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ABSTRACT

This thesis focuses on the use of a design of experiment approach to examine
the significance of process factors and interactions on the fabrication of micro-
textured surfaces. The micro-textured surfaces examined contain pillar and hole
features ranging from 80 — 2 um in diameter. The processes examined are the
deep reactive ion etching of silicon wafers for the production of silicon mould
inserts and the micro-injection moulding of polypropylene, high density
polyethylene and 316LS stainless steel replicate samples of the silicon mould

insert.

During the deep reactive ion etching of the silicon wafers the design of
experiment approach was used to determine the significant of platen power,
C4Fs gas flow and switching times to the presence of pillar undercut of 10 x 10,
5x 5 and 2 x 2 um pillars. Undercuts occur when the pillar base has a smaller
cross-section than the apex of the pillar. Switching times was found to be the

only statistically significant parameter for both 10 x 10 and 5 x 5 um pillars.

The design of experiment approach is used in the micro-injection moulding of
polypropylene, high density polyethylene and 316LS stainless steel replicates to
examine the significance of mould temperature, cooling time, holding pressure
and injection speed on the part and buffer mass of the produce samples, the
height and width of pillar on the replicate surfaces and the variation of the
replicated pillars height and width from the original silicon mould insert.
Examination of the high density polyethylene replicates found that mould
temperature was the most significant factor regarding pillar dimensions (and
variation from the silicon mould insert) across the range of pillar sizes. Upon
examination of the polypropylene replicates it was found that the factor of most
significance on pillar dimensions varied across the different pillar sizes. Holding
pressure was identified as the most significant factor with regards to the 53 x 29
and 19 x 80 um pillars. Injection speed was found to be most significant for the
25 x 25 and 19 x 29 um pillars. Cooling time was found to be most significant

with regards to the 30 x 10, 25 x 10, 20 x 10 and 15 x 10 um pillars. While




mould temperature was found to be most significant for the 20 x 20, 15 x 15 and
10 x 30 um pillars. The interaction between mould temperature and injection
speed was also found to be the most significant factor with regards to the 43 x
29 and 25 x 30 um pillars. Examination of the 316LS replicates found that
mould temperature was the most significant factor regarding pillar dimensions
for 80 x 80 and 19 x 80 um pillars. While holding pressure was found to be most
significant to the 29 x 29 um pillars and injection speed was identified as most

significant to the 53 x 80 um pillars.

The samples produced during the design of experiment investigations were
then used to examine the effect of surface texturing on droplet behaviour.
Droplet contact angles were examined on polypropylene, high density
polyethylene and silicon samples structured with 10 — 2 um pillar. Initial droplet
contact angles were found to be higher on the polypropylene samples than the
high density polyethylene or silicon samples. With the lowest initial contact
angles being found for the silicon inserts. Droplet ‘channelling’ and evaporation
were examined on silicon, polypropylene, high density polyethylene and 316LS
samples structured with micro-channel surface pillars and holes ranging from 80
— 2 um in diameter. Contact pinning of the droplet to the surface via the three-
phase contact-line was noted during observations of droplet ‘channelling’. This
pinning effect was observed at all sample tilt angles (30 - 90 °). With regards to
droplet evaporation, the droplets were noted to evaporate evenly (with no or
limited contact pinning) on all unstructured surfaces and the surfaces structured
with hole features. On the surfaces structured with pillar features, the droplets
appeared too evaporated along the surface gradient from the smallest pillars to

the largest.
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1. Introduction

1 Introduction

This chapter presents a brief introduction to the research undertaken within this
thesis ‘Design of experiment studies for the fabrication processes involved in
the micro-texturing of surfaces for fluid control’. An introduction to the
importance of surface texturing is outlines in section 1.1 Surface texturing. The
use of experimental design is discussed in section 1.3 Experimental design. A
brief introduction to droplet behaviour is presented in section 1.4 Droplet
behaviour. The aims and objectives of this thesis are discussed in section 1.5
Research aim and objectives. Finally the structure of this thesis is outlined in

section 1.6 Thesis structure.

1.1 Surface texturing

Surface texturing is the physical/topographical alteration of a given surface from
the planar position. Unlike chemical alterations, via surface coatings, the
incorporation of textured features does not require an additional step after
surface fabrication. This reduces production costs and streamlines sample

fabrication.

At the micro-scale these topographical alterations can significantly affect the

properties of a surface and have been widely used in a variety of applications.

The use of surface texturing in tribological interfaces, in applications such as
face seals, thrust bearings and piston rings, has been noted to reduce friction,
decrease surface damage and increase load bearing capacity and part service
life”®. The use of micro-scale surface texturing has also been found to improve
adhesion reduction and enhance lubrication?® within the tribological part

interface.

Micro-texturing has also been utilised in the production of solar cell technologies

to reduce energy loss caused by the reflection of incoming light??2,
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Surface topography is also an important consideration in the production of
biomaterials (tissue regeneration and wound healing) for biomedical
applications, due to its effect on cellular adhesion, spreading, polarisation and

mobility3e.

An increase in surface roughness, by topographical means, can improve the
hydrophobicity of a surface making it more water repellent. Micro-texturing can
be utilised for this trait to improve droplet movement in a variety of applications
such as self-cleaning surfaces??® and droplet-based lab-on-a-chip
applications: 179 The use of surface texturing to facilitate droplet movement

uphill has also been documented3?.

The use and application of surface texturing is widespread within a multitude of
sectors. As such it is important and beneficial to all that a thorough
understanding is obtained regarding the fabrication processes used in the

production of micro-scale surface textures.

1.2 Point-of-care testing and microfluidic devices

Point-of-care testing is the in situ medical testing at or near the site of patient
care. Such devices include glucose meters, home pregnancy tests, blood
pressure cuff and rapid HIV testing i.e. OraQuick. The development of these
portable diagnostic devices opens doors to the possibility of reliable medical
diagnostics in hard to reach areas such as third world countries and places
where medical help is required but access to laboratory facilities is difficult, time

consuming or expensive.

Through the development of point-of-care testing devices utilisation of lab-on-a-
chip technologies has emerged. The use of lab-on-a-chip technologies offers up
several advantages in the field of point-of-care testing for health monitoring.
Portability 34 119 integration of components 34 7% 119 miniaturisation 2% 115, low
sample and reagent consumption 2% 34 115 119 speed 34 119 and disposability 11°

are but a few of the advantages lab-on-a-chip devices could offer.

2
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One technique used in the development of lab-on-a-chip systems is the
manipulation of micro-scale volumes of samples and reagents. This technique
is known as microfluidics, the manipulation and control of micro-litre volumes of
fluid.

Microfluidic diagnostic devices have been developed for many biological testing
applications such as breast cancer diagnosis 192, albumin detection in urine 1°,
digital polymerase chain reactions (PCR) %5185 protein crystallisation 115 157; 185

and virus detection %7,

One key aspect of these lab-on-a-chip point-of-care devices is that they be user

friendly and, due to their disposable nature, easy and cost effective to fabricate
118

The early fabrication of microfluidic lab-on-a-chip systems used lithographic
technigues to structure glass or silicon substrates 34 4. More recently the
production of microfluidic systems has focused on the use of polymers due to
the decrease in cost and the availability of mass replication techniques such as

injection moulding 34 4%,

The main obstacle facing the commercial use of these devices is ultimately cost
and the ability to commercially mass produce the devices. The incorporation of
separately fabricated components into the final device will increases the
complexity of the device fabrication and in turn increases the cost of production
L. One such component is an additional external source of agitation i.e. a

pump, which moves the sample and reagents from A to B.

The removal of an external/additional pump and the incorporation of surface
textured features which could be fabricated directing onto the polymer would
reduce the production time and thereby reduce the cost of the overall device

manufacture.
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1.3 Experimental design

When using any experimental process it is important to understand how the
process factors can influence the final outcome. Traditional methods have
involved the alteration of each factor individually to determine its effect on the
final product. This method however has two key drawbacks: it is time
consuming and does not provide information about how interactions between
the factors influence the final product. In relation to the mass production of
products it is important to understand the significance and effects of factors and
interactions so that any issues discovered during fabrication can be addressed
quickly and efficiently so as not to increase the cost of production. In response
to the shortcomings of the individual factor analysis method statistical
experimental design can be used to examine both individual factors and their
interactions simultaneously. Thereby, reducing the number of experiments

required.

The importance of understanding how various process factors affect the
fabrication of micro-textures surfaces is crucial to the development of surfaces
for spontaneous droplet movement. In enhancing the production of these
surfaces the prospect of low-cost, high-output micro-textured surfaces for a
variety of portable applications comes one step closer.

1.4 Droplet behaviour

As previously mentioned surface texturing can be used to control and
manipulate the behaviour of fluid droplets on a given surface. At the micro-scale
water droplets no longer automatically fill surface cavities as they would on
macro-scale features. Instead the droplet can achieve a high contact angle on
the micro surface features without filling the surface cavities. The three-phase
contact line of the droplet on the surface (solid surface, water and vapour in the
cavity) also becomes more influential at this micro-scale, as the contact line can

become pinned to the micro-textured features. This increase in contact angle,
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and the influence of the three-phase-contact line, can also result in the
spontaneous movement of the droplets across the surface. When this occurs
micro-texturing can be used to ensure the movement of a droplet in a specific
direction across the surface, which can be beneficial in applications such as

self-cleaning surfaces??! and medical diagnostic devices!.

1.5 Research aim and objectives

This thesis focuses on the statistical analysis of the fabrication processes used
in the production of micro-textured surfaces. Which can be integrated into the
design of micro-fluidic lab-on-a-chip devices for the transport of fluid droplets. A
statistical experimental design will be used to determine the factors and
interactions of significance within the deep reactive ion etching and micro-
injection moulding processes. The effect of the produced surface texturing will

then be examined for its effect on the behaviour of micro-litre droplets.

1.5.1 Research aim

The aim of this research is to identify the effects of process factors on the
fabrication of micro-textured surfaces and the effect of such surfaces on droplet

behaviour.

1.5.2 Research objectives

The research objectives of this thesis are:

1. To understand the state-of-the-art in the statistical experimental analysis

of micro-scale pillar fabrication.

2. To identify the effect of process factors on the design and fabrication of

silicon and nickel mould inserts.
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3. To identify the effect of process factors on the micro-moulding of polymer
and metal powder feedstocks.

4. Examine the effect of surface texturing on droplet behaviour
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1.6 Thesis structure

The following summarises the content of this thesis:

Chapter 2:

Chapter 3:

Chapter 4.

Chapter 5:

Literature review

This chapter presents a review of the literature regarding the
fabrication of micro-textured surfaces and the behaviour of
droplets on micro-textured surfaces. The aim of this chapter is to
identify and present the gaps in knowledge with the current

literature which will be filled through the course of this research.
Methodology

This chapter details the methodological approaches used during
the course of this research. The various statistical experimental
designs available are also outlined in this chapter and the

reasons for the selection of the approach used and reviewed.
Mould design and fabrication results

This chapter presents the results gathered during the fabrication
of removable mould inserts for use in micro-injection moulding.
The results of the statistical analysis of the deep reactive ion
etching process, for use in the production of silicon mould inserts,
are also presented.

Polymer micro-injection moulding results

This chapter details the results gathered during the statistical
analysis of polymer micro-injection moulding. Examining the
effect of process factors on replicate part mass, pillar height and
width and the variation of the replicate features from the original
mould insert. The variation in the physical appearance of
fabricated the samples produced during the statistical

experimental analysis is also presented
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Chapter 6:

Chapter 7:

Chapter 8:

Chapter 9:

Chapter 10:

Metal injection moulding results

This chapter presents the results gathered during the statistical
analysis of metal powder injection moulding. Examining the
physical appearance of fabricated samples and the effect of
process factors on part mass, pillar height and width and the

variation of the replicate features from the original mould insert.
Droplet behaviour results

This chapter outlines the results obtained through the
examination of droplet behaviour, with regards to contact angle,
‘channelling’ and evaporation, on silicon, polymer and metal

powder micro-structured surfaces.
Discussion

This chapter presents the main findings and discusses the
observations made of the processes and samples fabricated

during this research.
Conclusion

This chapter details the conclusion draw from the information
obtained and outline within this thesis and presents the
contributions to knowledge achieved during the course of this

research.
Future work

This chapter puts forward suggested future research to be
undertaken to further fill the remaining gaps in knowledge

identified during the course of this research.
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2 Literature review

To understand how the aims and objectives of this research can be realised a
review of the literature has been undertaken. This chapter encompasses a
review of the state-of-the-art with regards to the fabrication of micro-textured
surfaces (2.3) and droplet behaviour on micro-textured surfaces (2.4). Through
this review the identification of gaps within the current knowledge are to be
identified and recommendation made for the filling of these gaps.

2.1 Polymer injection moulding

Injection moulding is a low-cost, high throughput, cyclic manufacturing
technigue used in the mass production of complex polymer parts (Figure 2.1).
Polymer heated above its glass transition temperature (Tg) is forced into a
mould cavity under high pressure where it solidifies and takes on the shape of
the mould cavity along with any surface features from the mould insert/master
13, The newly produced polymer replicate is then ejected from the mould and
the replication cycle starts again. The time taken for each replication cycles

ranges from a few seconds to a few minutes 13,
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The injection mould which replicates the surface features is known as a mould
insert or master. The mould insert is manufactured prior to polymer replication
via several possible methods i.e. e-beam writing and lithography 3. Mould
inserts are generally made from silicon, however silicon is brittle and is liable to
break during repetitive replication cycles when replicating high-aspect-ratio
structures 0. When replicating surfaces which contain high-aspect-ratio features
electroforming can be used to produce a metal shim which can then be used as
a mould insert in multiple replication cycles in the place of the silicon mould
insert. There are a variety of advantages to the use of injection moulding: Low-
cost, high-throughput, can be used with a range of thermoplastics, short cycle
times and low equipment maintenance costs compared to lithographic methods
13, However, like all processes there are disadvantages to injection moulding:
polymer shrinkage, warpage ** and incomplete filling of high-aspect-ratio
structures due to the solidification of polymer at mould surface 32 103 140; 213
These issues can be controlled by altering the process parameters, which
include: injection speed (Vi), holding pressure (Pn), air evacuation of the cavity,

cooling time, melt temperature (Tp) and mould temperature (Tm).

Injection speed is only a parameter during the filling of the mould cavity 7. A
high injection speed increases shear rates of the polymer and decreases the

melt viscosity thereby improving filling of the features of the cavity 8% 177,

Holding pressure is used during the holding stage to prevent the polymer melt
from flowing back out of the mould and to compensate for shrinkage of the
polymer 177, However increasing holding pressure can also increase stress on

the part 12 which could cause issues during demoulding.

Evacuating air from the mould cavity can improve filling of mould features and
also the quality of the finished part. However it can also lead to a decrease in

mould surface temperature which can affect filling of mould features 177,

Cooling time is the time a replicate is held in the mould between injection and
demoulding. This cooling period allows the replicate to reach a uniform ambient

temperature prior to demoulding thereby reduction shrinkage 8° and warpage 3.

10
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Melt temperature can be used to improve filling of mould cavities. An increase in
melt temperature can cause the viscosity of the melt and the shear stress to
decrease thereby making it easier to fill high aspect ratio structures 8% 177,
However, this is not the case for all polymers as in some cases the shear rate
increases at higher melt temperatures &. Melt temperature can be considered
one of the more important parameters when observing high aspect ratio feature

replication 140,

Mould temperature is an important parameter to be considered before
replication can occur. The temperature difference between the melt temperature
and mould temperature can cause premature solidification of the polymer at the
entrance to high aspect ratio features 13 103 1400 213 ncreasing mould
temperature to above the Tg of the polymer can decrease melt viscosity and
improve filling of high aspect ratio feature by reducing or preventing the
solidification of the polymer melt 8% 177: 210 Resulting parts are of better quality
with improved optical properties, dimensional accuracy, stability and have
reduced residual stress 20, However, an increased mould temperature also
leads to an increase in the replication cycle time as the mould temperature must
be decreased prior to demoulding. It should be noted that increasing mould
temperature does not always improve cavity filling as different polymers react

differently to the increased temperature /7.

2.1.1 Polymer micro-injection moulding

The micro-injection moulding process is similar to that of conventional injection
moulding. However, replicate features are focused on the micro- range, which
are characterised by high surface area/volume ratio (SA/V) featurest®s,
Compared to conventional injection moulding the micro injection moulding
process uses higher injection rates, shorter cycle times and rapid cooling of the
polymer melt'%3, However, the rapid cooling of the polymer melt can lead to the
premature freezing of the polymer melt at the entrance to the high SA/NV
features!® 76 140 186; 199 Process factors must therefore be adjusted within the

micro-injection moulding process, such as increasing melt and mould

11
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temperatures, to allow for the complete filling of the high SA/V features?? 75 140;
186 Review papers of polymer micro-injection moulding (uIM) published over the
last five years (since 2009) were examined to establish the state-of-the-art in
polymer micro-injection moulding®3 21% 225 Parts fabricated via micro-injection
moulding have been used for numerous applications??® include: cosmetic and
pharmaceutical packaging, biomedical devices (microneedles and scaffolds),
micro-optical applications (gratings and lenses), micro-mechanical application
(micro-springs and gears), sensors, acutators, micro-pumps (for drug delivery
systems) and microfluidic medical diagnostic devices'® 2'°, There is also
evidence of polymer micro-injection being utilised in the production of specific
dosage drug delivery systems instead of the more common dip-moulding
techniqgue. However, the production of these specific dosage drug delivery
systems using polymer micro-injection moulding is limited by the thermal

stability of the drugs in question?19,

2.2 Powder injection moulding

Review papers of powder injection moulding (PIM) published over the last five
years (since 2009) were examined to determine the state-of-the-art in powder
injection moulding® 166 172 Five types of powder injection moulding were
identified.

2.2.1 Micro-powder injection moulding

Components produced via micro-powder injection moulding (uPIM) can be

categorised into one or more of three categories® 1:
(1) Micro-part: maximum feature size 10 mm

(2) Micro-structured part: dimensions between several mm and several

cm. 3D microstructures on surface

12
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(3) Micro-precision parts: tolerance in micro-range but some sections can

be of unlimited size

The feedstocks used in uPIM can be metals (carbonyl iron, stainless steel,
nickel-iron alloy, copper or tungsten-copper alloy) or ceramics (aluminium oxide,
zirconium oxide, yttris-stabilised zirconia or lead zirconate titanate®).
Feedstocks also contain polymer binders and additives to enhance
processability®. The process of uPIM involved four main steps: feedstock

preparation, injection moulding, debinding and sintering (Figure 2.2).

Binder

Yy

Feedstock Preparation :> I Micro-injection Moulding

I Inspection and Metrology I <: Sintering <: Debinding I

-~ eeer AT A A IS

o)

Py

Figure 2.2 Micro-powder injection moulding process®

13



2. Literature review

2.2.2 Low-pressure injection moulding

Low-pressure injection moulding (LPIM) is a low cost manufacturing technique
which results in less wear of the mould insert. It is an alternative to the more
expensive pPIM during product development, when production numbers are
small. However, due to the low pressure used this technique is only suitable for

powder-melts with low-viscosity binders®®,

2.2.3 Nano-powder injection moulding

Nano-powder injection moulding (nPIM) can be utilised for the mass production
of electrodes and micro-gears. However, the mould insert must be lubricated

prior to injection to aid in demoulding?®®.

2.2.4 Micro-sacrificial plastic mould insert micro-injection moulding

The micro-sacrificial plastic mould insert micro-injection moulding technique (p-
SPiMIM) was developed to improve the filling of narrow cavities, demoulding
and handling of fragile replicates during debinding and sintering?®®. The p-
SPIMIM process can be simplified into three steps: (1) manufacture of
sacraficial mould insert, (2) injection of feedstock and ejection of mould insert
and replicate as one component, (3) removal of sacraficial mould insert and

polymer binder, followed by sintering6®.

2.2.5 Co-powder injection moulding

The co-powder injection moulding (2C-PIM) technique can be used to produce
fixed multi-component parts i.e. components comprising of soft and hard
materials or magnetic and non-magnetic materials. Or movable multi-
component parts’?. Two injection units are used to inject the feedstocks into

the moulds either simultaneously or successively’?. Both metal (17-4PH,

14
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carbonyl iron, 316L, titanium and tungsten) and ceramics (zirconia, alumina,

silicon carbide and silicon nitride) can be used*’2.

2.3 The fabrication of micro ‘textured’ surfaces

The surface chemistry of a sample is an important factor to be taken into
account when manufacturing surface sensitive devices as the chemical
composition of a sample determines the free energy of the surface, which in
turn influences the wettability of the surface 1°°. The wettability of a surface can
however, be adjusted and controlled by making alterations to the surface

chemistry either chemically or topographically.

Chemical alterations are used to increase and decrease the wettability of a
sample surface by making it more or less hydrophobic than the bulk of the
sample 3% 61 158227 Topographical alterations to a surface are used to increase
the surface roughness, thereby increasing the hydrophobicity of a surface. The
increased roughness of the surface causes an increase in the contact angle of
droplets on that surface, making it easier for the droplet to freely move across
the surface due to the increased hydrophobicity 48 49: 62 142; 143,179 However, the
droplet must be suspended on top of the topographical features with air trapped
below it, forming a composite structure, in order for the droplet to move freely
across the surface #2. A combination of both chemical and topographical surface

alterations can also be used to achieve desired surface wetting properties 33 100
139; 208; 215; 226.

Chemically altering the surface chemistry of a sample involves the application of
a coating to the sample surface. These coatings effectively alter the chemical
composition of the surface whilst leaving the bulk of the sample unchanged 1%,
There are a variety of methods used to coat sample surfaces depending on the
coating selected. Yang 2°8 used spin-coating to deposit Teflon onto the surface
of selected samples and plasma-enhanced chemical vapour deposition to

deposit PPFC (CsFs) onto separate samples in order to increase the

15
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hydrophobicity of the surfaces. Zhu %27 used chemical vapour deposition (CVD)
of dodecyltrichlorosilane to create a chemical gradient on a sample surface.
Gao % deposited dimethylchlorosilane (DMCS) onto structured silicon wafers
using a vapour-phase reaction lasting 3 days at ~ 70 °C. Oner 52 also used
vapour-phase reactions to deposit organosilanes such as:
dimethyldichlorosilane (DMDCS), n-octoyldimethluchlorosilance ODMCS) and
heptadecafluoro-1,1,2,2-tetrahydrodecyldimethylchlorosiane  (FDDCS) onto
silicon samples, each reaction lasting 3 days at 65 - 70 °C. Youngblood 2" used
a combination of etching and sputter-coating to coat a sample in
poly(tetrafluoroethylene) (PTFE). In their paper on perfectly hydrophobic
surfaces Gao and McCarthy ® coated silicon wafers in a toluene solution at
room temperature by submerging the silicon wafer in the solution. Also in their
2006 paper on ‘artificial lotus leaves’ Gao and McCarthy coated two textile
samples by dipping them into a toluene solution of 4 wt% methylsilicane . As
well as chemically coating samples self-assembles monolayes can also be used
to chemically alter a samples surface composition. Both Yeh 21! and Bico %2
grafted self-assembled fluorosilianted monolayer's onto sample surfaces in
order to alter the surface wettability. Zhu 2?6 also used grafting of self-
assembled monolayer’s to alter the wettability of sample surfaces however, the

monolayer in this case was octadecyltrichlorosilane (OTS, CsH3z7ClsSi).

