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Abstract Surfactant spreading on thin viscous films is of
interest in the context of surfactant and liquid transport in
the lungs, for both normal lung function and treatment of
disease, as well as for many industrial processes. This
paper presents experimental techniques for the measure-
ment of film deformations due to spreading surfactant and
for the investigation of the effects of periodic stretching of
the wall supporting the thin film to mimic airway wall
motion in the lung due to breathing. Additionally, we
present results from both types of experiments, which
agree favorably with our theoretical work.

List of symbols
Bo Bond number
Ds surface diffusivity
g acceleration due to gravity
h film thickness
h0 initial film thickness
Ld radial position of surface compression disturbance
L0 initial radial position of leading edge of new sur-

factant front
Lnew radial position of new surfactant front
p pressure
Pe Péclet number
R membrane well radius
R0 initial membrane well radius
R̂R R0/L0, non-dimensional initial membrane well

radius (same as cycle average well radius)
Re Reynolds number
t time
TC stretching cycle period
TC/V ratio of stretch time scale to viscous-surface-ten-

sion time scale
TV viscous-surface-tension time scale
u radial velocity
U viscous-surface-tension velocity scale

w vertical velocity
x radial coordinate
z vertical coordinate
a shape parameter for initial surfactant distribution
Dh film thickness deformation
Dx horizontal shift in grid position
� aspect ratio
G surfactant surface concentration
Gref reference surfactant surface concentration
G0 pre-existing surfactant initial surface concentration
G1 new surfactant initial surface concentration
g refractive index of fluid
l viscosity
h angle of incidence
q density
r surface tension
rmax maximum surface tension
n membrane wall coordinate

Superscripts
� indicates dimensional variable (note that dimen-

sional parameters have no asterisk)

1
Introduction
The transport of surfactants on thin viscous films and the
resulting film deformations are of concern in the treatment
of respiratory distress syndrome (RDS), in which the lungs
of prematurely born infants are not developed enough to
produce sufficient quantities of surfactant to reduce the
surface tension of the lungs’ liquid lining. In surfactant
replacement therapy (SRT), surfactant is instilled into the
trachea of a patient with surfactant-deficient lungs and it is
transported in the large airways primarily by gravity and
pressure (Halpern et al. 1998a; Espinosa and Kamm 1999).
As the surfactant layer thins to a monolayer, Marangoni
flows become the dominant mode of transportation
(Halpern et al. 1998a; Espinosa and Kamm 1999). Surface-
tension-driven flows are also important in the clearance of
liquid and surfactant from healthy lungs (Davis et al. 1974;
Espinosa and Kamm 1997; Bull 2000).

Transient spreading of surfactant along a thin viscous
film has been studied theoretically (Borgas and Grotberg
1988; Gaver and Grotberg 1990; Troian et al. 1990; Halpern
and Grotberg 1992; Jensen and Grotberg 1992; Espinosa
et al. 1993; Jensen and Grotberg 1993; Grotberg 1994;
Jensen et al. 1994; Shen and Hartland 1994; Grotberg et al.
1995; Bull et al. 1999) and, to a much lesser extent,
experimentally (Weh and Linde 1973; Keshgi and Scriven
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1991; Gaver and Grotberg 1992; Bull et al. 1999). When an
insoluble surfactant spreads on an otherwise clean thin
film, a shock develops near the leading edge of the new
surfactant front. A sketch of this is shown in Fig. 1. Fig-
ure 1a shows the initially flat film with new surfactant on
the left side. When gravity is negligible, the film thickens
to twice its undisturbed thickness (Borgas and Grotberg
1988; Gaver and Grotberg 1990; Grotberg 1994) at the
shock and thins behind the shock, as shown in Fig. 1b.
Thickening of the liquid lining the airways can lead to
airway closure, in which a disturbance grows to the point
of occluding the airway (Halpern and Grotberg 1993a;
1993b; Halpern et al. 1993; Halpern et al. 1998b; Cassidy
et al. 1999; Halpern and Grotberg 1999). Additionally, the
film thinning can result in film rupture (Weh and Linde
1973; Keshgi and Scriven 1991; Gaver and Grotberg 1992;

Bull et al. 1999), which would halt the spreading of new
surfactant and dry underlying tissue, in SRT, unwanted
results. There appear to be no other experimental
investigations of this film deformation in the current lit-
erature. In this paper, we present a constructed-light
method for measuring film thickness in surfactant-
spreading experiments. This method requires minimal
equipment and involves projecting a grid of light onto the
film surface to determine the film deformation. Another
film deformation involving surfactant, the Reynolds ridge,
has been studied extensively (Harper and Dixon 1974;
Scott 1982; Warncke et al. 1996). While the mechanism
responsible for the production of the Reynolds ridge
differs from the mechanism that produces the film
deformation in this work (discussed in Sect. 5.1), the
experimental techniques used to study the Reynolds ridge

Fig. 1a–d. Schematic of thin film with
surfactant, side-view, open square indicates
the surface fluid particle that bounds the
new surfactant region. The radial location of
this position of this particle is x�new(t�). Film
thickness, h�(x�,t�), and surfactant surface
concentration, G�(x�,t�), evolve as new
surfactant spreads. a Initially uniform film
with new surfactant and no pre-existing
surfactant. b Film disturbance at later time,
while new surfactant spreads. c Initially flat
film with new surfactant (unfilled) and pre-
existing surfactant (filled). d Film at later
time. New surfactant has expanded, and
pre-existing surfactant is compressed.
Location on compression disturbance is
indicated by x�d(t�)
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could be used to investigate the film deformation de-
scribed here.

Pre-existing surfactant impedes the spreading of new
surfactant and leads to a surface compression disturbance
that propagates faster than the leading edge of the new
surfactant front (Grotberg et al. 1995; Bull et al. 1999). The
surface compression disturbance could potentially be im-
portant clinically, as it increases the surface concentration of
surfactant in regions distal to the new surfactant, some of
which may not be reached by the new surfactant. Figure 1c
shows an initially flat film with new surfactant on the left side
(shown as unfilled surfactant molecules) and pre-existing
surfactant (shown as filled surfactant molecules). When the
new surfactant spreads, the pre-existing surfactant becomes
compressed ahead of the leading edge of the new surfactant
front, as shown in Fig. 1d. The location of the leading edge of
the new surfactant is indicated by the particle that separates
the new and the pre-existing surfactant. Note that the sur-
face compression disturbance, Ld

�, is ahead of L�new. Behind
Ld
�, the pre-existing surfactant is compressed, while the new

surfactant region is expanded. Ahead of Ld
�, the pre-existing

surfactant surface concentration is unchanged. In addition
to impeding the new surfactant spreading, the pre-existing
surfactant damps the thickness disturbance compared to the
case of no pre-existing surfactant. However, there remains a
potential for this thickness disturbance to lead to airway
closure or film rupture.

