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Yamaguchi E, Nolan LP, Gaver DP III. Microscale distribution and
dynamic surface tension of pulmonary surfactant normalize the recruit-
ment of asymmetric bifurcating airways. J Appl Physiol 122: 1167–1178,
2017. First published January 5, 2017; doi:10.1152/japplphysiol.00543.
2016.—We investigate the influence of bifurcation geometry, asym-
metry of daughter airways, surfactant distribution, and physicochem-
ical properties on the uniformity of airway recruitment of asymmetric
bifurcating airways. To do so, we developed microfluidic idealized in
vitro models of bifurcating airways, through which we can indepen-
dently evaluate the impact of carina location and daughter airway
width and length. We explore the uniformity of recruitment and its
relationship to the dynamic surface tension of the lining fluid and
relate this behavior to the hydraulic (PHyd) and capillary (PCap)
pressure drops. These studies demonstrate the extraordinary impor-
tance of PCap in stabilizing reopening, even in highly asymmetric
systems. The dynamic surface tension of pulmonary surfactant is
integral to this stability because it modulates PCap in a velocity-
dependent manner. Furthermore, the surfactant distribution at the
propagating interface can have a very large influence on recruitment
stability by focusing surfactant preferentially to specific daughter
airways. This implies that modification of the surfactant distribution
through novel modes of ventilation could be useful in inducing
uniformly recruited lungs, aiding in gas exchange, and reducing
ventilator-induced lung injury.

NEW & NOTEWORTHY The dynamic surface tension of pulmo-
nary surfactant is integral to the uniformity of asymmetric bifurcation
airway recruitments because it modulates capillary pressure drop in a
velocity-dependent manner. Also, the surfactant distribution at the
propagating interface can have a very large influence on recruitment
stability by focusing surfactant preferentially to specific daughter
airways. This implies that modification of the surfactant distribution
through novel modes of ventilation could be useful in inducing
uniformly recruited lungs, reducing ventilator-induced lung injury.
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A VISCOUS FLUID LINING LAYER containing pulmonary surfactant,
which is produced by type II alveolar cells, protects pulmonary
airways and alveoli. Surfactant reduces the surface tension
dynamically, reduces the energy of breathing, and plays a role
in host defense. Furthermore, surfactant biophysical properties
protect airways and alveoli from surface-tension-induced liq-
uid instabilities that can obstruct airways and impede gas
exchange (8, 11, 16).

In disease states such as acute respiratory distress syndrome
(ARDS), extreme pulmonary edema occurs, leading to flooding

of the air spaces. Surfactant properties can become deranged
because of infiltration of plasma proteins that competitively
adsorb to the air-liquid interface (48). ARDS has a mortality of
30–40% (~75,000 US deaths annually) and arises from insults
such as bacterial infection (sepsis), liquid aspiration, or nox-
ious gas inhalation. A hallmark of ARDS is the presence of
fluid-filled lungs with high-surface-tension interfaces. ARDS
afflicts individuals in the prime of their life, and survivors may
suffer from long-term neurological deficits, depression, and
decreased quality of life (20). Furthermore, ICU length of stay
correlates with decreased quality of life, so improved treatment
can have a long-term impact on patients and their families (19).

While surfactant inactivation during ARDS and lung injury
is significant, surfactant replacement therapies have generally
not been clinically successful (42). Recent model studies sug-
gest that while surfactant replacement therapy is effective in
the neonatal lung, the same delivery technique in the adult lung
leads to a poorly mixed, highly nonlinear distribution that
could cause inadequate delivery (8). Therefore, to date there
are no medical treatments for acute lung injury/ARDS other
than supportive care revolving around mechanical ventilation.
Unfortunately, mechanical ventilation can cause ventilation-
induced lung injury (VILI) through mechanisms associated
with volutrauma and atelectrauma (30, 33). Therefore, me-
chanical ventilation is a “double-edged sword” because it is
necessary for recovery and yet can exacerbate lung damage.
Our goal is to develop an understanding of the surfactant
distribution behavior and biomechanical stimuli-response
relationships associated with ventilation to provide guidance
toward improved ventilation approaches that can reduce
VILI.

A number of studies have investigated the biomechanical
interactions leading to atelectrauma at the airway scale (12, 31)
and at the cellular level (5, 7, 23, 25). Those studies focused on
the pressures necessary to recruit individual airways, the me-
chanical stimuli created by recruitment, and the biological
responses to those stimuli. Those studies indicate that the
pressure gradient near the tip of the finger of air that removes
the liquid obstruction provides the strongest correlation to the
degree of epithelial damage and barrier function (14, 22, 24,
25). However, those studies investigated only individual air-
ways and did not address the complex geometries associated in
the lung.

The behavior of a bifurcating network is much more com-
plex than that of individual airways and has important physi-
ological implications. For example, nonuniform recruitment
could result in large regional variations of ventilation. In turn,
this can result in a “baby lung” scenario that results in volu-

Address for reprint requests and other correspondence: D. P. Gaver III, 500
Lindy Boggs Bldg., Dept. of Biomedical Engineering, Tulane Univ., New
Orleans, LA 70118 (e-mail: dpg@tulane.edu).

J Appl Physiol 122: 1167–1178, 2017.
First published January 5, 2017; doi:10.1152/japplphysiol.00543.2016.

8750-7587/17 Copyright © 2017 the American Physiological Societyhttp://www.jappl.org 1167
Downloaded from www.physiology.org/journal/jappl at Tulane University (129.081.041.181) on November 12, 2019.

http://doi.org/10.1152/japplphysiol.00543.2016.
http://doi.org/10.1152/japplphysiol.00543.2016.
mailto:dpg@tulane.edu


trauma to those portions of the lung that are patent, while other
regions remain atelectic. A full understanding of this type of
interaction would require a multiscale model that links airway
and alveolar fluid-structure behaviors that incorporate physi-
cochemical interactions (2, 9, 17, 32, 36, 39).

