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Abstract

Hydrophobicity is one of the importance factors in the surface properties of materials. This work
presents the development of a low-cost contact angle measurement system based on goniometric
measurement using an inexpensive digital camera, tilt control system for surface alignment and curvature
approximation algorithm to determine the contact angle between the solid and spherical cap of a water
droplet. The design is specifically targeted for measuring the contact angle of a Quartz Crystal
Microbalance sensor in the form of HC-49/U with a disc diameter of 8.7mm.The contact angle
measurement using goniometric measurement depends on the quality of captured image and calculation
method for the angle determination. Proper alignment of the sample surface is required to minimize the
discrepancy of the angle measurement of water drop surface profile caused by gravity. A PIC18F4550
microcontroller is used to control the motorized tilt platform to reduce the gap between left and right
contact angle value. Circle fit algorithm to determine the contact angle value from the captured image is
used. Using the motorized tilt control system and circle fit algorithm, the developed contact angle
measurement system able to measure the contact angle with discrepancy less than 1°.
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1. Introduction

Hydrophobicity is one from many importance factors of surface properties. Studies on
the material surface properties related to the hydrophobicity can be found in much research
work until now. The hydrophobicity of the surface not only attractive for the large surface study
but also in the nanotechnology development. Nanostructuring to manipulate the surface
hydrophobicity is still in progress in many studies [1-4].

Hydrophobicity plays an importance role in the interaction of materials, macromolecules
folding, protein folding, protein-protein recognition, surface wetting, and many other process and
mechanism. In the development of quartz crystal microbalance (QCM sensor), hydrophobicity
affects biomolecule immobilization on the sensor surface. Hydrophobicity is one importance
factor on the adsorption and orientation of antibody on the surface [5]. Physical adsorption of
biomolecules on a solid surface, where hydrophobicity plays an importance role is widely
known [6, 7]. Physical adsorption, for example, is also used in the QCM immunosensor, where
the antibody immobilized on top of polystyrene surface [8]. Sequence-specific DNA
immobilization on a glass carbon electrode is also able to be done by physical adsorption [9].

Surface hydrophobicity is related to its water contact angle. Therefore, measuring
contact angle is one method to determine the surface hydrophobicity. Contact angle can be
measured statically or dynamically. One simple method is based goniometric measurement
method. In this approach, a droplet of water is dropped on top of the surface being measured.
A light source is placed to generate a shadow of the image on a screen to capture the droplet
profile, or a two-dimensional image is directly captured using a camera. Both methods need a
proper positioning of the sample surface, droplet, and camera or light to generate the droplet
shadow. The camera droplet image must be captured perpendicularly to the sample surface
from the side view of the sample. The method is simple, but the measured contact angle is
localized on a small water droplet to avoid water surface flattening caused by gravitation force.
However, a smaller water droplet will evaporate in a short time so that the image capture should
be done as quickly as possible. Contact angle calculation is based on the drop shape
method [10] and others [11-14].
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Larger water droplet can affect the profile of the water droplet caused by the
gravitational force. The water droplet is flattened in the center. Also, a larger water droplet can
also cause difficulties in the measurement due to the alignment of the sample surface to the
camera. This method requires a condition that the sample surface must be perpendicular to the
gravitation force direction, or it must be in a horizontal direction about the earth surface. For a
flat specimen, putting the sample surface horizontal is not difficult. This case is not easy for
irregular shape or a geometry shape where horizontal surface sample placement is challenging.
Hysteresis may also occur in the contact angle measurement caused by many factors [15]. The
particular approach needs to be taken when the solid surface is convex or concave shape [16].

QCM sensor made from a commercial quartz resonator in the form of HC49/U has a
qguartz disc placed in a holder with electrical leads. This mechanical construction makes
additional constraints in the contact angle measurement of the sensor surface. The quartz
surface, unfortunately, is not always well aligned with the holder. Two sides of the sensor disc
are not perfectly planar surface. When the water droplet is larger, the water droplet geometry is
asymmetric caused by gravitational force. The gravitational force makes water contact angle on
the right side, and the left side of the measured image is not equal. The difference results in an
inaccuracy of the contact angle measurement.

