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Abstract. We employ high-speed visualization to quantify the impact and evaporation of a droplet on a solid
surface. The time-varying droplet shapes are recorded using a high-speed camera and an image processing
method is developed for measurement for droplet dimensions, dynamic contact angle, and volume. The method
is based on the liquid-gas and liquid-solid interface detection using Canny’s method and Otsu’s method for
threshold digitalization. To obtain the dynamic contact angle, a higher-order polynomial is ﬁtted along the pixels
near the contact line. The droplet volume is measured assuming an axisymmetric geometry of the droplet and
numerically integrating the identiﬁed pixels in the droplet. We demonstrate the detection of the complex
topology of the deforming liquid-gas interface of an impacting and evaporating droplet on a solid surface. We
plot the time-variation of droplet dimensions, namely, wetted diameter, maximum diameter, height; dynamic
contact angle, and droplet volume. The contact angle and volume measurements are veriﬁed with known
analytical values. Three case studies are considered to demonstrate the capability of the proposed method,
namely, sessile evaporating droplet, bouncing droplet, and spreading viscous droplet on a solid surface.
Keywords.

Droplet impact; droplet evaporation; image processing method; contact angle.

1. Introduction
Droplet impact and evaporation are useful for several
technical applications such as ink-jet printing, spray
coating, and surface cooling via spray evaporative cooling [1] and pool boiling [2]. Recently, the mechanisms of
the formation of dried deposits of colloidal particles by
an evaporating sessile droplet has been a much-studied
problem (for example, see review of such studies in
[3, 4]). The impact and evaporation process is highly
transient [5, 6] and high-speed visualization is one of the
key techniques to record time-varying droplet shapes (see
a review of visualization techniques in [7]). Experimental
protocols for recording the sample preparations and
recording images of advancing and receding contact
angles of a water droplet on a solid surface were recently
reported by Huhtamäki et al [8]. The accurate determination of the droplet dimensions, volume, and dynamic
contact angle from the visualization images are important
to reduce measurement errors.
Previous studies on the contact angle measurement
mostly focused on static droplets with a non-moving

*For correspondence

contact line, as reviewed recently by Chini and Amirfazli
[9]. These methods are classiﬁed as tensiometry and
goniometry methods [9]. The former applies the Young
equation at the contact line to estimate contact angle in
terms of surface energies and hence its accuracy depends
on these surface energies. The latter is based on the
image processing method and requires two-dimensional
side image of the droplet for the contact angle measurement. Several previous reports in this category utilize
a technique called axisymmetric drop shape analysis
[10–14] developed by Neumann and co-workers. In this
technique, the recorded axisymmetric droplet proﬁle is
ﬁtted with the Young-Laplace equation using numerical
integration, with the minimum error between the former
and latter. The contact angle is measured as the slope of
the ﬁtted curve at the contact line. Similarly, Bateni et al
[15] used higher-order polynomial ﬁtting at the contact
line to obtain the contact angle. Stalder et al [16] proposed a ‘Dropsnake method’ in which the B-spline curve
was ﬁtted to the droplet proﬁle, which requires very few
points on the droplet boundary for the ﬁtting. Recently,
Chini and Amirfazli [9] presented a sub-pixel polynomial
ﬁtting based method in which the contact line is accurately found by ﬁtting a sigmoid function [14] for pixel
intensity across the liquid-gas interface. In the context of
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droplet volume measurement, Thurow et al [17] proposed
an image processing method to measure the droplet
volume based on the numerical integration of pixel slices
in the vertical direction for a spherical droplet.
Most of the previously reported image processing based
methods for measuring contact angle were for static,
axisymmetric droplets and did not consider the impact
dynamics. The droplet dimensions were mostly measured
by manual pixel counting from an imaging software, which
may induce an error on the order of pixel size or imaging
resolution [5–7]. Thus, low-resolution images are more
susceptible to larger measurement errors. While previous
studies have measured the time-varying droplet volume by
monitoring the mass of the droplet, for instance, by a
nanomechanical resonator [18], the present method uses
planar images which is cheaper, robust, and accurate with
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Figure 1. Schematic of the experimental set-up used in the
present study.
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reasonable ﬁdelity. A previous study by Thurow et al [17]
reported the volume measurement of an airborne dispensed
droplet by using an imaging technique, however, the present approach is more versatile and robust than that in [17],
since we integrate each pixel instead of a pixel slice in the
vertical direction. Besides, the previous methods did not
report the volume measurement of an impacting or
deforming droplet, to the best of our knowledge.
The objective of the present paper is to propose an
accurate and versatile image processing method for quantifying droplet impact and evaporation on a solid surface.
We employ the Canny method with the Otsu threshold to
detect the liquid-gas and liquid-solid interface. To measure
the contact angle, we use the sub-pixel polynomial ﬁtting
method, as proposed by Chini and Amirfazli [9]. The timevarying droplet dimensions, namely, wetted diameter,
maximum diameter, height are measured using the subpixel location, to reduce the measurement errors, especially
for low imaging resolution. The droplet volume is measured assuming the axisymmetric geometry of the droplet
and numerically integrating the identiﬁed pixels in the
droplet.
The remainder of the paper is organized as follows. The
image processing method is described in section 2 to
measure the time-varying parameters to quantity the droplet
dynamics. We test the method for three case studies sessile evaporating droplet (section 3.1), bouncing droplet
(section 3.2), and spreading viscous droplet (section 3.3) to demonstrate the capability of the present method to
capture the large time-variation of wetted diameter, height,
contact angle, and volume.