Successful full-lung models will require an understanding of
the interactions that occur in the region of a bifurcation and the
relative responses of daughter airways. In a previous study
(45), we initiated investigations of the recruitment of bifurcat-
ing airways, following prior studies by others (3). That study
investigated the microfluidic behavior of reopening a simple
symmetric Y-shape channel—this demonstrated pulmonary
surfactant’s unique ability to maintain nearly symmetric re-
cruitment of daughter airways, which could improve the like-
lihood of uniform recruitment of a multigenerational bifurcated
network and thus maximize the potential for global opening.
Mathematical modeling provided insight that suggests that the
dynamically altered pressure drop across the air-liquid inter-
face of the propagating finger of air stabilized the uniform
reopening of the nearly symmetric system. That analysis illus-
trated why simply lowering the surface tension was not suffi-
cient for uniform recruitment; rather, a velocity-dependent
surface tension provides a variable pressure drop that is instru-
mental in stabilizing the system.

The present study follows up on the investigation of nearly
symmetric bifurcations with the goal of identifying how the
carina geometry and daughter airway asymmetry interact
with surfactant properties to influence the uniformity of
recruitment. The goal of this study was to investigate how
microscale features of the bifurcation in concert with sur-
factant properties and distribution can affect larger-scale
recruitment phenomena. This, in turn, may lead to an un-
derstanding of how ventilation processes could be modified
to improve ventilation homogeneity in the entire lung
through a redistribution of surfactant near airway bifurca-
tions that would encourage the simultaneous reopening of
asymmetric obstructed daughter airways.

METHODS

Experimental Design Principles

Experiments were designed to discriminate between different
mechanisms that can lead to, or ameliorate, nonuniform recruitment of
bifurcating airways. These mechanisms are described in detail in Ref.
45 and synopsized here. We follow Refs. 13 and 34 to partition the
bubble pressure drop along the fluid-occluded section of a daughter
channel as consisting of three components (Fig. 1):

PBubble � PCap � PHyd � PEnd (1)

PCap is the pressure jump that exists over the air-liquid interface at
the progressing bubble tip, which is related to the nonequilibrium
normal stresses (law of Laplace) at low capillary number (Ca),

PCap �
2�

RInterface
(2)

where RInterface is the interfacial radius of curvature. PCap can there-
fore be modulated by a change in RInterface or by physicochemical
modifications of the surface tension, �.

PHyd is the hydraulic pressure loss due to viscous flow down-
stream of the bifurcation, which is approximated by channel
Poiseuille flow,

PHyd �
8�U

RHyd
2 L(t) (3)

where � is viscosity, U is the velocity, RHyd is the hydraulic radius,
and L(t) is the length of the fluid-filled segment downstream of the
air-liquid interface.

PEnd is the pressure at the end reservoir. In our model system (see
Fig. 1A), the daughter channels share a common end reservoir, the
pressure at which can be defined as the reference pressure,

PEnd � 0 (4)

When the bubble splits to open the daughter channels (Ch.1 and
Ch.2 in Fig. 1B), the pressure drop from the bubble to the end
reservoir must balance. Therefore, the sum of the capillary and
hydraulic pressure drops must be equivalent through Ch.1 and Ch.2:

(PCap)1 � (PHyd)1 � (PCap)2 � (PHyd)2 (5)

So,

� 2�1

(RInterface)1
� � �8�U1(t)L1(t)

(RHyd
2 )1

� � � 2�2

(RInterface)2
�

� �8�U2(t)L2(t)
(RHyd

2 )2
� (6)

In our experimental models we perturb the geometry to inves-
tigate the effect of modification of the daughter channel widths (W1
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Fig. 1. Schematics of 3 patterns of asymmetric bifurcations. A: asymmetric
width designs (W1�W2), with consistent inlet width (Inlet-Consistent � IC,
W1/W2 � I1/I2), and with inverted inlet width (Inlet-Inverted � II, W1/
W2 � I2/I1). B: Length-Asymmetric design. All designs share the same parent
channel width, W0 � 208 �m, sum of daughter section width, W1�W2 � 300
�m, and Ch.1 section length, L1 � 4,800 �m.
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and W2), which simultaneously influence the hydraulic radius
given as RHyd � WD ⁄ �W � D� in each of these branches. In
addition, we perturb the inlet channel widths (I1 and I2), which
modulates RInterface only at the entrance (a near-field effect). By
methodically investigating the reopening behavior with these physical
models using fluids of different physicochemical properties, we can
satisfy our goal of identifying geometric and transport properties that
influence the uniformity of airway reopening in branching networks.

Description of Asymmetric Bifurcation Microfluidic Device

All microfluid experimental devices were constructed with polydi-
methylsiloxane and a standard photolithography fabrication method
(44). The interior of the flow chamber was treated with vinyl-
terminated polydimethylsiloxane (DMS-V05, Gelelst) after exposure
to oxygen plasma; this process sustains the hydrophilic surface prop-
erties throughout the duration of our experiments (38).

Each asymmetric model was created as a variation of the symmet-
ric model shown in Fig. 1A, which is a two-dimensional version of
idealized geometric properties of pulmonary bifurcations (29). We
define the parent channel as channel 0 (Ch.0) and the daughter
channels as channels 1 and 2 (Ch.1, Ch.2). The following properties
exist in all models: 1) the depth of all channels is uniform, D � 150
�m; 2) the parent channel width is W0 � 208 �m; 3) the sum of the
daughter channel widths is conserved, W1�W2 � 300 �m; 4) the
daughter channels bifurcate at angle of 35° with initial branching
curvature Rbi � 525 �m; 5) the carina tip radius of curvature is
Rc � 75 �m; 6) each daughter links to outflow tubes ~700 �m from
the bifurcation; and 7) daughter branches are connected to a unified
outlet downstream (2,400 �m from bifurcation) so as to apply a
uniform downstream pressure.

The goal of this study was to identify the importance of geometric
and physicochemical interactions and their effect on recruitment
uniformity in asymmetric bifurcations. As such, we developed three
distinct bifurcation variants to discriminate between capillary and

hydraulic interactions that contribute to flow behavior. These variants
are shown in Fig. 1, with specific dimensions listed in Table 1, and
described below.