Therefore, it is importance to have a system where the sliding angle of the QCM sensor
surface can be eliminated by adjusting the surface angle about the gravitational force before the
water droplet is put on the surface. Further alignment can be done after putting the water droplet
on the sample surface. A motorized tilt platform control system is required to adjust the
horizontal alignment smoothly. This work presents the development of a low-cost contact angle
measurement system. The proposed system has a tilt control system to make the system works
for various shapes of the sample not limited to a flat sheet sample only. The developed system
consists of a low-cost digital camera, motorized tilt platform system, and contact angle
calculation software.

2. Method and Procedure

The system development is done by developing the hardware and software system.
The hardware of the system consists of motor stepper control for the tilt platform and image
capture. The software system consists of motor stepper control, image capture and contact
angle calculation based on the captured water drop image.

Calibration for the tilt platform is done to get the speed and resolution of the tilt platform
at different stepper motor step movement. Calibration and calculation are done by capturing the
plate image of the tilt platform. The resulting line image of the tilt platform surface is then
calibrated to a horizontal image line. Maximum resolution of the tilt angle platform is taken from
the gradient of the platform angle to the motor stepper movement at quarter step mode.

The following procedure is used for the contact angle measurement of the QCM sensor
sample. At first, the sensor is placed in the sensor holder on top of the tilt platform. The tilt
platform angle is adjusted until the sensor surface aligned horizontally. A 30uL distilled water
was dropped on top of the sensor surface. The droplet image was captured using the image
capturing software integrated into the tilt platform control. The resulting black and white image is
then passed to the contact angle calculation program.

3. Result and Discussion
3.1. Contact Angle Calculation

The contact angle is calculated using a modified drop shape method. The method relies
on the assumption that the water drop forms an ideal spherical cap as shown in Figure 1. The
base radius of the spherical cap is R, and the height of the cap is h. A perfect sphere is used for
the model. The contact angle (0) of the water drop can be calculated using equation (1) for and
acute contact angle (contact angle < 90°) and equation 2 for obtuse contact angle (contact
angle > 90°). Thus it is importance to get the circle equation of the spherical cap. A circle fitting
program is required to calculate the best approximate circle of the water drop. The calculation is
done using circle fit method function developed by I1zhak Bucher [17] in Matlab program.

The drop shape method is calculated based on the assumption that the water drop
forms a perfectly spherical cap. This assumption is only good for a small water drop [10].
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Calculation using the assumption of an ideal sphere is valid for the maximal volume of 10uL with
a surface contact angle between 10° and 140° [14], [18]. For a big water drop, the shape does
not form an ideal spherical cap caused by the gravitational force and also a sliding surface. In
this work, we calculated the contact angle by assuming two different spherical caps. One is a
spherical cap for the left side and another one on the right side of the drop shape. As described
before, the alignment of the sensor surface is not horizontal, and the sensor surface not always
flat. Therefore the program is modified to fit the drop shape image as two circles. One circle is
calculated for the left contact angle and the other one to calculate the right contact angle.

R
(b)
Figure 1. Drop shape model for acute angle (a) and obtuse angle (b)
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3.2. Image Capture Sub-System

The low-cost digital camera has been used for many application based on image
capture system [19, 20]. A digital camera used in a digital microscope has a built-in image
processing to for contrast and brightness to get the best droplet image [21]. For some
application, the resolution and In this design, a low-cost digital microscope camera is used to
capture the droplet image. The camera has a CMOS sensor with a maximum physical resolution
of 2M-Pixel and magnification ratio of 50 to 500 times. Focus length of the camera is 3mm to 40
mm. Maximum resolution of the digital camera is 1600x1200 pixels. This low-cost digital camera
is commonly used as a camera for a low-cost digital microscope or digital inspection system.
The camera system can capture a live video with a speed of 30 frames per seconds. This speed
is adequate to capture the image of the liquid drop on top of the sensor surface. The digital
camera and the personal computer are connected via USB data communication.
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Figure 2. Crystal resonator in an HC-49/U form with holder as QCM sensor
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Camera

Figure 3. Sensor and camera position

The resonator disc and holder design of the QCM sensor (made from HC-49/U
resonator) limit the position between the digital camera and the sensor. Figure 2 shows the
perspective view of the QCM sensor to be measured. The base metal of the resonator disc
holder blocks the disc view from the bottom (Figure 2b). The lead contact also prevents the view
from the left and right side of the disc (Figure 2c¢). The only possible view is from the top of the
sensor disc (Figure 2d). Therefore the position of the camera should be placed from the top
view of the sensor.

