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Summary

Screen printing is used for printing fine lines in the electronics industry, as the process is 

able to print a large ink film thickness, enabling a variety of resistances, and it is capable 

of printing onto inflexible surfaces. The cross-sectional area of printed lines determines 

the electrical characteristics of the line. Presently, line cross-sectional size is determined 

by measuring line width, as the shape of a screen printed line is assumed rectangular and 

line height is assumed known from other screen printing process parameters. However, 

for fine lines this assumption may not be true. The aims of this project have been to 

ascertain the effect of screen printing process parameters on line quality and investigate 

the relationship between line width and cross-sectional area for fine lines.

A large experimental programme has been undertaken that investigated the influence of 

the screen printing process parameters on line width, cross-sectional area, line continuity 

and cross-sectional shape. The screen printing process parameters investigated were the 

squeegee parameters, the ink type and the screen. The effect of the orientation of the lines 

to the print direction has also been investigated.

A new measurement system has been developed to extract and evaluate the appropriate 

information from the printed images and allow full analysis of the results. A new 

parameter, the rectangular index, was developed specifically to understand the correlation 

between line width and cross-sectional area for fine lines.

The measurement system has been used to analyse the results, investigating repeatability, 

orientation, line cross-sectional size, line continuity and line cross-sectional shape. The 

line continuity, line edge quality and ink transfer were linked. Sufficient ink transfer 

leads to good line edge quality and continuity. The ink type and line width were the only 

parameters to affect the line cross-sectional shape. A new model has been proposed that 

related line width and cross-sectional area for fine lines. This would permit the use of 2D 

image processing for on-line quality assurance as opposed to 3D measurement or 

functionality testing, both of which are slower and have to be used off-line.
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Chapter 1

Introduction

1.1 Introduction to fine line screen printing

Screen printing is one of the oldest forms of printing. It is based on stencil printing, 

where a pattern is cut into a sheet of material, such as paper, to produce a stencil. The 

stencil is placed onto the substrate and ink is brushed over the top of it. This reproduces a 

positive of the image on the substrate. Screen printing is a development of this process 

that uses a mesh to hold the stencil allowing more complicated patterns.

Screen printing has several important advantages over other printing processes in terms 

of ink deposit and flexibility. It can print a wide variety of inks onto most substrates, 

including substrates with simple contours. Screen printing can also print on flat inflexible 

surfaces such as glass. Its ability to lay down large ink film thickness, print viscous inks 

and to print on rigid substrates makes it ideal for the electronics industry. A large ink film 

thickness enables a large range in resistance and other functions of printed lines or 

components. Its ability to print viscous inks is ideal for the printing of solder pastes and 

functional inks with high solid content.

Industrial screen printing is mainly the printing of lines for sensors and electronic circuit 

boards. It is distinguished from graphic screen printing by the inks having a function 

other than their look, thus the term functional inks. Competition within the industry

1



drives m anufacturers to produce sm aller and smaller products. This means finer lines 

need to be printed, to reduce the size o f  printed circuit boards. For finer lines, the 

interaction o f  the mesh and the screen is more significant on the release o f  the ink from 

the screen. Thus, it is harder to accurately produce the functional properties o f  the line.

The cross-sectional area o f  the line is critical to the performance o f  functional inks, e.g. 

for resistance when printing conducting inks. The cross-sectional shape o f  a line is 

assum ed to be rectangular, with the height dependent on the ink type and screen. 

Therefore, only line width is required to find the area, since line height is assumed. 

Flowever, for fine lines, the assumption that the height o f  the ink is uniform across the 

width may not be valid. Also, the perform ance o f  the functional circuit, with fine lines, 

would be more sensitive to discrepancies in cross-sectional area. Therefore, to accurately 

characterise the line quality o f  fine lines, the three-dimensional properties o f  the line are 

required to be measured. Figure 1.1 shows a schematic o f  a cross-section through a line 

detailing the m easurem ent parameters.

Line height
Cross-sectional

area

I
iLine width

i I

Figure 1.1 : A schematic o f  the line m easurem ent parameters

The objective o f  this study was to investigate the effect o f  process parameters on line 

cross-sectional area and line width. Appropriate analysis algorithms were developed and 

applied to controlled experiments. The correlation o f  the line width and cross-sectional 

area was investigated to establish i f  a more accurate method to determine the cross-
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sectional area, than assuming a uniform distribution of line height across the width of the 

line, could be developed. This would permit the use of 2D image processing for on-line 

quality assurance as opposed to 3D measurement or functionality testing, both of which 

are slower and have to be used off-line.

1.2 The screen printing process

Screen printing is a process that forces ink to transfer through a fine mesh onto a 

substrate. The physical process that allows this to happen is outlined below.

Before a print cycle begins, the press is set up as shown in the schematic in Figure 1.2(a). 

A piece of metal called the flowcoater then moves across the screen at a small height 

above it. This leaves an even layer of ink spread over the whole image area of the print. 

This is shown in Figure 1.2(b). The squeegee, which is a flexible polymer, is then pushed 

down, forcing the mesh onto the substrate. The squeegee is drawn across the screen until 

it reaches the end of the print length (Figure 1.2(c)). This transfers the ink through the 

screen onto the substrate. The tension of the screen pulls the stencil off the substrate 

behind the squeegee. The squeegee is released and the press is returned to the position in 

Figure 1.2(a) ready to begin another cycle.
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Flow coaterSqueegee
Screen

Snap-off
gap

Ink

T
Substrate

(a) The parts o f  a screen printing press at the beginning o f  a print cycle

Flow coater m ovement

/
□

(b) The flowcoater spreads a thin layer o f  ink over the image area o f  the screen

Squeegee m ovem ent

(c) The printing stroke

Figure 1.2 : The screen printing cycle, show ing a cross-sectional view through the screen



1.3 Screen printing parameters

Many parameters influence the screen printing process, a list of these is given in Table

1.1 (1). This section describes their role in the screen printing process and the way each 

parameter can be varied.

Table 1.1 : Parameters affecting the screen printing process (1)

P rinting Process Substrate Screen Squeegee Ink

Squeegee pressure Cleanliness M esh count Squeegee material V iscostiy

Squeegee angle Surface energy Thread diameter Shape o f  edge Solid content

Print speed Surface Roughness M esh opening Squeegee backing 

or stiffening

Particle size

Snap-off distance Planarity M esh height Shear strength

Print stroke length Geometry size M esh material Hom ogeneity

Paste quantity on 

screen

Emulsion

thickness

Adhesion

Flowcoater height Stencil roughness Stability and 

consistency

Flowcoater speed Stencil type Surface tension

Screen tension

1.3.1 Press parameters

The position and use of the press parameters is shown on Figure 1.2. The snap-off gap is 

the distance between the substrate and the bottom of the screen. This affects the angle 

between the mesh and the substrate at the point of printing. It also affects the distortion of 

the image since the further it is stretched the more distortion there is in the image.

The flowcoater is a piece of steel used to spread a layer of ink over the screen before 

printing. This ensures an even covering of ink over the screen and that all of the printing 

cells are filled.
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The squeegee is a flexible polymer that is used to transfer the ink through the screen onto 

the substrate. Squeegees are manufactured to different flexibilities. This property is called 

hardness within the screen printing industry and is measured using the Shore A scale. 

This is more a m easurem ent o f  how easily the squeegee deform s than its hardness. 

Typical squeegees vary from about 60 to 90 Shore A. The simplest design is made from 

only one com pound. M ore com plex designs have been developed to increase the rigidity 

o f  the squeegees along their height, so the angle set on the press is closer to the angle 

between the squeegee and the screen. These include having a steel back on the squeegee, 

making the squeegee with a hard polym er in the centre o f  the squeegee and making the 

squeegee with a piece o f  fibreglass in the centre. Exam ples o f  these are shown in Figure 

1.3. On the press, it is possible to change several attributes o f  the squeegee. These are 

squeegee angle, squeegee pressure and print speed. These all affect the hydrodynamic 

pressure in the ink roll in front o f  the squeegee.

(a) Conventional (b) Trilayer (c) Fibreglass (d) Steel backed

centred

Figure 1.3 : C ross-sections o f  the alternative squeegee designs

1.3.2 T he screen

The screen is m ade up o f  three parts: the frame, the mesh and the stencil, as show n in 

Figure 1.4. The frame is a rectangular structure that is used to support the mesh. The 

mesh is m ade from tightly woven threads, o f  either a synthetic polym er or metal, and is 

used to support the stencil. The stencil is a photopolym er layer that defines the image to
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be printed. An illustration o f  a cross-section throught the screen showing the mesh and 

stencil is shown in Figure 1.5.

Frame

Mesh and 
Stencil

No photopolym er 
layer where pattern 
is to be printed

Figure 1.4 : An illustration o f  a screen for screen printing

Threads making

up the mesh

Gap for ink to 

pass through
Photopolym er layer 

making up the stencil

Figure 1.5 : Cross-section through the screen showing the mesh and the stencil

The defining characteristics o f  a mesh are the mesh count and the thread diameter. The 

mesh count is the num ber o f  threads per unit length. Tensioning a mesh distorts the 

thread diameter and mesh count so that the mesh height is approxim ately  1.6 times the
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thread diameter. The open area, or mesh opening, is the part of the mesh not covered by 

the threads. It is defined as a percentage of the total area. Typically for screen printing 

this is about 25%.

The stencil controls the image on the screen. There are three main types of stencil (2); 

direct emulsion, indirect emulsion and capillary film. The production methods for the 

types of stencil are described followed by a discussion of their advantages and 

limitations.

Direct emulsion uses a viscous light-sensitive emulsion. This is spread evenly over the 

screen. Several coats can be laid onto either side of the mesh. The number of coats on 

each side of the screen is normally used to describe the coating regime. For example, a 

1+1 direct emulsion would have one coat on each side of the screen and a 2+2 direct 

emulsion would have two coats on each side (2). A positive of the image is placed on top 

of the screen and is exposed using UV light. This hardens the non-image areas. The 

uncured parts of the stencil are then washed out and the screen is dried. The quality of the 

stencil is determined by the evenness of the coating of the emulsion. The more coatings 

applied, the thicker the stencil and more ink transfer is obtained.

Indirect emulsion differs from the direct method in that the processing of the stencil is 

done away from the screen. The stencil comes as a thin photosensitive film. This is 

exposed using UV light. The stencil is then chemically hardened and the uncured film is 

washed out. The film is transferred wet to the mesh and carefully pressed onto it (2), as it 

dries it adheres to the mesh.

The capillary film stencil again comes as a photosensitive film. It differs from the in­

direct method in that the film is placed onto the mesh before exposure. The stencil is put 

onto a wet mesh and then exposed and washed out the same as the direct emulsion (2).

Stencils are characterised by their surface roughness on the print side and the extra height 

added to the mesh. Rz is used to measure the roughness of the stencil. Rz is the average
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of the difference between the five largest peaks and five lowest troughs within a data set 

and is a measurement of low frequency undulations of a surface. It is defined in the 

Equation 1.1.

Where,

'LPj-Y / ,
j =1 /=! Equation 1.1

Pj = highest peaks in data set 

Vj = lowest valleys in data set

The direct emulsion method produces a rougher surface on the bottom of the stencil than 

the other two methods. The consequence of this is that direct stencils do not produce as 

good line definition or as much control on print quality. The application of more layers of 

emulsion reduces the surface roughness of emulsion screens, thus improving the line 

definition. Although this in turn produces a thicker stencil and, therefore, more ink 

transfer.

Direct emulsion screens put down more ink than capillary or indirect screens, since they 

have thicker stencils. Thicker stencils hold more ink and, therefore, more ink is 

; transferred onto the substrate. This is especially true if several coatings of emulsion are
i

used. The control over the thickness of emulsion stencils allows good control, or ability 

to vary, the ink film thickness compared with the other two methods.

Capillary and indirect screens are used to create high definition work with very good line 

definition. They are also more repeatable between screens. Indirect stencils produce a 

slightly better line definition than capillary film stencils. This is because light is reflected 

by the mesh in the capillary film method, during exposure of the stencil, and slightly 

distorts the image. However, it is very easy to crease or break an indirect stencil whilst 

transferring it to the screen. This means capillary films are more widely used.
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1.3.3 The substrate and ink

One of the most important parameters in screen printing is the relative strength of 

adhesion between the substrate and the ink and the cohesive forces within the ink. Other 

factors affecting the process, that are associated with the ink and substrate, are the surface 

roughness of the substrate and the viscosity of the ink.

Within the literature review, stencil printing is considered as well as screen printing due 

to their similarity. The liquids used to print with in stencil printing are much thicker than 

in screen printing and are often called pastes. Within this work the term paste is used to 

describe the thick liquids used for stencil printing and ink is used to describe the thinner 

liquids used for screen printing.

The interactions at the interfaces between the ink and mesh and the ink and the substrate, 

are important as it determines how the ink behaves during the printing cycle (3). These 

relationships are determined by the free surface energies of the ink, the mesh and 

substrate. How this influences the ink release is described in the Literature Review.

Surface tension is a measure of the cohesive forces within the ink. It is a phenomenon 

caused by the attraction between molecules at the surface of a liquid. In the bulk of the 

liquid, away from the surface, other molecules surround each other and the inter­

molecule forces even out. At the surface, molecules are pulled inwards by the molecules 

in the bulk of the liquid. This force is balanced by the resistance to compression. This 

leads to free energy and is defined as the energy required to increase the surface by one 

unit area. The surface free energy of a liquid is called surface tension.

Viscosity is a measure of how easily a fluid flows, i.e. its resistance to flow. It is 

important in screen printing as the ink must pass through the screen onto the substrate. As 

a fluid flows, some parts of the fluid will flow faster than others, this occurs as particles 

close to boundaries are influenced by the boundary. An example of this is a river, where 

flow near the banks is slower than the flow in the middle, thus a there is a velocity 

gradient across the fluid. As a consequence, a shear force acts on the fluid and, thus, a
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shear stress exists. For many fluids, the shear stress is proportion to the velocity gradient 

within the fluid, these are called Newtonian fluids. The constant of this proportional 

relationship is viscosity and is defined in Equation 1.2.

Shear stress = viscosity x velocity gradient Equation 1.2

There are fluids where this relationship does not hold and viscosity is dependent on the 

rate of shear, these are called Non-Newtonian fluids. Shear thinning, or viscoelastic, 

fluids flow more easily as the shear rate is increased. Whereas, shear thickening, or 

dilatant, fluids increase in viscosity as shear rate increases. This is shown in Figure 1.6.

Shear thickening

Newtonian

>

Shear thinning

Shear rate

I
' Figure 1.6 : Non-Newtonian fluids (4)

Screen printing inks are shear thinning and the viscosity of most are also time dependent, 

this is called thixotropy. The viscosity of screen printing inks can vary from a free 

flowing liquid to pastes that do not flow until a shear force is applied, such fluids are 

called Bingham fluids.

Bingham fluids have properties that resemble solids at very low shear forces and 

properties that resemble liquids at high shear forces. Solder pastes often have these 

properties, therefore they are characterised not just using parameters used for liquids, but 

also those used for solids such as yield point.
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1.4 Screen printing fine lines

1.4.1 The development of thick film technology

After World War II, there was an increase in the availability and use of electrical 

appliances. At this time, circuits were hand soldered with wires connecting the 

components (5). Pressures on markets to reduce the size of the circuits led to 

technological breakthroughs in manufacturing techniques. Cost was not the driving force, 

since much of the funding for the early electronics industry came from the military (6). 

Thin film technology was one solution. This uses techniques of coating a thin film of 

conductive material on to a non-conductive substrate. Generally, the whole substrate was 

covered with a conductive layer and photolithoghraphy was used to produce the pattern 

of the wires. The components were then soldered onto the board (7). This meant that 

there was no need for connecting wires between components. This led to faster 

production and smaller circuits. More size reductions came with the introduction of thick 

film technology in the early 1960s (8). To produce a thick film, the conductive material 

was screen printed onto the substrate.

Thick film technology was bom from the idea that resistors could be printed onto the 

substrate as well as conductive wires. The capability to print some of the components 

onto the circuit led to large reductions in size and increased reliability. The main 

difference between thick and thin film printing, apart from the manufacturing technique 

is the thickness of the deposit on the substrate. Thin film circuits are typically less than 

lpm thick whereas thick films are about 25pm thick (7). This thickness makes possible a 

larger range of resistances for the printed wires.

There are some components that cannot be printed. These have to be added later. Also 

several packaged circuits can be connected onto one circuit board. These combinations of 

circuits and components are called hybrids and are commonplace in modem 

manufacturing techniques (7).
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1.5 The aims of the investigation

The cross-sectional area of printed lines is of importance as it determines the electrical 

characteristics of the line. Presently, line cross-sectional size is determined by measuring 

line width, as the shape of a screen printed line is assumed rectangular and line height is 

assumed known from other screen printing process parameters. However, for fine lines 

this assumption may not be true.

The aims of this project have been to further the understanding of the reproduction of fine 

lines by the screen printing process, particularly by using three-dimensional measurement 

to ascertain trends in cross-sectional area, line width and cross-sectional shape. The 

correlation of line width, cross-sectional area and cross-sectional shape has been 

investigated to determine any trends that existed between these parameters for fine lines. 

This would permit the use of 2D image processing for on-line quality assurance as 

| opposed to 3D measurement or functionality testing, both of which are slower and have
I

to be used off-line.I1
[|

An experimental programme has been undertaken and the influence of the screen printing 

process parameters on line width, cross-sectional area and cross-sectional shape has been 

investigated. New measurement methods have been determined to extract and evaluate 

I the appropriate information from the printed images and allow full analysis of the results.
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1.6 Structure of the thesis

• Chapter 2

• Chapter 3

The thesis is split into six chapters. Their content is outlined below and Figure 1.7 shows 

how the chapters link together.

• Chapter 1 An introduction to screen printing and fine line printing.

A review of relevant literature.

Description of the experimental programme conducted, including the 

instrumentation used, to investigate the effect of screen printing process 

parameters on fine line reproduction.

The development of measurement techniques to objectively characterise 

the size and continuity of a printed line. This enabled the investigation 

into the experiment described in Chapter 3.

The investigation of process repeatability and effect of process 

parameters on fine line reproduction. Within this chapter the results are 

presented and discussed.

Chapter 6 Conclusions and recommendations.

Chapter 4

Chapter 5
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Line classification

Defining line 
quality

Production of an 
objective method to 
quantify line quality

6 CONCLUSIONS AND RECOMMENDATIONS

1 INTRODUCTION AND 2 LITERATURE REVIEW

Design and 
execution of an 
experiment to 
investigate the 
effect of screen 
printing on fine line 
reproduction

Investigation of 
screen printing 
repeatability and the 
influence of process 
parameters on line 
reproduction

i
Figure 1.7 : The structure of the thesis
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Chapter 2

Literature Review

2.1 Introduction to the literature review

This section describes and discusses previous work into screen printing and fine line 

reproduction. A knowledge of the current understanding into the screen printing process 

for the reproduction of fine lines is built up. This is used to determine the most 

appropriate screen printing process parameters to investigate within this study. The 

development of a full understanding of the screen printing process is required to 

determine the reasons for the patterns in the results obtained.

The work is described in four sections; the effect of process parameters on ink transfer, 

the effect of process parameters on fine line reproduction, fine line measurement 

techniques and the mechanics of ink transfer in screen printing.

2.2 Ink transfer and image quality in the graphic screen printing industry

The work described here concentrates on practical experiments to show the effect of 

screen printing process parameters on ink transfer conducted for the graphic screen 

printing industry. This work is included as knowledge of parameters affecting ink transfer 

are equally important to graphic and industrial screen printing. The work into image 

distortion was related to phenomenon found by this research project.
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2.2.1 The effect of process parameters on ink transfer

In the graphic screen printing industry ink transfer is measured, in the main, by using 

optical methods. The two parameters used are solid density and tone gain. Solid density is 

a measure of darkness (absorption of light) of the printed region, whereas tone gain is a 

measurement of the increase of ink laid down compared the required amount (10, 11). 

The ink height is also used as a physical measurement of ink transfer.

The mesh is considered by most screen printers to have the greatest effect on ink film 

thickness (11). The mesh can be considered to be an array of cells, created by the gaps in 

the weave of the mesh. A simplistic explanation of screen printing is the flowcoater fills 

the cells with ink and the squeegee then forces the mesh onto the substrate and ink is 

drawn out of the mesh as it snaps-off the substrate. Thus, changing the size of the cells 

affects the ink transfer; more ink held in each cell equals more ink transfer. Therefore, a 

mesh with thicker threads and a larger open area produces a larger ink film thickness. 

Changing the thickness of the stencil also alters the thickness of the screen, although only 

for half-tone and fine lines. In practice, this can only be achieved for direct emulsion 

stencils; with the more layers applied the greater the ink film thickness.

Holh and Hunt (12) carried out an investigation into ink film thickness. In their study, 

they examined the use of nine meshes and printed using ultra-violet cured ink. The ink 

film thickness was plotted against the mesh count, this is shown in Figure 2.1. Up to a 

mesh count of 250 threads per inch, a decrease in ink film thickness was found. At higher 

mesh counts the ink film thickness hardly decreased. The study did not examine mesh 

height and a closer examination of the results shows that the thread diameter changed a 

lot for the meshes with mesh counts up to 250 threads per inch, but changed by only 

small amounts for the higher mesh counts. A better way to analyse the results would be to 

consider the effect of mesh volume or height on ink film thickness (12).

17



■*— Wet Ink Deposit 
Dry ink Deposit

ro ro CO 00 00 00
o Ul 00 Ul o o Ul CD O)
CD 00 o on Ul Ul o o

r~ i- H —1
m m £ §

Mesh count (Threads per mm)

Figure 2.1: Mesh count and ink film thickness (12)

T Barden examined the effect of screen printing parameters on ink film thickness and ink 

transfer (13). The screen printing process parameters investigated were ink type, stencil 

type, mesh tension, squeegee hardness, snap-off gap, squeegee angle, squeegee speed and 

squeegee pressure. The ink type was the most significant of the parameters investigated. 

Other parameters that had an effect were (13):-

• The squeegee angle. Angles closer to the horizontal produced more ink transfer.

• Squeegee type. Soft squeegees produced more ink transfer than hard ones.

• Increasing the squeegee speed and pressure increased ink transfer but by a lesser 

extent than changing the angle.

2.2.2 Image distortion in screen printing

Donald Marston, in an article in Screen Printing magazine, discusses the use of Rz, 

defined in Chapter 1, as a method to measure surface roughness to quantify the quality of 

a stencil (14). Rz is a measure of the underlying waviness of a surface. It was suggested 

that to obtain good edge definition, a stencil must have a low Rz value; less than 10 

microns and that capillary film stencils are within this range. To obtain a smooth surface
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using direct emulsion stencils several layers must be applied to the underside of the 

screen. The study compared different coatings of direct emulsions and capillary film 

stencils. It concluded that capillary film stencils had lower Rz values, than the direct 

emulsion stencils, no matter how many coatings were applied.

Claypole et al studied the screen printing process to determine the significant process 

parameters on image distortion (15). The parameters examined were mesh tension, print 

speed, mesh ruling, squeegee angle, the ink and squeegee hardness and pressure as a 

combined variable. The size of the printed image was compared to the original film 

image by accurately measuring the positions of cross-hairs on the print. This was 

achieved for the print and transverse directions and the discrepancy in the position 

between the printed sample and the original image on the film was calculated.

Figure 2.2 shows representative trends found for the discrepancy in the transverse and 

print direction. Large positive strains were found in the print direction, but the strain was 

small or negative in the transverse direction. This work highlighted the differences 

between the transverse and print direction and shows that the problem of image distortion 

is not a one-dimensional effect.

6
B

Distance across print (mm)o
c/5

5
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Distance up print (mm)

(a) Transverse direction (b) Print direction

Figure 2.2 : Representative plots of discrepancy in image
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2.3 The effect of process parameters on fine line printing

Previous work investigating the influence of screen printing and stencil printing process 

parameters is reviewed within this section, due to the similarities of the two processes. 

The main differences, being the screen as there is no mesh in stencil printing, just a 

stencil. Also the thickness of the liquids used to print with. Stencil printing tends to use a 

much thicker liquid, with a higher solid content, than in screen printing and is often 

called a paste.

2.3.1 Squeegee and press parameters

In ‘Squeegee deformation study in the stencil printing of solder pastes’ Hannan, (16), 

concentrates on the role of the squeegee in the stencil printing of solder pastes. 

Specifically, the study examines the deformation of the squeegee into the stencil aperture 

and how this affects the height of the solder paste printed. It was assumed that when the 

squeegee passes over the stencil it is pushed slightly into the top of the aperture. This 

scoops out some of the paste in the aperture, thus reducing the amount of paste deposited 

onto the substrate. This occurs since the amount of ink in the aperture directly affects the 

amount of paste deposited onto the substrate.

Six squeegees were examined. These were one metal blade squeegee, three squeegees of 

differing shore A hardnesses, and two which had stiff material along the length, but soft 

tips. All the squeegees were set at a nominal angle of 60 degrees to the stencil. The height 

of the printed paste was measured for several aperture widths, lengths and pitches. The 

line orientations used were parallel, perpendicular and 45 degrees to the print direction 

and readings from all three orientations were averaged.

The experimental study found that the softer squeegee produced less paste height and, 

thus, more scooping. Also, metal and hard squeegees were consistent for all aperture 

sizes, but the softer squeegees produced erratic heights at several aperture sizes.
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Hastlehurst, (17), used an orthogonal array to examine many parameters in the stencil 

printing process. The aim of the study was to find the most significant parameters and 

examine the interactions between them. Parameters associated with the printer and the 

stencil were investigated. All the parameters were set to two levels. The same paste was 

used for the whole experiment. A correlation between mass of paste and line height was 

also investigated. The same initial mass of paste was used before each of 16 runs. 

Measurements of line height at two fixed places on each deposit were taken. Also, the 

mass was found of each board before and after printing.

The results were analysed by analysis of variance analysis (ANOVA), (18). The study 

found that there were five main process parameters. These are aperture width, print 

direction, squeegee pressure, aperture orientation and pitch. Aperture width was the most 

significant process parameter. Hastlehurst suggested this was due either to paste being 

trapped in the small apertures or they were not filled properly. This would result in less 

paste being transferred to the substrate. Also, pressure was a significant parameter. Too 

much squeegee pressure, as described previously (16), produces scooping of the paste, 

thus reducing line height. Lines placed parallel to the squeegee blade produced larger line 

heights than those placed at ninety degrees. The pitch also had an effect. The closer pitch 

lines were not as high. This implies that the paste roll may be affected by line pitch. The 

study also investigated interactions between the parameters, but these were found to be 

insignificant compared to parameter effects.

Pan, (1), examined the effect of four press parameters on the screen printing process. 

These were squeegee pressure, squeegee hardness, snap-off gap and squeegee speed. 

These were examined using orthogonal array techniques, (18), to examine each parameter 

at two levels. An experiment with all the parameters set to a middle level was also 

printed. The test image contained parallel lines of equal width and spacing, at 0.125mm,

0.2mm and 0.25mm, placed parallel and perpendicular to the print direction. The space 

width, and its deviation from the mean value, was used to examine the lines. This is the 

distance between two adjacent lines. For lines perpendicular to the squeegee direction, 

there were too many connections between the printed lines to take repeatable readings.
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Thus, this study showed that there was a difference between different line orientations, 

but was unable to quantify it. The results were examined using analysis of variance 

analysis (ANOVA), (18), to find the statically significant parameters. This technique 

showed that squeegee hardness and speed had a significant effect with a 95% confidence 

level. For lines parallel to the print direction, squeegee speed was significant on space 

width deviation. Higher squeegee speed increased the space width deviation. Squeegee 

hardness is the most significant parameter and hard squeegees are best for fine pitch 

printing. Snap-off and squeegee pressure had no significant effect, but may be affected by 

different screen tensions.

2.3.2 Ink, Substrate and screen

! Bertrams, (19), undertook an experiment to examine line width and concluded that the

| screen and ink influenced the screen printing process more than the press settings.

| Betrams considered the influences on the ink for all parts of the process from the

| movement of the squeegee to the ink drying on the substrate. During the movement of theI
| squeegee the viscosity of the ink is important as the ink has to flow, and fill, into the
I
! mesh. Viscosity is also important to enable good separation of ink from the mesh.
f

j
At the point of ink transfer three forces act on the ink. These are the adhesion forces 

between the ink and screen, the adhesion forces between the ink and substrate and the 

cohesion forces within the ink. These forces are shown in Figure 2.3. The balance 

between these forces determines the quantity of ink that is pulled from the mesh and is 

left on the substrate after printing.
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Screen lifts o f f  
from substrate

Screen

Adhesion between ink 
and screen 
Cohesion within ink 
Adhesion between ink 
and substrate

Substrate

Figure 2.3 : Schematic o f  Forces that exist as the screen pulls aw ay from the substrate

A fter printing gravity and surface tension affect the height and width o f  the printed line. 