Topographically altering the surface chemistry of a sample involves the physical
structuring of a sample surface, by removing areas of the sample surface or by
moulding a sample to create a 3D structured surface. Altering the topography of
a sample is also known as altering a samples surface roughness which is an
important feature in determining the hydrophobicity of a surface 3. To date
there have been many studies using and examining surfaces which are
topographically structured with pillars 2 24 33; 39; 42; 62; 63; 106; 132; 143; 153; 161; 179; 207;
209; 211; 212, 215; 226 pillar structures are the topographical feature of choice when
constructing a surface which is hydrophobic enough for a droplet to move freely

across the surface 3% 62 179; 208; 212; 215, 226 thjs js mainly due to the increased
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surface roughness created by high-aspect-ratio pillars compared to other
topographical structures such as channels and ridges.

2.3.1 Design effects of specimen and mould

The choice and design of mould inserts used during micro-moulding is of great
importance as it must be able to withstand the strain of the repetitive moulding

process.

Due to the high pressures exerted during injection moulding silicon inserts can
fracture during the replication of high-aspect-ratio features. Therefore, when
performing multiple replications of high-aspect-ratio features it is more suitable

to use a metal insert

There are several journal papers that demonstrate the use of nickel inserts in
micro-injection moulding for the replication of structures in the nano range ©° 86
88; 89; 99; 101; 107; 108; 131; 140; 152; 160; 164; 180; 196; 213_ The use of a nickel insert in micro-
injection moulding allows for more replication cycles as nickel is more durable
than silicon which is liable to break during repetitive replication cycles especially
when replicating high-aspect-ratio structures ©°.

The features on structured silicon inserts can be transferred to a nickel shim via
the application of a conductive seed-layer followed by electroplating 6% 101 3L
140, 164 The conductive seed layer increases the rate of metal deposition and
improves adhesion of metal particles to the silicon insert as interactions
between silicon and deposited metal particles are very weak 1. The conductive
seed-layer can be applied either by electroless-deposition or sputter-coating.

Alternatively the surface features can be structured directly on the nickel
substrate via techniques such as deep reactive ion etching or micro-milling.
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2.3.2 Statistical experimental analysis

Statistical experimental design is a technique used to optimise processes by
examining the effect of altering factor levels on a selected response. Statistical
analysis of the data gathered can determine which factors have a significant
upon the process, making it easier to identify factors of interest. During an
examination of the available literature it was noted that the use of statistical
design to examine the fabrication of polymer and metal powder pillar features
via micro-injection moulding was rather sparse. The use of statistical
experimental design to examine the deep reactive ion etching process was also

examined and also found to be minimally covered within the literature.

2.3.2.1 Polymer micro-injection moulding

Many people have used statistical experimental design, both design of
experiment and Taguchi, to examine the effect of process factors on the micro-
injection moulding of polymers. Features examined range from tensile bars 155
189 and gears 8 176 to micro-channels 87 188 have been identified within the

literature.

Ming-Shyan Huang & Hong-Hua Ku &8 used the Taguchi approach to optimise
the mould temperature, melt temperature, holding pressure and injection speed
relating to the production of pyramid structures in polymethyl methacrylate
(PMMA).

Griffiths et al 7° et al also used the Taguchi approach. They examined the effect
of barrel temperature, mould temperature, cooling time and ejection time of the
demoulding behaviour of acrylonitrile butadiene styrene (ABS) and

polycarbonate (PC) microfluidic platforms containing pin features.

Of the many literature sources examined only Sha et al 1’® were found to use
the design of experiment approach to examine the fabrication of micro-scale
pillar arrays. They examined the effect of barrel temperature, mould

temperature, injection speed and distance between micro features on the cavity
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filling. The circular pillars, 100 um and 150 um in diameter, using polypropylene
(PP), polyoxymethylene (POM) and acrylonitrile butadiene styrene (ABS)
feedstocks.

Others have also examined the fabrication of pillars in the micro and nano
range using polymer micro-injection moulding though not using statistical

experimental analysis.

| Saarikoski et al 173 174 fabricated pillars 18 — 60 um and 16 — 21 um in
diameter using polycarbonate (PC) and thermoplastic elastomers TPE1 and
TPE2. S.G. Li et al 17 fabricated polyacetal pillars 100 pm in diameter. Y.E. Yoo
et al 213 produced non-uniform nano-pillars 200 nm in diameter using PP and
PC feedstocks. N. Lee et al 11° used polycarbonate (PC) to produce nano-pillars
35 nm in height. H Pranov et al % fabricated nano-pillars 310 — 3100 nm in
diameter using polystyrene (PS) and polycarbonate (PC) feedstocks. D
MaCintyre et al '?° also used polystyrene (PS) and polycarbonate (PC)
feedstocks to fabricate pillars 150 nm in diameter.

From this review of the literature it would appear that there is a gap in the
current literature relating to the statistical analysis of polymer pillar feature

arrays via a design of experiment approach.

The fabrication of sub-micron pillars has already been displayed in the literature
however, statistical analysis of pillar features below 100 um has not been
identified.

2.3.2.2 Metal powder micro-injection moulding

With regards to the use of statistical experimental design in the fabrication of
metal powder replicates via micro-injection moulding there are several cases in

which the Taguchi approach has been utilised.

H. P. Li 113 and M.H.I. Ibrahim et al ®° examined the effect of injection pressure,

injection temperature, injection time, powder loading, mould temperature and
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holding time on the fabrication of micro dumb-bell and dog bone features in
316L stainless steel.

S. W. Lee et al ! demonstrated the effect of filling time, feedstock melt
temperature, mould temperature and the percentage of the cavity volume filled
on pressure, temperature and velocity-related outputs. The moulded feature in
question was a tensile bar and the feedstock’s examined were 316LS, 60LS %,

Alumina and 56LS % with a wax binder.

K Lee et al 1% produced hook-shaped parts using polypropylene (PP) and 316L
stainless steel with a wax polymer binder. They examined the effect of melt
temperature, shot size, gas delay time and gas pressure on the gas penetration

and residual wall thickness of the moulded parts produced.

K.R. Jamaludin et al ®® moulded tensile bars using 316L stainless steel. They
examined green defects, strength and density of the tensile bars and how they
were effected by mould and holding pressure, mould and melt temperature,

cooling time, moulding rate and holding time.

R Urval et al 19 fabricated plates using a 316L stainless steel with a wax binder
feedstock. They examined filling time, melt temperature, mould temperature and
switchover position on the injection pressure, clamping force, melt front

temperature difference and the maximum shear rate.

It was noted that the material of the mould inserts used in these papers was not

mentioned.

The production of pillar arrays using metal powder feedstock was also found
within the literature though in a lesser quantity than other parts and features.

G. Fu et al ® fabricated 316LS micro-pillars 60 pm and 40 um in diameter using
a silicon mould insert. G. Fu et al ¢ also fabricated 316LS circular column
arrays comprising of columns 100 um and 60 um in diameter once again using

a silicon mould insert.
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Z.Y. Liu et al 1% fabricated both square and circular pillar arrays using a silicon
mould insert. They examined the fabrication of such features using Alumina,
Lead zirconate titanate (PZT) and 316LS feedstocks.

From this review of the available literature it would appear that the examination
of pillar arrays using statistical experimental design represents a gap in the
literature. The production of metal pillars below 40 um in diameter is also

identified as a gap in the current literature.

2.3.2.3 Deep reactive ion etching

From the examination of the literature it was found that the use of the design of
experiment approach relating to the deep reactive ion etching process was not
very wide-spread. Three of the papers 1% 137 150 found examined the effect of
given factors on the angle of the feature sidewall. However, the measurement of
feature undercut as a response was not found within the literature. Only one

paper was found to discuss the examination of pillar arrays.

G. J. O'Brien et al 10 examined trench features etched into silicon and how the
trench depth, lateral trench etch, trench sidewall angle and aspect ratio
dependent etch were affected. They found that the most significant factors
common for all four of the responses were etch cycle time, passivation cycle

time and RF coil power.

G. M . Beheim et al '° also examined trenches 100 — 150 um in depth etched
into single-crystal silicon carbide. The effect of the temperature of the wafer
chuck, chamber pressure and concentration of Oz and Ar gas on the trench
depth, slope of the sidewalls, surface roughness and etch rate of the deep
reactive ion etching process. They determined that a high pressure within the
chamber was required for more vertical sidewalls and a higher concentration of

O2 and Ar is required for a smoother surface.
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A.Baram et al 1’ used the process pressure and bias power to examine their
effects on the etch rate of Pyrex cavities 47 um in depth. The factor levels used
were based on the capabilities of the equipment used. It was determined that
the process pressure had little effect on the etch rate while the etch rate was

linearly proportional to the bias power.

The fabrication of Fresnel lenses in silicon was examined by T. Nachmias et al
145 They examined how the chamber pressure, electrode power and CF4 : O2
gas flow affected the selectivity of the etch. They determined that the electrode
power has less of an effect on selectivity than either chamber pressure or CF4 :
02 gas flow.

Only K. Miller et al *3” were found to have examined the effect of factors on the
etching of micro-pillar arrays. They examined the effect of etch and passivation
cycle time, platen power and coil power on the feature profile angle, scallop
depth and scallop peak-to-peak distance. They determined that the profile angle
decrease when the platen power was increased. However when then platen
power was kept constant and the cycle times were increased the profile angle

also increased.

2.4 Behaviour of droplets on micro-textured surfaces

Surface wetting is a key function and has been explored in a vast array of
technologies from self-cleaning coatings 4% 79 96: 169 tg droplet transport 79: 96: 191,
In many of these areas the development of a superhydrophobic surface is
desirable as it allows for the free movement of droplets, known as the lotus-
effect.

The lotus-effect is a term used to describe a superhydrophobic surface on
which a droplet can move freely. Many plants and insects are partially if not

completely water-repellent 2 and none have been studied more so than the
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The lotus leaf has gained much attention in the academic world due to its self-
cleaning properties 4% 169 194 and it is considered to be the archetype of natural
water-repellency 2. The lotus leaf is highly water-repellent due to its two
hierarchical surface structures which consist of 10 um bumps covered in
submicron microfibers 27 (Figure 2.3). The surface combines features on the
micro- and nanoscale % to form a highly rough surface on which a droplet will sit
with high contact angles (Figure 2.4) these high contact angles result in a low
contact angle hysteresis which in turn allows the droplet to move freely across

the surface.

Figure 2.4 Water droplet on a lotus leaf %
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The lotus leaf effect and the concept of increasing surface roughness to

improve the hydrophobicity of a surface is now common place within the
literature 42; 48; 49; 61; 62; 148; 169; 179; 208; 226_

2.4.1.1 Measurement of surface wettability

The characterisation of surface wettability is determined by examination of the
contact angle (6¢) of a droplet on the surface of interest. The contact angle of a
droplet increases as a surface becomes more hydrophobic. Therefore by
examining the droplet contact angle on a surface the surface can be

characterised and the surface wettability identified 2% 33: 39,

A surface can be categorised according to the contact angles observed. A
contact angles below 90 ° indicates a hydrophilic surface whereas a contact
angle of above 90 ° indicates a hydrophobic surface 23. Also droplets on a
hydrophobic surface which display contact angles of 150 ° and above can be

categorised as superhydrophobic 49 148; 161; 169; 207; 211

The contact angle of a droplet is obtained through the measurement of the
angle between the solid-liquid and liquid-vapour interfaces (Figure 2.5).

Solid
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Figure 2.5 Schematic of droplet contact angle and interfacial tensions on a

sessile droplet 18

Measurement of contact angles is one of the key methods of characterising

surface wetting. Thomas Young %16 stated:

“For each combination of a solid and a fluid, there is an appropriate angle of

contact between the surfaces of the fluid, exposed to the air, and to the solid”

Assuming an ideal flat surface a droplets surface contact angle (6y) can be

determined by the Young’s equation 22 70: 148,

Equation 1 COS6ey = Ysv — YsL / YLv

ysL, Yov and ysv being the interfacial tensions of the solid-liquid, liquid-vapour

and solid-vapour interfaces (Figure 2.5).

However, the young’s equation does not apply on rough surfaces such as a flat
surface structured with uniform pillars of controlled geometry (Figure 2.6). The
pillar geometry for these surfaces is determined by the pillar width (a), the

spacing between pillars (b) and the pillar height (h) (Figure 2.7).

25



2. Literature review

Figure 2.6 a) Smooth surface structured with pillars, b) Droplet in Wenzel state,
c) Droplet in Cassie-Baxter state 161 169 207: 226

[ ]

Figure 2.7 (a) gap length, (b) pillar size, (h) pillar height 17207
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These dimensions can also be used to calculate the roughness ratio (r) of a
surface (Equation 2) and also the surface area fraction (&) of the pillars 17°
(Equation 3).

Equation 2 r=4bh + (a+h)?/ (a+b)?

Equation 3 @ =b?/ (a+b)?

When determining the contact angle of a droplet on a rough surface there are
two states the droplet can conform to. These are the Wenzel state, identified by
Wenzel in 1936 %8 and the Cassie-Baxter state, identified by Cassie and
Baxter in 1944 28,

In the Wenzel state the surface undergoes complete filling of the spaces
between pillars by the droplet, known as homogeneous wetting ? (Figure 2.6).
The apparent contact angle (6w) for this surface can be determined using the

Wenzel equation 85 169179195 (Equation 4).

Equation 4 cos 6w =r cos By

Alternatively the droplet may conform to the Cassie-Baxter state in which the
droplet is in contact with a composite surface, known as heterogeneous wetting
2. The apparent contact angle for the droplet in this state (6cg) can be
determined using the Cassie-Baxter equation 6% 16% 169 179 (Equation 5 and

Equation 6).

Equation 5 cos 6CB = @1 cos 8y1 + &2 cos 0y2
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Equation6 @1=@2=1

When considering a “Fakir” droplet on a composite surface consisting of solid
pillars and vapour (Figure 2.6), the Cassie-Baxter equation can be simplified 17°

(Equation 7).

Equation7 cosBr=@(cosb,+1)-1

The contact angle of a droplet on this surface is obtained from the surface area
fraction of the solid surface (&) which has a contact angle (6y) calculated from
the young’s equation and the surface area fraction of the liquid-vapour interface
(1-@) 17°. As the liquid-vapour interface is freely suspended between the pillars

it is assumed to obtain a contact angle of 180 ° 179

The contact angle of a droplet can be measured using either the sessile droplet
or dynamic droplet technique. The sessile droplet technique uses a goniometer
in conjunction with a microscope and some form of image capturing equipment
I.e. digital camera, to measure and record the contact angle of a static sessile
droplet 3% 217 Alternatively the contact angle can be measured by using video

recording equipment incorporated with digital analysis software 64 211,

The dynamic droplet technique #? uses the same equipment for measuring a
droplets contact angle as that used in the sessile droplet technique. However,
rather than simply recording a value for the droplets static contact angle the
droplets volume is increased and decreased in order the find the advancing and
receding droplet contact angles. The advancing contact angle is the largest
contact angle obtainable before the solid-liquid interface of the droplet increases
due to increase droplet volume %%, The receding contact angle is the smallest

contact angle value before the solid-liquid interface decreases due to a
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decrease in droplet volume 14°. The difference between the advancing and
receding contact angles measurements can then be used to determine the
contact angle hysteresis of a droplet, the lower the contact angle hysteresis the

more hydrophobic the surface.

Equation 8 0a—6r=0x

A low hysteresis value also indicates that a droplet will move more freely across

the sample surface than a droplet with a high hysteresis value 33,

2.4.1.2 Wenzel & Cassie-Baxter debate

In recent years there has been much debate concerning the validity of the
Wenzel and Cassie-Baxter equations. In 2007 Gao & McCarthy % outlined
concerns over the validity of these equations, it was proposed that the contact
angle behaviour of a droplet is determined by liquid-solid interactions at the
three-phase line (Figure 2.8) rather than the surface area beneath the droplet.
Gao and McCarthy's subsequently 65 67-6° gutlined experimental data which
indicated that the area under a droplet does not affect the contact angle.
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Figure 2.8 Schematic of three-phase contact line

Gao and McCarthy 65 6% examined the behaviour of a purified water droplet on
three two component surfaces. The first surface (a) was a hydrophilic spot in a
hydrophobic field, the second surface (b) was a rough spot in smooth field and

the third surface (c) was a smooth spot in rough field (Figure 2.9).
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Figure 2.9 (a) hydrophilic spot in a hydrophobic field, (b) rough spot in smooth

field, (c) smooth spot in rough field % 6°

When examining surface b Gao and McCarthy found that the droplet possessed
a high contact angle (ea ~ 168 °) when on the rough spot however, when the
droplet expanded past the rough spot and began to spread onto the smooth
field the contact angle decreased. When the droplet surface area incorporated
both the rough spot and the smooth field the contact angle was found to have
decreased to ea ~ 117 °. For surface C the reverse was observed, when the
droplet was placed on the smooth spot a low contact angle of ea ~ 117 ° was
observed. As the droplet was advanced to the edge of the spot the droplet
became pinned to the rough perimeter and a contact angle of ea ~ 168 ° was

observed.

Gao and McCarthy 68 6° also examined droplet wetting on trough features
structured into a high density polyethylene block. The base of the troughs was

coated with varying amounts of a hydrophilic monolayer and covered with water
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until the coated areas were covered (Figure 2.10). When the high density
polyethylene block was tilted the water was observed to move along the

troughs.

A

Figure 2.10 (a) parallel troughs milled into a high density polyethylene block, (b)
hydrophilic monolayer stripes adsorbed onto base of troughs, (c) hydrophilic

Stripes covered with water 8 ©°

Gao and McCarthy’s work suggests that the advancing and receding contact
angles and the contact angle hysteresis of a droplet are independent of the
surface structure under the droplet. Rather it is the structure of the surface at

the three-phase line which determines the contact angles of the droplet.

Following the publication of Gao and McCarthy’s controversial paper there have
been several publications in response to the questioned validity of the Wenzel
and Cassie-Baxter equations 24 129 132,156, 212 \cHale 132, Panchagnula %%, and
Marmur 12° each determined that the Wenzel and Cassie-Baxter equations were
found to be invalid by Goa and McCarthy due to the surfaces used during the

experimental investigation. Mamur stated that for the Wenzel and Cassie-Baxter
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equations to apply the droplet must be sufficiently larger than the surface
roughness and in the case of the surfaces observed by Gao and McCarthy the
droplet size is too small 12°. A key assumption, highlighted by McHale, in the
use of the Wenzel and Cassie-Baxter equations is that both the surface
roughness and surface area fraction must be constant across the entire surface
for these equations to apply. Therefore the Wenzel and Cassie-Baxter
equations should not be used on the surfaces reported by Gao and McCarthy
as the surface roughness features are located in isolated areas of the surface
and do not represent the surface as a whole %2, Panchagnula was of the
opinion that Goa and McCarthy’s calculations were incorrect due to the
incorrect choice of surface area fractions 8. It would appear that the common
theme which can be drawn from these papers is that the Wenzel and Cassie-
Baxter equations are valid as long as certain assumptions are considered i.e.
uniform roughness across the whole surface 32 and the droplet is larger than

the surface roughness 12°.

As well as those who disagree with Gao and McCarthy’s analysis of the Wenzel
and Cassie-Baxter equations, their paper also prompted others to look at the
eguations in more detail to determine the accuracies and variations between the
calculated values and those obtained experimentally. Y. Erbil 212 evaluated the
difference between the theoretical (calculated) and experimental contact angles
of 166 patterned surfaces containing either cylindrical or square posts (pillars)
to determine the validity of the Wenzel or Cassie-Baxter equations. It was
determined that of the 166 surfaces evaluated the theoretical Wenzel equation
was found to be incorrect for 74 % of the cylindrical post surfaces and 58 % of
the square post surfaces 22, Concerning the Cassie-Baxter equation, it was
determined that the equation was still valid although it should be applied with
caution as the droplet does not always take on a perfectly 'Fakir' state and can
instead sit at an intermediate position between the Wenzel and 'Fakir' state in
which the droplet partially fills the cavities between the posts (Figure 2.6).

Currently, despite this debate as to the validity of the Wenzel and Cassie-Baxter
equations the use of these equations has yet to disappear from the current
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literature on superhydrophobic surfaces. However, there are those out there
who make the point of avoiding the use of these equations due to the

uncertainty concerning the validity 207,

Due to the continuing debate concerning the Wenzel and Cassie-Baxter
equations it has been decided that these equations will not be used to

determine the hydrophobicity of the surfaces developed during this research.

2.4.1.3 Droplet Movement on a surface

The movement of a droplet across a surface is an important feature in many
applications from self-cleaning coatings to microfluidic devices. When observing
droplet movement a probe fluid is generally used, with the most common probe
fluid used being deionised water, although other probe fluids such as ethylene

glycol 2?7 can also be used.

Droplet movement on a surface can be due too many factors. External factors
like vibration and sample tilting can be used to force movement on a droplet 7°,
if the sample itself has conductive properties electro-wetting can be applied to
move and spread droplets across the surface % 106, Chemical or topographical
alteration to the surface can also be used to influence the ease at which a
droplet can freely move across a surface. However, for the droplet to move at
all on a surface it must first possess a low contact angle hysteresis ¢ (Equation
8).

Chaudhury and Whitesides 3! developed a surface with a chemical gradient
which caused a gradient in the surface free energy of the sample making it
possible for a water droplet to move uphill. The gradient surface was deposited
onto a silicon wafer by a vapour-phase reaction with decyltrichlorosilane
(ClIsSi(CH2)9CHs3). Although the chemical gradient itself is not enough to make a
droplet move, the surface must also have a low contact angle hysteresis and be
free from defects which could cause pinning of the droplet to the surface. During

this study Chaudhury and Whitesides observed droplets moving up an incline of
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~ 15 ° from the horizontal plane, it was also noted that the droplet moved more
rapidly when at the start of the gradient than at the end.

Shastry 17° used a regular array of 2D square pillars to create a rough surface
and examined how vibrational energy can be used to overcome pinning of
droplets to allow them to move across the surface. The surfaces were
structured using photolithography and deep reactive ion etching to from pillars
with dimensions for gap length and pillar width ranging from 4 — 8 mm, these
formed a textured gradient surface with uniform linear changes along the length.
A speaker diaphragm was used to create the vibrations and it was found that
droplet pinning could be overcome by subjecting the sample to the external
vibrational energy. Shastry also noted that droplets of different volumes came to
a stop at different positions along the surface gradient.

