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ABSTRACT Top-down contact angle (CA) measurements are used to characterize the green leaves
and purple flowers of both old and young the Cattleya warneri orchids. The top-down CA allows the
characterization of large surfaces away from the leaf edge, avoiding traditional cutting required for side view
CA measurement. This allows large area mapping without damaging leaves making the method amenable
to fieldwork and useful in environmental diagnostics. Young leaves are found to be hydrophobic whilst
old leaves become practically hydrophilic across their entirety, mostly as a result of continued exposure
to changes in the environment over time. The flowers are hydrophobic because of their visual and tactile
attractor function for pollinating animals and the self-cleaning of dirt and pathogens. Real-time measurement
and mapping of CA of surfaces open a new tool to assess the long-term impact of plant aging, pollution, and
more of organisms in the field. The method has clear applications elsewhere such as in industrial probing of
surfaces and products.
INDEX TERMS Contact angle measurement technique, environmental monitoring, image analysis, lighting.

I. INTRODUCTION

The wettability differences of leaf and flower surfaces
obtained by measuring the contact angle (CA) of a drop on
these surface is used to classify the plant’s leaves as shown
in Figure 1 [2]. There is a clearly observed relationship
between the wettability and the microstructure of the biological surfaces, their specific biological function and plant
health. All these measurements, however, are done at the
edges of leaves using conventional methods based on direct
CA measurements when imaged from the side. These sideview measurements, limited close to the leaf edge by the
imaging lens focal length, are inferred to be widely representative of the plant leaf surface. In this work, we used
top-down CA measurements to map the wettability over the
entire leaf, providing much greater representative information
of the surface than has been possible to date.
The wetting of leaves and flowers provides substantive
insight into the physiological condition of a plant. According
to [3], chemical and physical (structural) surface properties of
The associate editor coordinating the review of this manuscript and
approving it for publication was Irene Amerini.
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FIGURE 1. The four classes of surface wettability and characteristic static
CA in a schematic demonstration of a possible surface sculpture of a
plant. Adapted from [2].

leaves and their behavior with the wettability have ecological
significance. They are tied to process properties such as the
rate of photosynthesis, degree of pathogen infection and the
surrounding environmental quality. Others report the colonization of epiphytic microorganisms, such as filamentous
fungi, yeasts, and bacteria [4], epidermal modifications for
acid rain [5], all of which will impact the CA. For example,
the wettability of leaves can be influenced by the amount of
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FIGURE 2. Image of Cattleya warnerirubra ‘‘Werner Paske’’ orchid. The
orchid is characterised by long green leaves and purple flowers.

air pollutants [6], particularly when trees that are sensitive to
pollution are examined [7]. This can provide an indication
of air quality over time of an urban habitat and contributes
with environmental monitoring means. However, comprehensive utilization of such forensic information is generally
not available because of the uncertainty and limitations of
conventional side view measurements of CA. The top-down
method solves several of these problems.
Another important reason for studying and mapping the
surface of plants is the great diversity of biological surface
structures arising from functional adaptations to environmental conditions during the evolution of terrestrial plants over
the last 400 million years. Highly functional and protective
biological interfaces in plants arise from self-assembled organized microstructures, orderly surface roughness or correlated disorganization on the leaf surface. These biological
structures may provide more than one function. For example
can both reflect light and demonstrate either superhydrophobicity or superhydrophilicity [8]. Recent interest and newly
developed innovative techniques and materials can stimulate
biomimetic research and transfer ideas and concepts implemented in nature into technology [9]–[11].
In this work we explore the utilization of top-down contact angle mapping (CAM) to characterize Cattleya warneri
orchid leaves and flower (a plant image is shown in Figure 2)
to assess their properties across the leaf and flower surface
against those reported in the literature using standard side
angle measurements. We demonstrate the increased reliability and potential of top down CA mapping CAM currently
not feasible with side measurements without destroying the
leaves, highlighting the valuable non-destructive method of
this approach given its potential to be used in the field.
A. CONTACT ANGLE MEASUREMENTS USING
TOP-DOWN IMAGING

