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Axisymmetric drop shape analysis (ADSA) is a method to measure surface tension using drop or bubble profiles. Combining AD
aptive bubble configuration (ADSA-CB) facilitates pulmonary surfactant related studies. The accuracy of ADSA-CB is crucially d
n the quality of the bubble profile extracted from the raw image. In the previous version of ADSA-CB, a global thresholding me
sed to segment the bubble profile. However, that technique is of limited accuracy for images with noise and/or lack of contrast. In
new generation of ADSA-CB using the Canny edge detector was developed. To obtain better results, a novel edge smoothing

ermed axisymmetric liquid fluid interfaces-smoothing (ALFI-S), was introduced and incorporated with the Canny edge detector
ubble profiles. The performance of the new version of ADSA-CB was evaluated using captive bubble images under different cond
esults suggest that the new methodology is capable of producing accurate surface tension values under a variety of circumstanc
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. Introduction

The determination of the surface tension at an air–liquid
r liquid–liquid interface is of importance in a wide range
f problems in pure and applied science. Many techniques
ave been developed to measure surface tension[1,2]. Among
ommonly used methods, drop shape methods offer a num-
er of advantages as they require less sample, are applicable

o both air–liquid and liquid–liquid interfaces, and are ver-
atile and applicable to various situations, including extreme
emperature and pressure[3].

∗ Corresponding author. Tel.: +1 416 978 1270; fax: +1 416 978 7753.
E-mail address:neumann@mie.utoronto.ca (A.W. Neumann).

Surface tension measurement using a drop shape m
usually involves four steps. First, the image of a liquid d
or a gas bubble is acquired using a photographic or othe
age acquisition device. Second, the profile of the drop o
bubble is extracted from the raw image using an edge
mentation or detection operation. Usually, the edge dete
step is followed by an edge smoothing procedure in w
the outliers remaining in the extracted edge are remove
ing some edge smoothing technique. Finally, the smoo
edge coordinates[4] or some critical parameters associa
with the drop (or bubble) geometry, e.g. the height and
diameter of the drop[5], are fed into a calculation scheme
compute surface tension.

Drop shape methods have been used in the captive
ble experiment. A captive bubble surfactometer (CBS)
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first introduced by Scḧurch et al.[6] to study the surface ac-
tivity of pulmonary surfactant systems. Without contact of
the bubble to any kind of support, CBS is able to provide a
film-leakage-proof experimental environment. Without film
leakage, an ultralow surface tension less than 1 mJ/m2 can
be readily observed in a CBS[7]. In CBS, the captive bub-
ble images taken in the experiments were enhanced by an
image processing program and the bubble profiles were ex-
tracted by a simple thresholding method[8]. Edge smoothing
was performed by manual editing. The bubble height (h) and
diameter (d) were then measured from the bubble profile.
Surface tension was calculated by substituting the ratio of
bubble height to diameter (h/d) into a polynomial modified
from the formulas derived by Malcolm and Elliott[5].

Axisymmetric drop shape analysis (ADSA) is a surface
tension measurement methodology first introduced by
Rotenberg et al.[4] and has been significantly improved
by del Ŕıo and Neumann[9]. In ADSA, surface tension
of a bubble (or drop) profile is identified by the best fitted
theoretical profile given by the classical Laplace equation
of capillarity. Details of the mathematical calculations can
be found elsewhere[4,9]. ADSA has been used to perform
accurate measurement of surface tension in a variety of appli-
cations, including the studies of dynamic[10] and utltralow
surface tension[11]. ADSA can be also used in conjunction
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directions until at least three consecutive pixels with the grey
level less than the threshold value were found. The coordi-
nates of the first of these points were then taken as the edge
point (as shown inFig. 1(e)). The success of thresholding
critically depends on the selection of an appropriate thresh-
old value[24]. However, determining an accurate threshold
value is usually difficult. A histogram can be established a
priori to help determine the threshold value. However, the
histogram method suffers from two main restrictions[24]:
(1) only a clean and fairly high contrast image can generate a
histogram with two distinct peaks; (2) the application of his-
togram shape only works for foreground and background re-
gions of similar total areas. Noisy images present a challenge
to all drop shape techniques. In work involving pulmonary
surfactant, the addition of water soluble, uncharged polymers
such as polyethylene glycol (PEG) is of considerable biomed-
ical interest[25–28]. Such polymers cause flocculation and
hence a noisy image. A sample image of a captive bubble in a
mixture of 0.5 mg/ml BLES (a typical exogenous lung surfac-
tant, discussed in detail later) and 50 mg/ml PEG is shown in
Fig. 1(b). Apart from the main object, the captive bubble, nu-
merous small black spots are randomly distributed through-
out the entire image. These black spots are believed to be the
aggregates of phospholipids, created by a PEG-induced de-
pletion force[29,30]. The presence of these large aggregates
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ith a pendent drop (ADSA-PD)[12] or a captive bubbl
ADSA-CB) [13] configuration as a film balance to stu
nsoluble films. As a film balance, ADSA-CB has been u
o investigate the dynamic behavior of both adsorbed
preading films. Lu et al.[14,15] used ADSA-CB to stud
ung surfactant and polymer enhanced lung surfactant fi
hich are adsorbed from the lung surfactant suspen
ison and his colleagues[16,17] used ADSA-CB to stud

he surface dilatational properties, such as surface visc
nd elasticity, of dipalmitoylphosphatidylcholine (DPP
nd DPPC/protein films. By spreading DPPC inside
ubble, ADSA-CB was also used to study the interac
etween the monolayer and the gas phase generat
vaporation of the spreading solvents[18].