Gao and McCarthy % compared a droplets ability to move across surfaces
structured with rhombus posts (Figure 2.11). The surfaces were subjected to
either vapour-phase deposition with dimethyldichlorosilane (DMDCS) to
produce rhombus posts with smooth chemically modified surfaces (surface a) or
a solution reaction with methyltrichlorosilane which created a nanoscopic
second length scale topography on the post tops resulting in a surface with two
length scales of topography (surface b). It was found that water droplets did not

come to a rest on surface b, but instead rolled freely around the surface.
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Figure 2.11 (a) rhombus post with chemically modified tops, (b) rhombus posts

with second length scale topography ©2

Zhu 2?7 used silicon wafers with surface energy gradients created using
chemical vapour deposition (CVD) with dodecyltrichlorosilane to demonstrate
how droplets will move along a surface from a hydrophobic region to a
hydrophilic region. It was noted that droplets moved along surfaces from
hydrophobic to hydrophilic regions due to the varying surface energies between
the regions. A droplet will preferably wet an area with a high surface energy
thereby forming a droplet with a low contact angle. Therefore the droplet will
move from the hydrophobic to hydrophobic regions on the gradient surface so

that it may wet the surface with the highest surface energy.

Fang “8 proposed a design of surface geometry for microfluidic channels which
spontaneously moves droplets across a surface (Figure 2.12). Using computer
simulations it was found that small pillar width and spacing values were required
to obtain a surface roughness structure with low free energy barriers which
results in a small hysteresis, thereby allowing droplets to move across the

surface.
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Figure 2.12 Schematic of Fang’s proposed surface geometry 4

Moradi *® also used computer simulations to design a surface on which
droplets would move spontaneously. It was found that the arrangement of pillars
on the surface significantly influenced the dynamics of the droplet. Two surface
deigns were constructed, each with a different arrangement of pillars but the
same pillar density. Surface A contained pillars of two different dimensions
arranges in a uniform pattern, surface B also contained pillars of two
dimensions but arranged in a ‘chessboard’ pattern (Figure 2.13). It was found
that the droplet moved further on surface B.
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Figure 2.13 (A) pillars in uniform pattern, (B) pillars in ‘chessboard’ pattern 43

Droplet movement on a surface can be captured and observed using a high-
speed CCD camera connected to a computer through which the footage can be
analysed 158 179 227: the camera can also be connected to a goniometer 139 158
so that the droplets contact angle can be recorded before and after its

movement.

2.4.1.4 Droplet evaporation

A natural process which every liquid droplet undertakes is evaporation.
Evaporation occurs when the atmosphere directly surrounding the droplet is not
saturated with the evaporating substance * and liquid from the droplet surface

is released as vapour into the surrounding atmosphere.

Once the size of a droplet is decrease to the micro-range the effect of surface
tension and gravity on the droplet shape begins to change. In the case of
microliter droplets the effects of the droplet surface tension is greater than that
of gravity resulting in the formation of a droplet with a spherical cap shape?-.

These spherically caped droplets can be characterised by four factors: droplet
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height (h), droplet contact radius (rn), contact angle (e) and the radius of the
sphere forming the spherical cap (Rs) * (Figure 2.14).

The evaporation kinetics of a droplet are measured by analysing the change in

droplet profiles of these four factors 2%.
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Figure 2.14 Factors characterising a spherical cap droplet on a substrate, droplet
height (h), droplet contact radius (rp), contact angle (o), radius of the sphere
forming the spherical cap (Rs) *

A spherical cap droplet can be characterised by any two of these factors 44.The
relationship between the two radii, contact angle and the volume of the droplet
(Vsph) at a particular moment in time can be defined by (Equation 9 - Equation
11)%4.

Equation 9 Ry, =Rssine

Equation 10 Rs=(3Vsph / T B)
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Equation 11 B = (1 - cose)? (2 + cose) = 2 — 3 cose + cos’e

The height of the spherical cap droplet is related to the two radii and contact

angle by (Equation 12 and Equation 13) #.

Equation 12 h =Rs (1-cose)

Equation 13 h =r,tan (e/2)

Droplets have been observed to exhibit three phases during evaporation on a
smooth planar surface. Phase | is the initial pinning of the droplet with a
constant contact area (base diameter). In phase Il the droplet recedes with a
constant contact angle. Phase Il is the simultaneous decrease in the droplet

contact angle and the droplet base diameter 4573 133 147; 204-206

When examining the evaporation of a droplet on a patterned surface, or a
droplet containing nanoparticles, phase | is noted to last longer than when
observed on a smooth surfaces 47 204206 A second pinning phase is also
observed, prior to phase Ill, in which the droplet changes state from Cassie-
Baxter to Wenzel, penetrating and wetting the surface features 242%, During this
phase the contact area between the droplet and the surface increases as the
droplet fills the feature cavities (Figure 2.15). The resulting pinning slows the
receding of the droplets three phase line making the process of evaporation last

longer than when observed on a smooth surface.

Surface features can also affect the direction of droplet evaporation by causing
different areas of the three phase contact line to recede more easily than others

due to contact pinning 22°
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(c) surface wetting

(d) decrease in both contact area
and contact angle

Figure 2.15 Schematic of evaporation phases of a sessile droplet on a
patterned surface (a) constant contact area, (b) constant contact angle, (c)
surface wetting — droplet changes from Cassie-Baxter to Wenzel state, (d)

decrease in both droplet contact angle and contact area 2%

The rate of droplet evaporation can be determined by examining the volume
(V2R) of the droplet in question at a given time 2%, Vo is the initial volume of the
droplet in microliters and K is the evaporation constant in mm 2/ s. It should be
noted that the value of K will decrease for the second pinning phase 2%
(Equation 14).

Equation 14 V2¥=V2R—K;

The process of evaporation has also been used to deposit particles onto
surface features. Dufaur #3 noted that when a droplet evaporates a minute
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amount of the liquid is left on the receding top edge of the surface features
(Figure 2.16).

Figure 2.16 Liquid left on top of posts as droplet recedes during evaporation *

The high concentration of nanoparticles at the three phase line of an
evaporating droplet and the residue left on surface features during evaporation,
can allow for the deposition of nanoparticles on surface features #3 147, This
ability to deposit residue on sample surface using droplet evaporation, known
as ‘evaporative colloidal lithography’, could be used in high-throughput analysis
in lab-on-a-chip systems .
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2.5 Knowledge gap

Micro-fluidic lab-on-a-chip devices are leading the way in the miniaturisation
and portability of medical diagnostic devices. The use of incorporated surface
texturing to manipulate and direct micro-amounts of fluid are bringing the mass
productions of cost effective handheld diagnostic devices one step closer.

As such, it is important that a thorough understanding be gained of the
fabrication processes involved and the effect these various micro-structures

have on droplet behaviour.

The use of techniques such as deep reactive ion etching and micro-injection
moulding in the fabrication of the micro-scale features, which would be required
for droplet movement, have been widely discussed. However, the further
examination and optimisation of these processes for the fabrication of high
aspect ratio features, such as pillars, using statistical experimental analysis is

still limited to a handful of papers.

Within those papers there is also a divide between the uses of two approaches
to statistical experimental analysis: the Taguchi and the design of experiment

approach.

The fabrication and statistical analysis of sub - 100 um pillars via polymer micro-
injection moulding and sub - 40 um pillars via metal powder micro-injection
moulding do not appear within the literature. It was also noted that among the
publications examined there were no examples of statistical experimental
analysis being used to examine the fabrication of surfaces which contain a wide
variety of pillar feature dimensions. Rather, the focus often seems to be on pillar

features of the same or a similar size.

The effect of process factors on the fabrication of micro-structured surfaces,
particularly sub — 100 um pillars and surfaces with a mixture of pillar sizes, is an
area which needs to be addressed in order to more fully understand the
fabrication processes. For example, the process factors of significance in the

fabrication of surfaces structured for droplet movement, discussed in section
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2.4.1.3 Droplet movement on a surface, do not appear to have been examined.
But through the use of statistical analysis the effect of the process factors can

be determined and the fabrication process optimised.

Due to the limited information available within the literature regarding the use of
statistical experimental design in the fabrication of sub - 100 um pillar features,
an investigation into its use with the deep reactive ion etching and micro-
injection moulding processes is recommended. This investigation should focus
on determining the effect of process factors on the fabrication of sub — 100 um
pillars arranged to facilitate the manipulation of fluid droplets. With specific
attention to the dimensions of the fabricated features and their effects on droplet

behaviour.

The use of surface texturing to manipulate fluid droplets could eventually reduce
the need for additional pumps within micro-fluidic diagnostic devices. The
design of the surface texturing and the accuracy of the features all contribute to
the behaviour of the fluid. From altering the hydrophobicity of the surface to
ensuring a droplet will move in a specific direction, surface texturing can alter
the way in which a droplet will react to external stimuli i.e. vibration. The use of
micro-channels in the directional movement of water droplets has been
documented. Though the effect of such micro-channelled features on the

evaporation of droplets is less widely discussed.

To summaries, through a review of the available literature three gaps in

knowledge were identified:

1. The fabrication and statistical analysis of sub — 100 um polymer pillar

features fabricated via micro-injection moulding.

2. The fabrication and statistical analysis of sub — 40 um metal powder pillar

features fabricated my micro-injection moulding.

3. The fabrication and statistical analysis of surfaces containing a wide

variety of pillar feature dimensions, rather than just one.
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These three areas will therefore be addressed during the course of this thesis to
ultimately provide a contribution to knowledge regarding the micro-injection

moulding of polymers and metal powders.
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3 Methodology

The following chapter outlines the experimental methods used in the process of
examining the micro-texturing of surfaces of fluid control. Section 3.1 Overview
of experimental design discusses the use of experimental design as a statistical
technique used to identify factors of significance and optimise processes.
Section 3.2 Mould design and fabrication discusses the development, design
and fabrication of removable mould inserts to be used in the micro-injection
moulding process. The use of experimental design in examining the effect of
factor levels in the fabrication process is also discussed. Section 3.3 Micro-
moulding discusses the use of experimental design in examining factors in the
micro-injection mould of polymer and metal powder replicates. Section 3.4
Metrology and Optical Analysis discusses the optical and metrological
techniques used throughout the course of this research including contact angle

analysis, droplet channelling and droplet evaporation analysis.

3.1 Overview of experimental design

Experimental design is a statistical technique used to optimise a process in
question. Unlike the traditional single-factor approach multiple process factors
are examined simultaneously. Experimentally designed investigations examine
factors at multiple levels and process all possible factor combination in order to
gain an understanding of the effect of individual factors and the interactions

between factors 14! on a given response.

3.1.1 Single-factor approach

The single-factor approach to experimental design (DOE) involves the alteration
of one factor per experiment. When there are several factors of interest this
approach can result in a larger number of experiments to be performed in order

to obtain the same level of precision compared to factorial designs. It is also not

a7



3. Methodology

possible to examine the interactions between factors and their level when

altering only a single factor per experiment 4%,

3.1.2 Design of experiment

The design of experiment technique enables the determination of significant
individual factors and/or interactions between many factors that may affect the
response output in a process or design. Factors of interest from a process are
selected and varied across a pre-determined range in a randomised order. The
gathered response results are then statistically analysed to determine the main

effect and/or interaction effect within the process.

3.1.2.1 Response selection

Prior to the construction of the experimental design a response, which is to be
measured, must be selected. Once analysed the response will indicate which of
the factors examined, if any, are statistically significant to the process. Part
mass, feature dimensions, viscosity and strength are examples of possible

responses 141,

3.1.2.2 Factor selection

Factors are variables which can influence a process by a variation in its levels.
This stage initially requires familiarisation of the experimental process and
screening of the factors involved. This is to determine the factors which are the
most dominant/relevant and the range at which the various factors function.
Once the factors of interest and their ranges have been identified levels can be
selected. It is these levels at which the factors will be examined during the

design of experiment process 41,
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The selected factors can be either quantative or qualitative. A quantative factor
has levels which are selected from a range, for example a temperature range of
50 — 80 °C. Whereas a qualitative factor has levels which are not from a range,

for example a light switch is on or off 6.

As well as variable factors there are also uncontrollable factors within a
process. These factors also have an influence on the process response
however, they are hard to regulate. They should also be monitored during the
experimental process despite their uncontrollable nature.

3.1.2.3 Types of design of experiment

The choice of experimental design will be very much dependent upon the
factors and levels selected. The basic principles of experimental design and the
choice of factorial design must be considered during the development of the

experimental design 141,

3.1.2.3.1 The basic principles of experimental design

There are three basic principles of experimental design to be considered:
randomisation, replication and blocking.

Randomisation is a procedure used to reduce variability and bias from
uncontrollable factors, both known and unknown 14, Statistical analysis
software, such as Minitab®15, can be used to construct and randomise

experimental designs using a random number generator.

During the performance of the design of experiment process each factor
combination should be repeated several times. This process of replication
provides the production of several identical samples, produced under identical
conditions, which can be compared to identify any random variation which may

need to be explored 46141,
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When a factor which is not of direct interest in the design of experiment process
may have an effect on the response (a nuisance factor) a technique known as
blocking can be used. Blocking is a design technique used to reduce variability

from nuisance factors to improve precision of the measured response 46 50 141,

3.1.2.3.2 Full and fractional factorial designs

The key difference between a full and a fractional factorial design is that a full
factorial design can be used to investigate all possible factor level combinations
available. Whereas, a fractional factorial design will examine a small fraction of

the overall number of factor level combinations available.

The most common full factorial designs are 2% and 3k factorial designs. The
most common fractional factorial designs as 2* and 3. where k represents the
number of factors examined and the number (in this case 2 or 3) represents the
number of levels examined for each factor 4% 41, The possible factor
combinations for these factorial designs are often displayed in geometrical
representations such as those in Figure 3.1, Figure 3.2 and Figure 3.3.
However, once the number of factors exceeded 3 these geographical
representations become more difficult to display.
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Figure 3.3 Factor combinations for a 32 full factorial design 4

The number of combinations which will be examined during a full and fractional

factorial design will vary depending on the number of levels to be examined for
each factor (Table 3.1 and

Table 3.2).
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Table 3.1 The number of experimental runs required for 2 and 2% factorial

designs 1%

N° Factors N° Runs — Full N° Runs — Fractional
(K) Factorial Factorial
2 4 2
3 8 4
4 16 8
5 32 16
6 64 32
7 128 64
8 256 128
9 512 256
10 1024 512

Table 3.2 The number of experimental runs required for 3 and 3% factorial

designs 1%

N° Factors N° Runs — Full N° Runs — Fractional
(k) Factorial Factorial
2 9 3
3 27 9
4 81 27
5 243 81
6 729 243
7 2187 729
8 6561 2187
9 19683 6561
10 59049 19683
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3.1.2.4 Statistical analysis of data

Design of experiment software, such as Minitab15®, allow for the automatic
construction of data plots from the raw data gathered. Main effects plots, Pareto
charts, interaction plots and normal effects plots can be generated and used to
determine the statistical significance of examined factors with regards to a given

response.

3.1.3 The Taguchi approach

The Taguchi approach was designed by Dr Genechi Taguchi, a Japanese
scientist specialising in improvements to the quality of manufactured products.
Taguchi developed a modified form of design of experiment for reducing
variability and improving quality in manufacturing processes. He believed that
quality should be designed into a product throughout the various manufacturing
stages and that quality is best achieved by reducing variation around a desired

target. The Taguchi approach defines quality as

“The total loss imparted to the society from the time a product is shipped to the

customer” 171

The higher the quality of the product the lower the loss. The loss is measured in
monetary terms and includes all costs associated with the production of the
ideal product as well as additional costs incurred by the customer such as

repairs.

There are three stages in the Taguchi approach: planning, experimentation and
analysis 10, Taguchi approach uses orthogonal arrays to determine the
experimental runs to be processed (Table 3.3). However, unlike factorial design

of experiment designs which can examine either full or fractional factorial
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designs the Taguchi approach only examines a fraction of the possible available

experimental runs.

Table 3.3 Taguchi orthogonal arrays %8

Orthogonal ~ Factorial o o e N° Factors

Array Notation 2Levels 3levels 4Levels 5Levels
L4 23 4 3
L8 27 8 7
L9 34 9 4

L12 211 12 11

L16 215 16 15

L’16 4° 16 5

L18 21, 37 18 1 7

L25 56 25 6
L27 313 27 13

L32 231 32 31

L’32 21, 49 32 1

L36 211, 312 36 11 12

L’36 23, 313 36 3 13

L50 21, 511 50 1 11
L54 21, 3% 54 1 25

L64 263 64 63

L'64 421 64 21

L81 340 81 40

During the selection of factors the Taguchi approach distinguishes between
design and noise factors. Design factors are factors which are easy to control,

whereas noise factors are factors which are hard to control 45.
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Each orthogonal array is constructed of inner and outer arrays. The inner array

Is constructed using design factors and the outer arrays is constructed using
noise factors (Figure 3.4).

Factor C

Factor A

Figure 3.4 Taguchi inner and outer orthogonal arrays “°

The Taguchi approach is not concerned with the influence of factor interactions,

as it is assumed that these interactions are not expected prior to
experimentation °.

Analysis using the Taguchi approach most commonly uses analysis of variance,
signal-to-noise-ratio and loss function.
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Analysis of Variance (ANOVA) is a statistical method used to determine the
contribution of each factor. Analysing the results of a Taguchi orthogonal array
enables the identification of which of the factors examined require control and

which do not 25,

Signal-to-noise-ratio (S/N), is used to determine the most robust operating
conditions. The S/N expresses the results variation around a given target i.e.
required dimensions. The larger the ratios value the small the variation from the

target 171 .

The ‘Loss Function’ is used to determine the magnitude of the process
tolerances, based upon quality as perceived by the customer (Equation 15 17%).

Equation 15 L(y) = k(y-Yo)?

L(y) is the loss function, y is the quality characteristic measured i.e. dimensions,
Yo IS the target value of the quality characteristic and k is a constant dependent

on the cost structured of the manufacturing process 1.

3.1.4 Choice of experimental design

There are key differences between the design of experiment and Taguchi
approach and the selection of one over the other will depend on the type of
experiment being conducted and the conditions involved. The design of
experiment approach would be preferred when the influences and interactions
between factors is of interest. The design of experiment approach also allows

for full and fractional factorial designs to be examined.

The Taguchi approach is used when the aim of the statistical design is to
determine the process robustness to ‘noise’ factors. The Taguchi approach

doesn’t examine all possible experimental runs but rather runs the statistical
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analysis with a fraction of the overall possible runs. Unlike the design of
experiment approach which allows for all possible factor combinations to be

examined.

As the effect of individual factors and the interactions between factors was of
interest within this research and not the robustness of the process. It was
decided that a design of experiment approach would be used. The selection of
a design of experiment approach also allowed for the examination of all
possible factor combinations though the use of a full factorial design.

3.2 Mould insert design and fabrication

The following section outlines the design and fabrication of silicon and nickel
inserts for use as removable moulds in the micro-injection moulding process.
Section 3.2.1 Silicon mould insert fabrication and its related subsections
outlines the design of surface features and the fabrication methods used to
produce the structured silicon mould inserts including photolithography and
deep reactive ion etching. Section 3.2.2 Nickel mould insert fabrication and its
related subsections discuss the fabrication of nickel mould inserts by the
deposition of a conductive seed layer via sputter-coating and electroless
coating. Followed by the construction of a nickel electroform via electroplating to

produce the nickel mould insert.

3.2.1 Silicon mould insert fabrication

A silicon wafer was structured using photolithography and deep reactive ion
etching (DRIE) to produce eight silicon inserts which can be used in micro-
injection moulding or in the fabrication of a nickel electroformed mould insert for

use in micro-injection moulding.
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3.2.1.1 Photolithography

Photolithography, also known as optical lithography, is a microfabrication
technique which uses light and chemical treatments to selectively remove areas
of a surface. A silicon wafer, with an oxidised silicon layer, is coated with a
photosensitive film known as a photoresist (Figure 3.5) 1?7. A photomask is then
aligned and placed on the wafer. The photomask is a stencil which can be
repeatedly used to produce a selected pattern on the resist coated wafers.
Once the photomask has been aligned on the wafer surface the sample is
exposed with UV light, this will have a different effect on the resist depending on
whether a positive or negative resist was used. The exposed areas of a positive
resist will become more soluble while the exposed areas of a negative resist will
become insoluble in the developer 4. Once the sample has been exposed the
photomask is removed and the wafer is placed in a developer bath to remove
the selected areas of the resist. The sample then undergoes etching to transfer
the pattern left by the resist to the wafer surface. After which the remaining
resist is removed leaving a newly structured silicon wafer which can then be
used as an insert in micro-moulding techniques or undergo further
microfabrication. Photolithography has been used in the patterning of surfaces
in many studies 63 153 179; 211, 212, 226 e to its ability to pattern high-aspect-ratio

structures.
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Figure 3.5 Photolithography using positive or negative photoresist %’
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3.2.1.1.1 Photoresist

A photoresist is a light sensitive coating used to protect selected areas of a
surface from etching. Photoresists can be either positive or negative. A positive
photoresist will become soluble once exposed to ultra-violet light whereas a
negative photoresist will become insoluble when exposed. During the deep
reactive ion etching (DRIE) process areas of the silicon wafer coated with the
photoresist will be protected from etching. The photoresist used during the

following photolithography process (s1818) was positive.

3.2.1.1.2 Design of photomask

A photomask is an opaque plate or film patterned with transparencies which
allow light to shine through to the underlying sample in a pre-designed pattern.
Commonly used in photolithographic processes, photomasks can be made from
Soda Lime glass, Fused Silica (Quartz) and polyester films. The pattern
represented by the transparencies in this research was designed using
AutoCAD software and sent to an external company (JD Photo-Tools) to

produce the photomask.

3.2.1.1.3 Photomask

A photomask is an opaque plate patterned with transparencies that acts as a
stencil. Photomasks can be repeatedly used to produce a selected pattern onto
the photoresist coated silicon wafer by allowing ultra-violet light to shine through

the transparencies to the underlying sample.

Photomasks can be either hard or soft contact. Hard contact photomasks are
placed in contact with the sample surface during exposure whereas soft contact

photomasks are raised 10 — 20 um above the sample surface *?’.

When ordering a photomask it can be defined as either Darkfield or Clearfield.

This will define which areas of the photomask will be transparent and which will
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be opaque. Features on a Darkfield photomask will appear as transparencies
and the background will be opaque. A Clearfield photomask is the opposite of
Darkfield on which features will appear as opaque areas and the background

will be transparent °°,

In the following photolithography process two Darkfield photomasks were used.
The first was a polymer-on-emulsion photomask and the second was chrome-

on-glass.

AutoCAD was used to design the photomask layout. As it was intended to use a
Darkfield photomask the surface design was constructed so that features would
appear as transparencies in the photomask. These features would then be

etched into the silicon wafer.

Only closed geometries could be used when designing the photomask
transparencies. This was a requirement of the external company who produced
the photomask. In this case a closed geometry means that a shape cannot be
placed within another, an example of this would be to take a doughnut shape
(Figure 3.6). If a circle was merely placed within another it would not be
interpreted correctly thus the shape must be designed so that one shape is not

enclosed within another.