Betrams gave a coefficient o f  spread, Sc, to define the spreading o f  the ink after printing, 

Equation 2.1, although this is D upre’s Equation (20), where Sc is actually the w ork o f  

adhesion between the solid and the liquid. This  is the work required to separate the liquid 

and solid interface.

S c = ? s a - ( Y s l - Y l a )  Equation 2.1

Where,

Ysa =  Surface tension o f  solid in air 

Ysl =  Interfacial tension o f  solid and liquid 

Yla =  Surface tension o f  liquid in air

Liang examined the effect o f  surface energies on the resolution o f  screen printing, (3). 

The wetting effect o f  the ink on the substrate is important in screen printing. If  the ink 

runs too freely then the line will spread increasing its width. This leads to parallel lines, 

printed closely together, connecting and thus reducing the printable resolution. In 

contrast, if  the ink does not flow sufficiently freely, the ink will not take up the gaps 

caused by the mesh and there will be gaps in the line, or large reductions in width. A
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liquid with a low surface energy will wet a substrate with a high surface energy. The 

study examined 3 inks printed on 6 types of substrate. This gave a large range of 

relationships between the surface energy of the solids and the surface tension of the 

liquids. Six line spacing widths ranging from 100pm line width and gap to 250pm line 

width and gap were used to examine resolution. Lines of a design width of 150pm were 

used to examine line width.

Several conclusions followed from Liang’s work. A reduction in the wettability of the 

substrate and ink can improve screen printing resolution. For high surface energy 

substrates, where wetting occurs readily, the use of high thixotropic inks will improve 

line resolution. For low surface energy substrates, wettability is more important. High 

line resolutions can still be achieved, even with low viscosity inks, if the critical surface 

tension of the substrate is less than the surface energy of the ink, (3).

In ‘Solder Paste for Fine Line Printing in Hybrid Electronics’, Rocak, (21), examined 4 

solder pastes for fine pitch printing. The pastes were initially tested for solder balling, 

wetting, slump, corrosion and insulation resistance. The pastes were then printed to 

examine their effect on line quality. Two variables were examined, these were print speed 

and stencil thickness, both at two levels. A visual inspection, using the human eye and 

giving a mark out of three, was used to assess line quality. The thickness of the paste 

applied and the line width before and after firing in an infrared furnace was measured. 

The results showed that, for a higher squeegee speed, the thickness increased, for most of 

the pastes. This effect was found to be greater for the larger stencil thickness.

Rodriguez and Baldwin investigated the fundamentals of the stencil printing process, 

(22). Their aim was to analyse and expand the knowledge of the paste release 

mechanism. Their objective was to identify critical factors and produce a model to 

estimate printed volume. Two phases of the experiments were completed. The first was 

designed to find the significant parameters. The second Was to examine the important 

parameters for interactions. Six parameters were identified for the first phase, these were 

stencil thickness, aperture shape (circle and square), area ratio, paste viscosity, separation



speed and particle size. Area ratio is the area of the aperture divided by the area of 

aperture walls. A two level fractional factorial experiment was used. The stencils were 

printed using a metal squeegee set at 45 degrees. The prints were measured using a non- 

contact laser metrology tool. This was used to find the height, the width and the cross- 

sectional area of the lines, but the prints were evaluated by examining printed volume 

compared with the volume in the aperture as a percentage.

The three most significant factors were area ratio, stencil thickness and particle size. The 

experiment was designed to investigate the limiting factors on solder paste release, so the 

aperture size was designed so that adhesion forces of the paste to the stencil and substrate 

were similar. There are two modes of stencil release. If the adhesion forces to the 

substrate are greater than the adhesion forces to the stencil then a large proportion of the 

paste is deposited. If the adhesion forces of the substrate are less than the adhesion forces 

to the stencil then much of the paste remains in the stencil and a small proportion of the 

paste is deposited. The two aperture ratios chosen for this study represent these two 

conditions. Particle size and stencil thickness were also significant. An increase in 

particle size leads to a decrease in printed volume. An increase in stencil thickness leads 

to an increase in printed volume. The ratio of particle size to stencil thickness is the 

important factor. Studying the interactions, the study shows that the particle size needs to 

be less than one third of the stencil thickness to produce a ninety percent deposit. This 

was also shown by Morris and Wojcik (23). The shape of the aperture was also shown to 

be significant. For a square aperture, paste can be trapped in the comers, allowing less 

paste to be released.

Morris and Wojcik examined solder paste for stencil printing and produced five tests to 

characterise the properties of the paste at different stages of the printing process (Figure 

2.4). Test 1 measures the shear stress before a rheological break down. This determines 

how squeegee parameters affect the viscosity and the printing process. Test 2 measures 

the thixotropy, the ink must shear thin so that it flows into the small spaces in the stencil. 

Test 3 measures the cyclic thixotropy. Tests 2 and 3 together measure how easily, under 

printing conditions, the paste fills the stencil prior to printing. Test 4 measures the yield
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point of the paste. This measures how easily the ink will fracture as it is drawn out of the 

stencil. Test 5 measures the inks dependency on temperature.

i
Teat l  -  Maximum Shear
Teat 2  -  T h ixo tropy
Taat 3  -  M u ltip le  C y c lin g
Tmat 4  -  Y ie ld  P o in t
Teat 3  -  Tem perature Dependence

pasta supply

4  rca stencil 
hoard

Figure 2.4 : Rheological tests for solder pastes and their relationship to the stencil 

printing process (23)

2.3.3 Discussion

Although stencil printing is very similar to screen printing, some of the basic differences 

mean that parameters have different effects on the two processes. Squeegee hardness is 

one of these. In stencil printing, the scooping caused by soft squeegees produces less ink 

transfer. In screen printing, softer squeegees produce more ink transfer. This is due to the 

bending and changing of the angle of the squeegee. Squeegee pressure is also a parameter 

that has the opposite effect for screen and stencil printing, again this is due to scooping.

The aperture size is a parameter that has a similar effect for both processes. If the hole 

that is being printed through is too small then the ink will not release from the hole. The 

ink and substrate interaction is another parameter that has a similar effect on both 

process. The importance of matching the surface tension characteristics of both the ink, 

or paste, and substrate apply equally for screen and stencil printing. It can be concluded 

that the similarities between screen and stencil lie only in the mechanism of ink release 

and spreading after printing, not the filling of the screen or stencil. For factors that apply 

to the ink release and spreading, observations from processes can be applied to screen 

printing.
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T he screen printing press parameters examined for their effect on the process were 

squeegee pressure, squeegee hardness, squeegee speed and snap o f f  gap. These were only 

exam ined for the space width and not the actual size o f  the line printed. A notable 

omission is the squeegee angle, that was shown by experim ent (13) to have a large effect 

on ink transfer and tone gain. For this reason, it is expected to have an effect on fine line 

reproduction and should be examined. Most o f  the work on press parameters was also 

only in tw o-dim ensions, but it is necessary for fine lines to exam ine cross-sectional area, 

not ju s t  line width. The orientation o f  the lines w as shown to have an effect, but this was 

not characterised.

The ink and substrate have been characterised for screen and stencil printing. The ink 

viscosity and surface tension are some o f  the most significant parameters on the process. 

It is important to match the surface tension o f  the ink and surface energy o f  the substrate 

to ensure good release o f  the ink, without too much spreading after printing. If this is 

achieved line resolution for screen, or stencil, printing can be optimised. The printing 

process can be broken down into three stages that can be used to characterise the ink.

1. Squeegee movement. During the print stroke the viscosity or thixotropic properties 

o f  the ink are significant. The reduction o f  the ink viscosity during the print stroke 

helps the flow o f  ink into the mesh. This is shown in Figure 2.5.

Squeegee m ovem ent

Figure 2.5 : Flow of ink into the mesh.
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2. Point of snap. As the screen pulls away from the substrate, there are three forces that 

are significant; adhesion between ink and screen, cohesion within ink and adhesion 

between ink and substrate. Thus, the important characteristic of the ink is surface 

tension.

3. After printing. The surface tension of the ink, compared to the free surface energy of 

the substrate, will affect the amount of spreading after printing.

The screen or stencil is used to hold the ink or paste prior to the release of it onto the 

substrate. It has a large effect on ink film thickness. A thicker screen can hold more ink 

and will therefore deposit more onto the substrate, with a higher ink film.

2.4 Line measurement techniques

2.4.1 Review of measurement techniques

Webster, (24), used a ‘defect criteria’ to distinguish between good or bad lines. He made 

three points about the importance of any measurement system. The inspection should be 

done visually, since the small width of the conductors made manual electrical probing too 

time consuming. The defects must be described in quantitative terms, enabling the use of 

computer analysis. The measurement system should highlight the most significant 

problems encountered in fine line printing. This led to the definition of five defect 

criteria, which are described below and illustrated in Figure 2.6.

• Opens. Voids in the line extending for more than 80% of the width.

• Shorts. Intrusions of conductor material extending more than 80% into the space 

between two lines.

• Partial opens. Voids in the line extending between 40 and 80% of the width.

• Partial shorts. Intrusions of conductor material extending between 40 and 80% into 

the space between two lines.

• Insufficient paste. Repetitive opens and partial opens along a length of a line.
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Figure 2.6 : Illustration o f  W ebster’s defect criteria. (24)

Bertrams, (22), examined the increase in width o f  the dried conductor line com pared with 

the m ask line width on the screen. This difference was called the line widening. No 

mention is made o f  the method used to m easure the line width, whether it was visual or 

physical, or any apparatus used. The num ber o f  readings taken or the length along the 

line was also not mentioned, only that an average was taken.

In ‘Solder Paste for Fine Line Printing in Hybrid Electronics’, Rocak, (21), used a visual 

inspection system giving a mark out o f  three. The visual inspection was performed by the 

human eye. The thickness o f  the paste applied and the line width before and after firing in 

an infrared furnace was measured.

Pan examined fine line printing for screen printing, (1). M easurem ent o f  the height o f  the 

lines was attempted, but this was unsuccessful due to the limitations o f  the equipm ent 

available. The paper focused on the space width, the distance between two adjoining 

lines, and a visual inspection for connections between two lines. The space width was 

found using a microscope. A mean and standard deviation were found from a total o f  10 

points measured at two places for each line width on each print.
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Rodriguez and Baldwin examined the solder release mechanism in stencil printing, (22). 

To do this, a camera was used to film the action of printing and the quality of the final 

prints was examined. The characteristics of the print measured were average height, 

wetted surface area and cross-sectional area of the solder deposit. This was carried out 

using a non-contact laser metrology tool. The actual quality of the print was evaluated 

using the percentage volume of the paste deposited on the substrate. This is calculated as 

the ratio of the printed volume to the aperture volume on the stencil. Thus, the measured 

parameter examined ink transfer rather than the actual quality of the printed image.

2.4.2 Discussion of measurement techniques

Several techniques have been used to measure the quality of fine line reproduction. The 

basic measurement parameters are line width or line height and variations of these, 

although some studies have examined other factors. It is important to produce a 

repeatable method for the evaluation of lines. A visual analysis and simple grading 

system, using the human eye, is unlikely to be repeatable, especially from person to 

person. Using a machine to measure line quality parameters improves repeatability, but 

results are likely to be dependent on the instrument used. It is, therefore, important to 

give information on the measurement method used and specifics of the instrumentation.

Most of the systems used have chosen to examine the quality of the printed image. Most 

have achieved this by examining the printed line width or space width. The five defect 

criteria described by Webster, (24), would be a good system for statistical process 

control. These parameters, or similar, should be considered in any measurement system. 

Rodriguez, (22), took a different approach, by examining the actual amount of ink printed 

compared with the hole size in the stencil. This examines the printing process rather than 

the finished product, although the two are be related. This has a scientific value, to further 

process understanding, especially when trying to develop a model of the process as 

Rodriguez was. There are, though, more simple ways to measure the quality of the 

printed image.



The majority of the measurement techniques have been in two dimensions (line width), 

but to examine fine lines a measurement of cross-sectional area is necessary and this 

requires the three-dimensional measurement of the line profile. It is important to measure 

both the line size and the continuity of the line along its length. An objective three- 

dimensional measurement system is required to be designed. This must be a repeatable 

and reliable method of characterising fine lines.

2.5 Review of mechanics of ink transfer and screen printing models

2.5.1 Introduction to the mechanics of screen printing

Screen printing can be considered to have two stages; the filling of the screen with ink 

and the release of the ink from the screen onto the substrate. The first two papers 

described concentrate on the release of the ink from the screen. In the years following 

this, most of the work carried out concentrated on the flow of the ink into the mesh and 

I the pressure in the bow wave in front of the squeegee. Attention then turned back to the

! ink release.

2.5.2 Review of theories on ink transfer in screen printing

The first of Riemer’s papers analyses two parts of the screen printing process (25). The 

mesh and stencil were investigated to determine their effect on ink transfer, as well as the
I

forces on the ink at the point of ink transfer.

Riemer consider the screen to be the major influence in ink transfer and other parameters 

are ignored. First, the mesh was examined to determine the volume of ink it can hold. 

This is assumed to be the ink volume printed. From this, the height of the ink film can be 

predicted. This is based on the complete transfer of ink from the mesh. This is not an 

accurate estimation of the ink printed as ink is left on the screen and it assumes the 

squeegee does not deform into the mesh and that the threads do not distort under tension.
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The effect of the stencil was also examined and Riemer predicts a one to one scale of the 

thickness of stencil to the increase of ink height printed, i.e. a 1 micron increase in stencil 

thickness would produce a 1 micron increase in printed film height. Edge effects of the 

stencil are described. He states that ink height is less away from the stencil because the 

mesh height is less than the height of the mesh and the stencil.

Riemer, also, considers the mechanics of ink transfer. The printing process is described in 

two parts

• Filling the mesh during the squeegee stroke

• Ink pulled out of the screen during the snap-off

For good ink transfer, the forces between the ink and the substrate have to be strong 

enough to pull the ink from the mesh. Riemer considered the ink elongates as the mesh 

pulls away from the substrate and at the thinnest point in the ink, the maximum tensile 

strength is exceeded and the ink separates. For good ink transfer, the ink is required to 

stick to the substrate. This is known as ink wetting and is a function of surface energy. 

Although, if the ink sticks well to the substrate, the ink will also stick to the screen. The 

physical evidence for this is that some of the ink is left in the mesh after printing. It is, 

therefore, reasonable to conclude that the ink separates within itself, not from the mesh 

surfaces. The position of the minimum thickness will determine the amount of ink 

released. Riemer derives a formula for the ease of ink release. An ink is given a number 

dependent on mesh count and mesh thickness. For good release, an ink should have a 

high adhesive strength to the substrate and a low tensile strength.

Messerschmitt (26) considered why ink does not separate totally from the screen and 

adheres to the substrate. Previous theories are examined.

• The breaking of the bond in the ink does not happen due to the relative areas of the 

screen and mesh. The area of the screen in contact with the ink is much larger than 

the area of the substrate.

• The ink does not flow through the screen because of the pressure from the squeegee, 

as ink can not flow under the screen due to the seal between the stencil and substrate.
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• Ink release does not occur due to gravity, since screen printing can be carried out up 

side down.

• Ink release has little to do with air pressure and the ink being sucked out of the 

screen, since screen printing can be carried out in a vacuum.

Having discredited these theories Messerschmitt describes his own.

Messerschmitt’s argument is based on the importance of tensile fracture of the ink. The 

squeegee fills the mesh with ink. The mesh is divided into cells, which hold the ink, 

called cups. The top surface of the ink is created by the squeegee and surface tension. At 

the point just after the squeegee, the mesh and substrate are held together by the ink. 

Three forces are present at this point; adhesion between the ink and substrate, adhesion 

between the ink and mesh, and the surface tension on the top surface of the ink. As the 

mesh is drawn up, during the snap-off, the ink acts as a ductile solid. The adhesion forces 

between the ink and mesh and substrate are great and do not break. The raising of the 

mesh induces flow in the ink as it tries to maintain a constant volume because of the 

internal cohesion forces in the ink. This changes the shape of the ink. As the mesh is 

drawn up, further tensile forces holding the ink to the screen oppose the cohesion forces 

in the ink. This creates a shear stress in the ink near the mesh. The shear forces tear the 

ink away from the mesh leaving only a small amount of ink on the screen.

Both Riemer and Messerschmitt put forward arguments on how ink is released from the 

screen onto the substrate. Riemer considered tensile properties of the ink to be more 

important, whereas Messerschmitt considered shear stresses in the ink to be the most 

significant. In the years following the concentration of research was on the ink flow into 

the screen and mesh, and not the release of ink onto the substrate.

Riemer wrote three papers from 1985 to 1988, (27, 28, 29), concentrating on ink flow 

into the screen. The first, (27) examines the use of the Navier-Stokes equation to derive a 

solution to the pressure distribution within the bow wave of the squeegee. The movement 

of the squeegee generates hydraulic pressure in the ink in front of the squeegee. The 

screen printing process was assumed to be an inclined plane moving over a high viscosity
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fluid on a stationary horizontal surface. Riemer considers this pressure important in 

screen printing as it pushes the ink into the mesh and supports the squeegee. If the 

hydraulic pressure was increased, then the squeegee would bend more. This would result 

in a thicker print since the squeegee would not penetrate the mesh as much. Thus, press 

parameters that caused an increase in hydraulic pressure would increase the ink film.

Riemer extended this work in 1987 and 1988 (28, 29). Riemer postulated a theory to 

explain why more ink is left on the substrate than in the screen. The mesh was considered 

as an array of small tubes. Ink particles were concentrated in the centre of the tubes, due 

to collisions that occur in the ink that pushed the particles to the centre of the tube. 

During the printing process a vehicle rich layer stays attached to the mesh, lubricating the 

flow of particles in the centre of the tubes. To provide evidence for this Riemer examined 

the particle content of the ink on the substrate and on the mesh after printing. This 

showed a larger particle content on the substrate than in the mesh. Riemer also described 

a release mechanism for the ink. This was based on a vacuum forming under the mesh 

threads during snap-off. Although, Messerschmitt had already discredited vacuums as the 

reason for ink release in the screen printing process (26).

Huner examines screen printing as a blade coating process (31). His study describes the 

theory of blade coating and then the similarities between this and screen printing. The 

blade coating process consists of a substrate moving under a short inclined plane. The 

coating liquid flows under the plane, due to the movement of the substrate, and is tapped 

at the height of the blade. This is shown in Figure 2.7. Huner decides to use Newtonian 

fluid for his models. The solution is based on the Navier-Stokes equation in 2 dimensions 

for Newtonian flow. This was solved to find the height of the ink left on the substrate 

after the coating process. Results showed that the height of the flow is dependent on the 

geometry of the system and not on the speed or viscosity of the inks.

It is known that the ink characteristics and the speed of the squeegee are some of the 

more significant parameter effects in screen printing (1,9). This leads to questions on the
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validity of assuming screen printing to be similar to blade coating. The next part of 

Huner’s study examines the differences between screen printing and blade coating theory.

Blade

<-----------------------------------
Substrate

Figure 2.7 : The essential features of a blade coating apparatus (31)

Huner argues that if the mesh count is low and the screen has a high open area, then the 

screen only acts to separate the squeegee from the substrate. Thus, ink is not considered 

to flow through the mesh and blade theory should apply to screen printing. Huner does 

note that this is not the case near the stencil and will only work in areas of open mesh. 

Huner then goes on to examine Riemer’s theory using the Taylor solution of the Navier -  

Stokes equation to the wedge flow problem and compares it with the conditions that exist 

in the ink roll in front of the squeegee.

Huner discredits Riemer’s theory on two counts. Riemer assumes the screen to be smooth 

and impermeable satisfying no slip boundary conditions. This may be true of an almost 

completely masked screen. This does, though, produce a pressure singularity at the 

squeegee tip unless stress is relieved in some way. Riemer states that this is relieved due 

to turbulence and Non-Newtonian behaviour of the inks. Huner argues that turbulence is 

a high speed phenomenon and does not occur with Navier-stokes equation. Hydroplaning 

is a better solution but, in order for hydroplaning to occur, then a gap must appear at the 

squeegee tip. This would no longer satisfy the Taylor solution. The Taylor solution also 

breaks down at the edge of the ink roll. Here inertial effects are significant and are 

neglected in the Taylor solution. Huner, therefore, postulates a new theory to examine the
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pressures and ink flow in screen printing. For this purpose he splits the ink roll into three 

regions

• The squeegee tip

• A middle region where the Taylor solution applies

• An outer region which includes the free surface of the ink

Huner’s paper tries hard to discredit Riemer’s theory, but neglects many key aspects of 

screen printing. Huner argues that the open area of the mesh is large and that the screen 

only acts to separate the squeegee and substrate. This is a large assumption, especially 

since most meshes have an open area of less than 25 or 30 percent. The screen for most 

applications is probably more similar to Riemer’s approximation to a smooth and nearly 

totally masked screen, especially when printing fine lines, than Huner’s idea of an almost 

complete open mesh. Huner has completely neglected the Non-Newtonian aspect of the 

screen printing process. Riemer uses Non-Newtonian flow to relieve the stress in the 

squeegee tip causing infinite pressure at this point. Huner’s idea of the three regions of 

the ink roll is used in several of the next papers on ink flow, but neglecting the shear 

thinning effect of the ink is a large assumption.

Owczarek and Holland (32) wrote a paper examining the screen printing process and 

tried to improve Riemer’s theories on ink flow in the ink roll. He examined flow patterns 

and concluded that ink was pushed through the screen ahead of the squeegee. Physical 

evidence and tests backed this up. Interrupted printing tests were performed. The 

squeegee was stopped suddenly during the print stroke and removed. The print was 

examined by a profilometer to show the height and shape of the ink on the print. This 

suggested that there was pre-printing through the mesh in front of the squeegee. Using 

this profile, the deformation of the squeegee into the mesh during printing was estimated. 

The study used the original formula postulated by Riemer (25) in 1971 to find the ink 

held in the mesh. This time, though, the deformation of the squeegee into the mesh was 

taken into account.
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Huner examined the deflection of the squeegee along its length in two further studies (33, 

34). He modelled the squeegee as an inclined cantilever beam clamped at one end and a 

force applied at the other end exerted at an angle. This force is dependent on the force of 

the squeegee on the screen, the frictional drag force and the normal and tangential fluid 

stresses. These are reduced to two main forces; the force at the squeegee tip and the fluid 

pressure. Analysis of this produced an equation with no analytical solution. The equation 

was, though, in 2 parts, a part relating to the elastic stresses on the squeegee and a part 

relating to the squeegee speed and ink viscosity.

Jewel examined the hydrodynamic and drag forces that occur during the movement of a 

squeegee in screen printing (35). This was achieved by solving the problem of Non- 

Newtonian hydrodynamic lubrication. The parameters analysed were squeegee hardness, 

ink viscosity and squeegee load. Experiments were performed on a rig consisting of a 

rotating belt onto which a squeegee could be pressed. The report found that the drag force 

dominated the hydrodynamic forces. Thus, increasing the squeegee load had a greater 

effect on the drag force than increasing the squeegee speed. Increasing either squeegee 

angle or ink viscosity increased the drag force. Softer squeegees produced higher 

hydrodynamic pressure at low speeds. Hydrodynamic force decreased with an increase in 

speed and increased with squeegee angle.

Fox et al. examined a new idea of using a roller instead of a conventional blade squeegee 

(36). A model was produced to predict the deposit thickness of halftone coverage. It 

examined the hydrodynamic pressure created in the nip junction between a compressible 

roller and a porous screen. This relies on a fluid film existing between squeegee and 

screen. One conclusion found by comparing data between a rigid blade squeegee and a 

roller squeegee was that the roller squeegee produced a higher pressure at the nip. The 

model showed good a agreement to experimental data from actual prints up to 50% 

halftone. For the actual prints the deposit height for 50% halftone to a solid remained 

constant. From this Fox concluded that the height of the deposit was governed by the 

hydrodynamic pressure in the tip up to about 50% halftone. Above this the hydrodynamic
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action does not govern the process since the fluid film fails to exist. The squeegee rests 

on the screen and the height of the thickness is governed by the height of the screen.

The work done by Fox can be used to examine the theories put forward by Riemer (27, 

28, 29) and Huner (31). Riemer considered the screen to be reasonably impermeable and 

capable of sustaining a fluid film similar to hydrodynamic lubrication. Huner considered 

that the mesh exists only to maintain a gap between the squeegee and the screen. Fox has 

shown that at low coverage, Riemer’s theory seems to hold true and that, when printing 

high coverage, Huner’s theory seems to govern the process. Fox found that for the roller 

squeegee, the transition took place around 50% coverage. This, though, may be different 

for a blade squeegee, which is not capable of sustaining the same hydrodynamic pressure. 

Image resolution is likely to have a large effect on this as well.

The idea of the squeegee working as a hydraulic pump and affecting the printed image 

has been examined thoroughly. The next two papers examined describe models that 

assume the squeegee exists only to push ink into the screen and press the screen onto the 

substrate. The important forces of ink transfer occur at the point the screen snaps off the 

substrate. This is a return to the initial theories postulated by Riemer (25) and 

Messerschmitt (26).

Having completed an extensive experimental program, Rodriguez and Baldwin put their 

work into a model to predict the volume deposited in stencil printing (22). Through their 

experimental work, they identified three modes of paste release.

• The complete release mode occurs if the adhesion of the paste to the stencil was 

significantly less than the adhesion of the ink to the substrate. For this mode, most of 

the ink is deposited. It occurs if the area ratio of the aperture is large. In practice, it is 

recognised by the paste trying to separate completely from the aperture walls.

• The shear release mode occurs if the adhesion of the paste to the stencil is stronger 

than the adhesion to the substrate. A necking of the ink precedes splitting of the ink. 

Failure occurs due to shear stresses within the ink becoming larger than the ultimate
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tensile strength of the paste. In this case it was considered that the paste behaves more 

similarly to a solid than a liquid at the point of release.

• Adhesion failure release mode occurs if the squeegee pressure is too small to properly 

wet the substrate.

The aim of the study by Rodriguez and Baldwin was to produce a model to predict paste 

volumes for the shear release mode. To do this, the forces that occur in the paste during 

the release of the paste were analysed. The forces are considered in a similar way as 

Riemer in 1971 (25). The three main forces examined were adhesion between substrate 

and stencil, cohesion within the paste, and adhesion between the paste and substrate. A 

detachment force is considered, which is the force required to detach the paste from a 

surface. If the detachment force is greater than the adhesion force then the paste will 

detach from the surface. During the release mechanism, the detachment force is applied 

parallel to the surface, thus frictional forces also play a part. The static and dynamic 

forces are different. For slip between the paste, and the surface first a detachment force 

has to be applied that is greater than the adhesion force. The force required to maintain 

slip, which needs only to overcome friction, is smaller than the force required for 

detachment. Thus, once the paste has begun to slip over the aperture walls, the stress at 

the interface reduces and the paste slips more easily.

The shear release model uses the existence of a yield stress and the viscoplastic 

tendencies of the paste. The paste is assumed to be rigid until a force is applied that 

produces a shear stress greater than the shear yield stress of the paste. At this point, the 

slip shear stress will act on the stencil walls rather than the adhesion stress. The slip stress 

is smaller than the adhesion stress. Once this occurs then the paste is released completely 

from the stencil. Elemental stress analysis is used to build up a model of the paste release 

to predict the percentage volume of paste deposited. The model shows a good 

approximation to experimental data.

Abbot (37) uses the idea formed by Messerschmitt that the dominant forces in ink 

transfer occur during the snap-off of the screen to create a model to predict ink transfer
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for screen printing. Abbott describes the process of ink transfer as ‘infiltration of a free 

surface through a three-dimensional structure’. The model uses the theory of the 

formation of meniscuses to predict the amount of ink transferred. Several assumptions are 

made to simplify the model.

• The flow is only considered in 2 dimensions.

• The threads are considered to be cylindrical.

• The liquid is considered to be incompressible.

• The squeegee blade is rigid and fills the screen completely with no deformation 

into the screen.

The model assumes that the free surfaces of the ink conform to their radius of curvature 

and ink splitting occurs when the free surfaces meet. This is shown in Figure 2.8. The 

data obtained from the model was compared to SPTF (Screen PrintingTechnical 

Federation) data on ink deposit verses mesh count (12). The model was found to predict 

results reasonably compared to the experimental data.

( C )

(b)

( d )

Figure 2.8 : The predicted evolution of the meniscus as it travels through a mesh (37)

Rodriguez and Abbot took different approaches to the idea that the main influences on 

screen printing occur as the screen snaps off the substrate. Rodriguez examined three 

cases of ink release dependent on the size of the aperture and thus the ease of ink release. 