As in CBS and several other methods[19–23], a thresh
lding method was employed in ADSA-CB to segment
ubble profile. Thresholding is a simple, non-contextual
entation technique. A binary image composed of only b
nd white pixels is created from a grayscale image after

orming thresholding. The implementation of threshold
egmentation was described in detail by Prokop et al.[13]. In
rief, first, a rectangular area containing only the bubb
hown inFig. 1(a) was determined as a working region by
ser. Second, a histogram showing the intensity distribu

n the working region was generated as shown inFig. 1(c).
he histogram shows two principal peaks, which repre

he black bubble and the bright background. The peak
esenting the bubble is so narrow and high that it appea
vertical line. A threshold value was determined by the
rage of these two principal peaks. Third, the image in
orking region was scanned in both horizontal and ver
ignificantly increases the noise of the image, which m
he peak representing the background in the histogram
mall (seeFig. 1(d)). If two local maxima still exist in th
istogram, it is found that the average of these two pe
10, cannot appropriately segment the bubble profile.
dge shown inFig. 1(f) is obviously not the desired und

urbed smooth edge. That is, the histogram method to ch
threshold value fails for a noisy image such as that sho
ig. 1(b).

When the histogram ceases to function, the determ
ion of threshold becomes essentially subjective and ran
n principle, any intensity value between the two princ
eaks can be chosen as a threshold. However, an inapp
te threshold value can significantly distort the bubble pro

hus decreasing the accuracy and consistency of the s
ension measurement. This is due to the fact that surfac
ion measurements are extremely sensitive to the accur
he drop profile[31]. Prokop et al.[13] pointed out that th
ccuracy of surface tension measurement using thresho

s about one order of magnitude less than that of gra
ethods. Such a reduced accuracy is intolerable for a pr

urface tension measurement.
Therefore, the purpose of this paper is to find an edg

ector that is robust against noise, to replace threshol
he Canny edge detector was found to be the most
ble algorithm for extracting the bubble profiles from
ges on extensive conditions, including images with n
nd/or lack of contrast. To obtain further improved resul
ovel edge smoothing technique, termed axisymmetric
id fluid interfaces-smoothing (ALFI-S), is also introduc

n addition, an optical distortion correction scheme is
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Fig. 1. Determining threshold value by using intensity histogram for both clean and noisy images. (a) A captive bubble in 0.5 mg/ml BLES. (b) A captive bubble
in the mixture of 0.5 mg/ml BLES and 50 mg/ml PEG. (c) Histogram in the working region of (a). (d) Histogram in the working region of (b). (e) Successfully
segmented edge of (a). (f) Unsuccessfully segmented edge of (b).

integrated into this calculation. Distilled water, lung surfac-
tant suspensions at different concentrations, and mixtures of
lung surfactant and PEG are used to generate typical captive
bubble images with different amounts of noise and contrast.
They are used to evaluate the performance of the new bubble
analysis methodology.

2. Materials and methods

2.1. Materials

In order to test the new approach for images under
various conditions, lung surfactant suspensions, mixtures

of lung surfactant and polymer, and water were used.
Bovine lipid extract surfactant (BLES Biochemicals Inc.,
London, Ont., Canada) was prepared from bovine natural
lung surfactant obtained by bronchopulmonary lavage with
organic extraction. BLES contains about 98% phospholipids
and 2% proteins. The protein components in BLES are
only surfactant-associated proteins B (SP-B) and C (SP-C).
High molecular weight hydrophilic proteins, SP-A and
SP-D, were removed due to immunological concerns.
BLES was stored frozen in sterilized vials with an initial
concentration of 27 mg/ml. It was diluted to the desired
concentration by 0.6% saline with 1.5 mM CaCl2 on the
day of the experiment. Polyethylene glycol (PEG) (M.W.
10,000, Sigma, St. Louis, MO, USA) was used without
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further purification. Dry PEG was added to the above diluted
BLES in the desired concentration. The water used in the
experiments was demineralised and doubly distilled.

2.2. Experimental set-up

The experimental set-up is shown inFig. 2. The captive
bubble chamber is made of stainless steel with two optical
glass windows. Before the introduction of the bubble, the
chamber was filled with approximately 1 ml liquid sample.
The temperature inside the chamber was thermostatically
controlled by a water bath (Model RTE-111, Neslab Instru-
ments Inc., USA). An ultrafine thermocouple (AWG40, T
type, Teflon insulated, Omega Eng. Inc., Laval, Quebec,
Canada) was used to monitor the temperature in the chamber.
After a temperature of 37◦C was reached and remained
stable, an air bubble with a volume of about 20�l was
injected into the chamber using a microsyringe (50�l,
#1705, Gastight®, Hamilton Co., USA) through the side
port of the chamber. The bubble rose and came to rest at the
ceiling. The bubble was illuminated by a light source (Model
V-WLP1000, Newport Corp., Fountain Valley, CA, USA)
and bubble images can be acquired with a speed of up to 30
images per second. The image acquisition system consists of
a microscope (Apozoom, Leitz Wetzlar, Germany), a CCD
camera (Model 4815-5000, Cohu Co., USA) and a digital
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millimeter accounts for about 100 pixels in an image with a
magnification of 10 and a resolution of 640× 480.