Normally, CA measurements are made directly using lateral
side imaging, where the CA is extracted by measuring the
VOLUME 7, 2019

tangent at the triple phase point between the solid, liquid,
and air surfaces [9]. This method is commonly known as
the ‘‘tangent method.’’ Other methods using spheroidal segments have been described and are less often used [12], [13].
Many recent studies point out several considerations for
the characterization of surfaces through CA measurements
including surface temperature and pressure [14], [15], evaporation [16]–[18] and gravity [19]. Reference [20] points
to several sources of errors and possible solutions in the
measurement of contact angle. However, none of these can
perform large area mapping of the surface without it being
progressively destroyed so the same issues apply to all. Consequently, the majority of analyses are near the edge. For vegetable surfaces, this would influence the measurement arising
from the loss of water when the material under analysis is cut.
In the top-down method proposed in [1], the approach
exploits the small volume of a liquid drop typically used in
CA measurement so that the surface tension exceeds the gravitational force and a geometrical spherical caplet is assured.
This makes mathematical analysis of the CA straight forward
and easy to implement both for side view and top view
analysis. Generally, values between V ∼ 2 µL to 5 µL
are consistent and in accordance with the new handbook for
standardized measurement of plant functional traits worldwide [21]. This small volume prevents the deformation of
the droplet due to gravity, which can distort the shape of the
droplet and hence the contact angle. Lateral measurement is
a serious impediment to surface mapping, since deposition
can be positioned only in the focal range of a lens near
the edge of the surface image. Yet, the plants surface at
the edges are not always flat or sufficiently homogeneous
for use in side imaging. Top-down imaging is potentially
simpler and, notably, can allow the mapping and acquisition
of the CA measurements from top to bottom. The geometric
nature of the spherical drop makes it possible to extract the
CA directly from the measurements of the drop diameter.
Reference [1] describes in detail the top-down approach and
compares the lateral measurement approaches at the triple
phase point between solid, liquid and air surfaces, and by
the spheroidal segment method. In this work, its potential for
characterization and mapping of plants is demonstrated.
B. SURFACE MAPPING

With top-down imaging, it is possible to map the surface
wettability of large areas. The CA data can be combined
with optical images to obtain a sophisticated colored representation of the surface characteristics allowing, for the first
time, a tool to identify anomalous data, including contaminants and other properties. The method is reliable, simple,
and robust, comparable to lateral imaging methods, making
them potentially more practicable and most importantly fielddeployable. The potential of mapping very large areas quickly
opens a new area of diagnosis, enabling mass diagnostics
for botanical and biomedical applications, quality control for
industrial applications, chemical analysis, forensic research
studies and so on. The method can be readily automated with
31365
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FIGURE 3. Flowchart of the developed algorithm.

FIGURE 4. Method for calibrating the pattern recognition algorithm using laser printing on Aspen paper.

image pattern recognition software, working on a variety of
mobile devices, including smartphones and tablets [1].
II. METHODOLOGY

Using top-down imaging, an image recognition algorithm
was developed to measure the CA through the diameter and
obtain a map of the surface wettability of the leaves and
petals. Because of the difficulty in measuring the angle of
contact, using conventional methods by the lateral view on
plants surfaces that have imperfections, such as curvatures,
roughness, and undesirable reflections, this automatism is
impressive in facilitating the biological study of plants and
animals. Figure 3 shows the flow diagram of the developed
algorithms. More details on the algorithms are presented in
the following sections.
A. IMAGE ACQUISITION AND PREPROCESSING

A micropipette (Labnet R , V = 2-20 µL; accuracy ± 5 %)
is used to create the droplets that have the same volume
(V = 4 µL). For water this volume is small enough to ensure
the surface tension is higher than the gravitational force,
generating the spherical caplet required for the drops.
A portable mini-microscope (Dino-lite TM , magnification,
20× to 230×) is connected to a computer to capture the
top-down images of the drops. For the algorithm calibration,
a matrix of squares A = (5 × 5) mm2 is printed on Aspen
paper and used as a reference for the deposition of the drops.
31366