Width asymmetry with inlet consistent (W1/W2)IC. In these models
the daughter channels have asymmetric widths (W1�W2) but sym-
metric lengths (L1 � L2). This design sets each entrance width to be
equal to the related daughter channel width (I1 � W1, I2 � W2),
hereafter referred to “Inlet-Consistent” and denoted by the subscript
“IC.” As described in Experimental Design Principles, this introduces
an asymmetry of PCap both at the entrance and within the daughter
branches. Furthermore, it introduces an asymmetry of PHyd. Without
physicochemical interactions that cause dynamic surface tension, this
asymmetry should lead to an initial preferential reopening of Ch.1
because it would have a lower PCap.

Length asymmetry (L1/L2). These devices are designed to have
symmetric channel widths (W1 � W2) but asymmetric channel lengths
(L1/L2 � 0.974) as shown in Fig. 1B. With this design, asymmetric
flows are initiated solely by a differential in PHyd. Since PHyd ~ L ⁄ RHyd

2

this system has a hydraulic pressure ratio at the bifurcation entrance
equal to�PHyd�1 ⁄�PHyd�2 � L1 ⁄ L2 � 0.974. This hydraulic pressure
ratio is equivalent to experiments with (152/148)IC apparatus. Since
no differential in PCap exists, it is predicted that a significantly smaller
degree of reopening asymmetry will exist in comparison to (W1/W2)IC

experiments. Therefore, gradual increment of preferential opening of
Ch.1 will be expected if no surfactant-induced physicochemical dy-
namic interactions on the moving bubble tip interface exist.

Width asymmetry with inlet inverted (W1/W2)II. As with (W1/
W2)IC, the daughter channels have asymmetric widths (W1�W2)
and symmetric lengths (L1 � L2), but this design is used to eval-
uate the sensitivity of carina position by moving the carina tip (Fig.
1A, dotted line) so that the inlet width (I) is equal to the opposite
daughter channel width (I1 � W2, I2 � W1), hereafter referred to
“Inlet-Inverted” and denoted by the subscript “II.” This design was
chosen to highlight the inlet flow behavior, since the capillary

Table 1. Descriptions of asymmetric Y channels and predicted/measured single-phase flow rates

Name

Channel Design Flow Rate Ratio (Q1/Q2)

Inlet ratio (I1/I2) Daughter width ratio (W1/W2) Length ratio (L1/L2) Design Measured

Small asymmetry

a: �152
148�IC

152/148 152/148 1 1.04

b: �152
148�II

148/152 152/148 1 1.027 1.031

c:
L1
L2

� 0.974
150/150 150/150 0.974 1.03

Medium asymmetry

a: �155
145�IC

155/145 155/145 1 1.121

b: �155
145�II

145/155 155/145 1 1.069 1.1

c:
L1
L2

� 0.974
150/150 150/150 0.935 1.1

Large asymmetry

a: �160
140�IC

160/140 160/140 1 1.225

b: �160
140�II

140/160 160/140 1 1.143 1.193

c:
L1
L2

� 0.974
150/150 150/150 0.875 1.195

Width asymmetries are based on Ref. 27, which shows that 87% of bifurcations in respiratory zone have a diameter asymmetry ratio D1/D2 � 1.15 (major
branch/minor branch) and �36% have D1/D2 � 1.11. Those asymmetries are in the range of those studied here [W1/W2 � 160/140 � 1.14; W1/W2 � 152/
148 � 1.03].
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pressure ratio is inverted from the capillary pressure ratio in the dau-
ghters, ��PCap�1 ⁄�PCap�2�Inlet � ��PCap�2 ⁄�PCap�1�Channel and ��PCap�1 �
�PCap�2�Inlet while maintaining ��PHyd�1 � �PHyd�2�Channel before the
bubble bifurcation (see Table 1). So, under constant-surface tension
conditions the inlet characteristics will cause an increased propensity
for Ch.2 to begin opening preferentially, even though the daughter
channel asymmetry is likely to result in long-range preferential flow in
Ch. 1. Therefore comparison of the inlet behavior with various
surfactant solutions will provide insight into the effect of nonuniform
surfactant distribution on the air-liquid surface of the progressing
bubble tip at the inlet region (45).

Test Solutions

Various test solutions were used to investigate the influence of
physicochemical behavior on reopening uniformity. We chose these
solutions on the basis of static and dynamic surface tension properties,
as acquired by measurement with a barrier close/open five-cycle
experiment using a Langmuir trough (KSV NIMA Biolin Scientific)
with barrier speed of 1.0 mm/s at 37°C. The constant barrier speed is
set to approximate average bubble speed in the bifurcation microfluid
apparatus (see Experimental Procedure). The static surface tension,
�0, was obtained from the measurement before the start of the
isotherm barrier close/open experiment. �� is reported as the differ-
ence of maximum and minimum surface tension in the last three
cycles of oscillation.

Dulbecco’s phosphate-buffered saline. Dulbecco’s phosphate-buff-
ered saline (DPBS) is a buffer solution and is used as the solvent
phase for all surfactants in the experiment. This solution provides a
constant surface tension � � 65 dyn/cm under static and dynamic
tests.

Sodium dodecyl sulfate solution. Sodium dodecyl sulfate (SDS) is
an anionic surfactant with a high molecular diffusion rate near the
air-liquid interface. The concentration (C � 1.73 mg/ml) is slightly
below its critical micelle concentration. This solution reduces the
surface tension to approximately �0 � 30 dyn/cm and has only a very
small dynamic surface tension variation, �� � 4 dyn/cm.

Infasurf (0.01 mg/ml, 0.1 mg/ml, and 1.0 mg/ml). Infasurf (calfac-
tant) (ONY) is an exogenous pulmonary surfactant analog used in
surfactant replacement therapy. Concentrations are selected to inves-
tigate the importance of dynamic surface tension. With these concen-
trations, we found �0 � 53, 31, 24 dyn/cm and �� � 27, 55, and 30
dyn/cm for C � 0.01, 0.1, and 1.0 mg/ml, respectively. This suggests
that different concentrations of Infasurf will display various degrees
of sensitivity to the carina tip and channel asymmetries throughout the
experiments.

