway reopening
process can generate fluid mechanical stresses, i.e., the nor-
mal and shear stresses on the wall, beyond physiological
normal values,25,28,42–45 which might cause cell damage and
possible tissue damage as well. In this paper, we study liquid
plug propagation in flexible microchannels, with microengi-
neered experiments and corresponding numerical simula-
tions. We show the collapsing of a flexible channel during
plug propagation and investigate the induced changes in the
fluid flow and wall stresses. Our study reveals the possible
causes of lung epithelial cell injury along the flexible pulmo-
nary airways, especially during the airway reopening process
in diseases such as emphysema.

The experimental methods for the plug propagating
through a microengineered flexible channel are described in
Sec. II and the experimental results are shown in Sec. III.
Section IV formulates the theoretical model and Sec. V states
the numerical methods for the steady plug propagation
through the flexible channels. Section VI shows the theoret-
ical results and Sec. VII discusses the comparisons of the
numerical solutions with the experimental data. Finally Sec.
VIII concludes the paper.

II. EXPERIMENTAL METHODS

A. Microchannel fabrication

The microfluidic channels were fabricated using soft
lithography.46 Polydimethylsiloxane �PDMS� �Slygard 184;
Dow Corning, MI� prepolymer was mixed with curing agent
at a weight ratio of 10:1. The mixture was then cast onto a 4
in. silicon wafer with 100 �m thick positive relief patterns
of SU-8, and cured at 60 °C in an oven overnight. The cured
PDMS layer was peeled from the silicon wafer. Holes of 2
mm diameter were punched through the cured PDMS sub-
strates as reservoirs. To fabricate a very thin membrane of
PDMS �thickness �O�5 �m��, PDMS and toluene were
mixed at 1:1 mass ratio and spin coated on a silanized clean
glass cover slide at 1800 rpm for 90 s to generate a thin
layer. This PDMS thin layer covered glass slide was then
cured at 120 °C for 1 h and converted to a plain PDMS thin
membrane with thickness t�=7 �m, which is approximately
the wall thickness of the distal airways in human lungs.47

The cured thin membrane and channel layer were sealed
against each other using a plasma oxidizer �11005-plasma
Prep II, SPI�.46 This assured the entire channel to have the

same surface properties and be hydrophilic. PDMS with 10:1
curing ratios has Young’s modulus around 0.7 MPa and a
Poisson ratio of about 0.5,48–50 which is similar to the elastic
properties of the connective tissue network in normal lungs.
The elastin in the lungs has Young’s modulus in the order of
0.5–5 MPa.51 The average Young’s modulus of a single al-
veolar wall has been estimated to be around 300 kPa.52

The fabricated channel has to be vertically flipped 90° so
that the thin membrane is shown as a sidewall and its defor-
mation from the pressure difference across the membrane
can be well observed under an inverted microscope. The
sealed PDMS channel structure is cut with a razor blade
along the axial direction close to one channel wall; then the
rough cutting side is cured with PDMS again by a vertical
level to obtain the optical clarity. The schematic of the mi-
crochannel is shown in Fig. 1�a� and the cross section is
shown in Fig. 1�b�. The channel has height 2H� and width
2W�, with H� being the channel half height, and the thin
membrane has thickness t�. When Pext� �� �Pin, the mem-
brane deforms inward �outward�.

B. Compliance measurement

To justify the use of the microchannel as an in vitro
model of the lung airways, the channel compliance is mea-
sured. Two types of channels were fabricated: One was the
replica of PDMS microchannel sealed with a glass slide as a
control and the other was the PDMS microchannel replica
sealed with the thin PDMS membrane. De-ionized water
with dye was used for the measurement of the compliance.
The channel outlet was sealed with permanent glue. The inlet
was connected to a U-shaped microchannel with a length
marker via an 0.8 mm id silicone tubing �Fisher Scientific�
filled with dye water, as shown in Fig. 1�c�. The pressure of
the target microchannel was adjusted by changing the height
difference with the U-shaped marker channel. When the
transmural pressure increases or decreases, the thin mem-
brane deforms and the water volume increases or decreases

FIG. 1. �Color online� �a� Schematic of microchannels sealed with thin
membrane with liquid plugs moving in the main channel. �b� Cross sectional
image of the microchannel. Pext and Pin are the pressure outside and inside
the channel, t� is the flexible wall thickness, and 2H� and 2W� are the height
and width of the channel. �c� Schematic of compliance measurement �i.e.,
pressure-volume relationship�. �P is the pressure drop imposed in the target
channel and �V is the corresponding volume change. �d� Schematic of the
experimental setup on the plug generation and propagation.
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in the target microchannel. The volume change is measured
by readout of the interface marker in the U channel and the
pressure-volume relationship is generated, which reveals the
compliance of the target microchannels.

