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AXISYMMETRIC DROP SHAPE ANALYSIS (ADSA) FOR
THE DETERMINATION OF SURFACE TENSION AND
CONTACT ANGLE

M. Hoorfar
A. W. Neumann
Department of Mechanical and Industrial Engineering,
University of Toronto, Toronto, Ontario, Canada

A drop shape analysis technique called Axisymmetric Drop Shape Analysis
(ADSA) has been developed in our laboratory over the last twenty years. ADSA
is a powerful technique for the measurement of interfacial tensions and contact
angles of pendant drops, sessile drops, and bubbles. In essence, it relies on the best
fit between theoretical Laplacian curves and an experimental profile. Despite the
general success of ADSA, deficient results may be obtained for drops close to
spherical shape. Since the sources of these limitations were unknown, the entire
ADSA technique, including hardware and software, has been reviewed. The key
element of the new generation of ADSA is the modularization of the software,
because a firm fixed package would not be suitable for all experimental situations.
Another novel feature of the methodology is the development of a quantitative
criterion, i.e., a shape factor, that determines the range of drop shapes, in which
ADSA succeeds or fails.
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INTRODUCTION

Thermodynamically speaking, in a solid�liquid system the work of
adhesion can be expressed in terms of liquid surface tension and
contact angle [1�3]. A methodology that can measure both is,
therefore, an asset. Numerous methods have been developed for the
measurement of contact angles and surface tensions of liquids [4].
Among all the methods, the pendant and sessile drop shape analysis
methods have become the most widely used techniques. The determi-
nation of interfacial properties using drop shape analysis techniques is
not based on an analytical solution and, therefore, involves a compli-
cated numerical method. A number of computational procedures
[5�9] have been developed for this purpose; axisymmetric drop shape
analysis (ADSA) is versatile, powerful, and extensively used for the
measurement of interfacial tensions and contact angles of pendant
drops, sessile drops, and bubbles. In essence, it uses an efficient
numerical scheme to fit a theoretical Laplacian curve with known sur-
face tension values to an experimental profile obtained from a digital
image of the drop. The next section of this article describes ADSA in
detail. Some of the advantages of ADSA are (1) in comparison with
other methods such as the Wilhelmy plate technique, much less liquid
is required; (2) unlike the Langmuir film balance, ADSA can be used
not only for insoluble but also for soluble films; and (3) in combination
with suitable design and automation procedures, ADSA can act as a
film balance by recording surface tension as a function of surface area
of a drop, which is manipulated by changing the drop volume.

Despite the general success of ADSA, deficient results may be
obtained, e.g., for drops close to spherical shape. Since the source of
this and possible other limitations were unknown, the entire ADSA
technique including hardware and software has been reviewed. The
hardware consists of optical, mechanical, and computer components
that provide a digital image of the drop. The software consists of an
image analysis process and a numerical method for the calculation
of interfacial tension, contact angle, drop volume, and drop surface area.

AXISYMMETRIC DROP SHAPE ANALYSIS (ADSA)

The determination of interfacial properties from sessile and pendant
drops involves a multistep process of image acquisition, image processing,
and numerical computation. The image of the drop is acquired and trans-
ferred to a host computer using a microscope, a Charge-Coupled Device
(CCD) monochrome camera, and a frame grabber (see Figure 1). A spot
light source is used to illuminate the drop, and a heavily frosted diffuser
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is used in front of the light source to provide a uniformly lit background
and to minimize heat emission to the drop during image acquisition.

An image analysis process (explained in the section below, ‘‘Image
Analysis’’) has been employed to detect the coordinates of the drop
profile. Finally, the measured profile of the drop is fitted to a Lapla-
cian curve using an optimization method. The latter uses an objective
function that specifies the discrepancy between the theoretical Lapla-
cian curve and the actual profile as the sum of the squares of the nor-
mal distances between the measured points and the calculated curve.
This objective function is minimized numerically to obtain the interfa-
cial tension and contact angle values.