For fine lines, the shear release mode occurs, involving the necking of the ink as the 

screen is pulled off the substrate. Rodriguez modelled this by elemental stress analysis of
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the shearing of the ink. His assumption that the shear release mode is present during fine 

line printing is backed up by the work carried out on inks by Bertrams (19) and Liang (3) 

on the effect of surface tension on the release of the ink. Abbott did not use the adhesion 

and stresses within an ink, but the size of the meniscus formed as the mesh is pulled off 

the screen. Both of these theories have been verified under some screen printing 

conditions, but they cannot produce a complete model, since they do not take into 

account the filling of the screen. Thus, models that solely examine the release of the ink 

from the screen do not take into account some press parameters such as squeegee angle, 

pressure and type. These have been shown experimentally to affect ink transfer in screen 

printing (13).

2.5.3 Discussion of ink transfer in screen printing

Two schools of thought have been described and discussed in this section. One considers 

models that examine the squeegee pushing ink through the screen, the other considers the 

ink is pulled out of the screen as it snaps off the substrate. Each of these theories alone 

cannot describe the whole screen printing process. Three stages of printing are used to 

describe the use of the theories of ink transfer.

1. Squeegee movement. The squeegee moving over the mesh is an action that 

determines the amount of ink held in the screen. The screen thickness and the 

deflection of the squeegee affect the amount of ink in the screen. The amount the 

squeegee deforms is dependent on the hydraulic pressure generated under the 

squeegee. The process parameters that affect this are the ink viscosity, squeegee 

angle, squeegee speed, squeegee pressure and squeegee hardness. Two conditions 

were shown to exist for the modelling of the squeegee movement. Huner considered 

the mesh as porous media, this applies more to large open areas. The mesh can be 

considered non-porous and the squeegee rides on a thin film on top of the screen. This 

was examined by Riemer and Fox. Fox showed that this assumption produced a good 

approximation to experimental data for low coverage areas.

2. Point of snap. As the screen snaps off the substrate the ink is drawn out of the mesh. 

This determines the amount of ink, which is already present in the screen, that is
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transferred to the substrate. This is related to the amount of ink held in the screen, 

since it is not possible to transfer ink that is not held in the screen. This is affected by, 

the surface tension of the substrate, the surface tension of the ink, the yield stress of 

the ink, the snap speed and the screen tension.

3. After printing. No models reviewed have taken into account the amount the ink 

spreads once it is on the substrate. This is affected by the surface tension of the ink 

and substrate.

This assumes a perfect seal between the screen and the substrate. For rough screens or 

substrates, ink leakage can occur under the screen during printing.

2.6 Discussion of proposed work

2.6.1 Introduction to proposed work

Previous work into screen printing is discussed to show areas that require research. The 

effect of some screen printing process parameters on the line quality required 

consideration. These are discussed in the first part of this section. The investigation into 

previous work into the reproduction of fine lines using screen printing prompted the 

questions ‘what is a good quality line?’ and ‘how line quality could be measured?’ 

Therefore, this section considers how these two questions could be answered. Much of 

the previous research has been conducted assuming a rectangular cross-section, 

measuring width only. This present study will examine the validity of this assumption 

and consider alternative measurement methods.

2.6.2 Screen printing process parameters

The work in this study aimed to increase the understanding of the effect of the process 

parameters, as well as to develop a repeatable measurement method. The screen printing 

parameters were chosen for two reasons. Parameters of known effect were chosen to 

prove the use of the measurement and analysis techniques developed. This enabled a 

comparison of the results found using the measurement and analysis techniques to 

previous data. Parameters known to affect tone gain and ink transfer were examined to
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increase the understanding of the process. The choice of the parameters is discussed 

below.

As discussed in Sections 2.2 and 2.3, several parameters associated with the squeegee are 

known to have an effect on ink transfer (13). The most significant squeegee parameters 

are squeegee angle, type, pressure and speed. Squeegee angle has been shown to have a 

large effect on ink transfer (13), but has not been examined for its affect on fine lines. 

The squeegee type is the next most significant squeegee parameter after squeegee angle. 

The squeegee speed and pressure have a comparatively small effect on ink transfer. The 

squeegee speed was shown to be the least significant of the four parameters (13, 17). The 

effects of the squeegee type, pressure and speed for stencil printing of fine lines have 

been examined in the past (16, 17). However these studies were not specifically for 

screen printing and have been shown to have a different influence on stencil printing, as 

opposed to screen printing. Thus, the effect of the squeegee angle, speed and pressure on 

fine line screen printing still required thorough investigation, since they are known to 

have an effect on ink transfer.

Previous studies into ink type have shown that it is one of the most significant parameters 

of all the screen printing process parameters. This has been shown for fine line printing 

(3, 19, 22, 23). The viscosity and the surface tension are the two ink characteristics that 

effect the printing process, so these need to be measured for the inks examined. Even 

though the effect of the ink is well characterised, it is useful to examine the ink to show 

the effectiveness of the measurement system. The ink type may have as significant effect 

on cross-sectional shape as it has on ink transfer.

The important characteristics of the screen are the stencil height and roughness (12). The 

height has been shown to have an effect on the ink transfer. The stencil roughness has 

been shown to have an effect on the edge quality of lines (14). This knowledge can be 

used to evaluate the capability of a line quality measurement system. The stencil 

characteristics were also considered likely to have an effect on cross-sectional shape.
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Orientation is the angle at which the line is placed relative to the print direction. The 

effect of this on ink transfer and line quality has been studied, but not quantified (1). A 

thorough examination would allow the effect of orientation to be quantified.

2.6.3 Fine line measurement

Previously, line quality had been measured in several ways, but no work has been carried 

out to find a repeatable and reliable method to characterise the quality of fine lines. ‘What 

characteristics make a line good or bad?’ is a question that requires consideration. 

Webster (24) considered this, but his work relied on a measurement of the two- 

dimensional size of the line. This is not reliable for fine lines where the cross-sectional 

shape is not rectangular. This is because a two-dimensional analysis of line size relies on 

the assumption that the cross-sectional shape of the line is a rectangle.

Variation of the line cross-sectional size along the length of the line is also important. 

Some of the previous studies made several readings of line width, but with no description 

of why a particular number of readings were taken. It is important to measure not just the 

cross-sectional size of the line, but how repeatable the cross-sectional size is along the 

length of the line. It is, therefore, necessary to consider any patterns that arise along the 

length of the line and to measure the variation of the line cross-sectional size along its 

length.

Assuming that the line has a rectangular cross-section may not be a good approximation 

for fine lines. There is a curved section at the edges of a cross-sectional profile that is not 

taken into account by this approximation. As the line width decreases the proportional 

affect of the curved section increases. Thus, the effect of the curved section and how it 

affects the cross-sectional area of the line needs to be examined. It would be useful to 

relate the cross-sectional shape of fine lines to the width or width and height of the line. 

This may allow the cross-sectional area of the line to be determined from the 

measurement of line width for fine lines.
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2.7 Closure for the literature review

This section reviewed previous work on methods of measuring fine lines, the effect of 

process parameters on fine line printing and the mechanics of ink transfer. This was 

followed by a discussion of the proposed work to be carried out by this study.

The main conclusions from this review were

• A new measurement system was required to be developed that measured the 

parameters of the line that influenced the characteristics of printed lines and were 

affected by the screen printing process.

• The screen printing process parameters that required investigation were the 

squeegee parameters, the ink and the screen, as these were the most significant 

process parameters. The orientation of lines to the print direction was shown to 

affect line width, although this was not a quantified or a theory proposed as to 

why this may occur. A thorough investigation into line orientation should, 

therefore, be included within this study.

• The review into ink transfer showed that there were three stages to the screen 

printing process. These are ink flow into the screen, ink flow out of the screen just 

behind the squeegee and ink spreading after the ink was deposited onto the 

substrate.
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Chapter 3

Experimental Programme

3.1 Introduction to the experimental programme

This chapter describes the instrumentation used to measure the ink characteristics and the 

instrumentation used to capture the required data from the printed image, followed by the 

experiments carried out to investigate the influence of screen printing process parameters 

on fine line reproduction. The screen printing process parameters investigated were the 

ink type, the squeegee angle, the squeegee type, the squeegee pressure and the screen.

3.2 Measurement of ink characteristics

3.2.1 Contact angle measurement

The contact angle of the inks was measured using a DAT110 contact angle measurer 

produced by Fibrosystems, shown in Figure 3.1. A drop of liquid is placed on to a 

substrate and a CCD camera records an image of the drop on the substrate. From the 

image the contact angle is calculated. The relationship between contact angle and surface 

tension is described is described below.
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Controlling PC

Contact angle 
measurer

Figure 3.1 : D A T 1 10 Dynamic contact angle m easurer

Solids and liquids can be described as having a surface free energy and this is the ability 

o f  a solid to attract or repel a liquid. When a drop fails on a solid a new interface is 

formed between the solid and the liquid. The w ork o f  adhesion, between the solid and the 

liquid, is defined as the work required to separate the liquid from the solid surface. 

D upre’s Equation (Equation 3.1) relates the interfacial energy o f  the three phases (solid, 

liquid and gas) that occur at the boundary (20).

Where,

Wsi is the w ork o f  adhesion between the solid and the liquid 

Y sa is the surface tension o f  the solid air interface 

Y l a  is the surface tension o f  the liquid air interface 

Ysl is the surface tension o f  the solid liquid interface

When the drop sits on the surface, it does so in a state o f  equilibrium with the forces due 

to the surface free energies balanced, this is shown in Figure 3.2. The angle at the 

boundary between the liquid and the solid is called the contact angle (Figure 3.3) and is a

lVSL=/sA+r u - r s L Equation 3.1
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measure o f  the relative adhesion and cohesion between the solid and liquid. Figure 3.2 

show s the force balance at the boundary, this is called Y o u n g ’s Equation (20).

Y l a

Y s a Y s l

Figure 3.2 : Force balance at the boundary between a solid and a liquid

Contact Anule = 0

Figure 3.3 : The contact angle o f  a liquid resting on a solid

Ysa ~ Y s l  = Yu cos0 Equation 3.2

Where,

9 = contact angle

3.2.2 Viscosity m easurem ent

The viscosity was measured using a Contaves Rheom at 120 cone and plate visometer, 

shown in Figure 3.4. A small quantity o f  ink is placed between a cone and a flat plate, as 

shown in Figure 3.5. The cone is then spun at a constant speed and the torque required to 

maintain the speed is measured. The torque and angular velocity are measured to quantify 

the viscosity o f  the ink. This is achieved using Equation 3.1 and 3.2 (38). The shear
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thinning characteristics o f  a fluid is determined by m easuring the viscosity at several 

speeds and thus several shear rates.

3 T
1  =  t2 m

Q
y  =  - -------

tan a  

Where,

x is the shear stress 

T is Torque

r is the radius o f  the cone

Equation 3.3 

Equation 3.4

y is the shear rate

Q  is the angular velocity

a  is the angle between cone and plate

Figure 3.4 : Contaves Rheomat Viscometer
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a  - the angle between the 

cone and the plate

Figure 3.5 : Schem atic o f  a cone and plate viscom eter 

3.3 Measurement of the printed image

This section describes the image processing techniques and instrumentation used to 

obtain the required data from the printed image, enabling the m easurem ent o f  three- 

dimensional line characteristics. T w o m ethods were used to measure the profile o f  the 

lines; image analysis and white light interferometry. Image analysis was used during an 

initial examination o f  the lines to split them into classes based on their edge roughness, 

but it was not possible to measure the three-dim ensional characteristics o f  the lines using 

image analysis.

3.3.1 Image processing

The image analysis techniques described can be applied to any form o f  digital image, 

such as a thermal image or, as in this case used to m easure three-dimensional line 

characteristics with a white light interferometer, a height map. The approaches used to 

obtain information from the white light interferometer data were synonym ous to image 

processing, but with the distinct difference that the data represented height, as opposed to 

greyscale value. Thus, a description o f  image analysis is given as the five steps described 

were used to develop techniques to m easure the three-dimensional profile o f  lines.
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Image processing is the technique used to extract, characterise and interpret pictorial 

information from the world around us (39). Image processing has many applications, but 

they can be split into two main groups (40).These are the production of images for closer 

and more detailed examination by humans or the collection of data for the perception by 

machines.

There are five steps to image processing and analysis (40): (i) image acquisition; (ii) pre­

processing; (iii) segmentation; (iv) detection and description; and (v) interpretation. This 

study only examines black and white images, therefore colour image processing is not 

discussed in this section.

Image acquisition is the sensing of the image and representation of it in a digital form. It 

is often called image capture. A digital camera is used to take the information from the 

real world and represent it in digital form. The image is split up into an array of squares 

called pixels, thus discretising the image spatially. Each pixel is given a number between 

0 and 225, for standard 8 bit file type, to represent the brightness of the image at the 

position of the pixel, 0 is black and 255 is white. The brightness range is often called the 

greyscale.

Pre-processing involves steps used to enhance the image. These include optimisation of 

the dynamic gain and reduction in noise to improve the quality of the image. The 

reduction of noise, if required, is normally achieved using filters or averaging techniques.

Segmentation is the separation of the image to highlight the areas of interest. The key aim 

of segmentation is to separate the area of interest from the background. This is achieved 

by setting a threshold value of brightness, where every pixel above, or below, the 

threshold value is detected. This is often called binarisation. An example of detecting a 

line is shown in Figure 3.6. Figure 3.6(a) shows the original captured image and Figure 

3.6(b) shows the segmented image with the line highlighted. Obtaining consistent 

thresholding is an important part of image processing.
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(a) Original image (b) Segm ented image

Figure 3.6 : Exam ple o f  segmentation

Autom ated thresholding can he achieved by analysing a histogram o f  the num ber o f  

pixels at each greyscale level. For an image o f  a line the histogram will consist o f  a curve 

with 2 peaks, this is called bimodial. One peak for the dark pixels, representing the line, 

and one peak for the light pixels, representing the substrate, Figure 3.7. These two peaks 

represent the distribution o f  pixels making up the substrate and the line. Thresholding 

techniques try to produce a consistent method o f  splitting the two peaks and thus the 

image. It is possible to End either the minimum between the two peaks or the mean point 

between the m axim um  o f  the two peaks. These tw o methods are shown below.
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The red curve represents 
the histogram o f  the line

The blue curve 
represents the 
histogram o f  the 
substrate

N um ber o f  
pixels

Greyscale intensity

Figure 3.7 : A bimodal greyscale histogram, show ing the two peaks representing the line 

and the substrate

The image can be segmented by finding the m inim um  o f  the histogram plot (41). This is 

shown in Figure 3.1. This has some limitations since the m inim um  is not always well 

defined.

N um ber o f  
pixels

Greyscale intensity

O ptim um  threshold

value

Figure 3.8 : O ptim um  threshold level using m inim um  value method

The peaks are often better defined than the m inim um  and for that reason a more 

repeatable method o f  finding the threshold value is finding the mid-point between the two
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peaks (39, 42). This is shown in Figure 3.9. Previously, this method has been used 

successfully  to examine printed images (42) and was used in this study when analysing 

lines for characteristic patterns along their length, Section 4.3.

N u m b er  o f

pixels

Greyscale intensity
O ptim um  threshold 

value

Figure 3.9 : Optim um  threshold level using the mid point method

T he threshold level affects the m easurem ent o f  line width. Thus, there is a requirement to 

understand its effect on the accuracy and precision o f  the m easurem ent o f  line width and 

cross-sectional area. When analysing lines for characteristic patterns along their length. 

Section 4.3, no quantitative information on line width was extracted for an analysis o f  the 

screen printing process parameters. Therefore, a full investigation o f  the effect o f  the 

threshold level on line width was not required. However, setting the threshold level for 

the three-dimensional data required a more thorough investigation, to quantify the 

accuracy and precision o f  setting different threshold levels. This work is described in 

Section 4.5.

O nce the image is segmented, m easurem ents m ay need to be taken to provide the user 

with information about the image. For example, the average width o f  the line in the 

image in Figure 3.6. Therefore, an interpretation o f  the raw data is required to gain some 

information about the system that is being examined.
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3.3.2 Image processing instrumentation

A black and white camera and microscope were used to capture magnified images of 

lines to determine if any patterns existed along the length of the line, Section 4.3. The 

camera was a Pulnix TM-865. The microscope was a Leica MZ 2125, this had a large 

range of magnification from 0.8 to 10 times the internal magnification. A xenon light 

source was used to illuminate the image. The image acquisition system is shown in 

Figure 3.10.

The spatial calibration was achieved using black circles of known diameters. These are 

calibrated circles on a glass slide that are placed under the microscope. An image of the 

circles and their diameters are shown in Appendix A. Calibration is achieved by 

capturing an image of the circles and finding the diameter of the circle in pixels. As the 

diameter of the circles is known, in metric units, this information can be used to find the 

ratio of pixels to pm. By changing the magnification a range of sample lengths and 

intervals could be obtained. The magnification of the image capture equipment enabled a 

range of image sizes from an image with a length of about 500pm and a sampling 

interval of 0.72pm to an image with a length of 6.3mm with an sampling interval of 

about 9pm.

55



Cam era

M icroscope

Light source

Printed image
Ring illuminator

Figure 3.10 : The image analysis system

3.3.3 Choice o f  instrumentation for three-dimensional m easurem ent 

Various methods o f  measuring the three-dimensional characteristics o f  the line were 

considered. Image analysis was investigated to d iscover if  it was possible to extract 

information on the three-dimensional properties o f  the ink film from greyscale values.

It was not possible to measure a three-dimensional profile o f  the line from its optical 

properties because ink density does not vary linearly with ink film height (43). Ink 

density is a measure o f  the darkness o f  a print and is defined in Section 2.2. A graph 

showing how ink density varies with ink film height is shown in Figure 3.11. This shows 

that as ink film height increases the density tends to a plateau. This m eans that the 

accuracy o f  any method that uses optical properties to measure height would decrease as 

the height increased. The optical properties are also dependent on the ink type, so 

comparison o f  different inks would be difficult.
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Ink density

Ink film thickness 

Figure 3.11 : The effect of ink film thickness on ink density (43)

The relationship between greyscale value and ink height, for screen printed lines, was 

investigated using three lines of known height, measured using a white light 

interferometer. This would determine if it was possible to establish any information about 

the three-dimensional properties of a line from the greyscale values. The line heights 

examined were 12pm, 16pm and 26pm. Greyscale values were obtained using the same 

lighting conditions and the same ink and substrate were used. Figure 3.12 shows the 

cross-section of the greyscale values through the three lines. The lines are inverted since 

a greyscale value of black is 0 and white is 255. The minimum greyscale value for each 

line is the same, but they are different heights. Thus, using image analysis would make it 

impossible to distinguish between lines of different height. It would not enable an 

accurate measurement of the cross-sectional profile, so it would not be possible to 

calculate the cross-sectional area.
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250

Distance across image (microns)

Line height

 12 microns
16 microns 
26 microns

Figure 3.12 : Absolute lightness profile o f  lines o f  different height

To m easure line height, a tool needs to be used that produces a three-dimensional profile 

o f  a surface. It should measure dry ink film thickness so samples can be stored and re­

m easured if necessary. With wet samples, the line height can change with solvent 

evaporation and, therefore, become time dependent. By measuring dry, lines there is no 

time dependency. A non-contact method is best so that the sam ples are not damaged. This 

is useful if anomalies occur and the samples need to be re-measured. Three instruments 

were examined. These are

•  Light sectioning microscope. A light sectioning m icroscope is a device that uses the 

reflectance o f  light to measure the relative difference in height o f  two or more points 

on a surface o f  a sample.

•  Stylus surface measurer. A stylus m easurem ent device is a contact method. A stylus, 

attached to a m oveable rod, is placed on the sample. The stylus is dragged over the 

sample. A transducer is used to measure the vertical m ovem ent o f  the stylus. This is 

used to produce a set o f  data, which represents the surface profile over a line.

•  White light interferometry. White light interferometry is a non-contact method that 

uses the physics o f  interference to precisely m easure distances.

Using a light sectioning microscope, only one reading can be taken at a time. Therefore, 

obtaining a profile along the length o f  a line w ould be time consum ing. It would not be
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possible to produce a cross-sectional profile of the line, only a measurement of line 

height. Thus, the cross-sectional area of a line in a given position, and cross-sectional 

shape could not be measured. It also would not measure line width so image analysis 

would have to be used as well to measure line width.

If a stylus measurement device was placed perpendicularly to a line then the data 

produced would represent the cross-section of the line. If this was repeated several times 

along the length of the line, then the data could be used to examine the variation of the 

line width, line edge roughness and line height along the length of a line. This would be 

time-consuming and, since it is contactive, the surface may be easily damaged.

Using white light interferometry, it is possible to build up a three-dimensional profile of a 

large sample in a short period of time and still maintain a high resolution in the spatial 

dimensions. Similar techniques to image analysis can be used to segment and measure the 

image to obtain a measurement of line width, cross-sectional area and height along the 

length of the line. Thus, it can be used to measure both two- and three-dimensional 

properties of the line. For this reason, white light interferometry was chosen to measure 

the printed samples. The next section gives a detailed description of white light 

interferometry.

3.3.4 White light interferometry

A schematic of an interferometer is shown in Figure 3.13. A beam of light is sent through 

a beam splitter so that a proportion of the light can be directed to the test surface and a 

proportion to a reference surface. The beams are reflected off these surfaces and then 

recombined. The interference caused by the beams travelling different distances is used 

to measure the height of the test surface (44). This method is called phase-shifting 

interferometry (PSI) and is limited to very smooth surfaces as errors occur if the 

difference in surface height measurements are greater than X/4. This limits the vertical 

range of PSI to 160nm.
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objective lens

beamsplitter

sample

reference
surface

Figure 3.13: Schematic o f  an interferometer (45)

Vertical scanning interferometry (VSI) is used to find the profiles o f  rougher surfaces. It 

can measure peak to trough heights o f  500pm . The basic principle o f  VSI is similar to 

PSI except the phase shift present in the recombined beam is measured. The light is split 

and reflected o f f  both a test surface and a reference surface. The light is then recombined 

and the phase difference between the two waves is monitored. During the measurement, 

the m easurem ent head moves vertically, controlled by a piezoelectric resistor, monitoring 

the inference o f  the com bined light. The vertical position o f  the head is extracted for the 

peak o f  the interference signal at each point on the measurement. This is then used to 

build up the profile o f  the sample. It is possible to measure the surface profiles with a 

m axim um  difference between a peak and a trough o f  500pm  and resolve the surface 

profile to sub-micron accuracy. The main advantages are that a large area o f  the sample 

can be measured quickly. It is a non-contact and non-destructive method.

Vertical scanning interferometry was chosen as the m easurem ent m ethod for this study 

since it is a non-contact method that can m easure a large sample size, but still measure 

heights up to 500pm . Screen printing puts down ink film thickness from 2 or 3pm  to
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30pm  or more. A non-contact method is desirable so that samples can be re-measured if 

anomalies are found in the data. The main advantage o f  using the white light 

interferometry is the ability to m easure a large area, in a single shot, enabling both line 

width and cross-sectional area profiles to be extracted from the data. This is considered 

especially important when examining the continuity o f  lines.

3.3.5 The W Y K O  white light interferometer

The W Y K O  N T -2000  white light interferometer was used to measure the three- 

dimensional profiles o f  the line for this study (Figure 3.14). There were three levels o f  

external magnification on the interferometer and three internal. This gave a range o f  

magnification from 2.5x to lOOx. The vertical resolution o f  the W Y K O  white light 

interferometer was 3nm. The addressibility, the num ber o f  points within each 

m easurem ent and is normally expressed as the num ber o f  pixels in each dimension, o f  

the W Y KO is 736 by 480 pixels. The work to optimise the instrument settings is 

described in C hapter 4.

Figure 3.14 : The W Y K O  NT-2000 white light interferometer
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3.4 Choice of screen printing process parameters

3.4.1 Screen printing process parameters studied

The work in this study aimed to increase the understanding of the effect of screen 

printing process parameters, as well as develop a repeatable measurement method. The 

screen printing process parameters were chosen for two reasons. Firstly, screen printing 

process parameters of known effect were chosen to prove the use of the measurement and 

analysis techniques developed in Chapter 4. This enabled a comparison of the results 

obtained in this study to previous data. Secondly, screen printing process parameters 

known to affect tone gain and ink transfer were examined to increase the understanding 

of the process. The choice of the screen printing process parameters is discussed within 

the literature review, Section 2.6. Below is a description of the screen printing process 

parameters that were investigated in this study.

• Ink type. Of the screen printing process parameters, this is one of the most significant 

on ink transfer and is likely to have an effect on cross-sectional shape. Viscosity and 

surface tension are the two characteristics of the ink that affect the screen printing 

process.

• The screen. Stencil height and stencil roughness have been shown to affect ink 

transfer and image quality. These can be used to verify the measurement method used 

in this study. They may also affect the cross-sectional shape of fine lines.

• Squeegee angle, type and pressure. The squeegee angle has not been studied for 

fine line reproduction, but has been shown to be one of the most significant screen 

printing process parameters affecting ink transfer. Similarly, the squeegee pressure 

and type have been shown to influence ink transfer and may have a strong effect on 

the cross-sectional shape and the quality of the line.

• Orientation. Orientation has been shown to affect the line width, but has not been 

investigated quantitatively.
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3.4.2 Process parameters maintained constant throughout the experimental program me 

Som e screen printing process param eters were kept constant for the experimental 

p rogram m e com pleted  for this study. These are described below.

•  The press used was a small format Flieschman screen printing press. This was a flat 

bed press and is shown in Figure 3.15.

•  The substrate used was a glossy PVC sheet. This is non-permeable, so the am ount o f

ink measured is the amount transferred after the solvent had evaporated. This also 

aided the accurate m easurem ent o f  the line profile by providing an even, flat 

reference surface. The Ra value was 0.1 pm  and the Rz value was 0.5pm.

•  An exam ple o f  the image used is shown in Figure 3.16. This was designed to give a

range o f  line widths at different orientations. The image consists o f  lines printed at 5 

orientations. This allowed an investigation into the effect o f  line orientation. A range 

o f  line w idths were printed from 90pm  to 340pm .

Figure 3.15 : The screen printing press used for the experiment
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15 30 45 60 75
Line orientation to the print direction in degrees

Figure 3.16 : The im age used for the investigation into screen printed fine lines. This 

contained 10mm square patches o f  lines printed at 8 line widths and 5 orientations.
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3.5 Experimental methods

3.5.1 Introduction to experimental methods

This section describes the experimental programme performed to investigate fine line 

characteristics. This was split into three parts so the influence of specific screen printing 

process parameters could be studied. These were the squeegee parameters (angle, 

hardness and pressure), the ink and the screen.

3.5.2 Squeegee parameters

3.5.2.1 Experimental method

The effect of the squeegee angle, hardness and pressure on fine line reproduction was 

investigated by performing a full factorial experiment. The squeegee angles were taken 

from the horizontal plane and the pressure values were press settings. The settings used 

were typical of the ranges used in industrial applications. All the squeegees were backed 

with a metal plate. This should eliminate the deformation along the height of the 

squeegee as a source of errors, so the angle set on the press was the same as at the point 

of printing. To complete the full factorial experiment, 27 combinations needed to be 

printed. These were completed in 3 sets of 9; one set for each squeegee. In between each 

set, the screen was cleaned and a new mix of ink was produced. This reduced the chances 

of ink drying within the screen and partially blocking the mesh, an process known as 

‘drying-in’, and thereby affecting the results. To check for this, the first combination 

printed in each set was always repeated. The repeated prints could then be analysed to 

examine whether drying-in occurred. The screen printing process parameters kept 

constant are shown in Table 3.2.
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Table 3.1 : Screen printing process parameters examined in the squeegee experiment

Parameter Level 1 Level 2 Level 3

Squeegee hardness (Shore A) 65 (soft) 74 (medium) 84 (hard)

Squeegee angle (deg) 70 75 80

Squeegee pressure (bar) 2.5 3.5 4.5

Table 3.2 : Screen printing process parameters kept constant for the squeegee experiment

Screen 120-34T

Screen Tension (N/cm) 20

Stencil Rz (pm) 10.1

Stencil Profile (pm) 3.5

Substrate PVC Gloss

Ink Sericol Solvent based Mattplast -  20% retarder

Squeegee speed (cm/s) 50

3.5.2.2 Process repeatability for the experiment o f squeegee parameters 

The squeegee experiment was split into three sets and the same combination of settings 

was printed at the beginning and end of each set. This allowed the effect of drying in to 

be evaluated. For the first set there was a small difference between the first and last 

prints, shown in Figure 3.17. This effect was considered when examining the results. For 

the last two sets there was a larger difference between the first and last reading, about a 

40 percent drop for the last set. The print conditions were the same for these prints, so the 

difference between them was the time the ink had spent on the mesh. Thus, drying in 

must have occurred more significantly for the last two sets. For the analysis of 

interactions the data was kept in full, since it is not possible to examine the interactions 

without a complete data set.
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The data that was least affected by drying-in was used to exam ine the screen printing 

process parameters. For the squeegee hardness investigation the first prints from each set 

were used. For the investigation into the angle and the pressure the prints from the first 

set only were used.