Figure 3 shows the position of the camera to capture the droplet image and sensor. The
sensor is fitted horizontally. The camera is placed inline with the sensor disc surface to get the
droplet image from the top view of the sensor disc. The distance of the sensor to the camera is
arranged in the range of focal length of the low-cost digital microscope.

3.3. Tilt Control

The position of the sensor disc in the sensor holder is not always perfectly aligned. This
misalignment results in a sliding surface of the sensor disc. Sliding sample surface may result in
contact angle measurement error because of the discrepancy of the water droplet contact angle
between the right part and left part. Figure 4 shows a figurative condition of a water droplet on
top of a solid surface. When a water droplet is placed on top of a solid surface, the surface
profile of the water droplet forms a spherical cap, depends on the surface hydrophobicity of the
solid surface. If the solid surface is perfectly flat and perpendicular to the gravitational force, the
spherical cap of the water droplet is symmetric.
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Figure 4. Water droplet on a horizontal surface (a) and a sliding surface (b).

Figure 4a shows an illustration of a water droplet on a solid surface perpendicular to the
gravitational force direction. The contact angle of the left side (6,) and right side (6g) is equal.
When the surface position makes an angle (0s) with the horizontal, the left angle and right angle
is unequal. The water droplet profile is skewed as in Figure 4b. This inequality results in the
accuracy of the contact angle measurement. Many samples, however, not always in the form of
a flat sheet.

A two-axis motorized tilt platform LSDQ-5S2 (Jiangxi Liansheng Technology) is used in
the system for horizontal alignment. Figure 5 shows the tilt adjustment platform. The system has
a tilt pivot point with a ball system and two axes to adjust the vertical position of the right and left
the side of the platform. The position of the two axes is used to control the tilt angle of the
platform. Maximum angle adjustment range is +5°.The system used a stepper motor to control
the stage with the finest step of 1.8°. By adjusting the left and right stroke position upward or
downward, the sliding angle of the platform can be adjusted to have a positive angle or negative
angle to the horizontal surface. Turning the stepper motor to the right direction moves the
stroke upward, and turning the stepper motor to the left moves the stroke downward.

Low-Cost Contact Angle Measurement System for QCM Sensor (Setyawan P. Sakti)



564 ® ISSN: 1693-6930

The stepper motor is driven using IC DRV8825 stepper motor controller from Texas
Instruments. The controller has two H-bridge driver and micro stepping indexer. Each driver can
deliver a maximum of 2.5A current. The specification is adequate to be used as a controller for
the LSDQ-5S2.

2 2
- S
w w
Pt Z
3 <)

[id

Fﬁ

N SIS & s N
‘6 o
£ =

-
2 2
& o
*(;}' . w
= 7 =
k7 LAl 5

? 3 B 11

Figure 5. Technical drawing and photograph of the two-axis motorized tilt platform LSDQ-5S2

3.4. Overall System Design and User Interface

Block diagram of the system is depicted in Figure 6, and the photograph of the
developed system is presented in Figure 7. It can be seen that the position of the sensor is in
front of the camera. The main part of the system consists of a mechanical part for QCM sensor
surface alignment, image capture subsystem, and contact angle calculation program and
software interface. The connection of the image capture subsystem and the microcontroller to
the computer is made via USB communication to minimize the cable connection. The
mechanical sub-system is responsible for the surface alignment of the sensor. Motion control of
the motor driver of the stepper motor for the tilt stage is done by using a PIC 18F4550. The
digital camera as the core of the image capture subsystem transfers the image to the image
capture program and the contact angle calculation program via the digital camera driver
provided by the manufacturer.