HARDWARE OF ADSA

The hardware consists of an image-digitizing board and optical compo-
nents including a light source, microscope lens, and CCD camera. The
performance of the image-digitizing board has been studied previously
[10]. Below, the effects of the optical components on the performance of
ADSA are scrutinized. It has been found that the range of light wave-
lengths, the lens aperture, and the CCD camera resolution have an
impact on the results of ADSA, especially for near-spherical drops.

Light Source

A white light source was originally used to illuminate the pendant or
sessile drops. Composed of a wide range of wavelengths, white light

FIGURE 1 Schematic diagram of the experimental setup of ADSA for analysis
of sessile and pendant drops.
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forms chromatic effects such as rainbow and chromatic aberration that
can cause blurring and loss of clearness of the edge of the drop
[11�16]. These chromatic effects can be reduced using light with a
narrow range of wavelengths. Therefore, a band-pass filter (i.e., a
filter that transmits wavelengths between the two cutoff wavelengths
of the filter) can be used to pass only a narrow band of the visible
wavelengths. The choice of an optical filter involves a tradeoff between
the intensity and the bandwidth of light. In other words, the wider the
bandwidth, the higher the intensity of light. An appropriate filter is
expected to reduce the effect of chromatic aberration and the rainbow
effect while maintaining sufficient intensity for the illumination.

The effect of different lighting conditions (i.e., different optical
filters with different ranges of wavelengths) has been investigated
for different sizes of pendant drops. To obtain a wide range of drop
sizes, the volume of the drop was changed continuously using a step-
per motor. Figure 2 represents an example of the above experiment;
it shows surface tension responses to changes of volume and surface
area of a pendant drop of cyclohexane. Cyclohexane was chosen
because it is a cyclic alkane and, hence, can be readily purified. The
experiment was conducted using white light. The surrounding of the
drop was maintained at 20�C. Since cyclohexane is a pure liquid (with
purity greater than 99.9%), its surface tension is expected to remain
constant regardless of the size of the drop. However, the results as
determined by ADSA show that the surface tension value changes
(in this case increases) as the surface area (or the volume) of the drop
decreases (see Figure 2). Clearly, such findings must be erroneous. For
a large drop with a well-deformed shape, i.e., a drop with inflection
points in the neck area, ADSA calculates the correct surface tension
value, i.e., the well-known value of the surface tension of cyclohexane
(25.24 mJ=m2 at 20�C) [17]. As the drop volume decreases, the drop
shape becomes closer to spherical and the results start deviating from
the correct value. This error is due to the limitations of ADSA in the
determination of the surface tension of near-spherical drop shapes.

The above experiment was repeated using different optical filters
(with different ranges of wavelengths). The results of these experi-
ments are summarized in Table 1. It is clear that for the sufficiently
large and, hence, well-deformed drop ADSA yields the correct surface
tension value for all lighting conditions. On the other hand, for the
small drops, various lighting conditions yield different results that
differ from the literature value. The results also show that the use
of any optical filter (red, green, or blue) reduces the discrepancy
between the surface tension values obtained for large and small drops.
This may be explained by the fact that filters reduce the chromatic
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effects caused by white light, so they improve the quality of the image.
It is noted that the use of filters could reduce the intensity of light to a
level at which ADSA cannot function properly. Thus, it may become
necessary to boost the light source according to the bandwidth of the
filter used. Finally, the results in the last column of Table 1 suggest
that the Mikkle blue filter (with a wavelength range of 400�500 nm)
is, as expected, the most effective filter among those tested. This result
is in agreement with the laws of elementary optics [11].

FIGURE 2 Surface tension responses to change of surface area of a pendant
drop of cyclohexane in a dynamic cycling experiment (at 20�C) using white
light.
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Lens

Geometrical distortion and spherical aberration are the most signifi-
cant problems of a lens in an optical system regardless of the type of
illumination used (white light or monochromatic) [13]. Spherical aber-
ration is caused by the failure of a lens to bring parallel rays of light
into a single focus. Typically, the center and edges of a spherical lens
have different focal points so that the images of objects, as seen
through the whole surface of the lens, may be blurry. A simple way
to alleviate the effect of the spherical aberration is to step down the
aperture and use only the center of the lens. However, this will
increase the depth of field, which is not desired in this application
because the image processing module requires a distinct image
focused at the meridian plane. From this point of view, it is preferable
to open the aperture as wide as possible, which will increase the sphe-
rical aberration. In general, a compromise between these conflicting
requirements may have to be found. In our setup an apochromatic
lens (i.e., a series of lenses arranged in a row to reduce spherical
aberration) is used, which minimizes the spherical aberration and,
thus allows us to open the aperture fully. Table 2 summarizes the

TABLE 1 Surface Tensions of Large Drops (v ¼ 26 ml) and Small Drops
(v ¼ 10 ml) Obtained from the Cycling Experiment Using Different Filters

White light
þ . . .