C. Liquid materials and plug visualization

The liquid material used was a mixture of de-ionized
water and fluorescent particles �Duke Scientific� at a concen-
tration around 0.1%–0.3%, which could be excited by green
light at 542 nm and emit red light at 612 nm. The liquid plug
was generated and propagated through the channel with the
setup shown in Fig. 1�d�. A constant air flow was generated
from the gravity pump and a constant flow of liquid was
driven by the syringe pump. A solenoid valve was used to
control the air flow for generating plugs. When the air flow
was blocked, a liquid plug was generated and a second plug
was produced after the previous one is propagated out of the
channel. The duration of zero air flow determined the plug
length and the air pressure determined the plug speed. The
flexible wall deformation and differential pressure between
the rear gas phase of the plug and the outlet atmosphere
pressure were measured for different plug speeds, character-
ized by the capillary number Ca=�*U /�*. A charge coupled
device camera �CoolSnap EZ, Photometrics� connected to an
inverted fluorescent microscope �TE-2000, Nikon, Tokyo, Ja-
pan� and METAMORPH software were used to record the plug
motion and wall deformation.

III. EXPERIMENTAL RESULTS

A. Channel compliance

Figure 2�a� shows the pressure-volume measurements
for the PDMS microchannels sealed with the PDMS thin
membrane, called the flexible channel, and with a glass slide,
called the rigid channel as the control sample. For the rigid
channel, there is a slight volume increase �or decrease� with
increasing �or decreasing� transmural pressure, which is due
to the elasticity of the PDMS polymer. Under the same pres-
sure, the flexible channel yields a larger volume change than

the rigid one, which is due to the deformation of the thin
PDMS membrane. By subtracting these two curves, we can
get the pressure-volume relationship solely from the defor-
mation of the thin flexible PDMS membrane, as shown in
Fig. 2�b�. When the transmural pressure is positive, meaning
that the outer pressure is smaller than the inner pressure in
the channel, the membrane expands outward and the channel
volume increases. When the transmural pressure is negative,
meaning that the outer pressure is larger than the inner pres-
sure, the membrane deforms inward and the channel volume
decreases. We are particularly interested in the negative
transmural pressure region because of the induced large
negative wall pressure near the plug core during the steady
plug propagation.42,53

A large deflection theory on a clamped thin wall plate
was used to calculate the compliance of our PDMS micro-
channel from the flexible membrane deformation using Von-
Karman’s equations.54–58 The channel has a height and a
width of 100 �m, and a length of 4 cm. The membrane has
a thickness of 7 �m with Young’s modulus 0.7 MPa and a
Poisson ratio of 0.5.48–50 Hence, the membrane deformation
can be calculated and the resulting volume changes are plot-
ted against different pressure loads, as the line curve in Fig.
2�b�. The analyses show good agreement with our measure-
ments when the pressure is negative. When pressure is posi-
tive, poor agreement may be caused by the different elastic
behaviors of PDMS during expansion. Since the negative
pressure ranges are of interest, the variation of PDMS prop-
erties during expansion and compression is not expected to
affect our analysis.

The average compliance is defined as C=��V /V0� /�P.
From Fig. 2, we can calculate the average compliance of the
flexible channel C to be around 0.005 cm H2O−1 when the
pressure is in the range of −100–0 cm H2O. For the human
bronchioles, it has been shown that the average in vivo com-
pliance is slightly larger than our results,
�O�0.01� cm H2O−1 for pressure ranging from �40 to
0 cm H2O.47 Since our microchannel only has one flexible
wall, the compliance of the channel is expected to be reason-
able and able to show the deforming properties of the actual
human airways.

FIG. 2. �Color online� �a� Pressure P�cm H2O� vs dimensionless volume V /V0 for microchannels with flexible membrane and with glass slide. The empty
�filled� symbols with error bars in volume are for the rigid �flexible� channel. �b� P vs V /V0 from the deformation of the thin membrane by subtracting the
two data sets in �a�, as shown in symbols and comparison with the large deflection theory in the line curve.

071903-3 Liquid plug propagation in flexible microchannels Phys. Fluids 21, 071903 �2009�



B. Wall deformation from plug propagation

Figure 3 shows selected fluorescence images of the liq-
uid plug propagation at different plug lengths and speeds in
the flexible microchannel with the upper wall being rigid and
the lower wall being the flexible membrane. The images are
taken near the middle plane where the wall deforms the
most. The wall deformation is clearly observed with the fluo-
rescence intensity changes, with the intensity being smaller
in the deformed regions. Due to the light scattering, there are
some mirror images visible below the deformed wall, which
do not affect the analysis. When the plug propagates from
left to the right, the flexible membrane deforms inward and is
sucked near the plug core region. The deformed wall regions
are found to propagate along with the plug propagation and
the plug interface appears to be asymmetric due to the flex-
ible wall deformation.