Due to this requirement for closed geometries the transparencies intended to
produce pillars on the silicon surface were designed as a series of rectangles to
produce the spacing between the pillars (Figure 3.7). The white areas displayed
in Figure 3.7 represent closed geometries which will result in transparencies in
the photomask. While the black areas represent the areas which will be opaque

on the photomask thus preventing exposure of the surface below.
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SN @ [&8 O

Figure 3.6 Open and closed geometries

Figure 3.7 Photomask design — white areas represent transparencies in the

photomask and black areas represent the opaque areas.

The two photomasks used during the course of this research each contained

different surface features which will be discussed in the following sections.

3.2.1.1.4 Micro-channel silicon mould insert design

A pre-existing emulsion-on-polymer photomask, designed by Morel 44, was
used to pattern the silicon wafers with pillar and hole features ranging from 80 x
80 um to 5 x 5 um. The photomask was designed for a 4 inch wafer, on which
eight 12 x 26 mm inserts could be produced (Figure 3.8). The specification of

the silicon wafers used is given in Table 3.4. Each of the eight inserts were
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designed to contain twelve square areas (Figure 3.9) in which the pillar and hole

features are contained.

Figure 3.8 Location of inserts on silicon wafer

Table 3.4 Silicon insert specification

Specification Value
Diameter (mm) 100
Type / Dopant P / Boron
Orientation <100 >
Growth Method Cc2
Resistivity (Qcm) 10 - 30
Thickness (um) 475 -525+ 25
Front Surface Polished
Back Surface Etched
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Figure 3.9 Schematic of micro-channel silicon inserts

The feature designs included on the inserts were taken and adapted from the
literature to examine how texturing of a surface by varying pillar size and

spacing can affect the movement of water droplets on the sample surface.

The surface feature design used to produce the features in squares 3 and 4
(Figure 3.9) were adapted from the work of Fang et al “® to produce micro-
channels of varying pillar size and spacing across the sample surface to
produce a wettability gradient.

Fang et al * used computer modelling to examine the effect of wettability
gradients on droplet motion. By simultaneously decreasing the pillar width and
spacing across a surface the free-energy barriers of the advancing and
receding contact angles were decreased so that a droplet would move along the
roughness gradient. Fang et al ¢ also used “virtual walls” to channel the
movement of the droplet in a desired direction. These “virtual walls” are made
up of pillars with high free-energy barriers thus keeping the droplet on the path
of least resistance which is the pillars with the low free-energy barriers (Figure
3.10).
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Figure 3.10 Schematic of structured wettability gradient and “virtual walls”

proposed by Fang et al %

The work of Shastry et al 17° was used as reference to design surface features
consisting of pillars of varying gradients in squares 5 and 6 (Figure 3.9).

Shastry et al 17° used the variation of pillar width and gap length to produce a
superhydrophobic surface with a surface-energy gradient. Droplets were
observed to move down the surface-energy gradient when mechanical vibration

was applied to the sample.

The surface features which make up squares 1 and 2 were designed by
combining the design patterns proposed by Shastry et al 1’° and Fang et al “.
The presence of microchannels was adapted from the work of Fang et al 8 and
the pillar gradient used by Shastry et al 17°.

The aim was to experimentally test the validity of these designs as well as to
adapt the design principles explored to fabricate a new combination-design for

exploring the movement of droplets on a structured surface.
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The features in squares 1, 3 and 5 will result in hole features on the etched
silicon insert. Whereas features in squares 2, 4 and 6 will result in pillar features
on the etched silicon insert. AutoCAD images of the various features are
displayed in Figure 3.11, Figure 3.12 and Figure 3.13. The scale bar at the base

of each image represents 1mm.
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Figure 3.11 AutoCAD image of features in square 1 (left) features in square 2
(right) 144
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Figure 3.12 AutoCAD image of features in square 3 (left) features in square 4
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Figure 3.13 AutoCAD image of features in square 5 (left) features in square 6
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3. Methodology

As previously mentioned (and displayed in Figure 3.11 and Figure 3.12) the

designs in squares 1, 2, 3 and 4 contained micro-channels. Two different micro-

channels with varying feature dimensions were used in each square (Table 3.5).

Table 3.5 Feature dimensions in micro-channels

Square Micro-channel 1 (um) Micro-channel 2 (um)

30x 30
25 x 30
20 x 30
15x 30
10 x 30
5x30

80 x 80
53 x 80
3&4 43 x 80
29 x 80
19 x 80

1&2

5&6

30x 30
25 x 25
20 x 20
15x 15
10x 10
5x5

30x 10
25x10
20x 10
15x 10
10x 10
5x10

80 x 29
53 x 29
43 x 29
29x 29
19 x 29

The surface area, feature volume and surface area/volume ratio of the micro-

channel features (SA/V) is displayed in Table 3.6, in ascending order.
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Table 3.6 Surface area, feature volume and surface area/volume ratio of micro-

channel features

Pillar dimensions (um) Surface area (um?) Volume (um?) SA/V Ratio

80 x 80 25600 256000 0.100
53 x 80 19120 169600 0.113
43 x 80 16720 137600 0.122
80 x 29 13360 92800 0.144
53 x 29 9634 61480 0.157
43 x 29 8254 49880 0.165
30 x 30 6600 36000 0.183
30 x 10 3800 12000 0.317
29 x 80 13360 92800 0.144
29x 29 6322 33640 0.188
25x 30 5900 30000 0.197
25x10 3300 10000 0.330
25X 25 5250 25000 0.210
20 x 30 5200 24000 0.217
20x 20 4000 16000 0.250
20x 10 2800 8000 0.350
19 x 80 10960 60800 0.180
19x 29 4942 22040 0.224
15x 30 4500 18000 0.250
15x 10 2300 6000 0.383
15x15 2850 9000 0.317
10 x 30 3800 12000 0.317
10 x 10 1800 4000 0.450
5x30 3100 6000 0.517
5x10 1300 2000 0.650

5X5 850 1000 0.850
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3. Methodology

3.2.1.1.510 = 2 pm silicon mould insert design

A chrome-on-glass photomask was used to pattern the silicon wafers with
features ranging from 10 - 2 um. The chrome-on-glass mask was used instead
of the cheaper emulsion-on-polymer mask as it produces features below 10 um

with greater accuracy than the emulsion-on-polymer mask .

The photomask was designed using AutoCAD. The basic outer dimensions of
each insert were kept consistent with those of the micro-channel insert, as the
mould used to house the insert during injection moulding would be the same.
The dimensions of the features within the insert were altered from those found

on the micro-channel inserts (Figure 3.14).

r
2mm
+——»
D: lmm
2mm -
L Imm
lmm
T 12mm
2.5mm 2.5mm
* Ll r Y e
2mm 2mm
¥ 4 v
b 26mm -

Figure 3.14 Schematic of 10 - 2 ym inserts

The 10 - 2 um inserts contained twelve 2 x 2 mm squares, in-which the micro-
scale features were contained, and one 1 x 1 mm reference point. This would
allow the easy identification of the various areas of the insert during
metrological analysis. The micro-scale features contained within the mask were

10 x 10 pm, 5 x 5 pm and 2 x 2 pum pillars and holes. The 10 x 10 um features
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were located in squares 1 and 2. The 5 x 5 um features were located in squares

3 and 4 and the 2 x 2 um features were located in squares 5 and 6 (Figure
3.15).

These features were chosen as the dimensions are in the lower limitation range
of both the photomask and DRIE process i.e. the smallest feature size which

can be included on a chrome-on-glass mask is 2 x 2 pm 5,

1 [ 210 1 ][ 2
3[4 3 || 4
5 1|6 5|6

Figure 3.15 Schematic of 10 - 2 ym silicon inserts

The features in squares 1, 3 and 5 will result in hole features on the etched
silicon insert. Whereas features in squares 2, 4 and 6 will result in pillar features
on the etched silicon insert. AutoCAD images of the various features are

displayed in Figure 3.16, Figure 3.17, Figure 3.18 and Figure 3.19.
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Figure 3.16 AutoCAD image of features in square 1 (top) features in square 2
(bottom)
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Figure 3.17 AutoCAD image of features in square 3 (top) features in square 4
(bottom)
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Figure 3.18 AutoCAD image of features in square 5 (top) features in square 6
(bottom)
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Figure 3.19 Close-up of AutoCAD image of features in square 5 (top) features in

square 6 (bottom)
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3.2.1.2 Photolithography experimental procedure

The photolithography process was conducted within a clean room environment.
The silicon wafer was first placed in a plasma barrel etcher for 2 minutes at 2
mbar to clean the surface prior to photoresist coating. The wafer was then
heated on a hot plate set at 115 °C for 90 seconds to remove any moisture.
This improves adhesion of the photoresist to the wafer.

The wafer was placed into a sealed container in-which a cap of Hexamethyl
disilazane (HMDS) had been placed. The wafer was then left in the HMDS

environment for 15 minutes.

The wafer was then placed on a spin-coater and secured to it by a vacuum. The
chosen photoresist was s1818, a positive photoresist which becomes soluble in
resist developer once exposed to UV light. The areas on the photoresist not
covered by the photomask would be dissolved during the development phase
leaving the silicon unprotected and therefore easily etched during deep reactive
ion etching. The s1818 resist was poured onto the wafer until it was two thirds
covered. The wafer was then spun at a rotational speed of 4000 rpm for a

duration of 60 seconds.

Once the spin programme was complete the wafer was returned to the hot plate
for a further 90 seconds. The wafer was then placed in a mask aligner and
exposed by a UV lamp. Once exposure was complete the wafer was placed in a
developer bath and agitated for a specified period. The wafer was then rinsed
once with deionised water and once with distilled water (Table 3.7). The wafer
was then placed back into the plasma barrel etcher for 2 minutes at 2 mbar prior
to etching.
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Table 3.7 UV exposure time and developer for silicon inserts

Surface feature design UV exposure time (sec) Developer
Micro-channel inserts 28 MF319
10 - 2 um inserts 25 MF319

10 - 2 ym inserts” 25 AZ 726MF

3.2.1.3 Deep reactive ion etching

Deep reactive ion etching (DRIE) is an anisotropic etching process used to
fabricate surface features with vertical sidewalls in silicon. It uses a time-
multiplexed etching process % 47 in which a combination of etching and the
deposition of a protective passivation layer is used so that vertical etching of a

sample can be controlled.

This process is known as the Bosch process, in which the wafer is subjected to
alternate etching and passivation phases so the silicon surface can be etched
with micro-scale features with vertical sidewalls. The Bosch process produces
these vertical sidewalls by continuously alternating between an etching phase

and a passivation phase, resulting in an anisotropic etch pattern (Figure 3.20).

*10 - 2 um inserts for use in micro-injection moulding deign of experiment investigations
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Figure 3.20 Deep reactive ion etching Bosch process (a) silicon wafer with
photoresist, (b) anisotropic etching phase, (c) passivation phase, (d) second
anisotropic etching phase %

During the etching phase the silicon wafer is etched by directional
bombardment with plasma ions. Sulfur hexafluoride (SFs) gas is most
commonly used when etching silicon. For the passivation phase the etched
silicon is coated in a chemically inert layer. Octafluorocyclobutane (CsFs) gas is
used to produce this inert layer when etching silicon, which protects the surface
from further etching.

During the subsequent etching phase, due to the directional bombardment of
plasma ions, the passivation layer at the base of the etched features is
sputtered away and further etching of the silicon will continue in an vertical
direction %2, Only the passivation layer at the base of the etched features is
removed, the sidewalls of the feature remain coated in the protective layer,
which results in highly anisotropic sidewalls. Each phase lasts only a few
seconds and the alternation between the two continues for a pre-set period of

time until the desired etch depth is reached.

The literature suggests that several parameters can affect the production of
undercuts to surface features during DRIE notably: Pressure 19 47: 145197 ' glaten
power 47 8 gas flow 84 87 145 switching times 8" 145 and mask size 8. After

examination of this literature and of manufactures guidelines®® three
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parameters were selected for experimental testing: platen power, CaFs gas flow
in the passivation phase and switching times between phases. Platen power
has a large influence on etch rate 478, According to Evans & Beheim 4’ when a
high platen power is combines with high pressure during the etching phase the

anisotropic nature of the profile is improved.

Altering the switching times (the ratio between the etching and passivation
phases) has been found to have a major effect on the etch profile and presence
of undercuts. As shown in Figure 3.21, the proposed mechanism is that by
increasing the etch time the likelihood of a negative etch profile, and therefore
undercuts, is increased. Whereas if the passivation rate is increased the
thickness of the passivation layer is also increased resulting in a reduced etch

rate and a more positive etch profile 4’ (Figure 3.21).

va

Negative ¢ Anisotropic 5 Positive
Profile Profile Profile

Figure 3.21 Schematic of etch profiles

Alterations to the CsFs gas flow in the passivation phase have been found to
effect the production of a more positive etch profile 18 due to the increased

thickness of the passivation layer.

During the course of this research, pillar and hole features ranging from 80 x 80

um to 5 x 5 um were etched into silicon wafers. A design of experiment
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approach was used to examine the effect of platen power, CsFs gas flow in the
passivation stage and etching:passivation switching time on the DRIE process.

3.2.1.3.1 Micro-channel insert experimental procedure

The wafer was loaded into the chamber of the DRIE equipment and etched

using a time multiplexed deep etching technique (Table 3.8) 16.

Table 3.8 Deep reactive ion ethching time multiplexed recipe settings

Factors Value
Platen power (W) 12
Coil power (W) 600
SFe Gas flow (sccm) 130
C4Fs Gas flow (sccm) 85
02 Gas Flow in etching phase (sccm) 13
Etching pressure (mTorr) 23
Passivation pressure (mTorr) 13

Etching stage duration (sec)
Passivation stage duration (sec)
Whole process duration (min) 20
Total number of cycles 100

Once the etching process was completed the wafer remained in the DRIE
chamber and underwent oxygen plasma cleaning to remove the remaining
photoresist (Table 3.9).

The wafer was then removed from the DRIE chamber and rinsed in acetone,

then dried with a nitrogen gas flow.
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Table 3.9 Oxygen plasma cleaning programme settings

Factors Value
Duration (min) 3
Coil power (W) 800
Pressure (Torr) 10”7

3.2.1.3.2 Design of experiment of 10 - 2 um inserts experimental design

The deep reactive ion etching process was investigated using a design of
experiment approach. The factor levels used for this DOE are displayed in

Table 3.10. The criteria for the selection of these levels are explained in Table

3.11.

Table 3.10 Factor examined; high and low levels

Factor Low High
level level
Platen power (W) 10 18
CaFg Gas flow in
passivation Stage 70 100
(sccm)t
Switching times —
etching : passivation 5:5 9:5

(s:9)

" sccm: standard cubic centimetre per minute
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Table 3.11 Reasons for design of experiment levels selected

Factors Low level

High level

The minimum value at
which ion directionality
could be controlled for the
scale of the features
examined — taking into
account equipment
limitations

Platen power (W)

The minimum value for
obtaining a sufficient
passivation layer after
consideration of the
passivation layer required
and system pressure —
taking into account
equipment limitations

C4Fs Gas flow in
passivation Stage
(sccm)

The minimum level chosen
due to feature dimensions
and passivation layer
thickness (if the etching
time is too short, in
comparison to the
passivation time, it will not
completely remove the
passivation layer and the
likelihood of the uneven
etching increases)

Switching times —
etching : passivation
(s:9)

The maximum value at
which ions directionality
could be controlled for the
scale of the features
examined — taking into
account equipment
limitations

The maximum value at
which deposited
passivation layer would not
hinder etching of features
after consideration of the
passivation layer required
and system pressure —
taking into account
equipment limitations

The maximum level
chosen after taking into
account the dimensions of
the features and the effect
on the passivation layer (if
the etching time is too
long, in comparison to the
passivation time, it will
quickly remove the
passivation layer and
begin to isotropically etch
the silicon)

The design of experiment scheme used was devised using a full factorial 8 run
design generated using Minitab®15. The order of the design of experiment runs

(Table 3.12) was generated using a built-in randomizer function in Minitab.
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Table 3.12 Randomised 8 run full factorial design of experiment sequence

) Switching times
Platen C4Fs Gas flow in 9

- 3 ba —etching :
un power  passivation Stage passivation
(W) (sccm)
(s:9s)

1 - * )

2 + * )

3 - + ¥

4 _ - +

5 + - ¥

6 + ¥ ¥

7 + - )

8 ] i -

3.2.1.3.310 - 2 um mould inserts experimental procedure

A deep reactive ion etcher was used to process the experimental runs. Each
run consisted of 100 cycles, and due to the various switching times not all runs

took the same amount of time (Table 3.13).
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Table 3.13 Duration of deep reactive ion etching runs

RUN Sample .Switchi.ng Tot.al run
name time (s : s) duration (min)
1 DOE 1 5:5 16:45
2 DOE 2 5:5 16:45
3 DOE 3 9:5 23:29
4 DOE 4 9:5 23:29
5 DOE 5 9:5 23:29
6 DOE 6 9:5 23:29
7 DOE 7 5:5 16:45
8 DOE 8 5:5 16:45

The surface of each wafer was imaged, post etch, using an optical microscope.
Wafers then underwent oxygen plasma cleaning (Table 3.14) to remove any
remaining photoresist, in order that the features could be examined in an

SFEG-Scanning Electron Microscope (SEM).

Wafers were then re-examined using an optical microscope so a comparison of
the features, pre and post oxygen plasma cleaning, could be made. Upon
comparison it was noted that the surface features were the same on the pre and
post oxygen plasma cleaned samples. Demonstrating that the cleaning process

had no effect on the etched features.
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Table 3.14 O, plasma cleaning factor settings

Factor Value
Pressure (mTorr) 45.0
O2 Gas flow (sccm) 45
Coil power (W) 800
Platen power (W) 0
Cycle time (min) 5

The pillar features on the wafer surfaces were imaged and examined using an
SFEG-SEM. The width at the base and the apex of the pillars were measured
using the measurement tool available with the SFEG-SEM software. Each
measurement was taken 5 times and an average calculated. The average
measurements were then compared to those of the pre-etched features to
determine the degree of undercut of the features obtained in each design of

experiment run (Section 3.4 Metrology and Optical Analysis).

3.2.1.4 Wafer dicing

The silicon wafers were taken to Irisys, an external company specialising in
advanced infrared technologies, for cutting. The wafer was mounted on an
adhesive plastic film to avoid movement of the wafer and cut using a LoadPoint
MicroAce 3. The wafer cutting took place in a clean room in which gloves,
protective coats, hats and over shoes must be worn. Once the wafer was cut

the insert were removed from the adhesive film.

The edges of the inserts were then sanded down using silicon carbide abrasive
paper P2500 to remove any rough edges produced during dicing. Leaving the

inserts ready for further processing.
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3.2.1.5 Mould design

The mould insert casing used during the micro-injection moulding process was
utilised from the work undertaken by Morel 144, The silicon insert is housed in a
cavity in the mould casing and secured by two moveable aluminium parts so
that the insert remains in place during the injection process (Figure 3.22).

Due to the use of a pre-existing mould casing all silicon inserts fabricated were
made to the pre-designed specifications. The ejector pins were located either
side of the mould and the gate was located in the centre of the mould (Figure
3.23).

Figure 3.22 (a) pre-made mould, (b) open aluminium parts to allow insertion of

silicon insert, (c) closed aluminium parts to secure silicon insert in mould
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Ejection Pins

Gate

Figure 3.23 Position of ejector pins and gate

3.2.1.6 Fabrication of silicon mould inserts for use in the micro-injection
moulding process

Micro-channel silicon inserts were used in the familiarisation of the micro-
injection moulding equipment and for design of experiment investigations to
produce high density polyethylene (HDPE), polypropylene (PP) and 316LS
stainless steel replicates. 10 — 2 um silicon inserts were used in design of

experiment investigations to produce HDPE and PP replicates.

3.2.1.6.1 Etching of 10 - 2 um silicon mould inserts for micro-injection moulding
design of experiment

Silicon wafers were etched with 10 - 2 um insert features using the process
parameters from DOE run 7 (3.2.1.3.2 Design of experiment of 10 - 2 um inserts
experimental design). The process parameters from DOE run 7 were selected
as they produced features with the smallest degree of undercut.
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Each wafer was individually loaded into the chamber of the DRIE equipment
and etched using the parameters displayed in Table 3.15 and Table 3.16. The

DRIE process was made-up of 100 cycles

Table 3.15 Etching phase factors

Factor Value
Platen power (W) 18
Coil power (W) 600
SFe Gas flow (sccm) 130
O2 Gas flow (Sccm) 13
Duration (sec) 5

Table 3.16 Passivation phase factors

Factor Value
Platen power (W) 0
Coil power (W) 600
C4Fs Gas flow (sccm) 70
Duration (sec) 5

The wafers then underwent Oxygen plasma cleaning to remove any remaining
photoresist, in order that the features could be examined in an SFEG-SEM. The
conditions of cleaning are shown in Table 3.14.
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3.2.2 Nickel mould insert fabrication

The nickel mould inserts were constructed using one of two processes: sputter-
coating and electroplating or electroless and electroplating. The sputter-
coating/electroless process was used to deposit a conductive nickel seed layer
onto the surface of the silicon insert so that it became conductive enough for
nickel electroplating to take place. The electroplating process results in the
production of a nickel electroform which must then be separated from the silicon

insert before it can be used in micro-injection moulding.

3.2.2.1 Sputter-coating

Sputter-coating is a deposition process which is used to coat samples in a thin
conductive layer prior to electroplating or surface analysis via microscopy i.e.
SFEG-SEM. Sputter-coating deposits a thin film of metal onto a substrate
surface by bombarding a target, situated at the cathode, made of the metal to
be deposited with positive ions from an inert gas, most commonly Argon 105 128,
The positive ions are produced in a glow discharge plasma and collide with the
target surface causing the release of metal atoms which are then deposited
onto the sample surface, which is situated at the anode 53 195 128 Spytter-
coating results in superior film adhesion than other deposition techniques as the
released target atom can penetrate a substrate surface up to 1 - 2 atomic layers
128 There are several types of sputter-coating systems: DC diode, rf diode,
magnetron and ion-beam sputtering 1%. DC diode sputtering is commonly used
to deposit thin films using a single target however, sputtering directly from a
metal target can cause the build-up of an insulating layer on the target which
will lead to charge accumulation and make the system unstable 1°. This charge
build-up can be avoided by using a twin target set-up in which the targets
alternate between anode and cathode, thereby preventing charge build-up

without affecting the deposition rate 1.
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3.2.2.1.1 Sputter-coating experimental procedure

A magnetron sputtering set-up was used in the sputter-coating process. The
insert was placed in the sputtering chamber which was then placed under
vacuum and left to pump-down over night. A pulsed DC power supply was used
and the voltage, current and power of the plasma were monitored during the
sputtering process (Table 3.17). The insert was sputtered with nickel particles

from a target positioned above the samples.