Wavelength
range (nm)

c (mJ=m2) for
large drop

c (mJ=m2) for
small drop

No filter 390�720 25.23 � 0.03 27.79 � 0.31
Light red� 600�700 25.23 � 0.03 27.44 � 0.27
Velvet green� 450�550 25.23 � 0.03 27.23 � 0.20
Mikkle blue� 400�500 25.24 � 0.03 26.89 � 0.16

�These are commercial names for the filters purchased from LEE Filters Company
(Toronto, Ontario, Canada)

TABLE 2 Surface Tensions of Large Drop (v ¼ 26 ml) and Small Drop
(v ¼ 10 ml) Obtained from the Cycling Experiment Using Two Different
Choices of Aperture

Aperture c (mJ=m2) for large drop c (mJ=m2) for small drop

Fully open 25.23 � 0.03 27.79 � 0.31
Partially open 25.31 � 0.17 28.03 � 0.45
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surface tension values of cyclohexane measured with two choices of
aperture, i.e., fully open and partially open, in the cycling experiment
described before. The results show that the discrepancy between the
surface tension values obtained for large and small drops is smaller
when the aperture is fully open.

In order to avoid the effect of geometrical distortion, a software
module was incorporated into the first generation of ADSA to elimi-
nate the effect of the optical distortion of the lens using a calibration
grid pattern engraved on an optical glass slide (see the section below,
‘‘Image Analysis’’) [18, 19].

CCD Camera

The resolution of the camera has an impact on the quality of the image
acquired. Assuming that the other parameters of the system are
perfect, the edge detection error due only to the resolution of the
camera is expected to be about the size of a pixel. Thus, the lower
the resolution (or the larger the size of the pixels) the larger the errors
in the edge of the drop.

Several experiments have been conducted with different image
resolutions. Table 3 summarizes the surface tension value of cyclo-
hexane measured with two different camera resolutions in the cycling
experiment described before. It is clear that the higher the resolution
of the image (e.g., 1280� 960 pixels), the smaller the difference
between the surface tension values of large and small drops. In other
words, the higher resolution camera produces higher quality images
that improve the accuracy of the results.

SOFTWARE OF ADSA

Image Analysis

The first part of the software is the image-processing technique that
detects the edge of the drop automatically [18, 19]. It consists of four

TABLE 3 Surface Tensions of Large Drop (v ¼ 26 ml) and Small Drop
(v ¼ 10 ml) Obtained from the Cycling Experiment Using High and Low
Resolution Cameras

Image resolution
(pixel � pixel) c (mJ=m2) for large drop c (mJ=m2) for small drop

High (1280 � 960) 25.24 � 0.03 26.93 � 0.18
Low (640 � 480) 25.23 � 0.03 27.79 � 0.31
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steps as shown in Figure 3. First, the edge of the drop is obtained
using the Sobel edge operator [18�23], whose output has high
magnitude at the pixels where the gray levels are changing rapidly,
i.e., at the edge. In this stage, the edge is a discrete curve in which
the minimum distance between two adjacent points is equal to the size
of a pixel. To achieve higher accuracy, the edge is smoothened using a
cubic spline technique to provide subpixel resolution. Then, the edge is
corrected by means of a calibration grid to eliminate the effect of the
optical distortion caused by the microscope lens. Finally, the
misalignment of the camera with respect to the true vertical line as
given by a plumb line is corrected by means of an appropriate
transformation matrix [18].