Table 2 summarizes the static and dynamic surface properties of
these test solutions obtained from a Langmuir trough/Wilhelmy plate
(LTWP) surfactometer for DPBS and SDS and a pulsating bubble
surfactometer for Infasurf, as described in DISCUSSION.

Image Acquisition

Particle image velocimetry (PIV) is well established and one of the
most versatile tools to acquire whole field instantaneous flow fields

under complex conditions (1). In past years, our laboratory has
developed a microscale PIV (�-PIV) system specialized for analysis
of microscale interfacial flows during airway reopening (37, 46, 47).
The modified �-PIV system is depicted in Fig. 2B. Optics principles
and system operation are unchanged from the system described in
Yamaguchi et al. (45, 46). Volumetric illumination is provided by a
dual-pulse Nd:YAG laser (	 � 532 nm, power � 15 mJ/pulse, dura-
tion � 4 ns; New Wave Laser Pulse Solo Mini, New Wave Research-
ESI, Fremont, CA). The test solution is seeded by 1.0-�m fluorescent
particles that have excitation/emission peaks at 535/575 nm to provide
a return signal (	 � 550 nm) with minimal background noise. The
PIV camera (PowerView Plus, TSI, Minneapolis, MN) CCD provides
2k 
 2k effective pixel images with pixel resolution of 0.658
�m/pixel. In combination with a selected objective lens (
10/0.30
Plan Fluor, Nikon), the focal plane was set to the center of channel
depth at ~15 �m. The camera and laser timing is controlled by a
multichannel synchronizer and software (model 610035, TSI). The
process control, image display, and postprocessing were coordinated
by Insight 4G (TSI).

Table 2. Dynamic surface properties of test solutions

Concentration, mg/ml �0, dyn/cm �min, dyn/cm �max, dyn/cm ��, dyn/cm ��/�0 �est, dyn·s/cm2

DPBS 0 65 65 65 0 0 0
SDS 1.73 33 30 34 4 0.12 80
001Infa 0.01 53 38 65 27 0.51 540
01Infa 0.1 31 10 65 55 1.77 1100
1.0Infa 1.0 24 5 35 30 1.25 600

�0, Static surface tension; ��, difference between the maximum (�max) and minimum (�min) dynamic surface tensions obtained from isotherm barrier
close-open (1.0 mm/s) experiment at 37°C using mini-Langmuir trough. Solvent for all surfactant solutions is DPBS (containing 0.04 vol% of polystyrene
fluorescent particles). SDS contains 1.73 mg/ml sodium dodecyl sulfate. 0.01Infa, 0.1Infa, and 1.0Infa contain 0.01, 0.1, and 1.0 mg/ml Infasurf, respectively.

Translating stage Water bath (37 C)

Linear motor 
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PIV*

(ii) Mean flow

(i) Bubble position set

Hydraulic lineOpen to air

(i) (ii)

A   Basic Apparatus Design

B   µ-PIV Setup

Fig. 2. Schematic of fluid apparatus basic design (A) and experimental setup
(B). Linear motor with microsyringe (i) and the translating stage (37) are
used to set initial bubble position in frame i, so that the observation window
is moved to frame ii. Bubble progression and PIV image acquisition are
controlled by PC-linked syringe pump (ii), CCD camera, and the pulsed
laser system. *Detailed optical configuration of the PIV is available in
Refs. 45 and 47.
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All test solutions contained 0.04 vol% of 1.0-�m-diameter fluo-
rescently dyed particles (Nile red, 	 � 535/575 nm; Molecular
Probes) in order to obtain fluorescent images with sufficient vector
resolution for computing average flow rate of each channel instanta-
neously.

Experimental Procedure

The image acquisition observation window is adjusted to have the
bifurcation carina at the left edge of each image (Fig. 2A, frame ii).
With this orientation, we capture the image of the interface as it
migrates through the system and observe the downstream liquid phase
for interrogation of instantaneous flow velocity. The combination of
computer-controlled linear actuator/syringe pumps (electromagnetic
direct linear motor P01-23x80/30x90 and E200-AT, Linmot) and the
motorized sliding stage allows us to set the initial bubble tip position
~10 mm upstream of the bifurcation point (Fig. 2A, frame i), before
each run. The unified inlet (left reservoir in Fig. 2A) is open to the air,
and the occluded fluid is drained from the unified outlet (right
reservoir in Fig. 2A) at Q � 1.17 �l/min to achieve an average flow
velocity in the parent channel of approximately U � 0.5 mm/s.

During each trial, image acquisition consists of 80 pairs of images
at a rate of 7.25 pairs/s. The bubble tip appears after fully developed
flow has commenced as shown in Fig. 3, after 4 s from the initiation
of the flow. This provides a sufficient duration to capture the entire
bubble bifurcation process and progression in daughter sections in the
frame. Each experiment is completed n � 5 times for statistical
analysis.

The interrogation of fluorescent images employs a recursive Ny-
quist grid with an FFT correlation engine and a Gaussian peak
algorithm with a first 64 
 64-pixel interrogation window and a
second smaller 32 
 32-pixel (with 50% overlap) interrogation
window. An expected range of the progressing bubble speed in the
daughter section is ~0–0.9 mm/s; therefore �t � 4.0 ms is set as the
time delay between each pair of fluorescent particle images in order to
have a displacement of fewer than 8 pixels (25% of interrogation
window size).

Data Processing

The present image acquisition system provides a pair of 2k 
 2k
pixel images with pixel resolution of 0.658 �m/pixel at 7.25 sets/s.
Therefore each set of images can generate a 128 
 128 vector field
with spatial resolution of 10.53 �m/vector at a temporal resolution of
7.25 frames/s. Since the daughter channel widths are ~150 �m, the
observation frame provides ~14 vectors, which resolves sufficient
detail to estimate velocity profile and maximum velocity at center
line. Since the focal plane of the �-PIV measurement is adjusted to
the middle of the channel depth, the maximum velocity of the
channel can be closely approximated and then converted to an
average flow rate by using rectangular duct flow profiles, following
Ref. 45. We define t � 0 as the moment when the progressing
interface reaches the carina.