Figure 2. (a) Original color image, (b) Converted image to grayscale, (c) Image obtained after cropping syringe and substrate,
(d) Image obtained after applying threshold digitalization, (e) Liquid-gas and liquid-solid interface detection using Canny’s method,
(f) Deﬁnition of various droplet parameters.
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2. Methods
Microliter water and glycerol droplets are generated using a
syringe attached with 31 gauge needle which has 133 ± 19
lm inner diameter. The diameter of the water and glycerol
droplets are 1.7 ± 0.05 and 1.6 ± 0.05 mm, respectively.
The height of the syringe from the substrate surface is
adjusted to obtain the desired impact velocity just before
the impact. The impact and evaporation of the water droplet
are studied on micropillared hydrophobic surface while the
spreading of the glycerol droplet is recorded on a silicon
wafer. The micropillared surface is fabricated using standard photolithography techniques and brieﬂy described in
our previous work [19]. The width and height of square
pillars are 20±2 lm and 27±1 lm, respectively. A surface
with a pitch of 42 lm is used in the present study. The
scanning electronic microscopy (SEM) image of the surface
can be found in [19]. The equilibrium contact angle of the
water droplet on the micropillared surface is around
145±3. The impacting and evaporating droplets were
visualized from the side using a high-speed camera (MotionPro, Y-3 classic, CMOS, C-mount) with long-distance
working objective (Qioptiq Inc.), as shown schematically in
ﬁgure 1. A white LED is used as a backlight source and an
imaging resolution of 14 lm per pixel is obtained for all
cases described in the present study. The pixel aspect ratio
(PAR) is 1:1. The obtained videos are processed to get the
color images using open-source software VirtualDub [20].
The different components of the proposed image processing
method are described in the following subsections. We use
Matlab 2014 [21] for the implementation of the proposed
method.
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hence we digitalize the image before using Canny’s
method.

2.2 Droplet dimensions measurement
Droplet dimensions are quantiﬁed in terms of wetted
diameter (Dwetted), maximum diameter (Dmax), and droplet
height (H), as deﬁned in the inset of ﬁgure 2f. The
extremities of the liquid-gas interface (topmost, leftmost,
rightmost) and location of the contact line were determined
using the subpixel location by ﬁtting a sigmoid function for
pixel intensity, as described by Kalantrian et al [14] and
later used by Chini and Amirfazli [9]. We ﬁt the sigmoid
function to a gray level proﬁle perpendicular to the drop

2.1 Liquid-gas and solid-gas interface detection
We employ Canny’s method [22] to detect liquid-gas and
liquid-solid interface. In this method, the interface is
tracked using local maxima of the gradient of the pixel
intensity. This method uses two threshold values of the
gradient to detect strong and weak interfaces and is more
likely to detect true weak interfaces [22, 23]. The threshold
values are calculated using Otsu’s method [24, 25], a
similar approach utilized by Chini and Amirfazli [9]. Note
that the Otsu’s method chooses the threshold to minimize
the intra-class variance of the black and white pixels
[24, 25]. As illustrated in ﬁgure 2, the process involved in
detecting the interface is as follows:
• Convert the colored image into grayscale (ﬁgure 2b).
• Crop out the syringe and substrate (ﬁgure 2c).
• Digitalize the image using the threshold value determined by Otsu’s method [24, 25] (ﬁgure 2d).
• Apply Canny’s method [22, 23] to obtain the liquidgas and liquid-solid interface (ﬁgure 2e). Note that in
some cases the detected interface is discontinuous,