In the previous generation of ADSA, the components of the image-
analysis process were mixed so that the study of the effect of each
component, as well as further improvements, was difficult, if not
impossible. Therefore, the image analysis part has been redeveloped
in a fully modular form so that the significance of each module in
the performance of ADSA can be evaluated separately. Table 4 shows
the effect of each step of the image analysis part of ADSA for a large
pendant drop of cyclohexane. Each column of the table includes (1)
the average of the surface tension values of the largest drops in ten

FIGURE 3 Flowchart of the four steps of the image analysis part of ADSA.
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cycles, and (2) the error limits obtained based on the standard devi-
ation of the surface tension values in ten cycles with a 95% confidence
level. It is clear that as each step is taken the surface tension value
approaches the correct value and the error significantly decreases.

With the image analysis part of ADSA now being modular, it is
possible to compare different edge-detection techniques with the Sobel
edge operator used by previous generations of ADSA. Table 5
summarizes the surface tension values of a large drop of cyclohexane
obtained using different edge detection methods in two different
conditions: (1) with drop profile corrections (i.e., cubic spline fitting
technique, optical distortion correction, and misalignment correction
of camera), and (2) without drop profile corrections. It is clear that
the drop profile corrections have a considerable impact on the consist-
ency of the results no matter which edge detection method is used.

Finally, the performance of ADSA for large and small drops has
been compared using different edge detection techniques. Table 6
shows the effect of different edge techniques on the surface tension
values of cyclohexane for small and large drops. The results reveal
that the effect of different edge detection techniques is significant
for the small drop. The Canny method [24] may have particular merit,
as the deviation between the surface tension values obtained for small
and large drops is smaller than the values obtained using other edge
detection techniques. The improvement of the results is possibly due

TABLE 4 Surface Tension Values of Cyclohexane Obtained as Each Step of
Image Analysis Part Was Added to the Previous Steps

Image analysis
steps

Sobel edge
detection

Cubic spline
fit

Optical
distortion
correction

Camera
misalignment

correction

c (mJ=m2) 26.36 � 0.15 26.23 � 0.08 25.47 � 0.03 25.23 � 0.03

TABLE 5 Surface Tension Values Obtained with and without Drop Profile
Corrections Using Different Edge Detections

Edge detection
With drop profile corrections,

c (mJ=m2) for large drop
Without drop profile corrections,

c (mJ=m2) for small drop

Sobel 25.23 � 0.03 26.36 � 0.15
Roberts 25.23 � 0.03 26.38 � 0.16
Prewitt 25.23 � 0.03 26.37 � 0.14
LOG 25.23 � 0.03 26.62 � 0.11
Canny 25.23 � 0.03 26.26 � 0.11
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to the fact that Canny edge detection removes noise from the image
using a convolution Gaussian filter prior to the edge detection and
uses two different threshold values for ‘‘strong’’ and ‘‘weak’’ edges [20].

Numerical Scheme

The second part of the software is the numerical scheme. In the first
generation of ADSA, Rotenberg et al. [25, 26] introduced a versatile
numerical methodology for the measurement of interfacial properties.
However, the algorithm has convergence problems for flat sessile drop
shapes, e.g., for small surface tensions. Therefore, del Rı́o et al.
[27] developed a second generation of ADSA to overcome certain
deficiencies of the original numerical method, using more efficient
algorithms. A thorough investigation was carried out to compare
the performance of the two algorithms. A theoretical drop shape
(Laplacian curve) with 8 significant figures for each coordinate point
(shown in Figure 4a) was generated using an appropriate program
called Axisymmetric Liquid-Fluid Interfaces (ALFI) [28]. For all
intents and purposes, this profile is perfect and comparable with a
hypothetical experimental profile obtained with an accuracy of 0.1 nm.
Surface tension values at different cutoff levels (see Figure 4a),
starting from the neck to the apex, were obtained using the two ADSA
methods. At the ‘‘starting cutoff level’’ shown in Figure 4a, the drop
profile is called a well-deformed drop since it has inflection points
(in the neck area). For the well-deformed drop profile the two ADSA
algorithms give the correct surface tension value, say to six significant
places, i.e., well beyond any possible experimental accuracy. As the
cutoff level is placed lower and lower, it becomes apparent that the
del Rı́o algorithm is more stable than the Rotenberg algorithm. Gener-
ally, the Rotenberg algorithm fails in certain situations where the del
Ri�oo algorithm works properly. Finally, the second generation (del Rı́o)
ADSA also fails, although not as easily, as the drop shape near the