Bull (2000) theoretically examined mean-steady trans-
port of liquid and surfactant in the lung with periodic wall
stretch due to breathing and found that transport of liquid
and surfactant is significantly influenced by the strain
amplitude and cycling period of the periodic wall stretch.
Espinosa and Kamm (1997) examined the redistribution of
liquid on a stretchable membrane due to surface tension-
driven flows as a model of liquid transport in the lung.
They found that the thickness profile of liquid on a
stretchable membrane with end-walls changes in the first
few cycles of stretch.

Previous work in this area has been theoretical and it
appears that there are no previous experimental studies of
surfactant (liquid) transport on (in) a film supported by a
stretchable wall in the current literature. In addition to the
film deformation measurement method mentioned earlier,
this work presents an experimental method for in-
vestigating thin films supported by a stretchable wall and
examines transient surfactant spreading on a thin film
with periodic wall stretch. We use a stretching device
which has been used to investigate the effects of stretch on
cell growth, but has not previously been used to investigate
wall stretch effects related to fluid mechanics. The model
of Bull (2000) is modified such that the boundary condi-
tions, initial conditions, and geometry match these ex-
periments, and the results are compared.

2
Methods

2.1
Overview of experiments
The bench top experiments in this work were conducted in
a similar manner to those described in (Bull et al. 1999),

with the additional complication of measuring film
thickness or of wall stretch. Both experiments examine the
spreading of surfactant on a thin film. A brief overview of
the experiments is as follows. Glycerine forms a thin vis-
cous film in either a glass petri dish or in a well on a
stretchable membrane. Initially, ‘new’ surfactant is con-
tained at a uniform concentration inside a glass restraining
collar and the film outside the collar is either surfactant
free (Fig. 1a) or contains pre-existing surfactant at a uni-
form surface concentration, G0

�, lower than that inside the
collar (Fig. 1c). The center of the restraining collar is lo-
cated at the center of the dish, x�=0. The side-view of one
half of the film is shown in Fig. 1. The air–liquid interface
is denoted by z�=h�(x�, t�), where t� is time. At the start of
the experiment, the collar is lifted and the new surfactant
spreads, compressing any pre-existing surfactant and
causing the film height to deform, as shown in Fig. 1b and
d. In the wall stretch experiments, the periodic wall stretch
starts when the collar is lifted. The film deformation is
measured using a constructed-light method, or the pro-
pagation of the leading edge of the surfactant front is
tracked using the fluorescence properties of the new sur-
factant. We describe the surfactant properties in Sect. 2.2.
While fairly routine, the procedure for cleaning the collar
is described in Sect. 2.3, as a minimal amount of im-
purities is necessary to obtain consistent results. We dis-
cuss the film thickness measurements in Sect. 2.4 before
explaining the methodology for the wall stretch in
Sect. 2.5.

2.2
Surfactant properties
The surfactants used here are the same as in Bull et al.
(1999). Hence, the same surfactant isotherm of Bull et al.
(1999) is used. The process of determining the surfactant
isotherm is summarized in the next few paragraphs. The
new surfactant used here is a fluorescent analogue of
phosphatidylcholine, 1–16:0–2-[12-[(7-nitro-2–1,3-ben-
zoxadiazol-4-yl)amino]dodecanoyl] phosphatidylcholine
(abbreviated as NBD-PC), purchased from Avanti Polar
Lipids (Alabaster, Ala.). NBD-PC was contained in a
chloroform solution at a concentration of 1.0 mg/ml, al-
lowing it to be placed on the surface of the glycerine film
with a micro-liter syringe. The broad excitation peak at
460 nm of NBD-PC allows emission at a peak of 534 nm to
be stimulated by an argon ion laser. In addition to its
fluorescent properties, NBD-PC was chosen because it
exhibits surface-active properties at room temperature.
The precursor molecule to NBD-PC without the fluor-
escent probe, palmitoyl-lauroyl-sn-glycero-3-phos-
phocholine (PL-PC), was used as the pre-existing
surfactant in these experiments (when such was used).

The measurements of surface tension were made using
the ring tensiometer method (see, for example, Adamson
1990 for more details of the method) as described in Bull
et al. (1999). The theoretical model, described in Sect. 3
requires the first and second derivatives of the r�–G�
relationship as inputs. Consequently, accurate measure-
ment of r�(G�) is necessary for meaningful comparison
between experiments and theory. The force required to
detach a platinum ring from the surface of glycerine in a
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petri dish was measured for various surface concentrations
of NBD-PC and PL-PC. A platinum ring was attached with
light-weight thread to a Mettler AE240 mass balance
(Columbus, Ohio) with an accuracy of 0.1 mg. A data ac-
quisition program on a Intel 486 PC connected to the
balance was used to store the mass balance measurements
throughout the experiment so that an accurate maximum
value of the force required to detach the ring from the
liquid surface could be obtained. The petri dish containing
the glycerine sublayer and a specified amount of surfactant
was placed on an adjustable platform. Initially, the ring
was submerged in the glycerine sublayer and the mass
balance set to zero to account for the weight of the ring-
and-thread assembly. As the platform was lowered slowly,
the readings on the mass balance steadily increased until
the ring detached from the liquid. From a force balance on
the ring, one can calculate the surface tension.