160

1 2 3

Experimental set

Figure 3.17 : The effect o f  drying-in through the experimental run

3.5.3 Ink Characteristics

An experim ent was designed to examine three UV cured inks. All other screen printing 

process parameters were kept constant and their values are shown in Table 3.3. The 

viscosity curves for the inks are typical o f  shear thinning fluids and are shown in Figure

3.18. The exact shear rate at which screen printing occurs is not known. This makes it 

difficult to give a value to the viscosity o f  the inks during the screen printing process. 

However, it is possible to m ake a com parison o f  the inks from the data given and 

describe the inks as ink 1 having the highest viscosity, then ink 2 and then ink 3 having 

the lowest viscosity.
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Table 3.3 : Screen printing process parameters kept constant for the ink experiment

Parameter Value

Squeegee hardness 75 Shore A

Squeegee Speed 50 cm /squeegee

Squeegee Pressure 4 Bar (m edium )

Mesh 1 2 0 - 3 4

Squeegee Angle 75 Degrees

0
9
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4
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2
1
0

500 1500 20000 1000

S hear  rate (Is)

I - * - Ink 1

-Ink 2

A - Ink 3

Figure 3.18 : Viscosities o f  the inks used in study

A Fybrodat dynam ic contact angle m easuring instrument was used to measure the contact 

angle o f  the inks. The contact angle is a m easure o f  how ink clings to and spreads on the 

substrate. The spreading o f  the ink is often referred to as the wettability. The lower the 

contact angle, the more easily the ink wets the substrate. Five measurements, o f  contact 

angle, were taken for each ink. These results w ere averaged and are presented in Figure

3.19, error bars show the spread o f  the data.
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Figure 3.19 : Contact angle o f  the inks used in this study 

3.5.4 Stencil characteristics

The effect o f  the stencil roughness and screen height on fine lines was investigated. This 

was carried out using meshes with 90pm  and 120pm  diam eter threads and a variety o f  

stencil thicknesses. An experim ent was performed using 10 stencils. The stencils used 

and their quality characteristics are shown in Table 3.4. The screen printing process 

param eters kept constant during the experiment are shown in Table 3.5.

Table 3.4 : Stencils used to exam ine the printed line quality

Mesh Screen height (pm ) Rz (pm )

1 2 0 - 3 4 4.4 5.5

1 2 0 - 3 4 11.4 3.5

1 2 0 - 3 4 3.1 4.5

1 2 0 - 3 4 7.8 3.0

9 0 - 4 0 4.4 6.0

9 0 - 4 0 4.2 5.5

9 0 - 4 0 3.9 6.5

9 0 - 4 0 3.7 5.5

9 0 - 4 0 2.8 6.0

9 0 - 4 0 3.1 5.5

I n k 3Ink1 Ink 2
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Table 3.5 : Screen printing process parameters kept constant for the stencil experiment

Ink Cyan Sericol Ultratone 5% thinner, 

10% retarder

Squeegee Angle (deg) 70

Squeegee speed (m/s) 6

Mesh Tension (N/cm) 15 to 17

Squeegee hardness (Shore 

A)

65

Squeegee pressure (bar) 3.5

3.6 Closure to experimental programme

The experiments undertaken to investigate the influence of screen printing process 

parameters on fine line reproduction have been described. The screen printing process 

parameters investigated were the squeegee parameters (speed, type, pressure), the ink, the 

screen and the orientation of the lines. A white light interferometer was chosen to capture 

the required three-dimensional information of the printed lines.

A measurement system has been developed to characterise the quality of screen printed 

fine lines. The steps taken to develop the line measurement methods are described in the 

next chapter. This measurement system was used to analyse the results from the 

experiments described in this chapter and the results are presented and discussed in 

Chapter 5.
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Chapter 4

Methods of Analysis for Fine Lines

4.1 Introduction

This chapter describes the steps undertaken to develop techniques to analyse screen 

printed fine lines. The structure of the technique developed is shown in Figure 4.1. Many 

considerations were required to arrive at this technique and the development process is 

outlined in the flow chart in Figure 4.2. The chapter follows this flow to take the reader 

through the decisions made to develop the measurement method, in doing so, this chapter 

covers work developing, and determining the errors in measuring the printed lines.

Line
measurement

profiles

Printed image Raw data Line
measurement
parameters

Bespoke code used to  
extract information 

from the data

D igitalise image using  
white light 

interferometer

Bespoke code using 
optimal threshold 

level

Figure 4.1 : Flow chart showing the system developed to analyse screen printed fine 

lines
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Classification of printed lines
Determine if any patterns exist 
along the length of the line that 

should be considered

Defining line quality
What are the important aspects of 
a line and how to measure these?

Line measurement parameters
Determine the optimal 

measurement parameters to 
characterise line quality

Measurement settings
Determine the optimal settings to 

digitalise the line

Simulation of line types
Development of simulated lines 
to enable the optimisation of line 
measurement parameters and the 

measurement settings

Line measurement technique
Description of the full method to 
obtain information on the quality 

of screen printed fine lines

Figure 4.2 : The steps and processes undertaken to develop the line measurement system
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4.2 Defining line quality

4.2.1 Introduction to the line quality characteristics

There was a need to establish a method to quantify the quality of a line. This section 

demonstrates why both the cross-sectional size of the line and its continuity need to be 

examined. It describes statistical methods that can be used to examine the line width, 

height and cross-sectional area, as well as how these vary along the length of the line.

4.2.2 Analysis of line cross-sectional size

Line cross-sectional size, within this study, is used as a collective term for the cross- 

sectional area and the line width, as these have a similar effect on the properties of a line 

depending on whether the line height is considered uniform across the line width.

Initially, the functionality of lines required investigation to determine the important 

parameters that characterise the properties of a line. The main function of a printed line in 

electronics is as a resistor or conductor. For both these functions, the electrical resistance 

of the line will be important. The resistance R is defined by the equation given below 

(46).

R =  ^
A Equation 4.1

Where

p = resistivity 

L = length of resistor 

A = cross-sectional area

At present the height of the line is considered to be uniformly distributed across the width 

and thus the cross-sectional shape of the line is considered to be a rectangle. The height is 

defined by choice in mesh and is considered to be constant along the length of the line. 

Therefore, the aspect ratio, defined as the length over width, will define the resistance of
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the line since all other parameters are assumed constant. This is called the sheet 

resistance and is defined below (6).

L Equation 4.2
R Rs

w

Where,

Rs = sheet resistance 

L = length of the resistor 

w = width of the resistor

Sheet resistance does not allow width, length and height to be analysed independently. 

Using the sheet resistance also assumes that the cross-section of the line is a rectangle. 

This is not a valid assumption for fine lines, as will be shown later, and the effect of this 

assumption needs to be investigated. Resistance, rather than sheet resistance, needs to be

studied to fully analyse the effect of the printing process on the functionality of printed

lines.

The aim was to produce a measurement system that examines the effect of the printing 

processes on the electrical resistance of printed lines. The parameters, in Equation 4.1, 

that affect the resistance that are affected by the printing process need to be identified. 

The material properties are set before printing, and are therefore assumed to be fixed. The 

length of the line is set by the distance between two connectors and can be assumed to be 

determined before the printing process commences. This means that the cross-sectional 

area of the line is the parameter that is most affected by the printing process. Thus, the 

mean cross-sectional area could be used to describe the cross-sectional size of the line. It 

is though important to relate the cross-sectional size to resistance. Below is a derivation 

which relates the cross-sectional area to the resistance of the line for a more 

mathematically correct method to measure the cross-sectional size of the line, rather than 

just the mean of the cross-sectional area of the line.
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A screen printed line does not have a constant cross-sectional area along its length. 

Therefore, the effect of the variation of the cross-sectional area on resistance was 

investigated. The line was considered to be made up of many short resistors of equal 

length. An example is shown in Figure 4.3. A line of length L is considered as three 

resistors all of length 1, but of different cross-sectional areas. The size of each resistor is 

shown in Table 4.1. The equivalent resistance of resistors placed in series is the addition 

of the resistances of those resistors (46). Therefore, the line resistance can be calculated 

by adding the resistances from the three resistors that make it up, Equation 4.3.

Direction of 
current

Figure 4.3 : Example of line broken into 3 sections

Table 4.1 : Properties of the resistors

Resistor length Cross-sectional area Resistivity

Ri 1 Ai P

r 2 1 a 2 P

R3 1 a 3 P

Total resistance = Rt = Ri + R2 + R3 Equation 4.3
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If an equivalent area, AE, is defined as

Equation 4.4

Then, combining Equation 4.3 and Equation 4.4

Equation 4.5

This can be extended to cover a line of n sections 

1 1 1  Equation 4.6
A I,. Yl i= l  t o n  v4-

This assumes that there is a perfectly conducting connection between each resistor. Using 

an equivalent area is mathematically better than using a mean value for the area, although 

if there are only small changes in cross-sectional area along the length then the mean and 

equivalent areas will be similar. The differences between the mean and equivalent areas 

will be examined later in this section.

Assuming that the line has a rectangular cross section is not a good approximation for 

fine lines, since previous work has shown that there is a curved section at the edges of a 

cross-sectional profile that is not taken into account by this approximation. Furthermore 

as the line width decreases, the proportional affect of the curved section will increase. 

The effect of the curved section needs to be examined and how it affects the area of the 

line. It would be useful to relate the cross-sectional shape of the line to the width or width 

and height of the line. This would allow the cross-sectional area of the line to be 

determined from the measurement of line width.
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There are three parameters that can be used to analyse line cross-sectional size. These are

• Cross-sectional area. This section has shown that the cross-sectional area of the line 

is the most relevant parameter to the electrical properties of a printed line. Therefore, 

for an in-depth analysis this should be measured.

• Line width. This only requires 2-D analysis to measure, although it does not give all 

the information about the line cross-sectional size that may be required. If this method 

is used then the line height is considered to be uniform across its width.

• Cross-sectional shape. As line width decreases, the shape of the cross section is 

more similar to an inverted parabola, than a rectangle. This should be investigated for 

fine lines to determine the consequence of assuming line cross-sectional shape is a 

rectangle.

4.2.3 Analysis of line continuity

The line width is not constant along the length of the line. Methods of measuring this

! variation on line width are examined in this section. The continuity of the edge of lines

| affects two parts of line quality, the ability to print lines close together and the minimum
t

! line width of a printable line. The advantages and disadvantages of analysing the width
i

I and the edge profile will therefore be considered.

! Practically, the closer lines can be placed then the smaller the components which are used
!
| can be produced. The major limitation on lines being placed close together is the

variation of line width along the length.
i

The variation also has an effect on the minimum line width to be printed. A 10pm 

variation will have a proportionally smaller effect on a 500pm wide line than on a 100pm 

wide line. Therefore, to print fine lines this variation needs to be measured. If the 

variation in the cross-sectional area is large then some cross-sections of the line will be 

significantly small. This will lead to incorrect electrical properties of the line.
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Several techniques were investigated for the analysis of line continuity.

• Standard deviation. This is a measure of the spread of a data set. It is defined by

N

Equation 4.7
Standard deviation = a  =

N

Where,

N = number of point in data set 

xa = average of data set 

Xj = value at point i

• Skew. The skew is a measurement of a bias in the data to one side of the mean. A 

Gaussian distribution has a skew of zero. It is defined as

dominant frequencies within a signal. The Fourier transform changes a function from 

being described in terms of space or time to frequency (47). The Fourier transform 

pair are the two equations that change a function from the space domain to the 

frequency domain and vice versa. The Fourier transform pair are

Skew=
<T /=1

Equation 4.8

Fourier analysis. Fourier analysis is used to analyse repetitive patterns and identify

Equation 4.9

g(z)=  ^H (f)EXP{i2nfz\df Equation 4.10

Where

G(f) is the Fourier transform of g(z) 

f is the inverse wavelength 

z is the spatial co-ordinate
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For discretely sample data, the Fourier transform becomes

Equation 4.11

Equation 4.12

Where,

N = Number of samples

hk is the matrix of values in the space domain

Hn is the matrix of values in the frequency domain

The discrete Fourier transform breaks the sampled data into sinusoidal waveforms at 

discrete frequencies, at different phases. When combined, the waveforms added together 

form the original data. The Fourier transform takes the form of imaginary numbers and 

the magnitude and phase at each frequency is found by the modulus and argument of the 

imaginary number at each frequency.

• Minimum and maximum size. These can be used to identify shorts or connections 

along the line, similar to Webster’s defect criteria (24). Solely measuring the average 

deviation of the line from the mean would not identify severe one off thinning or

Magnitude = ̂ Re(G)2 +Im(G)2 Equation 4.13

Phase = » Equation 4.14Re(G)

widening of the lines that would affect the functionality of the line. Thus, it is also 

important to examine extreme values as well as averaged values.
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4.2.4 Summary of the line quality characteristics

The line quality characteristics were the cross-sectional size of the line and the continuity 

of the line. The cross-sectional area of the line is the parameter that is affected by the 

printing process that affects line resistance. The continuity of the line width determines 

how closely lines can be placed together and how thin lines can be printed. It may not be 

correct to assume that the cross-sectional shape is a rectangle for fine lines. Therefore, the 

cross-sectional shape should also be studied to determine if a there is relationship 

between line width and cross-sectional area for fine lines.

Work to determine the optimal parameters to measure line quality is described in Section 

4.4. This is described, after an overall analysis of the printed lines to determine any 

patterns that exist in line discontinuity that may be significant in determining a 

measurement method.

4.3 Classification of screen printed lines

4.3.1 Investigation of line patterning

The lines printed in the experiment described in Chapter 3 were examined to determine 

any patterns that exist in edge quality. It was assumed that these would be a 

representative set of prints to examine line width continuity as many of the most 

significant process parameters were varied causing a large variation in line quality.

The lines were examined visually and notes taken on their edge quality. Three classes of 

edge quality were identified. These are described below and examples shown in Figure

4.4 to Figure 4.7.

• Straight edges. The edges of the lines show little or no deviation from a straight line. 

An example of this is shown in Figure 4.4.

• Rippled edges. This is a high frequency wavy pattern along the edge of the line 

creating bad edge definition and a blurred effect for the line edges. An example of 

this is shown in Figure 4.5.
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• Mesh patterning. This produces large regularly spaced thinning o f  the lines. An 

exam ple o f  this is shown in Figure 4.6. It was observed that the distance between the 

thinning o f  the line was affected by the orientation to the print direction at which the 

line was printed. Specifically, lines printed at 45° to the print direction had a shorter 

wavelength com pared to those printed at 15° to the print direction. Representative 

images, obtained from the experimental programme, are shown in Figure 4.7.

Figure 4.4 : Example o f  a straight edged line

Figure 4.5 : Example o f  a line with rippled edges



Figure 4.6 : Exam ple o f  a line with mesh markings

75° to the print 45° to the print
direction direction

Figure 4.7 : Exam ple o f  mesh marked lines at two orientations to the print direction, they 

have been binarised to dem onstrate the difference in wavelength m ore clearly

The wavelength o f  line width pattern is likely to be affected by the mesh count as well as 

line orientation. Exam ining these prints will give a good guide to the frequency, but 

further investigation will be required to find any relationship between mesh count and

82



wavelength of any patterning on the line. The wavelength of the two types of line 

examined were found using Fourier analysis. The wavelength of the edge rippling was 

about 70pm. The wavelength of the mesh marking was about 160pm. The amplitude of 

line width variation ranged from 3-4pm for a smooth line to 20p to 30pm for a rough 

edged line. These values have been used as a guide to the fluctuations of the line width 

data, and the frequencies they occur at, to develop methods to characterise line quality.

4.3.2 Line profile for the measurement of continuity

The variation of the width along the length of the line can be determined by measuring 

either the width or the edge profile. When considering how closely lines can be placed 

together, then measuring the edge profile, rather than the width profile would be better. 

When considering how small a line can be printed, then examining either the cross- 

sectional area or width profile would be better. Although, it would be advantageous to 

gain sufficient information from either the edge or width profile to give information on 

both these cases.

The pattern in the edge profile is either deterministic or random (48). Deterministic refers 

to a repeated pattern, where the edge profile can be predicted from a sufficiently sized 

sample. Random data refers to data that follows no pattern and the line width at any point 

can not be inferred from measuring a sample elsewhere on the line. The effect of the type 

of data and the phase angle between the two edge profiles has been considered and three 

scenarios are described below.

• Edge profiles are deterministic and in-phase. For this case, the variation in the width 

is zero, whatever the variation in the edge profile. Information is lost in measuring 

width and no information would be given on how close lines can be placed together.

• The edge profiles are deterministic and out of phase. The effect of the phase angle on 

the standard deviation for two sine waves is shown in Figure 4.8. This shows that 

deviation in edge profiles, which are between 7t/4 and 37r/4 out of phase, would be 

accentuated by examining the width rather than the edge profile. Thus, trends in the 

data would be more obvious. In this case, there is a large advantage in measuring the 

width profile rather than the edge profile.
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• The edge profile is random. For this case, the variation in the width is the same as the 

variation of the edge profile, provided the sample is large enough that it is 

representative of the whole data.
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Figure 4.8 : The effect of the phase difference between the two sinusoidal edge profiles 

on line width standard deviation.

i The mesh marking is deterministic. The pattern is repeated along the length of the line
!

| and the thinning of the line is similar at every wavelength. The two edge profiles are n

| radians out of phase, as shown in Figure 4.6. Therefore, by measuring the width, as

opposed to the edge profile, any effect will be accentuated and highlighted in the data.

The edge rippling occurs at repeatable wavelength, but the amplitude of rippling is 

random. Comparing the probability density functions of the width and the edge profiles 

can reveal this, Figure 4.9. The distribution of the probability is the same for both the 

edge and the width profiles. Examining the standard deviation of the edge and width 

profiles also shows this. For this sample, the standard deviation for the width is 9.9pm 

and 9.4pm for the edge profile. Therefore, the data is random and there is no gain in 

measuring either the edge or the width profile.
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Figure 4.9 : Probability density function for width and edge profiles

For the edge rippling, there is no advantage in m easuring either the edge or the width 

profile. Flowever, there is an advantage to m easuring the width profile for the mesh 

marking, for this reason, the width profile will be measured.

4.3.3 Modelling o f  line width patterns

M odels o f  line width data were produced based on the patterns shown by the edge 

rippling and the mesh marking. This enabled the theoretical examination o f  line cross- 

sectional size and continuity and, thus, the optimisation o f  the line m easurem ent 

parameters. It was shown in Figure 4.7 that mesh m arking was affected by the orientation 

o f  the line to the print direction. This will be exam ined further with orientation in Chapter 

5. To develop techniques to measure and characterise mesh marked lines they have been 

m odelled at 15° to the print direction.

The m odelling was achieved by splitting the width profile, along the length o f  the line, 

into two com ponents, the m axim um  line width and a variable com ponent. For edge
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rippling, the variable component was considered as a sinusoidal function. Equation 4.15 

gives the modelled function for edge rippling.

f  d \
w(y)= w raax +^-sm(27rfy)

2
B . ( \ Equation 4.15
2v

Where,

w -  line width

y -  position along the length of the line

B -  peak to peak variation along the length of the line

f  -  frequency

Wmax -  maximum line width

Adjoining rectangles at a slight angle to each other can represent the shape of the mesh 

marking at 15° to the print direction. Figure 4.10 shows how rectangles can be placed to 

form a pattern similar to that shown in Figure 4.6. The width profile of such a line would 

consist of trapeziums, as shown in Figure 4.11. The mesh marking was modelled using 

repetitions of the ideal trapezium shown in Figure 4.12, with a peak to peak amplitude of 

B and a wavelength of T.
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Figure 4.10 : Shape of mesh marking

Line

width

Length along line

Figure 4.11 : Width profile of mesh marking
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Figure 4.12 : Ideal trapezium used to simulate mesh marking width profile
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4.4 Line measurement parameters

The line measurement parameters are the parameters used to describe the quality 

characteristics of the line enabling a quantitative study of the how screen printing process 

parameters affect the quality of the printed lines.

4.4.1 Measurement of line size

As discussed previously in Section 4.2, two methods were considered to measure the line 

width and cross-sectional area. These were the equivalent area or the mean area. The 

methods have been considered theoretically to show the mathematical differences 

between the two calculations. A sine curve was used to represent the variable component 

of the line size data and an offset was added to model the mean size of the line. The 

variation within the data was compared with the mean for the two methods.

Figure 4.13 shows the comparison between the two methods. On the horizontal, axis the 

amplitude of variation divided by the mean was plotted. This is a comparison of the 

deviation compared to the actual size of the line, expressed as a percentage. The 

percentage difference between the mean and equivalent area was plotted along the 

vertical axis. For a small variation, the difference between the mean and the equivalent 

area is small. This is demonstrated by relating the percentage variation to line width. For 

an amplitude of variation of 20% of the mean, the difference between the mean and 

equivalent area is only about 2%. This equates to a standard deviation of 14pm in a 

100pm wide line and a standard deviation of 28pm in a 200pm wide line.

Lines of practical interest have small variations of line width or cross-sectional area along 

their length, as large variations are detrimental to the quality of the line. If the line width 

or cross-sectional area changed by 25% along its length, then, this would have a 

significant effect on the electrical and functional properties of a line. At this level of 

variation, the difference between the equivalent and mean area is less than 4%. Therefore,
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for lines o f  practical interest there is little difference between the equivalent and mean 

cross-sectional area or width.

It, therefore, becomes apparent that what is required is a representative value for the line 

size. It has been determined that the difference between the mean and the equivalent size 

is small for lines o f  practical interest. Using the mean value is easier to understand than 

an equivalent area. It is easier to interpret the mean value, as it is linearly related to the 

variations along the length o f  the line, and therefore gives a clearer representation o f  the 

cross-sectional size o f  the line. Therefore, this study will use the mean rather than the 

equivalent area.
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Figure 4.13 : Difference between mean and equivalent width

4.4.2 Line continuity

M easuring line continuity in the frequency dom ain was considered since it could provide 

information on the frequency and am plitude o f  the patterning and thus enable the 

distinction between mesh marking and edge rippling. There was, though, a problem with 

leakage and aliasing since the data was discretely sampled. Using the Fourier transform 

would only allow the accurate prediction o f  the dom inant frequencies within the sample 

and not the amplitude at the dom inant frequencies (49). Leakage will occur if there is not
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a whole number of oscillations in the sample length. Small changes in the mesh marking 

frequency, caused by mesh tension, would affect the results. Thus, lines printed using 

different screens and tensions would have different amounts of leakage and it would be 

impossible to compare them.

The standard deviation of the width was used to measure line continuity. Standard 

deviation is a statically proven method for measuring the spread of a data set. Although, 

it does not distinguish between mesh marking and edge rippling, how this can be 

achieved is investigated in Section 4.4.3.

4.4.3 Distinguishing between line classes

Examining the continuity of the line width using standard deviation alone determines 

whether a line has good or poor edge quality, but does not determine why a line has poor 

edge quality. More information could be obtained if a method existed that distinguished 

whether the poor edge quality of a line was due to edge rippling or mesh marking. The 

two classes are probably produced due to different mechanisms, therefore, distinguishing 

between them would determine, not just that the line was poorly printed, but why. Two 

methods were considered, these were skew and filtering.

Skew is a measurement of any bias of the probability density function (p.d.f.) to one side 

of the mean. For a perfectly random signal then the skew is zero. Therefore the skew for 

the edge rippling will be zero, as edge rippling is random, this is shown in Section 4.3.3. 

The probability density function (p.d.f.) of a trapezium shaped waveform, and the mesh 

marking, is biased since there are more points above the mean than below. Figure 4.14 

shows the p.d.f. of the width profile of a line with mesh marking.

Edge rippling has no bias in the data set, but the mesh marking does, therefore, it would 

be possible to distinguish between these line classes by measuring the skew of the line 

width or cross-sectional area profile. The skewness is not capable of measuring the 

amount of mesh marking, only that it exists. This is because as the amplitude increases
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the distribution remains the same, ju s t  over a larger range, therefore the skew remains the 

same.
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Figure 4.14 : The probability density function o f  a line with mesh marking

Filtering to can be used to separate the com ponents  o f  the line width data at the two 

frequencies o f  the edge rippling and the mesh marking. This is because the frequency o f  

the mesh m arking is significantly lower than that o f  the edge rippling.

Separating com ponents  o f  different frequencies using filtering is the recom m ended 

method for analysing different frequencies in surface texture analysis (51). An analogy 

can be draw n between the line width data and a surface profile. The mesh marking is 

considered as the shape o f  the signal and the rippling as the roughness. These can be 

separated by a low-pass filter with the cut o f f  frequency set between the frequencies o f  

the patterns. A program taken from ‘N um erical Recipes in Basic’ (52) w as used for the 

Fast Fourier Transform filtering and incorporated into a macro written by the author.

The problem o f  using a low pass filter is that noise can be produced from the very low 

frequencies in the sample. Filtering out the low frequencies as well as the high 

frequencies reduces this. Thus, only the required frequency is examined. This type o f
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filter is called a band pass. Figure 4.15 shows the use o f  a low pass and band pass filter 

on some line width data o f  a mesh marked line.
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Figure 4.15 : The reduction in noise using a band pass instead o f  a low pass filter
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The method employed by this study to distinguish between edge rippling and mesh 

marking had the following steps.

1. The line width profile was band pass filtered so that only the components of the 

frequencies close to the mesh marking frequency were passed.

2. The standard deviation of the filtered and unfiltered data was found and 

compared.

3. The amount of mesh marking was determined by difference between the standard 

deviation of the filtered and unfiltered data. If the standard deviation of the 

filtered and unfiltered data were similar then the lack of continuity in line width 

would be caused by mesh marking. If the standard deviation of the filtered and 

unfiltered data were different then edge rippling would be the reason for the lack 

in continuity.

A limitation of using a band pass filter is that the frequency of the mesh marking must be 

estimated to complete the analysis. This should be possible from knowledge of the 

system. If the estimated range is too large then several band passes may be required to be 

sure of a full examination.

93



4.4.4 Line cross-sectional shape

The cross-sectional shape was investigated so that the relationship between line cross- 

sectional area and line width for fine lines could be understood. This would establish if a 

more accurate method of determining line cross-sectional area from line width, other than 

assuming a rectangular cross-section, could be developed.

4.4.4.1 Correlating line cross-sectional area and line width

The cross-sectional shape of lines has been defined previously by assuming line height is 

uniform across width of the line. This is not the case, as a curved section must always 

exist at the edge of the line, as is shown in Figure 4.16. Many lines were examined and it 

was found that, for very fine lines, the cross-sectional shape resembled an inverted 

parabola. For wider lines, the centre of the cross-section is flat, but the line still retains a 

curved section at the edges. If the line width is large then the cross-sectional shape is 

close to the uniform ideal. Examples of line cross-sectional shape are shown in Figure 

4.17. For fine lines, the effect of the curved section is more significant on the total area 

and the assumption of the uniform distribution is not accurate. Therefore, it is important 

to consider other methods of characterising the cross-sectional shape of the cross-section 

of a line.

Figure 4.16 : Comparison of a line cross-section to a uniform distribution of the line 

height along the width
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(a) Example o f  a curved cross-section

(b) Example o f  a cross section with curved and flat parts 

Figure 4.17 : Exam ples o f  line cross-sections

To characterise the cross-sectional size o f  the line, the actual area was related to the area 

o f  a rectangle with the same height and width. To com pare these, the area o f  the cross- 

section was divided by the multiple o f  the height and the width o f  the line. This 

param eter was called the rectangular index and denoted by RI.

. . line c ross-sec t iona l  area
Rectangular Index = RI = ------------------------------------

line height x line width Equation 4.16
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This is a new parameter derived specifically to investigate the relationship between the 

cross-sectional area and line width.

4.4.5 Modelling line cross-sectional shape

Modelling the cross-sectional shape would enable a further understanding of the 

relationship between line cross-sectional area and line width for fine lines. Two methods 

were considered to model the line cross-sectional shape; using Fourier series fitting and 

splitting the cross-section into basic shapes. These methods are described fully in the 

Appendix B.

Splitting the line cross-section into shapes was used, in this study, to model the line 

cross-sectional shape of the line, rather than by the alternative method of applying 

Fourier analysis. Splitting the curve up into shapes only requires one number to define 

the shape of the cross-section. Thus, it is easier to make comparisons between lines since 

there is only one descriptor. Although, splitting the curve up into shapes is only possible 

if it is assumed that the line cross-section is made up of a flat section and a curved 

section. How this was achieved is described below.