To assess reopening behavior, we monitor the instantaneous posi-
tions of the bubble tip positions downstream of the carina for each
branch [B1(t), B2(t)] in Fig. 1. To do so, we integrate the instantaneous
flow velocity beginning from the time that the interface reaches the
carina [t � 0 s; B1(0) � B2(0) � 0], and we use conservation of mass
to predict the position by assuming that the residual film thickness is
insignificant. Since the Ca for the system is very low (�10
6), this
estimate of bubble position is accurate (6, 10, 18, 21, 43). Henceforth,
we use the bubble position ratio, B1(t)/B2(t), as the key parameter to
quantify the reopening uniformity.

RESULTS

Design Validation

As described in Description of the Asymmetric Bifurcation
Microfluidic Device, three distinct types of asymmetric models
were fabricated: (W1/W2)IC, (L1/L2), and (W1/W2)II. To vali-
date the accuracy of these designs, we measured the flow rate
ratio Q1/Q2 for single-phase viscous flow through each branch.
For example, the slightly asymmetric group, (152/148)IC, (152/
148)II, and L1/L2 � 0.974, were designed to obtain the same
hydrodynamic resistance and should therefore have an identi-
cal flow rate ratio, Q1/Q2 � 1.027. These flow rate ratios were
evaluated experimentally with the �-PIV system. The experi-
mental data in Table 1 confirmed that we have fabricated
asymmetry groups that provide three different distinctive de-
grees of asymmetry and that the variation in asymmetry be-
tween each subgroup is �3%.

Representative Responses of Asymmetric Systems

Representative data of experiments with constant surface
tension (DPBS) and dynamic surface tension (0.1 mg/ml Infa-
surf) are presented in Fig. 4, with t � 0 defined as the instant
when the bubble tip impinges the carina. These data represent
the positions of n � 5 runs, and each data point has a 5–10%
standard deviation (data not shown). The presented data sets
are selected from the smallest degree of asymmetry [(152/
148)IC, L1/L2 � 0.974, and (152/148)II], since the more highly
asymmetric systems show less sensitive behavior to different
test solutions. Furthermore, DPBS and C � 0.1 mg/ml Infasurf
were selected to demonstrate the impact of physicochemical
interactions on reopening asymmetry, since these responses
bracket the behavior of other solutions.

As shown previously (45), the stabilizing effect of pulmo-
nary surfactant is clearly visible in all asymmetric patterns.
Overall, asymmetric designs (W1/W2)IC (a) and L1/L2 (b)
demonstrate a consistent flow asymmetry that diverges flow to
Ch.1, which has the lower resistance. As hypothesized above,

Carina Tip

Bubble Tip 
(B1)

B1=450 µm

Ch.2

Ch.1

Ch.1 Velocity

Ch.2 VelocityBubble Tip (B2)

500 µm

Fig. 3. Example of fluorescent particle image in the vicinity of a bifurcation.
Bright region demonstrates the emission of high concentrations of fluorescent
particles in the occluding liquid phase. Instantaneous bubble velocities and
corresponding positions in daughter sections can be closely estimated from the
PIV analysis in the dashed rectangular areas.
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modification of (W1/W2)IC causes a greater divergence to Ch.1
because modification of W simultaneously affects PHyd and
PCap, while variation of L only affects PHyd.

To further decouple the effects of the capillary pressure drop
from the hydraulic resistance, we include studies in which the
inlet width ratio I1/I2 is inverted from the downstream width
ratio W1/W2, as described above and denoted (W1/W2)II. These
experiments [(c), Fig. 4] demonstrate that the inlet effect on
PCap induces Ch. 2 to reopen first, even though the overall
hydraulic resistance in Ch. 1 is lower than that of Ch. 2 (as
shown by the flow rate ratio in Table 1). Once Ch. 2 begins to
reopen, however, the lower PHyd in Ch. 1 eventually leads the
interface of Ch.1 to increase its relative velocity. The time at
which the interfacial tip positions are equivalent (B1 � B2) is
termed the “reconvergence time” (RT), and it is evident that
physicochemical interactions induced by surfactant (C � 0.1

mg Infasurf) substantially increases RT. Below, we use RT as
evidence of the nonuniform surfactant distribution along the
interface near the progressing bubble tip, which affects reopen-
ing uniformity.

DISCUSSION

Figure 5 and Figure 6 present log-log plots of the reopening
asymmetry behavior for (W1/W2)IC and L1/L2 experiments,
respectively; the x-axis presents the interface position ratio
B1/B2, and the y-axis presents the velocity ratio U1/U2 at the
time when B1 � 450 �m. Figures 5A and 6A represent the
specific data, and Figs. 5B and 6B schematically illustrate
the general trends. We chose the location B1 � 450 �m be-
cause that represents the position that would correlate to the
end of a generation following Wiebel and Gomez (40), which

Fig. 4. Representative data set of airway reopening
experiments under Inlet-Consistent (a); Length-Asym-
metric (b), and Inlet-Inverted (c) conditions. Each data
point represents the average of 5 trials.
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describes the average length-to-diameter ratio of an airway in
the respiratory zone as L/D ~ 3.

In Figs. 5 and 6, perfect reopening symmetry is represented
by the point B1/B2 � U1/U2 � 1. If asymmetric reopening
were consistent (i.e., a constant nonunity velocity ratio), then at
any given time the data would exist at B1/B2 � U1/U2. Figure
5 demonstrates that symmetric reopening under (W1/W2)IC
conditions does not occur and that in most cases B1/B2��U1/
U2, indicating that the reopening asymmetry increases rapidly.
These trends are also evident in Fig. 6 (L1/L2 experiments), but
the degree of reopening asymmetry is significantly smaller.