This process was repeated for various surface con-
centrations of surfactant to obtain a plot of r� versus G�. The
surface concentrations in the experiments were sufficiently
low that it was assumed that no surfactant leaves the inter-
face, so that surface concentration, G�, was calculated by
G�=M�/A�, where M� is mass of surfactant and A� is surface
area. However, for high-enough G�, it is quite likely that
surfactant would leave the surface and enter the bulk fluid.
Solubility of the surfactants in the bulk phase could result in
error in the r�–G� for high values of G�. The results from
these experiments are plotted with surface tension as a
function of surfactant surface concentration in Fig. 2.
Measurements for both the pre-existing and new surfactants
used in the spreading experiments were compared. Since the
plots were not significantly different from each other, the
surface tension values for the initial pre-existing surfactant
concentration along with the pre-existing concentrations
were approximated from a single calibration curve. This

curve, represented by the measurements for the new sur-
factant, is shown in Fig. 2 for the range of initial surface
concentration values used in the experiments (G��0 to
4.2·10–7 g/cm2, the asterisk indicates dimensional vari-
ables). The following equation was used for the r�–G�
relationship:

r�¼9:380cos 2:094C�ð Þþ59:069; C�<0:75

r�¼77:084�28:677C�þ6:588C�2�0:5042C�3;

0:75�C��5:0

ð1Þ

In the spreading experiments, the surfactants were
allowed to reach uniform concentrations inside and
outside the collar before lifting the collar to begin the
experiments. To estimate the time required for surfactant
surface concentration to equilibrate, surface tension
measurements were taken at different positions in a
petri dish at 10-min time intervals until the measurements
were within 5.0% of each other, which occurred after
30 min. By waiting 1 h after placing the surfactants on
the glycerine film, we were assured of relatively uniform
initial surfactant concentrations both inside and outside
(lower concentration) the collar.

2.3
Cleaning procedure
As surface impurities can change the surface tension of the
liquid and can result in liquid and surfactant adhering to
the restraining collar in the spreading experiments, it was
essential to thoroughly clean the equipment before each
experiment. The cleaning procedure is as follows. The
petri dish (or Silastic membrane) and glass restraining
collar were washed with soapy water. The collar was rinsed
with benzene, acetone, and chloroform. It was allowed to
dry before being rinsed with the next chemical. This rin-
sing procedure was performed twice prior to cleaning in
chromic acid. The collar was rinsed with tap water and
deionized-distilled water and air dried. The petri dish was
cleaned in the same way as the collar for each experiment.
Dust was blown with compressed medical-grade air from
the collar and petri dish immediately before placing the
glycerine. The micro-liter syringe used for deposition of
the surfactants was rinsed with chloroform before and
between experimental runs.

2.4
Film thickness measurements
Before beginning an experiment, paper with marker lines
to aid in collar placement was placed beneath a glass petri
dish on a leveling platform. A specified volume of gly-
cerine, corresponding to the initial film thickness of h0,
was placed in the petri dish with a syringe. After any
thickness disturbances due to the filling process had
equilibrated, a 30-mm-diameter glass restraining collar
was placed at the center of the dish. A specified amount of
NBD-PC corresponding to the desired initial new surfac-
tant surface concentration was placed inside the collar
with the micro-liter syringe. After the surfactant had
reached its equilibrium surface concentration, the experi-
ment was started by lifting the collar. The thin film was

Fig. 2. Surface tension versus surface concentration curves. Experi-
ments: PL-PC solid circle, NBD-PC solid square, regression dashed
line
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videotaped using a Video Logic Color Star 300 video
camera (Panasonic, Osaka, Japan) and JVC SR-S360
S-VHS video recorder (JVC, Tokyo, Japan) until spreading
had stopped. Glycerine formed the viscous liquid sublayer
in these experiments. After each experiment, the viscosity
of the glycerine was measured using an bulb viscometer
(Cannon-Fenske-Oswald type 400 J788). To ensure that no
surfactant adhered to the collar, we viewed it under the
laser with a Hammamatsu Argus 20 camera and image
processor (Hammamatsu, Hammamatsu City, Japan),
integrating over 1 min following several experiments to
assure that surfactant did not adhere to it. Provided the
restraining collar was cleaned using the procedure out-
lined in Sect. 2.3 prior to placing it on the interface and
placing the surfactants, we observed no surfactant on the
collar following the spreading experiments. Since no
detectable surfactant adsorbed onto the collar, we assumed
that none absorbed onto the wall of the petri dish.

A constructed-light method was used to measure the
film thickness. This method involves projecting a grid of
lines onto the surface of the film, as shown in Fig. 3a, and
observing the deformation of the lines. The refractive in-
dex of glycerine is g�1.47, which is approximately the
same as that of the glass dish on which the glycerine rests.
Thus, the reflection from the surface of the film is the
image that is detected by the camera. The lines will bend
where the film is non-uniform. From geometry (see
Fig. 3b), we see that the amount a line appears shifted
depends on the angle at which it is projected onto the film
and the deformation of the film by Dx�=Dh� tanh, where
Dx� is the deflection observed in the reflected line, Dh� is
the change in film thickness, and h is the projection angle
relative to vertical. The projector setup used here was
simple. A grid of lines was printed on a transparency using
a laser printer (Hewlett Packard, Laser Jet 5MP; Hewlett
Packard, Boise, Idaho) and an overhead projector was
used to project the lines onto the glycerine film. The angle,
h, was measured using a protractor and plumb bob at-
tached to the lens of the projector. It was possible to focus

the projector such that all of the lines were in focus. The
video tape images were captured to a computer using the
software Targus Capture (Truevision, Indianapolis, Ind.).
The images were analyzed using Sigmascan (SPSS Scien-
tific, Chicago, Ill.) and accurate measurements of Dx� were
obtained at each grid line at a given time. These values of
Dx� were then used to compute the value of Dh� at each
grid line. Knowing these values and the undisturbed film
thickness, h0, one can compute h�(x�, t�) at a given instant
in time.

2.5
Wall stretch experiments

2.5.1
Membrane construction
The materials used in the experiments with the stretchable
membrane are the same as in the experiment described in
Sect. 2.4, except here the glass petri dish is replaced by a
stretchable membrane. The membrane was made of Si-
lastic (Dow Corning, Midland, Mich.), which is a silicon-
based elastic. A Silastic membrane is constructed by
mixing the base and curing agents for the elastic and then
pouring them into a mold. Curing of the Silastic typically
takes 24 h or slightly longer. The curing process can be
expedited by heating the Silastic while it cures. However,
this was not done for the membranes used to obtain re-
sults, as slower curing allows sufficient time for any air
bubbles in the Silastic to escape. Trapped air bubbles can
cause non-uniformities in the strain field and cause diffi-
culty in visualizing grid markers underneath the mem-
brane. The membranes used in the experiments were
constructed in the following manner.