TABLE 6 Surface Tension Values Obtained Using Different Edge Detections
for Small and Large Drops of Cyclohexane

Edge detection c (mJ=m2) for large drop c (mJ=m2) for small drop

Sobel 25.23 � 0.03 27.79 � 0.31
Roberts 25.23 � 0.03 27.87 � 0.43
Prewitt 25.23 � 0.03 27.78 � 0.30
LOG 25.23 � 0.03 27.48 � 0.22
Canny 25.23 � 0.03 27.17 � 0.18
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FIGURE 4 (a) Performance of the two ADSA algorithms at different cutoff
levels for a theoretical drop profile generated with 8 significant figures for
each coordinate point. (b) Performance of the two ADSA algorithms at different
cutoff levels for a theoretical drop profile perturbed randomly by the equiva-
lent of one pixel.
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apex becomes indistinguishable from spherical. To mimic the perform-
ance of the two algorithms in real experimental situations, the ideal
drop profile was perturbed randomly by the equivalent of one pixel,
i.e., a reasonable estimate for the experimental error in the acquisition
of a real drop image. Figure 4b shows the perturbed theoretical drop
profile that mimics the experimental errors. It is apparent from Figure
4b that the two algorithms fail sooner for the perturbed profile than for
the ideal profile shown in Figure 4a. It can be expected that in the real
experimental situation, where the drop profile is obtained with a smal-
ler number of significant figures, the two algorithms fail sooner com-
pared with the above two cases (Figures 4a and 4b).

The limitation of the numerical scheme for the near-spherical drops
is due to accumulation of round-off errors that may be the ultimate
limitation of all numerical schemes. Theoretically, each drop shape
corresponds to a certain surface tension value. For nearly spherical
drop shapes, significantly different surface tension values correspond
to only slightly different drop shapes so that the numerical solver can
easily become unstable due to truncation errors. More precisely, trun-
cation errors cause dramatic output changes due to a small variation
of inputs which impacts on efficiency and stability of the numerical
scheme. In view of the above limitation of the ADSA algorithm, it is
necessary to develop a quantitative criterion to determine the quality
of the surface tension measurements obtained from ADSA for different
drop shapes.

Shape Factor
The results in the previous tables show that the surface tension

values obtained from ADSA for near-spherical drops are still different
from the correct values even after improving the hardware and the use
of more sophisticated edge-detection techniques. Therefore, it is neces-
sary to develop a quantitative criterion that determines the range of
drop shapes in which ADSA succeeds or fails. For this purpose, we
have developed a shape factor that expresses quantitatively the differ-
ence in shape between a given experimental drop and a spherical
shape. Such a factor is formulated using the fact that the curvature
along the periphery of a spherical drop, is constant, whereas it
changes markedly for a well-deformed drop. The shape factor is
defined as

P ¼ 1

pR2
0

Z2p

0

Zr

0

rdrdh� 1; ð1Þ

where R0 is the radius of the curvature at the apex.
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The shape factor refers to the hatched area between the drop profile
and a circle with a radius of R0, which is the radius of the curvature at
the apex given by ADSA (see Figure 5). The shape factor has been nor-
malized based on the area of the circle to eliminate the effect of size of
the image or magnification. It is noted that the shape factor is greater
for the well-deformed drops than for the near-spherical drops.

To investigate the relationship between the shape factor and the
performance of ADSA, an auxiliary program has been developed to
calculate shape factors corresponding to different surface tension
values obtained for a range of drop profiles with different drop
volumes. Figure 6 shows two different drops of cyclohexane and the
corresponding shape factors.

Figure 7 shows the variation of the surface tension values versus
the shape factors calculated for the above cycling experiment of
cyclohexane. A surface tension relative error, erel, was defined as the
difference between the surface tension value obtained from ADSA
for each drop size and the surface tension value obtained from ADSA
for the well-deformed drop, i.e., the true surface tension. The relative
error is also normalized based on the surface tension value obtained
for the well-deformed drop. The surface tension relative error erel is
given by

erel ¼
c
�ccwd

� 1; ð2Þ

where �ccwd is the average surface tension value for the well-deformed
drops obtained from different cycles.

