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Abstract

The screen printing process has been around for centuries dating back to its use in ancient China
for producing patterned silks. The same principle is used today to manufacture a diverse range of
products from different areas of industry, including electronics, textiles, pharmaceuticals,
packaging and graphics. Despite its age, the screen printing process is difficult to control because
it is poorly understood at a fundamental level. Several attempts to model the process over the last
30 years have been reviewed here and it is concluded that, to date, none has successfully

described the process and that further work is required to provide parameter relationships.

The complex nature of screen printing is confirmed in this thesis using factorial analysis to
examine just a few ofthe many variables involved in the process. The findings are that factorial

experimentation contributes minimal benefit when trying to establish process control.

As a consequence, the basic fundamentals ofthe process related only to filling ofthe screen mesh
have been researched here. For the first time, the pressure required for flow through the mesh to
occur has been experimentally established and this has shown that existing process models are
lacking or wrong. In addition, the assumption that the screen printing process is governed by
hydrodynamic lubrication theory is brought into debate, because the hydrodynamic pressure
generated within the ink roll is recorded to be a factor of25 smaller than the pressure required to

ensure flow through the mesh.

This work has proposed that an adaptation of elastohydrodynamic lubrication (EHL) theory is a
viable alternative on which to base a screen printing process model. Predictions of the minimum
speed required to achieve the first acceptable print for a given set of parameters including mesh,
squeegee and ink characteristics have been provided. This theory has been evaluated
experimentally for two different squeegee types. The results show excellent agreement between
theory and experiment for the softer squeegee tested, which industrially is the most common
squeegee employed. The harder squeegee results follow the qualitative trend predicted by the
theory but are a factor of 10 larger. It was concluded from these results that no single theory

governs the screen printing process, but that a combination oftheories must be sought.

This thesis provides a successful representation ofthe screen printing process and can be used as a
basis for development ofa generic model to control the screen printing process. It is, however,
concerned predominantly with the filling of mesh apertures, and thus recommends that further
work explore the effect of increased squeegee speeds and changes in mesh tension. In addition,
deposit characterisation techniques should be reviewed and developed to allow improved

assessment ofthe print quality.
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Glossary

Bleed out seepage of ink around stencil resulting in a double thick edge being printed

Bow wave the ink roll in front ofthe squeegee

Confounding the inability to separate sources of variation in a particular experiment

Darcy’s Law the law determining porosity ofa medium expressed as a ratio

Degrees of freedom the number of fair comparisons that can be made from a data set

Dot gain increase in diameter of each individual dot of ink, where the dot size is defined by the
mesh apertures

Effective attack angle the angle to which the squeegee deforms after it has been set at a specific
angle, load and is travelling at a required speed

Fabric roughness the root mean square ofthe mesh surface asperities defined by the weave of'the
mesh

Factor levels the settings of a particular variable in a factorial experiment

Fractional factorial experiment a statistically designed experiment to evaluate several factors
more efficiently than testing single factors one at a time

Hertzian contact the assumption that the pressure distribution in a contact region is the same
whether or not a liquid film is present

Hydroplaning lifting ofthe squeegee, whilst in motion, due to the pressures generated within the
fluid

Mesh open area the area of mesh apertures expressed as a percentage

Mesh tension the load applied to a mesh in both warp and weft directions, as it is stretched onto a
frame

Off-contact screen is separated by the snap height from the substrate

Orthogonal array a matrix designed to ensure that a fair comparison may be made between
factor levels, or their interactions, in independent columns

Peel-off action ofscreen lifting behind squeegee

Pooling combining the sum of squares and degrees of freedom of statistically insignificant factors
Scavenging resultant feature of deposit where the ink is effectively scooped out because the
squeegee tip protruded through the stencil

Scooping a deformation in the print height caused by the squeegee tip protruding through the
stencil aperture, and lifting a portion of ink from the deposit

Screen a mesh stretched across a frame

Sharp squeegee where the squeegee tip is ground to a point as opposed to a flat, or a squeegee
with newly ground 90° corners

Skipping incomplete image is achieved when printing

Slumping a deposit which spreads out after printing due to incorrect print characteristics
Smearing seepage of ink to the underside of'the stencil which is then subsequently printed

Snap height vertical distance between stencil and substrate

Snap offthe action ofthe mesh returning under tension from the substrate surface

Squeegee a rubber blade used to apply vertical and translational forces

Stencil a film or emulsion applied to a mesh to provide a print pattern

Thixotropy the property of a fluid which shows a temporary reduction in viscosity with changes
in shear rate



Nomenclature

%A Percent open area

A Area

A Porosity of screen (Chapter 2 only)

Asw  Distance between supporting aperture walls

a,b Halfwidth ofline contact

Mesh open area

Unit vector normal to the screen

Length of printed pattern

bV Contribution to pressure on the squeegee from paste above the stencil
CFD  Computational fluid dynamics

e

d Fibre diameter

D Flexural rigidity ofthe squeegee

dw Wire diameter of mesh

E Young’s modulus

EHL  Elastohydrodynamic lubrication theory
F Force

f(Q)  Factor increasing with ink quantity Q in front of squeegee roll
FFE  Fractional factorial experiment

FM Force pulling on each wire during screen separation
firo Force acting on one mesh aperture

Fr Fabric roughness

Ft Fabric thickness

H Printing mesh thickness

h Height at which dp/dx =0

ho Minimum film thickness

Ho Non-dimensional form of ho

Hpps Height ofdry paste at start

HE Edge height

IE Thickness of emulsion build up

he h2 Exit height

HF Height at front

hi, hi Inlet height

HPR Height of'the paste residue left on the screen

hs Thickness of printing screen

Hsc Equivalent flow passage height under the squeegee
Hscpp Equivalent flow passage height under squeegee, dry paste
Hg Stencil thickness

Hwp  Height of deposited wet paste

Ih Estimated Ink Height

Ir Ink wet to dry ratio

k Constant

k Permeability tensor

K Darcy’s constant

t Distance along x-axis

L Distance to the point where ink roll overcomes mesh wetting resistance
L’ Length of ink roll

Ln Total load on squeegee

LS Length of screen from frame to squeegee
m Gradient

M Mesh count per unit length



MO Mesh Opening
Mc Mesh Count

me Effective attack angle

1136 Number of meshes

OA Open area

P Pressure

PLC  Programmable logic controller

pV Pressure per unit width of paste below the squeegee
Pw Pressure required to overcome the wetting resistance
Q Volume flow rate

Qo Flow induced within the plane ofthe screen

Qe Volume flow rate at the exit

Qi Volume flow rate at the inlet

Qscr  Volume flow rate through screen
Qse  Volume flow rate under squeegee tip

r Distance from contact point between squeegee and screen
R Radius

Re Reynolds’ number

RMS Root mean square

1Q Extent of ink roll along surface of squeegee and screen
Rq Roughness parameter

S Integration variable for a fixed point of x

5 Screen size

SjF Twice the amplitude ofthe paste wavy surface at front

t Non-dimensional form of's

T(s-dry) Stencil dried thickness

Te Emulsion thickness

Tm Mesh weave thickness

U Squeegee speed

u(x,y.,z) Mean filter velocity of fluid

V(x) Normal surface displacement outside ofcontact region
Va Screen snap offvelocity

VP Average paste velocity

Vsa  Velocity through the screen

VsQ  Squeegee translational speed

W Load per unit length applied to the squeegee

x* Non-dimensional form ofx

X@  Distance of circulatory flow

Xus  Distance ofregion under screen

yo Vertical height ofthe squeegee at the point where it is clamped

v( Deflection at the squeegee tip

G Parameter accounting for the mesh hardness
a Pressure viscosity coefficient

ax Slip coefficient

P (1-d/02

PsQ Function ofthe squeegee material (Young’s modulus and Poisson’s ratio)
X h,/h0

6 Wet deposit thickness

Aedge  Width ofpaste edge

A Depth of squeegee deformation



AP Pressure drop
As;s Twice the amplitude ofthe paste wavy surface at start
At Time interval
Axso  Width of flat portion of deformed squeegee
e Compressibility
Angle of wedge
O,a  Squeegee angle
mM  Fluid viscosity

X Variable along the x-axis

v Poisson’s ratio

OR Angle from vertical at which the squeegee first rests on the screen

ow Angle from vertical at which the squeegee contacts the screen under working load
P Fluid density

Os Screen tension

X Shear stresses between paste and mesh surface

SI units used unless otherwise stated



Chapter 1 Introduction

1.1 Problem Statement

If a manufacturing process is to be successfully employed it must be fully controllable. In the
case of screen printing, where over 50 parameters [1] are involved it is hardly surprising that
comprehensive control solutions are non-existent [2],[3]. The ideal situation for the
manufacturer would be to be able to set all the process variables to give a known output, and to
know exactly what drift can be expected. Prior to achieving this, substantial information about
how the process works is required. Despite a recent increase in screen printing research, there
are still very wide gaps in the process knowledge which prevent full control ofthe screen
printing process. The aim ofthis work is to examine ways of improving the screen print process
control from the viewpoint ofthe manufacturing engineer i.e. defining the inputs to the process

which are required to give the desired process response. The objectives are to:

* determine parameter relationships using experimental techniques

* examine existing screen printing process models

* propose a theoretical model which governs the process

+ experimentally evaluate the proposed model
This chapter explains how the process works and outlines the difficulties associated with the
process components. In particular it shows that the output ofthe process is difficult to measure

and the variation between samples at the same setting is large.

1.2 Overview of the screen printing process

Screen printing is essentially a straightforward technique, which has long been categorised as
being something ofa black art (Riemer [2], Atkinson [3] & Markstein [4],). The basic

components ofthe process are depicted in Figure 1.1 overleaf.

A load is applied to the squeegee which in turn brings the mesh into contact with the substrate,
overcoming a set gap, i.c. the snap height. The squeegee travels across the mesh at a speed and
angle which provide a suitable shear rate and “hydrodynamic” pressure to allow the ink to fill
the mesh apertures. The mesh, typically tensioned to 200N per linear metre, on a metal frame,
peels back to its original snap height behind the squeegee and the ink is deposited onto the
substrate underneath the mesh. The purpose ofthe mesh is to provide a permeable medium to
carry a stencil, and the desired pattern to be printed is photo-exposed onto the stencil. The

secondary function ofthe mesh is to provide a flexible membrane which gently peels off under
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Squeegee Load

Mesh Apertures

Frame

Snap Height

Substrate A Squeegee Speed

Figure 1.1 The basic components of the screen print process

Ink Roll

Screen

tension to prevent image distortion. The mesh, stencil and frame are collectively labelled the

screen. The resulting print deposit is influenced by many factors: Hughes and Lendle (see

Cropper [5]) listed 47 variables and Kobs & Voigt [1] listed over 50 variables, but the main

groups were summarised by Molamphy [6] as shown in Figure 1.2.

Ink Characteristics

Print machine and
its’ parameter settings

The Screen
Printing Process

Substrate
Characteristics
(Flatness etc)
Operator and operator
work practices

Figure 1.2 Screen printing variables

Screen / Stencils

Environmental
Conditions
(Temp./Humidity)
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At the moment there is no theoretical or practical model on which to base the process set-up
and many ofthe variables are interdependent, as reported by many workers, for example, Kobs
& Voigt [1], Nickel [7], Anderson et al [8]. It is therefore difficult to set up and control the
process in a manufacturing environment. The problem is exacerbated by the fact that there is a
wide range of squeegee materials and geometries (see Appendix 1.1), a large selection of mesh
types (see Appendix 1.2), inks, and substrates which can be as diverse as glass to corrugated
cardboard. Studies [9] have shown that meshes of one manufacturer with exactly the same
designation as those of another manufacturer may be physically and dimensionally very
different and therefore print differently; this epitomises the lack of industrial standards. In
addition to this, screen printing machines offer very different levels of parameter control [10].
To discuss the behaviour ofthe process in manageable terms it is possible to eliminate most of
the parameters. For example the choice ofthe substrate and the nature ofthe end application
are specified by the customer. These dictate the ink selection, which in turn limits the screen
choice. The squeegee is then selected using the printer’s or supplier’s knowledge. It is outside
the scope ofthis work to discuss these issues further. By eliminating the environmental
conditions and selecting one type of machine, the variables are again reduced. The process can
then be described, for a specific application, using just the main machine adjustable parameters

which are squeegee speed, squeegee angle, squeegee load and snap height.

The squeegee load must be sufficient to overcome the tension in the mesh and bring the stencil
into contact with the substrate. Insufficient load will result in poor prints as the ink will not be
able to transfer to the substrate. Excessive load can result in scavenging or smearing due to the
squeegee edge being forced through the stencil aperture and removing the top surface ofthe ink.
Young [11] discusses print quality defects at length and Phippard [12] lists more than fifty
possible conditions which could lead to print quality defects, along with their likely causes and

possible corrective actions.

The squeegee speed is significant for two reasons. The first is that it determines the shear rate of
the ink, which affects the flow characteristics, and secondly, it influences the print cycle time. The
ink must be sufficiently thin to flow through the mesh but should regain its full viscosity on
removal ofthe shear force to allow the ink to form a substantial deposit. It should also be thick
enough to stay on the mesh surface without seeping through, as this leads to bleed out (i.e.
seepage of ink around the stencil edge resulting in a double thick edge being printed) and
smearing (i.e. seepage of ink under the stencil which is subsequently smeared across the underside
ofthe stencil). Too slow a speed will prevent the mesh from lifting behind the squeegee at a rate

to ensure good edge definition. Faster speeds may cause insufficient filling ofthe apertures and,
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or, prevent the transfer ofthe ink to the substrate. This will cause an incomplete print, which is
known as skipping. The speed must, therefore, be fast enough to thin the ink, but slow enough to
allow the ink time to fill the aperture and transfer to the substrate. The ink’s rheology must ensure
that the time taken to regain original viscosity after shear thinning is not excessive as this may

lead to poor print definition as the ink cannot support its own mass and effectively spreads out or

slumps.

The angle ofthe squeegee determines the amount of contact area between the ink roll and the
blade. This is generally taken to contribute greatly to the ink flow characteristics as it determines
the shear rate and also the squeegee deformation which alters the resultant normal and tangential
forces which are applied to the ink roll. The shear rate is effectively the squeegee speed divided
by the height ofthe ink roll and is thus a variable. Figure 1.3 below shows how the squeegee
angle will affect this. Too vertical a squeegee will fill the mesh very inefficiently, whilst too
shallow an angle will not allow the correct shearing action to occur. A simple analogy is that of
spreading butter on bread, ifthe knife is held almost at right angles to the bread the butter is
scraped very thinly, but a shallow angle will allow good coverage ofthe bread. Squeegee
deformation causes significant changes in the resulting angle ofthe squeegee blade to the
substrate, i.e. the “effective attack angle” [7], and an allowance should be made for this. It is

recommended that flat blades are set at an angle of between 45-75° [13].

\4 \4

Shallow angle Steep angle

Figure 1.3 The shear rate is affected by the squeegee angle

A gap between the screen and the substrate is essential when using a mesh to provide the peeling
action required in the ink transfer process. It is known as the snap height. The peeling action is
required to ensure that the stencil is removed prior to the ink regaining its full viscosity. The snap
height can cause x-y alignment problems. It also changes the angle ofthe peel off. An optimum
snap height must be achieved whereby the peel-offis sufficient to transfer the ink and the
misalignment is small enough to be regarded as negligible. As a rule of thumb, it is recommended
that the snap height should not exceed ten times the stencil thickness [13]. Recent developments
[14] have steered the industry toward the use of high tension meshes e.g. 350N/m as opposed to

200N/m, but it appears to have little if any influence on the final deposit characteristics. However,
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higher tensions do allow a smaller snap height to be used because the tension in the mesh

compensates for the reduced peel off.

Incorrect parameter settings will create poor printing conditions, but clear guidelines as to the
correct set-up ofthe process do not exist because generally different printers use an entirely
different combination of mesh, ink, stencil and squeegee. In addition to this, machines do not have
any standard calibrations on their adjustment facilities. These variables, however, cannot be dealt
with in isolation. Some ofthe possible interactions and their causes will be discussed here, but it
is not possible to quantify the extent ofthe possible interactions without doing some more

analysis.

The load required will increase with larger snap heights because there will be a need to overcome
more resistance in the mesh. The squeegee load and speed are related because the pressure
required to fill the apertures requires a sufficient amount oftime to act. Also the resulting
deformation under load changes the shear rate. The effective attack angle is by definition a

function ofthe load as well as the elastic properties ofthe squeegee.

The squeegee speed and the angle might show an interaction where the resistance ofthe mesh
must also be taken into consideration. An example ofthis is where the friction resistance between
the mesh and the squeegee is greater than that ofthe force moving the squeegee. For an instant the
deformation will become greater and the angle will therefore change. The speed and the snap
height may also show an interaction simply because where the height is increased there will be

more mesh resistance.

The angle and the snap height could possibly interact again due to the resistance forces caused by
the steep angle ofthe mesh. The complexity ofthe process is quite often masked by the fact that

the screen print process is in essence very simple; you take a screen, some ink, a rubber blade and
you print. However, to provide quality and repeatability in a high volume manufacturing facility is

a completely different matter.

1.3 Process variation

The first problem thus far outlined is that the exact method of setting up the process is not
clear due to a lack of information on the effects ofthe large number of parameters involved.
The second problem is that once the machine is set-up, several prints are required before an
acceptable deposit is achieved. It is often then the case that subsequent prints will be

unacceptable because of poor repeatability. This problem shows itselfas a process variation
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which is totally unacceptable. A study of'this is outlined in Appendix 1.3 whereby 10
consecutive prints at the same settings were printed, with the process repeated at one week
intervals and the maximum deposit height variation was found to be 35.65%. The reasons for
this are probably:
1) the squeegee is a rubber material exhibiting hysteresis and creep, which means its’
deformation properties would be different each time
2) screen print inks are thixotropic, i.e. show a temporary reduction in viscosity with
changes in shear rate, and non-Newtownian. These properties in turn are sensitive to
changes in ambient conditions.
3) different operators performed the tests, therefore small variations in set up may have

occurred.

1.4 Definition of a good print

It is necessary to define a good print for this work, as an acceptable print varies from user to
user. In the graphics and textile sectors a good print is determined by excellent reproduction of
half-tones and critical parameters are colour and dot gain i.e. the thickness gain of each
individual dot. In the electronics sector resistivity is critical which requires the correct volume
of deposit. In all sectors the registration ofthe deposition on the substrate is critical. So at a
more fundamental level it can be said that the printed deposit is good if it has good edge
definition, uniform height and volume and is the right shape i.e. it has not slumped or had any

ink scooped out of it by the squeegee. Figure 1.4 shows typical deposits which are achieved.

Ideal Rounded

Slump Slope Scoop

Figure 1.4 Typical deposit profiles

1.5 Summary

Screen printing originated as an art and, despite developments to provide automation for high
volume low cost manufacture of a wide range of products, the process remains an art because it

is poorly understood. The lack of standardisation of printing equipment, i.e. machines,
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squeegees, screens and inks, as well as inadequate machine parameter adjustment, has only

served to ensure that screen printing remains difficult to control.

It is clear that a large number ofvariables are involved but many are application specific and
therefore the key parameters relating to process control are the squeegee variables of speed,
angle and load and the screen snap height. These variables are thought to be interdependent and
information regarding how these parameters should be set and subsequently adjusted in

absolute and generic terms to produce an optimum print is not available.

There is no standard definition of an acceptable printed deposit and the process is known to
have very poor repeatability. This work therefore aims to provide a generic and technical basis

from which screen printing can be controlled in a manufacturing environment.
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2.1 Quantifying the screen printing process

This chapter provides the background to the existing research in screen printing, including
process models, industrial guidelines and the application of experimentation. All ofthe work
reviewed highlights the fact that the mechanism which governs the screen printing process is
poorly understood. Danner [15] offers one explanation, describing the ink transfer as a vacuum
process: “the vacuum develops when the fluid ofthe ink contacts the substrate and pulls the ink
through the fabric during snap-off. The emulsion acts as a gasket permitting the ink to flow to
its edge forming the definition ofthe pattern”. Many authors do not even attempt to explain it
but simply offer guidelines based on experience, for example: Phippard [12], Buttars [13],
Hobby [16]-[19],and Ismail [20]. Others have used semi-analytical methods, e.g. Molamphy
[6], Brown [21], or concentrated on very specific aspects ofthe process, for example, only the
rheological aspects [7],[22]. Nevertheless, several efforts to model the process have been made
by Riemer [2], Huner [23]-[29], Rangchi, Huner & Ajmera [30], Mannan [31], and Owczarek
& Howland, [32] & [33] but to date none has offered satisfactory explanations or been

completed to the point where it could be readily applied to the process.

Some of the earliest studies of screen printing involved investigating the pressure generated in
the fluid. However, this was always carried out for a Newtonian fluid. Effects of attack angle,
printing speed and squeegee load on the fluid bow wave constituted the basis for Cropper's [5]
work, which resulted in an equation to predict the pressure profile in a bow wave. Cropper
confirmed that the screen printing process is governed by Reynolds’ lubrication equation. He
also stated that the experimental work indicated a negative pressure being generated behind the

squeegee blade as well as a deformed squeegee tip under dynamic conditions.

Cropper actually evaluated two theories for the screen mesh, firstly treating the screen as a
porous medium obeying Darcy's law and then, as an alternative, regarding it as an assembly of
woven strands which required drag theories to be considered. Additionally, the forces
necessary to overcome mesh resistance were obtained empirically which laid the foundation for
studying the possibilities ofreducing hydrodynamic pressure to match screen resistance, thus

reducing image distortion, which is one of'the most difficult screen printing faults to overcome.

Cropper carried out an extensive literature survey which included references to the following

researchers. Finch (1968, see Cropper [5]) described the mesh as a metering device and
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evaluated a correction factor for the ink volume in the mesh. Salisbury (1970, see Cropper [5])
studied snap-height, screen substrate force, squeegee angle, squeegee speed and ink viscosity
using percentage resistance change as the response variable. A range of ink viscosities was
examined from 100 to 300 N s/m2, establishing that there is a linear relationship between the
percentage resistance change and the attack angle i.e. the deposit variation was linear with
respect to changes in the angle of attack. The importance ofthe squeegee profile was
emphasised by comparing the significant differences in deposits printed by a sharp* squeegee to
that of a squeegee with a 0.025 mm flat portion at the tip. This work highlights the importance
ofthe squeegee profile. Russell (1968, see Cropper [5]) examined filling of mesh apertures
under static conditions, deriving an equation for the height ofthe ink in the mesh. Tak and
Glastra (1970 see Cropper [5]) used Reynolds’ theory to predict the influence of several screen
printing variables on the pressure profile in the bow wave. It was assumed that the squeegee
followed hydrodynamic lubrication theory and by integrating Reynolds’ equation for flow
between two stationary rollers an equation for the pressure was obtained, where ht and h2are as

shown in Figure 2.1.

Direction of flow

x=0
Figure 2.1 Definition of hi and h2

1 h
P(h) =- 6pU + 0t

h 2h

where
1
h = 2h’h’ and m is the gradient ofthe slope from h, to h2
h, +h2 h. +h

)

* A sharp squeegee is defined as having the tip ground to a point as opposed to a flat, when
dealing with wedge geometry squeegees, but the definition is equally applicable to blades with
90° corners which have become ‘blunt’ with wear.
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which rewritten gives

6[iur  (h,-h)(h-h2y
" h?-h2 (2.1

where i is the value ofx where the distance of separation is l12.

The issue is that hydrodynamic lubrication, as defined by Reynolds’, was considered for a
relatively large attack angle for which it is unsuitable and Cropper notes that hydrodynamic
forces will either be present in front ofthe squeegee blade or under the line of contact. Ifthe
squeegee is incompletely lubricated Cropper suggests applying Hertzian theory. Cropper states
that from calculations it is shown that the bow wave passes over a screen element in 0.02s and
during this time Cropper derives that pressures in the order of 104N/m2 must be generated. The
fluid may also experience additional pressures from the squeegee line of contact. Cropper’s
discovery of negative pressures forming behind the squeegee blade may be explained by
Riemer’s piston action [2]. Cropper was looking for hydrodynamic lubrication, and Hertzian
contact pressures, and the pressures he found to be generated in the bow wave were in excess
ofthose he claimed were required to force ink through the screen. This claim is disputed in this
work (see Chapter 4). He described the Hertzian pressures along the line of contact at the
squeegee tip as being there to seal the stencil to the substrate thus preventing lateral ink flow.
The hydrodynamic pressure was found to be greatly influenced by the distance of minimum
separation (hi) and the effective attack angle (me). Cropper noted that the squeegee tip
deformed due to the hydrodynamic pressure which caused hydroplaningt and a subsequent
decrease in the effective attack angle. In addition, it was shown that Darcy’s law was obeyed,

and Reynolds’ equation was found to be relevant.

Boyacigiller [34] showed that the flow through the screen is laminar and constructed an
apparatus to measure the flow rates and pressures generated in the ink beneath the screen.
However, he only recorded static not dynamic pressures as recorded by Cropper [5].
Boyacigiller also showed that speed and viscosity influenced the hydrodynamic pressure which
was measured at a maximum of 103N/m2. Using Darcy's equation, apparent viscosities and rates
of shear were calculated. Other parameters were also examined using the model apparatus.

These included squeegee speed, angle and thickness in relation to hydrodynamic pressures

f A definition of hydroplaning is given by Huner [24], who describes it as being a colloquial
term for the Hertz problem in lubrication theory.
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generated between the screen and the squeegee. Boyacigiller’s work includes chapters on
viscosity, rheological studies and mechanism of flow through a porous medium.

From the experimentation Boyacigiller noted that the pressure distribution under the squeegee
was similar to that ofa linear wedge section of a lubricated bearing. The maximum pressure
was found to be almost at the nip region, i.e. 0.5 mm away from the nip. The effects of
squeegee speed, ink viscosity and the angle of attack were tested. From the theory it was
expected that an increase in speed would result in an increase in hydrodynamic pressure, but
due to the non-Newtonian inks the change in shear rates complicated this. As the angle between
the squeegee and the screen decreased, the hydrodynamic pressures increased. A general
relationship between the hydrodynamic pressure build up and viscosity, speed, force, density
and squeegee angle, is given below in Equation (2.2) but it could not be applied in practice
without deriving an equation to determine all the constants. Boyacigiller suggested the use of
the “least mean squares method” but it required computation ofa large number ofresults and
he did not attempt it. In conclusion he stated that the purpose ofthe squeegee is to restrain the

hydrodynamic pressure build up and therefore to prevent the squeegee from hydroplaning.

where 7| - viscosity
u = squeegee speed
F = squeegee force
p
O = squeegee angle

fluid density

and a, b, c,d, and e are constants

There was a large gap in screen printing studies from 1973 to 1987. Presumably, the late
1960°s and early 1970’s work stemmed from the focus on tribology at that time, and the
interest in the late 1980’s was influenced by advances in the electronics sector: hybrid circuits
were becoming more dense, with thick film circuit manufacture on the increase, [3], [35], and
with the advent of surface mount technology, stencilling* was the best method of solder paste

application. This was accompanied by significant advances in machine control during the late

*Solder paste is applied by stencil printing. This is closely associated to screen printing but
instead of a mesh a solid metal stencil is used. The process fundamentals are essentially the
same, but the absence ofa mesh peeling action requires the stencil to remain in contact until

the end ofthe squeegee stroke, when the stencil snaps off uniformly. The squeegee parameters
are the same as those for screen printing.
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1980’s. Serious attempts to model the process fundamentals have only recently been made by

Riemer [2], [36]-[41], Huner [23]-[30]and Owczarek et al [32] & [33].

2.1.1 Process models & their limitations

Rice and McAlister (see Huner [26]) tried to model the screen print process first in 1966 using
a modified Taylor solution but they could not overcome the singularity in the pressure at the
point o f contact with the screen. Jones and Walters (see Huner [26]) progressed Rice and
McAlister’s work in 1971 by making the screen flow proportional to the local pressure drop
across the screen instead of a uniformly distributed flow into the screen. Riemer [2] was the
next researcher to examine the Taylor solution in the screen printing context, along with
Rangchi et al [30], who examined the process using the lubrication theory approximation ofthe
Navier-Stokes equation. Further process models will be discussed in detail in this section and

they include:

* work by Riemer which is based on mesh geometry and screen elasticity, screen behaviour
analogous to a hydrodynamic pump and ink flow governed by the Hagen-Poiseuille Law.

* Huner’s models which include adaptation of blade coater theory, overcoming the wetting
resistance of cloth for forced wetting applications, treatment of the screen as an in-plane
permeable bearing, screen print process behaviour discussed in the context of fluid versus
elastic stresses, where the squeegee is described as a trailing blade cantilevered system.

* Oweczarek and Howland’s separation ofthe ink roll into three pressurisation regions.

* Mannan’s model to predict skipping and scooping.

Lubrication theory approximation o fthe Navier-Stokes Equation

The model for deposition of ink by Rangchi et al [30] deals with Newtonian ink using the
lubrication theory approximation ofthe Navier-Stokes Equation. The mesh apertures are filled
by the ink because the motion ofthe squeegee across the screen generates a hydrodynamic
pressure. The difficulty ofthere being an infinite pressure at the tip is overcome by the fact that
there must be a gap, ho, underneath the squeegee. This is because the print screen is not smooth
and so a perfect seal between the squeegee blade and the screen cannot be made. The fluid flow
between the screen and the squeegee is modelled using the Navier-Stokes equation to derive the
wet deposit thickness, 5. The thickness is independent ofthe squeegee speed and the fluid
viscosity and is only dependent upon the geometry ofthe machine parameter settings and the
screen characteristics. Really, it only emphasises the importance ofthe mesh geometry because

it is known that changing the speed alters the deposit [2], [42] & [47].
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Riemers models

The basis for Riemer's [36] model is the geometrical relationships which govern the filling and
emptying ofa cavity. He describes the mesh as being a lattice of cavities, or capillaries.
However he acknowledges that the geometry alone is insufficient to model the deposition of
ink which occurs in the screen print process and explains that other factors are important.
These include: hydrodynamic pressure being generated in the ink roll; a pressure reduction in

the ink at the point of snap-off; and the effect of fabric sticking behind the squeegee.