3. Image analysis

3.1. Detection of the bubble profile

3.1.1. Selection of an appropriate edge detector
The edge in an image is characterized by a rapid change

in some physical properties, such as intensity and reflectivity
[32]. The general interest in the information associated with
edges provoked the development of numerous edge detectors
using a variety of algorithms. Due to the inherent attribute of
an edge, i.e. discontinuity in the intensity, use of derivative
algorithms is the most popular approach to the development
of an edge detector[33]. Both the first and the second order
derivatives are used in practice. The first order derivatives
are usually obtained by using the gradient. Gradient edge
detection is one of the earliest edge detection methods and
measures the local maxima of the gradient across an edge. The
pioneer gradient edge detectors include the Roberts operator,
Prewitt operator, Sobel operator. The second order derivatives
are usually implemented by using the Laplacian, in which
edge points are located by finding the zero-crossings of the
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erforms the frame grabbing and digitization of the im

o 640 by 480 with 256 grey levels for each pixel wh
represents black and 255 represents white. The acq

mages were stored in a SUN workstation (Sparc Station
un Microsystems Inc., USA) for further analysis by

mage processing program.
After each experiment, an image of a calibration grid

ern (square pattern with 0.25 mm spacing, Graticules
onbridge Kent, UK) on an optical glass was taken at
ame position as the images of the captive bubble. The i
f the grid was used for both correction of optical dis

ion (discussed later) and calibration. A scale factor was
alculated from the grid image to convert the coordinate
he bubble profile from pixels to millimeters. Usually o

ig. 2. Schematic of the captive bubble set-up. (1) Light source; (2) diff
3) thermostated captive bubble chamber; (4) motor driven syringe; (5
or controller; (6) thermocouple; (7) pressure transducer; (8) universa
cquisition card; (9) PC; (10) microscope; (11) CCD camera; (12) d
ideo processor; (13) workstation.
aplacian, e.g. the so-called LoG edge detector.
The efficiency of the edge detectors can be significa

egraded by noise. Noise is an unexplained variation in in
ity values[33]. It may be introduced into the image dur
he acquisition process from various sources. Some so
f the noise[34] are the uncertainty due to the electronic
ices (e.g. uncertainties of the sensor, fluctuation in the
ntensity, salt-and-pepper noise in signal transmission),
ue to drop evaporation and condensation, and ambiguit

o poor focus. For captive bubble images in lung surfac
elated studies, another source of noise arises from the
nce of large aggregates in the liquid phase surroundin
ir–liquid interface. The existence of noise makes the

ection of the bubble profile very difficult. Therefore, no
eduction plays a crucial role in analyzing captive bub
mages.

Unfortunately, most of the traditional edge detectors,
obel or LoG, are not robust against noise[35]. Promoted
y the rapid development of computer science, most re
dge detectors are increasingly strong in eliminating n
heir algorithms are based on optimal filters[36–39], fuzzy

echniques[40], neural networks[41], discrete singular con
olution algorithms (DSC)[42], and a number of others. A
ntropic edge detector[3,34] was reported to be applicab

o detect a drop profile under any situation including ima
ith different kinds of noise and/or lack of contrast. This

ropic detector is based on the evaluation of Jensen-Sha
JS) divergence[43], which is a measurement of the cohes
f a set of probability distributions having the same num
f possible realizations. Combined with ADSA, the entro
dge detector performs well in the extraction of sessile
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pendent drop profiles from a noisy background, thereby of-
fering more accurate surface tension and contact angle results
[34]. However, an obvious drawback of this method is that
it is very sensitive to the selection of user-specified parame-
ters. This is due to the fact that only a few edge pixels can be
detected directly because of the extreme conditions in which
the algorithm has to work[34]. Therefore, a very high confi-
dence level is required for these few edge pixels. This is done
by setting up an optimal set of parameters. However, it is not
straightforward to obtain this set since seven parameters are
involved in this detector.

In order to find an appropriate edge detector for captive
bubble images, three criteria are used: (1) The edge detector
must be robust against noise; (2) It must be well-developed
and broadly used in the field of computer vision; (3) The
code must be readily available. Based on the above three
criteria, algorithms by Canny[36] and Shen and Castan[37]
are the most promising candidates. Both of them are based on
optimal filters, making them strong in noise reduction. Con-
ceptually, they are both composed of three operations: noise
reduction, edge detection and localization, and false-edge
suppression. The implementations of these two algorithms
were obtained from[44]. Further modification has been made
to enable the program to deal with different image formats.

Both Canny and Shen-Castan can produce optimal results
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existence of outliers can significantly distort the experimen-
tal curve, thus compromising the subsequent calculation. On
the other hand, a slight discontinuity in the detected edge will
not affect results much. It means that the multi-response and
sensitivity errors are more deleterious than the omission er-
ror in the context of ADSA-CB. For the raw image shown in
Fig. 1(b), the extracted bubble profile by means of the Canny
and the Shen-Castan operators, is shown inFig. 3(a) and (b),
respectively. For both operators, a set of optimal parameters
(discussed later) were used. As expected, the Shen-Castan
operator detected more fine details in the raw image than the
Canny did. However, most of these details absent in the Canny
extracted edge are noise. Even if a subsequent edge smooth-
ing procedure can help to eliminate some noise, an edge with
less noise is still preferable. Consequently, the Canny edge
operator is chosen for the new generation of ADSA-CB.