Table 3.17 Parameters of sputtering process

Factor Value
Frequency (K) 240
Pulse width (nanosec) 16
Voltage (V) 395
Current (A) 0.5
Power (W) 200
Gas flow (sccm) 22

3.2.2.2 Electroless

Electroless-deposition is performed in agueous solution containing metal salts
and reducing agent %3, In the case of nickel electroless-deposition reduction and
oxidation reactions, Equation 16, Equation 17 and Equation 18 %26, take place in

order to deposit a nickel layer on the silicon insert:
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Equation 16 Reduction: Ni*2 + 2% - Ni
Equation 17 Oxidation: H.PO, + H,O 2 HoPO3 + 2H + 2e°

Equation 18 Overall reaction Ni*2 + H,PO2 + H2.0 - Ni + H.PO3 + 2H*

The reduction of the nickel ions will continue until all of the hypophosphite
(H2PO2) has been oxidised in the solution 1?6, A side reaction to the reduction of
nickel is the production of hydrogen, which must be monitored as excess
hydrogen can affect the quality of the deposited film 126, When using electroless
to deposit onto non-conductive materials a reducing agent such as SnClz2/ HCI
or PdCl2/ HCl is used to initiate the reduction reactions within the solution 53 126,
Buffers are also added to the aqueous solution in order to control pH during

electro-deposition 126,

3.2.2.2.1 Electroless experimental process

Electroless is a plating method similar to electroplating but no electrical current
is required and the sample need not be conductive prior to plating. The
electroless solution used comprised of 100 ml nickel base solution (Ni21330),
200 ml nickel initial additive (Ni21331) and 700 ml deionised water . The
electroless solution was maintained at pH 5 and between 88 — 90 °C by a water
bath heated by a hot plate. The silicon insert was suspended in the solution,
which is continuously agitated by a magnetic stirrer, for 1 hour or until an even
coating of nickel was observed. The insert was then rinsed in deionised water

and left to air dry.

3.2.2.3 Electroplating

There are several journal papers that demonstrate the use of nickel inserts in
micro-injection moulding for the replication of structures in the nano range 6% 86

131, 140; 164 The use of a nickel insert in micro-injection moulding will allow for
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more replication cycles as nickel is more durable than silicon which is liable to
break during repetitive replication cycles especially when replicating high-

aspect-ratio structures 0.

In the case of nickel electroforming (Figure 3.24) a direct current causes the
nickel anode to dissolve in a nickel sulfamate solution. Once in solution the
positively charges nickel ions react with the free electrons also in solution and
are converted back to metallic nickel at the cathode (silicon insert) surface 4°.
The mechanical and physical properties of the final nickel part can be controlled
by making alterations to the salt solution and operating conditions i.e. solution
concentration and length of time sample is left in the solution. Nickel
electroforming can be used to replicate complex surfaces with high accuracy
and good surface finish without the need for additional machining of polishing of

individual parts 4,

Figure 3.24 Schematic of nickel electroforming set-up
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3.2.2.3.1 Nickel electroplating experimental procedure

Prior to electroplating the silicon samples from both sputter-coating and
electroless were tested to ensure they are conductive enough using a
multimeter. Due to the thickness of the nickel layer required a Watts plating bath
was used to fabricate the final nickel electroform. The Watts bath solution was
maintained at pH 4, 60 °C and consists of 330 g/L nickel sulphate
(NiSO4.6H20), 45 g/L nickel chloride (NiCl..6H20) and 38 g/L boric acid
(HsBOs). The insert was attached to the cathode and placed in the plating bath
until the required thickness had been deposited. The insert was then rinsed in

distilled water and left to air dry.

3.2.2.4 Nickel electroform-silicon insert separation

Once a structured silicon insert has undergone electroplating the insert and
electroform can be separated and the newly formed metal insert can then be
used for further replication processes i.e. injection moulding. However, it should
be noted that separation of the silicon and metal insert can result in the
destruction of the silicon insert 19, Therefore, the silicon insert was dissolved

thereby leaving the nickel electroform intact.

In order to determine the conditions required to dissolve the silicon two 20 ml 1
molar sodium hydroxide (NaOH) solutions were prepared. One NaOH solution
was heated to between 60 — 70 °C in a water-bath, the other was kept at room
temperature. A single Silicon insert was then submerged into each solution and
observed for 3 — 4 hours to determine the conditions and time required to

dissolve a single silicon insert.
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3.3 Micro —injection moulding

Micro-injection moulding, as described in section 2.1.1 Polymer micro-injection
moulding, is a low-cost, high throughput technique for the replication of micro-

and nano-scale features onto polymer replicates

The following sub-sections will discuss micro-injection moulding of micro-scale
features with high density polyethylene (HDPE), polypropylene (PP) and 316LS
stainless steel feedstocks. The design of the mould and mould inserts used and
the moulding familiarisation stage will also be outlined. The following sub-
sections will also provide a detailed outline of the design of experiment
approach used to examine the effect of process factors on preselected

responses such as part mass and feature dimensions.

3.3.1 Feedstock selection

During a review of the available literature several polymers were identified for
their use as feedstocks in the micro-injection moulding process. A preliminary
search of the literature examined sixty-two papers relating to micro-injection
moulding. Of these papers the most commonly used polymer feedstock was
polycarbonate (PC), which was used in eighteen of the sixty-two papers (Table
3.18). Polypropylene (PP) was found to have been used thirteen times and
polymethyl methacrylate (PMMA) was used twelve times. Of the polymer
feedstock identified the one which was used least within the scope of the

preliminary search was high density polyethylene (HDPE).

Of the sixty-two papers obtained during the preliminary search of the micro-
injection moulding literature nineteen were found to examine the production of
pillar features. A secondary search of these nineteen papers found that PC was
used in seven and PP was used in four. PMMA was used only once, as was
Polyoxymethylene (POM), Cyclic olefin copolymer (COC) and Acrylonitrile
butadiene styrene (ABS) (Table 3.18).
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A further refinement of the literature search (tertiary search) into the use of
statistical design in the micro-injection moulding process identified forty-five
papers. Within these papers PP was found to have been used ten times, PC
used nine times and PMMA was used eight times. HDPE was found to be used

in only three of the papers, the same was found of COC (Table 3.18).

Table 3.18 Occurrence of polymer feedstock within review of the literature

relating to micro-injection moulding

Feedstock Primary search Secondary search Tertiary search

HDPE 6 0 3
PP 13 4 10
PC 18 7 9

PMMA 12 1 8

POM 7 1 9
PS 7 2 4

COoC 6 1 3

ABS 7 1 6

After the review of the available literature it was decided that two polymer
feedstocks would be examined. The first polymer selected was polypropylene
(PP) which was selected due to its widespread occurrence within the literature.
The second polymer selected was high density polyethylene (HDPE). HDPE
was selected due to its minimal use within the literature, especially with regards

to its use in the replication of pillar features.

316LS stainless steel was selected as the metal powder feedstock to be
examined due to it prevalence within the literature. A detailed list of the papers
examined during the feedstock literature search can be found in the appendix of

this thesis.
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3.3.2 Familiarisation of micro-injection moulding process

A Battenfeld Microsystem 50 was used for the injection moulding of HDPE
replicates. A silicon insert was mounted into the mould casing (Figure 3.22) and
loaded into the Battenfled where heaters and thermocouples were attached to
the mould casing. Sixty-two HDPE replicates were produced using a removable
silicon mould insert structured with micro-channel insert features. The first
factors assessed were the optimum factors used by Morel 144 (Table 3.19).
However, the holding pressure, mould temperature and cooling time were then
altered as air bubbles were observed on the surface of the replicates. Once it
became apparent that the aforementioned factors could no longer be altered to
prevent air bubbles the injection speed of the polymer melt was increased in a
further attempt to remove the air bubbles. It was finally decided to increase the
metering volume (the volume of polymer melt injected into the mould) which did
improve the surface of the replicates by removing the air bubbles. Ideally the
mould should be evacuated of air prior to melt injection. However, the
Battenfeld injection moulding equipment used did not have the capacity to

evacuate the moulds prior to injection.

Once the moulding process was complete the HDPE replicates deemed, on
visual inspection, to be most accurately replicated were examined using the
SFEG-SEM. The larger features were found to have been well replicated by the
micro-injection moulding process (Figure 3.25). However, it was also noted that
the smaller pillars were not as well replicated (Figure 3.26) and appeared to

have been deformed by the process.
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Table 3.19 Factor combinations used for silicon insert replication with high

density polyethylene

Barrel Mould Holding Cooling Holding Injection Part
temp temp pressure time time speed volume
(°C) (°C) (bars) (sec) (sec) (mm/s)  (mm?3)
200 100 300 12 2 200 655
- - 400 - - - -
- - - 14 - - -
- 110 - - - - -
- - - 16 - - -
- - - 20 - - -
- - - 24 - - -
- 105 - - - - -
- - - 22 4 - -
- - - 20 6 - -
- - - 22 4 - -
- - 450 - - - -
- - 500 - - - -
- - - - - 250 -
- - - - - 300 -
- - - - - 350 -
- - - - - 400 -
- - 550 - - 350 -
- - 550 - - 400 -
- - 500 - - 350 -
- - - - - - 700
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Figure 3.25 High density polyethylene pillar features successfully replicated

during micro-injection moulding
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Figure 3.26 High density polyethylene pillar features not successfully replicated

during micro-injection moulding

3.3.3 Design of experiment for micro-injection moulding

The significance of selected factors during the process of micro-injection
moulding were investigated using a design of experiment approach. After an
examination of the literature the factors selected for examination were injection
speed 7 8L 188 holding pressure 3 7 5% 160 mould temperature > 7 14 18 gnd

cooling time 5 7 79/ 130,

3.3.4 Design of experiment of micro-channel and 10 - 2 pm mould
inserts experimental design

The production of polymer and metal powder replicates via micro-injection

moulding was examined using a design of experiment approach. A 16 run full
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factorial design was utilised to examine the effect of mould temperature, cooling
time, holding pressure and injection speed on preselected responses. The
responses selected for examination were pillar width and height 14 59 160
variation of replicate pillar height and width from the silicon mould insert, part

mass and buffer mass 3 7: 154 189; 222,

3.3.4.1 Factor levels

The factor levels used for the production of HDPE and PP polymer replicates in
the design of experiment processes are displayed in Table 3.20. The same
factor levels were used for both silicon mould insert designs: Micro-channel and
10 - 2 um. The criterion for the selection of the high and low levels is explained
in Table 3.21. The melt temperature, injection pressure used and the metering
volume of the injected polymers and metal powder are displayed in Table 3.24.

Table 3.20 High and low levels for factors examined with high density
polyethylene & polypropylene polymer melts

Factor Low level High level
Injection speed (mm/s) 60 150
Holding pressure (bar) 300 500
Mould temperature (°C) 45 80

Cooling time (sec) 12 24
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Table 3.21 Criteria for factor level selection

Factor Low level High level
Injection speed (mm/s) Selected via Selected via
experimentation experimentation
Holding pressure (bar) Selected via Value based on material
experimentation specification from
provider
Moulding temperature Selected via Selected via
(°C) experimentation experimentation
Cooling time (sec) Experimentation - based Selected as twice the
on time required for minimum

replicate to be cool
enough to handle
following ejection

Factor levels used for the 316LS powder micro-injection moulding are displayed
in Table 3.22. The criterion for the selection of the high and low levels is
explained in Table 3.23. The melt temperature, injection pressure and the

metering volume use for the 316LS melt is displayed in Table 3.24.

Table 3.22 High and low levels for factors examined with 316LS melt

Factor Low level High level
Injection speed (mm/s) 150 250
Holding pressure (bar) 200 400
Moulding temperature 130 140

(°C)
Cooling time (sec) 12 24
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Table 3.23 Criteria for factor level selection with 316LS powder melt

Factor Low level High level
Injection speed (mm/s) Selected via Selected via
experimentation experimentation
Holding pressure (bar) Selected via Selected via
experimentation experimentation
Moulding temperature Selected via Selected via
(°C) experimentation experimentation
Cooling time (sec) Same as those levels Same as those levels
selected for HDPE & PP selected for HDPE & PP
design of experiment design of experiment

Table 3.24 Melt temperature, injection pressure and metering volume used

during the design of experiment investigation

Factor High density Polypropylene 316LS
polyethylene
Melt temperature 170 180 198
(°C)
Injection pressure 900 900 900
(Bar)
Metering volume 700 700 700
(ccm)*

3.3.4.2 Design of experiment randomised sequence

The design of experiment scheme used was devised using a full factorial 16 run
design, generated using Minitab®15. The order of the design of experiment runs

(Table 3.25) was generated using a built-in randomiser function in Minitab15®.

* ccm — Cubic cemtimeter
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The same design of experiment sequence was used with both insert designs
and all injection feedstock materials.

Table 3.25 Randomised sixteen run full factorial design of experiment sequence

Mould Cooling Holding Injection
DOE temp temp pressure speed

(°C) (°C) (Bar) (mm/s)
1 - - + +
2 + + + -
3 - + + -
4 + - + +
5 - - + -
6 - + + +
7 - + - +
8 + - - +
9 + - + -
10 + + + +
11 + - - -
12 + + - -
13 - - - -
14 - - ; +
15 + + - +
16 - + - -

3.3.5 Experimental procedure for the replication of micro-channel
and 10 - 2 um inserts via a design of experiment approach

A Battenfeld Microsystems 50 micro-injection moulding machine fitted with a

removable silicon mould insert was used during the course of this research. The

silicon mould insert was fabricated via photolithography and deep reactive ion
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etching (Section 3.2.1 Silicon Insert Fabrication). A sixteen run full factorial
design of experiment sequence was carried out for each feedstock material.
Ten polymer replicates were produced for each design of experiment run
resulting in a total of 160 replicate samples for each polymer. The selected
responses to be examined were part and buffer mass, pillar height, pillar width
and the variation of pillar height and width of the replicate from the silicon mould
(Section 3.4 Metrology and Optical Analysis).

3.3.6 Debinding and sintering

After micro-injection moulding the replicates produced using 316LS were
subjected to debinding and sintering to remove the polyoxymethylene (POM)
binder and produce a dense metal part. Debinding was conducted using the
BASF process. The samples were heated to 110 °C with a high concentration of
nitric acid (> 98 %) in a purging gas of nitrogen at a flow rate of 100 I/h. The
sintering process was conducted in a furnace in an atmosphere of pure

hydrogen according to the schedule displayed in Table 3.26.

Table 3.26 Sintering schedule for debound replicates

Stage Schedule

1 Furnace temperature raised from room temperature to 600 °C at a
rate of 5 °C/min

Hold at 600 °C for 1 hour

Furnace temperature was then raised from 600 °C to 1350 °C at a
rate of 5 °C/min

Hold at 1350 °C for 3 hours
Furnace cooled to room temperature
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3.4 Metrology and optical analysis

The following subsections discuss the various metrological and optical
techniques and analysis undertaken. Section 3.4.1 Optical analysis outlines the
optical analysis techniques used to capture images of the various sample
surfaces. Section 3.4.2 Metrology and its related subsections outlines the
metrological techniques implemented to determine the values of the responses
examined during the various DOE processes. The responses examined cover
pillar undercut on silicon mould inserts, part and buffer mass of polymer and
metal powder replicates, pillar height and width of polymer and metal powder
replicates. The variation of the pillar height and width of the polymer and metal
powder replicates from the silicon mould inserts was also examined. The
methods used to determine droplet contact angles on 10 - 2 pum sample
surfaces (Section 3.4.3 Contact Angle Analysis), droplet channelling on micro-
channel structured samples (Section 3.4.4 Droplet Channelling) and droplet
evaporation on micro-channel structured samples (Section 3.4.5 Droplet

Evaporation) is also discussed.

3.4.1 Optical analysis

The features of interest on all silicon inserts, polymer and metal powder
replicates produced were examined using various optical analytical equipment.
Optical microscopy was used to obtain 2D images of the sample surfaces.
Confocal microscopy was used to obtain 2D surface images and also 3D
images of the surface features by use of laser scanning. An SFEG-SEM
(scanning electron microscope) was used to tilt the samples to obtain 3D

images of the surfaces features.

3.4.2 Metrology

The following subsections discuss the metrological techniques used in

gathering the selected responses in the various design of experiment
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investigations. These responses include pillar undercut on silicon mould inserts
(Section 3.4.2.1), part mass (Section 3.4.2.2.1) and buffer mass (Section
3.4.2.2.2) of polymer and metal powder replicates, pillar height and width of
polymer and metal powder replicates (Section 3.4.2.2.3) and the variation of the
pillar height and width of the polymer and metal powder replicates from the

silicon mould inserts (Section 3.4.2.2.4).

3.4.2.1 Design of experiment response examined in the deep reactive ion
etching process

The response examined during the design of experiment investigation of the

deep reactive ion etching process was the undercut of the pillar features (Figure

3.27) the pillar undercut was calculated using Equation 19. Where W1 is the

width of the pillar apex, W2 is the width of the pillars base and U is the degree of

undercut. For each run five pillars were measured and the average of these was

taken as the response value.

W,

Figure 3.27 Schematic of pillar undercut

Equation 19 Wi:-W,=U

107



3. Methodology

The experimental data gathered was analysed using main-effects plots and

Pareto charts generated using Minitab15®.

3.4.2.2 Design of experiment response examined in the micro-injection
moulding process

As part of the design of experiment investigations into the micro-injection
moulding process four responses were examined. These were part mass,
buffer mass, dimensions of the pillar features and replicate feature variation
from silicon mould insert. The part mass was examined for the 316LS
replicates fabricated using the silicon inserts structured with micro-channel
features. The HDPE and PP replicates fabricated using the silicon inserts
structured with 10 - 2 um insert features were also examined using part mass
as a response. The height and width of the pillar features and the variation of
the replicate pillar height and width from the silicon mould insert were

examined on all replicates produced.

3.4.2.2.1 Part mass

Part mass is defined here as the weight of the complete moulded part. The part
mass was determined using a micro-balance. Each of the ten replicates
produced per design of experiment run were weighed and a mean average was

taken to determine the average part mass.

3.4.2.2.2 Buffer mass

Buffer mass is defined here as the mass of the protruding portion of polymer on
the underside of the replicate, created by a portion of the polymer shot which

did not fill the mould cavity (Figure 3.28). The buffer mass was obtained using
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the dimensions of the buffer and the theoretical density value of the polymer
(PP 905 kg/m?3, HDPE 950 kg/m3) to calculate mass (Equation 20).

Polymer “Buffer”

Polymer Replicate — Underside Schematic

Diameter
[ ] $ Height

Side View of “Buffer”

Figure 3.28 Polymer replicate buffer

Equation 20 Mass = Volume x Density

3.4.2.2.3 Part dimensions

The part dimensions measured were height (h) and width (w) (Figure 3.29) the
features were measured using an SFEG-SEM. Feature measurements were
only taken from one side of the pillar features therefore the area/volume of the
pillars could not be determined. The side of the pillar features which varied in

size across the replicate were measured during this examination. 5 - 10
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measurements were taken for each pillar size and a mean average was

calculated.

N
v

Figure 3.29 Dimensions measured from pillar features

3.4.2.2.4 Replicate feature variation from silicon mould insert

The height and width of the hole features in the silicon mould inserts was also
measured. The averages calculated for the pillar features on the replicates was
then be compared to the measurements taken from the original silicon mould
insert to determine how much the replicate features varied from the silicon
mould (Equation 21). The calculated variation from the silicon mould is the
measured response used to identify the statistical significance of the factors
examined. Siw) is the measurement value from the silicon mould insert, Rep) is
the measurement value from the polymer or metal replicate. £tResponse is the

variation of the replicate from the silicon mould insert.

Equation 21 Siy) — Rep) = tResponse
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3.4.3 Contact angle analysis

The following method of image capture was selected due to its ability to capture
continuous video footage, as opposed to capturing individual still images. This
enabled the examination of the entire ‘life cycle’ of the droplet from deposition to

evaporation.

In order to measure the droplet contact angle on samples structured with 10 - 2
um insert features digital recordings of the droplets were taken over a specified
time. Still images were then extracted from these recording and analysed to
determine the droplet contact angles. Prior to recording the sample was first

mounted onto a metal block and illuminated using a KL 1500 electronic lamp.

A 3.CCD colour JVC video camera connected to a computer was fitted with a
28 - 70 zoom lens and 40 mm lens extension tube. The camera was then
mounted on a tripod and positioned infront of the sample so that the samples

image was displayed on the computer monitor.

A digital camera was then mounted on a tripod and positioned infront of the

computer monitor in order to digitally capture the video feed displayed.

The camera recording was commenced and a 1 uL droplet was placed on the
sample surface using a 10 uL micro-litre syringe. The droplet was recorded for 5

minutes from the time of deposition.

For each video still images of the droplet were obtained at 1 minute intervals
over a 5 minute period using ‘Windows Live Movie Maker’ software. The contact
angle of the droplet at each time interval was measured using Image J, a free

online software for measuring contact angles.

Five contact angle measurements were taken for each droplet at each time
interval and an average for the droplet contact angle was taken at each time

interval.
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3.4.4 Droplet channelling

The micro-channel insert feature design was initially developed to examine how
surface features can affect droplet movement. In order to examine how the
movement of a droplet can be affected by these surface features samples
structured with the micro-channels were mounted at various angles, ranging
from 30 — 90 ° in order to observe what effect the features had on the

movement of a 0.2 uL droplet.

Each sample was mounted on a metal block and adjusted until the desired
angle was reached. The sample was then secured with moulding putty and

illuminated using an electronic lamp.

The same digital video capture set-up as described in section 3.4.3 Contact
Angle Analysis was used when recording droplets on the tilted sample surfaces.

The droplets were recorded to the point of complete evaporation.

3.4.5 Droplet evaporation

The evaporation of 0.2 uL droplets on sample surfaces structured with micro-
channel insert features was examined. The samples examined were silicon,
uncoated HDPE and HDPE coated with a sputtered layer of gold-palladium
(AgPd). The sample surfaces were magnified using an optical microscope. The
selected area of the sample surface was then displayed on a computer monitor

via a video feed.

As with the image capture of droplet contact angles and droplet channelling in
sections 3.4.3 Contact angle analysis and 3.4.4 Droplet channelling a digital
camera was secured to a tripod and placed in-front of the monitor, so a digital

recording of the video feed from the optical microscope may be captured.

The digital camera was set to record, and the 0.2 uL droplet was then placed
onto the surface of the sample using a 10 puL micro-litre syringe. The droplet

was recorded to the point of completely evaporated. Two droplets were
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observed on each of the structured areas of the sample surface, resulting in two
digital recording per surface area and twelve recordings per sample.