In his later work, Riemer [40] starts with the assumption that the ink roll is analogous to a
hydrodynamic pump, injecting ink into the mesh openings, for which he obtains the Navier-
Stokes Equation. By modifying Taylor's stream function, as shown in Figure 2.2, Riemer
demonstrates that the ink pressure under the squeegee is highest at the squeegee tip to screen
interface. This is useful as that is where a high pressure is required to fill the mesh cavities.
The stream function equation, the Stokes equation, which quantifies the velocity and pressure
relationship, and the boundary conditions at the squeegee and screen surfaces are used to
produce equations for the theoretical surface pressures. From the Stokes relationship it is
known that the ink pressure is the highest where the velocity is minimum, thus it can be seen
that the maximum pressure is directed toward the squeegee and screen nip region. This also
shows that the minimum ink velocity is at one third ofthe squeegee angle, a/3, on the stream
line chart using Stokes’ relationship of viscous movement and pressure. The extent ofthe ink

roll along the squeegee surface is denoted by rQ

Normalised Height
above Screen

0.8
0.6

0.4

/0N /0<4/ 0n6/ '6.x/ /) T/ /)
Screen
To,60° . v

Normalised Distance in Front of Squeegee Edge

Figure 2.2 Streamline pattern in a limited ink quantity rolling in front of the squeegee
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The squeegee and screen pressures are calculated using equations ( 2.3) and ( 2.4) respectively.

“squecgee JdPsgyeegee = [2a sina /(a2 - sin2a)]r[V(l /1) (2.3)
JO

Pireen = T@Bereen =[2sina I(«2<~ OO)rlV(1Ir) (2.4)
Jo

where r = distance from contact point between squeegee and screen
a = squeegee angle
V = squeegee speed

r\ = ink viscosity

Riemer points out that the reciprocal term, 1/r in the above equations causes very high values of
pressure at the squeegee tip. In practice though he says that the ink strength and the seal
between the squeegee and the screen are important. Riemer explains that the total pressure
acting on the squeegee surface can be described as a lifting force, FLiff, which causes the
squeegee to hydroplane. This is significant because it means that any parameter causing an
increase in hydrostatic pressure will produce an increase in deposit thickness. Presumably, his
argument is derived from the fact that as the squeegee lifts, the mesh will also lift from the surface

which has the same effect as increasing the mesh thickness.

/4Q
Fult = =f(*) v
Jo

where rQ = Extent of ink quantity along squeegee surface
f(Q) = Factor, increasing with ink quantity Q in front of squeegee

f(a) = [2a sin a/(a2- sin2a)]

Riemer [2] quotes work which he has undertaken showing that increasing the speed resulted in
thicker deposits and reducing the angle from 60° to 30° increased the wet deposit thickness by
a factor comparable to that ofa three fold increase in speed. Riemer [41] relates the maximum
permissible shear rate to the ink’s capability to build hydrostatic pressure. Insufficient
hydrostatic pressure would prevent mesh openings from being filled and Riemer states that

high shear rates up to 10,000s"1are generated at the squeegee tip. By arguing that surface

14



Chapter 2 Literature Review

tension alone cannot be responsible for the ink transfer, he explains that an additional force is
created during snap off which causes a pressure differential between the ink below the mesh
and the ink on the screen, which is at atmospheric pressure. Thus the ink is effectively pushed
out. This low pressure is formed due to the piston action ofthe mesh strands whilst separating
from the substrate. Poor transfer results when this low pressure cannot form, e.g. at pattern
edges, where atmospheric pressure is acting. This theory restricts the maximum pressure to that
of atmospheric pressure. The pressure required to push the ink out is calculated using the

Hagen-Poiseuille law.

o= D4 Ap
1287 L

(2.5)

Q = Fluid volume flow rate (VaD2/t/4)
Va = Average fluid velocity in pipe

Ap = Pressure drop

T| = Fluid viscosity

D = Diameter of pipe

L = length ofpipe

Pipe and mesh dimensions, according to Riemer, are related as follows:

D=L -d

L
M b
D = diameter of mesh openings

M = mesh count per unit length

dw= wire diameter of mesh

The pressure generated by the squeegee only contributes to the lifting force exerted on the
surface ofthe squeegee. This determines the resulting height ofthe ink in the mesh pores after
the scraping action ofthe squeegee blade. According to Riemer the pressure has no other
influence on the ink transfer. The actual ink transfer process is then attributed to the low

pressure formed due to the snap offaction.

The ink flow rate from the mesh to the substrate is considered equal to the screen snap off

speed, and this is related to the squeegee speed thus allowing the maximum ink velocity for a
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given mesh size to be determined. Riemer found that low values of mesh flow resistance

(dwD2) exhibited better print deposit characteristics, as did a smaller snap height.

(22.6)

Vv
D!

where
S = screen size

B = length ofprinted pattern (assumed to be centred on screen)

Riemer approximates this ink velocity to the snap-off speed and produces a speed and
viscosity relationship. Using the principle that a sufficient pressure drop is required to transfer
the paste at the rate set by the snap-offvelocity, and by combining the adapted Hagen-Poiseuille
equation with the equation for the snap offvelocity, an equation is derived which gives the
maximum product of ink viscosity and squeegee speed. Equation (2.7) relates the paste velocity,
squeegee speed, snap height, angle of attack and pressure, stating that a small snap height gives
better ink release. It also shows that there is an increase in film thickness with a rising squeegee

speed and a decreasing angle. Brown [47] also confirms this idea.

where a = snap off distance screen/substrate

Riemer mentions that it is more often the case that ink fails to transfer than that the mesh
cavities are incompletely filled. Riemer stresses the need for peel-offto occur immediately
behind the squeegee, otherwise the time delay might allow the ink viscosity to increase prior to
transfer, or the fabric might spring back suddenly at the end ofthe print stroke. To ensure that
this immediate peel off occurs, the tension force in the mesh must be greater than the drag
forces of the mesh. Ink transfer is poorest at the back ofthe print which contradicts the fact that
better ink transfer occurs when the mesh movement is slower, i.e. at low snap off velocity and

Riemer also attributes this to the fact that fabric sticks behind the squeegee.
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Fabric sticks to the substrate when the mesh lifting forces are less than the ink drag forces

acting on the mesh , as illustrated in Figure 2.3 below.

Frame
Squeegee
Snap-off Distance
(a) Snap-off Angle 8

Substrate

Separation zone ~ -u- *j Cling zone
Drag
zone

Figure 2.3 Sticking of fabric behind the squeegee

This means that there is a very high separation speed when the squeegee is lifted from the mesh
at the end ofthe print stroke, where the whole frame is usually then lifted clear of the table and

the resulting excessive snap velocity causes:

» arippled print deposit;
* ink to remain in the mesh;

* poor edge resolution due to the ink cavitation.

The force in the mesh strands pulling the fabric up is given by the screen tension, . TO
prevent fabric sticking behind the squeegee the screen tension forces must be greater than the
drag forces between the ink and the mesh. The upward forces increase as the angle between the
fabric and the substrate increases and therefore as the snap height is increased, so at the end of
the print the forces in the mesh behind the squeegee are at their smallest. The expression for the
angle between the fabric and the substrate as the fabric separates immediately behind the

squeegee can be given in geometrical terms as 8 = tan'la/Ls and thus:

old; Jixs*o0.(d;JTtan8=0.jdjJ)  >F, (2.8)

a, >[4FM/(d>)]L ., /a
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the forces acting on one mesh aperture can be described as:

f,0 = x4dR2dw+d w(m + dR)Pa (2.9)
where

x = Shear stresses between paste and mesh surface

dw= Wire diameter

m = Wire pitch

dR = Effective mesh diameter (m-dw)
Pa = Atmospheric pressure

Vm= f(r) = Paste velocity in mesh during screen snap off given by

and r = Distance from mesh centre
Q = Flow volume = (dR7t/4)Va

Va= Screen snap-off velocity

Therefore Equation ( 2.9) can be expressed as:

64riVa

and thus the force pulling on all the mesh strands in contact with the substrate during screen

separation is derived by Riemer as follows:

The force pulling on each wire FMduring screen separation when a number of meshes, nK are

in contact with the paste on the screen, can be calculated as:

Fm = 0/2) 11k fmo
= (V2) LK fmo/m
= df(Ls/a)fim'm

which gives:

(2.10)

18



Chapter 2 Literature Review

By substituting equation (2.10) into equation ( 2.8), Riemer derives an expression for the

minimum tension required for immediate fabric separation

L 14 (2.11)
a > . 64riV +— (m+dRpa
a m 1

which can be re-written to define the maximum viscosity and speed product at a particular

tension to ensure good fabric separation

T
. ] (2.12)
TjV < 256 \ L. , mo L-](m +d,)p,

where Lsr = Distance from squeegee edge to screen frame

m = wire pitch

dR - effective mesh diameter [m-dw]
Figure 2.4 is a plot of equation ( 2.7) and equation (2.12) showing the optimum operating
conditions i.e. when the speed is set to ensure that 7V is below both curves. The optimum

condition is at the intersection point.

20
£
> 10
> .
pr Emptying No screen

of mesh s
sticking
0 Optimum operating range
0 0.01 0.02 0.03 0.04

Relative Snap-off Distance, a/Ls

Figure 2.4 Optimum operating conditions

Riemer [38] explains that the mesh elasticity plays a significant role in the fabric and paste
separation and thus advises that low printing speeds and small snap-offangles be used with
high tension meshes. Riemer regards the snap-height as the most critical parameter during print
set-up and has tabulated snap-heights for a wide range of screen sizes and tensions to show the

optimum settings, but this is based on geometries alone.
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Huner ’criticism ofRiemer's model
Huner [23] disputes many ofthe theoretical relationships which Riemer [2] puts forward. This

is because Riemer assumes that the ink flow obeys the Hagen-Poiseuille law which requires:

1. the mesh capillary to be longer than it is wide;
2. an infinite amount of fluid at both ends ofthe capillary;

3. circular capillaries,

all of which hardly hold true for screen printing. The explanation for a poor print at the trailing
edge is completely overturned by the argument that it is an inherent characteristic of a liquid
film departing from nearly parallel surfaces rather than a result ofthe ink thixotropy as cited by
Riemer [38]. In addition, Huner [37] rules out the ink rheology as a cause for patchiness
occurring in printed deposits, claiming that it is due to air entrainment, despite only having
anecdotal information to support this idea. Huner [24] disagrees with Riemer’s use of Taylor’s
flow solution because continuity of flow between the ink in the ink roll, and that within, and
passing through, the screen is not maintained. Huner proposes that hydroplaning accounts for
the pressure singularity which occurs at the squeegee tip which allows the screen printing
process to be associated with the Stokes type flows but, on the other hand, ifthis were the case
then the theory would break down again because the gap at the squeegee tip invalidates the
boundary conditions. Thus, it cannot explain the flow anywhere ahead ofthe squeegee tip. The
Taylor solution cannot cope with the infinite stress at the squeegee tip nor the inertial effects at
the outer edge ofthe ink roll. To apply it, the ink roll would need to be divided into three

regions:

1. near the squeegee tip
2. intermediate region where Taylor’s solution is valid

3. afar region in the vicinity of, and including, the free surface ofthe ink roll.

To accommodate regions (1) and (3) the Navier-Stokes equations could be used to match the
Taylor solution ofregion (2). However, Huner finally decides that the Taylor solution is
completely invalid, because after considering the velocity components ofthe fluid, no
relationship to the radial distance from the squeegee origin is found. Thus, it can only be used
in a small viscous length p/pU in front of the wedge apex. This prohibits its use as a bridge
from region (1) to (3). Although, some ofthe assumptions are not necessarily the case in screen
printing, as rightly pointed out by Huner, Riemer's work does provide a thorough and practical

basis for modelling the process.
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Adaptation o fblade coater theory

Figure 2.5 Definition of variables from blade coating theory

An alternative model basis is then sought by Huner [24] in 1989 whereby an estimate of wet
deposit thickness, 5, is provided by adapting blade coating theory to the screen printing
process. Figure 2.5 defines the variables which are used in equation (2.13)

h.h

° h. +h. (2.13)

The parameter hOis nominally the thickness ofthe screen because it is the upper boundary of
the wet film thickness. However, hi, L and a are more difficult to obtain. He proposes that
these must be associated purely with the squeegee tip and that they are products of the
squeegee tip deformation resulting from the screen and the ink hydrodynamics which are
identified as being related by the Hertz problem and elastohydrodynamic lubrication theory
(EHL). Difficulties emerge with a singularity in the pressure distribution because the equation
which calculates the maximum pressure, PM as shown in equation ( 2.14) predicts that infinite

pressure will exist at the squeegee tip on the stencil areas.

_3pUL x-1
oh g+ (2'14)
where x=hi/hOand the maximum pressure occurs at a point along the x axis, XM defined as:
h L
(2.15)
(h.+hy)

To compensate for this the squeegee blade must deform to produce a finite value for hOand, or,
the squeegee must lift creating a gap at the tip. The first scenario is governed by EHL but

Huner does not discuss it further. The second case is governed by the hydrodynamic forces
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based on the argument that for a given squeegee loading there must be a hydrodynamic lift to

balance it. The integral ofthe lifting force, F, is written as
F=1:P(x)dx

which results in

(2.16)

which allows this lifting force to be calculated and shows that as hO increases the lift decreases.
This allows an equilibrium equation to be derived by setting the load per unit length applied to
the squeegee, W, equal to F, which can only be solved using numerical methods. An estimation

can be made analytically at large values of %because in this case hOis given by:

W tan2a

which shows that high loads or attack angles will cause thicker deposits. Also as the speed
increases the deposit will increase. An important point is that as the parameter Wtan2a/6p
becomes larger, higher squeegee speeds must be reached before the squeegee load has any
effect on the squeegee displacement. Thus, at a fixed speed and attack angle, increased load
effects thinner print deposits, whereas increasing the viscosity does the opposite. Reducing the

attack angle also causes a thicker deposit.

Wetting resistance o fcloth analogy

In 1989 Huner [25] changed tack again, this time postulating that the screen print problems are
the same as those encountered by the forced wetting of cloth. Huner points out that studies on
forced wetting of cloth were published in the textile industry and were thus overlooked by
workers in the screen printing field. The screen is presented as an anisotropic porous medium,
rather than matrices of short non communicating capillaries, thus allowing solutions to many
areas of'the screen printing process not explained by the former representation. He summarises
a series of works which have studied systems of monofilament monoporous structures which
operate at low Reynolds numbers in the context of anisotropic porous media. By examining the
wetting resistance of cloth, the pressure drop across the plane ofthe model can be found in
terms of drag theories and the Reynolds number. The Clarks & Miller model (see Huner [25])
of wetting and dewetting is used to explain ink transfer, which states that the primary force
which controls wetting or dewetting is the capillary attraction ofthe liquid to the fibres ofthe
mesh. Basically, the liquid meniscus has a pressure drop governed by the liquid surface tension
and the radius of curvature ofthe meniscus. This is related geometrically to the liquid shape
between two mesh strands which then allows the maximum and the minimum pressure drop

across the screen to be derived. These pressure differentials are governed by the size ofthe
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initial pressure drop required to overcome the fabric’s natural wetting repellancy. The pressure
required for this in screen printing only occurs near the squeegee tip, and ifthe squeegee speed
is too slow for a given screen, ink and attack angle then no deposit will be produced as the peak
pressure required will not be achieved. Conversely, ifthe speed is too fast the pressure required
will occur well ahead ofthe squeegee tip and this may be before the point where the stencil
gaskets with the substrate, which would lead to smearing or bleed out. This is contrary to
results discussed from practical work [11]&[12], which shows that too fast a print speed leads
to skipping. This would indicate that the optimum print settings would be those which
delivered a peak pressure equal to the maximum wetting pressure, as close to the squeegee tip
as possible. The transfer of ink is likened to that of a flexible porous bearing, but instead of
creating positive pressures it must develop negative pressures to pull the ink out ofthe screen.
Quoting the speed and the angle of attack as being the simplest parameters to adjust, he
describes the resultant behaviour of altering these parameters with respect to porous bearings
i.e. increasing the angle increases the pressure whilst moving it toward the squeegee tip , but at
high angles, a further increase in the angle results in a decrease in the maximum pressure.
Huner suggests that this is compensated for by adjusting the speed. He omits to mention that
the actual attack angle ofthe squeegee is invariably unknown, as it is a function ofthe angle set
by the squeegee holder, the flexural rigidity ofthe squeegee material and the effects of
hydroplaning. These points are discussed in greater depth in Huner [29] and will be dealt with

later in this section.

A further problem with the model based on cloth wetting resistance is that the snap-offaction
must create a pressure which is equivalent to the dewetting resistance ofthe mesh. For fine
mesh the pressure required would probably distort the screen, because high mesh counts
require very large negative pressures to pull the ink out. This could be alleviated by increasing
the percentage open area. In practice this would not be achievable where fine features are
required, therefore according to Huner's explanation very fine features could not be printed
without screen damage, or defective print quality. Presently, the finest printable detail is
unknown as efforts are continuously underway to produce more densely packed circuitry in
electronic circuit production. An alternative solution offered by Huner would be to use a very
low surface tension mesh. A non-wetting ink is unsuitable as the ink transfer consists of small

dots which must flow together once on the substrate.

Once the print run is in progress a few prints are usually required before an acceptable print is
achieved. This is only for very high viscosities as low viscosities print immediately. Huner's

explanation of'this is that for dry cloth the peak wetting pressure, and thus the wetting
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resistance, is a variable, but once the mesh strands become completely immersed in the ink the
wetting resistance is reduced and stabilised. This would account for the settling down period

required prior to printing.

Huner [25] claims that flow occurs within the porous medium which is beneficial. This flow is
dependent on fluid viscosity and the permeability tensor ofthe fabric which Huner describes as
being related to the weave and mesh diameter of'the screen. To achieve an isotropic fluid flow,
Huner suggests that the principle axis and the diagonal elements ofthe permeability tensor
must be equal. In practice this would mean that the print orientation would have to match the
cloth orientation. To overcome air bubbles printing at 45° is recommended [11]. According to
Huner this could only be done ifthe cloth was mounted at 45° to the frame. Provided that there
is sufficient ink along the length ofthe squeegee, flow along the face ofthe squeegee is

unnecessary and it is difficult to accept that it occurs at all.

The possibility of having a complete screen printing model which can include stencils is
dismissed by Huner as each screen and stencil system must be treated individually. This is
because the stencil apertures are inherently irregular and this upsets the permeability tensor.
Huner [25] argues the point that the screen printing is actually 3-D and as such a 3-D model
should be developed. He derives an equation which does not include surface tension effects and

is therefore restricted to the squeegee tip only.

u(x,y, z) = - ﬁE.VZP(X,y,Z) - Ek Agéa
where

u(x, y, z) is the mean filter velocity ofthe fluid

a is the fluid viscosity

k is the permeability tensor

V2P(x,y, z) is the three dimensional space gradient ofthe fluid pressure P(x,y, z)
, _ 2dQd+e) @

k' =

d is the fibre diameter

e is a small value accounting for the hardness ofthe mesh

P = (1-d7¢)1where f is the wire spacing
kOis a constant

azis a unit vector normal to the screen

This calculates the fluid velocity in the x,y,z direction, but it is arguable as to whether or not

this is necessary as the flow in front ofthe squeegee and down through the mesh are actually
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the only points of interest. This 3D model fails to provide sufficient information for all ofthe
constants and then in his next paper [26], a year later, he reverts back to the use ofa 2D model
without progressing the 3D model any further. The 2-D model is difficult enough and remains

incomplete despite several attempts to pursue it [2],[5],[32] & [33].

The screen modelled as in-plane permeable bearings

The next approach taken by Huner [26] describes the screen printing process as being akin to
lubrication of in-plane permeable bearings, suggesting that the screen is a two-dimensional porous
medium which satisfies Darcy's law. This provides more accurate information regarding the
drag forces on the capillaries, because, as pointed out by Cropper [5], the drag force in a porous
medium is higher than the sum ofthe drag forces of individual capillaries in an equivalent area.
Huner assumes that screen printing operates at low Reynolds numbers, which was initially
verified by Cropper. In-plane permeability also presents an alternative solution which provides
a finite pressure at the squeegee tip and allows the substrate to be accounted for. The screen is
treated as a 2D permeable layer. Flow is divided into two regions, (I) is the ink roll and (II) is
the volume of screen underneath region (I). The total flow passing the squeegee tip, Q, is
obtained by applying the Morgan-Cameron approximation. The assumptions which Huner
applies are that:

1. the pressure is continuous across the ink screen boundary to get equation (2.17)

(2.17)

where

v(x,y) = normal component of ink velocity

kx = Darcy’s constant

H = printing screen thickness

P = P(x) is the pressure in the ink

r = viscosity of printing ink (assumed to be Newtonian)
X = point along the x-axis

2. there is 100% transfer ofink, even though Riemer [2] quotes work by Martin et al (1974)

which proves that 25-30% of ink remains in the mesh after a print stroke, thus 100% ink

transfer does not occur.

3. the wet deposit thickness must be given by

(2.18)
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because in a certain time interval, At, the squeegee advances a distance, UAt, therefore, the
wet deposit thickness is derived in terms ofporosity, print screen thickness and the stencil

emulsion thickness build up.

Flow past the squeegee tip is found by determining the pressure beneath the squeegee as given

in equation (2.19)

sh2U
A, f 2(14s h ) ) ,
~ K,H h* (4 + sh) “ (2.19)

p + 12p (1+sh)

and Qo is found by assuming that the pressure at the squeegee tip is 0. Therefore
sh2
P t+u (ixjo  dx
- 2 ,H  h3 (4+sh)
n 0 12p (1+sh 2.20
- p p( ) (2.20)

t

1 dx
Ika h3 (4 + sh)
0 p 12p (1+ sh)

where
Pw= pressure required to overcome the wetting resistance
U= squeegee velocity

s=aJyfkT

(axis dimensionless constant, the slip coefficient)
h = h(x) is the squeegee shape as measured from the surface ofthe screen to face of
squeegee h(x) for a wedge shaped squeegee = (L-x) tan a (a = angle of attack)

L= distance to the point where ink roll overcomes the wetting resistance
By manipulating his equations, Huner derives the flow past the squeegee tip as being

Q= AHU + Qo
where A = porosity of'the print screen
H = screen thickness (not including stencil)

U = squeegee velocity

Qo, given in (2.20) above is the sum of any flow leaking under the squeegee tip and the filter
component escaping through the screen, which is the element which allows the pressure to

remain finite. This model from Huner still leaves the fact that when the in-plane permeability
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ofthe screen is zero, i.e. wherever there is stencil mask, the squeegee pressure is infinite. He
states that with these formulae, it should now be possible to quantitatively evaluate the
operational characteristics of any proposed screen printing system, but he does not continue to

do this.

He then argues that the peak pressure generated in the ink greatly exceeds the wetting

resistance ofthe screen and Pwbecomes negligible, leading to (2.21).

sh2

Q= (221)

For a smooth surface sh—» 0o, and in this special case a non-dimensional form of Q, Q* can be

obtained

L*

Q* =

and as L* ->co, Q*—=0/2. The final wet deposit thickness is derived as

8=(A+0/2)H

where A = screen porosity
H = mesh thickness

03= 12kxH/H3

From the implications of'this type of flow, an equation for the wet film thickness is found but
this model really only deals with the flow through the porous medium and under the squeegee

tip whilst ignoring the ink transfer.
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Another estimation ofthe wet deposit thickness is made by Huner [27] in 1990. A correction to
the Navier Stokes Equation accommodates the screen thickness and the emulsion build up and

allows the flow under the squeegee tip to be given:

where hs= thickness ofthe printing screen

hE= thickness ofthe emulsion build up.

In screen printing ht » (h s+ hE), and a reasonable value for (hsthE) is 0.0254mm with a lcm
ink roll, therefore by approximation, hi«39(hsthE). Thus using the assumption that 8=Q/U, the
wet film thickness can be rewritten as

S=Ahs+ he

Squeegee analysis based on a cantilevered trailing blade system

In a further contribution to the screen print process model, Huner treats the squeegee as a rigidly
clamped, cantilevered plate loaded at its tip [29]. The work assumes small deflections and that
the squeegee is within the lubrication limit. Ifthe fluid forces and load at the substrate on the
squeegee cause the squeegee to deform then the final deposit thickness may be affected. This
work is significant as it eliminates the need for the pressure generated within the ink roll to be
known. However, it is only the basis for further work as it considers only the two extreme
situations whereby either the fluid forces in the ink roll dominate, or, the elastic forces ofthe
squeegee blade dominate, which, in practice, do not occur. It is also not independent of his earlier

work and thus must be linked back through several stages to be applied in a practical situation.

Using the Bernoulli-Euler law, along with an approximated squeegee and screen contact
position, ¢ and previous work which allowed the pressure ahead ofthe squeegee to be found,
he obtains a mathematical model ( 2.22) which consists oftwo parts. The first part of the
relationship is based on fluid viscosity and squeegee speed, i.e. viscous stresses (pU/*) and the

second part regards the contact force at the squeegee tip as being based on elastic stresses

d2y = 6pU

) (A.x)
dx2 Dsin50R

X (2.22)
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where
ji = fluid viscosity
U = squeegee velocity
D = flexural rigidity ofthe squeegee
X =avariable along the x-axis
Qo = flow induced within the plane ofthe screen
kx = Darcy’s constant
H = thickness ofthe mesh
F = contact force at the squeegee tip
OR = the angle from vertical at which the squeegee first rests on the screen

C = the squeegee screen contact point

x and y are co-ordinate references

This relationship p,U*2D is of importance because he says that when it is « 1 elastic stresses

are dominant and when it is » 1 fluid stresses are dominant.

The assumption is that ifthe flow of fluid is steady then the final print deposit will be
predictable. The two extremes are dealt with separately. Firstly, ifthe elastic stresses are
dominant then, providing that there is a sufficient length of ink roll in front ofthe squeegee,
and the squeegee exhibits minimal deflection (quantified by Huner as u <2.5, where u is a
parameter related to squeegee load and angle defined by u= Tan ORCot 0 Wand 0 Wis the
working angle ofthe squeegee) the screen print process will operate at ‘self-metering’
conditions, i.e. that there will be a steady flow state. Under these conditions there is minimal
variation in the normalised ink flow, and the flow is not very sensitive to flexing ofthe
squeegee. These assumptions are based on numerical evaluations using an adaptive Simpson's
rule. Huner summarises that in practical terms a minimal down force with adequate ink volume
produces least variation in flow due to changes in the attack angle. Secondly, at the other
extreme, the case is considered where the fluid stresses are dominant. Other work reported by
Misele (see Huner [29]) shows that increasing the squeegee pressure causes the deposit height
to decrease, and then increase, which is contradictory to Huner’s plot of normalised flow
against ink roll length. This normalised flow does not allow for the relationship of film

thickness to squeegee speed and ink viscosity. Huner [29] explains that when the pU~2D ratio

is not small then the fluid stresses are also influencing the actual squeegee deformation, which
in turn influences the final deposit. When @U”2/D » 1 hydroplaning is occurring and another

equation can be produced from ( 2.22).
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2QQ
d2 6pU
v op U xdx (223
dx2 Dsin50, , 12kxH +y;

This cannot be solved analytically, so the squeegee shape is approximated to that ofa linear
function as suggested by Saita (see Huner [29]). Contrary to earlier work, Huner now dispenses
with the fact that the screen is permeable and states that the total flow to the breakaway region
is the sum of ink in the screen plus the amount flowing under the squeegee. Assuming total
immersion ofthe mesh in front ofthe squeegee he derives an equation to calculate the size of

the gap at the squeegee tip, thus estimating the flow under the squeegee tip, Q@ as

_uyly<
(y«t+yt)

where
yo = the height ofthe squeegee at the point where it is clamped

ye = the deflection at the squeegee tip

From this analysis he states that a quantitative model can now be derived, but again he does not

do it.

Finally, in 1994, Huner [38] represents the ink flow ahead ofthe squeegee tip as being that ofa
fluid flowing ahead ofa wedge, with an ideal fluid sink at the apex. The infinite pressure at the
tip is deemed not to be physical but simply a fault in the model due to the assumption ofno slip
boundary conditions. Elastic deformation and flow through the screen could remove these

problems but to get quantifiable solutions numerical methods are required.

Pressurisation wedges in the ink roll
Recently, Owczarek and Howland [32] & [33] have used different assumptions which discuss the
process in terms of wedges which are split into pressurisation regions for analytical purposes.

There are three important regions which they consider:
1. pressurisation
2. downward screen cross flow

3. paste collecting

which are illustrated in Figure 2.6 overleaf.
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Region 3

Region 2

Region 1

Substrate

Figure 2.6 Three pressurisation regions

Owczarek et al allow the effects of squeegee deformation to be considered in their analysis which
is a very important issue, particularly when using softer squeegees (e.g. < 80 shores). The analysis
provides an equation which gives the flow passage height under the squeegee from which the wet
thickness can be derived. Equation ( 2.24) demonstrates the relationship ofthe wet paste
thickness to that ofthe paste flow height underneath the squeegee and this is illustrated in Figure

2.7 below.

(2.24)

where
Hwp = height ofthe deposited wet paste
Hsc = equivalent flow passage height user the squeegee
VP = paste flow speed under the squeegee
VsQ= squeegee translational speed

HPR = height ofthe paste residue left on the screen

Substrate
Vp

WP VscjAt

Figure 2.7 Paste flow height beneath the squeegee
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The paste flow height underneath the squeegee cannot be determined without the knowledge of
either the squeegee penetration depth into the screen or, alternatively, by conducting an
interrupted print using a quick setting paste from which the flow height beneath the squeegee tip
must subsequently be measured using a profilometer. Owczarek & Howland undertook a series of

interrupted tests using a screen printable epoxy. A typical paste profile is depicted in Figure 2.8.

Squeegee Edge Ink Front

Figure 2.8 A typical paste profile from the interrupted test

The definition ofthe symbols used in Figure 2.8 are as follows:
HE Edge height
ARke Width of paste edge
Ass  Twice the amplitude ofthe paste wavy surface at start
Hores Height ofdry paste at start
SF Twice the amplitude ofthe paste wavy surface at front
Hscpr Equivalent flow passage height under squeegee, dry paste
AxsQ  Width of flat portion of deformed squeegee
xcf  Distance of circulatory flow
Xus  Distance ofregion under screen

HF Height at front

The ‘edge’ is assumed to refer to the ink behind the squeegee, and appears to be synonymous with

the term ‘start’, as opposed to the ‘front’, which is in front ofthe ink roll.

The interpretation ofthe paste profile, showing the small tip deformations and the associated fluid
heights, is questionable as the squeegee does not freeze solid at the moment of interruption ofthe

print stroke, i.e. the tip deformation changes as the squeegee slowly sinks to touch the substrate.
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Additionally, the mesh effects have to be accounted for separately. Like Huner, they assume that
the process is governed by hydrodynamic lubrication theory. An important part ofthis work is that
the effects ofthe screen tension are accounted for. A disadvantage is that the squeegee is treated
as ifit has no gross curvature, they merely represent it using two angles, as depicted in Figure 2.6
above. A second part to the analysis allows conversion ofthe wet thickness to dry thickness,
which takes the analysis one step further than Huner's, which only provides an equation for the

wet thickness expected.