We can understand the asymmetric reopening behavior of
Fig. 5 through (W1/W2)IC data (a) in Fig. 4. It is clear from the
time-dependent behavior in Fig. 4 that two distinct regions
exist. These consist of an initial region with simultaneous
nearly symmetric motion, followed by an abrupt transition to
asymmetry. The initial region is driven by a transitional in-
crease in PCap, since RCap is reduced as the interface splits to
enter into the daughter segments. This pressure increase
requires a small time for the yield pressure to be reached,
and the bubble progresses slowly to a position that is

approximately one channel width downstream (B�W), with
both daughter vessels reopening as the interfaces slowly
creep at nearly the same speed. Subsequently, the reopening
rates diverge substantially; Ch.1 accelerates quickly, while
Ch.2 decelerates (especially with high constant surface
tension, as with DPBS).

In contrast, for length-asymmetric channels [L1/L2 (b)] Fig.
4 and Fig. 6A show that the relative velocities are much
smaller. In this case, Fig. 6A shows that the dynamic surface
tension induced by Infasurf can cause nearly symmetric re-
opening to occur up to B1 � 450 �m despite the fact that the
apparatus has a clear channel length asymmetry.

The overall trends from of the (W1/W2)IC and (L1/L2)
experiments are shown by schematic representations in Fig. 5B
and Fig. 6B, respectively. Figure 5B shows that an increase in
the width ratio substantially increases the asymmetry. For
example, only a 15% differential in width, (160/140)IC, results
in a 100-fold change in relative velocity when a constant
high-surface-tension fluid, DPBS, is used. However, the intro-

Fig. 6. Length-Asymmetric experiments. A: raw data. B: trend representa-
tion. Scale of velocity ratio is almost 10 times smaller than IC data (Fig. 5),
even though initial flow rate ratios are nearly identical. *Data from Yamaguchi et
al. (45).

Fig. 5. Width-Asymmetric/Inlet-Consistent (IC) experiments. A: raw data. B:
trend representation. *Data from Yamaguchi et al. (45).
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duction of reduced static surface tension (SDS) or high dy-
namic surface tension (��/�0) (0.01Infa, 0.1Infa, and 1.0Infa)
substantially reduces the magnitude of asymmetric reopening.
Figure 6B does not demonstrate as strong an influence of L1/L2
on reopening asymmetry, likely because it only explicitly
modifies PHyd. However, decreasing the surface tension re-
duces the asymmetry, and this behavior is made more promi-
nent with large dynamic surface tension, ��/�0.

The relative effects of PCap and PHyd can be understood from
dimensional analysis for constant-surface tension fluids using
Eqs. 2 and 3. Assuming a moderate surface tension � � 50
mN/m (dyn/cm) and an obstruction fluid of viscosity equiva-
lent to H2O, the magnitude ratio of the two contributors to the
pressure drop, PCap/PHyd, based on idealized geometric prop-
erties of respiratory airways (29), is PCap/PHyd � O(102). The
significantly larger impact of PCap in the present apparatus
elucidates why the influence of width asymmetry is so much
greater than that observed in length-asymmetric models.
The magnitude of this effect is demonstrated by the gray-
shaded region of Fig. 5B, which represents the entire domain
of Fig. 6.

Importance of Dynamic Surface Tension

The relative importance of PCap helps to explain the extraor-
dinary sensitivity of the system to dynamic surface tension.
The variable surface tension modifies the relative surface
tension ratio between Ch.1 and Ch.2 (�1/�2). This serves to
equilibrate the hydraulic pressure drop in each segment by
increasing the PCap in the branch that opens more quickly.
To quantify this relationship, we hypothesized that a com-
bination of sufficiently strong surface flow and slow sorp-
tion rates of the pulmonary surfactant generates an interfa-
cial surfactant concentration difference between the daugh-
ter segments that increases the relative surface tension along
the fast reopening branch in comparison to the slow branch
(45). Therefore, by modulating the surface tension a differ-
ential in PCap is created between the branches. Since the
total pressure drop is fixed (Eq. 5), this modifies the pressure
available for flow, PHyd, which helps to equilibrate the
bubble progression.

For example, consider the simple model of dynamic surface
tension from (45),

�eff � f(�, U) � �0 � �U (7)

where �0 is the equilibrium surface tension and � is inversely
related to the rate of surfactant sorption at the surface—this is
a measure of the deficiency of surfactant sorption to maintain
a constant surface tension when an interface is not static. In
that analysis, it was hypothesized that a large � could cause a
differential surface tension between asymmetrically reopening
daughter channels that helped to equilibrate reopening veloci-
ties.

To experimentally estimate this influence in our system, we
used a LTWP system to evaluate the dynamic surface tension
for DPBS and SDS. For Infasurf we measured the dynamic
surface tension with a pulsating bubble surfactometer, since
Infasurf produces low surface tension under high compression
that can cause errors with a LTWP (28).

Specifically, we measured �� � �max 
 �min as the maxi-
mum differential in the dynamic surface tension in hysteresis

loop. For LTWP, we used a fixed barrier compression velocity,
UCompress � 1 mm/s, which is an order of magnitude estimate
of the average surface expansion rate during the bubble pene-
tration. For the pulsating bubble surfactometer our data are
from an oscillation frequency f � 10 cpm, which provides an
interface expansion rate of UCompress ~ 1 mm/s.

�est �
	�

UCompress
(8)

which is tabulated in Table 2.
Figure 5 and Figure 6 reveal the strong correlation be-

tween the increase of the dynamic surface tension parameter
� and a reduction in the reopening asymmetry. For example,
SDS has very low dynamic effects (� � 20 dyn·s/cm2 and
��/�0 � 0.12) because it consists of small and highly mobile
molecules that can adsorb rapidly to the developing interface.
In contrast, Infasurf at C � 0.1 mg/ml (0.1Infa) has a much
larger dynamic effect (� � 115 dyn·s/cm2) with the greatest
fractional change in surface tension (��/�0 � 0.74). This oc-
curs because of the low molecular mobility of the surfactant
components that results in reduced diffusion and a slow ad-
sorption rate that cannot adsorb rapidly enough to maintain a
high surface concentration. In general, it is clear that a large
dynamic surface tension is important for stabilizing the reopen-
ing velocities in daughter branches—this response may be of
physiological importance for reducing regional ventilation het-
erogeneity.