3.1.2. Canny edge detector
3.1.2.1. Implementation.The Canny edge detector[36] is a
rigorously defined gradient edge operator and has been evalu-
ated as a standard method to detect edges[45]. The popularity
of the Canny edge detector is due to its three optimal criteria
for performance evaluation: (1) Good detection: a detected
edge should have a high probability matching the actual edge
and low probability to report a false edge; (2) Good localiza-
t d the
a Sin-
g use a

Fig. 3. Comparison of the bubble profile extracted from image shown in
Fig. 1(b) by means of (a) Canny and (b) Shen-Castan edge detectors.
nder certain circumstances[44]. However, the performanc
f edge detectors cannot be compared straightforwardly

he comparison is dependent on several factors[45]: the al-
orithm itself, the tested images, the edge detector par

ers, the criteria used, and, most importantly, the subse
se of the detected edges[46]. Nguyen and Ziou[46] eval-
ated the performance of various edge detectors bas
ix well defined errors, i.e. omission, localization, mult
esponse, sensitivity, false-edge suppression and orien
rrors. An edge detector exhibiting the least errors ou

orms the others. The edge detectors used in the compa
nclude the Canny, the Shen-Castan and several others
omparison suggests that the Canny operator has the l
ulti-response, sensitivity, suppression and orientation e
hile the Shen-Castan has higher errors in all of the a

our categories, especially in the multiple-response and
ression errors. The poor multiple-response attribute o
hen-Castan filter was also reported elsewhere[47]. How-
ver, the Shen-Castan operator has the lowest omission
nd a better localization performance than the Canny

t was suggested that an edge detector with low mult
esponse and sensitivity errors has a high omission erro
ice versa[46]. The importance of these errors depend
he subsequent application of the detected edge. In AD
B, the detected edge is fed into ADSA to calculate sur

ension. It was suggested by Cheng et al.[31] that a smalle
umber of edge points with a higher accuracy can pro
ore precise ADSA results than a larger number of les

urate edge points. This is due to the fact that the AD
alculation is based on non-linear least squares fitting o
xperimental curve to the theoretical curves. Accordingly
t

ion: the distance between the detected edge points an
ctual edge points should be as small as possible; (3)
le response to an edge: a single edge should not ca
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multiple-edge response. With these three criteria, Canny de-
fined an optimal filter, which can be efficiently approximated
by the first derivative of a Gaussian function. The smoothing
step is followed by an optimal localization strategy; that is,
the combination of non-maximum suppression and hysteresis
thresholding.

In non-maximal suppression, a pixel with a gradient mag-
nitude that is not a local maximum is removed and the edge
is thinned down to only one pixel width. If the gradient mag-
nitude at a pixel is larger than that at its two neighbors in the
gradient direction, the pixel is marked as the edge. Otherwise,
the pixel is marked as background.

To provide a more accurate and continuous edge, thresh-
olding with hysteresis is performed subsequently. In hystere-
sis, thresholding is done by using two threshold values. If
their magnitudes of gradient (edge strength) are above the
higher threshold, the pixels in question constitute a definite
edge. On the other hand, any pixels having edge strength less
than the lower threshold are presumed not to be edge pix-
els. Any pixels adjacent to the edge pixels and having edge
strengths greater than the lower threshold are also selected as
edge pixels.

3.1.2.2. Determination of optimal parameters.The perfor-
mance of an edge detector is dependent on the selection of
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Th is a fraction of the gradient magnitude andTl is a frac-
tion of Th. As a dominant parameter in hysteresis threshold-
ing,Th plays an important role in preserving the continuity of
the detected edge. An inappropriately highTh will suppress
more edge points and therefore lead to a discontinuous edge.
Tl can be calculated in the range of one third to one half of
Th [36].

The process to set up optimal parameters of the Canny
edge detector is demonstrated inFig. 4, as follows: (1) An
initial value ofσG is assigned as 1.0 for a clean image and 2.0
for a noisy image. (2)Th is selected as 90%. That is, the edge
strength represented byTh is greater than that of 90% of the
pixels studied.Tl is chosen as half ofTh. (3) The Canny edge
detection is performed. (4) The quality of the detected edge
is evaluated. If significant noise still remains in the extracted
edge,σG is increased by 0.2; otherwise,σG is decreased by
0.2. Then, step 3 is repeated until a smooth edge is obtained
by using the smallestσG. (5) After step 3, if a significant
discontinuity exists in the extracted edge,Th is decreased by
10%. Then, step 3 is repeated until there is no significant
break in the extracted edge.

Actually, only σG needs to be determined manually in
practice.Th equal to the value of 90% andTl equal to half of
Th are found to be adequate in most captive bubble images.

Fig. 4. Flow chart to set up optimal parameters for the Canny edge detector.
he relevant parameters. Three user-specified paramete
nvolved in the Canny edge detector. They are the stan
eviation (σG) of the Gaussian filter, and the high (Th) and

ow (Tl ) threshold values used in the hysteresis thresho
peration. A systematic method was used by Heath et al[48]

o set up these parameters. Their method involves three
1) a large number of combinations of these three param
ere proposed as candidates; (2) a subset of these para
roviding the best visual effect was picked up by a teste

he final parameter set for each individual image was obta
rom the subset using parameter selection experiments.
hough comprehensive, this method is not feasible in the
essing of captive bubble images due to its complicated
ime-consuming procedure.
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3.2. Smoothing of the bubble profile

Apart from the edge pixels, some outliers due to insuffi-
cient noise suppression can possibly exist after the edge de-
tection. Considering the relative position of the outliers, they
can be divided into two categories, i.e. outliers far away from
the edge (isolated noise) and those close to the edge (adher-
ing noise). There are two causes of isolated noise: particles
in the suspension and the bright, central spot of the bubble
due to refraction. The isolated noise can be readily removed
by measuring cohesion. Any assumed edge pixel away from
the main profile by 50 pixels (accounting for about 0.5 mm)
is eliminated as isolated noise.