Mannan's model topredict skipping and scooping

Using the work of Owczarek & Howland as a reference point, Mannan et al [45] present a model
to predict scooping and skipping of solder paste. The model is not directly applicable to screen
printing but the fundamentals relating to the geometrical deformation ofthe squeegee and the
resulting fluid flow of paste are relevant and thus have been included here. Firstly, the squeegee
static tip deformation was measured and found to be approximately 100-200jum. Then the depth
of'squeegee penetration into the stencil aperture was recorded, but it must be borne in mind that
these are usually at least five times thicker than screen stencil aperture depths. The assumption
was made that the squeegee velocity did not affect the penetration depth as there was no
difference between the depths recorded in parallel apertures when compared with results from
perpendicular apertures. The parallel and perpendicular pads use the squeegee contact line as the
datum. It was also argued that the paste flow underneath the squeegee tip would not contribute to

the printed deposit height, H, based on the equation from Owczarek et al:

where
Vp = average paste velocity
FlI¢ = stencil thickness
A = depth ofthe squeegee deformation

V = squeegee velocity

This was based on the fact that no difference was seen on perpendicular pads when compared to
parallel pads, but a metal squeegee was used to conduct this test which would not be expected to
deform greatly into a small aperture and thus casts doubt on this argument. Disregarding the paste
flow height under the squeegee it is then assumed that the paste heights are only affected by the
pressure which the paste exerts on the squeegee, the squeegee load, the geometry ofthe aperture
and the squeegee material properties. Models are created to predict the scooping depths, Apapand
Arpar for the perpendicular and parallel apertures respectively; this, surely, would not be necessary

ifthe tests had showed there to be no orientation related difference.
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where

A perp
V  cosh(PSQA sw)
e = compressibility
F = loading force onthe squeegee
bV = contribution to pressure on the squeegee from paste above the stencil
B = horizontal squeegee length
pV = pressure per unit width of paste below the squeegee
d = pressure due to paste trapped between the squeegee and the aperture wall
Asw = distance between supporting aperture walls
PsQ = function ofthe squeegee material (Young’s modulus and Poisson’s ratio)

b,p & q = coefficients used in quantifying loads from above, below and in between

respectively.

For one particular squeegee and paste with a 150pm stencil the values were found to be:

8=4.2x 10~7Pa-l
GsQ=1.3x104m"1
d=90N/m

—+p=18x 103Pa.s
B

" +q=4.2x 103Pa.s
B

The model predicts that the heights ofthe parallel deposits increase as, A, the geometrical factor

decreases and this is shown to be true up to a point, after which it reduces again. This reduction is

not accounted for. It is also expected that harder squeegees will reduce the scooping and the

variation between prints because both are proportional to 8, which becomes smaller as the

squeegee gets harder. They say “this effect would be difficult to explain ifthe height was caused

by a layer of paste being swept along with the trailing edge ofthe squeegee in the parallel

aperture”.

The model also predicts that the loading force on the squeegee, F, and the squeegee velocity, V,

should not be interactive, but in practice this is shown not to be the case. This is explained

because under high loads the attack angle decreases thus increasing b, which is a coefficient of V.
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Table 2.1 Results of squeegee comparisons by Mannan et al [45]

Blade Shore A Height (pm) Scooping (pm)

Metal 157.6 -5.2
90-94 122.0 304
60-85 116.7 35.7
70-75 88.0 64.4
Backing/Tip
94-98/75-80 107.6 44.8

Six squeegees were tested (see Table 2.1) for deposit height variation. The softer squeegees gave
thinner deposit heights because ofthe scooping This result was comparable to screen print testing
carried out by the author at TNTU where the softer squeegee gave thinner deposits in 69% ofthe
cases as shown in Appendix 2.2, although it is difficult to say whether this was because of
scooping as opposed to the squeegee not hydroplaning. The methods used to calculate the
scooping were not described by Mannan et al. The final conclusion by Mannan et al was that
harder squeegees prevented scooping but softer squeegees were better to prevent skipping. Brown
[21] confirmed these results in an independent test, but found that the softer squeegee produced
more erratic results and that metal squeegees gave very poor results, whilst damaging the solder

mask.

2.1.2 Theoretical limitations

Inconsistencies in the approximations, difficulties in applying the models in practice and the
limitations in the scope ofthe models clearly indicate that further work is essential. An interesting
point to note is that Huner [23] criticises Riemer (see Mannan [31]), but later on Owczarek and
Howland [32], mention the particular value of Riemer's work. A computational fluid dynamics
study [46] ofthe ink roll confirms that Riemer’s approximations are broadly justified and Mamian
concludes that Riemer’s work is of initial benefit. Unfortunately, Mamian points out an
assumption made by Owczarek & Howland, regarding the calculation ofthe volume flow rate,
which is in error. Despite these conflicts in the studies, equations are derived from the models
which allow wet film thickness to be calculated as a function ofthe stencil thickness, but some of
the variables are difficult to quantify for normal production use. Huner and Owczarek et al agree
on the fact that the wet thickness ofthe deposit is directly related to the effective paste height

under the squeegee tip, as defined by Owczarek et al, or flow of ink past the squeegee tip which

35



Chapter 2 Literature Review

was defined by Huner. This has important implications because ifthis height or flow could be

quantified then it would be possible to predict the final wet thickness.

The link between the theory and the practice is somewhat non-existent. It is not possible to use the
derived equations to start up a production run as too many variables are unknown in each
equation. The models rely on certain variables being known, or at least quantifiable. In practice
they may be difficult, if not impossible to obtain. Viscosity, for example, is an influential factor in
many ofthe equations but as the inks are highly non-Newtonian and sensitive to relative humidity
and temperature, it is difficult to predict their behaviour. Another example is hydrostatic pressure
in the ink. The equation provided for this assumes that the quantity of paste in front of the
squeegee is known, which in reality would be quite difficult, if not impossible, to monitor
accurately. Assumptions are made that in practice would not be determinable and thus verification
would not be possible. Consideration to particle sizes and many other variables is not always

given and it is wrong to assume that these have 110 influence.

2.1.3 Empirical methods

Semi-analytical methods have also been used to evaluate the screen printing process. Brown
[47] uses operational characteristic curves (OC curves) to determine correct choice of mesh
and emulsion thickness. An example ofthe OC Curves generated by Brown is given in Figure
2.9. It is split into three regions and Brown describes his interpretation for each region
corresponding to the print deposit obtained. The process sensitivity to snap-off, squeegee
speed, squeegee length and squeegee pressure is also considered. From the OC curves a clear
interaction between speed and snap height was observed. Firstly, Brown set up a mesh for the

desired film thickness using the geometrical equation:

T(s-dry) = ((Tm x Ao) + Te) x Irx 25.4

where T(s-dry) = stencil dried thickness

Tm =mesh weave thickness
Ao =mesh open arca

Te =emulsion thickness

Ir =ink wet to dry ratio

From this a table of mesh and emulsion values for a range of deposits was generated. Then

operational characteristic curves were generated for three samples at ten different pressure
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levels. These values were plotted and linear regression analysis transformations were carried

out to obtain squeegee pressure settings.

OC Curve

Region I- Pressure too low to extrude ink. Small changes in
pressure result in large changes in print thickness,
ie poor repeatability.

Region I - Hydraulic pressure sufficiently fills mesh cavity.
Pressure and thickness relationship predictable
- good standard deviation.

Region III - Very high hydraulic pressures break the
"gasketing action". The squeegee angle
decreases causing rise in hydraulic pressure
ahead of squeegee. Therefore ink deposited
before mesh makes gasket with surface
results in poor print resolution.

Squeegee pressure

Figure 2.9 Operational Characteristic curve defined by Brown

Brown performed 8 sets oftesting to give relationships between 2 different machines, 2 mesh
types and 2 different inks, thus providing 240 points to obtain a statistical average. Only
pressure changes, not squeegee angle, speed or material types, were examined. From these
tests, model equations were derived whereby the print thickness was found to have an inverse
relationship to squeegee pressure. The equation was found by performing transformations on
the print thicknesses, finding the best fit from linear regression analysis. The reliability was
determined to be within 2pm ofthe required deposit thickness. Process sensitivities were then
examined by comparing three different speeds at three different snap heights for different
pressure settings. The squeegee speed and pressure were found to interact at different snap
heights, but it was possible to determine that the print thickness increased with higher speeds,
until the speed reached a limit beyond which there was no deposit. Brown states that at
increased speed there is an increased speed differential and that at increased pressure, the
thickness differential is maintained indicating that the squeegee is hydroplaning. These

statements are all true, but it was finally concluded that the best response was obtained from a
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Figure 2.10 The OC Curve for varying squeegee speeds

setting with a 0.762 mm (30 mil) snap off at a squeegee speed 0f0.05-0.178 m/s (2~7"/s), as
shown in Figure 2.10. However, according to the graph to get the target of 25pm thickness
0.58-0.63 mm (23-25 mils) of squeegee down-stop§would be applied not the 0.49 mm (18.5
mils) predicted. In addition, the curve appears to be very steep and is, therefore, highly
sensitive to change. The better operating ranges appeared to give deposit thicknesses of 13-
15pm, giving a conflict of interests regarding the first part ofthe work which has not been dealt
with at ail. Geometrical relationships were made and then the significance of changing one
variable at a time was checked. These curves were then used to predict interpolated outcomes
and finally process sensitivity was examined as a separate case, showing that a different set of
optimum parameter settings was required for the best manufacturing situation, i.e., least

process sensitivity.

This work simply underlines the fact that the process is complex, outlining a useful approach
for moving forward whilst highlighting the need for further work to be continued in this area.
Stencil selection is made simpler and for each machine and mesh etc. a predictable set-up can
be determined ifthe additional parameters of speed and snap height are left out, otherwise
conflicts occur which are difficult to resolve. The work would allow a knowledge base to be
formulated and the interactions to be observed but it is not generic because ofthe way in which

the machine parameters were set up. It should be noted that guidelines based on geometrical

8Down-stop is equivalent to a linear load
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relationships are given by the mesh suppliers and have also been referred to in other papers, for

example [48],[49].

A full factorial experiment was carried out on the solder paste printing process by Molamphy
[6]. The experiment examined three factors at two levels: squeegee hardness, squeegee speed
and pressure. The results showed the percentage contribution to variation for each parameter
was as follows: hardness, 52.47%; pressure, 7.52%; and all the other variables were less than
5%, with an error 0£40.02%. A signal to noise ratio analysis was also carried out which
showed a much higher contribution from the squeegee hardness at 95.14% but the error was
only 4.86%. Accepting this at face value the 90-95°A SH squeegee was much better for solder
paste printing than the 80-85°A SH squeegee.

A second experiment, again a full factorial, examined squeegee speed, pressure and the snap
height, each at two levels. This time measling diagrams** instead of wet deposit thickness were
used as a measure of print quality. The pressure accounted for 38.12% ofthe variation,
squeegee speed and pressure interaction for 16.08%, speed 13.94% and error 31.85%. The best
setting was with the lower pressure and higher speed. Error values were high and these were
associated with adding more solder paste, the stencil clogging between some prints
necessitating cleaning, and the paste being too tacky, i.e. the squeegee moved upward before
the paste had time to leave it. The authors highlighted that the main benefits ofthe experiment
included familiarisation with the machine and providing a tool for adopting a structured
approach to investigating the printing process, but they conceded that knowledge ofthe process
at the experimental design stage was necessary to obtain good quality information. This
perhaps explains why only a small experiment was undertaken, from which a result was
selected in isolation, and then another experiment, looking at different settings, was carried out.
No information was drawn from the first experiment, i.e. it was not known ifthe squeegee
selected from the first experiment would have performed better with the parameter settings

from the second experiment.

Small tests have been carried out concerning squeegee pressure and angle by one or two other
workers. Bernauer [50], who mostly deals with colour work, plotted squeegee pressure in
relation to free height adjustment and showed an optimal printing region at IN/cm. A second
plot indicated that the colour thickness is independent of squeegee pressure. Further printing

tests show the smaller the angle, the greater the achievable colour thickness. This is particularly

*Measling diagrams are made by marking a photocopy ofthe stencil artwork where defects
occurred on the print deposit.
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noticeable as the grey scale increases. These effects ofthe angle were studied in greater depth
by Nickel [7], who created a model for the ink stream examining flow of ink through the mesh
and establishing a relationship between the paste stream, effective attack angle and the printed
deposit thickness. It was noted that during printing the ink chemically attacks the squeegee and
can therefore change its mechanical properties. There is a defined effective attack angle in the
German Standards DIN 16 1611. Nickel used a Seri-Ragon paste, which stiffens within
approximately 10 minutes, to model the bow wave and the effective attack angle. This
determined that the first 1000pm from the edge ofthe squeegee was the most important region.
Hard and soft squeegees were found to bow differently, which was to be expected, but the

author did not report the finds ofthis work further.

Sticking
Trigger

/ \
Contact Ink filling

Figure 2.11 Effective attack angles and their relationship to contact areas

Nickel cut out the bow wave including the enclosed mesh strands and viewed this using a
shadowgraph. From this side view it was concluded that the ink flow stages can be separated
into 4 separate regions; two in front of, and two behind the squeegee as shown in Figure 2.11.
In the region beneath the bow wave the ink sinks into the screen i.e. filling area. The second
area is where the pressure in the ink stream squeezes the ink down onto the printing substrate.
This contact area is described as being a very small but important area and was measured at
470pm using a squeegee which was set at 75°, travelling at 0.14m/s. In the third section it can
be seen that the mesh sticks to the printing substrate before the final “trigger” section forces the

mesh strands away from the substrate.

Examining the ink stream shows that at the squeegee surface a high pressure area arises where
the fluid velocity stagnates. The stagnation area divides the ink flow into different directions.
The ink mostly leaves this area by flowing upwards vertically until it meets the squeegee
surface where it flows down again, thus increasing the contact area of downward flowing ink

which is then transferred to the substrate. The effective attack angle determines the distance
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from the printing edge ofthe squeegee and the stagnation point. A large contact area will result
from a more acute angle and this will then result in a thicker printed deposit. An illustration of

this is shown in Figure 2.12.

Stagnation point with

. . . the stagnation area
Stagnation point with

the stagnation area Mesh Mesh

7/TTT//T///////7/77/777
Substrate

Figure 2.12 Stagnation point comparison

The aim ofthe solder paste printing process is always given in qualitative form e.g., Buttars
[13] describes the process objective as being to “supply the solder to form the interconnections
between the components and the printed circuit board. The solder should be supplied in an
amount sufficient to provide both electrical and mechanical connections without producing
bridging. Solder paste should only be deposited in specific areas”. This is analogous to screen
printing in that the right quantity of ink should be put in the right place with the required
definition ofthe print at the edges. The solder paste stencil design determines the volume of
paste which is transferred and stencils are preferred over mesh screens as large paste particles
and higher paste viscosities can be accommodated, however it is thought that screens somewhat
dissipate the problem of scooping. The action ofthe squeegee is described as forcing the paste
into the apertures and then shearing it off in line with the stencil surface. The squeegee speed
must provide the correct shearing action, ensuring a good rolling action without causing a drop

in the viscosity, or skipping because of insufficient time to fill the aperture.

Buttars recommends that experimentation is used to achieve optimum squeegee speeds, stating
that it should be somewhere in the region 0f0.02-0.15 m/s, more commonly around 0.05-0.07
m/s. As a rule ofthumb, the maximum snap off should be set not exceeding ten times the
stencil thickness. The required squeegee pressure is dependent on the squeegee speed; an
increase in speed will require a corresponding increase in pressure to ensure that paste
completely fills the apertures. Excessive pressure causes scooping and it may also cause the
stencil to move slightly resulting in smearing. Again a rule ofthumb for setting the pressure is

applied: first set the desired snap off, then lower the blade until the stencil comes into contact
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with the substrate and keep applying load until the squeegee passes over the print pattern
leaving no residue. It is known that varying the pressure can cause a variation of+£50 pm ofthe
stencil thickness. The optimum pressure range will be somewhere between 0.1 and 1kg per
linear centimetre of squeegee. The angle is generally set between 45 and 75° from the stencil.
Harder squeegee material is recommended for higher paste viscosities, but these are less
accommodating of surface irregularities which can occur naturally on printed circuit boards
(PCB’) and may be present on other types of substrate. Softer squeegee materials will cause
scooping. High viscosity pastes produce sharper prints, but require more of a shearing action to
print. Low viscosity pastes are easier to print but have more of a tendency to slump. Viscosities
below 650Pa.s are considered low and those above 1000Pa.s are considered high in solder paste
printing. Tackiness should be high enough so that the paste prefers to adhere to itselfrather

than the walls of the stencil.

A later paper by Buttars [51] repeats the discussion in his first paper, adding that the stencil
aperture aspect ratio should be 1.4 or greater. The recommended squeegee hardness is greater
than 90° A Shore Hardness, and the paste viscosity for fine pitch applications is quoted to be
best between 850-1 100Pa.s, but this is not substantiated by any test work. He has also changed

the recommended pressure to between 0.1 and 0.3 kg per linear centimetre of squeegee.

The practical function ofthe squeegee is described in an anonymous paper [52], where
definitions are given regarding: squeegee holder, blade, dimensions (thickness or width, height,
free height, length), edge, profile, sharpness, durometer, set squeegee angle, effective squeegee
angle. Criteria for selecting a squeegee are proposed as: durometer, profile and edge profile i.e.
sharpness. These categories are split further, based on their shape and when sharp or not sharp.
Hard squeegees are thought to transmit more force, whilst adapting less to the surface than soft
ones. Bevelled profiles give maximum adaptability and a greater change is seen in the
relationship ofthe set angle in comparison with the effective attack angle. Sharper edges are
known to give thinner deposits. The selection criteria are outlined but it is noted that it is only a
rough guide and that the other process parameters must then be considered once the right type

of squeegee is selected for the application.

The Screen Printing Technical Foundation (SPTF) have produced some very useful and
interesting work over the last 10 years. Their work is based on extensive trials of industrial
products and experimental techniques. One ofthe studies [53] estimates ink heights. Four of

the formulae currently used by industry are as follows:
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1. The higher the mesh count the lower the deposit

. M =F
2. Theoretical Ink Volume Vth= -~——— -—-

(M0+ D)

3. Th=Ftx(%A*100)
4. Frescka Ih=(1.82 x D) x (1-MD)2

where
Ih = Estimated Ink Height
Ft = Fabric Thickness
%A = Percent Open Area
(calculation (1-M cD)2x 100)
D = Thread Diameter
Mc = Mesh Count
MO = Mesh Opening

The main assumption in industry is that a higher mesh count will give a thinner deposit, but this
is shown to only hold true for mesh counts up to 100T, after which there is no link between
mesh count and ink deposit. Stencil effects have been ignored. The remaining three formulae
produced comparable results but varied from actual deposit thicknesses by up to 10pm in

places.

SPTF have evaluated dimensional changes which become apparent once the mesh is tensioned
and used them to develop a mathematical model by calculating the total volume ofa mesh cell
and then extracting the volume that the threads took up in that space. This method provided a
factor for estimating the ink height which varied by a maximum of 5pm on only two mesh
counts whilst all the other mesh counts were within 2pm. This factor was split into three
different categories: plain weave meshes with mesh counts between 43 and 130T; plain weave
meshes with counts higher than MOT; and twill weave meshes. SPTF have defined the
variables which affect the printed deposit as primary (e.g. mesh, ink, substrate and stencil) and
secondary (e.g. squeegee pressure, angle, speed, durometer, free height and snap height)
parameters. These estimates only involve the primary group and thus make no reference to the
actual machine settings used. However, there is a warning that the secondary group will affect
the deposit and that the estimates should serve only as information to be borne in mind when

setting up the process. The SPTF Ink height estimation formulae are laid out in Table 2.2
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Table 2.2 SPTF Ink height estimation formulae

Mesh weave  Mesh count  Estimated Ink Height Formula

Plain 43-130T 0.285 x Ft*(pm)
Plain > MOT 0.35 xFt*(pm)
Twill All 0.31 xFt*(jnm)

* The fabric thickness should be measured at tension

SPTF also carried out an experiment, a half fractional factorial whereby five factors were
examined: squeegee durometer, ink viscosity, squeegee pressure, stencil thickness and
squeegee brace. The experiment was evaluated using different areas ofthe print as the
response criteria. In the first part the wet deposit in open areas was measured. The significant
factors came out as being viscosity and brace interaction which contributes 40.35% ofthe
variation. The other factors were found to contribute much less to the variation: pressure
(12.53%), durometer and stencil thickness (12.53%), durometer and viscosity (11.20%), and
pressure and brace (7.11%). Increasing the pressure decreased the deposit thicknesses which
was attributed to the squeegee penetrating deeper into the mesh removing a portion of ink. This
result is in agreement with that of Brown [47], who also showed that an increase in pressure

gave a decrease in deposit thickness.

The squeegee durometer and stencil thickness showed a process interaction which could not be
explained. The 15pm capillary film with hard squeegee gave smaller deposits than those
produced with the soft squeegee, but the 25pm film produced thicker deposits with the hard
squeegee. There was only a 1pm difference in the deposit produced with both capillary films.
This could have been due to natural variation and was not explained, but depending on the size
ofthe stencil aperture the soft squeegee may have had room and time to get inside and scoop

some ink out, or the soft squeegee hydroplaned, or the aspect ratio was much greater.

An interaction was also present between the squeegee durometer and viscosity. A low viscosity
and hard squeegee produced higher deposits, and the argument put forward to explain this was
that the hard squeegee glides over the mesh, creating more shear stress. This allows more ink to
pour through the mesh whereas, the soft squeegee dips in to the mesh apertures and removes
some ink. A thicker deposit was produced using a high viscosity ink with a soft squeegee.

SPTF proposed that the thicker viscosity exerts greater force on the soft blade causing it to ride

up, resulting in less deposit, but hard squeegees overcome this resistance producing thicker

44



Chapter 2 Literature Review

deposits. The overall analysis showed that in mesh open areas the change in the five parameters
resulted only in a deposit variation of 2pm thus the mesh was the most influencing factor,

disregarding the stencil.

Re-analysing the results for wet ink analysis in small image areas, the contributory factors to
variation changed considerably. Stencil thickness was most important, 56.45%, then viscosity
and pressure, 15.56%, viscosity and brace, 6.19%, pressure and brace, 4.27%. The viscosity
and pressure interaction was interesting; low pressure and low viscosity gave a low deposit
(23.1pm) and low pressure and high viscosity gave a higher deposit (25.3pm). High pressure
and low viscosity gave a higher deposit (24.1pm) whereas high pressure and high viscosity
gave a lower deposit (22.2pm). This does, however, show that increased pressure gave an
increased deposit height for thicker inks, denoting that thicker inks are more sensitive to
pressure changes. The ink deposit this time was found to increase with pressure, the converse

to what has been discussed above.

Further analysis is abandoned as, to quote the author, “more questions were raised than
answered by the experimentation”. A final note was given as a general guideline for the

printer: -

To increase deposit To decrease deposit
* Increase stencil thickness ¢ Decrease stencil thickness
* Use higher viscosity ink * Use lower viscosity ink
* Use low pressure settings * Use low pressure settings

« Do not use a brace ¢ Use a brace

Other experimentation undertaken examined 0.05mm (2 mil) image resolution. Better
resolution was obtained using lower viscosity and pressure. Larger stencil thicknesses required
greater pressures. The effects of high tension on the ink deposit [14] were established by
undertaking a full factorial analysis ofthree snap heights, three pressure settings and four mesh
tension values. The tension itself did not significantly affect the deposit. The biggest
contribution was from the squeegee pressure and snap height interaction followed by pressure
and mesh tension interaction then snap height and finally mesh tension. The maximum
variation at ION/cm was 2.28pm, at 20N/cm it was 1.12pm, at 30N/cm it was 1.56pm and at
40N/cm it was 1.16pm. Another interesting point shown in this study is that the deposit
thickness did not continue to decrease with higher mesh counts above 100T mesh, at which the

curve flattened out considerably and all the deposit heights were between 15-17pm. Deposit

45



Chapter 2 Literature Review

variation also occurred when using different manufacturers’ meshes [9], e.g. Saati Hitech

305/40LE performs very differently to a 305/40LE from International Fabric Corp-PES.

Due to its importance, a complete paper on controlling the off-contact [54] was also published
by the SPTF. The off-contact distance is defined as being the “necessary small space to keep
the screen from adhering to the substrate”. Peel-offis separate to the mesh peeling away behind
the squeegee and is defined as the frame gradually moving upward during the print stroke. 1-
3mm are cited as being common distances but some are as high as 12mm. The drawbacks of
high off-contacts are poor print quality and registration. The lower the off-contact the better, as
increased pressure will be required to overcome greater off-contact distances. The screen
tension should be set at the maximum level which can be achieved comfortably: rule ofthumb
is 18-25N/cm. Methods of controlling snap height are crude to say the least, shimming the
frame at the corners being typical. Some machines provide adjustments but many without any
calibration, and others are simply so far out in terms of accuracy they might as well not be there
at all. SPTF has developed an electronic gauge for this purpose, but it is not widely used in

industry.

2.2 Summary

Some fundamental early work has been carried out using fluid mechanics relating
hydrodynamic pressure to image distortion, speed and viscosity; examining mesh and squeegee
parameter effects on the printed deposit; and determining laminar flow. The early work was
useful examining hydrodynamic pressure and explaining the role ofthe squeegee as a control
device with respect to hydrodynamics. Initial efforts are disjointed, examining potential

avenues of exploration but suffering from the complexity and wide range of variables.

Later work again examined a large range ofrelated topics, especially Riemer who covered
geometrical models, hydrodynamics, mesh peel off and sticking behind the squeegee, but the

work was split into distinct groups:

* Flagen-Poiseuille flow
* In-plane permeable bearing treatment
+ Cantilevered trailing blade system

* Pressurisation regions
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Unfortunately, none of'the authors had seen the work ofthe earlier studies and furthermore
were not aware of each others work in every case. Important points are drawn out, though, and
these include suggestions regarding mesh wetting resistance in relation to optimum print
parameter settings, conceptualising squeegee behaviour in terms of fluid versus elastic forces,
minimum boundary conditions relating to the ink roll and other model constraints associated
with the ink flow and areas of maximum pressure. The main area of investigations can be
narrowed down as being hydrodynamic properties and all the areas point back to squeegee and

mesh effects as being key areas.

The semi-analytical methods provide useful information regarding the trends of squeegee
parameters with respect to the final printed deposit, but the relationships have never been used
to provide clear guidelines as to how the process reacts under certain conditions. The next

chapter will concentrate on determining the extent ofusefulness ofthese methods.

Models to date are controversial and insufficient information is available to allow any ofthem
to be applied in practice. This indicates that further work is required to substantiate them. In
this work Huner is examined in further detail, where the squeegee is treated as a cantilevered
beam operating in hydrodynamically lubricated conditions. This was selected in preference to
the theory whereby the process is governed by Hagen-Poiscuille flow as this was thoroughly
cross examined by Huner, disputing the Taylor flow solutions and the basic assumption that the
mesh apertures are longer than they are wide. The work of Owczarek & Howland could also
have been examined in more depth but their work assumes knowledge ofthe squeegee
penetration height into the screen or the equivalent paste flow height beneath the squeegee. The
authors describe a method to obtain both ofthese, but the techniques are questionable and

could not successfully be reproduced for the purposes ofthis work.
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3.1 Introduction

The literature review highlights the lack of information related to controlling the screen
printing process. Furthermore, the initial set up ofthe process is not easy: the engineer is
completely reliant on his experience and information from mesh, squeegee and ink suppliers.
The supplier information is reasonably useful but does not explain how the product will relate
to the other components of the process. The logical approach, based on the fact that there is no
complete working model at a fundamental level, is to analyse the process using

experimentation. The objectives of this experimentation are to:
* gain an understanding ofthe process
* determine how changes in the parameter settings will affect the printed deposit

+ establish the optimum settings

The overall aim should be to map the process so that it operates as illustrated in Figure 3.1.

Parameter
settings
Screen Print Deposit )
Process Measurement Good print
Unacceptable
print

Adjust settings as required

Figure 3.1 Mapping the screen printing process

To operate in the format as described above it is of course necessary to know exactly how any
adjustments which are made to the process will affect the performance. This information,
however, is not available and thus the experimental approach is adopted to establish these

relationships. The framework for an experimental approach is outlined in Figure 3.2.
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Determine ink and substrate required for application.

Set all non-machine adjustable parameters using industrial
guidelines, eg mesh, squeege for ink and substrate.

Determine range of machine adjustable settings within
which some form of printing can take place.

Establish best method of assessing performance of print
process, eg wet deposit height.

Select a suitable experimental design to investigate the
interactive nature of screen printing variables.

Does this provide enough information to establish
trend curves ?

Yes No Review experimental design to extend
number of levels investigated.

Yes
Plot curves and produce Is this practically feasible ?
predictions of performance
with respect to test set of
perameters.
Extract maximum information and
. use knowledge to design fractional
Repeat trials. factorial experiment.
Does test set perform well ?
Determine best performance settings
Examine error and and examine for trends.
Yes No determine correction
factor.
Yes

Useful trends available ?

Repeat for different conditions.
No

Provide methodology for single
set up investigation.

Establish generic model.

Establish that experimental design is
unsuitable to obtain generic model.

Figure 3.2 Framework for an experimental approach
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The response variable is dependent upon the type of screen printing which is being carried out,
but for the purposes ofthis work only the deposit height will be considered. This is also subject
to controversy as deposit heights and their related measuring techniques are known to vary

considerably [55], [56] and the methods adopted here are outlined in Appendix 3.1.

3.2 Selection of factors for experimentation

As detailed in Chapter 1, section 1.1 the supplier’s details can be used to select the mesh to
match the ink and generally a squeegee and stencil system which is suitable for a particular
mesh type and print definition will be recommended. Many ofthe other variables will be
determined by default, e.g. customer-specified substrate, and most can be accounted for by the
fact that they are constant parameters. Thus, by process of elimination, the essential parameters
which need to be investigated initially are the main machine- adjustable parameters: squeegee
speed, squeegee load, squeegee angle and snap height. It could be argued that the flood
parameters should also be accounted for, but as it is possible to print without using a flood

blade these will be ignored.