We then extracted wall positions quantitatively with im-
aging analysis during plug propagation, as shown in bottom
images in Figs. 3�a�–3�d� with plug speed characterized by
the capillary number Ca=�*U* /�*. The symbols are the
discrete extraction of wall position and the lines are the fitted
wall position. For the upper rigid wall, the wall position is
found where the pixel intensity is above a threshold of 16,
with white being 255 and black being 1, but below the maxi-
mum intensity along each vertical column in the upper half

domain. For the flexible wall, along the precursor and trail-
ing films, the wall positions are found similarly as for the
rigid wall. While near the plug core region, the local mini-
mum intensity position near the deformed region is found,
from where, toward the upper rigid wall, an intensity thresh-
old is applied to get the deformed wall position with the
largest difference in intensity. The top lines are the linear fit
of the rigid wall positions, and the bottom lines are the tenth
order polynomial fit of the deformed wall positions. The
original wall positions are determined by connecting the two
end films near the flexible wall, and the wall deformation is
obtained from the height difference of the deformed and
original wall positions.

The maximum wall deformation varies with plug speed
and length. For a plug length around five times the half chan-
nel height, i.e., LP=5.0, and Ca around 1.0�10−3, the maxi-
mum wall deformation ��

max is measured to be 12.7 �m, as
shown in Fig. 4�a�. For the other cases shown in Fig. 3, the
maximum deformation is calculated to be �b� 9.4 �m, �c�
11.1 �m, and �d� 7.8 �m. The average strains on the flex-
ible wall, defined as the ratio of the wall elongation to the
original wall length, are calculated to be around 1% for all
the cases. Here the wall elongation is the difference in the
deformed wall arc length and the original flat length indi-
cated as Ldeformed and Loriginal indicated in Fig. 3. More quan-
titative studies and comparisons with simulations are pre-
sented in Sec. VII.

To understand the mechanisms of the wall deformation
and pressure drop during the steady plug propagation, we
built a computational model and numerically simulated the
steady plug propagation in an asymmetric flexible channel
corresponding to the experimental setup in Secs. V–VII and
compared the results with the experiments in Sec. VII.

IV. THEORETICAL FORMULATION

Figure 4 illustrates a liquid plug propagating with steady
speed U�, driven by the pressure drop p1

�− p2
� through a two-

dimensional �2D� channel. The fluid has a Newtonian viscos-
ity �� and constant density 	�. The surface tension �� is
assumed to be uniform. The top channel wall is rigid and the
bottom one is simulated as a membranelike wall with con-
stant longitudinal tension TL

� and supported by nonlinear

FIG. 3. �Color online� Selected images of plug propagation in a microchan-
nel with a rigid upper wall and a flexible lower wall with extracted wall
positions for different plug lengths and plug speeds. The lines on top of the
image are the extracted wall shapes with the top one being the rigid wall,
and the bottom one being the flexible wall. The lower figure in each image
is the quantitative extraction and polynomial fitting of the wall position. The
wall deformation is larger for longer plug with larger speed and is measured
to be �a� 12.7 �m, �b� 9.4 �m, �c� 9.8 �m, �d� 11.1 �m, and �e� 7.8 �m.

FIG. 4. �Color online� Schematic of the model system of a liquid plug of
length LP� driven by a pressure drop p1

�− p2
� through a planar fluid-filled

channel with a upper rigid wall located at y�=LP� and a lower flexible wall
located at y�=��−LP�. The wall deformation ��� �� �0 when the wall de-
forms inward �outward�. Here n� is the unit normal vector to the interface, h1

�,
h2

�, h3
�, and h4

� are the far end film thickness, and U� is the plug tip speed
during its steady propagation. The front gas pressure is set to be 0 as the
reference pressure as well as the external pressure Pext

� .
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springs. Far ahead of the plug, the channel has a width of
2H� and the springs are unstressed. Far behind the plug, the
springs are slightly compressed due to the positive pressure
p1

� and uniform liquid films on each of the channel walls
with thickness h1

� on the lower flexible wall and thickness
h3

� on the top rigid wall. The precursor films along the lower
flexible and tip rigid walls have thicknesses of h2

� and h4
�,

respectively.
The parameters are nondimensionalized as follows:

�x ,y� are scaled on half channel width H*, the pressure on
the viscous force scale ��U� /H�, and the velocity u� = �u ,v� is
scaled on U�. The frame of reference is fixed with the plug
tip. In the experiments where the steady liquid plug flows
through a microchannel, the fluid inertia is negligible. There-
fore, the governing equations for the fluid motion in scaled
form are the Stokes and continuity equations,

�� p = �2u� , �� · u� = 0. �1�

Along the interfaces, the dimensionless interfacial stress
conditions are given by

− pn� + ��� u� + �� u�T� · n� = Ca−1 
ITFn� − p2n� , �2�

where n� is the interface inward-facing normal direction, the
capillary number Ca=�U* /� is the dimensionless plug tip
velocity in the laboratory frame, and represents the ratio of
the viscous force to the surface tension force; 
ITF=�� s ·n� is
the interfacial surface curvature, where �� s= �I=−n�n� � ·�� is the
surface divergence vector. At both air-liquid interfaces, the
kinematic boundary conditions for the steady state are u� ·n�
=0 in the frame of reference with the plug tip.