Nonuniform Surfactant Distribution on the Surface and the
Physicochemical Effect

The quantity and distribution of surfactant molecules that
exist along the bubble tip interface are important factors to
understand the physicochemical effect. Since dynamic surface
tension results from the low mobility of pulmonary surfactant
molecules and its relationship to velocity, a similar surfactant
distribution will exist before the bifurcation point as it does
afterward. Thus, the existence of the surfactant distribution
should impact the initial stage of the bubble progress in the
daughter airways, because it will set up the initial balance of �1
and �2 at inlets through setting the initial distribution of
surfactant entering Ch.1 and Ch.2. Figure 7 provides a sche-
matic of this concept. Here, the streamlines and location of a
converging stagnation point illustrate the focusing of sur-
factant on the interface, which could impact the surfactant
transport in the neighborhood of the bifurcation. Figure 7A
provides experimentally obtained liquid phase streamlines
from progressing infinite-long air bubble tip, with the con-
verging stagnation point (black dot) accumulating surfactant
at the center of the interface, as estimated from fluorescent
microparticle imaging (47).

When a progressing bubble interface with a large-� surfac-
tant solution is cleaved by the bifurcation carina, the surfactant
accumulation at the converging stagnation point will be pref-
erentially directed to the wider entrance, (see Fig. 7B for the
Inlet-Consistent case). This causes the ratio �PCap1/�PCap2 to
be reduced at the entrance in comparison to that of smaller-�
surfactants because �1 � �2 and R1 � R2. Therefore Ch.1
reopens preferentially at the entrance, but the dynamic surfac-
tant behavior modulates the reopening rate once the flow is
developed.
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In contrast, with the Inlet-Inverted case (see Fig. 7C), the
converging stagnation point enters Ch.2 because its entrance
region is wider, and this funnels the surfactant preferentially to
the narrow channel. As the interface migrates into Ch.2, the
narrowing entrance concentrates surfactant on the interface,
which further reduces the surface tension in the narrower
channel. The converse is also true—a reduced quantity of
surfactant is convected to Ch.1, and the diverging width causes
a relative increase in surface tension in the entrance region. To
test this hypothesis, we developed Inlet-Inverted models (see
Fig. 1A), in which the narrower daughter channel has an
expanded entrance width equal to that of the wider channel’s
width, and vice versa. So, for example, as shown in Table 1,
the channel (155/145)II has a width ratio of W1/W2 � 155/145
but an inlet ratio of I1/I2 � 145/155. Experiments using this
Inlet-Inverted geometry were designed to obtain indirect evi-

dence of the existence of the surfactant distribution and its
effect on reopening symmetry.

The local effect of the entrance behavior on the Inlet-
Inverted model (c) is shown in Fig. 4. With DPBS (� � 0
dyn·s/cm2 and ��/�0 � 0.12) purely geometric issues are at
play. Ch.2 initially reopens preferentially because the wider
entrance results in �PCap1 � �PCap2; however, after only 400
�m the Ch.1 bubble position takes a lead as W1�W2 dominates
the relationship. In Fig. 4, the impact that the inverted inlet
poses on the bubble progress is denoted by the reconvergence
time (RT).

With dynamic surface tension [Fig. 4; c, 0.1 mg/ml Infasurf],
�PCap is reduced at the Ch.2 entrance by both geometric and
physicochemical effects. Therefore, Ch.2 initially reopens
preferentially and continues to reopen faster than Ch.1 far into
the daughter channel despite the fact that the channel width
ratio becomes W1�W2. The increase of the RT indicates that
the physicochemical interaction magnifies the difference be-
tween �PCap1 and �PCap2 at the entrance. Since all geometric
features and flow rate balance before the bubble bifurcation are
identical for two experiments in Fig. 4 (c), we conclude that the
increase of the RT is caused by increased �1-to-�2 ratio at the
entrance followed by the interfacial compression on Ch.2
(concentrating surfactant at the interface in a manner similar to
that of a Langmuir trough) and expansion on Ch.1, which leads
to surfactant enrichment in Ch. 2 and depletion in Ch. 1 until
surfactant adsorption/desorption compensates.

Figure 8 presents the velocity ratio for Inlet-Inverted cases;
in comparison to the data in Fig. 5 for Inlet-Consistent cases,
it can be seen that far less reopening asymmetry exists (and in
some cases it is reversed). Figure 9 elucidates the entrance
effects by presenting RT vs. ��/�0 for (152/148)II experiments.
In these experiments the difference in hydraulic diameter at the
entrance is �3%; however, the RT increases by nearly three-
fold with an increase in dynamic surface as shown with 0.1Infa
(C � 0.1 mg/ml Infasurf). The correlation of the increase of
RT with ��/�0 indicates that the surface tension differential
between Ch.1 and Ch.2 within the entrance region increases
with the dynamic surface properties, which, as described
above, is associated with an increased amount of accumulated
surfactant preferential directed into Ch.2. This provides exper-
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Fig. 7. A: schematic of experimentally obtained liquid-phase flow pattern near
progressing air bubble tip in straight cylindrical channel (47). B and C: likely
surface-phase surfactant transport during the interface migration near the
bifurcation in an Inlet-Consistent bifurcation (B) and an Inlet-Inverted bifur-
cation (C).

Fig. 8. Data from Width-Asymmetric/Inlet-Inverted (II) experiments. *Data
from Yamaguchi et al. (45).
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imental evidence of the existence of a nonuniform surfactant
distribution along the interface front and the importance of
dynamic surface properties of pulmonary surfactant, which
was predicted in our previous work (45). It is also important to
note that microscale entrance effects, such as small asymmetric
placement bifurcation carina, can significantly affect global
behavior of multichannel reopening because of the physico-
chemical interaction of pulmonary surfactant.