3.3 Choice of experiment design

Over the last ten years the benefits of fractional factorial experiments (see Box [57]) have been
popularised by Taguchi [58] and others [59]-[61]. There is much controversy surrounding the
use ofthese techniques and they have been heavily debated [62],[63]. It must be made clear that
although fractional factorial experiments (FFE) can be very useful for eliminating lengthy and
impractical testing, their use is limited to process optimisation once the process has been well
set up in the first place. The bottom line for this type of experiment is that the process must be
very well understood before FFE’s can be applied. The main reason for this is that a
compromise is made in the form of loss of degrees of freedom, which in full factorial
experiments would have given information about any interactions between process parameters.
This information can be extremely useful, and in the case of screen printing is probably vital

due to the interdependent nature of'the process variables.

Table 3.1 Full factorial experiment: 3 factors at 2 levels

Column no.
1 2 3 4 5 6 7
A B AxB C AxC BxC AxBxC

Table 3.2 Fractional factorial : 4 parameters at 2 levels

Column no.
1 2 3 4 5 6 7
A B AxB C AxC BxC AxBxC
BxCxD AxCxD CxD AxBxD BxD AxD D
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The real danger with FFE’s for screen printing is that when the interactions are traded off for
smaller size experiments, they are not lost but could be compounding the main effect in another
column. An example ofthis is illustrated in the tables above. Table 3.1 is an L8 array at
resolution 4 (source: table 3-14 p.81 Ross [64]). It is a full factorial with 3 parameters at 2
levels, and each factor, i.e., parameter, and interaction have been assigned to an individual
column. However, in Table 3.2, 4 factors at 2 levels have been assigned and immediately it can
be seen that the columns are now confounded. For example, column 1 could be the main effect
of parameter A, or it might show an interaction of parameters B,C and D. For most processes a
3 level interaction, or higher, would not occur, but in screen printing, the angle and the pressure
are normally found to be inter-related and the speed ofthe squeegee will affect the ink’s shear
rate, therefore it is possible that higher levels of interaction may be present. Thus, the results
from fractional factorials could be very misleading. It should also be borne in mind that

fractional factorials are best for well established processes which only require fine tuning [63].

The conclusion is that ifthe process variables are as interactive as described by ITohl [65],
Molamphy [6], Brown [47], then the only feasible experiment is a full factorial. To confirm the

interactive nature ofthe process a full factorial experiment was carried out.

3.4 Determining screen print process behaviour using full factorial experiments

Full factorials are extremely large experiments, even when assessing processes, such as screen
printing with only four parameters. The number oftrials in the experiment is determined by the
number of levels which are to be tested, L, as a power of the number of parameters or factors,
F, to be investigated. In this case there are four variables to be considered: snap height and the
squeegee variables: pressure, speed and angle, and these will each be tested at three levels.
Therefore F=4 and L=3 so the number of trials is given by LF-34i.e. 81. However, to gain a
reasonable confidence level it is necessary to repeat each trial at least twice, preferably four
times, but as it takes an hour to carry out twenty trials and an hour to measure fifteen individual
deposits, repetitions greater than two would be impractical within a reasonable time scale. The
size ofthe experiment is denoted by an array L81. Three levels were chosen to give high,
medium and low values, but it should be noted that these were not set at the extremes ofthe

machine parameters. The settings are given in Table 3.3.

Table 3.3 Parameter settings for full factorial, 4 parameters at 3 levels

Parameters A B C D
Snap height Angle Speed Load
(mm) ) (m/s) (N/m)
Level 1 1 60 25 48
Level 2 3 65 40 56
Level 3 5 70 55 63
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The mesh used was 120T yellow dyed low extension mesh tensioned at MON per linear metre.
The squeegee was 70-75°A shore hardness and the ink was blue dielectric 40-516. The stencil
was 30um capillary film. During the experiment the temperature was between 21 and 22°C at a
relative humidity of 53%. The experimentation was carried out on a modified Svecia printing
machine. The machine has been developed to run using a programmable logic controller (PLC).
A proximity encoder controls the squeegee speed and position. A closed loop electro-pneumatic
controller regulates the pressure via the PLC to provide the advantage of automatic pressure
compensation, thus ensuring a constant pressure is always maintained. Calibrations ofthe speed
and squeegee load (or pressure) applied are given in Appendix 3.2. Squeegee angles were set at
graduations using the horizontal plane as the reference. The snap height was set at fixed points

on the frame edge using slip gauges.

3.5 Experimental Results

The order of experimentation and the results are in Appendix 3.3. Appendix 3.4 shows the

analysis of variance and the resulting percentage contributions are shown below in Figure 3.3.

Factor

Figure 3.3 Percentage contribution of screen print parameters

These results demonstrate that apart from the angle, B, the individual main effects have little
contribution to the process in comparison with the interactions. The three factor interaction of

snap, angle and speed is the second highest contributory factor to variation at 4.48% and the
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interaction of all four factors comes a close third with 3.72%. All ofthe two and three factor

interactions have higher contribution than the three remaining individual factors.

The F-ratio determines the level of confidence ofthe testing, by taking the mean sum of squares
(MS) for the individual factor and dividing it by the sum of squares ofthe error. Unfortunately
only the main interaction of B gives a confidence level of greater than 95%. This highlights
another source of error with this type of experimentation. This result means that the error
within samples is large with respect to that between samples. On closer inspection ofthe
variation within and between samples from the results shown in Appendix 3.3, it can be seen
that the maximum variation between samples was 41.21% and the variation within samples was
25.59%. This is the main reason why confidence levels are at less than 95%. However, from
Figure 3.4, it can be seen that for 66 out ofthe 81 samples (81.5%) the repeatability is better
than 10%, and 75 out of 81 (92.5%) are under 15%, with just 6 (7.5%) giving unacceptable

levels of variation.
This variation can be attributed to the method of deposit measurement used which is
susceptible to errors ofup to 19%, as illustrated in Appendix 3.5. Due to the quantity oftrials

necessary to perform such a large experiment it was not possible to scan complete areas and

thus single profile scans were used to measure the response variable i.e. deposit height.

L81 % height deposit variation within samples

20 -

SZ

610935592559057961
6419

Trial number

Figure 3.4 Percentage height deposit variation within samples
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Further analysis ofthe experimentation is limited. It is possible to sort the data into individual
groups and plot angle against snap, angle against pressure and angle against speed. This can
then be repeated for each ofthe other combinations. But considering the high order interactions
present this only provides information regarding any two variables at once, and also from the
design ofthe experiment there are only three points available for each graph, an example of

which is shown below in Figure 3.5.

18.5
ga 17.5 —¢— Squeegee Load
(48 N/m)
'ri(i 16.5 I—ft— Squeegee Load
" 16 i (56 N/m)
£ 155 —£ — Squeegee Load
(63 N/m)
14.5
0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06

Squeegee speed (m/s)

Figure 3.5 Interaction graph of speed and pressure at an angle of 70° and a 1mm snap height

setting

A great deal of work is required for very little information. From the full factorial experiment

it is possible to show that the angle alone is the most significant parameter followed by three,
four and two level interactions. These results can be compared in the broadest sense to findings
by Brown [47], who states that as the squeegee speed is increased so is the deposit thickness.
However, Brown showed that an increase in pressure resulted in a decrease in deposit height,
whereas this experiment showed that, depending on the speed, higher pressure caused an
increase in height followed by a decrease in height as the pressure was increased further. At a
different angle setting, as illustrated in Figure 3.6, the inverse pressure and thickness
relationship is more closely followed again, up to the point where the pressure and speed are
highest at which the lowest deposit height is found to occur. Brown’s work ignores the effect of

the angle entirely.
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The Screen Printing Technical Foundation (SPTF) also undertook some experimental work
which showed that increases in pressure resulted in decreased ink deposit, but the experiment
again did not examine changes in angle or, in this case, speed. The evidence points to the fact
that the squeegee is effectively scooping the ink out of the stencil aperture as the pressure is
increased, but if the angle is shallower, or the speed is increased, then the hydrodynamic effects
take over, allowing the squeegee to clear the top of the mesh asperities until the point is reached
where the pressure overcomes the hydroplaning and the squeegee lift due to this is prevented.
Above this pressure limit the squeegee then scoops the ink out ofthe apertures resulting in

lower deposits.

19.5
— ¢— Squeegee Load
| (48 N/m)
8.5
—m —Squeegee Load
(56 N/m)
—TAF— Squeegee Load 1
(63 N/m)
17.5

0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06

Squeegee speed (m/s)

Figure 3.6 Interaction graph at snap height Imm and angle 60°

In conclusion, it may be said that full factorial experiments are too time consuming to allow
sufficient gathering of information regarding the response variable or enough replicates of each
trial to ensure high confidence levels. An L81 experiment is relatively speaking very large and
it has only provided a small amount of information. More importantly, it is apparent that high
order interactions are present in the screen print process and therefore it is not possible to make
general statements about the process, as each setting will give different responses depending on
where the other parameters are set. This is also confirmed by Mitchell et al [42]. Using full
factorials thus has limited use, and for setting up the process using experimental techniques the
only possibility is to use fractional factorials in a strategic approach, whilst compromising

process understanding and being aware that compound effects will be present.
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3.6 Fractional factorial experiments

Fractional factorial experiments can be used to determine the approximate settings which can
be used to obtain a satisfactory print deposit. This approach is outlined as follows. Firstly, a
fractional factorial is selected which allows the required number of parameters to be
investigated using several levels set at as wide a range as possible. In this case the same four
parameters as mentioned in the last section were selected. An L25 was selected as it allows 6
factors at 5 levels to be tested. The first and second factors have been set at dummy levels, i.e.,
they were kept constant throughout the experiment. The settings for this experiment are given
in Table 3.4. This experiment was carried out using the same mesh and squeegee as in the
previous experiment. This time three replicates were taken; the first was measured immediately
after printing, whilst the second two replicates were measured 24 hours later. The order of
experimentation and the results for the replicates are given in Appendix 3.6. Each trial was
identified by the slide number (slide #) and the repetition of each trial was labelled a, b and ¢

respectively.

Table 3.4 Fractional factorial experiment: 4 parameters at 5 levels

Parameters Snap  Angle Load Speed
(mm) ) (N/m) (m/s)
D C E F

Level 1 2. 50 44 0.025
Level 2 6 65 53 0.065
Level 3 5 74 63 0.090
Level 4 4 60 73 0.130
Level 5 3 70 85 0.170

An analysis of variance ofthese results is given in Appendix 3.7, but it must be remembered
that the main effects will be confounded with their interactions and thus it is not possible to
determine whether factor F, the squeegee speed, is really of such significance or whether it is
one ofthe many possible combinations of interactions which also occur in this column.
Therefore, it cannot be stated that speed, which is assigned to column F, has more significance
than snap height in column D. The only reason for carrying out an analysis of variance is to

obtain an F-ratio so as to obtain a confidence level.

By pooling the least significant factor, it is possible to obtain a set of F ratios for the data as
shown in Appendix 3.7. These results show that the confidence level is greater than 99.9%,
which means that the error within samples is very small compared to that between samples,

indicating very good repeatability.
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Slide ft

Figure 3.7 L25 results (actual deposit heights)

Plotting the actual deposit heights, as shown in Figure 3.7, demonstrates the settings which give
deposit heights closest to the nominal values expected for the particular mesh used. The values

of deposit height and the variation in their repeatability are given in Table 3.5.

Table 3.5 Deposit heights closest to nominal value 17.22

Slide# response a response b response ¢ % variation

10 17.05 16.52 16.37 4.94
12 17.26 16.61 16.29 5.40
4 17.27 15.66 12.7 26.25
18 17.5 14.98 15.62 13.01
14 17.57 15.27 16.08 11.32

On evaluating the print deposits for each trial, slides 4, 14 and 18 were eliminated because the
repeatability was so poor. Thus, only the settings of trials 10 and 12 remain as being
appropriate. This, however, does not help to explain the process because the parameter settings
for these two trials, apart from the angle, are not very closely related, as shown in Table 3.6.
Perhaps it is possible that there is more than one combination of settings which will provide an
optimum result. This is possible due to the interactive nature of the variables demonstrated in

the first experiment (L81).

Table 3.6 Experimental setting for trials 10 and 12

Slide# Snap (mm) angle (°) load (N/m) Speed (m/s)
10 6 70 73 0.025
12 3 70 85 0.170
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Ifthis is the case, then the deposit profiles should be ofa good shape for the print deposits

obtained on both slides 10 and 12. These are depicted in Figure 3.8.

Deposit
height
(pm)

Deposit
height
(pm)

(mm)

Figure 3.8 Deposit profiles of slides 10 (left) and 12 (right)

As can be seen the deposit for slide 12 is much more uniform than the deposit for slide 10.
Thus it can be concluded that out of the parameter levels selected for this experiment, those for
slide 12 were the best. This is not to say that these are the optimum for the process as it is
impossible to predict the outcome had the settings been set in the middle of the levels selected
as these variables are discrete. A separate test would be required to investigate deviations
around the settings chosen. This experiment was confirmed in a repeat experiment. The Anova
table and results are given in Appendix 3.8. Using the same criteria as above, i.e. 17.22pm is
the nominal best height, the best heights are found to be those of profiles 16 and 17 in the
repeated experiment (see below). The repeatability cannot be used to eliminate any of the

results as the overall repeatability was poor.

Deposit
height
(pm)

30.

20.

Figure 3.9 Deposit profiles of slides 16 and 17
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Table 3.7 shows the prints from the repeated experiment which are closest to the nominal

value. They are completely different to those ofthe first experiment.

Table 3.7 Deposit heights from L25t2 closest to nominal value

Slide # response a response b response ¢ % variation

15 16.57 15.50 14.38 16.49
16 17.17 15.01 15.20 12.83
17 17.19 15.27 15.23 11.56
13 18.07 16.53 16.68 4.94

The experimental settings for slides 16 and 17 are shown in Table 3.8 below.

Table 3.8 Experimental settings for L25t216 & 17

Slide # Snap Angle Load Speed
(nun) () (N/m) (m/s)
16 2 60 63 0.17
17 3 50 73 0.90

Thus to return to the original idea of mapping the experiment, as discussed earlier in section
3.1, this repeat experiment completely upsets the routine as not only is there no useful trend but
there are actually conflicting sets ofresults. The settings which produced good profiles in the
first experiment are completely different to those ofthe second experiment. Many experiments
ofthis nature would need to be repeated for each element ofthe map and the initial response
does not bode well for a high degree of confidence that the work would provide the desired
information. In addition, further analysis, as with the full factorial in plotting individual two
factor interactions, is not at all possible when using this type of experimentation because no

two settings have the same values due to the fractional nature ofthe array.

3.7 Application of an alternative method of utilising FFEs.

Using the standard process of elimination, the above analysis cannot be used to gain any further
insights into the process. However, application of a fuzzy rule based system [66] allows the
deposit profiles to be sorted into ‘classes’ which can then be used to narrow down the possible
combination of parameter settings. Once a class has been selected as providing a good deposit,
smaller experiments can be set up to determine a smaller range of parameter levels which will
still achieve a good print. The output from the fuzzy system showed that the best settings were
3-5 mm for snap height, 65-70° for the angle, loads at 60-68 N/m and speeds of 0.055-0.085
m/s. [This is interesting because the best samples from the L25 were at snap heights of4-6 mm,
angles of 60-74°, pressures of 52-85 N/m and speeds of 0.025 m/s and 0.17 m/s.] These settings

were then used as a basis for an L9 experiment, which allows 4 factors to be examined at 3
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levels each, but again no information is available on the interactions. The parameter settings are

outlined in Table 3.9.

Table 3.9 L9 parameter levels

Parameter  Snap  Angle Load Speed
(mm) ©) (N/m) (m/s)

A B C D
Level 1 3 65 60 0.055
Level 2 4 67 63 0.073
Level 3 5 70 67 0.085

This experiment used the same equipment as in the previous experiments, and the room
temperature and humidity were at 25°C and 45% respectively. The results are shown in
Appendix 3.9 and were all found to be within class 3. The best settings were found to be those
for trials 7 & 8. To verify that these settings really were the best, both trial settings were
repeated 10 times to check for variation, the results are tabulated in Appendix 3.10. The
variation within the samples, at 12.81 and 10.14%, is greater than between the samples,
maximum 10%, so both settings are poor for repeatability, with settings for trial 8 being slightly
better. The profiles have been plotted in Figure 3.10 and Figure 3.11 in 2-D representation to
give a basis of comparison between each replicate and then in 3-D format for the first replicate

from each trial in Figures 3.12 and 3.13.

Deposit
height

(pm)

20

L9t7a L9t7b L9t7c¢

Figure 3.10 Profiles of L9t7a,b,c
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Deposit

(pm)

L9t8a L9t8b Lot8c

Figure 3.11 Profiles of L9t8a, b, ¢

Deposit Deposit

(mm)

0 0 00 (mm)

Figure 3.12 L9t7a Figure 3.13 L9t8a

3.8 Conclusions

Experimentation is useful when applied in a strategic way e.g. select wide settings with a
reasonably large fractional factorial and then zoom in using smaller fractional factorial
experiments, but the information is limited as it is not possible to predict how a slight

adjustment to any parameter will affect the process.
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To gain a thorough understanding ofthe process, full factorial experiments are required. This
would then allow the process to be set up correctly and improved upon. However, these are far
too lengthy to set up and carry out, and prone to errors of nearly 20% which compromises any
real benefit to a better understanding ofthe process. Plotting graphs to cope with the interaction
is also difficult and results in confusion when trying to illustrate trends. Measurement
techniques hinder the process and repeatability cannot be guaranteed due to the inherent

instability of the rubber squeegee and non-Newtonian behaviour ofthe inks.

Fuzzy rule based systems currently being developed provide an alternative route of
investigation and thus merit further work but these also do not provide an understanding ofthe
process. Thus it must be concluded that the process fundamentals should be further
investigated. This should give additional useful information on which to base a better strategy
for further experimentation e.g., it may be possible to determine a narrow window of operation
for one or more ofthe variables thus reducing the levels for a full factorial experiment.

Alternatively it might explain why only full factorials can be used.

The longwinded nature and limited usefulness ofthis kind of experimentation has highlighted

the need for a better understanding ofthe process fundamentals before experimental techniques

could be meaningfully applied.
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4.1 Introduction

The screen printing process has thus far been described as being inadequately defined and, as
discussed in the literature review section, Huner’s model [29] is the nearest approximation
derived to date. His work leads research in screen printing, due to the volume of publications
and because ofthe number of ways in which he has conceptualised the process: for example, as
a blade coater, a porous bearing, and now as a cantilevered plate. Unfortunately, his work is
rarely commented on and none of'the initial assumptions has yet been verified. This section
examines Huner’s latest analysis, which depicts the squeegee as a rigidly clamped cantilevered
trailing blade, which forms a hydrodynamic wedge to generate a printing pressure, and relates

it to practical aspects of screen printing.

To date definitive values for pressures in the ink roll have not been obtained. An attempt to
establish the pressures was made by Cropper [5] in 1974. However, the ambiguity ofthe report
prevents useful interpretation ofthe data, or ofthe experimental procedure, thus Cropper’s own
conclusions must be relied upon. This chapter reports on some fundamental experimentation,
undertaken by the author, to measure this pressure and to obtain a rigidity value for a squeegee.
A comparison is made between the actual pressures generated in the bow wave ahead ofthe
squeegee and those predicted by Huner’s theory. The results are also compared to the value of
pressure found by Cropper. This section then continues by examining ifthese pressures are
sufficient to ensure flow through the screen within the limited time dictated by the squeegee

velocity, a consideration which has been ignored in the literature to date.

4.2 Examination of a rigidly clamped cantilevered trailing blade squeegee

Huner treats the squeegee blade as a wide, rigidly clamped cantilevered blade and a schematic

of his representation is illustrated in Figure 4.1.

The squeegee force and angle are set by rotating the blade from the initial angle, OR at which it
rests on the screen, to a smaller working angle , 0OW, as shown in the inset of Figure 4.1. Fluner
then combines the equations for the loads required to bend an elastic plate (see [29]) with the
expression he developed for finding the pressure ahead ofthe squeegee tip [26] to give a
relationship of squeegee shape with respect to the fluid and elastic stresses within, and acting

on, the ink. The fluid stresses are determined by the expression W\3/Cand the elastic stresses are

given by D/*3, where lx is the fluid viscosity, U is the squeegee speed, and i is the horizontal
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distance to the point at which the squeegee tip first makes contact on the screen (C= LsinOR L=

length of trailing blade). D is the flexural rigidity ofthe squeegee given by D = ----- E -}—1—3—-———

12(1 - v2)~
where E is Young’s modulus, h is the squeegee thickness and v is Poisson’s ratio for the

squeegee.

Figure 4.1 Huner’s trailing blade squeegee system

Huner then argues that the ratio of (p.U"2)/D will determine whether elastic forces or fluid

forces are dominant. Ifthe ratio is very much greater than 1, then fluid forces dominate, if they

are very much less than 1 then the elastic forces dominate.

4.3 Elastic forces

Huner provides an equation to allow the net flow of fluid past the squeegee tip to be calculated.
The unstated assumption here is that ifthe system allows the flow to be consistent, then the ink
deposition must also be consistent. Huner derives an equation to determine the squeegee shape
when neglecting any influence ofthe fluid as outlined in Equation (4.1), and the solution to
this equation is given in ( 4.2).

duy F / X
dx2 ~DSin0R (4.1)
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the co-ordinates for any point (X,y) on the centreline ofthe deformed squeegee blade are related
by:

y FL3

—ul-1 +1
y, 2Dy0 I (4.2)

and the contact force at the squeegee tip is given by

FL3
Dyo0=(u- 1)

where u = Tan ORCot OW which is effectively a non-dimensional measure of load with u= 1

representing zero loading and u = 6 representing a load which heavily deforms the blade.

0.00 0.20 0.40 0.60 0.80 1.00 xli

Figure 4.2 Huner’s predicted squeegee shape

To verify that the calculated squeegee shape from Equation ( 4.2) as illustrated in Figure 4.2
was correct, a comparison with experimental data for squeegee bending was made. It was
necessary to do this experimentally because calculating a value for the flexural rigidity of

rubber proves difficult as Young’s modulus is hard to define.
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Figure 4.3 Test rig to determine squeegee bending characteristics

A test rig was set up as shown in Figure 4.3. The squeegee was clamped in a specially designed
holder, which allowed free rotation to any angle and adjustment of height to accommodate
different trailing lengths of squeegee. The squeegees tested had a trailing length of 53 mm and
the rig was adjusted so that it came to rest at an angle of 45°. To provide close comparison with
the work of Huner, the set angles which corresponded to Huner’s parameter u were used for

(9w)- Values for u were obtained using Huner’s approximation u = tan OR cot 9 w.

Using a Cannon 50E 35mm SLR camera with zoom facility, a photograph ofthe squeegee
curvature was then taken whereby the angles and lengths were recorded, of which an example
is illustrated in Figure 4.4. A complete set of photographs showing all of the curvatures tested
is shown in Appendix 4.1. Two squeegee material types were used : Shore Hardness 65°A ,
defined ‘soft’; and Shore hardness 85°A, defined ‘hard’, both were 140 x 10mm with trailing

lengths of 53 mm.

Figure 4.4 An example of a squeegee profile
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From the squeegee curvature photographs, the height ofthe squeegee was read, y, at various
points along the x-axis. The squeegee height was then divided by the height ofthe squeegee
pivot point, y0, and the value ofx was divided by the length ofthe squeegee along the x-axis
when the tip first rested on the surface. These terms and reference points are as depicted in
Figure 4.1. By plotting y/y0 against x//, the actual squeegee shape from the experimental data is
plotted in Figure 4.5.

—¢— u=l hard

0.9 - —m — u=1.2 hard 1
—A — u=1.6 hard |
—fif—u=2 hard '
0.7 -
—£3— u=3 hard
0.6 - — *u=6 hard
—0— u=lsoft
—HMH— u=1.2 soft |
0.4 «
—A — u=1.6soft
0.3 —X— u=2 soft
0.2 . u=3 soft i
u=6soft I
0 0.2 0.4 0.6 0.8 1

x/1

Figure 4.5 Plot of shapes obtained from experimental data for soft and hard squeegees

This can be compared to Huner’s calculated shape which was shown in Figure 4.2, and an
example showing a direct comparison of squeegee shapes where u= 1.6 and u = 3 for both hard
and soft squeegees plotted against Huner’s predicted values is given in Figure 4.6. It can be

seen that Huner’s calculated shape is a reasonable approximation.

0.9 -
— u=1.6 calculated
A— u=1.6 soft

i— A— u=1.6 hard
—m— u=3 calculated
—3<— u=3 soft

0.3
I-a- u=3 hard

0.2

0 0.2 0.4 0.6 0.8 1

x/1

Figure 4.6 Comparison of calculated and experimentally obtained squeegee shapes
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This plot does show that the squeegee becomes more concave and that the angle of attack
decreases as the force applied to the squeegee is increased, but Equation ( 4.2) does not
compensate for different squeegee hardnesses or thicknesses. The variation between the
different squeegee hardnesses appears to be very small. However when conducting some basic
experiments using different squeegee hardness values, whilst keeping all other parameters
constant, this small variation in practice was found to be significant [68]. There is a difference
in printed deposit thickness when using a hard as compared to a soft squeegee ofup to 50%

less.

An important note made by Huner is that the assumption of a single point contact at the
squeegee tip breaks down once sufficient load is applied and he alters his boundary conditions
to compensate for this. However, in the case ofthe soft squeegee the length of contact is
found experimentally to be appreciable (« 0-2 mm, depending on load), and this situation is

completely ignored by Huner.

The next statement made by Huner is that there is a minimum ink roll diameter beyond which
the process becomes insensitive to the squeegee behaviour when u<2.5. This would indicate
that an optimum printing condition could be obtained with sufficient ink and applied squeegee
load, but as Huner rightly points out there is no room in this part ofthe model for changes in
squeegee speed, or ink viscosity, because the elastic deformation only is considered and so he

continues by assessing the impact of fluid stresses on the ink deposition.

Huner bases all his further work, regarding flow past the squeegee tip, on the calculated shape
of'the squeegee predicted by Equation (4.2). This experiment showed that his prediction is
close to the actual shape, but that different squeegee hardnesses are not considered. Thus it
must be concluded that this model requires further work before it can be adapted for practical

purposes.

4.4 Elastic forces versus fluid forces

To determine whether the screen print process is predominantly governed by elastic or fluid

forces, it would be useful to simply calculate the value for the ratio (pU”)/D. To do this a

value must be obtained for the flexural rigidity, which is a function ofthe elasticity modulus.
This is difficult when dealing with rubber because there is no single value for Young’s
modulus, due to the fact that it is a highly compressible solid, with the dimensions changing
markedly under load. Approximations have been made [69], [70], by assuming that rubber is

an incompressible solid. Young’s modulus is then simply derived as being 3 or 4 times the
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shear modulus. However, other workers, for example, Martin [70] and Brown [71], state that
because rubber has a non-linear stress-strain curve a single modulus cannot be obtained. Other
factors, including previous stress cycles, time, exposure to temperature and humidity,
immersion in ink and solvent also affect the flexural rigidity. An alternative approach is
outlined by Lindley [69] which uses experimental data to correlate the hardness ofthe rubber
to a value of Young’s Modulus, but it is based on load-deflection data from specimens which
have only been subjected to very small deflections (just a few percent) in tension and
compression modes. This does not look at flexural rigidity nor at larger deformations as
experienced by the squeegee. Thus an alternative method for evaluating the flexural rigidity
was employed as outlined in Appendix 4.2. This provided average flexural rigidity values of

1.7 Nm and 3.3 Nm for soft and hard squeegee materials respectively.

The average flexural rigidity values from Appendix 4.2 were then used to determine the value
ofthe ratio of fluid to elastic stresses (pU”)/D. For a hard squeegee material the ratio was
1.136 x 104 whilst for a soft squeegee the value was 2.206 x 10'4(see Appendix 4.3). These
results show that, as expected, the elastic forces are higher for the harder squeegee material, but
in both cases the ratio is very much less than 1, thus the elastic stresses far exceed the fluid
stresses. According to Huner this indicates that the process is insensitive to parameter changes.
Early work conducted by the author [42], which is described in Chapter 3, showed that this is

not the case.

4.5 Pressure generated within the ink roll

Huner provides an equation which gives the pressure within the ink just ahead ofthe squeegee

tip;
* h_ 2Q,
P(x)=6liU - U— dx+P
12k,H + h5 * (43)

and QOois defined by Huner [2] as being the flow induced within the plane ofthe screen as a

result of leaking under the squeegee tip for which the equation is:

sh2
p_t+tu fL dx
2 J9 kxH h (4+sh)
p. 12p (1+ sh) (4 4)

1
xH h (4 +sh)
¥ 12p (1+sh)

dx

0
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where m = Ink viscosity
U = Squeegee speed
kx = In- plane Darcy constant

t = Point in ink roll where screen wetting resistance first exceeeded
Pw = Screen wetting resistance
H = Screen thickness

h = h(x),i.e. the squeegee shape as measured from the surface ofthe screen
L' = length ofink roll

where s

and ax= the slip coefficient, a dimensionless constant.
The no slip boundary condition is used on the squeegee side because it is impermeable, but as
the screen boundary is permeable the ink and screen interface condition is used from Beavers
and Joseph as modified by Saffman (see Huner [2]):

dv, a,

OoyU Vit(v U)U
where ax= slip coefficient

U = squeegee speed

v = v(x,y), tangential ink shear stress expressed in terms ofthe x component of ink

velocity

Huner describes the squeegee action governing the flow of ink into the screen as being
analogous to that ofthe blade of a blade coater, where the screen is a rough web. This allows
the product of sh to be interpreted as a surface smoothness parameter. In the case of screen
printing, this is very smooth and thus tends to infinity.

. h2 4 + sh
For zero slip s-> oo, so el >hand'  © >1

1+ sh 1+ sh

4.5.1 Experiment to measure pressures generated within the ink roll

To examine whether or not Equation ( 4.3) holds true, it was adapted for an experimental rig
which was modified to allow the pressure generated within the ink roll to be measured. To date
the assumption has always been made that the pressures generated in screen printing are purely
hydrodynamic and efforts to determine the pressures were only attempted using very crude
pressure transducers in the 1970’s. These experiments described here therefore represent the
first successful direct measurement of fluid pressures in the ink roll during simulated screen
printing. The experimental rig is a modified tilting pad lubrication demonstration apparatus,

with a squeegee holder fitted over the belt and is shown in Figure 4.7. Height and angle
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adjustment facilities were added for experimentation purposes. The squeegee blade was
modified to allow manometer tubes to be fitted to measure the pressure generated within the

ink roll.