As noted in the experiments, the flexible membrane is
very thin compared to the channel height, and so the wall
damping and inertia are negligible. Therefore, the lower flex-
ible wall is assumed to be massless. The wall deflections in
the x direction are much smaller than that in the y direction
in the long wavelength limit.59 Therefore, we only consider
normal forces acting on the liquid wall interfaces. The equa-
tion of normal forces balancing fluid normal stress at the
flexible wall with the spring forces and wall tension, as dis-
cussed in Refs. 25 and 45, is given by

TL
LW − f��� = − Ca n�w · T= · n�w, �3�

where TL=TL
� /� is the dimensionless longitudinal tension of

the lower flexible wall, 
LW=�� s ·n�w is the curvature of the
lower flexible wall, ��x�=1+y represents the lower wall de-
formation with the undeformed condition defined as ��x�=0,
and f��� represents the nonlinear spring force, which is ob-
tained by curve fitting the pressure-deformation relationship
of the flexible channel from the P-V measurements shown in
Fig. 2. A cubic spring function is obtained with the formula
f���=A�3+B� where A=76.8 and B=0.13. The right hand
side of Eq. �3� can be calculated from the fluid stresses,

n�w · T= · n�w = − p + n�w · ��� u� + �� u�T� · n�w. �4�

The normal stress �w and shear stress �w on the wall
from the fluid, which is scaled with the surface tension, are
defined as follows:

�w
= Ca n�w · T= · n�w,

�5�
�w = Ca t�w · T= · n�w.

In the plug tip frame of reference, the no-slip condition on
the walls is

u� = tw, �6�

where tw is the tangential vector along the wall, tw= �−1,0�
on the top rigid wall, and tw= �−1,−�x� / �1+�x

2�1/2 on the bot-
tom flexible wall.

For all the end films, the fully developed conditions are
applied for the fluid velocity. At steady state, the mass leav-
ing the front is the same as that coming into the rear at each
wall, which is simplified as h2=h1 and h4=h3. The pressure
in the precursor films is equal to the front gas pressure �p2

=0� and in the trailing films it is equal to the rear gas pres-
sure p1, as a part of solution.

In the lungs, the airway geometry varies with generation
number and the properties of the liquid layer can also be
affected by diseases and the rheological properties of the
liquids. The numerical simulations are performed based on
the parameters in the experiments stated in Secs. II and III
with H��O�100 �m�, 	��1 g /cm3, ���O�0.1 P�, ��

�O�50 dyn /cm�, and the liquid speed is estimated to be
O�1 cm/s�, Thus Ca�O�10−3� and Re�O�0.1�.

V. NUMERICAL METHODS

The curvilinear computational grid was generated by
solving 2D Poisson’s equation.60 The SIMPLER algorithm61

is used to solve momentum and pressure equations. Details
of the algorithm are given in Refs. 42 and 53. In this study,
the wall equation is solved using Newton’s method. The wall
position is updated at each iteration and a cubic spline62 is
used to approximate the wall shape as a function of the arc
length.

The wall Eq. �3� is discretized using the finite difference
method, and the discretized equations can be rewritten as
follows:

���� = −
TL

L3 �d2e�e + d2p�p + d2w�w� +
f��p�

L
+ F , �7�

where L= �1+ �d1e�e+d1p�p+d1w�w�2�1/2 and F
=−Ca n�w ·T= ·n�w .� is at the grid point, and e and w are two
neighboring grid points to p. The coefficients di�i
=1e ,1p ,1w ;2e ,2p ,2w� are evaluated by the upwind and
central differencing schemes.

At each iteration, after the momentum and pressure
equations have been solved, the flexible wall shape is up-
dated by an amount ��� , which is solved numerically by solv-
ing

JNewton��� = f���N� , �8�

where JNewton=� /�� is the Jacobian.
The bottom flexible wall is then corrected by ��

N+1=��
N

−��� , and this correction is performed with each iteration
after the velocity and pressure fields have been obtained and
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the plug interfaces have been updated. The solution is ob-
tained when the following criteria are satisfied: max��u�N

−u�N−1���10−6, max��x�N−x�N−1���10−3, and max����N+1

−��
N���10−3 �here N is the iteration step�.