Contact .
Digital
Angle | Image Capture —
Calculation Camera QCM Sensor

Tilt Platform
with Stepper
Microcontroller Motor
Motion Cantrol f—— (PIC 18F4550) |
|— Motor Driver
L (DRV8825)

Figure 6. Block diagram of the system

The hardware of the system is controlled using a computer program. The program
consists of tilt platform control and image capture as one system and contact angle calculation
based on the captured image. The tilt platform control and image capture are developed using
Visual Basic. The user interface of the program is depicted in Figure 7. The main element of the
user interface is tilt platform control in the left part and water drop image area in the right part of
the graphical user interface.
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Figure 7. Photograph of the system

The software sends a command to the tilt platform via USB interface. Tilt adjustment
selects the axis (left or right axis), controls the speed and direction of movement. The image
capture software shows the horizontal alignment of the sensor visually. The command is sent to
the PIC18F4550 which then translate the command to control the movement of the tilt platform
axis.
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Figure 8. User interface of the contact angle measurement system

3.5. Tilt Platform Resolution and Contact Angle Measurement

Successful horizontal alignment is a key factor in the contact angle measurement using
the drop shape method for a water drop more than 10uL. Therefore the tilt angle control is
importance. Angle change caused by the stepper motor movement needs to be known. Angle
change caused by the stepping angle of the motor stepper was measured to know the lowest
change to align the sensor surface. The measurement was conducted for stepping control of full
step, half step and quarter step.

Figure 8 to 10 shows the tilt angle change of the tilt platform for each step movement.
The angle change of the tilt platform has a linear relation with the motor stepper movement. This
linear relationship makes an effort to control the tilt platform in a horizontal alignment easier.
The graphs show that the left stroke and right stroke movement does not exactly result in the
same angle change of the tilt platform. For the full step (Figure 8), the gradient of the left angle
change is 0.1262° and for the right angle is 0.1119°. Thus every single step of the motor
stepper in full step mode changes the left angle of 0.1262° and right angle of 0.1119°. Maximum
tilts angle 5° as in the datasheet specification of the LSDQ-5S2 is reached after 40 full step.

Finest stepping movement results in smaller gradient. For the quarter step movement,
each step caused a change in the tilt angle of 0.0325¢ for the left angle and 0.0330° for the right
angle as presented in Figure 11. It means that we can obtain the smallest angle change to align
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the platform surface, hence the sensor surface, horizontally is 0.03° by using quarter step
movement. Theoretically, a single step of full step movement equals to four steps of quarter
step. Angle change caused by a full step movement should be equal to four times of the quarter
step. The result of the experiment is lower than expected. The full step angle change is 3.9
and 3.6 times of the quarter step one.

The surface alignment of the sensor to the horizontal plane is adjusted by controlling
the tilt platform stroke movement on the left side or right side. Left and right side movement
upward or downward depend on to the sensor alignment. Tilt platform tilt adjustment is stopped
when the captured image in the monitor reach a horizontal position. Contact angle
measurement is initiated by putting a water droplet of 300L on the sensor surface. Contrast
lighting is adjusted to get a clear and sharp image of the water droplet and sensor surface. The
image is then captured and further processed by contact angle calculation program. Figure 12
shows an example of captured water droplet image in the contact angle calculation program.
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Figure 9. Tilt angle change caused by full step Figure 10. Tilt angle change caused by half
movement step movement
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Figure 11. Tilt angle change caused by quarter step movement

Theoretically, the right angle and left angle of the measurement should be equal.
Determination of contact angle is assuming no discrepancy in the contact angle measurement
of the droplet. Therefore, only one value of contact angle is determined. In our experiment, the
circle fitting program calculates the contact angle on the left side of the spherical cap image and
right side contact angle. Circle fitting is done separately by taking a fraction of the spherical cap
image on the left side for the left side contact angle and fraction of the spherical cap image on
the right side for the right side contact angle.