A thin (�1 mm thick) cylindrical (�9.5 cm diameter)
wall was first made by coating the inside of a plastic cy-
linder with the liquid Silastic and allowing it to cure. At the
same time, a larger flat section was poured approximately
1.5 mm thick. Any detected air bubbles were punctured
with a 16-gage needle and the Silastic was allowed to cure.

Fig. 3a, b. Constructed-light thickness
measurement. a Side-view of setup. Light is
projected onto the glycerine film at angle h
to the vertical and imaged with ccd camera
above the film. b Geometry for calculation
of film deformation, Dh, based on observed
grid deformation, Dx
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After 24 h, the cylinder was trimmed to a height of ap-
proximately 1 cm and a section resembling a square with
rounded corners was cut from the center of the flap.

Next, another flap was poured. Prior to placing the
Silastic into the mold, a grid was constructed by printing a
grid on a laser printer transparency. The transparency was
removed from the printer (Hewlett Packard, Laser Jet II)
before the printing process completed, leaving toner par-
ticles on the transparency in the shape of the grid. This
transparency was then placed printed side up in the bot-
tom of the mold and the Silastic for the second flap was
placed in the mold. After allowing the flap to cure for
several hours and removing air bubbles as previously de-
scribed, we placed the previously constructed flap with
cut-out on top of the freshly poured flap. Then the thin
cylindrical wall was placed in a vertical position such that
it extended approximately half way into the flap. The cy-
lindrical wall was held in place by allowing it to protrude
from the end of the plastic tube used to mold it and the
tube was then positioned using a Leitz micro-manipulator
(Ernst Leitz, Wetzlar, Germany). After the flap had cured,
it was removed from the mold and the transparency was
removed from the bottom of the flap, leaving the grid on
the membrane. This resulted in a stretchable membrane as
shown in Fig. 4. The vertical wall formed a cylindrical well,
in which the glycerine layer was placed. The grid on the
membrane allowed the collar to be placed at the center of
the well with reasonable precision and was useful in de-
termining when the radius of the well was at its mean
value.

We were able to obtain a membrane that resulted in a
strain field that was approximately uniform, when the

membrane was loaded biaxially. The strain in the mem-
brane was estimated to be uniform by making use of
various lines placed on the membrane, using the laser
printer transparency as described above. A uniformly
thick, square membrane will undergo uniform strain when
subjected to a uniformly distributed loading along each of
the four edges. This is a good approximation of the
membrane loaded as in the experiments, and efforts were
made to reduce stress concentrations by rounding the
corners of the membrane and to reduce deformation of the
wings that attached in the stretching device.

2.5.2
Experimental apparatus
A sketch of the membrane in the stretching apparatus is
shown in Fig. 4 from the top view. The device consists of a
base plate to which the slider plates, the membrane
clamps, and the pneumatic cylinders are attached. The
membrane is clamped to the stretching device and the
motion of the slider plates is controlled by the pneumatic
cylinders, causing the top and right (relative to the sketch
in Fig. 4) edges of the membrane to move. Consequently,
the center of the membrane oscillates about its mean lo-
cation during the stretching process. The motion of the
pneumatic cylinders is controlled by computer-controlled
servo regulation of pneumatic valves in the lines that
connect the pneumatic cylinders to the air compressor
(not shown). A BASIC program on an Intel 486 PC con-
trolled the periodic stretching of the membrane, and the
frequency and strain amplitude were set for each experi-
ment. A trigger attached to the base plate triggered the
shutter on the 35-mm camera at the start of every

Fig. 4. Top-view of stretching apparatus
with membrane. The pneumatic cylinders
move the slider plates causing the mem-
brane to stretch
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stretching cycle (when the membrane well was at its mean
radius).

2.5.3
Experimental procedure
The procedure for the stretching experiments is similar to
the procedure for the thickness measurements, as de-
scribed in Sect. 2.4, except the wall supporting the film
stretches periodically and we track the leading edge of the
new surfactant front using a laser rather than measure film
thickness. Before beginning the experiments, the optics
were blown with clean dry air to clear away any dust or
dirt particles. The membrane was stretched to its mean
radius and a specified volume of glycerine corresponding
to an experimental value of h0, the initial film height, was
deposited in the membrane well with a plastic syringe. A
specified amount of NBD-PC was placed inside the collar.
The amount of PL-PC corresponding to the desired con-
centration of pre-existing surfactant was placed outside
the collar. The collar restrained the NBD-PC until the
chloroform had evaporated. The surfactants were allowed
to reach a uniform concentration inside and outside the
collar by waiting 1 h (as discussed in Sect. 2.2) before
beginning the transient spreading. Hence, the new sur-
factant region had a uniform initial surface concentration,
and a uniform and consistent initial radius. The region
outside the collar had a uniform initial concentration of
pre-existing surfactant.

The tunable argon ion laser (Lexel Model 95, Fremont,
Calif.) was set to emit at its maximum power of 1 W at
488 nm, thus allowing for maximal excitation of the
fluorescent surfactant. This allowed for excitation of the
fluorescent surfactant, while not contributing detectable
light in the emission band of the fluorescent surfactant. A
filter (Mieles Griot OG550, Carlsbad, Calif.) mounted to
the 35-mm SLR camera lens (Nikon, Tokyo, Japan)
blocked light below a wavelength of 550 nm and therefore
allowed most of the fluorescence from the spreading sur-
factant and surface markers to penetrate while blocking
the argon laser light.

The laser beam was directed to the experimental setup
shown in Fig. 5 using mirrors. The beam was projected
onto the glycerine surface by a scanner. The scanner
consisted of an oscillating mirror driven by a 120-Hz sine
wave from a signal generator (Wavetek Precision Mea-
surement, Norwich, UK). A potentiometer was used to
adjust the base angle of the scanner mirror and direct the
beam toward the membrane well. The scanned laser beam
was kept within the edges of the membrane well (to
minimize any reflectance of the light from the sides) by
adjusting the amplitude of the 120-Hz sine wave.