Adhering noise is mainly due to the dispersed particles
adhering onto the bubble profile. Because of the adhesion to
the bubble profile, eliminating adhering noise is more diffi-
cult than eliminating isolated noise. To do so, a specific edge
smoothing technique needs to be used. Two edge smoothing
methods, fifth order polynomial fitting (FOPF) and ALFI-S,
are presented and compared in this paper. They share two
common features. First, both methods are iteratively per-
formed until no more noise points are found. Second, both
methods use an adaptive criterion, i.e. three times the standard
deviation (3σ) to eliminate the noise. The standard deviation
is calculated by comparing the experimental profile with the
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Fig. 5. Implementation of ALFI-S smoothing.

file coordinates (xi , zi ). Evaluating this objective function
involves determining the minimum (normal) distance from
the Laplacian curve to each experimental edge point. This
is done using a one-dimensional Newton–Raphson iteration.
Then, the standard deviation (σ) can be evaluated from these
normal distances and the 3σ criterion can be used to eliminate
outliers, just as FOPF does.

3.3. Correction of optical distortion

Images inevitably suffer, at least to some extent, from
optical distortion due to the image acquisition hardware
(microscope, camera and digital video processor). This
distortion can cause major error in the surface tension result
[31]. Therefore, correction of optical distortion is necessary
for accurate surface tension measurement. The distortion
correction scheme used in the current program was first
implemented by Cheng[51] and modularized by Hoorfar
[52]. The accuracy of this correction is±1 pixel [31,52].

3.4. Selection of the edge points

Two ways are commonly used to select edge points for
the calculation in ADSA. One obvious way is to use all re-
maining points on the bubble profile after the edge detection
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4. Results and discussion

4.1. Comparison of thresholding segmentation and
Canny edge detection

Despite the fact that the performance of an edge detector
is dependent on the relevant user-specified parameters, these
parameters should not play a dominating role in the final
results. That is, a desired image analysis algorithm should
function properly with the least user-interference to avoid
subjectivity and inconsistency.

Table 1summarizes the dependence of surface tension
measurements on the user-specified parameters, threshold
value (T) in thresholding and the standard deviation (σG) of
Gaussian filter used in the Canny edge detector. The calcula-
tions are based on the image shown inFig. 1(b). For the sake
of comparison, both calculations are performed using all of
the edge points without correcting optical distortion.

As mentioned before, the histogram method is the only
tool to provide a proper threshold value. However, it fails
for a noisy image. When the histogram ceases to function,
any intensity value between the two principal peaks, in prin-
ciple, can be selected as a threshold. The first two columns
in Table 1show the surface tension measurements as a func-
tion of the threshold values. The threshold values are selected
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responding histogram shown inFig. 1(d). It is noticed that
the threshold, as it increases to 160, starts to enter the region
of the intensity peak representing the background. A thresh-
old in this region cannot separate the bubble profile from the
background, thereby leading to the failure of ADSA. It is
also noticed that within the range of 20–140, even though
seemingly consistent surface tension results can be obtained,
there is a clear trend in the results. With increasing threshold,
the surface tension values increase by about 3%. It appears
that the surface tension measurement using thresholding can
depend somewhat on the user-specified parameter.

The last two columns inTable 1show the parameter de-
pendence of the Canny edge detector. Here, only the poten-
tially sensitive parameter,σG, is studied, whileTh is selected
as 90% andTl is chosen as half ofTh. WhenσG is as low
as 0.8, too many noise pixels remain in the extracted edge.
ADSA fails for such a noisy edge. It is clear that in a quite
large range ofσG, from 1.0 to 4.0, the surface tension results
are very consistent and there is no apparent trend. The 95%
confidence interval associated with the mean value using the
Canny edge detector is one order of magnitude less than that
using thresholding. Apparently the Canny edge detector is
not sensitive to the user-specified parameter.

4.2. Comparison of FOPF and ALFI-S methods
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hresholding Canny edge detector

Surface tension (mJ/m2) σG Surface tension (mJ/m2)

20 23.08 0.8 Failed
40 23.30 1.0 23.65
60 23.28 1.2 23.68
80 23.58 1.4 23.74
00 23.64 1.6 23.74
20 23.80 1.8 23.74
40 23.74 2.0 23.72
60 Failed 2.2 23.70
– – 2.4 23.70
– – 2.6 23.70
– – 2.8 23.64
– – 3.0 23.63
– – 3.2 23.64
– – 3.4 23.63
– – 3.6 23.64
– – 3.8 23.64
– – 4.0 23.64

ean 23.49± 6.4× 10−3 Mean 23.68± 6.7× 10−4

he calculations are based on the image shown inFig. 1(b) without correction
f optical distortion, using the whole profile. The mean values are s
ith 95% confidence intervals.
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articles is inevitable in certain practical applicatio

ncluding lung surfactant preparations. The interruption

ig. 6. A sample image showing typical noise in a captive bubble im
he liquid is a mixture of 0.5 mg/ml BLES and 50 mg/ml PEG. There
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Fig. 7. Effect of edge smoothing techniques. (a) Edge right after the Canny
edge detection. (b) Edge after eliminating isolated noise. (c) Edge after elim-
inating adhering noise using FOPF. (d) Edge after eliminating adhering noise
using ALFI-S.

to the minor bubble is also common in practice especially
when the bubble is studied under dynamic conditions.

