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THE USE OF COMPUTER IMAGE ANALYSIS
IN DETERMINING ADHESION PROPERTIES

Abstract

The paper discusses the use of computer image analysis in determining
adhesion properties of materials, including the work of adhesion
and surface free energy components. Also, it discusses methods and
operators for edge detection employed in the determining of geometrical
parameters which are then used as the basis for calculations. In addition,
the paper presents an example of expanding the scope of investigations
through the application of new IT solutions.

1. COMPUTER IMAGE PROCESSING AND METHODS OF IMAGE
PROCESSING

Computer image analysis is currently used in numerous fields of science.
This is an automatic method, which allows both the processing and analysis
of images saved in digital form [1]. Until recently, adhesion properties were
investigated with methods based on geometrical measurements carried out
manually [2].

The development of computer technology has opened up new possibilities
of analyzing recorded digital images. Also, the available image processing
operations applicable in the analysis allow to improve the quality of images and
to fully exploit information recorded in these images.

Current studies into adhesion properties are conducted by means of computer
image analysis, which enables automatic measurement of a contact angle formed
by a drop that is not reactive with a solid surface (Fig. 8) [3]. This measurement
is particularly important in determining the work of adhesion and surface free
energy.
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The equations presented below (3, 4) show that the accuracy in determining
the work of adhesion is related with precise measurement of a contact angle.
The contact angle can be determined based on the measurements of geometrical
dimensions of drops lying on a solid surface (Fig. 1). Having determined the di-
mensions of the drops, it is easy to calculate the contact angle with the formula:
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The designations shown in Figure 1.
As for the drop shape shown in Figure 2, we can use the formula:
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Fig. 1.Determination of the contact angle
by measuring the size of a drop [source: own study]
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Fig. 2. Determination of the contact angle [source: own study]

Another method for determining the contact angle is to measure it directly.
Performing a quantitative analysis of objects present in the images and taking
geometrical measurements [2] is based on extracting elements, that is the
detection of the contact angle’s edges. On a monochrome image, the edge is
a transition area between two levels of brightness, which is the line separating
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the regions of different luminance [4]. Edge detection can both reduce
the amount of data to analyze by filtering out less important pieces
of information, while at the same time maintaining the properties of structures
found in the images. Edge detection methods can be divided into two groups.
The first group of methods studies the first derivative (gradient methods), while
the second group is based on the study of the second derivative.

One of the fundamental methods for edge detection uses the first derivative
of a function representing the change in a grayscale image along a set straight
line. Due to the difficulty in determining the derivative, local gradients are
adopted on the computer image as an approximation of the derivative. Based on
the information about the rate of increase in the original data, the extremities
of the first derivative of luminance are studied.

The second derivative of luminance shows the rate of change in the first
derivative of luminance. The first derivative has a small value for images with
inconspicuous transition between different areas of gray. In such cases,
the second derivative is used, which assumes the value of zero for the edge.

We can distinguish the following operators in edge detection [5]:

a) operators of the first type — the Prewitt operator, Sobel operator and

Roberts operator,
b) operators of the second type — Laplacian operators.

1.1. Roberts operator

The Roberts gradient is clearly directional. The differentiation of the two-
dimensional function is performed along a certain direction; as for the Roberts
gradient, this direction is located at 45 degrees [6]. The mask used by the
Roberts operator is shown in Figure 3. It can also be written in the minimized
form as a 2x2 mask.
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Fig. 3. Mask used by the Roberts operator [source: own study]

Depending on the mask form used, this gradient always highlights the lines
of a set orientation.

1.2. Prewitt operator

This operator is used to detect vertical and horizontal edges in images.
The mask used by the Prewitt operator is shown in Figure 4.
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Fig. 4. Mask used by the Prewitt operator [source: own study]
1.3. Sobel operator
The Sobel mask is a weight mask and has the form as shown in Figure 5.

This mask enhances the influence of the nearest pixel environment when
determining the value of a pixel on the resulting image.
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Fig. 5. Mask used by the Sobel operator [source: own study]

This mask can be rotated around its center point, which allows performing
nine different filtration.

1.4. Laplacian operators

Roberts, Prewitt and Sobel masks define the edges only in eight directions.
Often, the edges in images do not follow these directions. In order to detect
edges of other directions and highlight the contours of objects in images, we use
other masks — the so-called Laplacians.