After the surfactants had reached equilibrium surface
concentrations (G1

� inside the collar and G0
� outside the

collar), the experiment was started by simultaneously
lifting the collar and beginning the periodic stretching of
the membrane. Because the surface concentration was
initially higher in the new surfactant region than in the
pre-existing surfactant region (and hence, the surface
tension is initially lower in the new region than in the pre-
existing region), the new surfactant spread, compressing
the pre-existing surfactant. The periodic wall stretch in-

fluences surfactant spreading by modifying the surface
tension gradients and cycling the film thickness of the
entire film. The experiment was conducted at different
frequencies and pre-existing surfactant concentrations to
gain insight into the influence of breathing on Marangoni-
driven surfactant spreading in SRT. As mentioned in
Sect. 2.4, we imaged the collar illuminated by the laser
after the completion of the experiments to ensure that
surfactant had not adhered to the collar. Using a Ham-
mamatsu Argus 20 camera and image processor, we in-
tegrated the video over 1 min. Traces of surfactant were
not found.

2.6
Limitations and possible error sources
Although many steps were taken to control the initial
conditions and minimize surface contamination, there are
some possible sources of error in these experiments. There
is the possibility that the plastic syringe (with rubber
plunger) used to place the glycerine could have resulted in
contamination. Likewise, it is possible that surfactants
leached from the Silastic membrane into the glycerine. We
expect that errors due to the Silastic membrane were small
because the no-stretch results using the membrane agree
well with a similar configuration that used a glass petri
dish. Another possible source of contamination is the air
used to remove dust from the restraining collar and dish.
We expect that the medical-grade air had a low enough
concentration of any surface-active impurities that any
effects were negligible. While we took considerable steps to

Fig. 5. Experimental setup
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ensure that surfactant did not adhere to the glass re-
straining collar, it is possible that surfactant adsorbed onto
the walls of the petri dish or membrane well. This would
have resulted in a lower pre-existing surfactant con-
centration than expected based on the mass of PL-PC used.
Since no surfactant was observed to adsorb onto the re-
straining collar, we did not expect substantial amounts of
surfactant to adsorb onto the walls of the petri dish.

3
Model
Consider a thin viscous film bounded by a vertical circular
wall centered on a horizontal square membrane subject to
biaxial loading. Let the horizontal axis, x�, lie along the
surface of the membrane in the radial direction and the
vertical axis, z�, extend up normal to the membrane, as in
Fig. 1. Note that variables with stars are dimensional, and
parameters and dimensionless variables are un-starred.
The fluid is bounded by a vertical wall attached to the
membrane at x�=R�(t�) and is axisymmetric about x�=0.
The position of the film surface is defined as z�=h�(x�, t�),
the surface concentration of the surfactant is denoted by
G�(x�, t�). The spreading of a new surfactant monolayer,
initial length L0, in the presence of pre-existing surfactant
and periodic wall stretch is investigated. The cycle average
and initial radius of the membrane well is R0.

The governing equations for the fluid are conservation
of linear momentum and conservation of fluid mass

q
@v�

@ t�
þ v� � r� v�

� �
¼ �r p� þlr�2 v� þ qg�;r� �v� ¼ 0

ð2Þ

where v� is the velocity vector, t� is time, p� is pressure, and
g� is acceleration due to gravity. The governing equation for
the surfactant is conservation of surfactant mass

@ C�

@ t�
þ r�s �ðv�s C�Þ � Dsr�2s C� þðr�s �nÞðn � vÞC� ¼ 0;

ð3Þ

where q�(x�, t�) is the dimensional surface surfactant flux,
�s
� is the surface gradient operator, and vs

� is the surface
velocity. The surfactant may diffuse along the interface with
constant diffusivity, Ds, or be convected along the surface.

The stress boundary condition at the air–liquid inter-
face, z�=h�, representing the balance of viscous stress at
the interface with the surface tension gradient and relating
the capillary forces to the surface curvature; and the ki-

nematic boundary condition at the air–liquid interface,
z�=h�, requiring fluid particles initially on the interface to
remain on the interface, are given by

Tijnj

� ��¼ @r�
@s�

s�i þ j � r � n�i ;
@ðx�h�Þ
@t�

þ @ðx
�Q�Þ
@x�

¼ 0

ð4Þ

where Tij is the stress tensor, ni is the normal, si is the
surface tangent vector, ¶r�/¶s� is the directional derivative
of surface tension along the interface, j� is surface cur-
vature, and Q�ðx�; t�Þ ¼

R h�

0 u�dy� is fluid flux. The kine-
matic boundary conditions on the membrane surface,
z�=0, are no slip and no penetration,

uðx�; z� ¼ 0; t�Þ ¼ V�wallðx�; t�Þ
wðx�; z� ¼ 0; t�Þ ¼ 0

ð5Þ

where V�wall is the membrane wall velocity. We impose no
slip and no penetration at the vertical wall of the well,
x�=R�(t�), and impose symmetry at the center of the well,
x�=0.

The governing equations are scaled using the following
scales:

x� ¼ L0x; z� ¼ h0z; r� ¼ rmaxr; C� ¼ CrefC

u� ¼ Uu ¼ rmaxh0

lL0
u; w� ¼ h0U

L0
w;

t� ¼ TVt ¼ lL2
0

rmaxh0
t; P� ¼ rmax

h0
P

ð6Þ

where rmax is the maximum surface tension, Gref is the
reference surface concentration, l is fluid viscosity, u is
radial velocity, w is vertical velocity, U is the velocity scale,
TV is the time scale from the balance of shear stress and
surface tension gradients at the interface, and P is pres-
sure. The dimensionless parameters are the aspect ratio,
�=h0/L0; Reynolds number, Re=qU L0/l; Bond number,
Bo=qh0

2g/rmax; strain amplitude, D; non-dimensional cy-
cling period, TC/V=TC/TV; non-dimensional well radius,
R̂R ¼ R0=L0; and surface Péclet number, Pe=UL0/Ds, where
g is acceleration due to gravity, TC is the period of the wall
oscillation, L0 is the initial radius of the new surfactant
region, and Ds is surface diffusivity. The dimensional and
non-dimensional parameters for the experiments are
contained in Tables 1 and 2, respectively. From the gov-
erning equations, the non-dimensional velocity fields and
evolution equations are derived as in (Bull 2000).
Considering the lubrication approximation (�fi0) and

Table 1. Dimensional para-
meter values Dimensional parameter Symbol G�0=0 G�0=1.77·10–7

g/cm2
G�0=3.38·10–7

g/cm2

Initial film height, cm H0 0.2 0.2 0.2
Initial radial length, cm L0 1.5 1.5 1.5
Surface diffusivity Ds �0 �0 �0
Surface tension