VI. THEORETICAL RESULTS

In this section, the pressure P, normal ��w�, and shear
��w� stresses are all rescaled with surface tension force for
convenience and comparisons. Figure 5�a� shows the stream
lines and pressure fields of steady plug propagation in a 2D
channel with a rigid top wall and a flexible bottom wall. In
this simulation, Ca=0.01, TL=0.5, and LP=1. Two major
flow regions can be observed similar to the rigid case:53 film
flows near the walls from the precursor films to the trailing
films; and plug core recirculation flows. Two stagnation
points S2 and S5 at the interface tips separate the upper and
lower recirculation regions. The wall is deformed inward
near the plug core, which suggests that the negative pressure
near the plug core region deflects the wall inward. The recir-
culation center in the lower half domain moves toward the
center, located at y=−0.455, while the upper one is located at
y=0.623. The stagnation points S1 and S6 separate the wall
layer flow and the core recirculation in the lower half domain
and they move up toward the center as well, with S1 at x=
−0.94, y=−0.705 and S6 at x=0.89, y=−0.69. S3 and S4

separate the film flow from the core flow in the upper half
domain with S3 at x=−1.07, y=0.85 and S4 at x=0.92, y
=0.853.

With this parameter set, a capillary wave exists on the
front interface near the upper rigid wall where the plug core
is connected to the upper precursor film. However, the wave
disappears along the front interface but exists on the film
near the bottom transition region. The zoomed film near the
bottom front transition region is shown in Fig. 5�d�. The
front interface extends monotonically to the far-ahead film
near the bottom flexible wall. In the lower front transition
region, however, minimum film thickness still occurs due to
the deflection of the flexible wall. The largest bottom wall
deformation occurs in the front transition region. The fluid
pressure there shows a strong variation due to the change in
the film thickness. The pressure is highly negative where film
is thinnest and increases toward the front end. In the rear
transition region as shown in Fig. 5�c�, the film thickness
decreases monotonically to the far-rear region, as well as the
wall deformation and the rear interface position. As noted,
the reference frame in on the plug tip, therefore, the velocity
is negative. In Fig. 5�d�, the velocity vectors show that flow
speed on the interface is larger than that on the flexible wall
at the thinnest film region, causing a high negative shear
stress. The opposite trend occurs toward the plug core, i.e., a
high positive shear stress region, as shown in Fig. 5�b�. The
rapid change in the shear stress results in a high shear stress

FIG. 5. �Color online� �a� The streamlines �black solid lines� and pressure fields �color contour� in a 2D channel with rigid top wall and flexible bottom wall
for Ca=0.01, TL=0.5, and LP=1. �b� Pressure and shear stresses along top rigid and bottom flexible walls. Magnification of films in the �c� rear and �d� front
transition regions near the flexible wall. The white arrows are velocity vectors. S1–S6 are stagnation points along the interfaces for the liquid plug flow.
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gradient, which increases the risk of cell damage along the
airways.

A. Effect of longitudinal tension TL

Figure 6 shows the effect of longitudinal tension TL on
wall deformation and fluid flow near the flexible wall for
Ca=0.01 and LP=1. The wall is more easily deformed and
the film thickness is smaller in smaller value of TL. The
maximum wall deformations are �max=0.203, 0.148, 0.042,
and 0.001 for TL=0.5, 1, 2, and 4, respectively. The capillary
wave disappears in the front transition region near the flex-
ible wall when TL�2, and the location of the minimum film
thickness moves toward the center. This is consistent with
the analysis by Howell et al.,29 who found that the capillary
wave diminished in amplitude in the front interface when the
longitudinal tension was small or the wall was sufficiently
compliant. When TL is large, e.g., TL�4, the minimum film
thickness, hmin, occurs because of the capillary wave along
the interface, hmin=0.04 at x=1.347 at TL=4. However, when
TL is small, hmin is due to the large wall deformation in the
front transition region. For TL=0.5, hmin=0.028 at x=1.088,
for TL=1.0, hmin=0.0365 at x=1.125, and for TL=2.0 and
hmin=0.048 at x=1.241. The trailing film thickness is smaller
near the flexible �h1� and the rigid walls �h3� for smaller TL:
for TL=0.5, h1=0.0392, and h3=0.050 with the ratio h1 /h3

=0.784; for TL=1, h1=0.0508, h3=0.0514, and h1 /h3

=0.988; for TL=2, h1=0.055, h3=0.053, and h1 /h3=1.037;
and for TL=4, h1=0.0536, h3=0.0535, and h1 /h3=1.0. Fur-
ther downstream, there is no wall deflection since the air
phase pressure is equal to the outside pressure.

B. Effect of plug speed and length

The numerically computed wall positions for different
Ca are shown in Fig. 7�a� with LP=1 and TL=1.0. For the
larger Ca, the wall deformation is larger both in the rear film
and in the plug core region. At larger Ca, a larger pressure
drop is needed to propagate the plug, which causes the wall

to deform more from its original position. In Fig. 7�b�, we
show the wall position for different plug lengths for Ca
=0.01 and TL=0.5. The maximum wall deformation is simi-
lar for all four different plug lengths we investigated, being
slightly higher for smaller LP: ��max,LP�= �0.216,0.25�,
�0.208, 0.5�, �0.203, 1.0�, and �0.198, 2.0�. The wall at the
trailing film near the flexible wall deforms more outwardly
for larger LP with �trailing film=−0.111, �0.112, �0.115, and
�0.125 for LP=0.25, 0.5, 1.0, and 2.0 respectively.