Manometer

Figure 4.7 Modified Michell Tilting Pad Apparatus

For the converted lubrication apparatus the squeegee directly contacts a solid rotating belt and
there is no screen. Thus, the wetting resistance, screen thickness and Darcy’s constant are no
longer applicable and, therefore, Pw=0, H=0 and kx=0. Applying these conditions to Equation
(14.3) results in the Equation ( 4.5):

P(x) =6nU y dx (4.5)

Applying those same conditions, along with the conditions for zero slip as described above, the

equation for Q0 reduces to:

SL?

1.
Qo” - AYT— (46)

dx

h3
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To obtain an approximate value for the height of'the ink roll, h, and the length ofthe ink roll L’
it is assumed that they are equivalent to the ink roll diameter. An example ofa large ink roll
diameter is 1.5cm which equates to a value of 1.5 x 104 m for QO. Thus, Q0 can be assumed to

be very small and Equation ( 4.3) can now be written:

P(x)=6xU f-V
Jo

To analyse this relationship for a range of squeegee curvatures resulting from different loads,
the height ofthe ink roll, h, needs to be expressed in terms of the radius of curvature at varying

points along the x-axis.
Ifthe squeegee is considered as an arc with a radius, R, as shown in Figure 4.8, it can be seen
that

R2= (R-h)2+ x2

and h = x /2R

Thus £
(*4R2
P(x) = 61U “dx
Iy X4
Figure 4.8
24pUR3
3x3

The final adapted equation is:

r(::) 8pURZ (4-7)
X5

Using this modified equation the pressure values were calculated for a range of angles and
speeds, using values of R which were obtained from the photographs in Appendix 4.1, using
the approximation ofthe radius of curvature as explained in Appendix 4.2. The results ofthe
calculated pressure values are tabulated in Appendix 4.4. Then for the same parameter settings
pressure head readings in mm were recorded from the experimental rig, as shown in Appendix

4.5. A comparison of'the calculated and experimental results is shown in Figure 4.9.
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--Q - -Expt.
. Calc.

Figure 4.9 Comparison of calculated and measured pressure heads (U = 0.095m/s, x = Smm)

As expected, in the experiment there is an increase in pressure with a corresponding increase in

speed, as shown in Figure 4.10 below. The maximum pressure head recorded experimentally

was 417 mm when u was set at 6 and U was set at 0.0956m/s, which was the highest load and

speed investigated. At zero squeegee load, i.e. when u was 1, zero pressure was recorded.

However, for the calculations the converse is true. The highest pressure head, 8.152 mm, was

found to occur when u was set at 1, whilst at u = 6 the pressure was only 0.105 mm for the

same speed. This is because the radius of curvature ofthe squeegee, R, gets smaller as the

force is increased. Overall the calculated values are not in agreement with the experimental

values. This suggests that Huner’s argument is fundamentally flawed.
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Figure 4.10 Experimentally recorded pressures at a value of u=5 for different squeegee types at

5 and 10mm along the x-axis
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The second manometer, number (2) in Figure 4.7, showed no pressure head at all. This is an
important point because it shows that the pressure build up must be happening in a very short

space.

These results also show that the experimental pressure heads generated using the tilting pad
apparatus were fairly low, even though they were many times greater than theory, giving a
maximum of417 mm. It can be argued that the physical positioning ofthe manometer tubes at
5 and 10mm along the central axis ofthe squeegee will affect the maximum pressure obtained,
but nevertheless these pressures are still quite small and the question must then be raised as to
how much pressure is actually needed to ensure flow through a mesh. To date this value is

unknown and therefore the next section will investigate this experimentally.

4.6 Establishing the pressure required to ensure flow through a mesh

To obtain the pressure required for flow through a screen a simple experiment was devised to
measure the flow rate through a mesh under a static head. The actual pressure required for a
given squeegee speed was then estimated using the recorded flow rate. To do this it was first
necessary to derive a theoretical squeegee speed based on the time taken to fill a mesh pore in

relation to the squeegee velocity.

Variable height
Pipe 19 mm diameter

Nozzle 6 mm diameter outlet

Mesh

Measuring Cylinder

Figure 4.11 Apparatus to measure flow rate through mesh
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The apparatus was set up as shown in Figure 4.11. A 120T mesh was stretched with a tensile
force 0of 200 N per linear m across a 6 mm diameter nozzle aperture using a Harlacher screen
printing stretch table. The mesh was attached using a proprietary Seri-paste adhesive. The
nozzle was then connected by a long, transparent, 19 mm inner diameter pipe, to a header tank
filled with glycerol. A tap was positioned at 1.5 m from ground level. After waiting for the air
bubbles to escape at the top ofthe pipe, the tap was opened to ensure a steady pour of fluid.
The average time taken to fill a known volume (200 ml) was recorded and the experiment was
repeated for different header tank heights. An overhead crane was used to adjust the tank
heights, and a calibrated wall chart showing 0.3 m increments was hung from the crane
showing the height ofthe tank after adjustments. Accurate readings were possible at the higher
pressure heads by standing on the third floor rear access staircase. A graph ofthe flow rate of
the glycerol against the different pressure head readings is shown in Figure 4.12. the results are
tabulated in Appendix 4.6. An error of up to 0.2 m can be expected at the higher pressure heads
as the level in the tank dropped from the original point by approximately 0.05 m in total and the

height readings were taken Im away from the measuring scale.
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9.00&07 -
8.00E-07 --
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u| 3.00E-07

2.00E-07

1.O0E-07 «-
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Pressure head(m)

Figure 4.12 Volume flow rate against static pressure head for glycerol

The linear velocity ofthe glycerol through the screen, Vscr, can be obtained from the

experimental data using the Continuity Equation:

Q = VserX OA

which re-arranged gives
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where Q = volume flow rate through the screen

and OA = open area of screen in the nozzle

The theoretical squeegee speed was derived as follows. Thetime can beapproximated by
considering the time taken for the squeegee to pass fromone meshstrand to the next,i.e. the
thread pitch. The underlying assumption is that the ink can only be forced through a mesh
opening when the squeegee blade tip is directly over that pore. Hence the time that the ink has
available to pass through one pore is the same as the time it takes for the squeegee to pass over
the pore, given by Vsgthread pitch. A smaller pressure applied over a longer time, i.e., a lower
squeegee velocity is not a viable alternative as screen printing requires an immediate snap off
[2]. This governs the minimum speeds possible and the evidence that printing is unsatisfactory
below a minimum working speed is presented in Chapter 6. Identifying the rate of snap
necessary for successful screen printing is outside the scope of this project, but it is

recommended as a topic for further work.

The velocity of ink flow through the screen, Vs, is

where Ft = Fabric thickness

andt =time.

Ft
= — Vv
thread pitch ¢

(4.8)
where V= squeegee velocity.

Rewriting Equation ( 4.8 ) the squeegee velocity is given as

y _y x thread pitch _ Q thread pitch
1 s fabric thickness OA  fabric thickness

The experimental data of Figure 4.12 may now be interpreted in Figure 4.13 as the pressure
head required in the ink under the squeegee blade to achieve successful printing at a given

squeegee speed.
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Figure 4.13 Pressure head plotted against squeegee velocity

The results show that for a squeegee speed 0f 0.09 m/s a pressure head of approximately 7 m
would be required. This speed corresponds to that at which the maximum oil pressure head of
0.4 m was recorded using the tilting pad apparatus. A pressure head of 0.4 m in oil is equivalent
to 0.28 m of glycerol, (see Appendix 4.7 for the respective densities ofthe oil and glycerol
used) therefore the pressure required to force liquid through the screen is much higher than that

obtained in the liquid roll in front ofthe squeegee, by a factor of about 25.

In Chapter 2 it was reported that Cropper found the pressure in the bow wave to be 104 N/m2,
i.e. approximately Im ofhead, and he claimed that this pressure was greater than that which
was required to ensure flow through the mesh. However, this experiment showed that the
pressure in the bow wave is smaller by a factor of 3, and that the pressure required for flow

through the mesh to occur exceeds Cropper’s value by a factor of 7.

Laminar flow was confirmed by checking that the Reynolds’ number for the glycerol flowing

through the pipe was below 2000.

where
Re = Reynolds’ number

p = fluid density
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V = flow velocity
D = pipe diameter

p = fluid viscosity

For glycerol flowing through a 19 mm diameter pipe, at the maximum volume flow rate, Q,
achieved in this experiment, the Reynolds’ number is:

1262 x 3.38 x 103 x 0.019
1.2649

Re =

= 0.064

The flow velocity, V, using the same criteria above is calculated to be:

96 x 107
1x(9.5x 103)2
= 338x 103m/s

As the flow is laminar, Poiseuille’s law can be used to determine ifthe pressure head lost in

overcoming pipe friction is significant.

7tD4(P2 -P,)
128Lp
where
Q= Flow rate of fluid
D= Pipe diameter

P2-Pi= Pressure loss in pipe
p= Dynamic viscosity

L= Length of pipe

The losses in the pipe due to friction are calculated from the recorded pressure head as follows.

The greatest pressure in the experimentation is given by a pressure head of 6.75 m:

P= pgh

1262x9.81 x 6.75
83.6 x 103N/m2
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The pressure losses due to friction are

128L 1L
71D4

128 x 1.2649 x 6.75 x 9.6 x 109
71x 0.0194
= 2562 N/m2

(P,-P.)

Therefore the losses due to pipe friction are less than 3% and thus can be neglected.

4.7 Conclusions

Huner’s model ofthe squeegee as a clamped cantilevered blade is a good basis for
conceptualising squeegee behaviour, provoking thought on the elastic and fluid stresses.
However, on determining that the elastic stresses are dominant, the theory breaks down as it
then implies that the fluid stresses have no role in the pressure build up. It has been shown by
experimentation [68] that the squeegee hardness has a very significant affect on printed deposit
thickness variation and it was also observed in these experiments that hydroplaning occurred,
i.e. the squeegee lifted offthe surface ofthe screen leaving a thick film of ink on the screen

surface, which, theoretically, according to Huner, should not have been possible.

The calculation for pressure just ahead ofthe squeegee tip adapted from Huner’s work shows
completely the wrong result when compared to the near tip pressures measured in the modified
tilting pad apparatus. Additionally, the experiment illustrating the pressure required to ensure
flow through the mesh shows that the pressures recorded were a factor of twenty-five less than
that which is actually required. This leads to the conclusion that the screen printing process is
not governed by hydrodynamic lubrication theory as modified by Huner. Therefore, it is
necessary to explore an alternative theory to explain how the fundamental screen print process
is governed. The next chapter offers an analysis of EHL as a potential model for the screen

print process.
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Chapter S Analysing screen printing using elastohydrodynamic

lubrication theory

5.1 Introduction

On evaluating the Huner model, the results obtained showed that the hydrodynamic pressures
generated in the ink roll were insufficient to create the required ink flow through the mesh. It
has been shown that the pressure head required for flow through a typical mesh (120T) is in
the order of 7 m, whilst experimentally, maximum values of 0.4 m were recorded for a speed of
0.09 m/s. It can therefore be assumed that the squeegee performance is governed by a different
theory, which allows higher pressures to be generated. If the assumption that the squeegee
operates under fully lubricated conditions is to be upheld, then it must be that one ofthe other
lubrication systems applies to screen printing. Boundary lubrication deals only with chemical
films or physically adsorbed films: hydrodynamic lubrication, as proposed by Huner, assumes
generation of moderate pressure within the ink roll but ignores elastic deformation at the tip;
therefore elastohydrodynamic lubrication (EHL) theory appears most suitable as it deals with
both deformation and pressure build-up in the ink roll and predicts larger pressures under the

flattened tip.

This chapter gives a brief outline of EHL theory, then explores the feasibility of applying EHL
to squeegee behaviour, firstly by modelling the squeegee tip using a wedge profile and then by

adopting an analysis carried out using soft EHL for a tilted pad geometry.

5.2 EHL Theory

EHL theory describes the basic characteristics ofthe lubricating film by adapting Hertzian
contact mechanics, giving a relationship between the film thickness and speed, viscosity,
pressure viscosity coefficient and the deformation behaviour ofthe contacting surfaces.
Detailed treatments of EHL theory for line and point contacts are given by both Cameron [72]
and Johnson [73] and the basic equations for elasticity, elastic pressures and deformation

outside the contact area have been reproduced in Appendix 5.1.

EHL is normally applied to steel rollers or ball bearings, where the deformations are generally
small and the mating materials used are similar to each other. In screen printing, however, the
squeegee produces a line contact which has a relatively large deformation at the tip, in addition
to the gross bending, due to the fact that it is made of polyurethane. The squeegee material is

also distinctly different from that ofthe stencil. A further complication is that the shape ofthe
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undeformed squeegee tip is not circular, as in rollers, but more like a wedge. Approximating a
value for the radius of curvature at the contact inlet would also be difficult as the squeegee
does not have a single radius (which a roller has prior to deformation) because the squeegee is

initially a flat blade and its curvature depends on the applied load and the angle of attack.

5.3 Adaptation of EHL theory for use with wedge geometries

Figure 5.1 Side view of squeegee tip deformation projected through a

shadowgraph

On examination ofthe actual tip deformation using a shadowgraph the squeegee shape appears
to be that of a wedge profile, apart from the fact that it is not symmetrical (see Figure 5.1).
Thus the theory has been adapted for this geometry as none of the other standard geometries
seem suitable. The following analysis starts with the indented wedge model of Hills &
Sackfield [74], and develops it to reflect the special conditions of squeegees moving over

screens.

Figure 5.2 below depicts indentation of a surface by a wedge. The half width ofthe line

contact, a, is given by:

P(l-v2) (5.1)
a_ By
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normal force per unit length applied

where P=
V= Poisson’s ratio
0= angle of wedge

and the normalised pressure along the x-axis is given by

P f a

p(x) = — cosh
T1a v ixl

(5.2

NB. There is a restriction that the angle @ be kept small to minimise strains (see Hills [74]).

Figure 5.2 Indentation of a wedge

From Johnson (Eqn. 10.34 [73]) the film shape for elastic cylinders is given as

h(x) = ho + 2R +V (x)_V (0)

where V(x) = normal surface displacement outside contact
X . . .
= displacement inside contact

ho = minimum film thickness.

Figure 5.3 illustrates the case for two rotating cylinders, defining the parameters used in

Equation ( 5.3).

)

(5.3)
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Figure 5.3 Definition of symbols for rotating rollers with predicted film

pressure profiles

Adapting Equation ( 5.3 ) for the wedge geometry gives:

h(x) = ho+ (x+ V(x) - V(0) (5-4)
differentiating this gives

h’(x) = 9+ V’(x) (5-3)
but from Johnson, for an elastic contact, it can be shown that

v,(x)- 21-v2 r p(s)ds
nm E J x-s
therefore, substituting into Equation ( 5.5):
(5.6)

N Ipis_);ls
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but by substituting Equation ( 5.2), using s as the integration variable ofx

(5.7)
S X .
Let t =—and x* =—, thus the R.H.S of Equation ( 5.7) becomes
a a
i cosh-1 *
na J x* -1
This is the Cauchy Principal Value integral (see Johnson [73] Appendix 1) with value
=P resin’
Tta X*
SRR
a Vx A
where s isa point on the x axis i.e. the integration variable for a fixed point x
t is the non-dimensional form of's
x* is the non dimensional form ofx.
Equation ( 5.7) can now be inserted into Equation ( 5.6)
h'G0 = 9 21-v2 P . . fa
(x) = — 7isin  —
Tt E Tta \x
21-v2 P 2
but e .= —)
n E Ta n
therefore
(5.8)

h'(x) = <)jl  sin "0 -
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Integrating, gives
2
h(x) = const + ¢ x - sin + In
7

where it can be assumed that the constant is ho.
For simplicity the film shape, h, can be rewritten as
h = ho+ (a5

where

hO=minimum film thickness required to ensure separation ofthe surfaces

X y X / o\ f Py mmmmmmn \Y
o X b'e
== Ssin " L &
a n a \xJ a Va2 J

and <)aS together represent the elastic deformation ofthe surface.

To provide a universally applicable form this must be non-dimensionalised, as set out by

Cameron [72],

Let  ho= (QaHo
h = <g)H

then ( 5.9) reads

H=Ho+5

It is shown by Cameron that Reynold’s Equation can be modified to accommodate the viscosity

changes due to pressure. By replacing the viscosity in the standard equation with the simple

exponential viscosity equation

EP = Boeap
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and defining

1 f j_e-«p
Po .I d(e~ap) = (5.10)

a Jo a

This gives the Reynolds equation in terms of po and TIO:

dpo - h-h
6Ur|
dx h3

As also stated by Cameron, because the film is parallel h = h0, thus substituting in H and Ho the

equation becomes

= 6Uti0
X

which can be rearranged as

dpo _6Urio 8 (5'U)

dx (a2 H3

Let po= k po*
*

X =ax
Substitute into ( 5.11)

k dp0* 6Urj0 5
a dx* (c)a2 H3

k 6Url0
Let -- .2

a  (aq))

dpO* 5
to get —= —n

8 dx H;
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which is now a fully non-dimensionalised relationship between pressure and deformation.

Cameron provides a correlation of p0*and Ho as follows. From ( 5.10) it can be seen that as p

gets very large e-ap -> 0,p0 — ~ . However, this is based on pressures generated for rigid

surfaces e.g. steel rollers. For surfaces of low elastic moduli the generated pressures are not so

high, because the material deforms more, and Cameron shows that po-»pmax as a or pnax->0.

The pressure is zero at x = -oo, which would give integration limits of x = -00 and x = -a.

Therefore, in the non-dimensionalised state x*= -oo to x* = -1 and the definite integral for p0* is

A table of values can then be obtained for the relationship of Ho and p0*similar to that of

Cameron’s. See Table 1.

Table 1 Relationship of HO and p0*
Ho 0.20 0.50 1.00 1.30
po* Wedge 4.0598 1.3592 0.6091 0.4515

The program to obtain these values, and the log plot showing the relationship for this table are

given in Appendix 5.2.

Hence p0*=r HO's

where r is the intercept and s is the gradient ofthe slope representing p0*and HO.

From Appendix 5.2 these values are found to be 0.969 and 1.43 respectively,

r
Therefore =

Po

1o
(Pa

therefore
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butp0 =p mx therefore fM .
Hay @D

rearranged gives

ho=rPmax6U 7ia (" )s"2

and substituting in for r and s gives

hj,43 = 0.969p,nall6 UiiCa(i[>a)“0i7

which can be rewritten as

ho = 0.80" 6U 70RmacV 7r P NO3 (5.12)
v E'
where ho = the minimum film thickness
Pmax ~ total applied pressure
U = speed
Po = viscosity
¢ = deformation angle
P = (aE<>)/(1-v2)
E’ =E/(1-v2)

The wedge geometry presents some difficulties however. The most important is that the value
of 9 must be obtained to allow its use. () is the angle at the point where the squeegee meets the
screen as shown in Figure 5.4. Equation ( 5.8) is the slope ofthe surface ofthe squeegee which

is measured close to the point x = a, so sin"l(a/x) is close to 90° i.e. 7/2. Therefore

j1“ Sin~'*~jj is close to 0 and it is difficult to get (>accurately. Measurements taken on the

shadowgraph allow a very high proportion of error.
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Figure 5.4 Squeegee deformation angle §

A second problem is the calculation of pnmwhich is given by the integration of Equation ( 5.2)

shown below:

this means that at the extremes where a = x the pressure is 0, which is to be expected, but also
at x = 0, cosh'1(a/x) gives a value where a is divided by 0. For steel it is simply assumed that

the pressure tends to coat x = 0.

A further problem is that the wedge elastic equations require a shallow, symmetrical profile
and neither ofthese assumptions really hold true. Thus it must be concluded that an alternative

geometry must be adopted.

5.4 EHL theory for materials of low elastic moduli

The conditions of EHL theory for hard materials differ from those of softer materials because
the pressures generated are too small to increase the lubricant viscosity and therefore the
deformation alone is important and not the pressure viscosity coefficient. According to Baglin
& Archard [75] the point where a special case of EHL, i.e., soft EHL theory, is reached is when
Prex - Po- Phex is defined as the maximum hydrodynamic pressure calculated and p0is defined
as the maximum Hertzian pressure for dry contact under the same load. They summarised that
numerical methods up to 1972 gave no satisfactory solution similar to the Grubin type for low
elastic modulus materials (see [74]). The then existing work ignored the geometry ofthe inlet,
gave film thickness as an arbitrary constant and did not include the applied load to derive the

film thickness. The latter arguably does not allow any real physical relationships to be made.
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5.4.1 Elastic Equations for Soft EHL

The main assumption which Baglin & Archard use for their analytical solution is that the
deformation is very large with respect to the film thickness. Thus, the pressure distribution is
approximated as Hertzian, and the film thickness is assumed to be almost parallel. However
because the pressure does not influence the viscosity, the required pressures must be generated
from the geometry. Baglin & Archard assume the geometry can be modelled as that of a tilted

pad bearing as shown in Figure 5.5.

Region I Region II

-2b

Figure 5.5 Assumed tilting pad bearing geometry

Baglin & Archard acknowledge that the tilted pad does not give the symmetrical conditions as
required by Hertz theory but state a number of assumptions which allow a near symmetric
pressure distribution. They also use the Crook approximation for the Hertzian shape which
gives the film thickness in terms of geometry only. The geometry for region I is given as a

function of b, R, hj, and for region II, it is simply approximated as the equation for a straight

line:

h = hj + mx (5.13)
where m is the gradient of'the tilted pad at a point x from the origin
V A
and m - © (5.14)
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By applying boundary conditions, and the continuity law, the limits for p are set:

p=0atx = +00
p=0atx = -2b
P=P.»=Poatx=-b

The assumption is that the pressure distribution is symmetrical. This argument is put forward

[75] because the deformation ofthe surface is large compared to the film thickness and the

contact behaviour must therefore be close to Hertzian. It follows then, that

5.4.2 Pressure inside the contact region using Reynolds Equation

Now using Reynolds equation the pressure distribution under the contact, i.e. in region II, can

be found as follows:

In the case of steel contacts the film thickness, h, is represented by:

h = constant + elastic deformation inside the contact region

where the constant is designated to be the minimum film thickness, ho and because the film is

parallel in the contact region h=h0.However, in the case of soft contacts i.e. materials of low

elastic modulus, it is known that the contact region is more akin to a tilted pad bearing whereby

it is assumed that the film thickness is given by h = h, + mx as stated above.

x=2b
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—6ry PN g

J h3

_6U?”? Ly h
m h 2h2

=e6Uri|ji__J_ h +J_
P m 12h2 h 2h2+h

=6u ,n _ h(h+h,)+i
m [hh,, 2h!h] f

- h-he b -h(h+h
p(x) = " £hh,-h(h +h,)} (5.16)

2h2h2

This can then be plotted for a series of contact widths and speeds an example of which is

shown in Figure 5.6. At the inlet point x=0 the pressure is not 0, but at the exit point it is 0.

1.60E+05
1.40E+05
1.20E+05
1.00E+05

8 R.00E+04

2.00E+04

0.00E+00
0 0.00005  0.0001 0.00015  0.0002 0.00025 0.0003 0.00035 0.0004

Contact width (m)

j-~~#— p (at u=0.1nnn/s) — p atu=0.2mm/s —A— p at u=0.3mm/s |

Figure 5.6 Pressure distribution plotted against contact width at a range of speeds,

using 120T mesh & ink at 4 Pa.s
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5.5 Derivation of equation to predict minimum squeegee speeds

To determine the condition required for the first complete print the above Equation (5.16)
must be satisfied for the screen print process. To adapt this equation for screen printing
parameters, it is necessary to obtain relationships for m, h, h; and he in terms of squeegee and

screen parameters. Squeegee speed and viscosity are already specified in the equation.

(1

Figure 5.7 Screen parameters defined in Equations (5.17) and (5.18)

First the volume flow rate of ink through the screen, Q scr, is considered for a Im wide screen,
ofwhich a side view is illustrated in Figure 5.7. The volume flow rate is considered to be the
volume of screen filled by the passage ofthe squeegee in Is. The volume filled is equal to the

volume of fabric, reduced by the ratio which represents the air space between the strands of the

mesh.
OA
Q =Ftx Im xU x 100 (5.17)
where
Ft = fabric thickness
U = squeegee speed
Im = width of screen
OA =mesh open area %

Mesh open area expressed as a percentage is given by:

OA _ Total area of open mesh in a unit area

100 Total unit area
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Likewise, the volume flow rate of ink through the screen under the squeegee tip, Q se can also
be determined as being the difference between the ink flow rate into the contact area, Q-, and
the ink flow rate at the exit, Qe. Neglecting losses due to adhesion of'the ink to the mesh
strands, it follows that the remainder ofthe ink must flow through the screen. Thus, for a Im

wide squeegee Q so is given by

QsQ = Qi-Qe

where Q; = (Ixhj)xU
Qe = (I xne)x U

Therefore, Q= U(hj - he) (5.18)

By applying continuity, the volume flow rate through the screen must be equal to the volume

flow rate under the squeegee tip, thus,

Qscr “ QsQ (5.19)

and from Equations (5.17) and (5.18), this can now be represented fully in screen printing

terms as:

OA
FtxUx ——=U(. - h)
100

Therefore the height at the inlet of the squeegee tip region may be determined by rearranging

the above equation:

h =Ftx +h
100 0 (52°)

Normally it is difficult to find a value for heas it cannot easily be measured. It is also known
that the exit suffers from a constriction which is discussed in detail by Cameron [72], Johnson
[73] and Baglin [75]. However to use the equation for screen printing, this work will adopt the
fabric roughness, FRas being the resulting height of he. Figure 5.8 illustrates how the fabric
roughness is determined. This assumption is reasonable as in the application of EHL theory to

rigid materials, the value of heis taken to be the height of'the surface asperities.
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Figure 5.8 Illustration of fabric roughness
The fabric thickness, Ft, was specified from the manufacturer’s data as being 66pm.

Now FR can be substituted back into Equation ( 5.20) to provide a value for h; completely in

screen printing parameters.

From Baglin & Archard [75] the film height under the contact region is assumed to follow the

equation of a straight line as defined in Equation (5.13) and the gradient, m, was defined in
. h_—h, . . :
Equation ( 5.14) as m = —5——b———L. By rearranging Equation ( 5.20), the gradient m can also be
2

expressed in terms of screen printing parameters:

(5.22)

Therefore,

- Ft.OA
200b (5.23)

Finally, by substituting Equations ( 5.15),( 5.21) and ( 5.23) back into Equation (5.16) an
equation for the actual pressure generated under the squeegee tip is derived in Equation ( 5.24),

which has never been possible before.

-6Ur)2bl0Q h-F
FtOA  X2h2F (5.24)
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The total load on the squeegee, Ln, can now be obtained by integrating the pressure under the
contact region II. This is a useful contribution to the work as the existing models and theory to
date have not provided this information in a practically applicable form.
0
L ..J,p(x)dx

-2b
0

L,= geUlll] ~ M 2h], -h(h +hjidx
j m 2h'
-2b

which can be rewritten as
o

3Uri 2h/ hh/
o I

-2b

now using h = hi + mx, i.e. putx = h-h.
m
i
2hI hh!]
h.
3U
M Ghe- my(h,—h)— Wmh M
mA.
r . . .
o (@he-h)(hi-h) - 2hsin hh: (5.25)

Rearranging the calculation for the total squeegee load, as given in ( 5.25), the squeegee speed
can be expressed directly in terms of Ln, he, |, and indirectly in terms of b, Ft and OA through
the parameter m.

u L,m*h; 1
3 A (5.26)

where
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Due to the co-ordinate system used, as depicted in Figure 5.5, the squeegee movement from
right to left is shown as being positive, but this will be converted to a negative value for the
purposes ofthis work as the point of reference is the squeegee surface and not the x-axis

surface.

Equation ( 5.26 ) is the derived equation to predict the minimum squeegee speed required to
ensure a successful printed deposit is achieved for a particular squeegee type at a set angle and
load. This representation of squeegee behaviour is, to the author’s knowledge, entirely novel.
This equation also has scope to be further examined to provide additional information
regarding the screen printing process parameter relationships. These aspects will be discussed
in the sections below. [Strictly speaking Equation ( 5.26 ) applies for higher speeds than the

minimum: it gives the minimum only if he is set to the fabric roughness, as in Chapter 6.]

5.6 Screen printing parameter relationships

Equation ( 5.26 ) provides analytical information relating to the process parameter relationships

which can be interpreted in a very practical way. It is difficult to use the parameter

relationships from the equation to describe the process because the parameters all relate to the

minimum speed required to achieve the first successful print, and not the final deposit

characteristics. However a manufacturing engineer is always interested in being able to

increase speed to improve productivity output. The following conditions are found to increase

the required squeegee speed:

1. Decreasing the contact width. This will increase the pressure for a given load and therefore
less time will be required for the same volume of ink to flow through an aperture.

2. Decreasing the viscosity. A lower viscosity will allow faster flow of ink.

3. Increasing the squeegee load. This conflicts with no. 1 above.

4. Decreasing the percentage open area ofthe mesh. Smaller volume of ink required to flow,
therefore less time is required.

5. Decreasing the fabric thickness. Again a smaller volume of ink is required.

6. Larger values ofhei.e., a rougher fabric surface. Higher values of hecould be cleared at

higher speeds because there will be a degree of hydroplaning.
This information could be employed as a basis for developing an intelligent system, but further
work is required to correlate the resultant deposit characteristics achieved which is outside the

scope ofthis work.
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5.7 Discussion and Conclusions

Problems with the wedge geometry included: difficulties in obtaining an accurate value for (3
overcoming a singularity in the pressure; and dealing with an asymmetrical profile. This
geometry was thus deemed unsuitable for squeegee behaviour. The same process was then
applied to obtain a tilted pad geometry solution. This solution is based on the assumption that
the contact follows a Hertzian pressure distribution despite the fact that the contact boundaries
are non-parallel. The boundary conditions are also assumed to follow the Hertzian principle

such that h occurs at x = -a.

The derived Equation ( 5.25) models the screen print process in terms of the ink viscosity, 7|,
mesh parameters of: fabric thickness, Ft,; mesh open area, OA; and fabric roughness, FR
squeegee speed, U, and the elastic behaviour ofthe squeegee under load, as characterised by
the half contact width, a. The mesh parameters are very well catered for as each individual
aspect of the mesh is considered. The actual tension applied to the mesh and the corresponding
snap heights required are not dealt with here as they are purely a function of good edge
definition. The open area and the fabric thickness are however related to the tension applied

(see [9]) and a relationship could be derived as further work.