In Figure 4, the acquired image receive manually in (a) a
circle (diameter φ = 5 mm) into the image editor is used to
calibrate the algorithm. In this case, only the 5 mm circle was
detected placing a restriction in finding the search range radii
between φ = 4.5 and 5.5 mm imposed by the developed algorithm; in (b), the search range radii was φ = (1.5 to 2.5) mm
to detect the droplet diameters.
Finding suitable lighting to image the circle detection area
for image processing was challenging due to the high reflectivity off the leaf wax which reduces contrast. The use of
lighting rings for macrophotography and other powerful light
sources with diffusers were impacted by this reflection. The
solution to this illumination problem was to use two highpower white LEDs with convergent lenses at a distance of
about 1 m vertically from the surface. Thereby, we have two
almost punctual sources with near-parallel rays incident on
the sample. This illumination reduces the size of the reflected
spot seen in the drops.
Figure 5 shows the acquisition setup used is shown and
a schamatic illustration is shown in Figure 6. Incident light
(yellow rays) reflect off the sample towards the microscope
lens (green rays) making these regions bright in the acquired
image. Some of the illumination that reaches the droplets
is reflected out of the acquisition field of the microscope
(red rays). The contrast makes the droplets darker than the
background and is used to detect and define the circular
droplet area using software. The leaves and petals generally
VOLUME 7, 2019
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FIGURE 5. Image of acquisition system setup. A green leaf can be seen illuminated by the
directed lights from above.

have curvatures that interfere in the deposition of the drops
and consequently in the quality of the image. To solve this,
we developed a polymeric substrate surface with small holes
to suck the samples through a vacuum pump to improve the
flatness of the sample. The negative pressure and the time
are insufficient to damage the sample either mechanically
or through drying. This flatness decreases the dark regions
caused by curvature that reflects incident rays going out of
the field of acquisition of the microscope lens.
To better understand the illumination, direct reflection
from the sample and from the drop deposited on the sample were numerically simulated using a ray tracing method
(Figure 7). In the coordinate x,y = (0, 0) the light source
is positioned and yellow rays go out to the sample 100 cm
from the source. Green rays represent the incident rays that
are reflected from the sample. In position x,y = (25,100),
a drop with ϕ = 4 mm is placed on the surface of the
sample. By analyzing the simulation results it is possible to
optimize the contrast between the bright background and dark
VOLUME 7, 2019

drop images acquired by the microscope. Also, the brighter
point observed in the drops in Figure 8 is a result of lensing
from the circular droplet. This simulation does not consider
the effect of secondary iterations such as reflections on the
drops and diffusion of the rays due to imperfections and
surface structures. Also, only a light source on the left side
is considered and not the two light sources. The colors of the
rays are the same as that used in Figure 6.

B. ALGORITHM FOR IMAGING PROCESSING

There are several algorithms for finding circles in images in
the literature [22] and [23]. In this work an algorithm that is
a variation of the classic algorithm based on Circular Hough
Transform (CHT) is used following that described in [24]. It is
noise tolerant and is sensitive to a range in the rays. CHT is not
a strictly specified algorithm, and there are several different
approaches that can be taken in its implementation. However,
in general, there are three essential steps common to all:
31367
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FIGURE 7. (a) Ray tracing simulation of illumination on leaf and drop
surfaces. (b) Zoom.

FIGURE 6. Schematic representation of the image acquisition system.

1) Accumulator array computing: A process of choosing
circles is used where votes or weights are assigned to
the locus of possible circles in the image. The weights
are summed in an accumulation array, and the circle
detection is obtained when a maximum value (peak) is
obtained [23].
2) Center estimation: The votes of the candidate pixels
belonging to a real circle of the image tend to accumulate in the position corresponding to the center of the
circle. Therefore, the centers of the circles are estimated
by detecting the peaks in the accumulator array.