Figure 3. (a) Fitting of a sigmoid function across liquid-gas
interface around the apex of the droplet, as shown in the
inset along a red line, (b) Comparison between the droplet height
obtained with and without sigmoid function.
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interface at the topmost point. For instance, a sigmoid
proﬁle is ﬁtted through the pixel intensities along the dotted
line, shown in the inset of ﬁgure 3a and the actual edge is
determined as the point with the maximum gradient in pixel
intensity, shown as a dot on the ﬁtted proﬁle in ﬁgure 3a.
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We consider an example of the determination of the droplet
height of an evaporating droplet and compare the timevariation of height determined using with and without
sigmoid ﬁtting in ﬁgure 3b, the one with sigmoid ﬁtting is
smoother and kink-free.

Figure 4. (a) Image of an evaporating sessile droplet considered for evaluating ﬁdelity of the contact angle measurement, (b) Detected
liquid-gas interface with a box, representing the region to measure contact angle, (c) Comparison of ﬁtting of the polynomial of different
orders on the points near the contact line, (d) Effect of order of the polynomial used for ﬁtting on measured contact angle. Assuming
droplet shape as a spherical cap, the theoretical contact angle is also plotted, (e) Second-order polynomial ﬁtting with a different number
of points used in the ﬁtting, (f) Effect of the number of pixels used for ﬁtting for the measured contact angle. Assuming droplet shape as a
spherical cap, the theoretical contact angle is plotted with an error bar.
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2.3 Dynamic contact angle measurement
After identifying the location of the contact line as
described in section 2.1, we ﬁt a polynomial to the pixel
locations near the contact line to determine the contact
angle and the contact angle is equal to the slope of the ﬁtted
polynomial at the contact line. To ﬁnd the order of ﬁtted
polynomial and the number of pixels needed for the ﬁtting,
we consider a sessile droplet on a solid surface, shown in
ﬁgure 4a. The blue box in ﬁgure 4b demarcates the liquidgas interface selected for polynomial ﬁtting. The polynomials of different orders are ﬁtted along 20 pixel locations
shown by hollow circles in ﬁgure 4c. The second, third, and
fourth-order polynomial converge to describing the liquidgas interface.
In this case, since gravity is negligible and surface forces
dominate, the droplet proﬁle is a spherical cap, with theoretical contact angle, tan(h/2) = h/r, where h and r are the
droplet height and wetted radius, respectively. We use this
theoretical value to compare the results for polynomials of
the different orders. As noted in ﬁgure 4d, the measured
contact angle converge to the theoretical value for order C
2, and the maximum error using the second-order polynomial is around 0% and 2% for the left and right measured
contact angle, respectively. Thus the second-order polynomial is deemed adequate for measuring the contact line.
In ﬁgure 4e and ﬁgure 4f, we study the effect of the number
of pixels used for ﬁtting on the measured contact angle with
a second-order polynomial. We vary the number of pixels
from 5 to 30 with a step of 5 and the ﬁtted second-order
polynomials are plotted in ﬁgure 4e. The number of pixels
in the droplet height is around 87 in this case. The measured
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contact angles with different pixels are plotted in ﬁgure 4f
and we observe minimum error (*3%) with around 15
pixels. The pixels 0 and 40 in ﬁgure 4f corresponds to 0 lm
and 560 lm, respectively.

2.4 Droplet volume measurement
The droplet volume is calculated by numerically integrating the pixels in the droplet, assuming an axisymmetric impact and evaporation. The steps involved are as
follows:
• Use the liquid-gas interface obtained in section 2.1 and
extract the object with the longest perimeter in this
image [26]. The reﬂection of the light coming from the
illumination source is visible at the center of the
droplet as a white spot and it is removed after the
extraction, as shown in ﬁgure 5b. If the droplet is in
contact with the substrate, the combined length of the
liquid-gas and the liquid-solid interface is expected to
be the object with the longest perimeter, as shown in
ﬁgure 5b. If the droplet is not in contact with the
substrate, we eliminate the substrate before ﬁltering to
make the liquid-gas interface as the object with the
longest perimeter.
• Enclose the longest perimeter thus obtained in the
above step, by adding pixels with white intensity to
the substrate boundary, as illustrated in ﬁgure 5c.
Note that if the droplet is not touching the surface,
the droplet shape automatically creates the enclosed
perimeter and this step is not needed.