C. Wall stress and stress gradients

The dimensionless wall normal ��w� and shear ��w�
stresses induced by the plug flow, and their gradients
�d��w� /ds and d��w� /ds� are shown in Figs. 8�a� and 8�b�
along the wall arc length s for Ca=0.01 and LP=1. Com-
parisons are made between the flexible wall and rigid wall
cases, and the effect of varying TL is also investigated. Note
that the curves for TL=4 almost overlap with those for the
rigid wall cases. Here s=0 corresponds to x=0 and s=x for
the rigid wall case.

In the trailing film region, the viscous lining has a uni-
form velocity. Therefore, the wall normal stress �w is posi-
tive and equal to the rear air pressure, and the wall shear
stress �w is zero. In the precursor film, the wall is stress free,
and therefore, �w��w�0. Near the plug core region, �w

decreases due to the interfacial pressure drop and peaks in
the front transition region. The stress and stress gradient
curves almost overlap for TL=4 and on the rigid channel.
When TL decreases to 2, the magnitudes of the stresses de-
crease slightly but both normal and shear stress gradients
decrease by about 20% with d��w� /ds=5.6 and d��w� /ds
=0.43 for TL=2 while d��w� /ds=6.8 and d��w� /ds=0.55 on
the rigid channel wall. These results indicate that the wall

FIG. 6. �Color online� Streamline pattern �black solid lines� and pressure
fields �color contour� in the plug near the flexible wall for different longi-
tudinal tensions TL=0.5, 1.0, 2.0, and 4.0 with Ca=0.01 and LP=1.

FIG. 7. �a� The flexible wall position for Ca=0.006, 0.01, and 0.02 with
LP=1 and TL=1.0. �c� The flexible wall position for LP=0.25, 0.5, 1, and 2
with Ca=0.01 and TL=0.5. �d� The effect of plug length on the maximum
wall deformation difference vs Ca.
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stress and stress gradients are smaller when a liquid plug
propagates through a slightly compliant airway as opposed to
a rigid tube.

The lung airways have been studied to have different
collapsibility by varying longitudinal tensions. Qualitative
studies63,64 have shown that extending the lungs caused the
increase in longitudinal tension of lung airways, and then
caused the decrease in collapsibility. Our results show that
slightly increased collapsibility by decreasing longitudinal
tension may result in an “optimal” airway condition so that
the fluid stress from air-liquid interface on the wall is mini-
mal.

However, in diseases such as emphysema, lung tissue is
destroyed, correspondingly the tension TL is smaller than
normal and the airway walls are easier to deform. �w shows
a stronger oscillation in the front transition region for smaller
TL, i.e., TL=1.0 and 0.5, shown in Fig. 8�a�. This oscillation
causes a much higher gradient of the normal stress near the
transition regions along the flexible wall. The normal stress
gradient d��w� /ds has a peak magnitude of 17.4 for TL

=0.5, which is more than double the gradient for TL=1.0,
which has a value of d��w� /ds=8.1, and is much larger than
that on the rigid wall with d��w� /ds=6.8. The wall shear
stress �w increases in both front and rear transition regions.
The peak locations shift toward the center for flexible walls.
In the front transition region near the flexible wall, 	�w	max

=0.191 at x=1.1 for TL=0.5, and 	�w	max=0.128 at x=1.14
for TL=1.0, while 	�w	max=0.125 at x=1.36 on the rigid wall
shown in Fig. 8�b�. In the rear transition region, the local
peak is higher for the flexible wall as compared to the rigid
wall case. The narrow and deep peak of the shear stress in
the front transition region causes very high shear stress gra-
dients on the flexible wall. For TL=0.5, 	d��w� /ds	max

=3.904 at x=1.04, which is much larger than the value of 1.1
on the rigid wall. The high peak values of the shear stress
and the gradients may result in a higher risk of cell damage
on the airways for being too compliant as compared to the
rigid wall case.

VII. DISCUSSIONS AND LIMITATIONS

For better quantifying the wall deformation with respect
to the plug length and speed, in Fig. 9�a� the maximum wall
deformation �max measured from the experiments and scaled
with the channel half height H is plotted versus Ca for dif-
ferent LP. Each data point is the average of three to five
experimental sets and the error bars represent their standard
deviations. Two linear lines were shown in Fig. 9�a� for LP

FIG. 8. The effect of longitudinal tension TL on �a� normal stress, �b� normal stress gradient, �c� shear stress, and �d� shear stress gradient along the wall, where
s is the arc length �s=0 corresponds to x=0� with Ca=0.01, LP=1, and Re=0.