A Laplacian operator is a combination of second partial derivatives of the
input function. The maximum of the first derivative is the zero crossing point
of the second derivative of the function. This point corresponds to the fastest
changes in the function. The Laplacians are used to detect edges in images with
no clear transition between the levels of gray. In this case, the first derivative has
a low value and the second derivative is used to detect the edge (the second
derivative of the edge assumes the 0 value). The most frequently used Laplacian
masks are shown in Figure 6.
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Fig. 6. Laplacian masks [source: own study]

2. MEASUREMENT PROCEDURE

The procedure for measuring the contact angle based on the computer image
analysis is performed in the following steps:

1. Image acquisition and processing to digital form.

2. Edge detection of the measured drop.

3. Determination of the contact angle.

2.1. Image acquisition and processing to digital form

A schematic diagram of the measurement channel used for measuring
the surface tension and determining adhesion properties of samples of solids
is given in Figure 7. The sample is placed on a horizontal measuring table (1).
Using a syringe (2), a drop of the measuring liquid with known parameters (3)
is placed on the sample. The measuring table with the sample and the drop
is illuminated by a focused light source (4). An image of the drop is recorded
by a camera (5) and transferred directly to a computer where the contact angle
is automatically measured with specialist software. The contact angle results are
used to calculate such parameters as the work of adhesion and surface free
energy. The analysis additionally determined other geometrical parameters
of the analyzed image that can be used in the analysis of properties of the surface
layer (Fig. 8).

Fig. 7. Schematic diagram of the measurement channel [source: own study]
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Prior to the measurements, it is necessary to prepare the device appropriately.
The analysis and evaluation of a digital image considerably affects measurement
precision. In order to receive an optimum image of the drop, it is necessary to
adjust three image parameters: size, brightness and sharpness. An image
is optimal if the drop is 2/3 width of the video image and its edges are sharp,
without any interfering reflections. Also, the received mirror image of the drop
must be clear. The lighting should be set such that a homogeneous lighter gray
zone is above the baseline. The adjustments allow the precise determining of the
baseline which is key to making measurements.

No. Age [sec] | Theta(M)ldeg] IFT mi/m] | Vol [ul] | Area [mm2] [ BD [mm] | System Theta(L)[deg] | Theta(Rlideg] | WoA [miN/m]
; Water (Strom)
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il po-m 902925 3= 969:163 2282.. Water(Strom) 988:028  901:024 61631142
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Mo13 1448915 1027 £203 51 1n»s 2458 Water (Strom) 1048 1007 5677 +251
Flo1 Wpd4 10281209 512 129 2459 Water (Strom) 1050 1008

Flo1s U885 1026204 510 1126 2464 Water (Strom) 1046 1005

Flo16 US0M0 10212187 506 na 2473 Water (Strom) 1041 1002

Fo17 0G0 1024220 509 125 2473 Water (Strom) 1045 1004

Flots US40 1030=204 515 133 2470 Water (Strom) 1051 1008

et 1S19%  1029:222 514 132 2472 Water (Strom) 1052 007 5652274
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E ©1-11 1452970 1030221 517 1na7 2478 Water (Strom) 1052 1008 5641 £274
E ©1-12 1453480 1028 222 515 n33 2485 Water (Strom) 1050 1006 5668 £275
E ©1-13 1453980 1029 £216 517 na7 2483 Water (Strom) 1051 1007 56.57 + 268
FloL Us4dss  1030:228 516 135 2489 Water (Strom) 1053 007 644283
Flo11s s 1030:22 516 135 2492 Water (Strom) 1053 1007

Flo1s USS0 1027222 514 132 2497 Water (Strom) 1050 1004

Ho1 SO 10272233 515 132 2498 Water (Strom) 1050 1003

Flots 65 1032=247 519 138 2494 Water (Strom) 1057 1007

Fein U505 1031240 513 138 2495 Water (Strom) 1056 1006

Fletn uSTSB 1031:28 513 1n 2495 Water (Strom) 1056 006 562312
E ©1-21 1458035 1026 +243 514 na 2501 Water (Strom) 1051 1002 5691 +3.02
E ©1-2 1458550 1026 £ 249 514 n3 2501 Water (Strom) 1051 1001 5692 +309
E C1-3 1450.050 1027 £255 515 na 2501 Water (Strom) 1053 1002 5677 +£316

by GrayVal [EY

Fig. 8. View of the table automatically generated by the program for the analysis
of surface layer properties [source: own study]

In this stage, the image analysis is performed in order to detect the drop’s
contour and the line separating the solid phase from the liquid phase. To this
aim, different edge detection methods can be employed, such as the Sobel,
Prewitt and Roberts methods, Laplacians and the Canny method [7]. The choice
of the method depends on the quality of a received image.