Figure 5. (a) Detected liquid-gas and liquid-solid interface, (b) Retaining the object with the largest perimeter, (c) Creating an enclosed
region to identify the droplet, (d) Filling the previously created void, (e) Identifying the droplet volume, (f) Droplet volume
representation assuming axisymmetric geometry.

287

Page 6 of 10

• Utilize an algorithm based on morphological reconstruction [27, 28] to identify a set of pixels in the
enclosed perimeter obtained in the previous step
(ﬁgure 5d).
• Crop the substrate off from the set of pixels obtained in
the previous step to obtain the pixels inside the droplet.
(Figure 5e).
• Considering axisymmetric geometry as shown in
P
ﬁgure 5f, the droplet volume is V ¼ 12 ni¼1 2pRe Ae
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where n is the number of pixels contained in the
droplet volume, Ae is the area of a pixel at radial
distance Re. The pixel area Ae is constant and is not
a function of the radial location. Note that prefactor
1/2 appears in the expression due to axisymmetry
and Re = number of pixels along the radial axis
between ith pixel and axisymmetric axis 9 size of a
pixel.

Figure 6. (a) Time-variation of recorded shapes of the water droplet during evaporation on a hydrophobic surface (left column) and
measured droplet shapes using the present method (right column), (b) Measured droplet dimensions using the present method,
(c) Measured dynamic contact angle and droplet volume. The measured droplet volume is compared with the theoretical value with the
assumption of droplet shape as a spherical cap.
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3. Results and discussion
We present three case studies to test the proposed method,
namely, sessile droplet evaporation on a hydrophobic surface, bouncing droplet on a hydrophobic surface, and viscous droplet spreading on a surface. The high-speed
visualization videos from the experiments served as test
cases for the proposed image processing method in
section 2.
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3.1 Evaporating droplet on a hydrophobic surface
We recorded the evaporation of a water droplet gently
deposited onto a hydrophobic surface with 5 frames per
second. The ambient temperature and relative humidity
are 27.1C and 37%, respectively. The time-varying
droplet shapes obtained by the high-speed camera are
plotted in the left column of ﬁgure 6a. We plot the
corresponding processed images with the liquid-gas
interface and liquid-solid interface obtained using the
proposed method in the right column of ﬁgure 6a. The

Figure 7. (a) Time-varying droplet shapes for bouncing water droplet obtained from high-speed visualization (top row) and those
obtained using the proposed method (bottom row), (b) Time-varying droplet wetted diameter, maximum diameter and height are plotted
during bouncing and second impact, (c) Measured dynamic contact angle and droplet volume as a function of time. The measured
volume is compared with the theoretical value.
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number of pixels across the droplet height varies from 92
(0 min) to 24 (24 min) pixels in ﬁgure 6(a). The time
variation of the wetted diameter, maximum diameter, and
height are plotted in ﬁgure 6b.
In ﬁgure 6c, we present the proﬁle of the dynamic
contact angle for the left as well as right side and droplet
volume. The veriﬁcation of the measured values was
performed by available theoretical expressions. Since the
droplet size is lesser than the capillary length (*2.7 mm
for water), the theoretical expressions of the contact
angle and volume are tanðh=2Þ ¼h/r and V = ph(3r2?h2)/
6, assuming the sessile droplet as a spherical cap, where
h and r are the droplet height and wetted radius,
respectively. In ﬁgure 6c, the mean difference between
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the measured left side contact angle and the theoretical
value is 3.64 with a standard deviation of 1.68. Similarly, for the right side contact angle, the mean difference
and standard deviation are 4.65 and 2.22, respectively.
The measured volume is 10.14% of the theoretical volume (ﬁgure 6c).
The oscillations in the dynamic contact angle at the
end of the evaporation can be attributed to the fact that
there are very few pixels left for the ﬁtting of the
polynomial and the method does not work well in this
situation. Nonetheless, the proposed method captures
correctly the evolution of the contact angle for around
85% of the total evaporation time. The measured evaporation rate of the water droplet in ﬁgure 6c is around

Figure 8. (a) Time-varying shapes for the viscous spreading of glycerol droplet obtained from high-speed visualization (left column)
and those obtained using the proposed method (left column), (b) Droplet diameter and height is plotted as a function of time, (c) Timevariation of the droplet volume and dynamic contact angles on left and right side of the axis of symmetry. The constant theoretical
volume is also plotted for the comparison with the measured volume.
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1.4 9 10-12 kg/s, assuming a linear decay of the volume
with time.