3.5 Summary of methodology

The content of this chapter discusses the various experimental methods used
during the course of this research into the micro-texturing of surfaces for fluid
control. Section 3.1 Overview of experimental design outlines the use of
experimental design in the optimisation of experimental methods and the
reasons for the selection of the design of experiment approach. Section 3.2
Mould design and fabrication discussed the design and fabrication of micro-
channel and 10 - 2 um silicon inserts using photolithography and Deep reactive
ion etching. The use of the design of experiment approach for examining the
effect of process factors on the undercut of pillar features was also outlined.
Section 3.3 Micro-moulding outlines the production of HDPE, PP and 316LS
replicates by micro-injection moulding using removable silicon mould inserts.
The use of the design of experiment approach to determine the effect of
process factors on selected responses (part and buffer mass, pillar height and
width of replicates and the variation of replicate pillar height and width from the
silicon mould insert) is also outlined and discussed. The methods used to obtain
optical information of the various sample surfaces and the metrological methods
used to obtain response values for the design of experiment examinations is
discussed in Section 3.4 Metrology and Optical Analysis. The measurement of
contact angles on 10 - 2 um structured silicon, HDPE and PP samples, the
movement and evaporation of droplets on silicon, HDPE, PP and 316LS micro-

channel structured samples is also discussed in this section.
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4 Mould design and fabrication results

The following chapter details the results gathered from the mould design and
fabrication of mould insert to be used in micro-injection moulding. Section 4.1
Silicon mould inserts outlines the results gathers from the photolithography and
deep reactive ion etching familiarisation stages using micro-channel and 10 — 2
um insert designs. It also discusses the results from the design of experiment
investigation into the effect of deep reactive ion etching process factors on pillar
undercut. Section 4.2 Nickel mould insert fabrication outlines the results from
the sputter-coating and electroless coating of silicon inserts to produce a nickel

mould insert for use in micro-injection moulding.

4.1 Silicon mould insert fabrication

The fabrication of silicon mould inserts for use in micro-injection moulding was
examined and will be discussed in the following chapter. Pillar and hole features
(ranging from 5 — 80 um in diameter) were etched into silicon wafers using a
photolithography and deep reactive ion etching process. A design of experiment
approach was applied to the production of pillar features ranging from 10 — 5

um in diameter.

4.1.1 Fabrication of micro-channel insert features

It was found that the features with dimensions above 10 pum were successfully
replicated. However, the features with dimensions below 10 pum were not

successfully replicated (Figure 4.1).
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Figure 4.1 Hole features below 10 um not successfully replicated

The confocal and optical microscopes allowed the measurements of the tops of
the pillar features and the entrance to the hole features, enabling any
irregularities in the feature shape to be identified (Figure 4.2 and Figure 4.3).
The features displayed in Figure 4.2 were originally designed on the photomask
to be 80 x 80 um and 80 x 29 um, and the features in Figure 4.3 were 20 x 20
pum. Therefore it can be seen that there is a variation between the dimensions
on the photomask and the dimensions structured.
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Figure 4.2 Hole feature dimensions measured via optical microscopy

Figure 4.3 Pillar feature dimensions measured via optical microscopy

The SFEG-SEM allowed the examination of the entire depth of the pillar
features by examining the inserts at a 45 — 85 ° angle (Figure 4.4 and Figure
4.5).
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Figure 4.4 Pillar features observed at a 45 ° angle

118



4. Mould design and fabrication results

Figure 4.5 Pillar features observed at an 85 ° angle

With regards to the hole features it was not possible to measure the depth using
the SEFG-SEM as the sample could not be tilted to an angle in which the base
of the holes could be seen. Therefore confocal microscopy was used to obtain
measurements of the feature depth. Feature depths ranging from 37 — 45 um

were recorded for the micro-channel inserts (Figure 4.6 and Figure 4.7).
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Figure 4.6 Example of confocal microscopy depth analysis of hole features and

3D scan of insert surface
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Figure 4.7 Example of confocal microscopy depth analysis of pillar features and

3D scan of insert surface

4.1.2 Familiarisation stage for the fabrication of 10 — 2 um insert
features

As well as micro-channel insert features, 10 — 2 um insert features were etched
onto silicon wafers via deep reactive ion etching. A familiarisation stage was

conducted so that the effect of the etching process on pillar dimensions of this

size could be determined.
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4.1.2.1 Photolithography

The 10 x 10 um and 5 x 5 um pillar and hole features and the 2 x 2 um pillar
features were patterned onto the silicon wafer. However, the 2 x 2 um hole

features were not present.

4.1.2.2 Deep reactive ion etching

Both the 10 x 10 um and 5 x 5 um pillars and holes appeared to have been
successfully replicated. However, the 5 x 5 um pillars were severely undercut
and as a result did not stand up-right but rather lay at an angle across the wafer

surface. The 2 x 2 um features were not present.

Examination revealed that the 5 x 5 pum pillar features observed immediately
after deep reactive ion etching were no longer present (Figure 4.8 and Figure
4.9).
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Figure 4.8 5 x 5 um pillar stumps
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Figure 4.9 5 x 5 um pillar stumps

It was also noted that the 10 x 10 um pillar features were undercut (Figure 4.10
and Figure 4.11), and this had resulted in some of the pillars breaking (Figure
4.12).
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Figure 4.10 Pillar depth of 10 x 10 um pillar features
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Figure 4.11 Pillar width at base and apex of 10 x 10 um pillar features
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Figure 4.12 10 x 10 um pillar features broken due to feature undercut

As before, the depth of the hole features could not be measured using the
SEFG-SEM as the sample could not be tilted to an angle in which the base of
the holes could be seen. Therefore, confocal microscopy was used to obtain
measurements of the feature depth. The depths of 35 — 38 um were found for

the 10 x 10 um hole features on the inserts.

4.1.3 Design of experiments of 10 — 2 um insert features

The factors examined for their effect on the production of pillar undercuts were
platen power, CsFs gas flow in the passivation phase and etching:passivation
switching times.
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4.1.3.1 Photolithography

Using optical microscopy to ensure the photoresist had been patterned

accurately it was noted that the 2 x 2 um hole features were not present.

4.1.3.2 Appearance of features

The pillar features produced during the various design of experiment runs were
compared to identify the effect the different factor levels had on the optical
appearance of the features. Pillars from runs 3 and 4 (Figure 4.13a and Figure
4.13b) show examples of severe undercutting achieved on 5 x 5 um features.
The degree of undercut is such that no pillars could be observed standing on
these samples. In contrast runs 1 and 2 (Figure 4.14a and Figure 4.14b) show

examples where the undercut is either positive or minimal.

Features from runs 2, 1 and 8 (Figure 4.15 and Figure 4.16) display uneven
etching, where features are present between the pillars. For contrast, an
example of an evenly etched surface is shown in run 7 (Figure 4.16). A potential
mechanism for the uneven etching observed for runs 2, 1 and 8 is the
incomplete removal of the passivation layer during the etching phase. In
extreme cases this can result in the “black silicon” effect, shown in run 8 (Figure
4.16).
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Figure 4.13 5 x 5 um pillars, a) run 3, b) run 4

129



4. Mould design and fabrication results

Acc Spot Magn Det WD p—————— 10 prr
000 kY 3.0 2587% SE 197 SIS ¥LTIF
——

Figure 4.14 5 x 5 um pillars, @) run 1, b) run 2
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Figure 4.16 5 x 5 pm pillars, a) run 8 b) run 7
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Upon examination of the 10 x 10 um features it was noted that incomplete
etching of the wafer surfaces was observed for the same runs as those
displayed for the 5 x 5 um pillars (Figure 4.17 and Figure 4.18). It should also
be noted that the runs which resulted in the severely undercut 5 x 5 um pillars
also resulted in 10 x 10 um pillars with large undercuts. Although all the 10 x 10
um pillars remained standing (Figure 4.19 and Figure 4.20).
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Figure 4.18 10 x 10 um pillars, @) run 8 b) run 7
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Figure 4.20 10 x 10 um pillars, a) run 1, b) run 2
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4.1.3.3 Measured undercut

The average undercut of the 10 x 10 um and 5 x 5 um pillars is displayed in

Table 4.1. None of the 2 x 2 um pillars were successfully etched.

Table 4.1 Average undercut for 10 x 10 um and 5 x 5 um pillars

Platen  CaFs Gas flow in SWitZTL%?ntémes —  Average undercut
POE p?\va)er paSSi\(/:éiCor?])stage passivatic;n 10 x 10 55 um
(s:9) um
1 ) + - 0.028 -0.349
2 * * - 0.354  0.441
3 ) + + 1.271  No Pillars
4 i ) + 1.572 3.986
° * - + 2545  No Pillars
6 * * + 1.800  No Pillars
! * - - 0.087  0.444
8 ' - - -0.729 -1.091

4.1.3.4 Statistical analysis

Examination of the Pareto Charts (Figure 4.21 and Figure 4.23) identified
switching times as the most significant factor of those examined for both 10 x 10
and 5 x 5 um pillars. The main effects plots (Figure 4.22 and Figure 4.24), also
identified switching times as the factor with the main effect on pillar undercut for
both 10 x 10 and 5 x 5 um pillars.
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Pareto Chart of the Standardized Effects
(response is Undercut 10x10 (microns), Alpha = 0.05)
12.7
I Factor Name
Platen Power (W)
CH B C4F8 Gas Flow (sccm)
[ Switching Times (sec)
A4
BC
£
]
" aB
AC J
B
0 20 40 60 80 100 120 140 160 180
Standardized Effect

Figure 4.21 Pareto chart for 10 x 10 um pillars

Main Effects Plot for Undercut 10x10 (microns)

Data Means

o Platen Power (W) C4F8 Gas Flow (sccm)

159
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Figure 4.22 Main-effects plot for 10 x 10 um pillars
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Pareto Chart of the Effects
(response is Undercut 5x5 (microns), Alpha = 0.05)
4.018
\ Factor Name
Platen Power (W)
B C4F8 Gas Flow (sccm)
CH1 c Switching Times (sec)
A4
£
5]
-
AB 1
B
T T T T
0 1 2 3 4 5
Effect
Lenth's PSE = 0.55875

Figure 4.23 Pareto chart for 5 x 5 um pillars

Main Effects Plot for Undercut 5x5 (microns)
Data Means

. Platen Power (W) C4F8 Gas Flow (sccm)
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Figure 4.24 Main-effects plot for 5 x 5 um pillars

4.2 Nickel mould insert fabrication

The fabrication of nickel mould inserts was examined. Two possible fabrication

routes were considered, Sputter-coating followed by electroplating or
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electroless followed by electroplating. Neither the sputter-coating nor the
electroless processes could produce a coating on the silicon samples with a

high enough conductivity reading for use in the electroplating process.

4.2.1 Sputter coating

The silicon inserts which were sputtered for 20 minutes were found to not be
conductive enough for electroplating. The silicon inserts which were sputtered
for 40 minutes did produce a slight conductive reading. However, it was decided
that the conductivity of the samples needed to be improved before the nickel
electroplating process could take place. Six silicon mould inserts were sputter

coated in total (Figure 4.25).

Figure 4.25 Silicon insert coated with nickel via sputter-coating

4.2.2 Electroless coating

It was found that when removed from the electroless bath the nickel deposit
began to flake and detach from the sample surface over time (Figure 4.26). No
silicon samples were successfully coated with a conductive nickel seed layer via

the electroless process.
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Figure 4.26 Nickel coated silicon coated via electroless

4.2.3 Summary of mould design and fabrication results

Within this chapter the results gathered during the design and fabrication of
mould inserts for micro-injection moulding were discussed. A familiarisation
stage in which silicon wafers was etched with eight mould inserts containing 10
— 2 um insert features was undertaken using a chrome-on-glass mask. A design
of experiment was undertaken to determine the significant factors affecting pillar
undercut in the deep reactive ion etching process. It was found that the most
significant factor was switching times. Silicon wafers etched with micro-channel
insert features were also fabricated and examined using optical and confocal

microscopy and SFEG-SEM imaging.

Silicon mould inserts were then coated in a nickel seed layer by either sputter-
coating or electroless coating. Silicon mould inserts coated for 20 minutes via
sputter-coating were found to not produce a conductive nickel seed layer.
Those coated for 40 minutes did produce a conductive layer. However, it was
decided that this nickel layer was not conductive enough for use in
electroplating. With regards to electroless coating it was found that the nickel
coating began to flake and detach from the silicon mould insert over time. This
made the silicon mould insert coated via electroless unsuitable for
electroplating. Therefore, no nickel mould inserts were produced for use in

micro-injection moulding
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5 Polymer micro-injection moulding results

The following chapter discusses the design of experiment approach used during
the examination of the fabrication of high density polyethylene and
polypropylene replicates via micro-injection moulding. The design of experiment
approach used examined the effect of moulding temperature, cooling time,
holding pressure and injection speed on the production of polymer pillar
features ranging from 80 x 80 um to 5 x 5 um. Pareto charts and main effects
plots were used to determine the most significant factor for the various
responses selected. The responses examined were part mass, buffer mass,
pillar width and height and the variation of the replicate features from the silicon

mould insert.

Chapter section 5.1 Design of experiments for micro-channel insert features
discusses the identification of significant factors relating to pillar width and
height and the variation of the replicate feature dimensions from the silicon
mould insert. This is done for high density polyethylene and polypropylene
replicates structured with micro-channel features using Pareto charts.
Observations regarding the appearance of the replicate surfaces and features
are also outlined. In section 5.2 Design of experiment of 10 — 2 um insert
features the most significant factors and the main-effects on the part and buffer
mass of high density polyethylene and polypropylene replicates structures with
10 — 2 um features are outlined. Section 5.2 also outlines the most significant
factor and the main-effect on the pillar dimensions and the variation of replicate
feature dimensions from the silicon mould insert for polypropylene and high
density polyethylene replicates. The appearance of the replicate features and
surfaces is also displayed and observations detailed.

5.1 Design of experiments for micro-channel insert features

A design of experiment approach was used to examine how moulding

temperature, cooling time, holding pressure and injection affect the production
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5. Polymer micro-injection moulding results

of polypropylene and high density polyethylene pillar features ranging from 80 x
80 um to 5 x 5 um by micro-injection moulding. The responses examined via
statistical analysis were part and buffer mass as well as pillar width and height
and the variation of the replicate feature dimensions from the silicon mould

insert.

Pillars with twenty-seven different width dimensions were examined. The
replicates produced were structured with micro-channel insert features. As
explained in Chapter 3 Methodology, micro-channel insert features were
designed to incorporate three different feature arrangements in both pillar and
hole forms (Figure 5.1 and Figure 5.2). Squares 3 and 4 were adapted from the
work of Fang et al to produce micro-channels of varying pillar size and spacing
across the sample surface to produce a wettability gradient. Squares 5 and 6
used the surface design proposed by Shastry et al, which used the variation of
pillar width and gap length to produce a superhydrophobic surface with a
surface-energy gradient. Squares 1 and 2 were designed by Morel by
combining the design patterns proposed by Shastry et al and Fang et al. The
presence of micro-channels was adapted from the work of Fang et al and the
pillar gradient used by Shastry et al. The features in squares 1, 3 and 5 resulted
in hole features. Whereas features in squares 2, 4 and 6 resulted in pillar

features.

1 2 1 2
3|4 3|4
5 6 5 6

Figure 5.1 Schematic of silicon inserts
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2 1 2 1
4113 4113
6 5 6 5

Figure 5.2 Schematic of polymer replicates

The Morel and Fang designs in squares 1, 2, 3 and 4 contained micro-channels.
Two different micro-channels with varying feature dimensions were used in
each square (Table 5.1).
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Table 5.2 Feature dimensions in micro - channels

Square Micro-channel 1 (um) Micro-channel 2 (um)

30 x 30 30x 10
25x 30 25x 10
1&2 20 x 30 20 x 10
(Morel) 15x 30 15x 10
10 x 30 10 x 10
5x 30 5x10
80 x 80 80 x 29
384 53 x 80 53 x 29
43 x 80 43 x 29

(Fang)
29 x 80 29 x 29
19 x 80 19 x 29

In order to simplify analysis the pillars were separated into three groups
according to the pillar widths. The width ranges selected were 40 — 80 um, 20 —
39 um and 5 — 19 um (Table 5.3). The following subsections will use these

three ranges to present the data collected.
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Table 5.3 Pillars included in analysis ranges

Dimension Pillar dimensions Surface arga/volume
range ratio
(um) (um)

80 x 80 0.100

53 x 80 0.113

43 x 80 0.122

40-80 80 x 29 0.144
53 x29 0.157

43 x 29 0.165

30 x 30 0.183

30 x 308 0.183

30x10 0.317

29 x 80 0.144

29 x 29 0.188

20 -39 25x 30 0.197
25x10 0.330

25x 25 0.210

20 x 30 0.217

20x 10 0.350

20 x 20 0.250

19 x 80 0.180

19x 29 0.224

15x 30 0.250

15x 10 0.383

15 x 15 0.317

5-19 10x 30 0.317
10x 10 0.450

10 x 10™ 0.450

5x 30 0.517

5x 10 0.650

5x5 0.850

$30 x 30 um features from squares 5 and 6
™ 10 x 10 um features from squares 5 and 6
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5.1.1 Polypropylene pillar dimensions

The height and width of ten pillars at each pillar size were measured and an
average calculated. The average measurements taken and used in statistical

analysis are displayed in the appendix of this thesis.

It was noted that the 10 x10 um, 10 x 10 um (from square 6), 5 x 30 um, 5 x 10

um and 5 x 5 um features were not replicated.

5.1.1.1 Statistical analysis of 40 — 80 um polypropylene pillar features

Using the Pareto charts generated injection speed was identified as the most
significant factor for the width of 80 x 29 um pillars (Figure 5.3). Holding
pressure was found to be the most significant factor for the height of 53 x 29 um
pillars (Figure 5.4) and the interaction between mould temperature and cooling
time was found to be the most significant for the height of 43 x 29 um pillars
(Figure 5.5). Significant factors were not identified for the height of the 80 x 80,
80 x 29, 53 x 80 or the 43 x 80 um pillars. Significant factors were also not
identified for the width of the 80 x 80, 53 x 80, 53 x 29, 43 x 80 and the 43 x 29

um pillars.
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Pareto Chart of the Standardized Effects
(response is PP 80 x 29 microns Width, Alpha = 0.05)

2.571
- Factor Name
D A Mould Temp (oC)
B Cooling Time (sec)
AD - | C Holding Pressure (bar)
D Injection Speed (mm/s)
i |
CD
£ BD
=
2 BCH
C
B
AB
AC
T

00 05 10 15 20 25 30
Standardized Effect

Figure 5.3 Most significant factor for width of 80 x 29 um polypropylene pillars

Pareto Chart of the Standardized Effects
(response is PP 53 x 29 microns Height, Alpha = 0.05)
2.571
L Factor Name
C Mould Temp (oC)
B Cooling Time (sec)
AA | C qudin_g Pressure (bar)
AB | D Injection Speed (mm/s)
AD -
£ AC
-
2 o
BC |
BD
D
B
T T T T T T
0 1 2 3 G) 5 6
Standardized Effect

Figure 5.4 Most significant factor for height of 53 x 29 um polypropylene pillars
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Pareto Chart of the Standardized Effects
(response is PP 43 x 29 microns Height, Alpha = 0.05)

2.571

Factor Name
AB A Mould Temp (oC)
B Cooling Time (sec)
| C Holding Pressure (bar)
| D Injection Speed (mm/s)

00 05 10 15 20 25 30
Standardized Effect

Figure 5.5 Most significant factor for height of 43 x 29 um polypropylene pillars

5.1.1.2 Statistical analysis of 20 — 39 um pillar features

Upon examination of the generated Pareto charts cooling time was found to be
the most significant factor with regards to the height of the 30 x 10, 25 x 10 and
20 x 10 um pillars (Figure 5.6, Figure 5.9 and Figure 5.11). The interaction
between mould temperature and injection speed was identified as the most
significant factor for the height of the 25 x 30 um pillars (Figure 5.7). Injection
speed was found to be the most significant factor for the height of the 25 x 25
um pillars (Figure 5.8). The mould temperature was found to be most significant
with regards to the 20 x 20 um pillars (Figure 5.10). Significant factors were not
identified for the height of the 30 x 30 (from squares 1 and 2), 30 x 30 (from
squares 5 and 6), 29 x 80, 29 x 29 and the 20 x 30 um pillars. Significant factors

were also not identified for the width of and of the pillar features.
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Pareto Chart of the Standardized Effects
(response is PP 30 x 10 microns Height, Alpha = 0.05)
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Figure 5.6 Most significant factor for height of 30 x 10 um polypropylene pillars

Pareto Chart of the Standardized Effects
(response is PP 25 x 30 microns Height, Alpha = 0.05)
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Figure 5.7 Most significant factor for height of 25 x 30 um polypropylene pillars
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Pareto Chart of the Standardized Effects
(response is PP 25 x 25 microns Height, Alpha = 0.05)
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Figure 5.8 Most significant factor for height of 25 x 25 um polypropylene pillars

Pareto Chart of the Standardized Effects
(response is PP 25 x 10 microns Height, Alpha = 0.05)
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Figure 5.9 Most significant factor for height of 25 x 10 um polypropylene pillars

152




5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is PP 20 x 20 microns Height, Alpha = 0.05)
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Figure 5.10 Most significant factor for height of 20 x 20 um polypropylene pillars

Pareto Chart of the Standardized Effects
(response is PP 20 x 10 microns Height, Alpha = 0.05)
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Figure 5.11 Most significant factor for height of 20 x 10 um polypropylene pillars

5.1.1.3 Statistical analysis of 5 - 19 um pillar features

Following the examination of the produced Pareto charts holding pressure was
found to be the most significant factor regarding the height of the 19 x 80 um

pillars (Figure 5.12). Injection speed was found to be the most significant factor
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for the 19 x 29 um pillars closely followed by mould temperature (Figure 5.13).
Mould temperature was identified as the most significant factor regarding the
height of the 15 x 15 and the 10 x 30 um pillars (Figure 5.14 and Figure 5.16).
Cooling time was found to be the most significant factor for the 15 x 10 um
pillars (Figure 5.15). A significant factor was not identified for the height of the
15 x 30 um pillars or for the widths of any of the pillars. As mentioned at the
start of this section the 10 x10 um, 10 x 10 um (from square 6), 5 x 30 um, 5 x

10 um and 5 x 5 um features were not replicated.

Pareto Chart of the Standardized Effects
(response is PP 19 x 80 microns Height, Alpha = 0.05)
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Figure 5.12 Most significant factor for height of 19 x 80 um polypropylene pillars
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Pareto Chart of the Standardized Effects
(response is PP 19 x 29 microns Height, Alpha = 0.05)
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Figure 5.13 Most significant factor for height of 19 x 29 um polypropylene pillars

Pareto Chart of the Standardized Effects
(response is PP 15 x 15 microns Height, Alpha = 0.05)
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Figure 5.14 Most significant factor for height of 15 x 15 um polypropylene pillars
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Pareto Chart of the Standardized Effects
(response is PP 15 x 10 microns Height, Alpha = 0.05)
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Figure 5.15 Most significant factor for height of 15 x 10 um polypropylene pillars

Pareto Chart of the Standardized Effects
(response is PP 10 x 30 microns Height, Alpha = 0.05)
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Figure 5.16 Most significant factor for height of 10 x 30 um polypropylene pillars

5.1.1.4 Comparison of polypropylene pillar heights

A comparison was made between the intended designed height of pillars, the
height of pillars on the silicon mould insert and the height of the polypropylene

replicated pillars. The results of this comparison were categorised into three
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surface area/volume ratio categories and are displayed in Figure 5.17, Figure
5.18 and Figure 5.19.