FIGURE 5 The shape factor that refers to the hatched area between the drop
profile and a circle with a radius of R0.
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FIGURE 7 Surface tension relative errors versus shape factors.

FIGURE 6 Shape factors of the two different drop sizes.
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The relative error is plotted over the shape factor in Figure 7. The
graph is divided into two parts. For large shape factors, P � 0:5, the
relative error is relatively constant near zero and bounded, verifying
that ADSA performs accurately in this part, i.e., for well-deformed
drops. Thus, drop profiles with shape factors of 0.5 or higher may be
used for surface tension measurements. On the other hand, for small
shape factors, P < 0.5, the relative error grows rapidly with the
decrease of the shape factor so that the accuracy of ADSA deteriorates
significantly. The threshold of 0.5 in this experiment may be referred
to as the critical shape factor (i.e., Pcr ¼ 0:5). It is noted that the use of
the shape factor introduces a quantifiable meaning for the large and
well-deformed drops that can estimate the performance of ADSA up
front. Since the shape factor is a parameter that solely depends on
the geometry of the drop, it is expected that the critical shape factor
and its pattern shown in Figure 7 is more or less invariant from one
liquid to another, but not necessarily from one drop shape to another.
Therefore, a range of the shape factors of different drop shapes for
both pendant and sessile drops has to be calculated and explored to
(1) specify the circumstances under which ADSA performs flawlessly,
i.e., P � Pcr, and (2) determine a confidence level for the surface
tension values corresponding to small shape factors, P < Pcr.

The shape factor can be a useful criterion in situations where it is
not possible to avoid drop shapes approaching spherical shape. To stay
with the example of ADSA as a film balance, we observe in many
instances very interesting patterns at high compression, i.e., necessar-
ily for small, and hence relatively spherical, drops. However, we must
be able to exclude possible ADSA artifacts before interpreting such
patterns, which may not be obtainable with other methodologies.
The shape factor can be used to estimate the quality of the surface
tension determination in such experiments.

SUMMARY

The hardware and software of ADSA have been scrutinized. The
progress toward the development of the new generation of ADSA is
summarized as follows:

. The effect of optical filters on the performance of ADSA has been
studied. Reducing the chromatic effects caused by white light, the
optical filters improve the quality of the images acquired and
consequently the results obtained from ADSA, especially for near-
spherical drops. Also, it has been shown that a blue filter (with
the wavelength range of 400�500 nm) is particularly effective.
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. The choice of the aperture and the resolution of the camera has also
been examined. It has been found that the aperture must be fully
open to minimize the depth of focus to facilitate acquisition of a
drop image at the meridian plane. A high-resolution camera is
recommended to produce a high-quality image.

. The image analysis package of ADSA has been redeveloped in a
modular form so that the significance of each module in the per-
formance of ADSA can be evaluated separately. As a result, we
were able to test a variety of state-of-the-art edge-detection techni-
ques and compare them with the Sobel edge-detection technique
that was originally used. The results of several experiments show
that the effect of different edge-detection techniques is significant,
especially for small drops. The results also suggest that among all
edge detection methods the so-called Canny methodology yields the
most accurate results.

. A thorough investigation was carried out to compare the perfor-
mance of the two algorithms of ADSA, i.e., the Rotenberg algorithm
and the del Rı́o algorithm. The results show that the second gener-
ation of ADSA, which is superior to the first algorithm, ultimately
fails for drops close to spherical shapes. The limitation is due to
accumulation of round-off errors, which may be the ultimate limi-
tation of all numerical schemes.

. A shape factor was developed to determine the range of drop
shapes in which ADSA succeeds or fails. In essence, it expresses
quantitatively the difference in shape between a given experi-
mental profile and a spherical shape. The shape factor has been
calibrated with drops of known surface tension values ranging from
well-deformed shapes to near-spherical shapes. A critical shape
factor has been obtained based on the results of the preliminary
experiments. The shape factors above the critical shape factor,
i.e. 0.5, guarantee the validity of the surface tension determination.
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