(outside collar), dyne/cm
r�0 68.5 44.17 35.95

Surface tension in new
Surfacant region, dyne/cm

r�1 35.50 35.50 35.50

Time scale, s TV 0.71 0.71 0.71
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neglecting O(�2) and O(Re�2) terms in the momentum
equation and the interfacial stress boundary condition,
one obtains the following velocity field from the mo-
mentum and continuity equations, along with their
boundary conditions.

u ¼ Bo
1

2
hxz2 � hhxz

� �
þ rxzþ Vwall

w ¼ Bo

x
xhx

z2

2
h� z3

6

� �� �
x

� 1

x
xrx

z2

2

� �
x

� 1

x
xVwallð Þxz

ð7Þ

Inserting the velocity field and scalings into the kinematic
boundary condition (Eq. 4) and surfactant conservation
Eq. 3 results in the following evolution equations for film
thickness and surfactant surface concentration, respec-
tively.

ht ¼
1

x
x

Bo

3
h3hx �

h2

2
rx � Vwallh

� �� �
x

Ct ¼
1

x
x

1

Pe
Cx � hCrCCx þ

Bo

2
Ch2hx � CVwall

� �� �
x

ð8Þ

For the uniform strain field used here, Vwall=nRt, where n
is a material coordinate attached to the membrane wall
such that x=nR(t). A specified value of n refers to a par-
ticular material point on the membrane wall at all times,
where n�[0, 1]. In the no-stretch case, the radius of the
domain, R, is constant, R̂R, and Vwall=0 at all x locations. In
the wall stretch case, RðtÞ ¼ R̂R½1þ D sinð2pt=TC=VÞ�, where
D is the strain amplitude. The boundary conditions are no
flux at the wall, x=R, and symmetry at x=0. To properly
consider the solution near the wall (i.e., within one layer
thickness), the governing equations should be re-scaled
and this inner solution matched to the outer solution
presented above. This would result in higher order cor-
rections to the solution presented here. This inner region
is neglected without impacting the leading order (in �)
solution considered in this work. The initial conditions for
the evolution equations are

Cðx; 0Þ ¼ 1
2 C1 � C0ð Þ 1� tanh a x� 1ð Þ½ �f g þ C0

hðx; 0Þ ¼ 1
ð9Þ

where a is an adjustable parameter chosen to approximate
the step from G1 to G0 in the experiments, while allowing a
smooth initial condition for G. The value of a was typically
500. The evolution equations are transformed to the
material coordinate system and solved using the method of
lines, with Gear’s method temporally and central differences

spatially. From this, we obtain the evolution of the film
thickness, h, the evolution of surface concentration, G, and
the velocity fields. By tracking the propagation of the surface
particle that initially separates the new and pre-existing
surfactants, we compute the location of the leading edge of
the new surfactant front, Lnew(t), when the membrane is at
its mean radius. Streamlines and vorticity fields are com-
puted from the velocity field at eight times during one cycle.

4
Results
Figure 6 shows a comparison of film thickness measured in
experiments using the constructed-light method and the
theoretical predictions of film thickness G0

�=0, and
G1
�=4.24·10–7 g/cm2. The film thickness versus radial posi-

tion is plotted for two different times. The symbols in Fig. 6
correspond to the mean of five experiments and the error
bars indicate the standard error of the mean.
Figure 7 shows a plot of experimental and theoretical Lnew

versus time at several cycling periods for (Fig. 7a)
G0/G1=0.42 and (Fig. 7b) G0/G1=0.8, where we use
G1
�=4.24·10–7 g/cm2 for all the experiments. The symbols in

Fig. 7 correspond to the mean of five experiments, and the
error bars indicate the standard error of the mean. The lines
indicate the theoretical prediction. Only the value of Lnew

when RðtÞ ¼ R̂R is shown for both the theoretical and ex-
perimental data, to allow comparison to the no-stretch case.
For these pre-existing concentrations, stretching the mem-

Table 2. Dimensionless para-
meter values Dimensional parameter Symbol G�0=0 G�0=1.77·10–7

g/cm2
G�0=3.38·10–7

g/cm2

Aspect ratio � 0.133 0.133 0.133
Reynolds number Re 1.00 1.00 1.00
Bond number Bo 0.72 0.72 0.72
Strain amplitude D 0 0.1 0.1
Surface concentration ratio G0/G1 0 0.42 0.8
Dimensionless well radius R̂R 4.9 4.0 4.0

Fig. 6. Comparison of predicted and experimental film thickness, for
h0=2 mm, G�0=0, G�1=4.24·10–7 g/cm2, at two non-dimensional
times, t=1 and t=4
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brane results in the new surfactant spreading at a slower rate
than the no-stretch case for all stretching periods.
Theoretical streamline evolution is shown for G0/G1=0.42
and G0/G1=0.8 in Figs. 8 and 9, respectively, for TC/V=8.45.
The streamline evolution is similar for the other cycling
periods and is not shown. For a given G0, the streamlines
plots are considerably different depending on the time in
cycle. When the membrane reaches its minimum length,
two cells develop for G0/G1=0.42 and three cells develop for
G0/G1=0.8. The film disturbance near the leading edge of
the new surfactant front is considerably smaller for G0/
G1=0.8 than for G0/G1=0.42 and damps out relatively
quickly. Figures 10 and 11 show plots of the velocity field
for the same times and surfactant concentrations as in
Figs. 8 and 9, respectively. Figures 12 and 13 show G
versus x for the same conditions and times. The position
of the leading edge of the new surfactant front, Lnew, is also
shown in Figs. 12 and 13. The evolution of vorticity is
shown in Figs. 14 and 15 for G0/G1=0.42 and G0/G1=0.8.

5
Discussion

5.1
Film thickness evolution
Figure 6 shows the evolution of the film thickness. There is
good agreement between the theoretical predictions and
the measured film thickness. This agreement suggests that

the physics of the spreading are accurately reflected in the
model. One would expect that if a different method of
initiating the spreading was used, such as placing a drop
on the interface, that the agreement between the measured
and predicted film thicknesses would be decreased at early
times. The surface wave propagates through the domain,
with the crest of the wave near the leading edge of the new
surfactant front. The wave height decreases as it propa-
gates, making the measurement of the film thickness dis-
turbance more difficult to resolve at later times. To
ascertain that the removal of the restraining collar does
not greatly influence the film thickness evolution, the
constructed light was used with the removal of the collar
without surfactant. The viscous film (glycerine) damped
any disturbances created by the removal of the restraining
collar almost instantaneously (within the first two frames
of video). Thus, it does not appear that removing the collar
influences the film thickness evolution substantially, pro-
vided some care is used in its removal.