The area of the line cross-section can be modelled in two parts, Figure 4.18 and Figure 

4.19. The curved section can be represented as a quadratic function or cubic. The flat 

section can be represented as a uniform distribution. Further details about how this 

method was used to model the cross-sectional shape of the line is given in Appendix B.

CurvedCurved Flat section
sectionsection

Figure 4.18 : Flat and curved sections of a line
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Where,

wt is the total width of the line

wu is the width of the line with a uniform height

wc is the width of the curved section of the line

Figure 4.19 : Representation of a line split into a curved and a flat section

It can be shown, Appendix B, that for a line with a curved section only the cross-sectional 

area would be:

. , 2HwCross-sectional area = ------
3 Equation 4.17

Where H -  line height 

w -  line width 

Therefore,

„ . . Line cross - sectional areaRectangular index = RI = ---------;-----------;----------
Width x Height Equation 4.18



The analysis of a line with a curved and flat section was also considered and is described 

in Appendix B. The length of the curved section is denoted by wc and the length of the 

flat section is denoted by wu, as shown in Figure 4.19.

f

Rectangular index = —
w 1 Equation 4.19

Since wt = wu + wc

Therefore,

wRI = 1----- £-
^wt Equation 4.20

From this modelling an understanding of the value of the rectangular index for different 

line shapes can be inferred. If wc is large compared with wU) then RI will be two-thirds. If 

wu is large compared with wc then RI will be 1. These results are summarised in Table

4.2. Therefore, if the curved section is assumed to be an inverted parabola then the error 

in the cross-sectional area can be as much as 33% compared to the area of a uniform 

distribution.

Table 4.2 : The effect of changing height and width on modelled area

If wu »  wc then RI = 1 

If wu = wc then RI = 0.83 

If wc»  wu then RI = 0.67

It would be advantageous to find a way to estimate RI from the measurement of line 

width. This may involve examining line cross-sectional shape. To examine shape wc and 

wu need to be measured, these parameters are defined in Figure 4.19. To do this a 

measurement from a detailed cross-section of the line could be taken. A tolerance from
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the m axim um  height could be set, above which the line is considered to be flat. This 

w ould define the size o f  w u. This will give accurate results since the length o f  the flat 

section is calculated for each cross-section. Thus, four points on the line cross-section 

need to be known. These are the start, the width, and the two points between which the 

line can be considered to be flat Figure 4.20. Again this requires more detailed 

information to be known about the cross-section o f  the line.

Length o f  the curved
<4------------------------------------------ ►

Line height

Line width
< ►

Figure 4.20, Points, show n in red, required to define the length o f  the flat section and line 

width to enable a direct m easurem ent o f  line shape characteristics. The line measurement 

parameters found from this data are also shown.

It is hard to objectively define the two points between which the line is considered flat. 

Therefore, another objective definition o f  w c was considered, using the parameter 

rectangular index. Equation 4.20 shows the relationship between the rectangular index 

the width o f  the curved section, w c, and the total width, w t. This relationship can be used 

to define w c as shown in Equation 4.21.

wc =  3 w t (l -  Ri) Equation 4.21

Thus, w c is not user dependent, since it is an objective m easurem ent o f  w c, and will give 

the correct w c for a given line width and rectangular index (RI). A limitation exists due to 

assum ing the shape o f  the curved section w as a parabola and the m inim um  value o f  RI 

was two-thirds. If  RI is calculated at less than two-thirds, w c will be calculated to be
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greater than the total width of the line. If this is the case wc should be considered as being 

equal to the total width.

4.4.6 Summary of line measurement parameters

The table below summaries the line measurement parameters.

Table 4.3 : Summary of line measurement parameters

Line characteristic evaluated Line measurement parameter

Three-dimensional line size Mean of the line cross-sectional area

Two-dimensional line size Mean of the line width

Line continuity Standard deviation of the line width

Line cross-section shape Rectangular index

_ line cross - sectional area 
line height x line width

|

iS
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4.5 Optimisation of measurement settings

4.5.1 Introduction to measurement settings

It is important to reduce measurement errors, by finding the optimal measurement 

settings, to increase the sensitivity of the measurement system. It is, also, important to 

quantify measurement errors so that the significance of trends within the results can be 

understood. The settings to ensure and accurate representation of the line have been 

established and, in doing so, it was possible to determine the measurement uncertainty of 

the line measurement parameters. The measure settings were the evaluation length, the 

sampling interval, the threshold level and the substrate level.

4.5.2 Evaluation length

The evaluation length was optimised by simulating, using the models described in section

4.4.2, the effect of incomplete oscillations within the measurement length on the mean 

and standard deviation. The number of points along the length of the line was set to 500. 

The units used along the length represent the pixels that an image is made up from. The 

units used across the width represent microns. Initially the resolution across the width is 

set to 3 decimal places. This is equivalent to 1000th of a micron.

The simulated values were compared to theoretically calculated values for a complete 

oscillation. The theoretically calculated values of the parameters are shown in Table 4.4. 

The mean and the standard deviation value are independent of the frequency. The 

theoretical value for the standard deviation is therefore directly proportional to the 

magnitude of the sine wave. The theoretical value of the mean is linearly related to the 

magnitude.



Table 4.4 : Ideal values for the probability parameters for the simulated lines

Mean Standard deviation

Edge rippling 

(sine curve)
^Wraax 2 J 1 B

—j=x —
4 l  2

Mesh Marking 

(trapezium curve)
f  B11 w ----
t  max 4 J

0.323B

Where,

B = peak to peak amplitude of signal

wmax = maximum width

If the sample length is not a multiple of the wavelength, since an incomplete oscillation 

exists, the results will differ from the theoretical value. The largest error will occur if half 

an incomplete oscillation exists in the data set (49). The error from not measuring a 

multiple of a complete wavelength reduces as the number of wavelengths within the 

sample increases, since the proportion of the incomplete wavelength decreases, i.e the 

error will be larger if only 3 wavelengths are measured compared with 20. The mesh 

marked patterning has a lower frequency, thus larger wavelength, than the edge rippling. 

Thus, analysis was considered for the mesh marking as the error will always be higher for 

this than the edge rippling. Both the trapezium and the sine models were examined, since 

the sine wave represents the filtered data and also requires evaluation.
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Figure 4.21 : The effect o f  increasing the sample length on m easurem ent error for the 

trapezium  model
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Figure 4.21 (a) and (b) show that if more than three oscillations are examined then the 

error in the mean is less than 1 unit and the error in the standard deviation is less than 0.4 

units. This relates to an accuracy of plus or minus 1 pm for the mean. This is below the 

sampling interval required and used by the study. The range of the standard deviation 

from straight edge lines to bad lines is from about 4 to 20pm. An accuracy of 0.4pm is 

low compared with this range.

If a filter was used on a line width data the output data would form a sine curve. 

Therefore, a sine curve is required to be examined in the same way as the trapezium 

model in Section 4.3. This was achieved in a similar way to examining the trapezium 

pattern. Figure 4.22 shows the effect of increasing the number of wavelengths measured 

in a sample on the mean and the standard deviation value. This shows that for a sample 

length of at least 3 oscillations with a magnitude of 20 then the mean will not be affected 

by more than 1.8 units and the standard deviation value by 0.2 units.
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Figure 4.22 : The effect o f  increasing the sample length on m easurem ent error for filter 

data, a sine curve

4.5.3 Sam pling interval

To accurately measure features, such as edge rippling, the sampling interval must be 

small enough to represent patterns in the line width. The sampling theorem states the 

sampling rate must be at least twice the highest frequency in the sampled data (49). The

Number of wavelengths in sample

Number of wavelengths in sample
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mesh rippling wavelength was found to be about 70pm along the length of the line. 

Therefore, the sampling interval along the length of the line must be less than 30pm.

The sampling interval across the width also required consideration. The sampling interval 

across the width can be considered as the sensitivity of the measurement method to 

deviations in line width. The magnitude of the rippling was shown in Section 4.3 to be 

from 5 pm to 20 pm. Therefore the sensitivity, or sampling interval, across the width 

should be less than 2.5pm.

4.5.4 Threshold level

The effect of threshold level on the precision and accuracy of measuring the 3 

dimensional characteristics of a line was investigated. This enabled the optimisation of 

the threshold level as well as the precision and accuracy of the measurements of line 

| width and cross-sectional area to be determined.

I
j 4.5.4.1 Limitations associated with setting the threshold level
I
I Investigation of the threshold level is required to find its optimum setting. The factors
I
| that affect the threshold level are described below, followed by a discussion of the steps
|
| taken to evaluate and eliminate any limitations.

• Flatness of Substrate. If there is a height difference from one side to the other then

j anomalies may occur in the results. If there is a difference, as shown in Figure 4.23,

where height does not drop below the threshold value, then the program may not pick 

up on the end of the line. In this case, the line will be calculated to be much wider 

than it is.

• Substrate roughness. The threshold hold level cannot be smaller than the Rt of the

substrate. Rt is the difference between the maximum peak and trough of the surface

roughness profile (44). If the threshold is below this level then the program may pick 

up on an irregularity in the substrate rather than the line. This is shown in Figure 4.24. 

The substrate can be considered as the noise level of the signal.
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Measured line width

Actual line width

Threshold
Actual substrateDetected area

Believed substrate

Figure 4.23 : Line width and cross-sectional area measured too large due to the substrate 

not being horizontal when the printed image is digitalised

Detected area

Figure 4.24 : Incorrect m easurem ent o f  the line due to the threshold level set too low
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4.5.4.2 Optimisation o f threshold level

Two investigations were completed to investigate the optimum threshold level. Firstly, 

single cross-sections were examined, to determine how the accuracy and precision was 

affected by threshold level. This was carried out for single cross-sections as it allows the 

threshold level to be set lower than for the whole measurement area, since tilt or 

anomalies on the surface do not affect it as much. A second investigation was carried out 

to find the minimum threshold level that could be set over the whole measurement area. 

This enabled the optimum threshold to be set and an evaluation of the accuracy and 

precision of the measurement at that threshold level to be found.

Two parameters limited the threshold value, namely, the substrate roughness and the tilt. 

If the threshold value was set to zero then the measured value of line width would be the 

actual value of line width. This is not possible, in practice, since the substrate is not 

perfectly smooth and it is impossible to consistently record the samples on a white light 

interferometer with zero tilt. There are two errors that exist as a consequence of setting 

the threshold above zero. The complete line width is not being measured, thus there will 

be a part of the cross-section that is not measured. This will give an offset error. This 

offset error is unlikely to be the same for each cross-section, therefore there will be a 

random error. The offset error can be measured and adjusted for.

There are two types of error associated with the measurement method; the accuracy and 

the precision. The accuracy is how far the mean value is from the correct value. Precision 

is the variation or spread of the data (18). For this case, the error described above as 

offset is the accuracy of the measurement tool. The error described as random error is the 

precision of the tool.

The error on line width and cross-sectional area was studied for different threshold levels. 

For the investigation into the accuracy and precision of the three-dimensional tool, single 

cross-sections were examined. An example of the data used is shown in Figure 4.25. A 

cross-section of a line was examined to determine the line width and area measured at 

different threshold levels. This was then compared to the actual line width. In this way,
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the m easured width and area can be com pared to the actual width and area o f  exactly the 

same cross-section. The effect o f  the substrate and tilt were greatly reduced by measuring 

a single cross section with a profile that extends only a few microns either side o f  the 

edge o f  the line. This enables the threshold level to be set lower than for the whole 

m easurem ent area, since tilt or anom alies on the surface do not affect it as much.
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Figure 4.25 : A cross section o f  a line

A set o f  lines at 120pm, 180pm, 280pm  and 340pm  nominal line width were examined. 

Lines o f  different width were used to determ ine whether line width influenced the 

accuracy and precision o f  the m easurem ent o f  line width and cross-sectional area. The 

cross-section used was an average over a 300pm  length o f  the sample. 5 samples were 

examined for each line width studied, making a total o f  20 samples. The height varied 

from 4 p m  to 8pm.

Firstly, the actual line width, for each cross-section, had to be determined Therefore, the 

most accurate method o f  repeatably determ ining the line width was required. This was 

achieved by determ ining the lowest possible threshold level at which no anom alies in the 

data were seen. By using single cross-sections it was possible to set a lower threshold 

than could be set for analysing a full data set, although the threshold level could not be 0 

as there will always be a small am ount o f  tilt and roughness on the substrate. At a 

threshold value o f  0 .1pm  some o f  the recorded line w idths produced anomalies. The 

lowest threshold level at which no errors occurred was 0 .25pm . For this reason, the

109



threshold for the actual line width and area measurement was chosen to be 0.25pm. 

Threshold levels of 0.5pm, lpm, 1.5 pm and 2pm were then used to investigate the effect 

of changing the threshold on line width and cross-sectional area.

The accuracy and precision of the measurement system was examined using the mean 

and standard deviation value of the error from actual line width. Figure 4.26 shows how 

the mean errors in width and area vary with the line width and reveals how the trends are 

similar for both area and width. For the low threshold values, the error was hardly 

affected by width. The increase in line width error, using a threshold of 1pm, from a 

120pm line to a 340pm line was only about 4pm. For higher levels of threshold, the 

mean error in width and area was affected by the line width. For low threshold values, it 

was found that width has little effect on the area but, for higher threshold values the line

i  width has a significant effect.
!
iti
iij
iiii
iI
i
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Figure 4.26 (a) and (b) show that the m ean error increases as the threshold level 

increases. To show the effect o f  the threshold level more clearly, the results for the width 

and the cross-sectional area at each threshold level were averaged. The com parison o f  the 

error in the width and the cross-sectional area is shown in Figure 4.27. The absolute



errors o f  width and cross-sectional area are similar, but the area o f  a cross-section is 

much larger than the width. Therefore, the percentage error in the width is much greater 

then the percentage error in the area. The results are shown for the percentage error for 

the width and area for 180pm lines in Figure 4.27 (b). The absolute error is 

com paratively  unaffected by line width, so the percentage error is dependent on line 

width, therefore it would be misleading to average all the results at each threshold.
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different threshold levels
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The error bars in Figure 4.26 show that the random error in the width and cross-sectional 

area is not affected by line width. This is shown more clearly in Figure 4.28, a plot of the 

standard deviation of the spread obtained at each line width and threshold level. The 

precision of the measurement of line width can be considered to be constant for all line 

widths for a given threshold level. Thus, to study the random error, all results can be 

considered together, Figure 4.29. The precision is linearly affected by threshold level, an 

increase in threshold value causes an increase in the random error of the area. The width 

and the area are compared using a percentage error for the 180pm lines, this is shown in 

Figure 4.29. This shows that the error for the area was negligible. The error in the width 

for narrow lines is significant at high threshold levels.
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In ideal c ircum stances then it would be possible to use the lowest value o f  the threshold 

to reduce errors. This is not possible due to the roughness o f  the substrate and the tilt 

while measuring. Tilt can be reduced and accounted for, but it would be impossible to 

com pletely  remove its effect. The techniques for m easuring and accounting for tilt are 

described in Section 4.6.4. The threshold level to be chosen is dependent on the
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roughness of the substrate. The same substrate was used throughout this study and it was 

smooth, equivalent to a low noise level, to enable a low threshold level and thus more 

accurate results.

There is a trade off between accuracy and precision, and the errors which are introduced 

by measuring the substrate as part of the line. The work described in this section has 

shown that the lowest possible threshold should be set to ensure the best accuracy and 

precision of the measurement of line width and cross-sectional area. Therefore, the 

limiting factor is the roughness of the substrate, as this will determine how low the 

threshold can be set. To ensure the substrate was not included in the measurement of the 

line width the threshold level was set to twice Rt, where Rt is the maximum peak to 

trough value of the surface profile data. Rt for the substrate used was found to be 0.5pm,

I therefore the threshold level was set to 1 pm.

ii
| 4.5.5 Substrate level

I Two methods of finding the substrate datum were considered. A histogram plot was
i

! considered in a similar way to image analysis, as described in Section 3.3.2. The heights
j

| were put into 256 bins and plotted as a histogram. From this, the threshold level can be

| found from the minimum value or a substrate level found from the first peak. This system

would not take into account the tilt of the sample, which is hard to keep at sub-micron 

level over the 1mm length of the sample. A method to determine the substrate datum, 

which accounts for the tilt in the sample is described below.

Inaccuracies caused by the substrate not being horizontal when it was recorded needed to 

be overcome. To do this, great care was taken recording the samples to ensure they were 

as level as possible. To measure the flatness of the substrate, the substrate height was 

calculated at each side of the sample. The positions of substrate height measurement are 

shown in Figure 4.30. For line 1, the substrate height 1 was used and, for line 2, substrate 

height 2 was used. The substrate height values were checked to be within two micron of 

each other. This ensured the all the profiles measured were flat and errors were reduced at 

the measurement stage, thus negating any requirement for more complicated post
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processing to achieve a reliable substrate datum. Nearly all the samples were measured 

within this tolerance first time. Those that were not were re-measured. If  a lower 

tolerance had been set, many samples would have to be re-measured. This tolerance was 

found to give accurate results on all the samples examined in Chapter 5.

The substrate level closest to each was used, as shown in Figure 4.30. The substrate 

height for line 1 was used a analyse line 1 and the substrate height for line 2 was used to 

analyse line 2.

Substrate height Substrate height
m easurem ent for line 1 m easurem ent for line 2

Figure 4.30 : Substrate height m easurem ent. The figure illustrates where, within the data 

set, the m easurem ent o f  the substrate height was made.



4.5.6 Summary of measurement settings

In this section the settings required to ensure the results are representative of the printed 

lines have been detailed. This is summarised in Table 4.5.

Table 4.5 : Summary of measurement settings

Measurement setting Value

Evaluation length At least 3 mesh marking wave lengths

Sampling interval along the length of the line 30pm

Sampling interval across the width of the line 2.5pm

Threshold level 1 pm above the substrate

4.6 Description of measurement technique

This section takes all the information from this chapter and fully describes the method 

used to extract relevant measurement parameters from the printed lines. It describes the 

settings used on the instrumentation to ensure the correct sampling interval and sample 

length. The method used to segment the three-dimensional data to objectively measure 

the profiles for line width, line cross-sectional area and line height is described.

The WYKO surface profiler, described in Chapter 3, was used to obtain a three- 

dimensional profile of screen printed lines. It was shown in Section 4.4.6 that the 

sampling interval had to be less than 2.5pm across the width of the line. To ensure this, 

the magnification of the interferometer was set to 5. This meant the resolution across the 

width was 1.95 pm per pixel and 1.67pm per pixel along the length. The sampling 

interval along the length of the line did not have to be this small and it was set to every 

other pixel, thus a sampling interval of 3.34pm was used along the length of the line. The 

addressability, ability to store a number of discrete points (53), of the WYKO 

interferometer was 736 by 480. This meant the evaluation length was 1229pm. This was 

more than three mesh marking wavelengths for all the lines printed in this study. It would 

have been possible to go to a higher resolution, by changing the magnification, but this
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was not necessary as the sampling interval across the width was less than 2 .5pm  and a 

higher magnification would have reduced the evaluation length to contain less that three 

mesh marking wavelengths. Within the measured area, it was possible to record two lines 

and this was called the m easurem ent area, as shown in Figure 4.31.

Figure 4.31 : Exam ple o f  a m easurem ent area used to digitalise the printed lines. Two 

lines side by side were captured within each m easurem ent area.

The surface profile was exported in ASCII format to allow post-processing using bespoke 

code written by the author. A macro was written, by the author, in Microsoft Excel to 

analyse the data in a similar method as an image processor detects and segments an 

image; except the data represents actual distance measurements. Thus, the threshold 

value is not a greyscale value, but a height o f  the ink film above the substrate. The 

threshold level chosen was lp m , as described in Section 4.6. Using this threshold level 

m eant the precision for the line width was 2 .5pm , and, 4 p m  for the cross-sectional area. 

The program me analysed both lines within the m easurem ent area. The values o f  width 

and area were adjusted for the offset error shown in section 4.6. This was 13pm for line 

width and 8pm" for cross-sectional area. The substrate levels at each side o f  the image 

were checked to ensure that they were within 2pm , this ensured that the sample was flat 

when the data was recorded.
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The macro exported the profile, mean, standard deviation, maximum and minimum for:-

• Line width -  End of line minus the start of the line

• Cross-sectional area - Numerical integration of the height data within the line width.

• Line height -  Largest value of line height within the line width

• RI -  comparison of the actual area with that of a uniform height across the width

The profiles could also be examined using a FFT band pass filter. This removed the high 

frequency signal of the edge rippling and could be analysed as described in Section 4.4.3 

to distinguish between the classes of edge defect.

The uncertainty in the measurement method is summarised in Table 4.6 and the steps 

taken in determining the line measurement parameters are summarised in Figure 4.32.

Table 4.6 : Measurement uncertainty for the measurement method

Line measurement parameter Measurement uncertainty

Line width ±2.5pm

Cross-sectional area ±4 pm 2
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Line measurement profiles
•  Line width
•  Line cross-sectional area
•  Line height

Raw data
Measurement area containing two  
lines as shown in Figure 4.31.
The data was exported in ASCII 
format to permit bespoke 
analysis.

Printed image
Obtained by the experimental 
programme detailed in Chapter 3

Line measurement parameters
•  Mean
•  Standard deviation
•  Rectangular index (RI)

Threshold level
This was achieved by using a code written by the author. 
Threshold le v e l : lpm
Substrate level calculated at edges and checked to be within 
2pm , to ensure substrate w as horizontal when it w as measured.

Determination of measurement parameters
Bespoke code, written by the author, was used to extract 
relevant information from the line measurement profiles. This 
w as the mean, the standard deviation, the minimum and the 
maximum. The mean rectangular index was also calculated.

The line width profile could be band pass filtered to determine 
i f  poor edge quality w as due to edge rippling or m esh marking.

Measurement settings
Instrumentation :
Sampling len g th :
Sampling interval across width : 
Sampling interval along length :

W hite light interferometer
1229pm
1.95 pm
3.34pm

Figure 4.32, Flow chart showing the steps of the fine line measurement system. This 

shows how the line measurement parameters were obtained from the printed image
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4.7 Closure for the development of line measurement methods

Within this section the development of the measurement system has been described. The 

functionality of lines was examined and it was shown that the area was the parameter that 

was affected by the screen printing process that determined the resistance of the line. To 

produce an effective measurement system, both cross-sectional size and the continuity of 

lines requires measurement. The size directly affects the properties of the line. The 

continuity affects how close lines can be placed together and the minimum line width.

The optimal techniques to measure the line cross-sectional size and continuity were the 

mean and standard deviation. The sample length and sampling interval were also 

examined theoretically. The optimum threshold level was determined and the accuracy 

and precision were measured. This Chapter concluded by bringing all the work in this 

chapter together and describing the measurement technique developed from this work. 

The work showed that a single measurement area would be representative of the line 

provided the line was repeatable along its length. This method can, therefore, be used to 

measure the process repeatability by measuring several measurement areas. This was 

carried out and described at the beginning of the next chapter. From this the total sample 

length that would be representative of the line, taking into account the process variability, 

was determined.
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Chapter 5

Investigation of fine line screen 

printing

5.1 Introduction to the investigation into fine line printing

The previous Chapter has described the development of analytical and statistical 

techniques to characterise the quality of screen printed fine lines. These techniques were 

used to analyse the experimental programme described in Chapter 3 and the results are 

presented and discussed in this Chapter. This Chapter begins with a summary of the 

experiment undertaken to investigate fine line printing. The repeatability of the screen 

printing process was first examined and from this the required sample length was 

determined. The effect of the line orientation was investigated and followed by the 

process parameters. Relationships were established between process parameters and line 

size, continuity and cross-sectional shape. A correlation between line width and cross 

sectional area was investigated.

5.2 Summary of experimental method

An experiment was performed to investigate the influence of process parameters on fine 

line reproduction. A full description of the experiment is given in Section 3.5, a summary
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of the main details is given here. The printing press, image and the substrate type were 

maintained constant for all of the experiment. The image was chosen so that the 

orientation of the lines to the print and the mesh could be investigated.

The experiment was split into 3 parts so that specific parameters could be concentrated 

on. These were an investigation of the effect of squeegee parameters, the ink type and the 

screen on fine line reproduction. For the squeegee parameters, a full factorial experiment 

was undertaken examining squeegee pressure, angle and hardness. Three levels were 

used for each parameter, thus a total of 36 combinations of settings were investigated. 

This allowed the investigation of the interactions between these parameters. Three inks 

were investigated and their viscosities and contact angles were characterised. For the 

investigation into the effect of the screen on fine line reproduction, 10 stencils were

| examined of differing profile (stencil thickness) and roughness. Thus, the total number of
I
| screen printing process parameter conditions to be investigated was 49.

5.3 Measurement of results
ii|
I The techniques described in Chapter 4 were used to measure the printed images obtained
i
i

| from the experiment detailed in Chapter 3. The aim of the work was to investigate, not

j just, the screen printing process parameters, but also the orientation of the line to the print

direction and the repeatability of screen printing. The printed image contained 10x10mm 

sized patches of lines printed at different line widths and orientations, as shown in Figure 

3.16. The measurement method described in Chapter 4 uses a white light interferometer 

to measure an area approximately 1mm . For each of the printed conditions, line width 

and orientation, more than one measurement area was measured. The number of 

measurements obtained is described below.

The investigation into screen printing process repeatability and the uncertainty of the 

results was achieved by measuring 5 measurement areas for each of the 49 printed 

conditions and at 4 line widths (90pm, 120pm, 180pm and 280pm). It was only possible
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to retrieve useable results from the 340pm wide line for prints from the investigation into 

the ink properties and for 6 of the trials investigating the screen. This was because in 

many cases the 340pm wide lines had spread and adjacent lines had joined, thus no data 

could be retrieved. Thus a total of over 200 conditions were investigated and over 1000 

measurements were made.

The investigation of the orientation was achieved by measuring five orientations, (15, 30, 

45, 60 and 75 degrees) at 3 line widths (90pm, 180pm and 280pm). This was achieved 

for all 49 of the screen printing process parameter combinations printed. Thus, a total of 

735 conditions were measured. An average of 3 measurements was used at each 

condition, therefore a total of over 2200 measurements were made.

The screen printing process parameters were investigated using an average of the results 

used to investigate the process repeatability. Therefore a total of over 3200 measurements 

were made.

5.4 Process repeatability and uncertainty within data

The work described in this section aimed to further the understanding of the ability of 

screen printing to reproduce fine lines and to determine the uncertainty within the data 

set. This work ensured the correct number of samples was taken so that the results were 

representative of the whole line and that the significance of any trends found within the 

data could be determined. Placing error bars on all the plots of the results would lead to 

cluttered results and, therefore, a lack of clarity of the trends. Therefore, the uncertainty 

of the complete data set has been characterised so that it is not necessary to evaluate the 

scatter for each individual result.

The difference between the maximum and minimum values of the line measurement 

parameters measured from five measurement areas was used to evaluate the capability of 

the screen printing process to repeatability produce fine lines. This was named the spread 

of the data and is defined in Equation 5.1.
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Spread = Maximum of the 5 line - Minimum of the 5 line Equation 5.1
measurement parameters measurement parameters

Where, the line measurement parameter is either the line width, line cross-sectional area 

or line width standard deviation.

Chapter 4 described the measurement system and the measurement error was determined. 

Provided the variation over the length of the line is deterministic, i.e. repeatable over a 

large scale, then difference between the line measurement parameters obtained from two 

measurement areas would be within the measurement error. Therefore, any difference 

between the line measurement parameters would be due to the process not being 

repeatable along the length of a line. Thus, by investigating the spread of the data 

(Equation 5.1) then it is possible to assess the repeatability of the screen printing process 

to reproduce fine lines.

5.4.1 Line width and cross-sectional area

Figure 5.1 and Figure 5.2 show the spread for the line width and the cross-sectional area 

respectively. The results are split into the three parts; the squeegee parameters; the ink; 

and the screen. The spread of the line width data is plotted against line width, Figure 5.1

(a), and line width standard deviation, Figure 5.1 (b). The spread is similar for all line 

widths and is less than 10-15pm for nearly all trials performed. No strong relationship 

was found between the spread of the line width data and line width standard deviation. 