3) Radius estimation: If the same set of accumulators is
used for radius values, as is usually done in CHT algorithms, the radii of the detected circles are estimated as
a separate step.
The algorithm implemented in this work uses a 2-D array of
accumulators. Although the classic CHT requires a 3-D array
to store votes for multiple radius, resulting in large-storage
requirements and long processing times, this is a widely
adopted approach in modern CHT implementations because
it reduces processing times and data generation [25]. Other
features of the algorithm is the use of edge pixels to limit
the number of candidate pixels and to define the magnitude
of the input image gradient as the threshold, so that only the
high gradient pixels are included in the counting votes. This
works best when noise is low and contrast high.
The circle detector algorithm has as input the following
information: the image, range of radii to be investigated,

FIGURE 8. Detection order, in (a) the adaxial side (top) of the leaf of Cattleya walkeriana tipo, and in (b), the abaxial
side (bottom).
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FIGURE 9. Schematic drawings to top-down imaging method for
(a) omniphilic and (b) omniphobic surfaces.

method is presented in Figure 8. The majority of the droplets
deposited on the leaves surfaces are easily detected. However,
‘‘false droplets’’ or false positives are also detected. They can
be reduced by changing the sensitivity value in algorithms
input and adopting learning algorithms to refine the image
analysis over time. In some cases, a visual inspection is also
needed in order to guarantee that no false droplets are present.
In table 1 the parameters employed in both calculations
Figure 8 a) and Figure 8 b) are detailed. In more serious
lighting situations, an alternative approach combined with
vacuum assisted flattening of the sample, is to use polarizers
to help reduce unwanted light reaching the microscope.
C. CONTACT ANGLE CALCULATION

the luminosity of the object (bright or dark), and the sensitivity, returning the center coordinates and the radius.
The sensitivity is a measure of the responsiveness to the
accumulator array of the Circular Hough Transform. It is
represented by a non-negative scalar value in the range of 0
to 1. As the sensitivity factor increases, the algorithm detects
more circles, counting the partially obscured circles and weak
circles. Hence, higher-sensitivity values also increase the risk
of false positives or false detections.
Given the curvature of the plant surfaces, the image has
many shadows, shown in Figure 8. These shadows can make
drop detection difficult in these regions. To obtain the detection in these regions the sensitivity is increased but this may
generate false positives. The performance of the proposed

A top view image of the spherical segment can lead to the
two situations shown in Figure 9a, for omniphilic surfaces
with CA < 90◦ and Figure 9b, for omniphobic surfaces with
CA ≥ 90◦ .
When the algorithm returns the value of the radii of the
circles detected, it is unknown if case (a) or case (b) is present.
What is known is the radii of the circle seen from above and
represented by the red circles in Figure
9. If the volume of the
  2
spherical caplet is Vcap = πh 6 · 3rcap
+ h2 and that the


CA is θ= 2atan h rcap , then the CA is calculated using the
flowchart shown in Figure 10.
D. SURFACE COLORFUL MAPPING

A major advantage of the top-down technique is the mapping
of large surfaces. To facilitate visualization, surface mapping

TABLE 1. Input parameters used in the algorithm that generated Figure 8.

FIGURE 10. Flowchart to calculate CA (This flowchart presents a different form of CA calculation varying from the Top-down calculation
method proposed by [1]).

VOLUME 7, 2019
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FIGURE 11. Surface color mapping according to the contact angle (values of CA = mean ± 3×standard deviation).

FIGURE 12. (a) Contact angles by the tangent method. (b) Contact angles by the top-down method. (c and d) Histograms, means, and standard
deviations adjusted for the two methods respectively.

of the CA was undertaken in color. Given the regions with
deposited drops are discontinuous in some places, an image
morphological dilatation operation was used. In this case a
structuring element in the form of a flat disk with origin
in the center pixel and a radius specified according to the
size and distance between the drops deposited on the surface
is employed. The dilated image receives a third-order lowpass Butterworth filtration with cutoff frequency of 0.5 of
the sampling frequencies with mask size of ± 70% of the
31370

disk diameter used as the dilation structuring element. This
has the function of smoothing color transitions providing an
‘‘interpolated’’ representation of the surface. In Figure 11,
an example, relating to the mapping of the detection shown
in Figure 8.
E. VALIDATION

Validation of the method follows the work described in [1].
A print surface of an Aspen Brazilian paper sheet split into
VOLUME 7, 2019
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FIGURE 13. Cattleya warneri rubra ‘‘Werner Paske’’ young leaf adaxial side (a), young leaf abaxial side (c). Mappings of the
abovementioned surfaces (b and d), respectively.