3.2 Bouncing droplet on a hydrophobic surface
Figure 7a plots the droplet shapes recorded at 1500
frames per second using a high-speed camera during the
impact of a water droplet on a hydrophobic surface with
an impact velocity of 0.3431 m/s just before the impact.
The experiment was carried out with the ambient temperature as 25.4C and humidity of 37%. The droplet
completely bounces and impacts again on the solid surface, as shown in ﬁgure 7a, top row. The proposed
method successfully captures the complex topology of
the liquid-gas interface during bouncing and further
impact on the substrate, as plotted in ﬁgure 7a, bottom
row. In ﬁgure 7b, we present the time-variation of droplet dimensions - droplet height, maximum diameter,
wetted diameter. Note that wetted diameter is zero while
the droplet is in air and using the proposed method,
contact line velocity can easily be plotted as timederivative of the droplet wetted diameter.
In ﬁgure 7c, we present the proﬁles of the dynamic
contact angle as well as droplet volume. Since the evaporation time of the droplet is around four orders of magnitude larger than the bouncing time (see section 3.2 in Ref.
[7] for justiﬁcation), the evaporation is negligible and the
measured droplet volume is almost constant, as plotted in
ﬁgure 7c. We compare the measured droplet volume with
the initial droplet theoretical volume (before impact),
assuming the droplet as sphere. The measured volume is
within 7.7% of the theoretical volume. The maximum error
in the volume measurement with respect to theoretical
volume is around 4% and the error at t = 0 ms is around 2%.
The minor change in the error with time could be attributed
to the fact that droplet loses sphericity as it travels in air,
which can be conﬁrmed by comparing images from 0 to
17.33 ms in ﬁgure 7(a). Further, the impact may not be
perfectly axisymmetric and the algorithm for volume
measurement described in section 2.4 assumes an axisymmetric geometry of the droplet. This factors could induce
minor errors in the volume measurement.

3.3 Viscous droplet spreading
Finally, we record the spreading of a glycerol droplet on
a silicon wafer with an impact velocity of 0.19 m/s at
3000 frames per second with the ambient temperature of
26.6C and relative humidity of 37%. We plot the viscous droplet spreading and corresponding liquid-gas
interface obtained from the proposed method in ﬁgure 8a.
The time-variation of the droplet dimensions and contact
angle are presented in ﬁgure 8b and ﬁgure 8c, respectively. In ﬁgure 8c, the measured volume is compared
with the respective theoretical value. The latter is
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calculated for an axisymmetric ellipsoidal shape, as noted
in ﬁgure 8a, t = 0 ms. The theoretical droplet volume is
given by, V = phd2/6, where h is the height of the
droplet along the axis of symmetry and d is the diameter
of the droplet normal to the axis of symmetry. The
measured volume is within 0.55% of the theoretical
value, demonstrating the accuracy of the proposed
method.

4. Conclusions
We have demonstrated high-speed visualization and an
associated image processing based method for the measurements of time-varying droplet dimensions, contact
angle, and volume during the droplet impact and evaporation on a solid surface. The microliter droplets are generated using a syringe at ambient temperature and the droplet
shapes are recorded using a high-speed camera. The image
processing method is based on edge detection using Canny’s method with a threshold obtained by the Otsu method.
A higher-order polynomial is ﬁtted along the pixels near the
contact line to measure the dynamic contact angle. We
estimate around 3% error in the measured contact angle as
compared to the known analytical value for a second-order
polynomial ﬁtted on 15 pixels near the contact line. The
time-varying droplet dimensions, namely, wetted diameter,
maximum diameter, height, are plotted by ﬁtting a sigmoid
function for pixel intensity across the liquid-gas interface.
Our method calculates the droplet volume by identifying
the pixels inside the droplet and numerically integrating
them in axisymmetric coordinates.
We test the method for three different cases of the droplet interaction with a solid surface, namely, sessile droplet
evaporation on a hydrophobic surface, bouncing droplet on
a hydrophobic surface, and viscous droplet spreading on a
surface. The measurements using the proposed method are
compared with the theoretical values, wherever possible.
The sources of the possible errors are identiﬁed and are
brieﬂy explained. Overall, the comparisons between the
measurements obtained by the proposed method and the
respective values obtained by the available analytical theories are in good agreement and verify the ﬁdelity of our
method. The proposed method can also be easily extended
to calculate the impact velocity while the droplet is in air
and contact line velocity during spreading, by numerically
integrating the time-variation of droplet height and wetted
radius, respectively.
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