The screen print parameters are discussed in terms ofhe h,, m and h, assuming that he
represents the fabric roughness, and also assuming that the RMS value for the fabric roughness
applies. Scooping ofthe squeegee inside the mesh apertures has been neglected as being
improbable, particularly as the aperture sizes are approximately 80pm and the squeegee tip
deformation exceeds 100pm even at the minimum possible loading, i.e., the weight ofthe

squeegee and its holder, prior to adding any load.

Consideration of mesh tension effects regarding fabric thickness has been made, as the fabric
thickness is specified at a nominal tension of 240 N/m, by the manufacturer. However, mesh
tension effects on surface roughness have been neglected due to constraints of measuring
techniques available. Rigorous empirical examination ofthis aspect would be required to

validate the work if it were to be used for more than a fundamental behavioural analysis.

Rearranging Equation ( 5.25) in terms of squeegee speed, see Equation ( 5.26 ), allows the
minimum squeegee speed to achieve an acceptable print for a set angle, load and hardness to be
predicted. Despite requiring a fairly lengthy methodology, calculations to determine the

minimum speeds for a range of printing conditions are possible and these can then be applied in
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a practical situation. For this to hold true experimental evaluation is required whereby it should
be possible to see that below the predicted speed the print will be unacceptable. The next

chapter examines this in detail.



Chapter 6 Experimental Evaluation of EHL Screen
Printing Model

6.1 Introduction

Chapter 5 proposed a novel model, derived from EHL theory, which provided an equation from
which to predict the minimum squeegee speed required to achieve satisfactory printing for a
range of set parameters. This chapter outlines the steps which must be followed in order to
apply this theory in practice, whilst evaluating the validity of the model. Firstly, methodologies
for obtaining values for the exit film thickness and the squeegee tip contact geometry are
described. Then these values are substituted into the model to predict the minimum squeegee
speed required for “successful” printing and finally a series of experiments examining the

validity of the model are reported.

6.2 Exit film thickness height, hc

This work proposes that the first successful print will occur when the exit film thickness height,
he, is sufficient to overcome the fabric roughness. To obtain he for the purposes of this work,
mesh samples have been viewed under a scanning electron microscope. Figure 6.1 shows a
Saati Hitech 120LE mesh sample shown end on, magnified 414x. The fabric thickness was

specified from the manufacturer’s data as being 66pm.

Figure 6.1 120LE mesh magnified 414x

From this image the fabric roughness was estimated as follows. It was assumed that the outline

profile ofthe upper surface of the mesh weave represents the surface roughness of the fabric.
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The root mean square (RMS) value was calculated using the formula

a2+ b2+...12
RMS = (6.1)

The definitions of the variables in Equation (6.1) along with a schematic of how the fabric
surface was interpreted for this roughness assessment is shown in Figure 6.2. The mean line is
positioned so that the sum ofthe areas above it equates to the sum ofthe areas below it. For this
example an RMS value of 8.6pm was obtained.

Profile of mesh
(upper surface)

Mean line

Figure 6.2 Schematic of mesh profile defining RMS equation variables

6.3 Inlet film thickness height, hs

A relationship between the exit and inlet film thickness under the squeegee was proposed in
Chapter 5 by applying the continuity law to the volume flow rates through the screen and under
the squeegee tip, thus resulting in an expression for the inlet film thickness, hj, in terms ofthe
exit film thickness, he i.e. fabric roughness, FR the mesh fabric thickness, Ft, and the mesh

open area, OA. A worked example is given below.

Worked Example
A 120T mesh of fabric thickness 66pm has an open area of 27.04%. Ifthe squeegee speed is
0.1 m/s then the volume flow rate through the screen using Equation (5.17) from Chapter 5 is
calculated as follows:
Qscr “ Ftx Im x U x OA
=66.1x106 x 0.1 x 0.2704

= 1.78x10~6 m¥s per linear metre of squeegee

Where Ft = fabric thickness as specified in the manufacturer’s data i.e. 66.1 x 10'6 m
OA = fabric open area and is given by:

OA = Total area of open mesh in a unit area
Total unit area
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This industry formula for OA is always expressed as a percentage, %A, and is given as
%A = (1-McD)2x 100
where Me = Mesh count in threads per cm (T), i.e. 120T
D = thread diameter in ¢cm, i.e. 0.004cm

therefore %A for 120T mesh is 27.04%

The squeegee is assumed to be 1 m wide and therefore the volume flow rate through the screen

under the squeegee tip is calculated using Equation 5.18.

Qse ~ U(hj - he)

Now the total ink volume flow rate can be obtained by applying the continuity law to Equations

(5.17) and (5.18), resulting in Equation ( 6.2)

QSQ = QSCR (

Therefore,
u (hj-he) = Ftx 1xux %A
hi =he+ (Ftx%A)
hi =31x10'6+ (66.1x10°6x 0.2704)
=4.885x10"5m

6.4 Determining the half contact width of the squeegee tip

Normally the half contact width is easily calculated when using steel, or other such rigid
material, as the deformation ofthe tip would be directly related to the elastic modulus.
However, having no single value for the elastic modulus for rubber, the contact width must be
measured for a range of squeegee thicknesses, trailing lengths, material hardnesses, set angles
and applied loads. Contact width values were obtained as follows. The squeegee was placed on
a shadowgraph and the tip deformation was measured from the sideways profile, an example of

which is shown in Chapter 5, Figure 5.1.

Air pressure was used to generate the squeegee load and the surface underneath the squeegee
was moved to the left to simulate dynamic conditions. The tip deformations were measured for
two different squeegee types at different set angles and under a range of loads. The results are

plotted below in Figure 6.3, and are tabulated in Appendix 6.1.
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2 —¢— 2a at 50° (red)
—m — 2a at 60° (red)
— A— 2a at 70° (red)
—X —2a at 50° (green)
—96— 2a at 60° (green)
—e — 2a at 70° (green)

0 200 400 600 800

Squeegee load (N/m)

Figure 6.3 Different values of contact width (2a) for different squeegee types and set angles

6.5 Predicting the minimum squeegee speed

The equation for the predicted minimum squeegee speed as given in Chapter 5 (Equation 5.25)

was

u _.L,m2h: 1
3iq A
Values of U were calculated for two different squeegee types over the same range of contact
widths as described in section 6.3. However, to accommodate for experimental error, a straight

best fit line was drawn through the points in Figure 6.3 and the rounded values for the contact

width are given in Table 6.1.

Table 6.1 Rounded values for contact widths

Contact width (mm)
Red Squeegee at a set angle  Green Squeegee at a set angle

Load (N/m)

500 60° oce 500 & 7o°

0 0 0 0 0 0 0

20 0.36 03 0.24 0.13 0.11 0.1
40 0.72 0.62 0.45 0.26 0.21 0.19
60 1.08 0.95 0.69 0.38 031 0.29
80 1.44 128 0.91 0.51 0.42 0.38
100 18 1.61 1.15 0.63 0.52 0.48
120 2.15 1.95 1.38 0.76 0.62 0.57

The calculated values of U are tabulated in Appendix 6.2 and the results are plotted in

Figure 6.4 and Figure 6.5 for a red (60-65°A SH) and a green (80-85°A SH) squeegee

respectively.
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Figure 6.4 Calculated minimum speeds for a red squeegee over a range of set angles and loads
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Figure 6.5 Calculated minimum speeds for a green squeegee over a range of set angles and loads

The figures show how the speed varies according to both load and angle, which is the
practical interpretation ofthe half contact width. The general trend shows that for heavier

loads a lower squeegee speed is required and, generally, for shallower angles a reduction in

speed is also possible.

The squeegee speed is clearly defined in the equation and, ifthe theory holds true, then a

full printed deposit should be achieved once some minimum speed is achieved.
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6.6 Experiment to determine minimum print speeds

This experiment enabled a comparison ofthe predicted speeds to be made with the actual
speeds required. When setting up the screen print machine there are four machine parameters to
adjust: snap height and the squeegee settings of load, angle and speed. On adapting the above
equation there is no information regarding the snap height, and for this work it shall be assumed
that the snap height adjustment is purely there to ensure good edge definition. For practical
purposes a snap height of 3mm will be set as this is an industrially recommended setting for
120T mesh. The squeegee load, angle and type have been selected to match those ofthe earlier
work in sections 6.3 and 6.4. For each experiment, the squeegee parameters, ink and mesh type
were set constant and tested over the complete range of speeds available on the Svecia screen
printer. The tests were repeated for a different range of loads using two squeegee types set
firstly at an angle of 60°, and then at 70°, to provide information for different contact widths.
The resulting deposit profiles were measured on a UBM non-contact laser measuring device
within 15 minutes of printing and the speeds were incremented positively. The equipment

details, test layouts and the print deposit heights are tabulated in Appendix 6.3.

6.7 Results & Discussion

14

0 0.05 0.1 0.15 0.2 0.25
Squeegee speed (m/s)

Figure 6.6 Increasing deposit thickness over a range of speeds

For each test set it was clear that the deposit heights increased with speed, a typical example of
this can be seen in Figure 6.6. It can be seen that an acceptable squeegee speed range is « 0.05-
0.2 m/s. The predicted speed for this squeegee setting is « 0.03-0.15 m/s. It is also clear that
below a minimum squeegee speed a fully printed deposit will not be achieved. This data alone
however, was not enough to establish the speed at which a good deposit was achieved, because
it cannot be seen from this graph ifthe printed deposit was complete at 0.05 m/s or if it was not

all there until a speed of 0.2 m/s was reached. Thus it was necessary to examine the deposit
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profiles visually. As an example, a complete set of profiles for the above data set have been

reproduced in Figure 6.7

Deposit

0 0.006 0.027 0.051
Squeegee speed (m/s)

15

10

0 0.0 8 0.107 0.142
Squeegee speed (m/s)

Deposit

15

10

0.217 0.220 0.225

Squeegee speed (m/s)

Figure 6.7 2D print deposits increasing in speed



Chapter 6 Experimental Evaluation of EHL Screen Printing Model

The resulting printed deposit profiles have been assessed using the following criteria. The first
criterion for a good deposit is that it must achieve a reasonable height, which for a 120T mesh
is approximately 17fim. The second criterion is that the profile should have a smooth surface. A
statistical roughness parameter, Rq, is used in this work, which is concerned with the general
waviness ofthe deposit rather than the classic Ra value which would see each asperity as it was
created by the mesh strands and which would thus obscure the gross shape ofthe deposit. This
method of wet deposit characterisation is described by Zhuang et al [56]. The definition for Rq

is given in equation (6.3) below.

Rq - (63)

v (x.y)eS

where

(x.y)e

It is proposed that by dividing the deposit height by the surface roughness value an indication
of a print quality can be plotted against speed for varying squeegee loads. The results are
depicted in Figure 6.8 to 6.12 inclusive. It is clear to see that there is generally a steady increase
in deposit quality as speed is increased until the speed exceeds a certain level. This indicates

that there is only a fairly small operating window for squeegee speeds.

0 0.05 0.1 0.15 0.2 0.25

Squeegee speed m/s

133N/m mm 287 N/m —A — 525 N/m —X — 652 N/m — 708 N/m 841 N/m

Figure 6.8 Red squeegee at 60° Print quality plotted against speed for varying loads
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Qu

0 0.05 0.1 0.15 0.2 0.25
Squeegee speed (m/s)

[—¢ — 133 (N/m) —M— 287 (N/m) ~*1r~525 (N/m) —X —652 (N/m) —*r-708 (N/m) —S3— 841 (N/m) |

Figure 6.9 Red squeegee at 70° Print quality plotted against speed for varying loads

o 0.05 0.1 0.15 0.2 0.25

Squeegee speed (m/s)

-4 — 152 N/m 287 N/m 525 N/m —X—596 N/m -~*r~ 694 N/m —®— 754 N/m |

Figure 6.10 Green squeegee at 60° Print quality plotted against speed for varying loads
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0 0.05 0.1 0.15 0.2 0.25

Squeegee speed (m/s)

IS2 (N/m) — 287 (N/m) -A — 525 (N/m) —K— 596 (N/m) - * — 694 (N/m) — 754 (N/m)

Figure 6.11 Green squeegee at 70° Print quality plotted against speed for varying loads

To interpret this information in a way which could be compared with the prediction of equation
5.26, the speed at which the first successful print from each test set was obtained by drawing
two intersecting best fit lines through the data points, an example for one set of data being
shown in Figure 6.12. There was a clear distinction between the deposits which were relatively
smooth and of a reasonable height and those which were rough and very thin. This provided a
minimum speed for each squeegee over a range of loads. The intersection points, i.e. the
minimum speeds, have been plotted against the predicted speeds from the calculation in Figure

6.13 and Figure 6.14 respectively.

O - N W A 0 o 9

0 0.05 0.1 0.15 0.2 0.25

squeegee speed (m/s)

Figure 6.12 An example of best fit lines plotted for green squeegee (at 70°, load 287 N/m)
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Figure 6.13 Red squeegee predicted speeds compared to experimental values

The red squeegee experimental data compares well to that ofthe model, until the very high
loads at which point the squeegee was extremely deformed and there was severe hydroplaning,

especially at the set angle of 60°. This probably accounts for the crossover of minimum speeds

at 850 N/m.

0.35 - 0.035
0.03
a 0.25 --0.025 -P
0.02
S 0.15 0.015
0.01
-m 0.005
300 400 500 600 900
Squeegee load (N/m)
m O - mU (m/s) at 60° calc. U (m/s) at 70° cale. - - A - -U (m/s) at 70° expt. U (m/s) at 60° expt.

Figure 6.14 Green squeegee predicted speeds compared to experimental values
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However, the results for the green squeegee were not in agreement with the model’s
predictions. There was a discrepancy of a factor of 10, as is shown quite clearly in Figure 6.14,
because the experimental values are plotted on the secondary y-axis. The general trend of
decreasing speed with a corresponding increase in load is true, as for the red squeegee, but this
time only up to approximately 600 N/m after which the trend is reversed. This is explained by
the fact that after this load is reached the hydroplaning became very apparent at which point the
EHL theory appears to break down. The steep curve of speed against load suggests that the

green squeegee is very sensitive to load.

A feasible explanation for the factor of 10 variation is that the contact widths for the green
squeegee are approximately one third ofthose for the red squeegee. Within the calculation this
figure is doubled and is a denominator. The result is then squared. This means that the model is

far too sensitive to variations in the contact width.

Smaller contact widths cause the minimum required speed to be reduced in the EHL model but
the deposit heights were considerably less for the green squeegee compared to the red squeegee

(see Figure 6.15), so this suggests that other theories must be governing the harder squeegee.

0 0.05 0.1 0.15 0.2 0.25
Speed (m/s)
ered 60° 287 N/m —D —red 60° 525 N/m — — green 60° 287 N/m —a —green 60° 526 N/m

Figure 6.15 Red and green squeegee height comparison

The mesh parameters are very well catered for as each individual aspect ofthe mesh is

considered. The actual tension applied to the mesh and the corresponding snap heights required
are not dealt with here as they are purely a function of good edge definition. The open area and
the fabric thickness are however related to the tension applied (see [9]) and a relationship could

be derived as further work.
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Unfortunately, the contact width is the only parameter which can be related to the type of
squeegee used, the set angle and the applied load. Further work is required to provide a
relationship between this and the set angle, load and squeegee characteristics, but there is no

reason why the squeegee manufacturers could not supply this information in a tabulated format.

A limitation ofthe model is that it can only predict the minimum speed for the first successful
print because it is only concerned with filling ofthe mesh and does not examine the mechanics
of emptying the mesh. Surface tension effects ofthe mesh, non-Newtonian characteristics of
the ink and the presence of a stencil on the mesh have all been ignored. Nevertheless the results
for the squeegee show excellent agreement between theory and experiment and represent the

best attempt to date at predicting the requirements for successful printing.



Chapter 7 - Discussions and Conclusions

The original problem statement as outlined in Chapter 1 ofthis work describes the fact that
screen printing, as a manufacturing process, is very poorly controlled. This is because there is
no complete working model at a fundamental level, nor even a rule ofthumb. The literature
review in Chapter 2 outlines two accepted methods of investigating the process. The first
method examines the process using quite a diverse range oftheories to base these models on,
for example, Hagen-Poiseuille flow, permeable bearings, a cantilevered trailing blade system,
and blade coating. None ofthese produce a satisfactory solution to describe screen printing
because they contain unknown quantities or are based on false assumptions. The second
approach using experimental techniques really posed more questions than were answered, and
raised concerns regarding the validity of'the type of experimentation being advocated by some
authors. The better quality papers defined their experimental parameters specific to their end
applications, and their equipment, using settings which were not in standard units. As no
information was provided to convert these settings their findings could not be applied
generically. This work certainly confirmed that the process was complex, and indicated that no
single rule would apply for every screen printing situation. This thesis explored the screen
printing process both analytically and experimentally and showed that experimentation based
on factorial analysis was hopelessly longwinded and that the analytical models lacked essential
fundamental knowledge ofthe process. Each aspect ofthese two approaches is discussed in

greater depth below.

Chapter 3 details the dilemma faced when selecting a suitable experimental design to resolve
the issue of screen printing process control. The interdependent nature of screen printing
variables was confirmed by undertaking a full factorial experiment, but little information was
gained about the process behaviour because the number of'trials was insufficient to establish
useful trends. Each test requires over 7 minutes to obtain data and for a 4 factor, 3 level full
factorial experiment 81 test sets were required. These tests were only repeated once due to time
constraints. At only 3 levels for each factor it is impossible to plot a meaningful graph, as at
least six points are required. This would result in a total of 1296 test sets, which would all need
repeating at least once, and therefore would take approximately 320 hours of experimentation
prior to undertaking any analysis. It was however possible to see that certain operating
windows for pressure and speed relationships were present, although it was unclear whether

any particular pattern existed.



Chapter 7 Discussions and Conclusions

High order interactions between the snap height and the squeegee variables of pressure, speed
and angle, were shown to be present, which indicates that fractional factorial experiments are
seriously compromised due to confounding. This limits their use to initial process setting only.
The methodology provides no process understanding and several small experiments are
required to establish production capabilities depending on the operating tolerances required.
The approach is extremely time consuming and severely lacking, compounded by conflicting
results and poor repeatability. It was apparent that the original objectives ofthis work had to be
abandoned and a broader knowledge of the fundamentals of screen printing was necessary, thus

the leading model in screen printing research was examined.

The adaptation of Huner’s model, which was tested on a modified tilting pad apparatus in
Chapter 4, clearly showed that it was wrong at the most fundamental level. The whole
argument that screen printing is governed by hydrodynamic lubrication theory was thus brought

into debate.

The pressures required to ensure flow through a mesh at the required speed were
experimentally obtained and these were found to be far in excess ofthose generated under the
gross curvature ofthe squeegee. These pressures were previously undetermined, to the best of
the author’s knowledge. As a result ofthese findings Chapter 5 proposed EHL as being a
suitable theory to describe the screen printing process behaviour. To date, screen printing has
not been modelled in this way, although similarities exist in the model proposed by Owczarek
and Howland, where the tip deformation and the flow underneath the squeegee are considered.
Initially, a classic wedge indenter geometry as defined in Hills et al was adapted to provide a
minimum film thickness related to squeegee and ink parameters. However, a singularity in the
pressure rendered this approach unsuitable because it could only account for rigid contacts and
the soft nature ofthe squeegee did not comply with the basic assumption of infinite pressure at
the wedge tip. The wedge profile also contravened the symmetry assumptions and the

deformation angle could not be accurately obtained for the soft rubber material.

Using the analytical solution from Baglin and Archard, elastic equations for soft EHL were
developed to suit a squeegee profile. The key assumptions are that the contact behaviour is
Hertzian, that the contact is not parallel and that the maximum pressure acts at the centre of the
contact, or at a point close enough to negate the effects. An equation for pressure is thus

obtained which requires a value of surface roughness for the mesh.
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This equation for pressure was substituted into Reynolds’ equation which was adapted by
Cameron to evaluate pressure inside the contact region oftwo surfaces. A novel approach to
obtaining the inlet film thickness was described in section 5.4 and this assumes that there is no
side flow of ink and neglects losses through ink adhering to mesh strands. This work
contributes to screen printing research by deriving an equation for the total load under the
squeegee tip. This load could not be previously derived analytically, but having determined the
relationships of heand hj, the pressure is now expressed entirely in screen printing parameters.
This equation was rearranged to provide a relationship of squeegee speed in terms of squeegee
load, squeegee tip deformation, mesh characteristics and ink viscosity. The squeegee speed
predicted is for the first successful print, as the speed is increased. This is achieved when the
squeegee first clears the mesh surface, i.e. is fully lubricated. It is assumed that the maximum
asperity as experienced by the squeegee tip equates to a specific value of surface roughness and
that this is equivalent to the exit film thickness, he. For this work, the roughness ofa 120T mesh
was found to be 8.6jLim, but this value was obtained experimentally, and no account ofmesh

tension was made.

A major shortcoming ofthis work is that it only deals with filling ofthe mesh. The transfer of
ink through the mesh, with the additional effects of acceleration created by the snap height are
completely ignored. The justification for ignoring it is that not enough was known about
actually filling the mesh with ink and this must come first. Furthermore the snap height’s
primary function has been assumed to be to ensure good edge definition. Further work to

examine the snap height and mesh tension is required.

The proposed EHL model in this work provides a relationship between the print speed and the
ink viscosity, mesh characteristics and the squeegee variables, but it is limited to only being
able to predict the minimum speed at which the first successful print can be achieved. A

separate project is required to explore the maximum possible printing speeds.

Introducing the idea of Print Quality as defined by deposit height/roughness parameter, Rq, is a
convenient way of comparing these minimum speeds for different squeegee types and is an
improvement on subjective methods of printed deposit characterisation. It is however not the
definitive solution, as many other statistical representations are available and additional

analyses should be undertaken to determine the most appropriate parameters.

Chapter 6 shows excellent agreement between the predicted and experimental values for the

softer (red) squeegee and so EHL theory can be said to apply. However, for the harder (green)
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squeegee the results are larger by a factor of 10. This suggests that EHL is not the only theory
governing the printing process. A combination of boundary and, or, hydrodynamic, and
elastohydrodynamic lubrication theories probably apply depending on the squeegee and ink
characteristics. Further work to determine the limits of EHL and the combination of lubrication
theories applicable outside ofthese limits is necessary. Extending the studies reported by
Owczarek and Howland where the pressures within the ink roll are divided into three
pressurisation regions and developing these in conjunction with the measured contact widths
and the pressure equation derived in chapter 5, would perhaps be a first avenue of exploration

to determine the constraints of EHL theory.

The final printed wet deposit thickness is not predicted by the EHL model at all and this is a
severe limitation ofthe model. Investigations of print deposit features should be pursued and on
determining acceptable conditions, a link establishing acceptable prints to the minimum film

thickness should be made.

The aim ofthis work was to examine ways of improving the screen print process control from
the Manufacturing Engineer’s viewpoint, i.e. defining the inputs to the process required to give
the desired process response. This aim has been fulfilled only for selected process parameters,
i.e. squeegee variables and mesh characteristics. The deposit characterisation is recommended
as a project in itself. Additional information is required to allow the Manufacturing Engineer to
readily adopt it for production purposes; for example, tables of mesh roughness from cloth
manufacturers, and tables oftip deformations for set angles and loads for specific squeegee

types, from squeegee manufacturers.

This work has provided a further insight into screen print process behaviour and has outlined
potential avenues for further exploration within the context ofthis thesis. Other possible areas

of benefit to screen print research are CFD and application of fuzzy logic.

An experimental technique to identify the pressure required for flow through a mesh has been
described which can be adapted to suit all mesh types. This can then be used to predict
theoretical squeegee speeds. An equation is provided which allows the pressure generated
under the squeegee tip to be calculated, which is of major importance to any control system
when modelling the process, and it has been further developed in this work to provide the first
successful theoretical representation ofthe screen printing process, within limits. This is a
major advance in screen print research and continued development ofthis model should allow a

generic model to be developed as a basis for controlling the screen printing process.



Chapter 7 Discussions and Conclusions

The main conclusions ofthis work can be summarised as:

+ Experimentation using factorial analysis is excessively longwinded
* Fractional factorial experiments are misleading due to errors of confounding

* The assumption that screen printing is governed only by hydrodynamic lubrication theory is

incorrect
* The author’s application of elastohydrodynamic lubrication is an appropriate theory to

predict minimum squeegee speeds for effective printing

From this the following further work is recommended:

+ Establish limits for the EHL model
* Development of a model using both hydrodynamic and elastohydrodynamic lubrication
theories to accommodate the squeegee tip deformation and gross curvature ofthe squeegee

separately
* Review techniques to quantify print quality objectively

+ Develop the ideas of Riemer to understand the emptying of mesh apertures, including the

mesh effects under tension

* Produce charts to provide basic information regarding squeegee and mesh characteristics for

a range of parameter settings and mesh tensions respectively
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Appendix 1.1 Squeegee Materials & Geometry

A
SN A

(1 PROFILE-UST PRICE £ PER COIL
(55-85 A HARDNESSESY*)

THICKNESS (MMS)

Q

5 6 6.35 7 8 9 9.5 10
) WIDTH
gk' 20 1612 23.36 . 26.28 28.64 3213 34.09 35.84
g0
ftfa 25 2216 3213 2982 3616 39.36 4418 46.84 4926 1"

xS 30 2914 36.72 - 4130 4498 5048 53.55 56.30

THICKNESS

i§° 32 . - 36.75 - - - 51.75 - X’

> 35 3143 39.59 - 38.78 48.54 5448 57.75 60.76

40 37.74 4135 4410 5348 5824 6532 69.35 7292 15T

45147 4354 4770 58.52 61.74 67.30 6559 69.58 84.14 K"

50/51 4718 51.69 5512 5817 63.30 71.05 7539 79.24 2"

54 4718 59.44 - 66.90 7279 71.07 86.69 91.13

75 70.77 89.15 - 100.31 109.20 122.60 130.02 136.72 w3"
w - . . \%
THICKNESS (INCHES)

* G2 - G15 PROFILE-UST PRICE £ PER COIL
(55-85A HARDNESSES¥*)

REFERTO G1 UST PRICE ADD % SHOWN AFTER APPLYING Gl
* DISCOUNIS. (G2-G 15 supplements are not discountable)

G2/G3/G4/G15 G5 Go6 G7/G8/G9/G10
+15% +30% +50% +30% -

KNIFE CUT EDGES: As per above prices in pounds (£) steriins
GROUND EDGES: Subjectto £3.00 per edge surcharge

DISCOUNTS: Quantity discounts available on application.

COIL LENGTH: 3.0 MEIRES TO 3.5 MFEIRES (standard lengths: 3.5 metres)

i @

REF NO. I SHORE ’A’HARDNESS COLOUR
5570 55-60 (EXTRA SOFT) YELLOW OR RED

) 5620 ’ 60-65 (SOFT *S) RED S- SD=

5670 65-70 (SOFT MEDIUM) RED M » MEDIUM
5720 70-75 (MEDIUM .M) GREEN By ARk GROEL =S

5770 75-80 (HARD) BLUE

5820 80-85 (EXTRA HARD) NATURAL

Can be suppfied NATURAL in aRharchesses by arangement j

AWATTSOFLYDNEY OTHER HARDNESSES AND SIZES ARE AVAILABLE BY ARRANGEMENT
GROUP COMPANY

*MATERIAL VULKOLLAN' BASED. REG TRADE NAME O f BAy£K AC

W All prices ore exclusive of carnage anc VAT



Appendix 1.1 Squeegee Materials & Geometry

Choosing a serilor® squeegee accordingly to its hardness

Soft grade

Rectangular

SR1

Bevelled/pointed

SR3

SR1

P1 > P2" PS5

Rounded

SR1

P4 w P3

Medium grade

Rectangular
JLRI1
Bevelled/pointed
SR1
Pl P2 PS5 P6
Rounded
Hard grade

po |

SR1 !
Bevelled/pointed

= IMP
11

Pressure, Opening, Ink
Viscosity

Off-contact Setting and
Screen Tension

Medium pressure; large mesh
openings and
inks.

low viscosity
ma! off-contact distance.

Conformity to Print
Surface

and poorly adjusted presses.

Registration and Ink
Deposit

Compatible with low tension 'Use on rugged and irregular Medium control of fine details
screens or screens with mini- 'surfaces, uneven printing beds and registration.

High ink deposit, heavier if
edges are removed.

Noticeable improvement with seriior®3 (soft+hard+soft) ;

Medium pressure: large mesh
openings and
inks.

Compatible with low tension
screens or screens with mini-
mal off-contact distance.

low viscosity

Compatible with low tension
screens or screens with mini-
mil off-contact distance.

Medium pressure; large mesh
openings and low viscosity
inks.

Off-contact Setting and
Screen Tension

Pressure, Opening, Ink
Viscosity

!, For higher pressure printing; Use with high tension screen
.useful for a wide range of and an appropriate off-contact

! meshes and ink viscosities. ' distance.

Use for rugged and irregular
surfaces and curved surfaces
(containers).

Use for rugged and irregular
surfaces, and for absorbant
materials, especially textiles.

Conformity to Print
Surface

Moderate adaptability: may
even be used on surfaces with
minimal texture.

Medium control of fine details
and registration
High ink deposit.

Little control of fine details
and registration; heavy ink
* deposit, use to obtain maxi-

mum ink coverace.

Registration and Ink
Deposit

> Good control of fine details
and registration on well-adjus-
_led machines. Moderate ink

T deposit.

serilor®3 mediuin+hard+medium recommended

For higher pressure printing; Use with high tension screen

m useful for a wide range of and an appropriate off-contact
j: meshes and ink viscosities. distance.
For higher pressure printing; Medium tension and off-

useful
meshes and ink viscosities.

for a wide range of contact distance acceptable,

¢ Pressure, Opening, Ink
Viscosity Screen Tension
[ Use for maximum pressure

i high viscosity inks.

"> |

Use for maximum pressure
printing with all meshes and
high viscosity inks.

Use for maximum pressure
printing with all meshes and
high viscosity inks.

Off-contact Setting and ]

Use for high tension meshes | Good adaptability;
with little off-contact distance. =used on most irregular sur- *and registration on most sur-

Excellent adaptability to

a <Good control of tine details

large variety of irregular sur- , and registration on well-adjus-

faces.

j ted machines. Moderate ink

: deposit.

Little adaptability; use only on ; Fair to poor control of fine

surfaces with minimal texture.

Conformity to Print
J Surface

Use for high tension meshes . Minima! adaptability; for limp ; Excellent
! printing with all meshes and with little off-contact distance. ; surfaces if presses well adjus-

' ted.

, faces.