From this analysis, it is important to note that surfactant with
a large � exists because of slow sorption properties that allow
the creation of high-concentration regions due to convective
focusing near converging stagnation points. However, these
low sorption rates could lead to a high global surface tension,
and this has been shown to lead to epithelial cell damage.
Therefore, it is important to stabilize reopening uniformity
while also reducing damage to the delicate tissue. For example,
although the value of � is large for C � 0.01 mg/ml Infasurf,
this concentration is not protective during steady-state reopen-
ing. In contrast, C � 1.0 mg/ml Infasurf has a higher sorption
rate due to an increased concentration and has nearly the same
value of � (see Table 2) but is highly protective (4, 25) because
of a lower mean surface tension. Pulsatility may affect this
optimization by inducing changes in the local concentration
field.

Statistical Analysis

A paired t-test was conducted for statistical comparison
across groups for the velocity and position ratios shown in
Figs. 5 and 6. This analysis indicates that the results comparing
surfactant (SDS or Infasurf) with surfactant-free (DPBS) solu-
tions are statistically significant with P �� 0.001 for all
channels except (160/140)IC. In that single case C � 0.1 mg/ml
Infasurf provided results significantly different from DPBS
(P �� 0.001), while other concentrations of Infasurf showed
less significance (P � 0.1) and SDS showed an insignificant
difference. The lack of significance for SDS occurred because
the yield pressure was not achieved, and the reduction of
significance was a result of the lower values of �, which led to
only slow motion in the narrow channel. Inlet-Inverted and
Length-Asymmetric studies always demonstrated highly sig-
nificant differences between surfactant and DPBS. This anal-

ysis shows that, in general, the dynamic surface tension prop-
erties afforded by Infasurf are important for inducing uniform
airway recruitment in asymmetric bifurcations.

Limitations

This experimental in vitro study is intended to elucidate
interfacial interactions that may influence the uniform recruit-
ment of obstructed airways in the lung. However, this study has
limitations that may reduce its direct applicability. Idealized
microfluidic bifurcating channels were developed to investi-
gate the importance of reopening geometry on the uniformity
of airway recruitment in bifurcating systems, addressing fun-
damental principles associated with multiphase flows and the
relationship between the capillary and viscous pressure drops.
The use of bifurcation models with a rectangular cross section
fulfilled this goal. While these structures permitted the careful
examination of physical and physicochemical interactions,
they did not investigate characteristics of more complex three-
dimensional bifurcating geometries found in the lung. For
example, we did not investigate the variation of the bifurcation
angle that occurs during respiration or its orientation with
respect to the gravitational vector.

In our studies we investigated the motion of long fluid-filled
sections—it is likely that shorter plugs of liquid will obstruct
the lung. This would introduce segments of trapped gas and
multiple interfaces that could alter the system behavior. The
structural compliance was also not investigated; clearly this
would modify the geometry and interfacial instabilities based
upon the local pressure (41). In reality, the terminal bronchi-
oles and acini impose elastic resistance (PEnd) that may act to
balance the resistances and lead to symmetric reopening de-
pending on the magnitudes of PHyd and PCap. In the present
study, we purposely omitted the elastic resistance from the
system to evaluate the influence of the branch-dependent �PCap
accurately. These idealizations allow us to tease apart the
physicochemical contributions that impact reopening at the
microscale.

Also, the formalizations reduce the relevance to a true lung,
where asymmetries may be time dependent and less subtle than
those investigated in this study. Nevertheless, we explored the
physical principles that can be exploited to develop a clinical
approach. Further studies could investigate the sensitivity of
our findings by introducing “noise” to the same structure or by
introducing nonuniform forcing.

Additionally, the dynamic surface tension parameters � and
��/�0 were estimated from Langmuir trough and pulsating
bubble experiments. While this analysis provides insight into
the dynamic surface tension properties, the relationship be-
tween the interfacial and liquid phases in the surface tension
experiments do not precisely model the transport processes in
our bifurcation studies, and therefore the physicochemical
models cannot entirely mimic the dynamics of the complex
system. Despite this limitation, the parameters � and ��/�0
provide insight into the importance of dynamic surface tension
in the uniformity of airway recruitment.

Conclusions

We have investigated the importance of dynamic surface
tension in the uniformity of recruitment of idealized asymmet-
ric pulmonary bifurcations. To complete this study, we isolated

Fig. 9. Relationship between the dynamic surface tension property (��/�0) and
the reconvergence time in the Inlet-Inverted (152/148)II apparatus.
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the effects of capillary and viscous contributions to the reopen-
ing of airways branching from the bifurcation. This demon-
strated that the surface tension difference between branches
can substantially enhance recruitment uniformity in an asym-
metric bifurcation, and that these surface-tension effects dom-
inate viscous interactions. This reopening normalization occurs
from two processes: 1) a local change in the surfactant distri-
bution at the entrance of the bifurcation that disproportionally
cleaves surfactant and 2) a velocity-dependent dynamic surface
tension that occurs because of sorption rate limitations. We
identified these processes by examining the sensitivity of
recruitment uniformity to the placement of the carina and by
variation of the downstream airway geometry. Through these
studies we demonstrated that microscale effects in the region of
the bifurcation have important implications that can sustain
uniform reopening far into the daughter airways. Obviously,
one cannot modify the precise configuration of an airway
bifurcation geometry in real life. However, this study demon-
strates that the surfactant concentration distribution can con-
tribute substantially to uniform reopening. Our prior theoretical
and experimental studies (15, 35) demonstrate that pulsatile
flow may improve the distribution of surfactant through the use
of a short retraction phase. The present study suggests that the
local redistribution of surfactant may improve reopening uni-
formity while maintaining sufficient surfactant to decrease
�PCap effectively, since flow reversal would cause the accu-
mulating stagnation point to sweep from the tip toward the thin
film (and back) during an oscillation phase. Currently we
cannot set the phase a priori because of the geometric com-
plexity of the lung; therefore variability, such as high-fre-
quency and variable-frequency ventilation, may play an impor-
tant role in providing conditions that could lead to homoge-
neous airway reopening. Further studies will investigate
whether this flow reversal could prevent the preferential dis-
tribution of surfactant molecules and reduce the degree of
sensitivity of the carina placement.
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