While this film deformation is similar in appearance to a
Reynolds ridge, a well-studied flow, and both deformations
are brought about by the presence of surfactant, the me-
chanism that causes the film deformation observed here is
different. The Reynolds ridge is a high-Reynolds-number
phenomenon, which is not observed in Stokes flow
(Harper 1992). The traditional Reynolds ridge is a
deformation of the clean interface in front of a surfactant
monolayer when the free stream flow is directed from the
clean region towards the monolayer region. A boundary

Fig. 7a, b. Lnew vs t, comparison of theory and experiments, D=0.1.
Data is only shown when membrane is at its mean radius (i.e. when
t=nTC/V/2, n=0, 1, 2, …). Lines indicate theory (straight lines connect
values for which RðtÞ ¼ R̂R, symbols indicate experiment.
G�1=4.24·10)7 g/cm2. a G0/G1=0.42, b G0/G1=0.8

Fig. 8. Streamlines at different times in the first stretching cycle for
G0/G1=0.42, D=0.1, TC/V=8.45. Time is indicated on each frame
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layer forms beneath the static monolayer (Harper and
Dixon 1974; Scott 1982; Warncke et al. 1996). The thin-film
Reynolds ridge develops due to inertially generated pres-
sure fluctuations (Jensen 1998). The flows considered here
are at low Reynolds numbers and this type of film de-
formation will occur in Stokes flow (Gaver and Grotberg
1990; Halpern and Grotberg 1992; Grotberg et al. 1995;
Jensen and Halpern 1998; Bull et al. 1999). The deforma-
tion originates in spatially non-uniform fluxes of the liquid
layer. Depending on the values of the Bond number, Peclet
number, and pre-existing surfactant concentration, the
film deformation is either partially or entirely under the
new surfactant monolayer, whereas the Reynolds ridge
occurs along the clean interface in front of the monolayer
(Warncke et al. 1996). The experimental techniques that
have been successfully used to investigate the Reynolds
ridge appear applicable to this film deformation. For ex-
ample, particle image velocimetry (Warncke et al. 1996)
would provide velocity field information that could be
compared to the theoretically predicted velocity field for
these flows. The generated flows are important for the
physiological application.

5.2
Membrane stretching
As shown in Fig. 7a for G0=0.42G1, spreading is fastest
when there is no stretch. Smaller periods result in slower
spreading. Similar trends are observed for G0=0.8G1

(Fig. 7b). However, for G0=0.8G1, the agreement between

experiment and theory is slightly better, particularly for
TC/V=50.7. This is likely related to the accuracy of the
isotherm. Although the variation in Lnew with cycling
period is not very large in these experiments, a depen-
dence on cycling period is apparent. The largest effects of
cycling on spreading rate are observed for 10<t<70, sug-
gesting that compression of the pre-existing surfactant and
expansion of the new surfactant may limit the effects of the
wall stretch on surface tension gradients. In the SRT, it is
typical for the monolayer in small airways to be supplied
with surfactant from the thicker surfactant layer in the
large airways. In this situation, the effects of wall stretch
may be greater.

The spreading rate dependence on cycling period is
due to changes in viscous resistance (thickness changes),
changes in surface tension gradients, and the fluid motion
due to the wall motion. When the membrane is com-
pressed, the surfactant concentration changes. Because the
surfactant isotherm is non-linear and the area change with
membrane stretch depends on the radial location, the
changes in surface tension are different in the pre-existing
surfactant region and the new surfactant region. This cycle
dependence of the surface tension gradient which drives
the flow results in differences in spreading rates seen in
Fig. 7. If thinner films could have been used without
rupture, one would expect the effects of wall stretch to be
more pronounced, as the Bond number would have been
smaller. For long times, the cycle-averaged Lnew will
asymptote to an equilibrium value that corresponds to a

Fig. 10. Velocity field at different times in the first stretching cycle
for G0/G1=0.42, D=0.1, TC/V=8.45. Time is indicated on each frame

Fig. 9. Streamlines at different times in the first stretching cycle for
G0/G1=0.8, D=0.1, TC/V=8.45. Time is indicated on each frame
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uniform cycle-averaged surface tension throughout the
film. This value is in general different for all stretching
periods, assuming surface diffusion is negligible and the
surfactant isotherm is non-linear. However, the value of
Lnew as tfi¥ is similar for all periods for the experiments
considered here. Nevertheless, this method has consider-
able potential for the experimental investigation of situa-
tions where the periodic wall stretch has a substantial
effect. For example, lung surfactant has a more non-linear
isotherm (Schurch et al. 1989) than the surfactant con-
sidered here and its solubility adds many interesting ef-
fects, due to sorption kinetics, not seen with the insoluble
surfactant considered here. The close agreement between
experiment and theory presented in this work suggests
that the model is accurate and captures the relevant
physics.

The motion of the fluid due to the competition between
wall stretch and surface tension gradients is apparent from
the streamline plots in Figs. 8 and 9. These plots show one
cycle of membrane stretching for TC/V=8.45 and D=0.1.
When the membrane lengthens at the start of the cycle, the
fluid motion is generally in the positive x direction (Figs. 8
and 9, a and b). When the membrane shortens, the motion
changes direction, except very near the film disturbance in
Fig. 9c and e. When the membrane is at its shortest length,
vortices form in the streamline plots (Figs. 8f and 9f). As
the membrane lengthens, the flow becomes directed pri-
marily in the positive x direction (Figs. 8 and 9, g and h).