Use for high tension meshes ;Minimal adaptability: use on
with little off-contact distance. llimp surfaces only if presses

lwell aligned.

may be

! details and
i Heavy ink deposit.

: obtain thick coverage.

registration.
Use to

I Registration and Ink

1 Deposit
control of fine
details and registration,

Low ink deposit.

serilor®3 medium-+hard+medium recommended

Good control of fine details

« faces. Very low ink deposit.

Satisfactory control of fine

details and

High ink deposit.

registration,

V.PORTANT: This chart is a general table based on experiences with ‘standard" pressure, angle, medium speed, it does NOT take specific set-
tings into account nor rubber wearing and swelling. Those will increase or compensate for the consequences of the blade choice.
This chart does not take into account the improvement of serilor® coMBi which will ease set-up in the future.
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Appendix 1.2 Selection of Mesh Types

The Saatilene range of monofilament polyester screen
fabrics is considered to be the best all round material for
screen printing. It is available in two types, Saatilene and

Saatilene Hitech.

Saatilene is available in thread counts between 15 and 77
threads per centimetre. Saatilene Hitech has thread

counts of 90 to 180 per centimetre.

Type Thread
Count
Saatilene 15-77

Monofilament polyester
with good dimensional
stability

Saatilene Hitech 77-180
Hi-Modulus monofilament

polyester with exceptional

dimensional stability

Saatilon 10.5-180
Monofilament nylon

with excellent abrasion

resistance but less

dimensionally stable

Haver Wire Cloth 32 -160
Woven stainless steel
"with absolutely uniform

mesh openings

Fabric Tension

Widths

m

1.02-2.50
See current
price list
for details

1.02-2.50
See current
price list
for details

1.02-2.50
See current
price list
for details

1.02 &1.22

To get the best possible results and optimum life from a
screen it is essential that the fabric is correctly tensioned.
Mesh that is too slack will give poor definition and
registration. Screens that are too tight could cause the
frame to distort or bow, or cause premature splitting.

Fabric should be tensioned using mechanical or pneumatic
stretching devices and a Serimeter Tension Measuring
Gauge to measure the tension. Recommended tensions

are listed in the following tables.

Saatilon monofilament nylon mesh is similar in
construction to Saatilene but is less dimensionally stable.

Haver Wire Cloth is a woven stainless steel mesh. Due to
its high cost it is generally only used where extremely high
ink deposits or absolute dimensional stability are required.
Additional Information regarding Haver Wire can be found
in the brochure entitled ‘Haver Wire Cloth for Screen
Prinitng Stencils'.

Colour Applications
White All types of screen printing
Ultra-Orange including posters, T Shirts

and Textiles

White All types of screen printing,

Ultra-Orange especially high tolerance
such as circuits, credit
cards, nameplates and
where close registration
between colours is required

White. High elasticity and excellent
Fabric can be dyed abrasion resistance make it
Ultra-Orange ideal for printing .irregular

on request, subject shaped objects and ceramic
to minimum orders.  colours.

Recommended for ceramic
transfers and printed circuits
where high ink deposits

and absolute registration are
essential.

Screen Making Service

Our eight regional screen making departments offer a full
screen stretching service onto either new or customer's
own frames.

Screen Preparation and Reclamation
Recommendations for the selection and use of screen
adhesives, mesh preparation and screen reclamation
chemicals can be found in the 'Screen Chemicals
Application Guide’.



Appendix 1.2 Selection of Mesh Types

Operational area

Graphic art printing

Printed circuits

Membrane switches

T-shirt

Textile printing

Ceramic printing

Object printing

Line work
Varnish
Haif tones up to 28 l/em

Half tones from 28 L/cm up to
54 L/em

Peaiable solder mask

Light sensitive solder mask *

Solder Paste for SMT

Solder mask, 2-comp:

Conductor lines height up to 35 my
from 35 to 70 my
over 70 my

Etch resist

Plating resist

Legend printing

Insulation layer

Silver conductive paste
Adhesive

UV inks for textured finish
Graphic inks

Lacquer for clear windows

Direct flocking

Overprint

Plastisol transfer
Pigment dye, solids, lines
General purpose fabric
Plastisol direct
Sublimating transfer ink
Half-tones

Heavy decor and furnishing fabrics
(turkish towel, denim)

Smooth fabrics (table doths,

heavy curtains)

Smooth and light materials (scarves,
light curtains)

Smooth and light materials
(synthetics)

Extremely light materials (special fine
effects)

Glass printing, coarse, embossed
Covercoat/film solution

Glass printing, medium to fine
In- and underglaze colours

On glaze/Decalcomania:
solids/lines

Half-tones and fine lines

Gold and lustre preparations

Opaque inks, solids
Half-tones and fine lines

Polyester fabrics (PET)

Conventional inks

from

90-40

90-40

120-34*
120-31%
150-34*
140-31*
150-27%

12-140
24-120
32-70

68-54
54-64
43-80
90-48*
90-48*
120-34*

36-100
48-70*
48-70

90-48°
120-34

18-250
32-100
36-100
40-80
48-55
54-64*
71-55°
61-64

18-250

43-80

54-64

68-2-40

77-55%

10-260

12-140

21-140

43-80

77-55%

100-40*

120-34*

100-40*
120-34*

to

120-34*
120-34

150-34*
150-31%

165-31*
165-27*

18-250
68-64

77-55

48-55

120-34*
120-34*
140-31*

68-64
68-64*
71-55

120-34*
32-100
40-80
90-48

68-64

120-34*

120-34*.

71-55

48-70

54-64

71-55

120-34*
90/2-34

21-140
32-100
64-64
100-40*

150-31*
165-31*
165-31*

120-34*'
165-27*

UV-inks

from

140-34*
140-34
140-34*

150-34*
165-31*

68-64
120-34*

120-34*
140-34*

71-55

140-34*
150-31*

*)We recommend dyed fabrics.

to

165-31*
180-31
180-27*

180-31*
180-27*

120-34

140-34*

150-31%

165-31

150-31*%
180-27%s

Nylon fabrics (PA)

Conventional inks

from

10-350

21-140
43-80

77-50*
100-30*
120-35*

100-38*
120-34*

to

21-140

61-70
100-38°

150-35*
165-30*
180-30°

150-35%*
180-30%*
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Appendix 1.2 Selection of Mesh Types

SEFAR®

Gewebenummer
Fabric number
Numero du tlssu
Numero de tejldo

PET 1000

Numero del tessuto

Numero do teddo

cm

5-450W PW

6-400W PW

8-300W PW

10-260W PW

10-350W PW

12-140W PW

12-300W TW

15-200WPW

15-250W PW

18-180W PW

18-250W TW

21-140W PW
21-140Y PW

24-120W PW
24-140W PW
24-140Y PW

27-120W PW

27-140W PW

30-120W PW
30-120Y PW
30-140W PW

32-70W PW
32-70Y PW

32-100W PW
32-100Y PW

32-120W PW
32-120Y PW

36-90W PW
36-100W PW
36-100Y PW
40-80W PW
43-80W PW
43-80Y PW

43-90W PW
43-90Y PW

45-70W PW
45-70Y PW

45-80W PW

inch

13-450W PW

15-400W PW

20-300W PW

25-260W PW

25-350W PW

30-140W PW

30-300W TW

40-200W PW

40-250W PW

45-180W PW

45-2S0W TW

54-140W PW
54-140Y PW

60-120W PW

60-140W PW

60-140Y PW

70-120W PW

70-140W PW

76-120W PW

76-120Y PW

76-140W PW

83-70W PW
83-70Y PW

83-100W PW
83-100Y PW

83-120W PW
83-120Y PW

92-90W PW
92-100W PW
92-100Y PW
103-80W PW
110-80W PW
110-80YPW

110-90W PW
110-90Y PW

115-70W PW
115-70Y PW

115-80W

1:

1:

2:

1:

1:

2:

1:

| ¥

- n
[* 18]
? %

SfEgS i
5*® %r!212

111 £al

m/cm

02

0.2

0.2

0.5

05

05

0.5

0.5

0.5

0.5

0.5

0.5
0.5
0.5

0.5

0.5

1.0
1.0

1.0
1.0

1.0
1.0

1.0
1.0

oo oo

oo

£?2c¢222
i

1550

1267

950

739

643

688

520

465

417

375

306

333
333

294

270

270

249

222

211

211

188

240
240

209
209

191
191

183
174
174
166
149
149

136
136

150
150

138

400

300

260

350

140

300

200

250

180

250

140
140

120

140

140

120

140

120

120

140

70
70

100
100

120
120

90
100
100

80

80

80

90
90

70
70

80

60 1

57.8

57.8

54.6

41.3

68.2

390

48.6

391

455

30.3

49.0
49.0

497

453

36.0

40.2

40.2

31.9

58.7
58.7

44.5
44.5

37.2
372

433
39.1
39.1
44.1
40.8
40.8

34.0
34.0

45.7
45.7

38.7

i-sl!

pin
850

800

575

640

280

620

355

SR

210
210

115
115

165
165

210
210

150

130
130

150
150

115
115

130

43

40

29

23

26

13
13

1
11

o=

11
11

0 %

-

==

b3t
I
1

332.1

253.9

264.6

191.0

241.7

172.5

145.5

N &

17

102.0
973

84.4
84.4

675
67.5

73.5
73.5

78.0
78.0

B :

w

3.0

51.0
51.0

52.6
52.6

50.3

283
N

| |
FITEER pgss11 111111

§£I1IS'S

[ /0]
Jilili

g/m> inch.

238

226

1®

158

55
254
141
220
128
264

96
96

81
110
110

91
124

101
101
137

37
37

75
75

108
108

68
84
84
60
64
64

82
82

52
52

67

co
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Appendix 1.2 Selection of Mesh Types

SEFAR®PET 1000

Gewebenummer
Fabric number
Numéro du tissu
Numero de tejido 1s=11]
Numero del tessuto js!
Numero do teddo <€2.Z ITIII1
an inch -mem
110-40W PW  280-40W PW 1 3.0
110-40Y PW 280-40Y PW 1 3.0
120-31W PW  305-31W PW 1 30
12Q-31Y PW  305-31Y PW 1 3.0
120-34W PW  305-34W PW 1 30
120-34Y PW  305-34Y PW 1 3.0
120-40W PW  305-40W PW 1 3.0
120-40Y PW  305-40Y PW 1 3.0
130-34W PW  330-34W PW 1 35
130-34Y PW  330-34Y PW 1 3.5
140-31W PW  355-31W PW 1 3.5
140-31Y PW  355-31Y PW 1 3.5
140-34W PW  355-34W PW 1 3.5
140-34Y PW  355-34Y PW 1 3.5
140-34W TW 3S5-34W TW 2 3.5
140-34YTW  3S5S-34Y TW 2 3.5
150-27Y PW 380-27Y PW 1 4.0
150-31W PW  380-31W PW 11 40
150-31Y PW  380-31Y PW 1 4.0
150-34W PW  380-34W PW 1 4.0
150-34Y PW  380-34Y PW 1 4.0
150-34W TW 380-34W TW  2: 1 4.0
150-34Y TW  380-34Y TW 2:1 4.0
165-27Y PW  420-27Y PW 1:1 4.0
165-31W PW  420-31W PW 1:1 4.0
165-31Y PW  420-31Y PW 1:1 4.0
165-34W TW  420-34W TW 2:2 4.0
165-34Y TW  420-34Y TW 2:2 4.0
180-27W PW  460-27W PW < 1:1 4.5
180-27Y PW  460-27Y PW 1:1 4.5
180-31WTW  460-31W TW 2:2 4.5
180-31Y TW 460-31YTW 2:2 4.5
190-31W TW  480-31WTW 2:2 5.0
190-31YTW  480-31Y TW 2:2 5.0
Legende £ Legend
# a Vorzugsartikel. in der Regel i+ = Priority item, usually on
ab lager lieferbar (Zwischen- stock (subject to prior sale)
verkauf vorbehalten) O s Priority item, only 247cm
O = Vorzugsartikel, nur 247 cm
0 * Artikel auf Anfrage 0 = Ttem on request
ss Artikel aul Anfrage, Item on request,
nur 24B cm only 248 cm
23 = Artikel auf Anfrage, £g = Item on request,
nur 244 cm only 244 ¢cm
W » weiss W » white
Y =gelb Y = yellow

PW= Bindung Taffel | |

TW - Bindung Kdper 2:1, 2 2

Alle Oaten, die gegenuber der Uste
mit Ausgabedatum August 97
geandert wurden. sind kursiv
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Appendix 1.3 Repeatability Tests

Figure 1.3.1 is a graph showing the resulting deposit thickness heights for 10 consecutive prints
at the same setting which were repeated by three different operators, i.e., the author and other
research team members, at one week intervals. The maximum variation within each trial was

28.9% and the maximum variation between trials was 35.65%.

Repeatabilty variation

25

20

15 mean (x)
mean (y)

10 mean (z)

5

0

0 2 3 4 5 6 7 8 9 10

Test no

Figure 1.3.1 Plot of repeatability variation in three sets of printing

This shows that on different days with different operators the variation is high but that even

with the same operator running consecutive prints the variation is only 5% lower.
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Appendix 2.1 Results of Squeegee Hardness Tests

Hard squeegee Soft squeegee Hard squeegee
deposit (pm) deposit thinner
thickness (pm)
13.2 8.6 X
10.9 9.1 X
9.8 20.0 S
10.0 20.2 X
9.0 8.4 X
9.8 10.3 s
11.1 9.5 X
9.2 8.3 ¥
9.2 11.9 X
10.5 9.2 s
9.8 22.7 S
9.2 36.0 X
114 10.6 X
12.2 11.7 X
12.5 11.6 X
10.2 9.1 X

The tests showed that the softer squeegee resulted in thinner deposits for almost 69% ofthe
trials.
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Appendix 3.1 Technique Adopted for Deposit Height Measurement

The wet printed deposit was measured using a UBM 3D non contact laser profilometer. Each
deposit was measured over its entire area, using a height range of£50pm. Data collection in the
x and y direction were typically set to 100 and 2 points per mm respectively. Data for each
deposit was stored in a separate file. This information was then down loaded using MatLAB®.
A program was developed to handle as many files as required for each set of testing. The
program is listed below.

First the profile was levelled to compensate for any variation in the substrate thickness by
determining the best fit datum line as a reference point. The sum ofthe peaks was then
averaged for all the points which were substantially higher than the base reference line so that
the affects of the substrate variation were ignored. Single excessive spikes were also removed
as rogue data. This mean value was taken as being the wet deposit height for the purposes of
this work as, although it is not a British Standard parameter, it gives a good representation of
the actual deposit. Alternative parameters could have been chosen but these complicate the
issue to the extent ofrequiring a separate research study beyond the scope ofthis work [67].



Appendix 3.2 Calibrations of Squeegee Speed and Pressure
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Appendix 3.3 Layout and results of L81 experiment

Trial
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60
60
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65
65
65
65
65
65
65
70
70
70
70
70
70
70
70
70
60
60
60
60
60
60
60
60
60
65
65
65
65
65
65
65
65
65

Speed

40
40
40
50
50
50
60
60
60
40
40
40
50
50
50
60
60
60
40
40
40
50
50
50
60
60
60
40
40
40
50
50
50
60
60
60
40
40
40
50
50
50
60
60
60

Pressure

110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150

Av height 1

18.8971685
18.4806305
18.176436
18.609337
17.751686
16.823971
18.054791
17.9307725
18.433141
17.7483335
17.826403
17.3901165
18.601203
17.2089815
17.9275695
17.6989335
17.6540355
17.5562855
15.9683365
18.5218955
15.5558155
16.4578135
18.150769
17.177483
18.9719315
16.964619
16.3702075
19.230284
16.758812
17.1639505
19.0775065
17.8853985
19.1674835
19.298886
18.610785
19.9712635
17.613846
17.5464095
18.277145
16.7650915
15.03323
17.865222
19.1674835
17.3720905
18.8792915

Av. Height 2

19.7929445
18.351498
18.1868585
17.8132535
17.3309325
17.7970705
19.9007845
18.339396
17.1374275
17.7946185
18.4759255
16.3189455
17.489053
15.803507
18.5578115
17.418379
18.109279
16.258705
17.2174095
16.883761
15.1874795
17.6116075
17.3176775
15.7433535
17.21902
17.344228
17.575622
18.135404
17.2517805
16.8593695
17.5214415
18.921289
21.0315565
15.6040605
17.669134
17.9240135
17.9446495
17.701004
17.644793
17.453198
17.1897995
19.126982
21.0315565
19.1039645
17.561224

% variation

(within samples)

4.74026572
0.7036619
0.05734072
4.46905165
2.42776031
5.78400605
10.2243969
2.27889512
7.56072345
0.26078505
3.64359821
6.56397192
6.35912076
8.89343422
3.51549049
1.61068088
2.57869369
7.9808355
7.82218611
9.70242649
2.42526089
7.01061535
4.81064219
9.10942831
10.1800886
2.2376512
7.363465
6.03725178
2.941548
1.80659781
8.88091884
5.79182231
9.7251838
23.6786156
5.3293557
11.421828
1.87808784
0.8810606
3.58378815
4.1044005
14.3453503
7.06266063
9.7251838
9.96928953
7.50555599



Appendix 3.3 Layout and results of L§1 experiment

Layout and results of L81 Continued

Trial
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Snap Angle
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50
60
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40
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50
50
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60
60
40
40
40
50
50
50
60
60
60

Pressure
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150
110
130
150

max
min
var
% var
between
samples

_jr

Average
Height 1
16.8707825
17.865043
17.7994765
17.582501
18.7999325
15.235216
15.2273035
17.993302
14.7893415
18.2438705
16.9419045
18.4556355
15.8212265
17.3750305
18.265645
19.1440075
18.0296545
18.02776
17.1541345
17.408529
19.9884515
18.1819285
18.866366
17.8049375
18.763258
17.514766
18.784662
17.715942
16.8573725
17.9718355
18.0828035
18.92851
14.844692
17.2743055
17.8111815
17.3351985
19.9884515
14.7893415
5.19911
35.1544388

Average
Height 2
17.422748
15.984355
17.9479495
18.8373565
15.8304475
17.431783
17.704659
16.6976025
18.5739425
17.3416285
19.337721
18.4165785
19.8285855
15.852189
19.1037335
19.887633
16.7788285
18.579251
18.2284645
17.167668
18.0188375
18.3007495
18.4871475
18.3156205
17.5150005
18.1604215
18.778177
14.8938925
17.5218175
17.9941735
18.7637855
16.5401535
16.2643945
16.9915555
16.856588
15.9071275
21.0315565
14.8938925
6.137664
41.2092675

% variation

3.27172436
11.7658048
0.83414251
7.1369568
18.758061
14.4176952
16.2691674
7.75979366
25.5900575
5.20275244
14.1413647
0.21207522
25.3290034
9.60650608
4.58833236
3.8843774
7.45478744
3.05912104
6.26280504
1.40299195
10.9308606
0.65351153
2.0512548
2.86821001
7.12679112
3.68634956
0.03453477
18.9476962
3.94156919
0.12429448
3.76590942
14.4397481
9.56370466
1.66406189
5.6630292
8.97755424
25.5900575
0.03453477

(within samples)
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Appendix 3.4 Analysis of Variance for Full Factorial Experiment (L81)

Table 3.4.1 Analysis of Variance for L§IRES.response ¢ & d - Type III Sums of Squares

Factor SS df MS
A 2.600475 2 1.300237
B 31.81196 2 15.90598
AB 0.697747 2 0.348873
C 3.092894 2 1.546447
AC 2.280335 4 0.570084
BC 1.206109 4 0.301527
ABC 5.72544 4 1.43136
D 1.414863 4 0.353716
DA 8.945761 4 2.23644
BD 0.639225 4 0.159806
ABD 16.05134 8 2.006417
CD 2.85591 8 0.356989
ACD 8.961493 8 1.120187
BCD 9.948887 8 1.243611
ABCD 21.97309 16 1.373318
el 74.89106 81 0.924581
e2 193.0966 161

F-Ratio
1.406
17.203%%*
0.377
1.673

0.617
0.326
1.548
0.383
2.419
0.173
2.17
0.386
1.212
1.345
1.485

Sig. Level
0.251
0
0.6869
0.1942

0.6519
0.8597
0.1962
0.8205
0.0551
0.9517
0.0383
0.9251
0.3028
0.2336
0.1257

% Contribution
0.389087
15.517
-0.59629
0.644099

-0.73434
-1.29066
1.049794
-1.18255
2.71752
-1.58423
4.482052
-2.35154
0.810395
1.321743
3.718241
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Appendix 3.5 Percentage error attributable to measurement technique

Screen Print Deposit Measurement Accuracy

UBM Laser Sensor Measurement Capability

The UBM sensor has a linearity error of<1%, and a maximum possible resolution ofthe range
divided by 4,096. Thus, at a range of£500 pm, the linearity could be as poor as 10 pm and the

maximum possible resolution would be 0.244 pm. At a range of+50 pm, the linearity will be
better than 1pm and the resolution will be 0.0244 pm.

A slip gauge height difference of 0.02mm was repeatedly measured in both forward only and
forward and backward directions, at a range of+50 pm. The X and Y- directions were both

recorded. The results ofthis are illustrated in Table 3.5.1. Clearly, it can be seen that measuring in
one direction only produces much less variation: 1.13% in the Y (backward) direction and 2.6% in
the X (fwd) direction.

profile
pt2.prl
pt3.prl
ptf4.prl
ptb5.prl
ptf6.prl
ptb7.prl
ptfB.prl
ptb9.prl
ptflO.prl
ptbl 1.prl
ptfl2.prl
ptbl3.prl
Min
Max
Var
% Var

Y -direction

total

15.584
15.867
15.921
16.155
15.999
16.257
16.118
16.144
16.085
16.075
15.973
16.104
15.584
16.257
0.673

4.319

+/-50
fwd
15.584
15.867
15.921
15.999
16.118
16.085
15.973

15.584
16.118
0.534
3.429

Table 3.5.1
X-direction

bwd total
16.155 16.864
16.257 16.474
16.144 16.554
16.075 16.539
16.104 16.438
16.757
16.533
16.364
16.529
16.887
16.733
16.826
16.075 16.364
16.257 16.887
0.182 0.523
1.132 3.195

Screen Print Deposit Measurement Variation
The deposits were screen printed onto glass slides which were 76 mm x 26 mm x 1-1.1 mm thick.
Five different glass slides were measured to assess the typical variation within and between slides.

+/-50
fwd

16.864
16.474
16.554
16.438
16.533
16.529
16.733

16.438
16.864
0.427
2.596

bwd
16.539
16.757
16.364
16.887
16.826

16.364
16.887
0.523
3.195

+/-500
total
17.575
17.540
17.520
17.838
17.595
17.614
17.569
17.536
17.731
17.701

17.520

17.838
0.318
1.817

fwd
17.575
17.520
17.595
17.569
17.731

17.520

17.731
0.211
1.205

bwd
17.540
17.838
17.614
17.536
17.701

17.536

17.838
0.302
1.725

The results are shown in Table 3.5.2. In the worst case there is a variation 0f2.06 pm (accounting
for approximately 12% error at typical deposit heights of 17 pm).

Glass 1
Glass 2
Glass 3
Glass 4
Glass 5

min
-0.490
-0.820
-0.260
-0.980
-1.130

Table 3.5.2
max Var
1.280 1.770
5.580 6.400
0.240 0.500
1.110 2.090
8.840 9.970

% Var
-3.612
-7.805
-1.923
-2.133
-8.823

angle
0.026
0.012
0.005
0.003
0.038
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Appendix 3.5 Percentage error attributable to measurement technique

A printed sample was measured repeatedly to give an idea ofthe accuracy obtainable for a typical
screen printed surface. Table 3.5.3 shows the results of consecutive scan lines taken without
moving the sample at all between measurements. This shows that measuring forward only, or in
both the forward and backward directions is not important. The variation accounts for 1,2% error.
However just measuring backward, after measuring forward appears to reduce the variation to
0.5%. This might be explained by the fact that there are considerably fewer samples measured in

the backward direction.

profile

or2.prl
or3.prl
or4.prl
or5.prl
ndrl.prl
ndr2.prl
ndr3.pii
ndr4.prl
ndr5.prl
ndr6.prl
ndr7.prl
ndr8.prl
ndr9.prl
ndrlO.prl
min
max

var

% var

In Table 3.5.4 the same sample was measured but the sample was removed from the measuring
table and returned to the same position each time between measurements. By moving the sample
away between measurements, which is of course necessary in a real situation, the variation

increases to just under 4%. Forward and backward information is not available.

profile
repl.prl
rep2.prl
rep3.prl
rep4.prl
repS.prl
rep6.prl
rep7.prl

Table 3.5.3
total fwd

16.483 16.483

16.309 16.309

16.363 16.363

16.286 16.286

16.337 16.337

16.454 16.454

16.396 16.374

16.374 16.384

16.413 16.369

16.384 16.379

16.362

16.369

16.332

16.379

16.360

16.286 16.286

16.483 16.483
0.198 0.198
1.214 1.214

Table 3.5,4

mean?2 profile
17.505 rep8.pii
16.332 rep9.prl
16.506 replO.prl
17.235 min
16.469 max
16.704 var
16.244 % var

bwd

16.396
16.413
16.362
16.332
16.360

16.332
16.413
0.081
0.496

mean2
16.633
16.793
16.099
16.09857
17.23461
1.136048
7.056828



Appendix 3.5 Percentage error attributable to measurement technique

The print process parameters were set up to give a good print and 100 samples were printed. To
allow the ink to slump there was a time delay of 1 hour before measuring. The prints were
measured using forward and reverse directions alternately on successive prints. The range was set
at+500 pm. The results are shown in table 3.5.5. There is a variation 0f25% across this set of 100
samples, but according to the above it could be accounted for as follows:

Maximum achievable linearity (determined by slip gauges) 2%

Glass slide variation 12%

Measuring forward and backward 1%

Different glass slides 4%

Total 19%

Table 3.5.5
profile mean profile mean profile mean profile mean

aml.prl 16.74  am28.prl 17.03  am63.prl 16.82  am89.prl 17.38
am2.pii 15.74  am29.prl 17.67  am64.prl 16.85  am90.prl 16.06
am3.prl 17.71 am30.prl 16.41 am65.prl 16.72 am91.prl 17.51
am4.prl 16.37  am4l.prl 16.28  am66.prl 16.19  am92.prl 16.98
am5.prl 16.17  am42.prl 16.99  am67.prl 16.33  am93,prl 16.96
am6.prl 17.86  am43.prl 18.13  am68.prl 16.09  am94.prl 17.24
am7.prl 16.95  am44.prl 17.14  am69.prl 1585  am95.prl 16.70
am38.prl 17.16  am45.prl 1794  am70.prl 18.48  am96.prl 16.34
am9.prl 17,56  am46.prl 17.79  am7l1.prl 18.36  am97.prl 16.72
amlO.piT 16.24  am47.prl 16.74  am72.prl 17.30  am98.prl 16.50
amll.prl 14.84  am48.prl 1647  am73.prl 1720 am99.prl 16.40
aml2.prl 1579  am49.prl 18.10  am75.prl 15.60  am100.prl 16.85
aml3.prl 1623  am50.prl 17.56  am76.prl 17.78  am101.prl 17.44
aml5.prl 1596  amS51.prl 16.38  am77.prl 16.55 am102.prl 17.68
aml6.prl 15.67 am52.prl 15.77  am78.prl 1642  am103.prl 16.54
aml7.prl 16.84  am53.prl 1746  am79.prl 17.38  aml04.prl 18.51
aml8.prl 17.05  am54,prl 15.83  am80.prl 17.73  max 18.51
aml9.prl 16.62  am55.prl 17.27  am8l.prl 16.79  min 14.84
am20.prl 17.38  am56.prl 16.17  am82.prl 17.15  var 3.67
am?21.prl 1625  am57.prl 16.13  am83.prl 1578 % 24.74
am22.prl 16.62  am58.prl 16.09  am84.prl 17.59
am23.prl 16.77  am59.prl 16.20  am85.prl 16.91
am?24.prl 1635  am60.prl 17.49  am86.prl 16.09
am25.prl 1548 amé6l.prl 15.83  am&7.prl 17.01
am27.prl 16.38  am62.prl 16.35  am88.prl 16.21

This procedure was repeated for 50 samples, as shown in table 3.5.6, but the range was set at
+50pm and the deposits were measured in the forward direction only. The variation was less than
15%, but this can only be attributed to the fact that the slides might have been more uniform
across their surfaces.
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Appendix 3.5 Percentage error attributable to measurement technique

Table3.5.6
profile mean2 Ra Rt profile mean2 Ra Rt
rep 1.prl 17.34 13.12 20.81 rep23.prl 16.70 14.90 19.41
rep2.prl 18.02 12.22 21.56 rep24.prl 16.68 10.95 18.48
rep3.prl 17.19 12.23 20.74 rep25.prl 17.86 13.82 20.66
rep4.prl 17.28 9.79 18.64 rep26.prl 17.01 10.12 18.65
repS.prl 16.48 12.07 19.25 rep27.prl 17.17 13.30 19.22
rep6.prl 16.98 13.63 20.51 rep28.prl 17.59 9.89 18.88
rep7.prl 17.04 14.11 19.61 rep29.prl 16.76 11.86 19.48
rep8.prl 16.90 13.95 21.37 rep30.prl 17.21 12.08 18.98
rep9.prl 17.28 14.37 20.07 rep41.prl 17.19 11.50 19.16
rep 10.prl 16.21 10.85 19.09 rep42.prl 17.63 15.79 22.73
rep11.prl 16.77 10.12 18.19 rep43.prl 17.27 11.64 20.10
repl2.prl 17.42 12.72 19.82 rep44.prl 17.61 13.17 20.07
rep13.prl 17.05 8.71 18.52 rep45.prl 17.73 11.26 19.84
repl4.prl 17.44 10.24 19.80 rep46.prl 17.21 15.41 19.79
replS.prl 16.83 14.04 19.09 rep47.prl 17.11 10.81 18.92
rep 16.prl 15.73 9.95 16.12 rep48.prl 17.34 14.39 19.89
repl7.prl 17.01 17.16 19.29 rep49.prl 17.01 12.11 18.72
rep 18.prl 16.72 14.25 20.65 rep50.prl 16.57 18.75 21.93
repl9.prl 16.35 9.86 17.08 max 18.02 18.75 22.73
rep20.prl 17.20 9.89 18.21 min 15.73 8.11 16.12
rep21.prl 16.81 8.11 17.17 variation 2.29 10.64 6.60

rep22.prl 17.95 10.53 19.65 % variation 14.54 131.07 40.96



Appendix 3.6 Layout and results of an L25 experiment

Slide # Trial

O 0 I & L &~ W N

N T N T O T O O L g S A
R WO -~ O 0mMAQ N "AE®o — o

#

11

21

16
23

18

13
20

15
25
10
12
22

17

19

14
24

% variation between samples

Snap angle pressure

D

AN R WD AN PR WD OB WD BB WDV WD

C

50
74
70
65
60
65
60
50
74
70
74
70
65
60
50
60
50
74
70
65
70
65
60
50
74

E

100
120
150
200
200
200
100
120
150
170
170
200
100
120
150
150
170
200
100
120
120
150
170
200
100

Table 3.6.1

Speed
F

40
115
65
135
90
115
65
135
90
40
65
135
90
40
115
135
90
40
115
65
90
40
115
65
135
max
min
var

response
a

13.74
15.44
14.51
17.27
15.51
13.49
12.67
16.96
14.91
17.05
13.58
17.26
15.57
17.57
16.13
16.65
15.03
17.5
14.88
11.89
14.41
18.09
16.6
15.71
15.13
18.09
11.89
6.2
52.14

response

b

13.09
15.15
12.99
15.66
15.01
14.11
13.34
14.38
13.36
16.52
12.22
16.61
15.57
15.27
16.75
15.09
14.58
14.98
11.61
12.28
12.95
15.91
14.84
15.71
13.88
16.75
11.61
5.14
44.27

response variation

C

11.85
14.97
12.45
12.7
14.59
14.65
12.88
14.39
14.58
16.37
12.87
16.29
13.98
16.08
16.75
15.24
14.88
15.62
13.87
12.46
12.92
18.06
14.78
15.71
14.94
18.06
12.45
5.61
45.06

%

within
samples
15.95
3.14
16.55
35.98
6.31
8.60
5.29
17.94
11.60
4.15
11.13
5.95
11.37
15.06
3.84
10.34
3.09
16.82
28.17
4.79
11.53
13.70
12.31
0.00
9.01
35.98
0
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Appendix 3.7 Analysis of variance for L25 experiment

Table 3.7.1 ANOVA Table-Raw Data L25 first experiment, 3 replicates

Source Pool Df S \% F S’ rho%
A [N] 4 14.78527 3.69632
B [N] 4 16.76726 4.19181
C [N] 4 2.55029 0.63757
D [N] 4 22.64497 5.66124
E [N] 4 30.70637 7.67659
F [N] 4 53.63757 13.40939
el [N] 0 0
e2 [N] 50 46.82026 0.93641
© 0 0

Total [-] 74 187.912  2.53935

(Raw)

Table 3.7.2 ANOVA Table-Raw Data L25 first experiment, 3 replicates after pooling

Source Pool Df S VvV F S’ rho%
A [N] 4 14.78527 3.69632 5.79751 12.23499 6.51
B [N] 4 16.76726 4.19181 6.57467 14.21698 7.57
C [Y] 4 2.55029 0.63757
D [N] 4 22.64497 5.66124  8.8794 20.09469 10.69
E [N] 4 30.70637 7.67659 12.04039 28.15609 14.98
F [N] 4 53.63757 13.40939 21.03203 51.08729  27.19
el [N] 0 0
e2 [N] 50 46.82026 0.93641 1.46872 14.94176 7.95
(e) 4 2.55029 0.63757

Total H 74 187.912  2.53935

(Raw)

To perform an F-ratio test for the L25 experiment, Vj=4 and v2=50, therefore F0.0i(4,5)- 3.72.
The F value for A is 5.79 which is greater than 3.72, and all the other F values are higher than
that of A, thus it may be said that there is a confidence level of greater than 99%.