45
40 -
E
235
=]
L
0
T B Design Height
s 30 - .
= B Mould Height
a
™ Replicate Height
25 -
20 -
o o
2 8 8 8 8 % 28 8 8 g
< x x < x < x x x x
o ™M ™ o ¥ ™ ) o)) Q o
) n < ) N N < — Rl ~
Pillar Width Dimensions (um)

Figure 5.17 Comparison of designed feature height, mould feature height and
replicate feature height for polypropylene pillars in the 0.1 — 0.19 surface

area/volume range
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Figure 5.18 Comparison of designed feature height, mould feature height and
replicate feature height for polypropylene pillars in the 0.19 — 0.3 surface

area/volume ratio range
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Figure 5.19 Comparison of designed feature height, mould feature height and
replicate feature height for polypropylene pillars in the 0.3 — 0.9 surface

area/volume ratio range

5.1.2 High density polyethylene pillar dimensions

The height and width of ten pillars at each pillar size were measured and an
average calculated. The average measurements taken and used in statistical

analysis are displayed in the appendix of this thesis.

It was noted that the 10 x10 um, 10 x 10 um (from square 6), 5 x 30 um, 5 x 10

um and 5 x 5 um features were not replicated.
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5.1.2.1 Statistical analysis of 40 — 80 um pillar features

Examination of the generated Pareto charts identified mould temperature as the
most significant factor for the height of the 80 x 29, 53 x 29 and 43 x 29 um
pillars (Figure 5.20 - Figure 5.22). No significant factor was identified for the
width of any of the pillars or for the height of the 80 x 80, 53 x 80 or the 43 x 80

um pillars.

Pareto Chart of the Standardized Effects
(response is HDPE 80 x 29 microns Height, Alpha = 0.05)
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Figure 5.20 Most significant factor for height of 80 x 29 um high density
polyethylene pillars
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Pareto Chart of the Standardized Effects
(response is HDPE 53 x 29 microns Height, Alpha = 0.05)
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Figure 5.21 Most significant factor for height of 53 x 29 um high density
polyethylene pillars

Pareto Chart of the Standardized Effects
(response is HDPE 43 x 29 microns Height, Alpha = 0.05)
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Figure 5.22 Most significant factor for height of 43 x 29 um high density
polyethylene pillars

161



5. Polymer micro-injection moulding results

5.1.2.2 Statistical analysis of 20 — 39 um pillar features

Examination of the generated Pareto charts identified mould temperature as the
most significant factor for the height of all the pillars (Figure 5.23 - Figure 5.25,
Figure 5.27 - Figure 5.31 and Figure 5.33 - Figure 5.35). Significant factors for
the width of pillars were only identified for the 30 x 10, 25 x 10 and 20 x 10 um
pillars (Figure 5.26, Figure 5.32 and Figure 5.36). For which mould temperature

was found to be the most significant factor.

Pareto Chart of the Standardized Effects
(response is HDPE 30 x 30 micron heigth, Alpha = 0.05)
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Figure 5.23 Most significant factor for height of 30 x 30 um high density

polyethylene pillars on squares 5 and 6
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Pareto Chart of the Standardized Effects
(response is HDPE 30 x 30 microns Height, Alpha = 0.05)
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Figure 5.24 Most significant factor for height of 30 x 30 um high density

polyethylene pillars from squares 1 and 2

Pareto Chart of the Standardized Effects
(response is HDPE 30 x 10 microns Height, Alpha = 0.05)
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Figure 5.25 Most significant factor for height of 30 x 10 um high density
polyethylene pillars
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Pareto Chart of the Standardized Effects
(response is HDPE 30 x 10 microns Width, Alpha = 0.05)
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Figure 5.26 Most significant factor for width of 30 x 10 um high density
polyethylene pillars

Pareto Chart of the Standardized Effects
(response is HDPE 29 x 80 microns Height, Alpha = 0.05)
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Figure 5.27 Most significant factor for height of 29 x 80 um high density
polyethylene pillars
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Pareto Chart of the Standardized Effects
(response is HDPE 29 x 29 microns Height, Alpha = 0.05)
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Figure 5.28 Most significant factor for height of 29 x 29 um high density
polyethylene pillars

Pareto Chart of the Standardized Effects
(response is HDPE 25 x 30 microns Height, Alpha = 0.05)
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Figure 5.29 Most significant factor for height of 25 x 30 um high density
polyethylene pillars
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Pareto Chart of the Standardized Effects
(response is HDPE 25 x 25 micron Height, Alpha = 0.05)
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Figure 5.30 Most significant factor for height of 25 x 25 um high density
polyethylene pillars

Pareto Chart of the Standardized Effects
(response is HDPE 25 x 10 microns Height, Alpha = 0.05)
2.57
! Factor Name
A A Mould Temp (oC)
B Cooling Time (sec)
C Holding Pressure (bar)
D Injection Speed (mm/s)
AD -
£ AB
B
2 BC
C
BD
CD
AC A
T T T T T T T
0 2 4 6 8 10 12 14
Standardized Effect

Figure 5.31 Most significant factor for height of 25 x 10 um high density
polyethylene pillars
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 25 x 10 microns Width, Alpha = 0.05)
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Figure 5.32 Most significant factor for width of 25 x 10 um high density
polyethylene pillars

Pareto Chart of the Standardized Effects
(response is HDPE 20 x 30 microns Height, Alpha = 0.05)
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Figure 5.33 Most significant factor for height of 20 x 30 um high density
polyethylene pillars
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 20 x 20 microns Height, Alpha = 0.05)
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Figure 5.34 Most significant factor for height of 20 x 20 um high density
polyethylene pillars

Pareto Chart of the Standardized Effects
(response is HDPE 20 x 10 microns Height, Alpha = 0.05)
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Figure 5.35 Most significant factor for height of 20 x 10 um high density
polyethylene pillars
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 20 x 10 microns Width, Alpha = 0.05)
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Figure 5.36 Most significant factor for width of 20 x 10 um high density
polyethylene pillars

5.1.2.3 Statistical analysis of 5 - 19 um pillar features

As mentioned at the start of this section the 10 x10 um, 10 x 10 um (from
square 6), 5 x 30 um, 5 x 10 um and 5 x 5 um features were not replicated.
However, upon examination of the Pareto charts mould temperature was found
to be the most significant factor for all of the replicated pillars examined (Figure
5.37-Figure 5.48).
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 19 x 80 microns Height, Alpha = 0.05)
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Figure 5.37 Most significant factor for height of 19 x 80 um high density
polyethylene pillars

Pareto Chart of the Standardized Effects
(response is HDPE 19 x 80 microns Width, Alpha = 0.05)
2.571
: Factor Name
A A Mould Temp (oC)
B Cooling Time (sec)
B | C qudir!g Pressure (bar)
AB | D Injection Speed (mm/s)
BC
g AC
=
2 o
D
BD
AD A
o |
0 1 2 3 4 5
Standardized Effect

Figure 5.38 Most significant factor for width of 19 x 80 um high density
polyethylene pillars
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 19 x 29 microns Height, Alpha = 0.05)
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Figure 5.39 Most significant factor for height of 19 x 29 um high density
polyethylene pillars

Pareto Chart of the Standardized Effects
(response is HDPE 19 x 29 microns Width, Alpha = 0.05)
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Figure 5.40 Most significant factor for width of 19 x 29 um high density
polyethylene pillars
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 15 x 30 microns Height, Alpha = 0.05)
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Figure 5.41 Most significant factor for height of 15 x 30 um high density
polyethylene pillars

Pareto Chart of the Standardized Effects
(response is HDPE 15 x 30 microns Width, Alpha = 0.05)
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Figure 5.42 Most significant factor for width of 15 x 30 um high density
polyethylene pillars
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 15 x 15 microns Height, Alpha = 0.05)
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Figure 5.43 Most significant factor for height of 15 x 15 um high density
polyethylene pillars

Pareto Chart of the Standardized Effects
(response is HDPE 15 x 15 microns Width, Alpha = 0.05)
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Figure 5.44 Most significant factor for width of 15 x 15 um high density
polyethylene pillars
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 15 x 10 microns Height, Alpha = 0.05)
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Figure 5.45 Most significant factor for height of 15 x 10 um high density
polyethylene pillars

Pareto Chart of the Standardized Effects
(response is HDPE 15 x 10 microns Width, Alpha = 0.05)
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Figure 5.46 Most significant factor for width of 15 x 10 um high density
polyethylene pillars

174



5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 10 x 30 microns Height, Alpha = 0.05)
2.571
" Factor Name
A A Mould Temp (oC)
B Cooling Time (sec)
BC - C Holding Pressure (bar)
D Injection Speed (mm/s)
DA
AD -
£ ACH
A
2 c
CDA
BD -
B 4
AB+
T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Standardized Effect

Figure 5.47 Most significant factor for height of 10 x 30 um high density
polyethylene pillars

Pareto Chart of the Standardized Effects
(response is HDPE 10 x 30 microns Width, Alpha = 0.05)
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Figure 5.48 Most significant factor for width of 10 x 30 um high density
polyethylene pillars
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5. Polymer micro-injection moulding results

5.1.3 Polypropylene pillar feature variation from silicon mould insert
dimensions

The feature variation between the polypropylene moulded replicate and the

silicon mould insert was calculated using the average measurements for height

and width obtain in section 5.1.1 Polypropylene pillar dimensions. The

measurements taken and used in statistical analysis are displayed in the

appendix of this thesis.

5.1.3.1 Statistical analysis of 40 — 80 um pillar feature variation from
silicon mould insert

After examination of the generated Pareto charts injection speed was identified
as the most significant factor regarding the variation of the replicate pillar from
the silicon mould insert for the width of the 80 x 29 um pillars (Figure 5.49).
Holding pressure was found to be the most significant factor for the height of the
53 x 29 um pillars (Figure 5.50). The interaction between mould temperature
and cooling time was found to be most significant for the height of the 43 x 29
um pillars (Figure 5.51). Significant factors were not identified for the replicate
pillar height variation from the silicon mould insert for the 80 x 80, 53 x 80, 43 x
80 and the 80 x 29 um pillars. Significant factor were also not found for the
replicate pillar width variation from the silicon mould insert for the 80 x 80, 53 x
80, 53 x 29, 43 x 80 and the 43 x 29 um pillars.
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is PP 80x29 microns +/- Si Width, Alpha = 0.05)
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Figure 5.49 Most significant factor for the variation in the width of 80 x 29 um

polypropylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is PP 53x29 Microns +/- Si Height, Alpha = 0.05)
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Figure 5.50 Most significant factor for the variation in the height of 53 x 29 um

polypropylene pillars from the silicon mould insert
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is PP 43x29 microns +/- Si Height, Alpha = 0.05)
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Figure 5.51 Most significant factor for the variation in the height of 43 x 29 um
polypropylene pillars from the silicon mould insert

5.1.3.2 Statistical analysis of 20 — 39 um pillar feature variation from
silicon mould insert

Upon examination of the Pareto charts regarding the variation of the replicate
pillar dimensions from the silicon mould insert cooling time was identified as the
most significant factor for the height of the 30 x 10, 25 x 10 and 20 x 10 um
pillars (Figure 5.52, Figure 5.55 and Figure 5.57). The interaction between
mould temperature and injection speed was found to be the most significant
factor for the height of the 25 x 30 um pillars (Figure 5.53). Injection speed was
identified as the most significant factor for the height of the 25 x 25 um pillars
(Figure 5.54). Mould temperature was found to be the most significant factor for
the height of the 20 x 20 and 15 x 15 um pillars (Figure 5.56 and Figure 5.58).
Significant factor were not identified for the variation of pillar width from the
silicon mould insert for any of the pillars. Significant factors were also not
identified for the variation of pillar width from the silicon mould insert for the 30 x
30 (from square 2), 30 x 30 (from square 6), 29 x 80, 29 x 29 or the 20 x 30 um

pillars.
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is PP 30x10 microns +/1 Si Height, Alpha = 0.05)
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Figure 5.52 Most significant factor for the variation in the height of 30 x 10 um

polypropylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is PP 25x30 microns +/- Si Height, Alpha = 0.05)
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Figure 5.53 Most significant factor for the variation in the height of 25 x 30 um

polypropylene pillars from the silicon mould insert
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is PP 25x25 microns +/- Si Height, Alpha = 0.05)
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Figure 5.54 Most significant factor for the variation in the height of 25 x 25 um
polypropylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is PP 25x10 mircons +/- Si Height, Alpha = 0.05)
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Figure 5.55 Most significant factor for the variation in the height of 25 x 10 um

polypropylene pillars from the silicon mould insert
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is PP 20x20 microns +/- Si Height, Alpha = 0.05)
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Figure 5.56 Most significant factor for the variation in the height of 20 x 20 um
polypropylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is PP 20x10 microns +/- Si Height, Alpha = 0.05)
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Figure 5.57 Most significant factor for the variation in the height of 20 x 10 um

polypropylene pillars from the silicon mould insert
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is PP 15x15 micrions +/- Si Height, Alpha = 0.05)
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Figure 5.58 Most significant factor for the variation in the height of 15 x 15 um
polypropylene pillars from the silicon mould insert

5.1.3.3 Statistical analysis of 5 - 19 um pillar feature variation from silicon
mould insert

Examination of the generated Pareto charts identified the most significant
factors for the variation of pillar dimensions from the silicon mould insert.
Holding pressure was found to be the most significant factor regarding the
height of the 19 x 80 um pillars (Figure 5.59). Injection speed was found to be
the most significant factor for the height of the 19 x 29 um pillars closely
followed by mould temperature (Figure 5.60). Cooling time was identified as the
most significant factor for the height of the 15 x 10 um pillars (Figure 5.61). With
regards to the height of the 10 x 30 um pillars, mould temperature was found to
be the most significant factor (Figure 5.62). Significant factors for the variation
of pillar width from the silicon mould insert were not identified for any of the
pillars. Also, no factor was found to be significant with regards to the variation of

the height of the 15 x 30 um pillars from the silicon mould insert.
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is PP 19x80 microns +/- Si Height, Alpha = 0.05)
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Figure 5.59 Most significant factor for the variation in the height of 19 x 80 um

polypropylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is PP 19x29 microns +/- Si Height, Alpha = 0.05)
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Figure 5.60 Most significant factor for the variation in the height of 19 x 29 um

polypropylene pillars from the silicon mould insert
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5. Polymer micro-injection moulding results
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Pareto Chart of the Standardized Effects
(response is PP 15x10 microns +/- Si Height, Alpha = 0.05)
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Figure 5.61 Most significant factor for the variation in the height of 15x 10 um

polypropylene pillars from the silicon mould insert
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Pareto Chart of the Standardized Effects
(response is PP 10x30 microns +/- Si Height, Alpha = 0.05)
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Figure 5.62 Most significant factor for the variation in the height of 10 x 30 um

polypropylene pillars from the silicon mould insert
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5. Polymer micro-injection moulding results

5.1.4 High density polyethylene pillar feature variation from silicon
mould insert dimensions

The feature variation between the high density polyethylene moulded replicate

and the silicon mould insert was calculated using the average measurements

for height and width obtain in section 5.1.2 High density polyethylene pillar

dimensions. The measurements taken and used in statistical analysis are

displayed in the appendix of this thesis.

5.1.4.1 Statistical analysis of 40 — 80 um pillar feature variation from
silicon mould insert

Following the examination of the generated Pareto charts mould temperature
was identified as the most significant factor for the height of the 80 x 29, 53 x 29
and the 43 x 29 um pillars (Figure 5.63 - Figure 5.65). Significant factors were
not identified for the variation of replicate pillar width from the silicon mould
insert for any of the pillars. Also, significant factors were not identified for the
variation of replicate pillar height from the silicon mould insert for the 80 x 80, 53

x 80 or the 43 x 80 um pillars.
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 80x29 microns +/-Si Height, Alpha = 0.05)
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Figure 5.63 Most significant factor for the variation in the height of 80 x 29 um

high density polyethylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is HDPE 53x29 microns +/-Si Height, Alpha = 0.05)
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Figure 5.64 Most significant factor for the variation in the height of 53 x 29 um

high density polyethylene pillars from the silicon mould insert
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 43x29 microns +/-Si Height, Alpha = 0.05)
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Figure 5.65 Most significant factor for the variation in the height of 43 x 29 um
high density polyethylene pillars from the silicon mould insert

5.1.4.2 Statistical analysis of 20 — 39 um pillar feature variation from
silicon mould insert

Examination of the Pareto charts identified mould temperature as the most
significant factor for the variation of replicate pillar height from the silicon mould
insert for all the pillars (Figure 5.66 - Figure 5.68, Figure 5.70 - Figure 5.74 and
Figure 5.76 - Figure 5.78). Mould temperature was also identified as the most
significant factor for the variation of replicate pillar width from the silicon mould
insert for the 30 x 10, 25 x 10 and the 20 x 10 um pillars (Figure 5.69, Figure
5.75 and Figure 5.79). The significant factors for the variation of pillar width from
the silicon mould insert were not identified for the 30 x 30 (from square 1), 30 x
30 (from square 6), 29 x 80, 29 x 29, 25 x 30, 25 x 25, 20 x 30 or the 20 x 20

um pillars.
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 30x30 micron +/-Si height, Alpha = 0.05)
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Figure 5.66 Most significant factor for the variation in the height of 30 x 30 um
high density polyethylene pillars from squares 5 and 6 from the silicon mould

insert

Pareto Chart of the Standardized Effects
(response is HDPE 30x30 microns +/-Si Height, Alpha = 0.05)
2.571
: Factor Name
A A Mould Temp (oC)
B Cooling Time (sec)
D C Holding Pressure (bar)
AC | D Injection Speed (mm/s)
AB
E B
=
2 oD
BD
CH
BC
AD A
T T T T T T T T T
0 1 2 3 4 5 6 7 8 9
Standardized Effect

Figure 5.67 Most significant factor for the variation in the height of 30 x 30 um
high density polyethylene pillars from squares 1 and 2 from the silicon mould

insert
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 30x10 microns +/-Si Height, Alpha = 0.05)
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Figure 5.68 Most significant factor for the variation in the height of 30 x 10 um
high density polyethylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is HDPE 30x10 microns +/- Si Width, Alpha = 0.05)

2.571
: Factor Name
A A Mould Temp (oC)
B Cooling Time (sec)
AB C Holding Pressure (bar)
AD D Injection Speed (mm/s)
BC
g CD
=
e c
AC -
D
B
BD
T T T T T T T

Standardized Effect

Figure 5.69 Most significant factor for the variation in the width of 30 x 10 um

high density polyethylene pillars from the silicon mould insert
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5. Polymer micro-injection moulding results

Term

Pareto Chart of the Standardized Effects
(response is HDPE 29x80 microns +/-Si Height, Alpha = 0.05)
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Figure 5.70 Most significant factor for the variation in the height of 29 x 80 um

high density polyethylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects

(response is HDPE 29x29 microns +/-Si Height, Alpha = 0.05)
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Figure 5.71 Most significant factor for the variation in the height of 29 x 29 um

high density polyethylene pillars from the silicon mould insert
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5. Polymer micro-injection moulding results
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>
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Pareto Chart of the Standardized Effects
(response is HDPE 25x30 microns +/-Si Height, Alpha = 0.05)
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Figure 5.72 Most significant factor for the variation in the height of 25 x 30 um

high density polyethylene pillars from the silicon mould insert
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Pareto Chart of the Standardized Effects
(response is HDPE 25x25 micron +/- Si Height, Alpha = 0.05)
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Figure 5.73 Most significant factor for the variation in the height of 25 x 25 um

high density polyethylene pillars from the silicon mould insert
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5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 25x10 microns +/-Si Height, Alpha = 0.05)
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Figure 5.74 Most significant factor for the variation in the height of 25 x 10 um
high density polyethylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is HDPE 25x10 microns +/- Si Width, Alpha = 0.05)
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Figure 5.75 Most significant factor for the variation in the width of 25 x 10 um

high density polyethylene pillars from the silicon mould insert
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Pareto Chart of the Standardized Effects
(response is HDPE 20x30 microns +/-Si Height, Alpha = 0.05)
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Figure 5.76 Most significant factor for the variation in the height of 20 x 30 um
high density polyethylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is HDPE 20x20 microns +/-Si Height, Alpha = 0.05)
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Figure 5.77 Most significant factor for the variation in the height of 20 x 20 um

high density polyethylene pillars from the silicon mould insert
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Pareto Chart of the Standardized Effects
(response is HDPE 20x10 microns +/-Si Height, Alpha = 0.05)
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Figure 5.78 Most significant factor for the variation in the height of 20 x 10 um

high density polyethylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is HDPE 20x10 microns +/- Si Width, Alpha = 0.05)
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Figure 5.79 Most significant factor for the variation in the width of 20 x 10 um

high density polyethylene pillars from the silicon mould insert
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5.1.4.3 Statistical analysis of 5 - 19 um pillar feature variation from silicon
mould insert

After examination of the generated Pareto charts it was found that the mould

temperature was identified as the most significant factor for all pillar examined

regarding the variation of replicate pillar dimensions from the silicon mould

insert (Figure 5.80 - Figure 5.91).