The film thickness disturbance is considerably smaller for
G0=0.8G1 than for G0=0.42G1, since the surface tension
gradient driving the flow is considerably smaller. Because
of this smaller surface tension gradient, the new surfactant
spreads slower and a shorter distance than for G0=0.42G1.
This competition between wall stretch and surface tension
gradients is apparent in the velocity fields of Figs. 10 and
11, which are for the same conditions as Figs. 8 and 9,
respectively. The surface concentration of surfactant is
shown in Figs. 12 and 13 at the same times as the velocity
fields in Figs. 10 and 11. At time t=0, the membrane well is
at its mean radius, and new surfactant spreading and
membrane wall stretch begin. At early times in the initial
stretching cycle, the surface tension gradients are larger
than at later times. This results in larger velocities near the
surface in the new surfactant region (x<Lnew). The surface
tension gradient in the pre-existing surfactant region
(x>Lnew) is not as large, as the surfactant concentration
has less spatial variation here at a given time. Wall stretch
influences the flow both through the lower boundary and
through the compression and expansion effects it has on
the interface. In Fig. 10a (t=TC/V/8), the membrane is
lengthening and the highest velocities occur at the surface
of the film in the vicinity of the leading edge of the new
surfactant front, which lies near the crest of the film de-
formation in the absence of wall stretch. The velocities are
in the negative z direction in much of the fluid, except near

Fig. 11. Velocity field at different times in the first stretching cycle
for G0/G1=0.8, D=0.1, TC/V=8.45. Time is indicated on each frame

Fig. 12. Surfactant surface concentration, G, vs x at different times in
the first stretching cycle for G0/G1=0.42, D=0.1, TC/V=8.45. The radial
position of the leading edge of the new surfactant front, Lnew is
indicated by an open square. Time is indicated on each frame
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the film deformation, reflecting that the film is thinning
due to the increasing membrane well radius.

When the membrane well reaches its largest radius and
begins to shorten (Fig. 10b, t=TC/V/4), the wall velocity is
zero and the velocity field primarily shows the effects of
the surface tension gradients. There is some fluid inertia in
this system, as Re�1. When the radius of the well is de-
creasing (Fig. 10c–e, t=3TC/V/8, t=TC/V/2, and t=5TC/V/8),
the velocities at locations away from the bottom wall have
a positive z-component because the film thickens. The
surface velocities in the pre-existing region are in the ne-
gative x-direction due to the motion of the lower wall and
the surface compression effect of the motion of the right
boundary. The surface velocities in the new surfactant
region have a small positive x-component due to the
surface tension gradient. The location of the maximum
surface velocity shifts to the left as the radius of the do-
main becomes smaller and the surface becomes com-
pressed. At t=3TC/V/4 (Fig. 10f), the wall velocity changes
sign (the radius is at its minimum at this time) and the
effect of the surface tension gradient is seen near the
surface in the new surfactant region. The flow is such that
the film thickens near the leading edge of the new sur-
factant front and thins behind it. The velocities at locations
in the pre-existing region when t=3TC/V/4 are very small.
As the membrane radius increases back to its initial radius
(Fig. 10f and h), the flow near the bottom wall and the flow
in the pre-existing surfactant region exhibit primarily the

effects of the wall motion. The flow in the upper half of the
film in the new surfactant region is strongly influenced by
the surface tension gradient there. Far to the right of the
leading edge of the new surfactant front, the surface ten-
sion gradients are smaller and consequently their effect is
not as strong. Away from the surface, the effects of the
surface tension gradient are not as pronounced and the
wall motion appears to dominate the flow there.

The velocity fields for G0/G1=0.8 (Fig. 11) are influenced
by the same wall motion as the velocity fields for G0/G1=0.42
(Fig. 10), but the surface tension gradients are smaller.
Consequently, the velocities at locations in the new sur-
factant region are more strongly influenced by the wall
motion. Note that the slope of the surfactant isotherm,
shown in Fig. 2, is smaller for higher values of G, such as
those near G0/G1=0.8, where G1

�=4.24·10–7 g/cm2. In the
first half of the cycle (Fig. 11a–d), there is a film de-
formation, which is smaller than that in Fig. 10 since the
surface tension gradient responsible for it is smaller. As
time progresses, the film deformation decreases in height
as the new surfactant spreads and consequently the surface
tension gradient decreases. By the time t=3TC/V/4
(Fig. 11f), the film deformation has nearly disappeared
and the velocity is nearly uniform as the wall velocity is
zero at this time and the membrane well radius is at its
minimum. The subsequent lengthening of the radius
(Fig. 11g and h) results in flow that is primarily dominated
by the wall motion with some effects of surface tension
gradients induced by the expansion of the interface. Even

Fig. 13. Surfactant surface concentration, G, vs x at different times in
the first stretching cycle for G0/G1=0.8, D=0.1, TC/V=8.45. The radial
position of the leading edge of the new surfactant front, Lnew is
indicated byan open square. Time is indicated on each frame

Fig. 14. Contours of constant vorticity at different times in the first
stretching cycle for G0/G1=0.42, D=0.1, TC/V=8.45. Time is indicated
on each frame
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for no initial surface tension gradient, wall stretch can
induce surface tension gradients through the expansion
and compression of the interface.

Figures 14 and 15 show vorticity plots for the same
conditions as Fig. 8 and 9, respectively. As in Figs. 8, 9, 10,
11, these figures show several times during a cycle. The
primary source of vorticity appears to be the interaction of
surface tension gradients with wall motion to produce
spatial variations in velocity. Consequently, the vorticity
contours are more closely spaced near the new surfactant
region when the surface tension gradient is large (Fig. 14a
and b). Likewise in Fig. 14h, there is much less vorticity
than at earlier times because the new surfactant has spread
and the film deformation has decreased in height.
Figure 15 shows that when the surface tension gradient is
weak, little vorticity is generated. However, changing the
sign of the wall velocity can generate vorticity in this
system (Fig. 15b and f, and Fig. 14b and f).

The flows that results from periodic wall stretch are
important in the transport of large molecules, passive
solute transport, e.g., genetic material in gene therapy, gas
transport in partial liquid ventilation, cell-to-cell signaling,
or surfactant transport between the interface and the
membrane wall. The regions of recirculation that develop
at certain times during the cycle may be important in the
transport of messengers between cells in a normal lung.
The type of experiment presented here could be used to
investigate these important physiological flows in a
benchtop setting.

5.3
Conclusions
We have presented experimental methods for measuring
film thickness and for studying the effects of wall stretch in
surfactant-spreading experiments. Both of these methods
are effective and their results agree with the current the-
oretical models. These methods will likely be instrumental
in further experimental investigations of monolayer
spreading on thin films (for the pulmonary application
discussed here and for other non-physiological
applications) and investigation of the effects of wall stretch
on many bio-fluid phenomena besides surfactant
phenomena.
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