The extracted bubble profile right after the Canny edge
detection is shown inFig. 7(a). There are 766 edge points in
Fig. 7(a) including isolated and adhering noise due to par-
ticles and adhering noise due to the small bubble. Without
deleting any noise points a surface tension of 20.90 mJ/m2

would be calculated. The isolated noise can be readily re-
moved by measuring cohesion of the edge pixels. As shown in
Fig. 7(b), 6 points accounting for the isolated noise have been
eliminated. The surface tension value jumps to 28.05 mJ/m2.
To further remove the adhering noise, both FOPF and ALFI-
S methods are employed respectively. The smoothed edges
using FOPF and ALFI-S are shown inFig. 7(c) and (d). The
remaining edge points after FOPF and ALFI-S are 737 and
718, respectively, and the corresponding surface tension val-
ues are 21.31 and 21.24 mJ/m2. It is clear that both FOPF
and ALFI-S can effectively smooth the edge and yield similar
surface tension measurement. The surface tension measure
ments with and without edge smoothing can cause deviation
as high as 7 mJ/m2 for this particular image. Obviously edge
smoothing in such situations is a necessity.

Table 2shows the iterative process for FOPF and ALFI-S.
The iteration repeats four times for FOPF and eight times for
ALFI-S. Close scrutiny shows that the effect of each iteration
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is not dependent on how many points are eliminated but on
where the eliminated points are located. As shown inTable 2,
after the first iteration, the surface tension value jumps dra-
matically towards the final result. Even if more noise points
were removed in the subsequent iterations (e.g. the 2nd, 3rd,
and 4th iteration of ALFI-S), the surface tension values do
not change considerably. This is due to the fact that the first
iteration removes most noise points due to the minor bub-
ble close to the ceiling. It suggests that the accuracy of edge
points close to the ceiling plays a crucial role in determining
surface tension. This finding is in line with previous stud-
ies on sessile drops[31,50,53]. Cheng et al.[31,53]and del
Rı́o [50] suggested that the surface tension measurement is
critically sensitive to the accuracy of edge points close to the
solid–liquid interface for a sessile drop. However, it is not sen-
sitive to the shape near the apex since the shape there is nearly
spherical, independent of the interfacial tension. Therefore,
even though AFLI-S outperforms FOPF in removing finer ad-
hering noise around the apex and the right side of the bubble,
the surface tension values from the two smoothing methods
are quite similar.

4.3. Analysis of sample images
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Fig. 8. Six sample images of captive bubbles in different liquids. They are: (a) distilled water; (b) 0.5 mg/ml BLES; (c) 0.5 mg/ml BLES + 30 mg/ml PEG; (d)
0.5 mg/ml natural lung surfactant; (e) 1 mg/ml BLES + 50 mg/ml PEG; (f) 0.8 mg/ml BLES + 27 mg/ml PEG.

image shown inFig. 8(b) exhibits a much cleaner background
than that ofFig. 8(d) even though the phospholipid concentra-
tions are the same. Image (e) is a sample lacking contrast and
(f) features both poor contrast and noise. The poor contrast
is due to optical limitations because lung surfactant suspen-
sions become murky at relatively high concentrations. For a
captive bubble chamber with a capacity of 1.0 ml, a phospho-
lipid concentration of 1–2 mg/ml was reported as the maxi-
mum concentration at which experiments can be conducted
[56]. The extracted edges right after performing the Canny
edge detection are shown inFig. 9. Optimal parameters ob-
tained by the procedure shown inFig. 4 are used for all of
the analyses. The values ofσG are listed inTables 3 and 4.

Even if some noise points still exist, the Canny edge de-
tector successfully extracts all edges. A general edge consists
of about 700–800 edge points. For the clean images shown
in Fig. 8(a) and (b), the extracted edges are very smooth.
For the noisy and low contrast images, satisfactory edges are
also obtained. The broken edge shown inFig. 9(d) is due to
the non-uniform distribution of intensity in the raw image.
Even though there is a deficiency on the left side, the right

side of the edge is completely preserved. Since the bubble
profile is assumed to be axisymmetric, one side of the bub-
ble profile is adequate for ADSA calculation as long as that
side is complete and accurate. The isolated and adhering noise
shown inFig. 9can be removed by separate procedures, as ex-
plained above. Using FOPF as well ALFI-S, smoothed edges
are shown inFigs. 10 and 11, respectively. It is noticed that
both FOPF and ALFI-S yield smooth edges for most cases.
However, two points need to be stressed. First, ALFI-S is su-
perior to FOPF in removing any fine noise, e.g. small bumps
in Fig. 9(c)–(e). If the bumps are located around the ceiling,
as inFig. 9(c) and (e), a significant difference in surface ten-
sion value is expected from these two smoothing methods.
Second, for edges shown inFig. 9(f), FOPF fails because too
many edge points (more than 400) are deleted. This may be
due to the assumption that FOPF assumes that the distance
from each smoothed edge point to the center of the bubble
can be matched to a fifth order polynomial. To examine this
assumption, a “perfect” curve representing the distances from
the bubble center is calculated by means of ALFI with a given
surface tension of 25 mJ/m2 and a curvature of 4.0 cm−1 at
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Fig. 9. Extracted edges from images shown inFig. 8 right after the Canny
edge detection. The detected numbers of edge points are: (a) 776; (b) 739;
(c) 705; (d) 737; (e) 826; (f) 726.

the apex of the bubble, then fitted to polynomials of different
order. The comparisons between the “perfect” curve and the
corresponding polynomials are shown inFig. 12. It is noted
that the fifth order polynomial is not perfectly fitted to the
theoretical curve and not necessarily better than the polyno-
mials with fourth or sixth order. Especially edge pixels around
the apex of the bubble (the middle region ofx-coordinate in
Fig. 12) exhibit a poor fit to the polynomials. Thus, FOPF
works in many cases because these points are less critical
than points near the ceiling. The unreasonable break in the
smoothed edge shown inFig. 10(f) may be due to this weak-
ness of FOPF. Overall, it is apparent that ALFI-S is preferable
to FOPF.