Although lines with a high standard deviation value had a large spread, lines with a low 

standard deviation showed a range of spreads. It was concluded that the process 

variability was about ±7pm for the line width. The measurement error was ± 2pm, this is 

equivalent to the sampling interval. Thus there can be considered a variation over the 

print of at least ±5pm. Therefore, it is necessary to take a large sample of readings to 

ensure a statistically correct result. The number of measurements required is determined 

in Section 5.3.4.
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Figure 5.1 : Spread o f  line width data

The spread o f  the cross-sectional area was examined by plotting the percentage spread 

against line width. The percentage spread was used as it was not possible to compare 

individual lines together because o f  the large variations in the area o f  lines with different
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widths and different printing conditions. For most o f  the trials the spread was less than 

20% . This is significantly larger than the estimated m easurem ent error o f  less than 1 

percent. This suggests a large variation in the cross-sectional area along the length and 

reinforces the requirem ent to obtain a large num ber o f  readings to obtain a statistically 

valid result.

♦ Squeegee data 

■ Screen data 

Ink data

0 50 100 150 200 250 300 350 400

Line w idth (microns)

Figure 5.2 : Spread o f  the cross-sectional area data

5.4.2 Line width standard deviation

Figure 5.3 shows that the process variability increases with line width standard deviation. 

For lines with an standard deviation o f  2 0pm , considered to have rough edges, the spread 

o f  the line width standard deviation varies from about 10pm to 20pm . For the majority o f  

lines, and those considered as high quality lines with a low standard deviation, the spread 

o f  line width standard deviation was much lower. Most o f  the smooth edged lines had a 

spread o f  less than 5pm , although some had a spread up to 7pm . Rough edged lines had a 

spread o f  up to 15pm or more. Thus, the uncertainty in the data for line width standard 

deviation was about ± 3pm  for smooth lines and ±8pm  to 10 pm  for rough edged lines.
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f igure 5.3 shows that as the edge quality o f  the line reduces the process becomes less 

repeatable. This means the mesh marking is not a perfectly repeatable pattern and to 

quantify line quality a large sample is required from several parts o f  the line.
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5.4.3 Repeatability and sample length

It was important to ensure that sufficient measurem ents are obtained such that the results 

are representative o f  the whole line. An estim ate o f  the population mean and variance 

(variance is the square o f  the standard deviation) has to be established from a sample 

mean and variance. Population refers to parameters associated with the complete line. 

This is achieved by finding the standard deviation o f  the sample m eans (54). I f  the 

population is assum ed normally distributed then Equation 5 . 1 can be used to find the 

standard deviation o f  the sample means. This is called the standard error to distinguish it 

from the standard deviation o f  the population.
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c7_  pop

; 4 n

Equation 5.2

Where,

o- is the standard deviation of the sample means (standard error)

cjpop is the population standard deviation 

N  is the number of samples

Equation 5.2 shows that the standard error of the sample means is directly related to the 

standard deviation of the population. Therefore, smooth lines will have a have smaller 

sample mean standard error than rough lines for the same sample size. This study wishes 

to characterise both rough and smooth lines, therefore the limiting factor on sample size, 

I to ensure a small error for the sample means, will be the rough lines. It is, therefore,

| necessary to examine rough edged lines as opposed to smooth to ensure a sufficient

! sample size.
i|
ij
| Figure 4.7 in Section 4.3.3 shows that the population for rippled edged lines was
i

normally distributed. In section 4.4.4, though, it was shown that the mesh marked lines 

were not normally distributed, but had a skewed distribution. Thus, it is not possible to!
| assume that the population of the rough edged lines is normally distributed and these are

| the lines which will determine the required sample size. It can, though, be assumed that

the mean and standard deviation of the sample means of the line width or cross-sectional 

area are normally distributed, as variations due to the sampling will be random. Thus, the 

standard error can be found for measuring either 3 or 5 measurement areas, as described 

in Section 5.3.

The standard error was found for every trial performed for this experiment and for each 

line width, as for the investigation into process repeatability, i.e. over 1000 conditions. To 

plot each result would lead to confusing presentation, so the results were split by line 

width standard deviation. This method of splitting the data was chosen as the standard 

deviation of the population has an effect on the number of samples required to be taken.
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This enabled a comparison of lines of different edge roughness. The results were 

separated into lines with a standard deviation of less than 8pm, 8pm to 12pm, 12pm to 

16pm, 16pm to 20pm and more than 20pm.

Figure 5.4 shows the standard error, for taking 3 and 5 measurement areas, in the sample 

means for the cross-sectional area and the width, as well as the standard error in the width 

standard deviation. The decrease in error from 3 to 5 measurement areas for the cross- 

sectional area was 1 to 2 percent, for the line width it was 0.5pm and for line width 

standard deviation it was 0.5 to 1pm. Generally, the rougher edge lines had a larger 

standard error than the smoother edge lines. For the line width and line width standard 

deviation the change in error is less than the measurement error determined in Chapter 4. 

The change for the cross-sectional area is small compared with the overall error in the 

cross-sectional area. Therefore, the change in error form 3 to 5 measurement areas is not 

significant and 3 samples would give an accurate representation of the line. Although, 

when results were analysed extra confidence in the results was obtained by using the 

average of the 5 samples.

Using the standard error it is possible to examine the confidence limits for sample means. 

As the sample means are normally distributed there is a 95.4% chance that the sample 

means are within two standard errors of the population mean (54). For a sample of five 

measurement areas, twice the cross-sectional area standard error was about 8%, for the 

line width this was about 5pm and for the standard deviation this was about 2pm for 

smooth lines and 5 for the rough lines. This ties in well with estimation of the process 

variability from the previous section examining the spread of the data.
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5.4.4 Discussion of process repeatability

A detailed investigation of the repeatability of screen printed fine lines has been 

presented. No study has achieved such detail to determine the repeatability of screen 

printing to produce fine lines. Calculating the difference of the line quality parameters on 

five 1cm2 measurement areas achieved this.

The repeatability is a major factor in fine line screen printing. For this reason it was 

necessary to take a large number of samples for this study to ensure a representative 

value of the measurement parameters were obtained. Other studies into fine line screen 

printing have not judged the size of the sample required to obtain repeatable results and, 

thus, have not obtained such a large number of samples. The large sample size in this 

study has enabled the repeatable measurement of poor quality lines as well as good. This 

| will enable a good comparison between line quality and lead to the understanding

I required to obtain good line edge quality and repeatability.
i[

The repeatability of the screen printing reproduction of fine lines is related to the standard 

| deviation of line width, and thus the continuity of the line. Straight edged lines are more

| repeatable than rough edged lines and poor edge quality resulted in poor repeatability of

| the fine lines.i

Good repeatability can be ensured by obtaining good line edge quality, since straight 

edged lines are more repeatable than rough edged lines. It is, therefore, important to 

understand why poor edge quality occurs and how to achieve straight edged lines. It is 

possible to obtain straight edged and repeatable lines at all the line widths examined by 

this study. The effect of the parameter effects on line edge quality is required to be 

investigated to show how to achieve straight edged and repeatable lines. This work is 

described in the rest of the chapter.
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5.4.5 Summary of the process repeatability and uncertainty of the data 

This section investigated the repeatability of the screen printing process and determined 

the sample size required to ensured the results were representative of the lines measured. 

Straight edged lines were shown to be more repeatable than lines with poor edge quality, 

thus the required sample length was smaller for straight edged lines. It was shown that 3 

measurement areas were required for the results to be representative of the lines 

measured, but an average of 5 was used for this study to ensure further confidence in the 

results.

The uncertainty within the data was established so that, when the results were analysed, 

the significance of trends in the data could be determined. This was achieved using the 

complete data so that it was not necessary to evaluate the scatter for each individual 

result, as placing error bars on all the plots of the results would be lead to cluttered results 

and, therefore, a lack of clarity of the trends. The uncertainty of the data is summarised in 

Table 5.1.

Table 5.1 : The uncertainty within the data for the line measurement parameters

Line measurement Parameter Uncertainty within data

Line width ±5 pm

Line cross-sectional area ±10%

Line width standard deviation (smooth lines) ±3 pm

Line width standard deviation (rough edged lines) ±8 to 10pm

134



5.5 The effect of changing the line orientation on line reproduction

5.5.1 Introduction

The effect of the orientation to the print direction, and the effect of the orientation to the 

mesh, was investigated. Measurements were obtained at 5 orientations, for three line 

widths, for all the screen printing process parameter combinations printed. Therefore, it 

was possible to investigate the effect of the orientation, the interaction between 

orientation and process parameters and the 3 way interaction between line width, 

orientation and process parameters.

; This section concentrates on the orientation, although a description of the more obvious

| screen printing process parameter trends are described to help the interpretation of the

| results. These trends are shown more clearly and discussed fully in Sections 5.6, 5.7 and
|

I 5.8 where the process parameters are concentrated on.
IIt
j  5.5.2 Experimental method

j For the investigation into the orientation, all the screen and all the ink prints were
i

I examined. The squeegee parameters were examined using the averaging technique,
i
! described in Section 3.5.1, to minimise the effect of drying in. For each print, three line

widths were measured, these were 90pm, 180pm and 280pm. This enabled any 

interactions between the line width and orientation to be determined.

Five line orientations were investigated (Figure 5.5), whose orientation relative to the 

print direction, for lines (a) to (e), were 15° to 75° in steps of 15°. Thus, to analyse print 

direction, the study examined five different orientations. When examining orientation 

relative to the mesh, the lines are grouped into three angles.

• Lines (a) and (e) are at 15° to the mesh

• Lines (b) and (d) are at 30° to the mesh

• Line (c) is at 15° to the mesh
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This assumes that there is no distortion o f  the mesh, and thus change in orientation 

between lines and the mesh, during printing. This is because the mesh is held together by 

the stencil so the stencil is likely to distort with the mesh, maintaining the same angle. 

Any distortion will be small com pared with the 15° change from one line orientation to 

the next.

Figure 5.5 : Orientation o f  the lines exam ined by this study 

5.5.3 Interpretation o f  orientation results

Due to the placement o f  the lines on the screen and the fact that there are five different 

line orientations relative to the print direction, but only three relative to the mesh the 

reading o f  the graphs require some explanation for clarity.

There are two fundamental curve shapes that can be produced by the analysis o f  the lines 

placed in the orientation o f  this study. These are found if

1. The effect o f  the print direction is dom inant and the effect o f  the mesh is considered 

negligible on the param eter investigated

2. The effect o f  the mesh is dom inant and the effect o f  the print direction is considered 

negligible on the param eter investigated
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There is also a need to consider the possibility that both the mesh and the print direction 

have an effect on the parameter investigated.

Below the shapes of curves formed by these effects are described. This assumes that the 

effect of orientation is linear. This assumption has been made since previous studies into 

ink transfer have shown that parameter effects are linear (13). It also assumes that the 

effect of changing the line orientation relative to the mesh and the effect of changing the 

line orientation relative to the print direction occur independently and that there is no 

interaction between them.

The shape of the curve expected, if the effect of the print direction is dominant on the 

parameter investigated, is a straight line increasing or decreasing from one orientation to 

the next, i.e. each line orientation has a greater or lesser value for the parameter 

investigated than the one before. Most importantly lines at orientation of 15° and 75° 

have a different value of the parameter investigated.

The shape of the curve expected if the mesh is dominant is shown in Figure 5.6. This 

would produce a parabola, or inverted parabola, with a minimum, or maximum, at 45 

degrees to the print direction. The important aspect to note, is that the values at 15 and 75 

degrees to the print direction would be similar, as these orientation are the same relative 

to the mesh direction, and different to the value at 45 degrees to the print direction.
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Figure 5.6 : Expected curve shapes if effect of orientation to the mesh is dominant
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It is also important to consider if both the mesh and the print direction affect the 

parameter investigated. The expected curve would be an addition of the effect of both the 

mesh and the print direction, thus tilting the curve as shown in Figure 5.7.
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c
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Eaj (O Q_

T 
0

Figure 5.7 : Expected curve shapes if both orientation to the mesh and print direction are 

significant

5.5.4 The effect of orientation on line width and cross-sectional area 

The results are presented for the three line widths investigated for the effect of orientation 

on line width and line cross-sectional area. It was shown, in Section 5.4, that a change in 

line width of ± 5pm would be a significant result. The line width results, Figures 5.8 to 

5.12, are shown for each screen printing process parameter investigated for each line 

width measured. Presenting the data in this way enables the investigation into the 

interaction between line width, screen printing process parameters and orientation.

Figure 5.8 shows the effect of the orientation on line width for the three line widths 

investigated for changing the ink type. For each line width investigated the width 

increased linearly from 15 to 75 degrees to the print direction. For the 90pm wide lines 

the increase was about 7 to 12pm and about 20 to 25pm for the 280pm wide lines. There 

seems to be slight interaction between orientation and ink type for the 180pm wide lines.

Orientation to print directionOrientation to print direction
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The increase in line width was different for ink types. Ink 2 increased by about 5pm, but 

inks 1 and 3 increased by about 10 to 15pm. The results suggest that a small interaction 

exists between line width and orientation, with wider lines being affected more, by a 

change in orientation, than narrow lines. If the change in width is considered as a 

percentage, then the increase in width from 15 to 75 degrees to the print direction is about 

10%.

There is an interaction between the ink type and the line width. The 90pm wide lines 

printed using ink 1 were wider lines than using inks 2 and 3. The 180pm and 280pm 

wide lines printed with ink 3 were wider that those printed with inks 1 and 2. This 

phenomenon is described and discussed in more detail in Section 5.5.

Figure 5.9 shows the effect of the orientation on line width for the three line widths 

investigated for changing the screen height. There is a general trend in the results of a 

linear increase in line width from 15 to 75 degrees to the print direction. The effect of 

orientation on line width for the results from the screen experiment are much smaller than 

the results from the ink experiment. For the 90pm wide lines an increase of about 5pm to 

8pm was found. For the 180 pm wide lines an increase of about 5pm to 10 pm was found 

and an increase of a bout 5pm to 15 pm found for the 280pm wide lines.

An interaction appears to exist between the screen and the orientation for the size of the 

increase of line width. For lines printed using screens with a profile of 4.3pm there was 

no significant increase in line width. Whereas, for other screens, profile of 7.8pm, the 

increase is about 7pm for the 90pm width line to 15pm for the 280pm wide lines. The 

error in the measurement of line width was about ±5pm, therefore, the interaction is 

small. It could be considered that there is an effect on all screens, but for some of the 

screens the effect is so small it has not been found using this measurement method, as the 

increase could be less than 5pm. The screen profile does not appear to affect the line 

width.
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Figures 5.10 to 5.12 show the effect of orientation on line width for the squeegee 

hardness, angle and pressure respectively. A general trend exists for the results of a linear 

increase from 15 to 75 degrees to the print direction. The squeegee hardness results show 

an increase of line width of about 15 to 20pm for the three line widths investigated. The 

squeegee angle results show an increase of about 20pm for the 90pm and 180pm wide 

lines, but about 15pm for the 280pm wide lines. The squeegee pressure results show an 

increase of 15 to 20pm for the 90pm and 280pm wide lines and 5 to 8 pm for the 180pm 

wide lines. No significant interaction was found between the squeegee parameters and the 

orientation.

The process parameters did have an effect on line width. The soft and medium squeegees 

produced lines of about the same width, but the hard squeegee produced thinner lines. 

The squeegee angle had a large effect on line width, with angles closer to the horizontal 

producing wider lines. The squeegee pressure showed an interaction with line width. The

3.5 and 4.5 bar lines had similar line width. At 90pm lines the lines printed with a 

pressure of 2.5 printed lines of similar width to the 3.5 and 4.5 bar lines. For 180pm lines 

the lines printed at 2.5 bar had a less line width by about 5 to 10pm than those at 3.5 and 

4.5bar and at 280pm the line width was less by about 15 to 25pm. The process parameter 

effects are discussed further in Section 5.5.

The line width was affected by the orientation relative to the print direction for all the 

lines printed, but the line width was not affected by the orientation to the mesh. There 

was evidence of an interaction between orientation and line width. For several cases, the 

increase from the parallel to perpendicular to the print direction increased as line width 

increased.
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The effect of the orientation on cross-sectional area is shown in Figures 5.13 to 5.17. 

These are laid out in a similar manner to the line width results, split into the screen 

printing process parameters investigated. Section 5.5 showed a difference of ±10% would 

constitute a significant result.

Figure 5.13 shows the effect of the orientation on cross-sectional area for the three line 

widths investigated for changing the ink type. For the 90pm wide lines there was a slight 

decrease, of about 10% from 15 to 75 degrees from the print direction. For the 180pm 

and 280pm no significant change occurred from 15 to 75 degrees to the print direction. 

There was no interaction between the ink type and orientation for cross-sectional area. 

There was a slight interaction between line width and orientation on cross-sectional area.

There is also an interaction between the ink type and line width. For the 90pm wide lines 

all inks printed similar cross-sectional areas. For the 180pm and 280pm wide lines more 

ink was deposited for inks 1 and 3 as with ink 2. This is discussed further in Section 5.5

Figure 5.14 shows the effect of the orientation on cross-sectional area for the three line 

widths investigated for changing the screen height. This shows that the orientation had no 

significant effect on cross-sectional area for these results and there was no interaction 

between the screen and orientation. The screens with profiles ranging from 3pm to 7.8pm 

had similar ink transfer, but more ink was transferred through the screen with a profile of 

11.4pm. There may also be trends for the rest of the screens, but it is hard to pick out 

with the data presented as in Figure 5.14. The effect of the screen on cross-sectional area 

is described and discussed further in Section 5.5

Figures 5.15 to 5.17 show the effect of orientation on cross-sectional area for the 

squeegee hardness, angle and pressure respectively. For each of these parameters the 

same trend existed. For the 90pm wide lines there was a slight increase from 15 to 75 

degrees from the print direction. For the 180pm and 280pm there was a slight decrease
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from 15 to 75 degrees from the print direction. For each case the change from 15 to 75 

degrees was about 10 to 15%, thus the results are only just significant. There was no 

interaction between the squeegee parameters and orientation for cross-sectional area. 

There was a slight interaction between line width and orientation on cross-sectional area. 

It appears from the results that at low line widths cross-sectional area increases from 

parallel to perpendicular to the print direction, but decreases for wider lines.

The effect of the process parameters was similar to those on line width. The squeegee 

pressure had the same interaction as exhibited with the line width. The effect of the 

process parameters on cross-sectional area are presented in detail in Section 5.5.

Orientation has an effect on line width, with lines printed perpendicular to the print 

direction wider than those printed parallel to the print direction. This difference varied 

from less than 5pm to 20pm. There was evidence that the orientation had a larger effect 

on wider lines, although this was not always the case.

There was a barely significant decrease in cross-sectional area, or no change, from 15 to 

75 degrees to the print direction for the majority of the printing conditions, the exception 

was the 90pm wide lines printed for the squeegee experiment. This showed the 

importance in measuring the three dimensional properties of the line, since although the 

line width increases slightly the actual area decreases.
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II

i
5.5.5 Discussion of the effect of orientation on line cross-sectional size

5.5.5.1 Orientation on line width

Figure 5.8 shows that the orientation relative to the print direction had a significant effect 

on line width. Lines printed at 15 degrees to the print direction were printed narrower 

than lines at 75 degrees to the print direction. This has been found in previous studies (1), 

although the phenomenon was not quantified or explained. There are several ways that 

the orientation could affect the line width and there is a need to consider further the 

| action of the squeegee and the snapping off of the screen at the exact moment of printing.

| Several reasons why lines printed at 15 degrees to the print direction were narrower than
!
| lines 75 degrees to the print direction have been considered and are listed below:i

• Ink spillage at the point of printing, there are two processes that could cause extra ink

to flow onto the substrate at the point of printing.

• Just before the line passes under the squeegee, ink could be pushed out of the 

hole in the stencil producing a larger line (Figure 5.18)

S • Just after the centre of the line has passed the squeegee and the screen is
I
| beginning to snap off the substrate ink could flow under the rising screen

behind the squeegee, caused by the snap mechanism and the cohesion forces 

within the ink (Figure 5.31).

• Non-uniform stretching of the screen due to the snap off gap.

• Screen stretching due to the friction of the squeegee.

• More ink filling into the screen.
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The cross-sectional area, and thus ink transfer, decreases from parallel to perpendicular to 

the print direction for the majority of printing conditions, Figures 5.13 to 5.17. This 

means that the increase in line width from 15 to 75 degrees to the print direction is 

unlikely to be due to an increase in ink transfer. Thus, the effect of orientation on line 

width would not be due to extra ink flow under the screen or more ink filling the screen 

and being transferred to the substrate.

This leaves the distortion of the mesh to be the most likely cause of the influence of 

orientation on line width. Previous studies have examined the drag force of the squeegee 

on the screen and the distortion of the image due to the snap (15). These were reviewed in 

Chapter 2. The findings from this study and previous studies were compared to further 

the understanding of the process.

The studies into the drag force and the distortion of the screen were printed with different 

conditions to those in this study. It is possible only to consider qualitative parameter 

effects and not to quantitatively compare the amount of distortion that would occur for 

each study. The actual changes in line width caused by the distortion were examined and 

the limitations of using qualitative analysis were considered.

The squeegee pressure had a large effect on the drag force on the squeegee. To a lesser 

extent the squeegee angle also had an effect. Thus, if the drag force was the reason for the 

lines being printed at different widths at different orientations then there would be an 

interaction between the squeegee pressure and the effect of the orientation. Higher 

squeegee pressures would result in higher drag and, thus, wider lines. Figure 5.11 and 

Figure 5.12 show there is no interaction between orientation and squeegee and angle or 

pressure. Therefore, the squeegee drag is unlikely to be the cause of the effect of 

orientation on line width.

An in-depth study into the stretching of the screen during screen printing was undertaken 

by Jewell and is reviewed in Chapter 2(15). This study showed there was a difference in 

the stretching between the print direction and perpendicular to the print direction. In the
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centre of the screen, the strain perpendicular to the print direction was small and 

occasionally negative for some conditions. The strain in the print direction was positive. 

It was found to be about 0.1 to 0.2mm over a 400mm long screen. This is a strain of 

about 0.025% to 0.05%.

This can be compared to the increase in line width found in this study, but there are some 

considerations. The snap-off gap used in this study was 6mm compared to 3mm used by 

Jewell (15). The screen tension used in this study was 20N/cm compared with two values 

of 17 and 25N/cm used by Jewell (15). The screen size and squeegee were also different. 

These factors may all affect the actual comparison, but it is possible to show that due to 

the difference in strain there is likely to be a difference in line width. For a similar strain 

over a screen length of 1.5m, that was used in this study, then the increase in length 

would be 7pm to 15pm. This is very similar to the increase in line width found in this 

study due to the orientation of the line. The difference between the 15 degrees and 75 

degrees was between 5pm and 20pm. This shows that the effect of orientation on the 

printing process is caused by the non-uniformity of strain of the mesh in the print and 

transverse directions.

5.5.5.2 Orientation on area

Under the majority of conditions, a slight decrease, or no change, in area occurred from 

parallel to perpendicular to the print direction. The exception to this was the 90pm wide 

lines printed for the squeegee experiment. Below is a hypothesis as to why the decrease 

in area occurs and is illustrated in Figure 5.20.

The stencil supports the squeegee for lines printed parallel to the print direction since the 

two sides of the line, on the stencil, are sufficiently close to support the squeegee. For 

lines printed perpendicular to the print direction the size of the line in the plane of the 

squeegee is the length of the line. The squeegee in this case is not supported by the stencil 

and follows the height of the mesh as opposed to the stencil, Figure 5.20 (a). Larger ink 

transfer occurs where the squeegee is supported by the stencil as opposed to the mesh 

only, since more ink is held in the screen.
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For the 90|am wide lines, the width o f  the line is so small that the squeegee could also be 

supported by the stencil perpendicular to the squeegee plane as well as parallel to it 

(Figure 5.20 (b)). The increase in area may occur due to the widening o f  the line caused 

by the stretching o f  the screen, as described in Section 5.5.5.1.

Print direction

Squeegee

Screen

Substrate

Ink

(a) Wide lines, the squeegee is not supported by the stencil.

Print direction

(b) Narrow lines, the squeegee is supported by the stencil.

Figure 5.20 : Illustration showing that the squeegee, for lines perpendicular to the print 

direction, is supported by the stencil for narrow lines, not for wide lines
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5.5.6 The effect of orientation on line continuity

The effect of the line orientation on the continuity of the line width is shown in Figures 

5.21 to 5.25. The full results are presented in a similar manner to the width and cross- 

sectional area results. This enables the investigation of the interaction between continuity, 

process parameters and orientation. Section 5.4.2 showed that a change of ±3pm would 

be significant for smooth lines and a change of about ±8 to 10pm was significant for 

rough edged lines.

Figure 5.21 shows the effect of orientation on line width standard deviation for the ink 

experiment. The results show a slight increase from parallel to perpendicular to the print 

direction. This is about 4pm for the 90pm and 280pm wide line and about 2pm for the 

180pm wide lines. These results do not constitute a significant difference in line 

continuity.

Figure 5.22 shows the effect of orientation for the screen experiment. No significant 

effect of orientation on continuity is shown for any line width. There is an effect of the 

stencil roughness on line continuity, with rougher stencils producing poorer line edge 

quality, this is discussed in Section 5.7.

Figures 5.23 to 5.25 show the effect of the squeegee parameters on orientation. The 

variation for a change in orientation was about ±2pm for smooth lines and about ±4 pm 

for rough lines. This, therefore, does not constitute a significant change in line continuity. 

Therefore it is not possible to conclude that line orientation had an effect on line 

continuity for the squeegee parameters. The squeegee parameters also had very little 

effect on line continuity, although this will be examined in more detail in Section 5.6.

Orientation has no significant effect on line continuity. Some process parameters have 

shown they effect line continuity and these are investigated further in Section 5.
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Figure 5.21 : The effect o f  the orientation on line width standard deviation and the
interaction with the ink type
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5.5.7 The effect of orientation on line cross-sectional shape

First interactions between the process parameters and orientation on RI are presented. 

During the study it was noticed that orientation had an effect on the line cross-sectional 

shape. Details of this and a preliminary theory as to why it occurs is given after the 

results for RJ.

Orientation has very little effect on RI (rectangular index) as shown in Figures 5.26 to 

5.30. Full results are shown to demonstrate that there was no significant interaction 

between orientation and line width and orientation and process parameters on RI. The ink 

type had the largest effect on RI and this interacted with line width. This is examined 

further in Section 5.7. For the screen and squeegee results neither the process parameters 

nor the orientation had an effect on RI.
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Figure 5.26 : The effect o f  the orientation on the rectangular index and the interaction
with the ink type
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Figure 5.27 : The effect o f  the orientation on the rectangular index and the interaction
with the screen height

166



1

0.95
0.9

0.85
0.8

0.75
0.7

0.65
0.6

0.55
0.5

20 40 60 80

Orientation to the print direction (deg)

(a) 90(am wide lines

1
0.95 

0.9 
0.85 

0.8 
E 0.75 

0.7 
0.65 

0.6 
0.55 

0.5
0 20 40 60 80

Orientation to the print direction (deg)

(b) 180jam wide lines

1
0.95 

0.9 
0.85 

0.8 
E 0.75 

0.7 
0.65 

0.6 
0.55 

0.5
0 20 40 60 80

Orientation to the print direction (deg)

Squeegee hardness

-♦— Soft 

-m—  Medium 

Hard

Squeegee hardness

-♦— Soft 

»— Medium 

Hard

Squeegee hardness

-•—  Soft 

-m- Medium 

Hard

(b) 280jim  wide lines

Figure 5.28 : The effect o f  the orientation on the rectangular index and the interaction
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Figure 5.29 : The effect o f  the orientation on the rectangular index and the interaction
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Figure 5.30 : The effect o f  the orientation on the rectangular index and the interaction
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5.5.7.1 The effect o f orientation on line cross-sectional shape

During this study it was noticed that not all the cross-sections for lines printed at 75 

degrees to the print direction were symmetrical, but they were close to symmetrical for 

lines printed at 15 degrees to the print direction. The phenomenon is described and an 

example is shown, further examples are shown in the Appendix C, followed by a 

suggestion as to why this may occur. This result is of interest as it may reveal something 

about the process physics and thus could be studied as a continuation to this work.

Figure 5.31 shows three cross-sections of a line at 15, 45 and 75 degrees to the print 

direction. An increase of the rounding of the top left hand comer of the line is shown. 

This was the side that is printed first. The amount of rounding was different for the lines 

examined. Appendix C shows lines printed with different conditions and line widths. The 

next section gives a hypothesis as to why this shape change occurs.
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(a) C ross-section o f  a line 15 degrees to the print direction

(b) C ross-section o f  a line 45 degrees to  the print direction

um____________________________________________________________________________
____—

f  \/  \/ \y \
I SI 111 1SI 211 2SI

(c) C ross-section o f  a line 75 degrees to the print direction

Figure 5.31 : The effec t o f  line orientation on line cross-sectional shape

For lines printed parallel to the prin t d irection, the squeegee passes over the stencil edges 

bordering the line sim ultaneously , so the release at each edge o f  the line happens 

sim ultaneously . This m akes the line sym m etrical about its central vertical axis. T his is 

confirm ed by the cross-section o f  lines printed parallel to  the print direction, Figure 

5.32(a).
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For lines orientated perpendicular to the print direction, the edge of the stencil bordering 

the rear of the line lifts off the substrate before the stencil bordering the front of the line. 