FIG. 9. �Color online� �a� The measured maximum wall deformation �max vs
Ca for different plug lengths, LP=5.0, 1.0, 0.5, 0.25, and 0.1. The error bars
in the x and y directions indicate the standard deviations of measurements of
plug velocity and wall deformation of three to five experiment sets. �b� The
simulated maximum wall deformation difference vs Ca for different plug
length.
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=5.0 and LP�1.0 to show the general trend: �max increases
with increasing Ca in the range of 9.0�10−5�Ca�3.0
�10−3 for 0.1�LP�5.0. When LP is very large, e.g., LP
=5.0, the maximum wall deformation is slightly larger than
that when LP�1.0. No significant differences are found on
the maximum wall deformation when LP decreases to the
range of 0.1�LP�1.0.

The maximum wall deformation is measured to be
around 0.2, which is 20% of the channel half height for Ca
�O�10−3� and LP�1. From the simulations, we calculated
that the maximum wall deformation �max=0.203 for TL=0.5,
Ca=0.01, and LP=1. Although it is hard to measure and
quantify the longitudinal tension on the flexible membrane
during the experiment, the degree of the wall deformation for
TL=0.5 agrees with the experiments qualitatively.

The maximum wall deformation difference with respect
to the wall deformation near the rear trailing films is then
plotted against Ca for different LP in Fig. 9�b�. The defor-
mation shows an increase with Ca in the range of Ca studied.
The slope of the curve of wall deformation difference versus
Ca shows larger for larger LP, which is consistent with the
experiments. However, the simulations show a larger defor-
mation difference for smaller LP�1, which is not observed
in the experiments, but the wall deformation is very close for
larger LP, i.e., LP=1 and 2. The discrepancy may come from
several reasons: �1� plug length slightly changes during its
propagation, therefore potential unsteady problems exist,
which is not considered in our simulations, although the
pressure real time data showed the plug enter a “steady

state;” �2� in the experimental measurements, we try to look
for the maximum deformation near the plug core instead of
subtracting the wall deformation in the trailing film region as
in simulated results; �3� the wall deformation measurement is
very difficult for large plug propagation speed with current
setup; �4� during the plug propagation in our experiments, it
is very likely that the difference between both sides of gas
pressure and the outside atmosphere are positive, therefore,
positive deformation could occur on the walls not only in
trailing film region as our mathematical model, but also in
precursor region; �5� our mathematical model used a 2D
study to mimic the middle plane deformation in the experi-
mental model, which cause additional effects; �6� for very
small Ca, we are unable to simulate the flow and resolve the
wall deformation due to the thin film limit. A more sophisti-
cated model might be useful to resolve the deviations be-
tween experiments and theory.

The pressure drop �� across the plug as a function of
Ca for both experiments and theory is compared in Fig. 10.
In the experiments, the differential pressure drop �� be-
tween the gas phase near the channel inlet and outlet is mea-
sured for different plug lengths and speeds, in which �� is
scaled with the surface tension divided by the channel half
height. Figure 10�a� shows �� increases with increasing Ca
and is larger across a plug through a rigid channel than that
through a flexible channel. To eliminate the viscous effects in
the plug core, we dissected Fig. 10�a� to Figs. 10�c� and
10�d�, in which the macroscopic pressure drop �� /LP ver-
sus Ca is shown for different LP during the plug propagation

FIG. 10. �Color online� �a� The overall pressure drop �� vs Ca when the plug propagates through the rigid channel ��� and the flexible channel ���. Two
lines are fitted curve to show the general trends for both cases. �b� The simulated pressure drop vs Ca for LP=1. The measured macroscopic pressure drop
�� /LP vs Ca for different plug length in �c� rigid and �d� flexible channels. �a� is the combination of �c� and �d�. The error bars in the x and y directions are
the standard deviations of the measured plug velocity and pressure drop across the plug with three to five experimental cases.
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through the rigid channel �Fig. 10�c�� and the flexible chan-
nel �Fig. 10�d��.

The macroscopic pressure drop �� /LP increases with
Ca for all L investigated. When LP�10, the curves of
�� /LP versus Ca collapse to one, which implies that the
viscous dissipation in the plug core dominates the pressure
drop. As the viscous dissipation increases with increasing
LP− ��, �� /LP approaches fully developed flow limit,
which is shown with the dashed line in Figs. 10�c� and 10�d�.
When LP decreases, �� /LP increases for a fixed plug speed
and its slope increases with Ca, which implies that the pres-
sure jump across both plug interfaces dominates. Comparing
the rigid and flexible channels, when LP is long enough
��10�, the collapsed curves of �� /LP versus Ca show no
significant difference. Again, the viscous dissipation domi-
nates and the reduced plug volume due to the flexible wall
deformation is a relatively small portion of the plug core
volume and has little effect on the pressure drop. When LP is
smaller, the pressure drop across the plug through the rigid
channel is higher than that through the flexible channel for
the same plug speed and length.