25 regions was used. The results are presented in Figure 12.
Droplets of V = 4 µ L were chosen to ensure no effect from
gravity dependent shape changes at the water-air interface.
Side view measurements were carried out as reference measurement method.
From Figure 12 the two CA measurement methods had
similar and compatible results with errors in each arising from
(Figure 12 a and c) manual positioning of the CA reference
point and (Figure 12 b and d) issues described earlier such as
the low-pass filter settings and the imperfect sensitivity factor
used in the circle detection software as well as less than ideal
illumination.

III. RESULTS AND DISCUSSION

The results of the CA evaluation of the adaxial and abaxial young and old leaves surface to Cattleya warneri rubra
‘‘Werner Paske’’ (Figure 13 and 14) and flowers surface to
VOLUME 7, 2019

Cattleya warneri semi-alba (Figure 15) are presented and
discussed.
Cattleya warneri rubra was chosen because of the intense
pigmentation in the abaxial side of a young leaf (< 1 year
old), due to sun exposure (figure 13c). The intense deposition of anthocyanins, in this case, is used by the plant
for self-protection against UV radiation. In Figure 13 (a),
the adaxial side to the same leaf is shown.
Figure 14 (a and b) belong to the adaxial and abaxial
surfaces of the same plant. The leaf age is estimated to be
∼ 5 years because it is located on the same front and there
are 5 posterior pseudobulbs (assuming the production of one
pseudobulb occurs for each year).
The results observed in Figures 13 and 14 corroborates the existence of wettability change with leaf age,
as expected according to [26] and [27]. In Prickly Pear
Cacti, the young leaves are hydrophobic, and the old
leaves are hydrophilic. This difference is because of the
31371
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FIGURE 14. Cattleya warneri rubra ‘‘Werner Paske’’ old leaf adaxial side (a), old leaf abaxial side (c). Mappings of the above
mentioned surfaces (b and d), respectively.

morphology change of the wax composition that was altered
through a number of environmental stresses including solar
incidence, wind, rainfall, and chemical exposure over the
years. Since they vary drastically between different plants,
the method can be used to monitor plant health over
time [3].
Our measurements resulted in mean contact angles of
θ = (85 ± 15)◦ for the adaxial side of the young leaf and
mean CA θ = (89 ± 17)◦ for the abaxial side of the same
leaf. For the 5 yr old leaf, the mean CA is θ = (64 ± 11)◦
for the adaxial side and mean CA of θ = (61 ± 14)◦ for the
abaxial side. This result for the young leaf, low hydrophilic,
is just below the transition to hydrophobic character, with a
high contact angle. For the older leaf with a lower contact
angle, the surface is much more hydrophilic. This difference
occurs because of the impurities deposited on the leaf with
age and the alteration of foliar microstructures with exposure
to physical-chemical agents over time [26].
As for the side of the leaf, abaxial or adaxial, no great
changes in the CA were observed, although the visual appearance is very different for the upper side that is brighter
and the lower side that is somewhat opaque. However,
31372