Table 3
Surface tension measurements (mJ/m2) using FOPF (fifth order polynomial
fitting) in conjunction with the Canny edge detector for images shown in
Fig. 8

Image σG
a WP− DCb WP + DCc 50× 10− DCd 50× 10 + DCe

a 0.4 72.94 73.03 72.38± 0.90 72.98± 1.01
b 1.4 28.69 29.26 29.07± 0.34 29.61± 0.36
c 3.6 26.09 26.85 25.69± 0.37 26.44± 0.32
d 3.0 28.37 28.16 28.44± 0.33 28.35± 0.80
e 1.4 24.06 23.98 23.62± 0.20 23.76± 0.27
f 3.2 Failed

a The standard deviation of the Gaussian filter used in the Canny edge
d

cor-
r

n.
tical

d
tical

d

Table 4
Surface tension measurements (mJ/m2) using ALFI-S (axisymmetric liquid
fluid interfaces-smoothing) in conjunction with the Canny edge detector for
images shown inFig. 8

Image σG
a WP− DCb WP + DCc 50× 10− DCd 50× 10 + DCe

a 0.4 72.78 72.89 72.26± 1.11 73.17± 0.91
b 1.4 28.63 29.23 28.58± 0.42 29.62± 0.32
c 3.6 25.73 26.55 25.55± 0.18 26.34± 0.28
d 3.0 28.17 27.97 27.86± 0.24 27.88± 0.31
e 1.4 23.65 23.56 23.56± 0.21 23.75± 0.24
f 3.2 24.53 25.03 24.36± 0.34 24.91± 0.29

a The standard deviation of the Gaussian filter used in the Canny edge
detector.

b Calculation using the whole profile (WP) without optical distortion cor-
rection (DC).

c Calculation using the whole profile with optical distortion correction.
d Calculation using randomly selected 50 points 10 times without optical

distortion correction.
e Calculation using randomly selected 50 points 10 times with optical

distortion correction.

The surface tension measurements for images shown in
Fig. 8are summarized inTable 3for FOPF and inTable 4for
ALFI-S. The analysis of each edge is performed in four ways.
They are: (1) calculation using the whole profile without opti-
cal distortion correction (WP− DC); (2) calculation using the
whole profile with optical distortion correction (WP + DC);
(3) calculation using 50 randomly selected edge points 10
times without optical distortion correction (50× 10− DC);
(4) calculation using 50 randomly selected edge points 10
times with optical distortion correction (50× 10 + DC). The
values of surface tension calculated using randomly selected
points are shown with the 95% confidence intervals.

As seen inTable 3, ADSA fails for image (f) when FOPF
is used. However, a reasonable result can be obtained with

F noise
u ) 731;
(

etector.
b Calculation using the whole profile (WP) without optical distortion

ection (DC).
c Calculation using the whole profile with optical distortion correctio
d Calculation using randomly selected 50 points 10 times without op

istortion correction.
e Calculation using randomly selected 50 points 10 times with op

istortion correction.
ig. 10. Smoothed edges after removing isolated noise and adhering
sing FOPF. The remaining numbers of edge points are: (a) 757; (b
c) 690; (d) 698; (e) 754; (f) 301.
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Fig. 11. Smoothed edges after removing isolated noise and adhering noise
using ALFI-S. The remaining numbers of edge points are: (a) 742; (b) 724;
(c) 667; (d) 683; (e) 756; (f) 700.

Fig. 12. Comparison of a “perfect” curve generated by axisymmetric liquid
fluid interfaces (ALFI) to a series of polynomials with different order. The
input of ALFI are a surface tension of 25 mJ/m2 and a curvature of 4.0 cm−1

at the apex of the bubble. The “perfect” curve is generated by calculating
the distances from the center of the bubble to each edge point. Edge points
are numbered from the left to the right along the bubble profile. Open sym-
bols represent points on the “perfect” curve and solid symbols represent the
corresponding polynomials.

ALFI-S. The failure of FOPF (Fig. 10(f)) is due to the absence
of edge points around the apex of the bubble so that a suitable
initial estimate of the surface tension cannot be established.
Except for this case, the surface tension measurements using
these two methods are quite similar for each image.

Another common concern is computer time. This was
tested for FOPF and ALFI-S on a PC with a 2.0 GHz CPU. It
is found that FOPF is generally two times faster than ALFI-S.
However, even for ALFI-S, the computational time is always
less than 2 s for different images. Therefore, ALFI-S should
be used in general. Only if the computational time is limited,
a combination of FOPF and ALFI-S is recommended. FOPF
can be used first to take the advantage of its fast implementa-
tion. If it fails or produces unreasonable results, ALFI-S can
be used subsequently.