2.2. Determination of the contact angle

Based on the detected edge, a theoretical drop profile is determined using
the above described numerical method. Figure 9 shows the example of a droplet
obtained in the measurements. The horizontal line is the baseline (the line which
separates the solid from the measured drop), while the green line indicates
the theoretical shape of the drop.
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To determine the contact angle (which was then used to determine adhesion
properties), we employed a measuring method in which the shape of a droplet is
determined by the equation where the derivative at the point of intersection
of the baseline with the line defining material surface creates an angle of incli-
nation at the junction of three phases (contact angle).

Fig. 9. Example of determining the baseline and drop contour
[source: own study]

3. INVESTIGATION OF ADHESION PROPERTIES

To calculate the surface free energy using contact angle measurements
Young's equation is applied. This equation has the form [8]:

Og =0 +0,,cosb, 3)

where: 0, — the surface tension of the solid in equilibrium with saturated

vapor of the liquid,
O, — the interfacial surface tension of the solid and liquid,

0, — the surface tension of the liquid in equilibrium with saturated

vapor of the liquid,
cos @, — the angle formed by the tangent to the surface of the measured

drop deposited on the surface of a solid at the contact point of three
phases (equilibrium contact angle; Young's angle).

This equation was developed based on the condition of equilibrium of forces and
can be described as "a simple relationship between the contact angle and surface
tension of the liquid, surface tension of the solid and interfacial surface tension
of the solid — liquid" [8]. Using the Gibbs theory, the equation can also be
presented as (4). Based on the energy balance, we derive an equation for the
three-phase equilibrium point (point A in Figure 10).
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Vsv = Vs + ¥y COSO, 4)

where: ¥, — the surface free energy of the solid in equilibrium with saturated
vapor of the liquid,
¥, — the interfacial surface free energy of the solid and liquid,

¥,y — the surface free energy of the liquid in equilibrium with saturated
vapor of the liquid.

Young's equation is presented graphically in Figure 10.
1

7LV

Fig. 10. Graphical presentation of Young's
equation 1 — measured drop, 2 — tested material [8]

The use of Young's equation, which describes an ideal system, requires that
fundamental conditions for taking measurements be observed. The surface on
which measurements of the contact angle are taken should be, first, rigid enough
to avoid deformation of the material under the influence of measured droplet
and, second, suitably fixed to minimize drop deformation under vibration.

Another condition that must be met concerns suitable surface roughness,
which is measured by an arithmetic average deviation of the roughness profile.
This value should not exceed 0,54 . The surface layer of the tested material

should be free from any pollution; also it must be physically and chemically
homogeneous, while the measuring liquids should be chemically neutral so as
not to react with the material or material components.

As a result of the adoption of simplified assumptions, Equation (5)
is obtained, which allows to determine the adhesion properties of a surface layer
on the basis of the contact angle measurement results.

Ys = Vs TV, cos0 5
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where: ¥, — the surface free energy of the solid,

¥, — the surface free energy of the measuring liquid,

6 — the contact angle.

Surface free energy is often used to measure adhesive capacity of objects.
The work of adhesion is defined as the work that is done against the forces
of adhesion (the sum of all intermolecular interactions) during a reversible
isothermal process to create a unit area of phases being in equilibrium [9].
The work of adhesion affects only intermolecular interactions. The work of ad-
hesion for contact angles is calculated by the Dupre-Young equation.
This equation has the form [8]:

W, =0,,(0+cosb) (6)
where: Wa — the work of adhesion.

Knowledge of the contact angle also allows to determine the polar and non-
polar components of surface free energy using generally known computational
methods [10].

4. CONCLUSIONS

Owing to the development of computer technology with regard to image
analysis, current investigations of adhesive properties of surface layers allow
better investigation of the effects of factors responsible for a given energy state.
The possibility of determining exact values of such parameters as the work
of adhesion and surface energy opens up new possibilities for the development
of adhesive techniques based on the knowledge of energetic processes occurring
on the surface of bonded materials. The possibility of performing image
processing in real time also enables conducting studies that have so far been
difficult to perform, such as taking measurements of the advancing contact
angle, receding contact angle and dynamic contact angle [11].

As can be seen in Figure 11, due to its versatility the use of computer image
analysis allows us to determine the parameters and characteristics that were
impossible to determine with previous methods. Computer image analysis also
allows to store information in the program integrated databases.
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Fig. 11. Results of the dynamic contact angle measurements for polyamide PA6 after
degreasing with the calculated average and indicated trend line [source: own study]
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