from the viewpoint of image processing, this appearance
changes the input parameters of the circle detection software
(Table 2), as observed in the parameters used to generate
Figures 13 and 14. The processing of the abaxial side, didn’t
require a low-pass filter. On the other hand the adaxial side,
filtering is used because of the brightness of the leaves. In
Figure 14 (a and b), a black circle with known diameter is
deployed to recalibrate the software magnification parameter.
This calibration changes when the support arm of the digital microscope is displaced. As the recalibration circle has
different color and reflection of droplet behavior, an image
editing software is used to superimpose the image arising
from recalibration.
We can observe, for example in Figure 14 (c), in the upper
left side due to inhomogeneity of the surface of the leaves or
problems in their deposition, the drops occasionally appear
deformed, not having a circular appearance. The top down
method can identify this type of problem and discard such
drops in the mapping when the deviation is too large, given
that they no longer meet the spherical caplet approximation well. It is worth noting that the side view method may
mask the measurement depending on which side the drop is
VOLUME 7, 2019
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FIGURE 15. Flower of Cattleya warneri semi-alba (white petals and sepals with purple labellum), adaxial side (a) and abaxial
side (c), in (b and d) the mapping of the cited surface respectively.

TABLE 2. Input parameters used in the algorithm that generated Figures 13 and 14.

TABLE 3. Input parameters used in the algorithm that generated Figure 15.

examined. For plant leaves and insect wings, if drops are not
axisymmetric, the contact angle depends on the direction of
observation [20].
Figure 15, shows the CA surface mapping of the flower of
the Cattleya warneri semi-alba for both the (a) adaxial side
and abaxial side (c). The mean CA values were measured to
be θ = (119 ± 15)◦ for the adaxial side of the flower and
θ = (114 ± 22)◦ on the abaxial side; these have hydrophobic
characteristics and are similar to each other and much larger
VOLUME 7, 2019

than in the leaves. The result is consistent with [28] and
[29] since the flowers have a visual and tactile attraction
function for pollinating animals and can act to avoid wetting
and optimize the self-cleaning of dirt and pathogens.
Table 3 presents the parameters used in the algorithm that
generated Figure 15. The radii range is smaller than for the
leaf surfaces. The change in detector algorithm input parameter to ‘‘bright’’ illumination is necessary because the drops are
brighter than the background surface of the flower. This can
31373
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be accounted for by absorption or other resonant properties
associated with the petal surface structures [30]. In contrast
to the leaf measurements, where the drop is darker, in this
case the magnification calibration circle used to recalibrate
the circle detection software is a white circle.
IV. CONCLUSIONS

The results of novel top-down CA mapping measurements
obtained in this leaf and flower wettability analysis of the
orchid Cattleya warneri are in agreement and consistent with
the theory found in the literature. Young leaves are hydrophobic, old leaves become practically hydrophilic mostly as a
result of continued exposure to changes in the environment
over time [26], [27]. These changes can include differences
in air temperature, air relative humidity, soil moisture, frequency of precipitation events, and deposition of impurities.
They modify the epicuticular waxes on the leaf surfaces
altering the epidermal microstructures over time. The flowers
are hydrophobic because of their visual and tactile attractor
function for the pollinating animals, as well as the selfcleaning of dirt and pathogens [28], [29].
Based on the results obtained in this work, the automatic
top-down method for measuring the CA and wettability
mapping of biological surfaces is demonstrated, offering a
powerful and rapid field-worthy approach and instrument for
regular monitoring of plant health. To date, CA measurement
has been a restricted scientific tool in the laboratory although
it nonetheless provides a simple but powerful analysis of
nanoscale interfaces of any type. Here, the method has been
used to confirm and improve upon past work done on edge
analysis with side measurements. The top down contact angle
measurement can be applied more broadly and with greater
certainty and confidence if only for the reason that the amount
of measurements is greatly enhanced. This is further extended
by statistical analysis. Further, the method described here can
accommodate changes anywhere on a plant surface making it
ideal for routine and ongoing diagnostics.
Moving away from difficult side imaging allows this
nanoscale technique to reach into the field and to undertake
scaled up numbers of measurements, potentially transforming research by enabling big data analysis across multiple
internet-connected instruments measuring continually over
time. An opportunity now exists for long term field studies to
better understand plant health and aging in any environment
over time, including the assessment of environmental and
industrial pollutants introduced by word man into isolated
environments. This is an exciting new area for environmentalists and botanists, as well as any expertise requiring much
more rigorous forensic and scientific measure of environmental, industrial and organism impact than has been possible
to date.
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