Note that the measured pressure drop is expected to be
higher than the actual pressure drop across the plug due to
the pressure loss in the connecting tubing from the location
of the differential pressure transducer to the inlet and outlet.
The simulated results �Fig. 10�b�� show qualitative agree-
ment with the experiments �Figs. 10�c� and 10�d�� that ��
increases with Ca and is larger for the plug propagation
through a rigid channel than a flexible channel. Two effects
may be involved that reduce the pressure drop when one
compares the flexible and rigid cases: �1� the reduced plug
volume in the plug core region due to the flexible membrane
deformation and �2� the plug interface curvatures decrease
near the bottom half domain of the flexible membrane. The
experimental measurements for the pressure drop are much
larger than that in numerical simulations. The discrepancy
may come from several portions: �1� large variation of plug
length at 1.5�LP�20; �2� the additional pressure drop from
the connecting tubing and channel portion from the location
of pressure transducer to the inlet, inlet to the rear air phase,
as well as that from the front air phase of the plug to the
outlet tubing.

Our computations capture most of the trends of the ex-
periments as far as the wall shape and pressure drop are
concerned. As the plug propagates through the flexible chan-
nel, the magnitude of the negative pressure generated on the
wall near the plug core is large enough to deform the flexible
wall, which affects the plug flow and wall stresses. The di-
mensional values of the wall maximal deformation and stress
can be estimated from our computations. For LP=1, Ca
=0.01, and TL=0.5, the maximum wall deformation is 0.198,
and the peak magnitudes of the normal stress and shear stress
are �1.43 and �0.19. The dimensional normal and shear
stress peak values are 1.43�104 and 0.19�104 dyn /cm2,
and the maximum wall deformation is around 10 �m for a
channel height of 200 �m. In the experiments, the maxi-
mum wall deformation is of the order of 10 �m and the
transmural pressure is estimated to be of the order of
104 dyn /cm2. We believe this setup can be used to mimic

the actual flexible airways and enable us to study the effect
of wall flexibility on cell injury from plug propagation.

It should be noted that the computations did not take into
account many factors. For example, in the computational
wall model, inertia and damping are neglected as well as the
longitudinal stretch of the wall. The 2D channel is modeled
to mimic the middle plane of the three-dimensional rectan-
gular duct in the experiments, while in reality the airways are
tubelike and there is also a hoop tension.29 We also assumed
constant surface tension and thus did not consider the effect
of surfactant. Hence our analysis is appropriate for an airway
system with surfactant dysfunction. The computation model
assumed a spring support for the flexible wall, which is not
included in the experimental setup. This could be part of
reason of discrepancies between our model and experimental
results.

There are additional measurement errors in the experi-
ments and limitations in the modeling. Although the mea-
surement was performed after the plug reach steady state
from real time pressure data, there could be still unsteady
issues which may affect the measurements and comparison
with experiments. When the wall deformation is measured,
the flexible wall edge is identified by the intensity change
across the walls. Error may come from the intensity sharp-
ness of the wall position. During imaging analysis, error may
come from the intensity criteria of the threshold and the gra-
dient as well as the smooth curve fitting of the wall position.
These measurement errors could be part of reasons of being
unable to show significant asymmetry of the wall deforma-
tion along axial direction in experiments.

However, this microfluidic flexible airway system en-
ables us to demonstrate the importance of wall flexibility in
promoting mechanical tissue injury during airway reopening.
This has not been addressed in previous models. Our studies
provide new insights into understanding the physiological
nature of flexible airways on local cell injury during airway
reopening in many diseases and clinical therapies. Although
it is known that increasing compliance in the lungs or airway
trees helps breathing and relieve lung injury, in diseases such
as emphysema, where there is destruction of lung tissue,
there could be additional local cell or tissue injury from
higher mechanical stresses on the compliant walls when a
plug forms and blocks the lung airways.

VIII. CONCLUSIONS

In this paper, a microfluidic airway system was used to
study the effect of wall flexibility on plug propagation ex-
perimentally and computationally. Flexible microchannels
were fabricated with compliance similar to that of the human
small airways by incorporating a thin membrane for one of
the channel walls. The local deformation of this thin flexible
wall was observed experimentally as the plug propagated
through the microchannel. The numerical results agree quali-
tatively with the experiments on wall deformation and pre-
dict a higher level of wall stress and stress gradients along
the highly deformable wall as compared to a rigid channel
wall. Therefore more deleterious effects are expected on the
cells lining in the flexible airways during the reopening plug

071903-10 Zheng et al. Phys. Fluids 21, 071903 �2009�



flow. Current approaches provide a stage to enhance the un-
derstanding of pulmonary mechanical forces during the air-
way reopening process. The results may potentially contrib-
ute to reducing �or diminishing� the lung injury encountered
in lung diseases and induced by ventilators during treat-
ments. Future studies will be performed on the responses of
cells cultured on the flexible wall during the plug propaga-
tion and rupture.
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