Below is a description of how the asymmetry in the shape of the line cross-section could 

occur due to the progressive release of the ink from the screen.

• The ink releases from the screen at the back of the line before the front, Figure 

5.32 (b)

• At this point, the ink is drawn forwards due to cohesive forces within the ink, 

Figure 5.32(c)

• It finally releases completely from the screen at the front of the line, Figure 5.32

(d)
This results in the line being asymmetrical about its central vertical axis, Figure 5.32(e). 

This is shown by the cross-sectional shape of lines printed perpendicular to the print 

direction, Figure 5.32(c).
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Figure 5.32 : T he re lease o f  ink from  the screen for lines orientated perpend icu lar to the 

print direction
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5.5.8 Summary to the investigation into line orientation

This study showed that, for the conditions used, the increase in line width from parallel to 

perpendicular to the print direction was about 5pm to 20pm. This was due to the non­

uniformity of the stretching of the screen. The decrease in cross-sectional area from 

parallel to perpendicular to the print direction was due to the squeegee being supported 

by the stencil for lines parallel to the print direction and not perpendicular. Lines printed 

parallel to the print direction were symmetrical about their central vertical axis, but some 

lines printed perpendicular were not. A theory has been postulated as to why this occurs.

The investigation into the other process parameters only examines a single orientation, as 

this allows a clearer presentation of the effect of the screen printing process parameters. 

This is shown in the next sections that are split into line size, line continuity and line 

cross-sectional shape to show the results more clearly.
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5.6 Line cross-sectional size

This Section describes and discusses the trends exhibited in the results for the effect of 

the screen printing process parameters on line width and cross-sectional area. Lines were 

measured at 15 degrees to the print direction and at 5 line widths; 90pm, 120pm, 180pm, 

280pm and 340pm. An investigation into the repeatability of the screen printing process 

showed a change of 5pm would be significant for the line width and 10% for cross- 

sectional area.

5.6.1 The effect of the squeegee parameters on line width and cross-sectional area

To show the trends due to the squeegee parameters only the results from 180pm lines are 

presented. Similar trends were obtained at other line widths, the results of which are 

shown in Appendix D. The interactions are presented, followed by the parameter effects.

5.6.1.1 Interactions

An interaction occurs when a parameter’s effect on the process changes when another 

parameter setting is changed (18). The interactions between the squeegee parameters for 

line width and cross-sectional area are shown in Figure 5.33 and Figure 5.34. The 

interactions for the line width and the cross-sectional area show similar trends. The 

results suggest an interaction exists between the angle and the pressure; the angle has a 

slightly greater effect at 2.5 bar than at 4.5 bar. There was also an interaction between the 

squeegee angle and the squeegee hardness: the medium squeegee shows a different 

response to a change in the angle to the other two squeegee hardnesss. There was no 

interaction between the squeegee pressure and type.

The interaction between the squeegee angle and the squeegee pressure occurs because 

less ink was transferred with a squeegee angle of 80 degrees and as a consequence the 

system was more sensitive to changes in squeegee pressure. The suggested interaction 

between the squeegee angle and the squeegee hardness occurs due to the drying in and is 

not in fact an interaction between the two parameters. This demonstrates how the drying 

in affected the results and it is not possible to gather reliable information without
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reducing the effect of the drying in on the results. The interactions between the 

parameters were small provided ink transfer was good (angles not close to the horizontal 

and low pressure), thus, the interactions can be ignored and the trends representing the 

effect of the parameters more clearly shown by the averaging technique described earlier 

in Section 3.5.1.1.
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5.6.1.2 Parameter effects

Figure 5.35 and F igure 5.36 show  the effect o f  the squeegee param eters on line w idth and 

cross-sectional area. These results w ere produced using the averaging  technique 

described in Section 3 .5.1.1. T his reduced the effect o f  drying-in  d istorting  the results. 

The results presented for the squeegee angle and pressure w ere averaged from  im ages 

printed using the soft squeegee. The results presented for the squeegee pressure w ere an 

average o f  those printed at an angle o f  70 degrees. This m eant that for each process 

param eter level a total 15 m easurem ent areas w ere averaged, 5 m easurem ent areas 

recoded at 3 com binations o f  press settings.

Table 5.2 : Squeegee param eter levels

Param eter Level 1 Level 2 Level 3

Squeegee hardness (Shore A) 65 74 84

Squeegee angle (deg) 70 75 80

Squeegee pressure (bar) 2.5 3.5 4.5

140

^ 130
in 
c

2 1200
E

~  110 
51 100
C

90 

80

Squeegee hardness Squeegee angle Squeegee pressure

Figure 5.35 : The effect o f  the squeegee param eters on line w idth, the param eter levels 

are show n in Table 5.2.

□  level 1 
ffl level 2
□  level 3
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Figure 5.36 : The effect o f  the squeegee param eters on cross-sectional area, the 

param eter levels are show n in Table 5.2.

T he results for the w idth and the cross-sectional area are very sim ilar. The squeegee 

angle has the greatest effect on the line w idth and cross-sectional area, w here angles 

c loser to  the horizontal produced w ider lines. The squeegee hardness is also significant, 

softer squeegees produce w ider lines. Squeegee pressure has a sm aller effect on the 

system , a larger pressure producing w ider lines.

5.6.2 The effect o f  the ink on line size

T he results for line w idth  are show n in Figure 5.37. T he viscosity  o f  the inks decreased 

from  ink 1 to  3. Ink 2 had the h ighest surface tension and the o ther tw o had a sim ilar 

surface tension, w ith ink 1 slightly  lower.

The line w idths m easured w ere 90pm , 120pm , 180pm , 280pm  and 340pm . A verage line 

w idth gain w as plotted against the film  line w idth. Line w idth  gain is the d ifference o f  the 

actual line w idth from  the film line w idth. The results are presented in this m anner to  

show the effect o f  changing  line w idth  m ore clearly . T he lines printed w ith inks 1 and 2 

are affected  sim ilarly  by an increase in line w idth. A slightly  w ider line w as printed by

□  level 1

□  level 2

□  level 3
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ink 1 than ink 2, apart from the 340pm  w ide line. The lines printed w ith inks 1 and 2 had 

m ore gain for th inner lines than for w ider lines, w hereas ink 3 had a sim ilar line w idth 

gain for all the lines w id ths exam ined.
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Figure 5.37 : The effect o f  the ink on line w idth

The height o f  the lines w as shown to have a linear relationship  w ith line w idth, Figure 

5.38. Inks 1 and 3 appear to have a d ifferent effect to ink 2 for w ider lines. The height is 

less for ink 2. This is show n again in the cross-sectional area, F igure 5.39. The inks had a 

very sim ilar effect on cross-sectional area to the effect on height w ith ink 2 having 

different results to inks 1 and 3.
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Figure 5.38 : The effect o f the inks on line height
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Figure 5.39 : The effect o f  the inks on cross-sectional area

5.6.3 The effect o f  the stencil param eters on line size

Printed line quality  characteristics are exam ined against the stencil profile and the stencil 

roughness. F igure 5 .40(a) show s the relationship  betw een line w idth and stencil profile. 

The trends for the line w idths exam ined are all very sim ilar. T here is little change o f  the 

line w idth as the stencil profile increases. T hus, the stencil profile has no effect on the 

line w idth. F igure 5.40 (b) show s that the stencil roughness has no effect on line w idth.

182



350

300
uT
|  250

1  200

|  150 
?
a) 100 c

50

0

Line w idth 
(m icrons)

• - 9 0  
■ - 120 

180 

280 
* -3 4 0

4 6 8

stencil profile (microns)

10 12

(a) The relationship  betw een the stencil height and the printed line w idth

350

300

"c 250
2o
E 200
.c
t3 150
s
0)c 100

50

0

Line w idth 
(m icrons)

90
120
180
280
340

4 5

Rz (micron)

(b) R elationship  betw een stencil roughness and line w idth 

Figure 5.40 : T he effect o f  the screen on line w idth
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Figure 5.41 : The re la tionship  betw een the stencil th ickness and line height

The relationship  betw een line height and stencil th ickness is show n in Figure 5.41. This 

show s a d irect re lationship  between line height and stencil profile. An increase o f  1pm on 

the stencil profile relates to an increase o f  about 0 .3pm  in the height o f  the dry printed 

line. T here is an interaction betw een stencil profile and line w idth. For all but the th ickest 

stencil, line w idth has no effect on the height o f  the line but, at the largest stencil profile 

exam ined in th is study, line w idth does have an effect on the line height. The effect o f  the 

stencil height on cross-sectional area is sim ilar to that o f  line height, Figure 5.42. The 

sam e interaction exists and, thus, this is an interaction betw een the line w idth and stencil 

profile on ink transfer.
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Figure 5.42 : R elationship  betw een stencil th ickness and cross-sectional area

5.6.4 D iscussion o f  the effect o f  process param eters on line cross-sectional size 

C ross-sectional area w as show n in Section 4.2 to  affect the resistance o f  a printed line. 

Line w idth affects how  close the lines can be placed together. If  the line spreads too 

m uch then connections will be m ade betw een tw o parallel lines. It is, therefore, im portant 

to characterise param eter effects on cross-sectional area and line w idth. T his section first 

d iscusses trends that have been found in previous studies. These are used to  prove that the 

m easurem ent m ethod correctly  m easured the lines. The second part d iscusses the effect 

o f  the squeegee on line size and relates the effect o f  the screen prin ting  process 

param eters to results found in studies into tone gain. The effect o f  the ink on spreading 

and ink release is also discussed.

The cross-sectional area o f  the line is im portant as it determ ines the resistance o f  the 

printed line. Line w idth  has also been exam ined because a large gain in line w idth may 

lead to connections betw een tw o parallel lines. The effect o f  screen prin ting process 

param eters on ink transfer has previously  been investigated for graphics screen printing 

(12, 13). The results are m ainly for the squeegee and screen param eters, but the 

relationship  betw een ink transfer and line cross-sectional size and spreading has not been 

investigated. T heories have been put forw ard on the effect o f  the ink characteristics and

Line w idth 
(m icrons)

4 6 8 10

Stencil thickness (microns)
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these are compared to the results found by this study. The line width has been shown to 

have an effect on the release of the ink from of the screen and this is also discussed.

In graphic arts, printed dots of different sizes are used to create shades of colour on the 

substrate. Previously, the effect of process parameters on tone gain, the increase in dot 

size from the intended size, has been investigated is reviewed in Chapter 2. The results 

for the effect of the squeegee parameters on cross-sectional area found in this study are 

shown in Figure 5.36. A comparison of these results, with those found from 

investigations into graphic printing, show that the ink transfer affects line cross-sectional 

size and tone gain similarly. The squeegee angle has the greatest effect of the squeegee 

parameters on tone gain and ink transfer, it also has the largest effect of on line size. The 

next most significant parameter was the squeegee hardness.

The stencil height has a large effect on line height, but very little effect on line width. 

This means that stencil height affects ink transfer. The extra ink transferred during 

printing does not cause ink spreading, but only increases the height of the line. The extra 

ink transfer caused by increased stencil profile occurs due to the increased hole size, for 

holding ink, in the screen.

The line width had a large effect on ink transfer. This is because the width of the line is 

small compared with the volume in the mesh for the 90pm lines. This relates to a poor 

release of ink. This is shown in Figure 5.43. For wider lines the width was not 

significantly small compared with the volume of the mesh and good release of the ink is 

enabled. This is shown in Figure 5.44. Here, it is noted, that Rodriguez and Baldwin also 

examined this same effect for stencil printing (22).
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(a) Point in the print cycle w here the screen and the substrate are in contact

(b) A fter the print cycle, show ing the ink rem ain ing  on the substrate 

Figure 5.43 : Schem atic o f  the ink release for a 90pm  line

(a) Point in the print cycle w here the screen and the substrate are in contact

(b) A fter the print cycle, show ing the ink rem ain ing  on the substrate 

Figure 5.44 : Schem atic o f  the ink release for a 180pm  line

It has been show n previously  that inks w ith h igher surface tension spread m ore on the 

substrate (3). T his study did not find such a sim ple re la tionship  betw een ink surface
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tension and ink spreading. Figure 5.37 and Figure 5.39 show the effect of the ink on ink 

transfer and spreading for the inks investigated in this study. Surface tension had a large 

effect on ink transfer for the wider lines but, for the 90pm and 120pm wide lines, the ink 

transfer was similar for the three inks.

The line width for the 90pm and 120pm wide lines was affected by the surface tension, 

since the ink transfer was the same. Inks with a lower surface tension spread more. At 

higher line widths, ink transfer and the viscosity affected the line width. Ink 2 produced 

thinner lines as less ink transfer occurred using this ink. The ink transfer for inks 1 and 3 

was similar, but ink 3 produced wider lines. This suggests, that for wider lines, the 

viscosity is more significant than the surface tension for line width.

A good correlation between the results in this study and those from previous studies was 

found for the relationship between line cross-sectional size and process parameters. The 

parameters shown to increase ink transfer also have a similar effect on line width and 

cross-sectional area. The surface tension was shown to affect the ink transfer. The effect 

of ink spreading is explored further in Section 5.6.5 after the results for line cross- 

sectional shape have been presented.

5.6.5 Summary of line cross-sectional size

The effect of the screen printing process parameters on line size has been presented. The 

most significant squeegee parameter was the squeegee angle. Squeegee angles closer to 

the horizontal produced more ink transfer. Inks with higher viscosity and low surface 

tension produced wider lines, but actual ink transfer was affected by surface tension. Less 

ink transfer was obtained with inks of high surface tension. Stencils with larger heights 

produced more ink transfer. The measurement method was verified by using parameters 

previously investigated. The trends found for line width and cross-sectional area were 

similar to those found previously in ink transfer for graphic arts screen printing. The 

surface tension was shown to affect both the ink transferred and the spreading of the ink 

after printing.
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5.7 Line continuity

It is important to know whether the line width is continuous along the length of the line. 

This enables the prediction of how close lines can be placed together. This section 

describes the results from investigating the effect of the process parameters on line 

continuity. A discussion is then given for the trends found in the results.

5.7.1 Effect of the squeegee parameters on line continuity

The interactions between the squeegee parameters were examined using the same method 

as used for line size. The results presented here, in Figure 5.45, are for the 180pm lines. 

The results for the other line widths are in Appendix D. The trends in the data are similar 

with an interaction suggested to exist between squeegee angle and pressure as well as 

between squeegee angle and hardness.
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As before, the results were investigated using the technique described in Section 5.2.5, to 

minimise the effect of the drying-in. Squeegee hardess has the least significant effect on 

line edge quality of the three parameters examined. This is shown on Figure 5.46(a). 

Pressure was shown to have the smallest effect on average line width gain, but it has the 

greatest effect on the edge quality. The squeegee angle is shown to have a significant 

effect on line edge quality, with better edge quality obtained from printing with the 

squeegee closer to the horizontal. Figure 5.46(b) shows the effect of the press parameters 

on mesh marking. The squeegee hardenss has only a small effect on mesh marking. There 

are great similarities between the filtered and unfiltered data for the squeegee angle and 

pressure. This shows that mesh marking is the cause of the edge roughness caused by the 

squeegee angle and pressure. It shows that mesh marking occurs due to insufficient ink 

transfer.

Table 5.3 : Squeegee parameter levels

Parameter Level 1 Level 2 Level 3

Squeegee hardness (Shore A) 65 74 84

Squeegee angle (deg) 70 75 80

Squeegee pressure (bar) 2.5 3.5 4.5
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Figure 5.46 : The effect o f  the squeegee param eters on line edge quality , the param eter 

levels are show n in T able 5.3.

5.7.2 Effect o f  the ink on line continu ity

Figure 5.47 show s how  the ink characteristics affect the edge roughness o f  the lines. The 

evidence suggests that the edge roughness w as dependent m ore on the ink v iscosity  than 

the surface tension for th inner lines, a lthough the result is barely significant. The low er 

the viscosity  the sm oother the edge o f  the lines for fine lines. For w ide lines the inks used 

do not have a d ifferen t effect on the edge roughness o f  the line.
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Figure 5.47 : The effect o f  the inks on line edge quality
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5.7.3 Effect o f  the screen on line continuity

T he effect o f  stencil roughness on line quality  is show n, Figure 5.48, as a scatter plot o f  

line edge quality  against stencil roughness o f  all the line w idths exam ined. A strong trend 

is show n in the plot, illustrating that a rougher stencil will produce a line w ith a w orse 

edge quality . It also show s that all the line w idths have a sim ilar edge quality  for the sam e 

stencil Rz. This show s that stencil roughness effects the edge o f  the line.
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Figure 5.48 : R elationship  betw een stencil roughness and edge quality
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5.7.4 D iscussion o f  the effect o f  process param eters on line continuity  

Tw o patterns o f  poor line continuity  w ere found to exist, as described in Section 4.3. 

T hese w ere high frequency patterning, term ed edge rippling, and a low er frequency 

patterning term ed m esh m arking. T his section describes w hy these exist and m ethods that 

can be used to reduce them  and, thus, to im prove line quality.

5.7.4.1 Edge rippling

Edge rippling is dev iations in line w ith a frequency close to the m esh count (num ber o f  

threads per unit length) o f  the screen used. Due to the frequency o f  the m arking being 

sim ilar to the m esh count, it is w as suspected that the screen w as the principle cause o f  

this phenom enon.

The results indicated that the roughness o f  the screen w as the m ost significant screen 

prin ting process param eter on the edge rippling, this is show n in Figure 5.48. The rougher 

the underneath o f  the stencil the m ore edge rippling  lines exhibit. F igure 5.49 show s tw o 

lines, one printed through a sm ooth stencil and one printed through a rough stencil. The 

rippling  effect is visib le on the line printed through the rough stencil.
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(a) Sm ooth stencil (b) Rough stencil

Figure 5.49 : Illustration o f  d ifferent edge qualities printed through stencils o f  d ifferent 

roughness

This effect o f  stencil roughness has been investigated previously  and it has been show n 

that the stencil coating sm oothes out the roughness o f  the m esh (14). A th icker stencil
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applied to the m esh m akes the print side o f  the stencil sm oother. A flatter, sm oother 

stencil p roduces a better seal w ith the substrate and th is does not allow  ink to seep out 

around the edges o f  the stencil. A rough stencil leaves sm all gaps under the screen, these 

are show n in Figure 5.50. Ink spreads from  these gaps causing  the high frequency defects 

or edge rippling  (14).

Figure 5.50 : Illustration o f  gaps w here ink can be pushed by squeegee to produce 

rippling along the edge o f  a line

As the roughness o f  the screen is the only screen prin ting process param eter to 

significantly  affect the edge rippling, it is not possible to  introduce corrective m easures if 

the screen is not sufficiently  sm ooth. T his dem onstrates the im portance o f  m anufacturing 

the screen to the correct quality  to ensure good line reproduction.

5.7.4.2 Factors affecting mesh marking

M esh m arking is low frequency undulations along the length o f  the line. It w as show n in 

Section 4.3 that the frequency o f  the undulations w as dependent on the orientation o f  the 

line to the m esh. L ines printed at 15 degrees to the m esh had a low er frequency pattern 

than those printed at 45 degrees.

The results, F igure 5.46, show ed that the screen prin ting process param eters that affected 

ink transfer also affected the m esh m arking, w ith the squeegee pressure being the m ost 

significant screen prin ting  process param eter on m esh m arking. U nless the printing 

pressure is suffic ient to  create a good contact betw een the screen and substrate 

insufficient ink will be transferred  and a poor quality  line will be produced. T his occurs at
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the low est pressure investigated in th is study. A t h igher pressures, the screen is pushed 

onto  the substrate sufficiently  and good ink transfer occurs. F igure 5.51 show s exam ples 

o f  lines printed at 2.5 bar and 4.5 bar, illustrating the d ifference betw een the tw o 

pressures. The line printed at 2.5 bar is incom plete, w hile the line printed at 4.5 bar has 

good edge characteristics.

DO HI 0 2  DJ3 Q.4 OS OB D.T OS 09  1U 1.1 12

(a) Exam ple im age at 2.5 bar 

(low  pressure)

□O 0.1 02  03  0 4 05  OS D.T OB 03  10 1.1 12

(b) E xam ple im age at 4.5 bar 

(high pressure)

Figure 5.51 : The effec t on the printed im age o f  insufficient squeegee pressure and, 

therefore, insufficient ink transfer.

The squeegee angle has been show n in previous studies, as it also w as in th is study, to 

have a significant effect on ink transfer (13). T his is linear, w ith angles closer to the 

horizontal producing m ore ink transfer. T his is the sam e result as w as found for the effect 

o f  the squeegee angle on m esh m arking, F igure 5.46.

To understand w hy m esh m arking occurs, and therefore, how  to rem edy it, there is a need 

to consider w hat part o f  the screen prin ting process creates m esh m arking. T here are tw o 

m ain stages to the process o f  ink transfer in screen printing. T hese are the filling  o f  the 

m esh w ith ink and the release o f  the ink, from  the m esh, onto the substrate. D uring the 

screen prin ting process the pressure from  the action o f  the squeegee fills the screen with 

ink. The pressure does not force ink through the screen onto the substrate as the stencil 

form s a seal w ith the substrate. The ink is released from  the screen as a consequence o f
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the adhesion forces betw een the ink and substrate. T herefore, the squeegee pressure and 

angle influence the filling o f  the m esh w ith ink, as oppose to the release o f  the ink from 

the screen. T herefore, the m esh m arking is due to insufficient filling o f  the m esh w ith ink.

Further inform ation on the cause o f  the pattern ing  o f  m esh m arking w as obtained by 

exam ining  the patterns that occur due to the in teraction betw een the stencil and the m esh. 

T his is show n in Figure 5.52. The m esh partia lly  blocks part o f  the line, causing  a small 

aperture, w here ink does not flow easily. P revious w ork  has show n that if  an aperture is 

too small then ink does not transfer properly  onto the substrate (22). This w ould produce 

the characteristic rectangles as exhibited  by m esh m arked lines.

N o  i n k  f l o w  in  

s m a l l  g a p s

Figure 5.52 : The partial blocking o f  the line by the m esh

It w as also show n, Section 4.3, that the frequency o f  m esh m arking w as affected  by the 

orientation o f  the line to the m esh. H ow  th is occurs is dem onstrated  in F igure 5.53, 

interaction o f  the m esh w ith the line changes as the orientation  o f  the linen changes. At
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45 degrees to the m esh the partial b locking occurs closer together, than at 15 degrees to 

the m esh. T his w ould cause a h igher frequency patterning.

Figure 5.53 : The influence o f  line orien tation  on the patterning o f  m esh m arking

M esh m arking is affected  by insufficient filling o f  the screen during the prin ting  process. 

Thus, it is possib le to  use the screen prin ting  process param eters on the press to rem edy 

poor edge quality  due to m esh m arking.

It is im portant to be able to m easure and d istinguish  betw een edge rippling and m esh 

m arking, as once the screen is produced little can be achieved to  reduce the affect o f  edge 

rippling, but poor line quality  due to  m esh m arking can be rem edied. It should also be 

noted that a good line quality  w as achieved, w ith sm ooth screens, using the correct press 

settings for all line w idth  printed in this study. T herefore, w ith the correct process control 

lines o f  90|am can be reproduced w ith straight edged lines.

(a) Mesh and screen pattern o f  lines 

at 45 and 15 degrees to  the mesh

(b) Schem atic o f  m esh m arked lines printed 

at 45 and 15 degrees to the m esh
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5.8 Line Cross-sectional shape

The cross-sectional shape of the line was investigated because it was hoped that it would 

reveal information on a correlation between line width and cross-sectional area. A new 

parameter, the rectangular index was derived to investigate the relationship between line 

width and cross-sectional area. It was, also, considered that more information on the 

shape of a line could be obtained by considering that the cross-section of a line was made 

up of two components, as shown in Figure 5.54.

wt W u *►

wt is the total width of the line

wu is the width of the line with a uniform height

wc is the width of the curved section of the line

Figure 5.54 : Representation of a cross-section of a line split into a curved and a flat 

section

5.8.1 Squeegee parameters on line cross-sectional shape

The effects of the screen printing parameters on the rectangular index are shown in 

Figure 5.55 (a) and (b) for the 180pm and 340pm wide lines respectively. Figure 5.55 (a) 

shows that the screen printing process parameters examined have very little effect on the 

cross-sectional shape for the 180pm wide lines. This is representative of the results for 

the 90pm to 280pm wide lines. For the conditions printed the rectangular index is 

generally lower than 0.67. Figure 5.55 (b) shows that the squeegee hardness has a small 

effect on cross-sectional shape for the 340pm wide lines. The squeegee angle and
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pressure have no effect on the cross-sectional shape. The rectangular index for the 340pm  

lines is larger than the rectangular index for the 180pm lines.

Table 5.4: Squeegee param eter levels

Parameter Level l Level 2 Level 3

Squeegee hardness (Shore A) 65 74 84

Squeegee angle (deg) 70 75 80

Squeegee pressure (bar) 2.5 3.5 4.5
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Figure 5.55 : The effect o f  the squeegee param eters on cross-sectional shape, the

param eter levels are show n in Table 5.4
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A ssum ing that the squeegee parameters have no significant effect on rectangular index, 

for widths up to 280pm , allowed the examination o f  line width and rectangular index. 

Figure 5.56 shows how  line width affects rectangular index for the results found in this 

study. The spread for the 340pm  line is larger. There is no simple trend between 

rectangular index and line width. Rectangular index increases slightly from 90pm  to 

280pm . From 280pm  to 340pm  there is a large increase in rectangular index. This 

suggests that from 90pm  to 280pm  there is no flat section, but there was for lines with a 

width o f  340pm . Exam ining the cross-sections o f  lines at these widths can show  this.
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Figure 5.56 : The effect o f  line width on cross-sectional shape

Figure 5.57 (a) and (b) show cross-sections o f  a 90pm  and 340pm  line respectively. The 

difference between a line with only a curved section and a line with a curved and flat 

section can be seen.
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(a) 9 0pm  line

(b) 3 40pm  line

Figure 5.57 : The effect o f  line width on the cross-sectional shape o f  the line

The influence o f  line width on the cross-sectional shape o f  lines was studied further by 

investigating the influence o f  line width on the width o f  the curved part o f  the line, w c. To 

carry out this investigation an estimate o f  the rectangular index for a line with no flat 

section was required. As an objective m ethod o f  finding the width o f  the curved section 

was derived in Section 4.4.4, but this required a know ledge o f  the rectangular index. The 

formula used to find w c is repeated in Equation 5.3 below, the derivation is given in 

Section 4.4.4.

w c =  3 w t (l -  R l)  Equation 5.3
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It w as considered that lines with a width o f  90pm  would have no flat section present in 

the cross-section. This was proved by visually exam ining line cross-sections and is 

show n in Figure 5.57. The averaged result for rectangular index with no flat section in the 

cross-section, found from the 9 0pm  wide lines, was 0.64.

Figure 5.58 shows that the width o f  the curved section is linearly related to line width 

from 9 0pm  to 2 80pm  and equal to line width. This shows that from 90pm  to 280pm  only 

a curved section exists in the line. For lines with a width o f  340pm , w c has a greater 

range and varies between 160pm to 260pm  and suggests that a curved and a flat section 

exists.
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Figure 5.58 : Relationship between w c and line width

5.8.2 The effect o f  the ink parameters on line cross-sectional shape 

Figure 5.59 shows the effect o f  the line width on rectangular index for the inks 

investigated in this study. Inks 1 and 3 show  a different trend to ink 2. The rectangular 

index, for inks 1 and 3, increases for lines with a width o f  90pm  to 180pm. Whereas, the 

rectangular index for ink 2 is constant for lines with a w idth o f  90pm  to 180pm and 

increases for lines 180pm to 340pm . This suggests that for inks 1 and 3, from 90pm  to
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180pm wide lines, the length o f  the flat section increased, but does not change, over the 

same range, for ink 2.