Appendix 3.8 L25t2 Repeat experiment to confirm the first outcomes

The method and apparatus are the same as that for the first L25 experiment. The deposit heights
for three repetitions at each setting are given in Table 3.8.1 and Figure 3.8.1 shows the height
differences both within and between trails, expressed as a percentage. This illustrates that the
majority are below 10%, which is acceptable.

filename
a:\125t21a.pr3
a:\125t22a.pr3
a:\125t23a.pr3
a:\125t24a.pr3
a:\125t25a.pr3
a:\125t26a.pr3
a:\125t27a.pr3
a:\125t28a.pr3
a:\125t29a.pr3
a:\125t210a.pr3
a:\125t21 la.pr3
a:\125t212a.pr3
a:\125t213a.pr3
a;\125t214a.pr3

25

20

15

Ro

Figure 3.8.1

heightt2, a heightt2, b height t2, ¢

14.297
13.760
14.415
15.343
16.170
15.739
16.385
16.090
14.486
15.142
13.373
16.283
18.072
16.019

13.206
13.029
13.483
15.377
16.306
14.094
15.326
15.263
13.598
13.975
11.851
13.417
16.534
14.547

Table 3.8.1

13.182 a:\125t215a.pr3
12.117 a:\125t216d.pr3
13.291 a:\I25¢t217a.pr3
15.581 a:\125t218a.pr3
16.320 a:\I25t220a.pr3
14.249 a:\125t221a.pr3
16.026 a:\125t222a.pr3
15.300 a:\125t223a.pr3
13.054 a:\125t224a.pr3
13.673 a:\125t224b.pr3

11.751 max
14.295 min
16.683 var
14.215 %yvar

Test number

filename

height t2, a height t2, b height t2, ¢

H % height diffa 0% height diffb B % height diffc]

16.570
17.173
17.195
15.355
15.230
14.808
15.039
16,133
18.272
15.902
18.272
13.373
4.899
36.635

% Variation within and between print deposit trials

15.503
15.007
15.267
12.824
14.458
13.557
13.683
14.850
15.902

14.378
15.196
15.226
13.159
14.765
13.513
13.483
15.165
15.740

The variation between the two experiments L25tl and L25t2 is plotted as a percentage in height
difference in Figure 3.8.2. Again, it can be seen that a large proportion fall below 10%.
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Appendix 3.8 L25t2 Repeat experiment to confirm the first outcomes

25

20

15

0
3 9 16 21 22 25 2 20 10 15 5 7 24 I 12 17 6 14 23 8 13 11 4 18 19

T est number

Figure 3.8.2 Variation in repeatability between L25t]l & 2 compared by % height difference

The results of conducting an analysis of variance are shown in Tables 3.8.2 and 3.8.3, but these
have no significance because ofthe confounding effect and therefore can only be used as a
basis for establishing the F- ratio.

Table 3.8.2 Repeated L25 ANOVA

Source Pool Df S \% F S

A [N] 4 7.84924  1.96231
B [N] 4 5.34552  1.33638
C [N] 4 40.08327 10.02082
D [N] 4 15.20035 3.80009
E [N] 4 11.76897 2.94224
F [N] 4 18.89018 4.72254
el [N] 0 0
e2 [N] 50 36.48807 0.72976
(e) 0 0

Total [3 74 135.6256  1.83278



Appendix 3.8 L25t2 Repeat experiment to confirm the first outcomes

Table 3.8.3 Repeated L25 ANOVA after pooling

Source Pool Df S A% F S' rho%
A N] 4 7.84924 196231 1.46838 2.50372 1.85
B m 4 5.34552  1.33638
C [N] 4 40.08327 10.02082 7.49848 34.73775 25.61
D [N] 4 15.20035 3.80009 2.84357 9.85483 7.27
E N] 4 11.76897 2.94224 2.20165 6.42345 4.74
F [N] 4 18.89018 4.72254 3.53383 13.54466 9.99
el [N] 0 0
e2 [N] 50 36.48807 0.72976 0.54607 -30.3309 -22.3

e (&), 4 5.34552 1.33638 98.89212 72.92
Total H 74 135.6256 1.83278

To perform an F-ratio test for the L25t2 experiment, vj=4 and v2=50, therefore r o.o14.50, ~ 3.72.
However, in this repetition ofthe L25 the F value for A is 1.468 which means that the
confidence level is less than 99%. Comparing the F ratio for a 95% confidence level gives
Fa.oswsor= 2.56, but this is still higher than the F value for A and E, which casts doubt on the
confidence ofthe experiment altogether.



Appendix 3.9 Layout and results of L9 experiment

Test Snap

O 0 3 & W B W~

—_
S

3

A bbb VW

Angle

65
67
70
65
67
70
65
67
70
67

Source

gaw»>

el
€2

(e)

Total (raw)

Source

ogaw»

el
€2

(e)

Pressure
140
150
160
150
160
140
160
140
150
150

ANOVA Table

Pool
[N]
[N]
[N]
[N]

[N]
[N]

-]

ANOVA Table

Total (raw)

Df

NN

18

26

Table 3.9.1
Speed height (L9ta) height (L9tb) height (L9tc)
60 14.72413 13.40382 14.02145
73 14.94281 13.73245 14.53644
85 14.60315 14.53573 13.51126
85 16.3723 14.44533 15.6574
60 15.2517 14.73629 15.2672
73 15.47021 14.83514 14.62524
73 16.89496 15.44107 15.91341
85 16.42053 15.39816 15.22576
60 16.06926 15.0466 14.90429
73 15.9438 15.31354 14.43324
Table 3.9.2
Raw Data
Df S \% F S* rho%
2 10.12712  5.06356
2 0.6007 0.30035
2 0.25285  0.12642
2 0.60692  0.30346
0 0
18 7.58993 0.42166
0 0
26 19.17751 0.7376
Table 3.9.3
Raw Data
S A% F S’ rho%
10.12712  5.06356 40.05347 9.87428 51.49
0.6007 0.30035  2.37581 0.34786 1.81
0.25285  0.12642
0.60692  0.30346  2.40041 0.35408 1.85
0
7.58993  0.42166  3.33539  5.31437 27.71
0.25285  0.12642 3.28693 17.14
19.17751 0.7376



Appendix 3.10 Results of repeated trials from L9 experiment

L9 trial 7

Repetition

O 0 3 W AW~

—_
(=]

% variation
within
samples

height

15.984731
14.16853
15.783108
15.533764
15.78722
15.290875
15.546935
15.358257
15.770041
15.529236
12.81856

Table 3.10.1

L9 trial 8

Repetition

O 0 3 W A LW —

—
(=]

height

14.784167
14.632945
14.350773
15.027063
14.528674
14.446271
15.469653
15.805501
15.485169
15.312202
10.13693

% variation between
samples
8.120606
3.277792
9.980891
3.371923
8.662497
5.846519
0.499572
2.912075
1.839644
1.417392



Appendix 4.1 Photographs of Squeegee Curvature

Hard Squeegee Profiles

Figure 1 Hard squeegee (u=l) Figure 2 Hard squeegee (u= 1.2)
Figure 3 Hard squeegee (u=1.6) Figure 4 Hard squeegee (u=2)
Figure 5 Hard squeegee (u=3) Figure 6 Hard squeegee (u=6)
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Appendix 4.1 Photographs of Squeegee Curvature

Soft Squeegee Profiles

Figure 1 Soft squeegee (u=I)

Figure 3 Soft squeegee (u=1.6)

Figure 5 Soft squeegee (u=3)

Figure 2 Soft squeegee (u= 1.2)

Figure 4 Soft squeegee (u=2)

Figure 6 Soft squeegee (u=6)
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Appendix 4.2 Estimation of flexural rigidity

The flexural rigidity is defined by Huner as:
D= Eh
12(1-v2)

where E = Young’s modulus
h = squeegee blade thickness
v = Poisson’s ratio

Without a reliable value for Young’s modulus, it is not possible to calculate the flexural
rigidity, therefore it must be estimated from the load/deflection data which can be observed
from the physical curvature ofthe squeegee, as illustrated in Figure 4.2.1.

PI

Figure 4.2.1 A typical squeegee shape under load

The squeegee, to a first approximation, takes up the shape of an arc with a radius of curvature,
r. The radius of curvature is given approximately by

r=T——o 4.2.1)
p- a
The flexural rigidity, D, is given by the Bernoulli-Euler relationship:

M (x)
=—— (4.2.2)
k(x)
where
M(x) = bending moment per unit length of squeegee at any point x along the blade
k(x) = curvature at any point x along the blade
Since we are assuming an approximate arc shape, the mean flexural rigidity can be
approximated for the squeegee blade as:

M (tip)

« (4.2.3)
k(overall)

where

M (tip) =;./ (4.2.4)
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Appendix 4.2 Estimation of flexural rigidity

and F = applied squeegee force
w = squeegee width
I «L Sin0R

Therefore, using the radius of curvature given in Equation 4.2.1 as 1/k (overall) and the
bending moment for the squeegee tip deformation as in Equation (4.2.3) the flexural rigidity of
the squeegee can be determined using Equation (4.2.5).

F/L

t42-5’

The same test rig which was used for evaluating the squeegee shape as depicted in Figure 4.3
was used for these tests. This time a spring balance was fixed onto the end of a lever at 90°,
and this was used to rotate the squeegee to a known angle (0w) smaller than that ofthe initial
angle at which the blade naturally rested on the horizontal surface(0R). Direct measurement of
the force could not be obtained, therefore the distance, ¢, as shown in Figure , was measured at

each set angle, Ow. The force acting at the squeegee tip, F, was then determined using the
relationship

The set angle in each case corresponded to the same values of u which were used in section 4.3.
The relationship of force to the parameter u is given below in Figure 4. The results of the
calculations of force and flexural rigidity using Equations (4.2.5) and (4.2.6) at each value ofu
are given in Table 4.2.1 and Table 4.2.2 for a soft and hard squeegee respectively.

300
250
200
o 150
100

50

u

4 — Soft squeegee —4 — Hard SqueegeeJ

Figure 4 2.2 The relationship ofu to squeegee force
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Appendix 4.2 Estimation of flexural rigidity

1
1.2
1.6
2
3
6

0w

45
40
32
26
18
10

6(iln

0.0565
0.059
0.0505
0.061
0.061
0.061

(3c
(radians)
0.0785
0.244
0.454
0.646
0.89
1.22

f (kg)

0
0.7

1
1.7
2.2
3.6

Figure 4.2.1 Indirect measurement of squeegee force

Table 4.2.1 Flexural rigidity values for a soft squeegee

F(N)

0
23.85992
39.82277
56.04566
72.52967

118.6849

In all cases the value for r was 205 mm and the value for L was 53 mm.

1.2
1.6

* No values for flexural rigidity at u=I can be obtained as this is the position at which the
squeegee just rests on the surface i.e. where the spring balance is set to zero.

ow

45
40
32
26
18
10

1 (m)

0.047
0.0475
0.05
0.0515
0.0515
0.0525

P-a
(radians)
0.087
0.227
0.523
0.646
0.951
1.13

0
1.2
2.7
3.8
4.4
5.7

Table 4.2.2 Flexural rigidity values for a hard squeegee
f (kg)

F (N)

0
50.80547
108.5967
148.3882
171.8179
218.3426

D (N/m)

2.184132
1.67693
2.00349
1.88193

2.246536

D (N/m)

4.024631
3.930364
4.47839
3.522434
3.840317

The values of flexural rigidity can be taken as an average ofthe values for D obtained,
therefore giving 1.7 Nm and 3.3 Nm for soft and hard squeegee materials respectively.



Appendix 4.3 Typical values for iiUl2/D

Screen printing inks are available in a variety of viscosities with different binders and pigments
but fairly standard products in use are UV curable dielectrics. These have approximate
viscosities 0f 40 Poise (4x10'3Pa.s) and are printed at a speed of «50mm/s. Taking a typical
squeegee length, L, of 25mm, the value for / the distance from the clamp pivoting point to the

squeegee tip, can be approximated as LtanOw, where O0Wis 60°. The values for flexural rigidity,
D, are assumed to be as for those in Appendix which are 1.7 and 3.3 for a soft and hard
squeegee type respectively.

Therefore for a soft squeegee material:

pUl2 = 4xQ.05x(0.025tan 60°)2 = 2 2Q6x1Q-4
D 1.7 X

and for a hard squeegee material:

pUI2 _4x0.05x(0.025tan60°)2  110/r_jndy o



Appendix 4.4 Calculated pressures for a range of angles and speeds

Speed (m/s)
0.014416
0.028016
0.041616
0.049776
0.063376
0.077248
0.090576

35000
30000
25000 --

20000 --

— axy fard

15000

10000

5000 --

u=1

5478.403
10646.71
15815.01
18916
24084.3
29355.97
3442091

0.02

Table 4.4.1
Calculated pressure P(x) at x=5Smm

u=1.2
3246.79
6309.799
9372.808
11210.61
14273.62
17397.89
20399.64

0.04

u=1.6

811.3359
1576.747
2342.158
2801.405
3566.817
4347.536
5097.639

0.06

Squeegee speed (m/s)

u=2
296.5877
576.3875
856.1872
1024.067
1303.867
1589.263
1863.466

0.08

u=3

157.5167
306.1173
4547179
543.8783
692.479
844.0516
989.6802

u=6

70.88171
137.7512
204.6208
2447425
311.612
379.819
4453511

4 — ii=1
u=1.2
A —u=1.6

u=2

— —u=3

e — u=6

0.1

Figure 4.4.1 Calculated pressure P(x) plotted vs Squeegee speed at x =5 mm

Speed (m/s)
0.014416
0.028016
0.041616
0.049776
0.063376
0.077248
0.090576

u=l
684.8004
1330.838
1976.877
2364.499
3010.538
3669.496
4302.614

Table 4.4.1
Calculated pressure P(x) at x=10mm

u=1.2
405.8487
788.7248
1171.601
1401.327
1784.203
2174.736
2549.955

u=1.6

101.417
197.0934
292.7698
350.1757
445.8521
543.442
637.2049

u=2
37.07347
72.04843
107.0234
128.0084
162.9834
198.6578
232.9333

u=3
19.68958
38.26466
56.83974
67.98479
86.55987
105.5065
123.71

u=6

8.860214
17.21891
25.5776
30.59281
38.95151
47.47737
55.66889
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Appendix 4.4 Calculated pressures for a range of angles and speeds

0 0.02 0.04 0.06 0.08 0.1

Squeegee speed (m/s)

Figure 4.1.2 Calculated pressure P(x) plotted vs Squeegee speed at x =5 mm

All pressures given in Pa
To convert to mm:
P = pgh

where p for the Tellus 68 oil used is 880 kg/m3 at 15°C



Appendix 4.5 Pressure heads recorded from the experimental rig

Table 4.5.1
Pressure heads recorded on modified Michell Tilting Pad
apparatus (mm) at x=5mm for soft squeegee

Speed (m/s) U=1 u=T.2 u=1.6 u=2. u=3. u=6
0.014416 0 0 0 0 20 40
0.028016 0 0 0 0 35 62
0.041616 0 0 0 20 45 97
0.049776 0 0 0 20 57 107
0.063376 0 0 18 28 67 137
0.077248 0 16 20 35 87 182
0.090576 0 17 22 35 97 217

250
200 -
u=1.2
=S 150
—A—u=1.6

100 --

50 --

0 0.02 0.04 0.06 0.08 0.1

Squeegee speed (in/s)

Figure 4.5.1 Recorded pressure heads at x = 5 mm for soft squeegee

Table 4.5.2

Pressure heads recorded on modified Michell Tilting Pad
apparatus (mm) at x=5mm for a hard squeegee

Speed (m/s) u=l1. u=T.2 u=1.6 u=2 u=3 u=6
0.014416 0 0 0 0 30 70
0.028016 0 0 0 20 50 117
0.041616 0 0 15 25 70 172
0.049776 0 0 20 30 92 207
0.063376 0 0 20 35 102 267
0.077248 0 17 24 45 132 357
0.090576 0 20 30 45 152 417



Appendix 4.5 Pressure heads recorded from the experimental rig

450

400

350 -

300 -- 4.2

—A—u=1.

. 250 - u=1.6
;}, —X—u=2
« 200 - X u=3
| 150 . —* —u=6

100

Y%
0 0.02 0.08 0.1

tqueegee speed $n?s

Figure 4.5.2 Recorded pressure heads at x = 5 mm for hard squeegee

Table 4.5.3
Pressure heads recorded on modified Mic]lell Tilting Pad
apparatus (mm) at x-lOmm for soft squee gee

Speed (m/s) u—1 u=1.2 u=l1.6 u=2. u=3. u-6
0.014416 0 0 0 0 0 0 i
0.028016 0 0 0 0 0 28
0.041616 0 0 0 0 25 35
0.049776 0 0 0 0 25 42
0.063376 0 0 0 0 30 47
0.077248 0 0 0 0 35 67
0.090576 0 0 0 20 40 77

80
70
60
g 50 u=1.2
=2 u=1.6
§ 40
—X— u=3.
30 —es — u=6
20
10
0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Squeegee speed (m/s)

Figure 4.5.3 Recorded pressure heads at x = 10 mm for soft squeegee



Appendix 4.5 Pressure heads recorded from the experimental rig

Table 4.5.4

Pressure heads recorded on modified Michell Tilting Pad
apparatus (mm) at x=10mm for hard squeegee

Speed (m/s) u=l1 u=1.2 u=1.6 u=2. u=3. u=6
0.014416 0 0 0 0 0 25
0.028016 0 0 0 0 25 40
0.041616 0 0 0 0 30 55
0.049776 0 0 0 0 35 65
0.063376 0 0 0 0 40 92
0.077248 0 0 0 20 45 97 1
0.090576 0 0 0 25 55 122

140
120 -
100 - ¢~-u=1
E u=1.2
g
g o — 8w,
0 0.02 0.04 0.06 0.08 0.1

Squeegee speed (m/s)

Figure 4.5.4 Recorded pressure heads at x = 10 mm for hard squeegee
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Appendix 4.6 Flow rate of the ink and the pressure drop

71T 33%0A  Ft=100um thread d = 55pm
Height(m) t av (s) Q(mA3/s) Vscr(m/s) Vsq(m/s)
71T

6.75 208.34 9.6E-07 0.103 0.075
5.25 276.18  7.24E-07 0.078 0.057
3.75 457.66  4.37E-07 0.047 0.034
2.25 811.67  2.46E-07 0.026 0.019
0.75 2500.32 8E-08 0.009 0.006

120T 20%0A  Ft=67um thread d= 4°—~
Height(m) t av (s) Q(mA3/s) Vscr(m/s) Vsq(m/s)

120T
6.75 33637 5.95E-07 0.105 0.088
525 489.84 4.08E-07 0.072 0.061
375 788.90  2.54E-07 0.045 0.038
225 1373.45 1.46E-07 0.026 0.022

0.75 5642.63 3.54E-08 0.006 0.005

The average time, t av, taken to fill a 200 ml measuring cylinder was obtained from three
separate readings at each pressure head.



Appendix 4.7 Physical properties of oil and glycerol

Tellus oil 688
Kinematic viscosity at 40°C = 68cS
Dynamic viscosity = 6.8 x 10"5x (0.88 x 1000)
=0.05984 Pa.s
At 20 °C (In |W 68 =0.0342 x 20)
therefore p2o =68 c0684
= 135cS or 0.12Pa.s

Density at 15°C= 880 kg/m3
Glycerol

Dynamic viscosity at 20°C = 1.49 Pa.s
Density at 20°C = 1262 kg/m3



Appendix 5.1 Basic Elasticity Equations
Elastic equations

The deflection, w, at a point (x,y) on a point load Wis given by

I TiIE J r

where a = Poisson’s ratio
E = Young’s modulus
r = the distance between (Xy and xiyi) as shown below.

Elastic pressures

The pressure, p, at any pointr is

(5.1.1)

Elastic formulae

For a line contact Cameron integrates (5.1.1) to provide a relationship between the applied load
and the respective contact width and peak pressure:

max

and a value for the half contact width, a, is given as

Deformation outside the contact zone



Appendix 5.2 Correlation of Hnand pr

Program to correlate HOand p0*

#include <stdio.h>
“include <math.h>

int integrate(doubie h);
double de!ta(double x);
double Fx(double x, double h);

int main()
double HO;

printf("Please enter value of HO: ");
scanf("%I1f& HO);

integrate(HO);
return 0;

}

int integrate(double h)
{
double FI, F2, sum=0.0;
double x=-1.0, dx=-0.0447; /* start limit and width of trapezium */

printf("Please enter the LOWER limit <%lf>: ", x);
scanf("% If& x);

printf("UPPER limit is taken to be +/- inf\n");
printf("Please enter value of trap width <%I1f>", dx);
scanf("%If", &dx);

Fl= Fx(x, h);

do{
F2 = Fx(x+dx, h);
sum += 0.5 *(F 1+F2)*fabs(dx); /“trapezium */
F1=F2;
x+=dx;

while(F2>0.0001);

printf("ans=%I1f\n", sum);
return 0;

}
double Fx(double x, double h)
{double F, H, del;

del = delta(x);

H =h+del
F = del/(H*H*H);,



Appendix 5.2 Correlation of HOand p0*

return F;

}

double delta(double x)
double del;
/lprintf("%I1f\n", x);
del= fabs(x) - (1.0/asin(1))*( (x)*asin(l .0/x) + log( fabs(x) + sqrt(x*x - 1.0) ));

/Iprintf("%If\n", del);
return(del);

Log plot of results



Appendix 6.1 Contact widths for a range of squeegee settings
The squeegee characteristics are outlined in Table 6.1.1 below.

Table 6.1.1 Squeegee characteristics

Squeegee type Hardness (°A Shore ) Trailing length (mm) Thickness (mm)
Red 65 21 7
Green 85 15 7

The results ofthe half contact widths, a, measured are in Table 6.1.2.

Table 6.1.2
Squeegee Load a at 50° a at 60° a at 70°
type applied (N) (mm) (mm) (mm)
Red 0 0.004 0.004 0.0035
15.69 0.231 0.1555 0.182
44.04 0.3235 0.2265 0.1835
72.39 0.513 0.4845 0.2865
100.74 1.0165 0.9915 0.377
129.09 1.047 2.895 0.9145
Green 0 0.004 0.005 0.0045
15.69 0.044 0.0475 0.1155
44.04 0.1055 0.052 0.1605
72.39 0.2055 0.1865 0.17
100.74 0.3365 0.282 0.1885
129.09 0.4355 0.357 0.256
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Appendix 6.2 Calculated values of U for a range of squeegee contact widths

F (N/m)

190.59
226.33
407.33
577.39
796.71

U (m/s)
at 50°
0.68721
0.14195
0.06733
0.0356
0.02932

Green Squeegee

U (m/s)
at 60°
0.58967
0.5843
0.08175
0.05068
0.04364

Table 6.2.

U (m/s)
at 70°
0.09973
0.06133
0.09839
0.11343
0.08486

U (m/s)
at 50°
0.01518
0.01732
0.0108
0.0039
0.00507

Red Squeegee

U (m/s)
at 60°
0.05502
0.0308
0.01211
0.0041
0.00066

U (m/s)
at 70°
0.04017
0.04692
0.03464
0.02836
0.00621



Appendix 6.3 Printing performance over a range of speeds

Equipment

Mesh type 120T at 17N/cm

Snap height set at 3mm

Squeegee type dark green (85°A shore hardness)
Trailing length 25mm

Squeegee thickness 7mm

Dielectric blue 40-516 ink

Table 6.3.1 red squeegee at 60°

Force per unit length (N/m)

Speed
(m/s) 133 287 525 652
0.003 7.73 7.31 5.05 7.08
0.006 11.15 10.10 10.80 11.00
0.011 11.06 10.17 10.87 10.88
0.017 11.12 9.71 11.13 10.53
0.05 13.24 11.07 12.68 12.91
0.107 15.01 13.54 14.59 15.13
0.15 15.29 14.32 15.19 15.42
0.193 1543 14.94 15.41 16.20
0.203 15.23 15.31 16.32 16.53
0.215 15.46 15.81 16.07 16.26
0.225 15.81 15.64 16.21 16.65
Table 6.3.2 red squeegee at 70°
Force per unit length (N/m)
Speed
(m/s) 133 287 525 652
0.003 6.72 6.43 6.00 5.29
0.006 12.26 9.29 9.37 11.52
0.011 10.67 9.59 9.68 11.30
0.017 10.54 10.09 9.51 11.29
0.05 11.13 10.66 10.51 14.00
0.107 11.04 10.94 12.75 16.32
0.15 13.19 10.68 13.46 17.03
0.193 6.92 11.10 14.22 17.06
0.203 5.18 11.51 14.91 18.17
0.215 13.82 11.51 15.17 18.33

0.225 12.94 11.99 15.57 20.13

708
6.84
10.71
10.62
11.22
13.28
15.06
15.52
15.02
14.10
14.93
15.56

708
7.32

8.69
10.47
10.70
14.32
16.81
17.43
18.25
18.66
18.67
21.28

841
6.40
9.47
9.47
10.53
12.09
13.91
14.77
15.34
15.90
15.44
15.84

841
7.32

9.99

10.78
10.93
15.49
16.99
18.50
19.88
20.40
21.14
20.51



Appendix 6.3 Printing performance over a range of speeds

Speed
(m/s)
0.003
0.006
0.011
0.017
0.05
0.107
0.142
0.197
0.206
0.215
0.225

Speed
(m/s)
0.003
0.006
0.011
0.017
0.05
0.107
0.15
0.193
0.203
0.215
0.225

152
5.77
9.31
9.54
10.17
10.64
11.69
12.43
12.38
13.46
13.41
13.64

152
7.51
8.13
8.41
8.43
9.80
10.60
11.07
11.46
11.37
11.51
11.75

Squeegee load set at 15.59N
Squeegee angle set at 70°

Table 6.3.3 green squeegee at 60°

Force per unit length applied (N/m)

287
7.07

8.90
8.76
9.20
9.91
10.88
11.04
11.41
11.98
12.31
12.51

Table 6.3.4 green squeegee at 70°

526
6.53

9.02

8.80

9.23

10.20
11.30
12.10
12.83
13.51
13.66
13.90

596
8.56
9.09
9.20
9.67
9.66
10.28
10.75
11.17
11.65
11.62
12.00

694
7.26
9.40
9.60
9.74
10.60
11.40
12.22
12.73
13.15
13.50
13.90

Force Derunit length applied (N/m)

287
6.10

7.78
8.65
8.96
9.61
10.00
10.24
10.49
10.58
10.63
11.65

526
6.71
8.55
9.07
9.28
9.74
10.49
10.96
11.48
11.64
11.82
12.44

596
8.48
9.48
9.28
9.46
9.48
10.45
10.36
10.80
10.67
11.42
11.53

694
6.08

9.45

10.33
9.73

10.73
12.73
13.18
14.02
14.06
13.97
14.24

754
5.70
9.36
8.24
9.57
10.25
10.67
11.80
12.36
12.89
13.26
13.72

754
4.81
9.84
10.23
11.48
11.86
12.06
12.45
13.45
13.75
13.26
13.71