On the successful calculation, the program draws a resulted circle model on the image.
Figure 12 shows a green line circle on top of the droplet image. The circle is drawn based on
the resulted data from the fitting program. Because of the small different in the contact angle
value, the fitting circle from the left side contact angle overlaps with the fitting circle from the
right side contact angle. Figure 13 shows a resulted calculation and fitting from a droplet image
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which has noticeable different contact angle on the left side and right side. The fitting circle line
left angle is drawn with the yellow line and the right side contact angle with the green line.

Figure 12. Overlaid circle drawing on droplet Figure 13. Droplet image with different fitted
image has a same fitted circle for the right part circle on the right part image and left part
image and left part image of the droplet image of the droplet

Contact angle measurement of the QCM sensor with polystyrene coating layer was
done using the developed system at room temperature in air. Polystyrene coating was done by
using spin coating method at 3000 rpm by dropping 5001L polystyrene solution in toluene with a
concentration of 3%. The 3000 rpm and 3% concentration of polystyrene was chosen as the
best condition for the coating in our experiment [22].

The resulted contact angle measurement is presented in Table 1. The contact angle
value is close to 90°. Although the sensor surface has been aligned horizontally, the resulting
contact angle measurement results in a discrepancy between the contact angle of the left side
image and contact angle on the right side image. The different between two contact angles is
less than 1%.

Following to the measurement of the contact angle, the sensor with polystyrene coating
was heated in an oven at a heating temperature of 100°C. The contact angle measurement of
the water droplet image is presented in Table 2. Based on the measurement value, it can be
seen that the contact angle of the sensor is larger than 90°. The discrepancy between the left
side and right side image is less than 0.5°.

Ultraviolet radiation alters the surface property of polystyrene. The mechanism involves
photo-oxidation and breakdown of polymeric C-C bonds [23]. UV radiation makes the
polystyrene surface to be more hydrophilic as reported in [24, 25]. The UV radiation method is
used to produce a hydrophilic surface for this experiment. The sensor with polystyrene surface
is irradiated using UV with a wavelength of 254nm for 1 hour. The contact angle of the sensor
surface is then measured using the system. The contact angle value is presented in Table 3.
The contact angle of the polystyrene surface after UV irradiation is less than 90°.

Table 1. Difference contact angle value between the left side and right side of a surface with a
contact angle close to 90°

No Contact Angle (°) Discrepancy of left and
Right Side Left Side right contact angle (°)

1 89.373 88.997 0.376

2 88.915 89.124 0.209

3 90.922 90.389 0.533

4 90.298 90.892 0.594

5 89.269 88.614 0.655

It can be seen in both Tables 1, Table 2 and Table 3 that the resulting contact angle
value calculated based on the right side and left the side of the image has a small different. The
smallest discrepancy in the calculated value is 0.003°, while the worst condition is 0.98°. There
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is no significant different in the contact angle discrepancy between three samples with a
different range of contact angle values.

Table 2. Difference contact angle value between the left side and right side of a surface with a
contact angle > 0°

No Contact Angle (°) Discrepancy of left and
Right Side Left Side right contact angle (°)

1 96.216 96.219 0.003

2 95.756 95.255 0.500

3 94.844 94.927 0.083

4 96.064 95.603 0.461

5 96.646 95.780 0.866

Table 3. Difference contact angle value between the left side and right side of a surface with a
contact angle <90°

No Contact Angle (°) Discrepancy of left and
Right Side Left Side right contact angle (°)

1 80.523 81.503 0.980

2 82.406 82.891 0.485

3 77.979 77.719 0.260

4 79.172 78.743 0.429

5 79.837 80.040 0.202

4. Conclusion

The low-cost contact angle measurement with tilt control has been successfully
developed using a low-cost digital microscope camera. The resolution of the tilt platform angle
adjustment is 0.03° at quarter step movement of the stepper motor. Contact angle measurement
the QCM sensor with different polystyrene can be done using the developed system. The
resulted contact angle of a water drop with a volume of 300L still has a small contact angle
discrepancy between the left side and right side contact angle. The discrepancy of the contact
angle between the left side and right side of the water droplet is less than 1°. Improvement for
the proposed low-cost contact angle measurement system can be made by implementing
automatic tilt alignment of the sample.
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