■4 — ink 1 

■m— ink 2  

ink 3

400

Figure 5.59 : The effect o f  line width on rectangular index for the inks examined

The results were investigated further by plotting the width o f  the flat section, w u, against 

line width, Figure 5.60. The width o f  the flat section increases as line width increases for 

inks l and 3. Whereas, for ink 2 the width o f  the flat section is close to zero for lines with 

a width below 180pm and the width o f  the flat section increases with line width for lines 

above 180pm.
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Figure 5.60 : The effect o f  line width on wu for the inks examined
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5.8.3 The effect o f  the screen on line cross-sectional shape

The effect o f  the stencil height on rectangular index is shown in Figure 5.61. This shows 

that the stencil height has very little effect on the rectangular index. This also implies that 

the stencil roughness has no effect on rectangular index because the same screens were 

used for both. In the range o f  lines examines, line width has no effect on cross-sectional 

shape. This is shown further in Figure 5.62 which shows the effect o f  the line width on 

the length o f  the curved section, w c for all the data in the stencil experiment.
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Figure 5.61 : The effect o f  the line width on rectangular index for different screen 

heights
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Figure 5.62 : The effect o f  the line width on w c for all the screens

5.8.4 Discussion o f  the process param eters on line cross-sectional shape 

T w o parameters were identified as having a significant effect on line cross-sectional 

shape. These were the surface tension o f  the ink and the line width. The ink type was 

found to be the only screen printing process param eter that had a significant effect on the 

cross-sectional shape o f  the line. Lines printed with an ink o f  higher surface tension had a 

lower rectangular index for small line widths than lines printed with an ink o f  low surface 

tension.

To explain this, the effect o f  wetting and non-w etting  inks was studied. If  the ink flows 

on contact with the substrate then it will spread forming a low wide line. If  the ink does 

not spread on contact then the line will remain tall com pared with its width. The cross- 

sectional shapes o f  wetting and non-wetting  ink are shown in Figure 5.63 and 

schematically in Figure 5.64. This shows how  surface tension affected Rectangular index. 

The cross-sectional area o f  the ink for a w etting  line, Figure 5.64(a), occupies less o f  the 

surrounding rectangle than a non w etting line, Figure 5.64(b).
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Figure 5.63 : The line cross-sectional shape o f  the spreading and no-spreading inks

(a) Spreading (a) N on-spreading

Figure 5.64 : The effect o f  ink spreading on line cross-sectional shape

Figure 5.19 shows that there is an interaction between line width and the surface tension 

o f  the ink, as inks 1 and 3 show a different effect to ink 2. For inks with high surface 

tension, rectangular index is com paratively low for the 90pm  wide lines, but increases as 

line width increases. For ink 2, with a low surface tension, the rectangular index value is 

constant until the line width was approxim ately  280pm . This shows that for inks o f  high
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surface tension, the flat section of the line exists at lower line widths than for inks with 

low surface tension.

After the line is printed, the ink flows for wetting inks (low surface tension). This reduces 

the height of the line. The spreading flattens the top of the line, Figure 5.63. Non-wetting 

inks (high surface tension) hold their cross-sectional shape, with a high contact angle as 

shown in Figure 5.64(a). For non-spreading inks, the flat section does not exist until the 

ink is wide enough for the stencil not to interact with the centre of the line. The spreading 

of the ink causes the difference between the wetting and non-wetting inks.

5.9 Prediction of cross-sectional area from line width

5.9.1 Introduction to the prediction of cross-sectional area from line width 

The work in this study has shown that it is not possible to assume that line height is 

uniform across the width of the line for fine lines. The investigation into line cross- 

sectional shape carried out has shown that under the majority of conditions lines have a 

cross-section resembling an inverted quadratic up to a width of 180pm wide. The 

parameter shown to significantly affect the cross-sectional shape was how easily the ink 

spreads after printing. The ink spreading is governed by the free surface energies of the 

substrate and ink. It is, therefore, possible to study the relationship between cross- 

sectional area and line width by investigating lines printed using the same ink and 

substrate.

The aim of the work described in this section was to determine if it was possible to 

predict cross-sectional area from line width. Work was carried out to determine any direct 

relationships between line width and cross-sectional area. It was found this could be 

achieved by investigating mesh marked lines due to the large variation of width over the 

length of the line. A mathematical model was also derived that describes the relationship 

between line width and cross-sectional area for fine lines.
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5.9.2 Empirical trends between line width and cross-sectional area 

The results from the experiment described in Chapter 3 were investigated for a 

correlation between line width and cross-sectional area, line width and line height, and, 

line width and rectangular index. Line profiles were investigated to determine any 

relationship that existed over the length of a line.

The correlation of line width with cross-section area, line height and rectangular index 

along the length of a line has been determined by investigating the complete profiles 

along the length of the line. The correlation between data sets has been quantified using r- 

squared, which defined in Equation 5.4. r-squared is a measure, from 0 to 1, of how well 

one set of data can be predicted from another (54). A r-squared value of 0.8 means that 

80% of the change in one variable can be predicted by the other and an r-squared vale of 

1 means one variable can be completely predicted by the other.

2 cov(X, Y)r-squared = r = ---- ------ 1
O'x -O'y

Where

cov(X.Y) = l £ ( j r ( -  X .JH Y, -  YmJ )

Xj is the ith values of data set X 

Yj is the ith values of data set Y 

Xmean is the mean of data set X 

Ymean is the mean of data set Y

Six lines were used to investigate the correlation between line width and cross-sectional 

area. These are 2 smooth edged lines (labelled S1 and S2), 2 edge rippled lines (labelled 

R1 and R2) and 2 mesh marked lines(labelled MM1 and MM2). Figure 5.65 shows the 

correlation of line width with cross-section area, line height and rectangular index. There 

was no correlation of line width with cross-section area, line height and rectangular index 

for the smooth lines. This was because there is no change in line width and, therefore, no 

information can be obtained.

Equation 5.4

a x is the standard deviation of data set X 

<7y is the standard deviation of data set Y 

N is the number of points in each data set



The line width does vary along the length for the rippled lines, although there was no 

correlation o f  line width with line height and rectangular index. For line R1 there was a 

slight correlation with cross-sectional area, although a very weak one. On further 

investigation it was shown that this line was very slightly mesh marked as well as having 

edge rippling.

There was no significant relationship between the line width for the mesh marked lines 

and line height and rectangular index. There was though a reasonably significant 

correlation between the line width and the cross-sectional area.
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Figure 5.65 : The correlation o f  line width with 3D parameters for the six lines examined

The correlation existed between cross-sectional area and line width for the mesh marked 

lines, as opposed to the o ther line classes, due to the large variation in the line width that 

occurs for mesh marked lines. The fact that there was a sufficient variation o f  line width 

along the length o f  mesh marked lines for a correlation to exist between line width and 

cross-sectional area has been used to investigate the relationship between line width and 

cross-sectional area.
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A wider variety o f  printing conditions has been investigated by exam ining 5 mesh 

marked lines o f  different widths and heights. The r-squared values are shown in Figure 

5.66. This shows that for all the lines examined there was a correlation between the line 

width and the cross-sectional area. There was also a slightly w eaker correlation between 

the width and the height. N o correlation was found between line width and rectangular 

index. This suggests the lines exam ined had only curved sections and no flat section.
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Figure 5.66 : The correlation o f  line width with 3D parameters for the mesh marked lines

The correlation between line width and cross-sectional area was investigated further by 

examining the residuals for the correlations obtained. The residuals from a correlation 

are the deviation o f  each point within a data set from the regression line. This is 

calculated using Equation 5.5. The residuals are a measure o f  how well the trend line fits 

the data along the length o f  the data. It can be used to show  if  the correct assum ptions 

were made about the relationship between the tw o  variables. In this case it can be used to 

determine if  a linear fit was the best or i f  a quadratic would improve the modelled 

relationship.

Residual = Yi - ( predicted value of Y from X f  Equation 5.5
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Figure 5.67 show s a representative o f  the residuals found for the line width versus the 

line height, and, line width versus the cross-sectional area. This shows that the trend 

between the width and the height is close to a linear pattern within the range examined as 

the variation in the residuals is similar for all the widths.

The trend between the width and the cross-sectional area is not linear. The residuals for 

the lower and h igher line width are h igher than those for the middle line width. This is the 

trend in residuals expected if the relationship was actually quadratic, or higher order. A 

schematic, Figure 5.68, shows how this occurs.
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Figure 5.67 : The residuals o f  line width with 3D parameters for a representative o f  the 

mesh m arked lines
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Figure 5.68 : Schem atic  illustrating the residuals for a linear regression model for two 

variables actually related quadratically

A better correlation between the width and the cross-sectional area could be obtained by 

using polynomial curve fitting. Figure 5.69 show s the average r-squared value for the five 

m esh m arked lines for polynom ials  o f  different power. This shows a polynomial gives a 

better correlation than a linear relationship and a quadratic curve is sufficient to give a 

line o f  good fit. The residuals o f  the 5 mesh m arked lines for a quadratic fit have been
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plotted, Figure 5.70, to dem onstrate  that a quadratic fit is the best model for the 

relationship between line width and cross-sectional area.
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Figure 5.69 : The increase in correlation by using a polynomial for the regression line for 

the mesh marked lines
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Figure 5.70 : Residuals for line width and cross-sectional area using a quadratic model
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5.9.3 Relating line width and cross-sectional area 

The empirical study showed that there was

• a quadratic relationship between line width and cross-sectional area 

! • a linear relationship between line width and line height.

Below a mathematical model of the relationship between cross-sectional area and line 

width is derived based on the assumption that line width is linearly related to line height, 

therefore:
i

|

| w = a.H+c Equation 5.6
I

| Where,

w is line width

| H is Line height
i
i  a and c are constants

From the definition of rectangular index, as shown in Section 4.

Cross-sectional area A = RI. w. H. .. - _Equation S.7

Rectangular index was constant for an averaged data set over the changes in line width 

that occur due to mesh marking, Figure 5.39. Therefore, within the width range that RI is 

constant it is possible to develop a model for the cross-sectional area.

A = (aW2 +cW).RI Equation 5.8

Where,

A is cross-sectional area
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RI is Rectangular index

If it is assumed that at zero width the height is also zero; the regression line passes 

through the origin. Then c is zero and Equation 5.8 becomes

A = RI.a.W2 Equation 5.9

Since width is linearly related to height and cross-sectional area is related to height and 

width, then area is quadratically related to width. This fits with the empirical analysis that 

found that the cross-sectional area was quadratically related to the line width.

6.5.3 Discussion

There are many advantages to producing a method to predict the cross-sectional area 

from the line width. Two-dimensional measurement is cheaper and faster than three- 

dimensional measurement. It could also lead to in-process monitoring of lines using 2D 

measurement and thus fast evaluation of cross-sectional area. This study has 

characterised a new relationship between line width and cross-sectional area for fine 

lines. There are though some limitations that have to be considered and overcome if this 

could be used as a practical model.

It is important to note that the correlation found was obtained using averaged data. The 

spread of the data is such that it is not possible to predict individual values of cross- 

sectional area or height from line width as the correlation between a variable and 

averaged data is often higher, than the correlation to individual values. Therefore, this can 

only be considered as a model for average height and cross-sectional area. For example, 

if the relationship between line width and cross-sectional area is characterised for a set of 

conditions, ie a particular rectangular index. This could be used to predict the average 

cross-sectional area over the whole sample from a set of line width data. It would, 

though, not be possible to state that for a width of w then the area would be A.
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5.10 Closure

A study has been made into the effect of screen printing process parameters on fine line 

reproduction and a comprehensive investigation into the repeatability of screen printing 

to reproduce them. The investigation into the repeatability revealed information to 

determine the sample size required to ensure the results were representative of the line 

being measured. This was found to be much larger for rough as oppose to smooth edged 

lines, but a large sample size for all lines ensured confidence in the results.

The effect of the orientation of the lines to the print direction and to the mesh was 

investigated and orientation was the only parameter that had an effect on line width and 

cross-sectional area. No significant interaction between the orientation and the process 

parameters was found. The effect of the process parameters on the line quality 

characteristics was investigated and their interaction with line width. The parameters of 

mean, standard deviation and rectangular index, identified in Chapter 4, were used to 

measure the line size, continuity and cross-sectional shape respectfully. The results were 

used to find a correlation between the line width and the height and the cross-sectional 

area. The trends found in the results were discussed and the theories postulated for why 

they occur. The trends between line width and cross-sectional area were investigated and 

a relationship was found that could predict the cross-sectional area from line width.

A summary of all the conclusions from this work, from the development of the line 

measurement method and analysis into fine line reproduction is given in the next Chapter.
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Chapter 6

Conclusions and Recommendations

6.1 Summary of completed work

An experimental programme was conducted that investigated the most significant screen 

printing process parameters. These were the squeegee angle, squeegee pressure, squeegee 

hardeness, the ink characteristics and the screen roughness and height. The total number 

of screen printing process parameter conditions investigated was 49.

Appropriate measurement methods have been developed to ensure the objective 

measurement of line quality characteristics. These were the cross-sectional size of the 

line and the continuity of the cross-sectional size along the length of the line. The cross- 

sectional shape of the line was also investigated, as it was useful in determining a new 

correlation between line width and cross-sectional area for fine lines.

The measurement methods developed have been used to extract and analyse results from 

the printed images obtained by the experimental programme. The investigation into 

orientation examined three line widths (90pm, 180pm and 280pm) at five line 

orientations (15, 30, 45, 60 and 75 degrees) to print direction. The investigation into the 

specific influence of screen printing process parameters examined five line widths 

(90pm, 120pm, 180pm, 280pm and 340pm). Repeat readings were taken to ensure the 

results were representative of the line printed and a total of over 3200 measurements were 

made.
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A summary is given, here, of the conclusions obtained by this study.

6.2 Conclusion from the work completed within this study

6.2.1 Development of a measurement system

A measurement methodology has been developed that objectively measured screen 

printed fine lines and this was necessary because no proven methodology existed. The 

aims were to measure the two- and three-dimensional characteristics of fine lines that 

affect their functionality and repeatability. This allows not just the characterisation of fine 

lines but a further study to correlate the line width and the cross-sectional area to find out 

if it was possible to predict line cross-sectional area from line width. A summary of this 

method is given in Figure 6.1 and described in detail at the end of Chapter 4. The other 

main findings were :

• White light interferometry was found to be the best technique to digitally record the 

line. This was because it could measure a three-dimensional profile of the line and, 

therefore, obtain profiles for line width, line height and cross-sectional area.

• Lines were split into three classes; smooth-edged, rippled-edged and mesh-marked. 

Rippled edge lines had edge distortion at the same frequency as the mesh. Mesh 

marked lines had a wavelength of approximately 2.5 times the mesh wavelength for 

lines orientated at 15 degrees to the print direction. These two forms of defect could 

be distinguished using filtering.

• The parameters to best describe the quality of screen printed lines were the mean to 

characterise the cross-sectional size and the standard deviation to characterise the 

continuity.

• A new system to measure the cross-sectional shape of the line was developed. This 

was called the rectangular index (RI) and is the relative size of the cross-sectional 

area of the line compared to a rectangle of the same width and height. This compares 

the actual cross-sectional area of the line with the system used for wider lines by 

considering the line to be a rectangular cross section.
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Line measurement profiles
•  Line width
•  Line cross-sectional area
•  Line height

Raw data
Measurement area containing tw o  
lines as shown in Figure 4.31.
The data was exported in ASCII 
format to permit bespoke 
analysis.

Printed image
Obtained by the experimental 
programme detailed in Chapter 3

Line measurement parameters
•  Mean
•  Standard deviation
•  Rectangular index (RI)

Threshold level
This was achieved by using a code written by the author. 
Threshold le v e l:
Substrate level calculated at edges and checked to be within 
2pm , to ensure substrate was horizontal when it w as measured.

lpm

Determination of measurement parameters
Bespoke code, written by the author, was used to extract 
relevant information from the line measurement profiles. This 
was the mean, the standard deviation, the minimum and the 
maximum. The mean rectangular index was also calculated.

The line width profile could be band pass filtered to determine 
i f  poor edge quality was due to edge rippling or mesh marking.

Measurement settings
Instrum entation:
Sampling len g th :
Sampling interval across width : 
Sampling interval along length :

W hite light interferometer
1229pm
1.95pm
3.34pm

Figure 6.1, Flow chart showing the steps of the fine line measurement system. This 

shows how the line measurement parameters were obtained from the printed image
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6.2.2 Investigation into the repeatability of screen printing

A study of the repeatability of screen printing was made to ensure a sufficient sample size

was examined. This ensured the results were representative of the line measured. The

following conclusions were found during the investigation of the repeatability.

• Rough edged lines were found to be less repeatable than smooth edged lines.

• Roughness of edge quality was linked to ink transfer. Thus it is possible to 

repeatability reproduce fine lines provided sufficient ink transfer is achieved.

• Process repeatability was characterised and the uncertainty was found to be ±5pm for 

line width and ±10% for cross-sectional area. In the line width standard deviation, the 

uncertainty was ±3pm for straight edged lines and ±8 to 10 for lines with poor edge 

quality.

6.2.3 The study of the influence of line orientation

An investigation was undertaken to determine the effect of orientation on line quality.

The following conclusions were found during.

• Lines printed perpendicular to the printed direction were wider than those printed 

parallel to the print direction. The increase was approximately 5 to 20pm. This was 

shown to be due to the non-uniformity of the stretching of the screen.

• Under the majority of conditions a slight decrease, or no change, in cross-sectional 

area occurred from parallel to perpendicular to the print direction. The cross-sectional 

area decreased from lines printed parallel to perpendicular to the print direction. This 

was due to the squeegee being supported by the stencil for lines parallel to the print 

direction and not perpendicular.

• The cross-sectional shape of lines is affected by orientation to the print direction. 

Lines printed parallel to the print direction are symmetrical about their central vertical 

axis. Lines printed perpendicular to the print direction have a more rounded rear edge 

than at the front, making them asymmetrical about their central vertical axis. A theory 

was postulated for this phenomenon based on the progressive release of the ink, from 

the screen, across the line width during the snapping off of the screen.
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6.2.4 The study of the effects of the process parameters

A study was made into the effect of process parameters on the reproduction of the screen 

printed fine lines. The parameters were chosen that had been shown to have an effect on 

screen printing from work carried out in the graphic screen printing.

• Mesh marking was shown to be due to insufficient ink transfer onto the substrate. 

This occurred due to the interaction between the mesh and the stencil at the edge of 

the line. Increasing ink transfer reduced mesh marking.

• Screen printing process parameters had a similar effect on the cross-sectional size of 

the line, as on ink transfer and tone gain. Parameters known to produce more ink 

transfer in graphic printing produced wider lines with a greater cross-sectional area.

• Of the parameters examined, the line width and surface tension of the ink affected the 

cross-sectional shape of the line. Inks with higher surface tension spread more after 

printing and produced wider, lower lines. This caused them to have a higher 

rectangular index.

6.2.5 Prediction of the cross-sectional area from the width

It is much easier to measure the width of the line rather than the line cross-sectional area. 

It is, therefore, very useful to discover whether it is possible to predict the cross-sectional 

area from the width of the line, enabling simpler measurement. This study involved a 

detailed study of the correlation of line width and area and the conclusions from this 

work were:

• The correlation between line width and cross-sectional area for fine lines was found 

to be quadratic.

• A model that related line width to cross-sectional area for mesh marked lines was 

proposed. This involved knowing the rectangular index of the line and assuming that 

line width is quadratically related to cross-sectional area.
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6.3 Recommendations

A new measurement system was produced that objectively quantified the quality of

screen printed lines, using the three-dimensional profile of the lines. This was tested on

known lines and used to characterise some of the main screen printing parameters.

However, further knowledge of the process could be obtained by pursuing the following

recommendations.

• Not all process parameters were investigated. However, most of the parameters not 

examined by this study had been investigated previously, but mainly just for line 

width. Further understanding could be obtained by examining the substrate, snap-off 

gap, screen tension. The snap-off gap and screen tension are predicted to have an 

effect on the change in line width due to orientation. The substrate has been examined 

previously and it was shown that the relative free surface energies of the ink and the 

substrate had an effect on ink transfer and ink spreading. Therefore, the substrate 

must be considered if characterising the process to form a prediction of cross- 

sectional area from line width.

• Only line widths up to 340|im have been examined. At this point, the ink is released 

well from the screen and the line height approaches a plateau. The cross-sectional 

shape of the line, though, was not close to a rectangle. Further analysis is required on 

wider lines to characterise their shape, to the point where it is acceptable to assume 

that the cross-sectional area approximates to a rectangle.

• A suggestion was made for a model to predict the three-dimensional characteristic of 

a line from line width was given. A through the run experiment needs to be done to 

determine the validity of the assumptions used to produce the model.

• The two- and three-dimensional measurement systems and the model to predict the 

cross-sectional area should be used to form a package to investigate and control fine 

line printing.

• The orientation affected the cross-sectional shape of the lines and a hypothesis was 

suggested, based on the progressive release of the ink from the screen, as to why this
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occurred. A full analysis of this phenomenon may lead to a further understanding of 

the physics of the screen printing process.
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Appendix A

Calibration circles used for the image processing



# • • • • *
25 20 15 12.5 10 8 6

Figure A.1 : Circles used for the calibration. These are calibrated black circles on a glass 

slide that can be placed under the microscope to calibrate the image processing system.

Table A.1 : Diameters of circles used for the calibration

Circle Number Diameter (pm)

6 0.1110

8 0.1460

10 0.1830

12.5 0.2280

15 0.2730

20 0.3630

25 0.4540



Appendix B

Modelling Line Shape



B .l Introduction to modelling line shape

The derivation of the models for line cross-sectional shape are described in this section. 

Two methods were considered; Fourier series and building the line from regular shapes. 

These have been used to show how it was possible to calculate rectangular index (RI) 

using the models.

B.2 Fourier Series

The Fourier series is an expansion that relies on the fact that all periodic functions can be 

represented by an addition of sine and cosine curves. The full series is shown below in 

Equation B.l.

f{ x )  = aQ+ Y d a„ cos -(  Nn
n=\ v V L

x + b„ sinr N tt̂

v L J  j

Where

<*o = j ^ l Lf(x)dx

an = ^ f L/W C0S

K = j t Lf ( x ) *

ir)*
^ Nnx'' dx

Equation B.l

The cross-section of the line was considered as a periodic function, enabling the use of 

the Fourier series to model line cross-sections. The cross section was plotted and 

immediately followed by the negative of the cross section. This produces a periodic 

signal as shown in Figure B.l.



2w

Figure B.l: Representing the width data so it could be easily analysed using the Fourier 

series

This curve is well suited to Fourier analysis since it is an odd function; it is symmetrical 

about the x-axis. Thus, all the cosine terms of the Fourier series solution are zero. The 

average of the signal is also zero thus ao is zero. The time period of the signal is twice the 

line width, therefore Equation B.l can be expressed as

/(? ) = ! > „  sin —
n=i w Equation B.2

Where

, 1 pw r /  . • YlTTt j
bn = - L  f i t ) sin dtw w

The curve within the limits of 0 to w represents the cross section of the line.

Using this method, a uniform distribution was represented by a square wave; the 

wavelength was 2w and the amplitude H. This is shown in Figure B.2. The Fourier series 

solution for the square wave has the constants

B , = - , B 2 = 0 , B } = ^ - ,  Ba = 0 , B 5 = ^ p -
7Z 571 571



H

0 w 2w t

Figure B.2 : The signal use to represent a uniform cross section

A fine line with no flat section can be expressed as a sine curve

w Equation B.3

Where,

H is maximum line height 

w is line width

t is the coordinate across the width of the line

The use of the Fourier series to model the line was examined theoretically to find how the

cross-section affects the rectangular index. A sine curve was used to represent a cross-

section with no flat section. The area from 0 to w for a sine curve with a period of 2w and

an amplitude of H is

2 wH Area = ------
71 Equation B.4

Thus the rectangular index, using the Fourier series method, of the cross-section of a line 

with only a curved section is

RI = —= 0.636
K Equation B.5



B.3 Regular shapes

Lines could be placed into classes of cross-section, described by how they could be made 

up by regular shapes. This would yield a range of patterns of cross-sections. Visually 

examining the cross-section of many lines it is evident that they are made up of two parts. 

There is a curved section at the edges and a flat section in the centre. This is shown in 

Figure B.3. To model the area of the cross-section it is possible to model the line in two 

parts. The curved section can be represented as a quadratic function or cubic. The flat 

section can be represented as a uniform distribution. Figure B.4 shows how a line can be 

split into these two parts.

CurvedCurved Flat section
sectionsection

Figure B.3 : Flat and curved sections of a line

Figure B.4 : Representation of spitting the line cross-section into two components of a 

rectangular and a curved section

Initially a single inverted parabola was considered with no flat section. The equation for 

the curve is, therefore, y = ax +bx2 +c. The area under this standard parabola, as shown in



Figure B.5, was found by integration from x = 0 to w. This simulates the width of the 

line. The area will represent the cross-sectional area found using the quadratic model. 

The other boundary condition required is that at x = w/2, y = H. This simulates the height 

of the line. This was then compared to the area of a uniform distribution found from x = 0 

to w.

0 w

Figure B.5 : Parabola used to examine the line shape model 

Curve described by

y = ax +bx2 +c Equation B.6

To solve for a , b and c

Initial boundary condition at x = 0 then y = 0, therefore c = 0

y = ax +bx2 Equation B.7

Other boundary conditions at x = w/2 then y = H and x = w then y = 0, therefore



aw bw2
—  + --------=  / /
2 4

aw + bw = 0

Equation B.8

Equation B.9

Solve as simultaneous equations for a and b 

4 Ha =

b = -

w

4H
w

Equation B.10 

Equation B .ll

Area Under curve = \w' \  ax + bx2cbcJ-w/2

bw aw1 
 + -----

21 bw a = w I —  + — Equation B.12

Substitute in a and b

Area = w ,/ 4H w  4 /* lN   1--------
v w 3 w 2

2 Hw Equation B .l3

Therefore,

Rectangular index = RI = Line cross - sectional area 
Width x Height

2Hw 1 • —
Hw

= -» 0 .6 6 7  
3

Equation B.14



The analysis of a line with a curved and flat section was considered in a similar way. The 

length of the curved section is denoted by wc and the length of the flat section is denoted 

by wu. This is shown in Figure B.6.

/ >
>

Where,

wt is the total width of the line

wu is the width of the line with a uniform height

wc is the width of the curved section of the line

Figure B.6 : The notation for the curved and flat sections

Area of the uniform distribution = (wc + wu). h

Thus

Modelled Area = Hwu +
3 Equation B .l5

RI
H(wc + \v„)

c

—  V Equation B.16



Since wt = wu + wc 

wRI = 1-----£-
3wi Equation B .l7

B.4 Closure

The derivation of two methods has been described. One method used the Fourier series to 

curve fit the shape of the line, the other used regular shapes to represent patterns in the 

cross-section of the line. The discussion of these two methods is given in Section 4.5.



Appendix C
Observations and Preliminary theory on the effect of 

orientation on line cross-sectional shape



The figures show cross-sections o f  the line at 15 and 75 degrees to the print direction for 

lines o f  different width and printing conditions. An increase o f  the rounding o f  the top 

left hand corner o f  the line is shown. This was the side that is printed first. It is interesting 

to note that the am ount o f  rounding was not the same for all prints, this suggests that the 

screen printing process parameters have an effect on this phenomenon.

300100 2000

(a) 15 degrees to the print direction

2301000 30

(b) 75 degrees to the print direction 

Figure C.l : Cross-sections for line 1



1.30—

0 .30—

0 30 ICO

(a) 15 degrees to the print direction

0 50 100 ISO 3X> 300

(b) 75 degrees to the print direction

Figure C.2 : Cross-sections for line 2



0 ICC 2£C XC

(a) 15 degrees to the print direction

'In

(b) 75 degrees to the print direction

Figure C.3 : Cross-sections for line 3



0 50 100 130 200 290

(a) 15 degrees to the print direction

111!

o SO ICO 300

(b) 75 degrees to the print direction

Figure C.4 : Cross-sections for line 4



0 100 300 >30200

(a) 15 degrees to the print direction

3000 30 100 200

(b) 75 degrees to the print direction

Figure C.5 : Cross-sections for line 5



Appendix D

Full results from the investigation into the squeegee

parameters



D.l Introduction

The full results are shown here for the interactions of the squeegee parameters. They are 

shown for the three lines widths not presented in the main thesis. These were 90jam, 

120pim and 280|am wide lines. The line width data is presented first, followed by the 

cross-sectional area and line width rms.
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Figure D.l : The effect o f  parameter interactions on the cross-sectional area for 90|am
wide lines
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Figure D.2 : The effect o f  parameter interactions on the cross-sectional area for 120qm
wide lines
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Figure D.3 : The effect o f  parameter interactions on the cross-sectional area 280(am wide
lines
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Figure D.4 : The effect o f  parameter interactions on the line width for 90pm wide lines
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Figure D.5 : The effect o f  parameter interactions on the line width for the I20|am wide

lines
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Figure D.6 : The effect o f  parameter interactions on the line width for the 280p,m wide

lines
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Figure D.7 : The effect o f  parameter interactions on the line width rms for the 90pm
wide lines
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Figure D.8 : The effect o f  parameter interactions on the line width rms for the 120pm
wide lines
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