4.4. Validation of the new method using water

The accuracy of the experimental results depends essen-
tially only on the quality of the experimental coordinate
points and is not limited by ADSA[53]. Therefore, accu-
rate surface tension measurements are anticipated using the
Canny edge detector in conjunction with ALFI-S. To vali-
date the precision of the new methodology, surface tension
is measured in distilled water at 20◦C. Twenty images of a
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ifferent strategies are similar. However, it is noticed tha
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sing randomly selected points are about three to four t
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equired. However, the issue of computer time has bec
elatively unimportant in view of the rapid development
vailability of high power computers. Therefore, a calcula
sing the whole profile is recommended for accurate su

ension measurement.
Another inference fromTable 5is that the effect of opt

al distortion correction on the surface tension values s
o be much less than reported previously[31]. However, the
revious conclusion was based on the pendant drop co
ration. Probably the geometrical arrangement of a ca
ubble is not as sensitive to optical distortion as that
endant drop. A detailed investigation on the distortion
ection algorithm is beyond the scope of this paper. Litera
alues for the surface tension of water at 20◦C are given a
2.75 mJ/m2 in [57] and 72.88 mJ/m2 in [58]. As it stands, i

s not possible to conclude that the distortion correction
roves the result when considering the whole profile, as o

he two mean values agrees perfectly with one literature v
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Table 5
Surface tension measurements (mJ/m2) of distilled water at 20◦C

Bubble no. WP− DCa WP + DCb 50× 10− DCc 50× 10 + DCd

1 72.78 72.89 72.26± 1.11 73.17± 0.91
2 72.80 72.91 73.75± 1.60 73.28± 0.81
3 72.75 72.86 72.05± 1.29 72.19± 1.42
4 72.92 73.04 73.38± 1.13 73.74± 1.42
5 72.85 72.97 73.41± 1.19 72.69± 1.11
6 72.91 73.02 73.67± 0.65 73.28± 0.77
7 72.53 72.63 71.20± 0.71 72.75± 1.67
8 72.53 72.64 72.09± 1.16 73.22± 1.28
9 72.76 72.85 72.37± 0.76 73.54± 1.49
10 72.87 72.99 73.14± 1.53 73.19± 0.76
11 72.36 72.46 72.68± 1.54 72.59± 0.64
12 72.52 72.63 72.01± 1.08 72.79± 1.05
13 72.69 72.79 73.42± 1.30 72.58± 0.99
14 72.64 72.75 74.42± 1.32 72.95± 1.72
15 72.85 72.99 73.38± 1.44 74.02± 0.97
16 72.58 72.69 73.95± 1.19 72.16± 1.58
17 73.07 73.13 73.06± 1.20 72.09± 1.01
18 72.87 72.97 73.82± 1.38 72.32± 1.15
19 72.88 72.99 73.55± 1.34 72.45± 0.92
20 72.94 72.94 73.05± 1.32 72.94± 0.85

Mean 72.755± 0.003 72.857± 0.002 72.984± 0.010 72.897± 0.008

Images of a static bubble were taken in sequence with an interval of 0.5 s. Canny edge detector and ALFI-S were used in the edge detection and edge smoothing
steps, respectively. The error limits with 95% confidence intervals.

a Calculation using the whole profile (WP) without optical distortion correction (DC).
b Calculation using the whole profile with optical distortion correction.
c Calculation using randomly selected 50 points 10 times without optical distortion correction.
d Calculation using randomly selected 50 points 10 times with optical distortion correction.

and the other one with the second literature value. However,
when randomly selected points (50 points 10 times) are used
for calculation, a notable improvement in surface tension re-
sult (∼0.1 mJ/m2) is obtained due to the use of the correction,
as the mean value without distortion correction is clearly too
high. Be that as it may, it is apparent that the captive bubble
arrangement can produce very accurate surface tension re-
sults when bubble images are processed by the combination
of ADSA with the Canny edge detection and smoothing of
the experimental profile. Nevertheless, it is worth to point out
that, even though much more precise, the surface tension val-
ues still fluctuate within a range of 0.5 mJ/m2. For a rigorous
measurement of pure liquids, therefore, the use of a pendent
drop arrangement is preferable, which is known to produce
more accurate results.

5. Summary

The Canny edge detector was found to outperform thresh-
olding for extracting edges from a captive bubble image.
The combination of the Canny edge detector and ADSA al-
lows accurate and consistent surface tension measurements
from captive bubble experiments. To achieve an undisturbed
bubble profile, edge smoothing is necessary following the
e and
a ypes
o , iso-

lated noise can be readily removed by application of a
cohesion criterion to the edge points. Then, the adhering
noise can be removed using specific edge smoothing tech-
niques. Two edge smoothing techniques, FOPF and ALFI-
S, were introduced and compared. The comparison showed
that ALFI-S is superior to FOPF with respect to accuracy
and stability while FOPF requires less computation time.
As this latter aspect is not severe in most applications,
ALFI-S is generally recommended for all users. For cases
where computer time is indeed crucial, a combination of
FOPF and ALFI-S can be employed taking advantages of
the fast speed of FOPF as well as the reliable performance of
ALFI-S.

The analysis of a series of sample images showed that
ALFI-S in conjunction with the Canny edge detector is ca-
pable of extracting edges from captive images under various
conditions, including images with extensive noise, poor con-
trast, or non-uniform lighting conditions. As a result, accurate
surface tension values can be obtained since the measurement
is essentially only dependent on the quality of the edge. To
validate the new methodology, surface tension measurements
were performed with distilled water at 20◦C. The results are
in a good agreement with the literature value.

Finally, the two strategies using the whole profile or ran-
domly selected points repeatedly were compared. Best results
a op-
t to a
c

dge detection. Two categories of noise, isolated noise
dhering noise, were defined. To remove these two t
f noise, different approaches have to be used. First
re obtained when using the whole profile. The effect of
ical distortion correction seems to be not as important
aptive bubble as to a pendant drop.
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