Pareto Chart of the Standardized Effects
(response is HDPE 19x80 microns +/-Si Height, Alpha = 0.05)
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Figure 5.80 Most significant factor for the variation in the height of 19 x 80 um

high density polyethylene pillars from the silicon mould insert
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Pareto Chart of the Standardized Effects
(response is HDPE 19x80 microns +/- Si Width, Alpha = 0.05)
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Figure 5.81 Most significant factor for the variation in the width of 19 x 80 um

high density polyethylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is HDPE 19x29 microns +/-Si Height, Alpha = 0.05)
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Figure 5.82 Most significant factor for the variation in the height of 19 x 29 um

high density polyethylene pillars from the silicon mould insert

196



5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is HDPE 19x29 microns +/- Si Width, Alpha = 0.05)
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Figure 5.83 Most significant factor for the variation in the width of 19 x 29 um

high density polyethylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is HDPE 15x30 microns +/-Si Height, Alpha = 0.05)
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Figure 5.84 Most significant factor for the variation in the height of 15 x 30 um

high density polyethylene pillars from the silicon mould insert
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Pareto Chart of the Standardized Effects
(response is HDPE 15x30 microns +/- Si Width, Alpha = 0.05)
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Figure 5.85 Most significant factor for the variation in the width of 15 x 30 um

high density polyethylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is HDPE 15x15 microns +/-Si Height, Alpha = 0.05)
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Figure 5.86 Most significant factor for the variation in the height of 15 x 15 um

high density polyethylene pillars from the silicon mould insert
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Pareto Chart of the Standardized Effects
(response is HDPE 15x15 microns +/- Si Width, Alpha = 0.05)
2.571
" Factor Name
A A Mould Temp (oC)
B Cooling Time (sec)
BD C qudin.g Pressure (bar)
AC D Injection Speed (mm/s)
CH
g D
=
& AD
CD
B
AB 1
BC 4
T T T T T
0 1 2 3 4 5
Standardized Effect

Figure 5.87 Most significant factor for the variation in the width of 15 x 15 um

high density polyethylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is HDPE 15x10 microns +/-Si Height, Alpha = 0.05)
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Figure 5.88 Most significant factor for the variation in the height of 15 x 10 um

high density polyethylene pillars from the silicon mould insert
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Pareto Chart of the Standardized Effects
(response is HDPE 15x10 microns +/- Si Width, Alpha = 0.05)
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Figure 5.89 Most significant factor for the variation in the width of 15 x 10 um

high density polyethylene pillars from the silicon mould insert

Pareto Chart of the Standardized Effects
(response is HDPE 10x30 microns +/-Si Height, Alpha = 0.05)
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Figure 5.90 Most significant factor for the variation in the height of 10 x 30 um

high density polyethylene pillars from the silicon mould insert
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Pareto Chart of the Standardized Effects
(response is HDPE 10x30 microns +/- Si Width, Alpha = 0.05)
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Figure 5.91 Most significant factor for the variation in the width of 10 x 30 um

high density polyethylene pillars from the silicon mould insert

5.1.5 Appearance of polypropylene features

The appearance of pillar features on polypropylene replicates was examined.
The following subsections present the various observations made whilst

examining the replicate surfaces from all design of experiment runs.

5.1.5.1 Polypropylene 40 — 80 um pillar features

The 80 x 80 um npillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4, 8 and 9 (Figure 5.92).

201



5. Polymer micro-injection moulding results

DOE 4 DOE 8

DOE 9

Figure 5.92 Most well replicated polypropylene 80 x 80 um pillars

The pillars from DOE runs 3, 5 and 6 were observed to be the least well

replicated (Figure 5.93).

Figure 5.93 Least well replicated polypropylene 80 x 80 um pillars
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The 53 x 80 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 11 and 15 (Figure 5.94).

DOE 15

Figure 5.94 Most well replicated polypropylene 53 x 80 um pillars

The pillars from DOE run 3 were observed to be the least well replicated (Figure
5.95).

Figure 5.95 Least well replicated polypropylene 53 x 80 um pillars

The 43 x 80 um npillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those

found on the replicates from DOE runs 11 and 10 (Figure 5.96).
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DOE 11

Figure 5.96 Most well replicated polypropylene 43 x 80 um pillars

The pillars from DOE run 3 were observed to be the least well replicated (Figure
5.97).

Figure 5.97 Least well replicated polypropylene 43 x 80 um pillars

The 80 x 29 um pillars were observed on replicates from all design of
experiment runs. Those observed to be well replicated were those found on the
replicates from DOE runs 8, 10 and 15 (Figure 5.98).
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Figure 5.98 Most well replicated polypropylene 80 x 29 um pillars

The pillars from DOE runs 3 and 6 were observed to be the least well replicated
(Figure 5.99).

Figure 5.99 Least well replicated polypropylene 80 x 29 um pillars

The 53 x 29 um pillars were observed on replicates from all design of
experiment runs. Those observed to be well replicated were those found on the
replicates from DOE runs 4 and 15 (Figure 5.100).
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Figure 5.100 Most well replicated polypropylene 53 x 29 um pillars

The pillars from DOE run 3 were observed to be the least well replicated (Figure
5.101).

Figure 5.101 Least well replicated polypropylene 53 x 29 um pillars

The 43 x 29 um pillars were observed on replicates from all design of
experiment runs. Those observed to be well replicated were those found on the
replicates from DOE runs 10, 14 and 15 (Figure 5.102).
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Figure 5.102 Most well replicated polypropylene 43 x 29 um pillars

The pillars from DOE run 3 were observed to be the least well replicated (Figure
5.103).

Figure 5.103 Least well replicated polypropylene 43 x 29 um pillars

5.1.5.2 Polypropylene 20 — 39 um pillar features

The 30 x 30 um pillars, located in square 1 of the replicates, were found to be

replicated for all design of experiment runs. Those observed to be most
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successfully replicated were those found on the replicates from DOE runs 4, 8,
9 and 15 (Figure 5.104).

DOE 8

DOE 9 DOE 15

Figure 5.104 Most well replicated polypropylene 30 x 30 um pillars

The pillars from DOE runs 5 and 6 were observed to be the least well replicated
(Figure 5.105).

Figure 5.105 Least well replicated polypropylene 30 x 30 um pillars
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The 25 x 30 um pillars were found to be replicated on replicates from all design
of experiment runs. Those observed to be most successfully replicated were
those found on the replicates from DOE runs 4, 8 and 9 (Figure 5.106).

DOE 8

DOE 9

Figure 5.106 Most well replicated polypropylene 25 x 30 um pillars

The pillars from DOE run 3 were observed to be the least well replicated (Figure
5.107).

DOE 3

Figure 5.107 Least well replicated polypropylene 25 x 30 um pillars
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The 20 x 30 um pillars were found to be replicated for all DOE runs. Those
observed to be most successfully replicated were those found on the replicates
from DOE runs 4, 8 and 9 (Figure 5.108).

DOE 8

DOE 9

Figure 5.108 Most well replicated polypropylene 20 x 30 um pillars

The pillars from DOE run 6 were observed to be the least well replicated (Figure
5.109).

Figure 5.109 Least well replicated polypropylene 20 x 30 um pillars
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The 30 x 10 um pillars were found on replicates from all design of experiment

runs. Those observed to be most successfully replicated were those found on
the replicates from DOE runs 4, 8 and 9 (Figure 5.110).
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Figure 5.110 Most well replicated polypropylene 30 x 10 um pillars

The pillars from DOE run 6 were observed to be the least well replicated (Figure
5.111).
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Figure 5.111 Least well replicated polypropylene 30 x 10 um pillars
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The 25 x 10 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4, 8 and 9 (Figure 5.112).

r
-
i

DOE 4 DOE 8

Figure 5.112 Most well replicated polypropylene 25 x 10 um pillars

The pillars from DOE runs 3 and 6 were observed to be the least well replicated
(Figure 5.113).

Figure 5.113 Least well replicated polypropylene 25 x 10 um pillars

212



5. Polymer micro-injection moulding results

The 20 x 10 um pillars were observed on replicates from all design of

experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4 and 9 (Figure 5.114).

Figure 5.114 Most well replicated polypropylene 20 x 10 um pillars

The pillars from DOE run 6 were observed to be the least well replicated (Figure
5.115).
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Figure 5.115 Least well replicated polypropylene 20 x 10 um pillars

The 29 x 80 um npillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE run 15 (Figure 5.116).
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Figure 5.116 Most well replicated polypropylene 29 x 80 um pillars

The pillars from DOE run 3 were observed to be the least well replicated (Figure
5.117).

Figure 5.117 Least well replicated polypropylene 29 x 80 um pillars

The 29 x 29 um pillars were observed on replicates from all design of
experiment runs. Those observed to be well replicated were those found on the
replicates from DOE run 15 (Figure 5.118).
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Figure 5.118 Most well replicated polypropylene 29 x 29 um pillars

The pillars from DOE run 3 were observed to be the least well replicated (Figure
5.119).

Figure 5.119 Least well replicated polypropylene 29 x 29 um pillars

The 30 x 30 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE run 15 (Figure 5.120).
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DOE 15

Figure 5.120 Most well replicated polypropylene 30 x 30 um pillars

The pillars from DOE runs 3, 5, 6 and 13 were observed to be the least well
replicated (Figure 5.121).
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Figure 5.121 Least well replicated polypropylene 30 x 30 pm pillars

The 25 x 25 um pillars were found to be replicated on replicates from all design
of experiment runs. Those observed to be most successfully replicated were

those found on the replicates from DOE run 15 (Figure 5.122).
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Figure 5.122 Most well replicated polypropylene 25 x 25 pum pillars

The pillars from DOE runs 3 and 5 were observed to be the least well replicated
(Figure 5.123).

Figure 5.123 Least well replicated polypropylene 25 x 25 um pillars

The 20 x 20 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most well replicated were those found
on the replicates from DOE run 4, 8 and 15 (Figure 5.124).
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DOE 8

DOE 15

Figure 5.124 Most well replicated polypropylene 20 x 20 um pillars

The pillars from DOE run 3 were observed to be the least well replicated (Figure
5.125).
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Figure 5.125 Least well replicated polypropylene 20 x 20 pm pillars

5.1.5.3 Polypropylene 2 — 19 um pillar features

The 15 x 30 um pillars were found to be replicated on replicates from all design
of experiment runs. Those observed to be most successfully replicated were
those found on the replicates from DOE runs 4, 8 and 9 (Figure 5.126).

DOE 8

DOE 9

Figure 5.126 Most well replicated polypropylene 15 x 30 um pillars
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The pillars from DOE run 6 were observed to be the least well replicated (Figure
5.127).

Figure 5.127 Least well replicated polypropylene 15 x 30 um pillars

The 10 x 30 um pillars were found to be replicated for all design of experiment
runs. Those observed to be most successfully replicated were those found on
the replicates from DOE runs 4 and 9 (Figure 5.128).

Figure 5.128 Most well replicated polypropylene 10 x 30 um pillars
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The pillars from DOE run 3 were found to have not been replicated. No 5 x 30
um pillars were observed on replicates from any of the design of experiment

runs.

The 15 x 10 pum pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those

found on the replicates from DOE runs 4, 8 and 9 (Figure 5.129).
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Figure 5.129 Most well replicated polypropylene 15 x 10 um pillars

The pillars from DOE runs 2, 3 and 6 were observed to be the least well
replicated (Figure 5.130).
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Figure 5.130 Least well replicated polypropylene 15 x 10 pm pillars

No 10 x 10 um or 5 x 10 um pillars were observed to have been replicated on

any of the design of experiment runs.

The 19 x 80 um npillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4, 9 and 15 (Figure 5.131).
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Figure 5.131 Most well replicated polypropylene 19 x 80 um pillars

The pillars from DOE runs 5 and 6 were observed to be the least well replicated
(Figure 5.132).

Figure 5.132 Least well replicated polypropylene 19 x 80 um pillars

It was observed that the 19 x 80 um were not replicated on samples from DOE

run 3.
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The 19 x 29 um pillars were observed on replicates from all design of
experiment runs. Those observed to be well replicated were those found on the
replicates from DOE runs 4 and 15 (Figure 5.133).

Figure 5.133 Most well replicated polypropylene 19 x 19 um pillars

The pillars from DOE run 3 were observed to have not been replicated with
those from DOE runs 5 and 6 to be the least well replicated of those observed

to have been replicated (Figure 5.134).

Figure 5.134 Least well replicated polypropylene 19 x 19 um pillars

The 15 x 15 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most well replicated were those found
on the replicates from DOE run 4 and 8 (Figure 5.135).
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DOE 4

Figure 5.135 Most well replicated polypropylene 15 x 15 pum pillars

The pillars from DOE run 3 were observed to have not been replicated. No 10 x
10 um or 5 x 5 um pillars were observed to have been replicated on any of the

design of experiment runs.

5.1.6 Appearance of high density polyethylene features

The appearance of pillar features on high density polyethylene replicates was
examined. The following subsections present the various observations made

whilst examining the replicate surfaces from all design of experiment runs.

5.1.6.1 High density polyethylene 40 — 80 um pillar features

The 80 x 80 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those

found on the replicates from DOE runs 4 and 8 (Figure 5.136).
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DOE 4 DOE 8

Figure 5.136 Most well replicated 80 x 80 um high density polyethylene pillars

The pillars from DOE runs 13 and 16 were observed to be the least formed of
those replicated (Figure 5.137).

DOE 16

Figure 5.137 Least well replicated 80 x 80 um high density polyethylene pillars

The 53 x 80 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4, 8 and 15 (Figure 5.138).
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DOE 4 DOE 8

Figure 5.138 Most well replicated 53 x 80 um high density polyethylene pillars

It was observed that the 53 x 80 um pillars were not replicated on DOE run 13.

The 43 x 80 um npillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4, 8 and 15 (Figure 5.139). It was

observed that the 43 x 80 um pillars were not replicated on DOE run 13.
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Figure 5.139 Most well replicated 43 x 80 um high density polyethylene pillars

The 80 x 29 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4, 8 and 15 (Figure 5.140). It was

observed that the 80 x 29 um pillars were not replicated on DOE run 13.
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Figure 5.140 Most well replicated 80 x 29 um high density polyethylene pillars

The 53 x 29 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4, 8, 10 and 15 (Figure 5.141). It was

observed that the 53 x 29 um pillars were not replicated on DOE run 13.
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DOE 10 DOE 15

Figure 5.141 Most well replicated 53 x 29 um high density polyethylene pillars

The 43 x 29 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4 and 8 (Figure 5.142). It was observed

that the 43 x 29 um pillars were not replicated on DOE run 13.
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Figure 5.142 Most well replicated 43 x 29 um high density polyethylene pillars

5.1.6.2 High density polyethylene 20 — 39 um pillar features

The 30 x 30 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4, 8 and 15 (Figure 5.143). It was
observed that the 30 x 30 um pillars were not replicated on DOE runs 13 and
16.
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DOE 4 DOE 8

Figure 5.143 Most well replicated 30 x 30 um high density polyethylene pillars

The 25 x 30 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4, 8 and 15 (Figure 5.144). It was
observed that the 25 x 30 um pillars were not replicated on DOE runs 13 and
16.
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Figure 5.144 Most well replicated 25 x 30 um high density polyethylene pillars

The 20 x 30 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4, 8 and 15 (Figure 5.145). It was
observed that the 20 x 30 um pillars were not replicated on DOE runs 13 and
16.
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DOE 15

Figure 5.145 Most well replicated 20 x 30 um high density polyethylene pillars

The 30 x 10 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4 and 8 (Figure 5.146). It was observed

that the 30 x 10 um pillars were not replicated on DOE runs 5-7, 13 and 16.
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Figure 5.146 Most well replicated 30 x 10 um high density polyethylene pillars

The 25 x 10 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4 and 8 (Figure 5.147). It was observed
that the 25 x 10 um pillars were not replicated on DOE runs 1, 3, 5-7, 13 and
16.

DOE 4 DOE 8

Figure 5.147 Most well replicated 25 x 30 um high density polyethylene pillars
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The 20 x 10 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4 and 8 (Figure 5.148). It was observed
that the 20 x 10 um pillars were not replicated on DOE runs 1, 3, 5-7, 13 and
16.

DOE 4

Figure 5.148 Most well replicated 20 x 10 um high density polyethylene pillars

The 29 x 80 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4, 8 and 15 (Figure 5.149). It was
observed that the 29 x 80 um pillars were not replicated on DOE runs 13 and
16.
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DOE 4 DOE 8

Figure 5.149 Most well replicated 29 x 80 um high density polyethylene pillars

The 29 x 29 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4 and 8 (Figure 5.150). It was observed

that the 29 x 29 um pillars were not replicated on DOE runs 13 and 16.
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DOE 4

Figure 5.150 Most well replicated 29 x 29 um high density polyethylene pillars

The 30 x 30 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4 and 8 (Figure 5.151). It was observed

that the 30 x 30 um pillars were not replicated on DOE run 16.

DOE 4 DOE 8

Figure 5.151 Most well replicated 30 x 30 um high density polyethylene pillars
located in square 5
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The 25 x 25 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE run 4 (Figure 5.152). It was observed that the

25 x 25 um pillars were not replicated on DOE runs 13 and 16

DOE 4

Figure 5.152 Most well replicated 25 x 25 um high density polyethylene pillars

The 20 x 20 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 8 and 15 (Figure 5.153). It was observed

that the 20 x 20 um pillars were not replicated on DOE runs 13 and 16.
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DOE 8

Figure 5.153 Most well replicated 20 x 20 um high density polyethylene pillars

5.1.6.3 High density polyethylene 2 — 19 um pillar features

The 15 x 30 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4 and 8 (Figure 5.154). It was observed

that the 15 x 30 um pillars were not replicated on DOE runs 1, 3, 5, 13 and 16.

DOE 8

Figure 5.154 Most well replicated 15 x 30 um high density polyethylene pillars
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The 10 x 30 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4 and 8 (Figure 5.155). It was observed
that the 10 x 30 um pillars were not replicated on DOE runs 1, 3,5 - 7, 13 and
16.

DOE 4 DOE 8

Figure 5.155 Most well replicated 10 x 30 pm high density polyethylene pillars

No 5 x 30 um pillars were observed to have been replicated on any of the

design of experiment runs.

The 15 x 10 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE run 4 (Figure 5.156). It was observed that the
15 x 10 um pillars were not replicated on DOE runs 1-3, 5-8, 13, 14 and 16.

No 10 x 10 um or 5 x 5 um pillars were observed to have been replicated on

any of the design of experiment runs
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Figure 5.156 Most well replicated 15 x 10 um high density polyethylene pillars

The 19 x 80 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE runs 4, 8 and 15 (Figure 5.157). It was
observed that the 19 x 80 um pillars were not replicated on DOE runs 1, 3, 5,
13, 14 and 16.
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Figure 5.157 Most well replicated 19 x 80 um high density polyethylene pillars

The 19 x 29 um pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE run 8 (Figure 5.158). It was observed that the
19 x 29 um pillars were not replicated on DOE runs 1, 13 and 16.
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Figure 5.158 Most well replicated 19 x 29 um high density polyethylene pillars

The 15 x 15 pum pillars were observed on replicates from all design of
experiment runs. Those observed to be most successfully replicated were those
found on the replicates from DOE run 8 (Figure 5.159). It was observed that the

15 x 15 um pillars were not replicated on DOE runs 1, 3, 13, 14 and 16.

No 10 x 10 um or 5 x 5 um pillars were observed to have been replicated on

any of the design of experiment runs.

DOE 8

Figure 5.159 Most well replicated 15 x 15 um high density polyethylene pillars
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5.2 Design of experiment of 10 — 2 um insert features

A design of experiment approach was used to examine how moulding
temperature, cooling time, holding pressure and injection affected the
production of polypropylene and high density polyethylene 10 x 10 um, 5 x5 um
and 2 x 2 um pillar features by micro-injection moulding. The responses
examined via statistical analysis were part and buffer mass as well as pillar
width and height and the variation of the replicate features from the silicon

mould insert.

No 5 x5 um or 2 x 2 um pillars were found to have been replicated on the
polypropylene features. None of the pillar features were found to have been

replicated on the high density polyethylene replicates.

5.2.1 Part mass

The mass of ten replicates per design of experiment run was recorded and an
average calculated. These averages were then statistically analysed using
Pareto charts and main effects plots constructed in Minitab15® to determine the
effect of the examined factors on the average part mass. The average part

mass values recorded can be found in the appendix.

5.2.1.1 Statistical analysis of part mass of high density polyethylene and
polypropylene replicates

Pareto charts generated identified injection speed as the most significant factor

for both the polypropylene and high density polyethylene replicates.

246



5. Polymer micro-injection moulding results

Pareto Chart of the Standardized Effects
(response is Average Part Mass - PP, Alpha = 0.05)
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Figure 5.160 Most significant factor for part mass of polypropylene replicates

Pareto Chart of the Standardized Effects
(response is Average Part Mass - HDPE, Alpha = 0.05)
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Figure 5.161 Most signficant factor for part mass of high density polyethylene

replicates

5.2.2 Buffer mass

The buffer mass of ten replicates per design of experiment run was calculated

and an average taken. These averages were then statistically analysed using
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Pareto charts and main-effects plots to determine the effect of the examined
factors on the average buffer mass. The average buffer mass values recorded

can be found in the appendix.

5.2.2.1 Statistical analysis of buffer mass of high density polyethylene and
polypropylene replicates

Upon examination of the Pareto Charts and main effects plots no factor was

found to be significant to buffer mass for the polypropylene or high density

polyethylene replicates. Holding pressure was found to have the main effect on

average polypropylene buffer mass (Figure 5.162). While injection speed was

found to be the factor with the main effect on the high density polyethylene

average buffer mass (Figure 5.163).

Main Effects Plot for Average Buffer Mass - PP
Data Means
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Figure 5.162 Main-effects plot — average buffer mass of polypropylene
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Main Effects Plot for Average Buffer Mass - HDPE
Data Means
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Figure 5.163 Main-effects plot — average buffer mass of high density

polyethylene

5.2.3 Part dimensions of polypropylene pillar features

The height and width of ten pillars were measured on one replicated from each
design of experiment run and an average calculated. These average values
were then used to identify the factors with the most effect on the response and
which factor and/or factor interaction was the most significant via statistical

analysis. As previously mentioned only the 10 x 10 um pillars were replicated.

The height and width averages calculated can be found in the appendix of this

thesis.

5.2.3.1 Statistical analysis of polypropylene pillar features

Upon examination of the generated Pareto charts mould temperature was
identified as the most significant factor regarding the height of the 10 x 10 um
pillars (Figure 5.164). No factor was identified as significant for the width of the

10 x 10 um pillars.
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Pareto Chart of the Standardized Effects
(response is PP Average Height, Alpha = 0.05)
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Figure 5.164 Most significant factor for 10 x 10 um polypropylene pillar height

5.2.4 Polypropylene pillar feature variation from silicon mould insert

The variation of average height and width of pillars on polypropylene replicates
from the silicon mould insert were calculated using the average height and
width values calculated previously in section 5.2.3 Dimensions of pillar features,
and measurements taken from the silicon mould insert. The values obtained
were then statistically analysed using Pareto charts and main effects plots. The
values calculated for replicate pillar variation from the silicon mould insert can

be found in the appendix of this thesis.

5.2.4.1 Statistical analysis of polypropylene pillar feature variation from
silicon mould insert

Examination of the Pareto charts generated for the variation of replicate pillar
dimensions from the silicon mould insert identified mould temperature as the
most significant factor for the height of the 10 x 10 um pillars (Figure 5.165). No
factor was identified as significant for the variation of replicate pillar width from

the silicon mould insert.
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Pareto Chart of the Standardized Effects
(response is PP +/- Si Height, Alpha = 0.05)
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Figure 5.165 Most significant factor for the variation of 10 x 10 um polypropylene

pillar height from the silicon mould insert

5.2.5 Appearance of polypropylene features

None of the 2 x 2 um features were produced on any of the polypropylene
replicates. Slight indentations were found where the 5 x 5 um pillars should
have been replicated (Figure 5.166). But, no 5 x 5 um pillars were found to be
replicated on the polypropylene replicates. 10 x 10 um pillar features were
found to be replicated during all design of experiment runs. Optically the most
successful replications were observed for DOE runs 4 and 8 (Figure 5.167) and
the least successful were observed for DOE runs 3 and 16 (Figure 5.168).
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DOE 7

Figure 5.166 Indentations of 5 x 5 um polypropylene pillars

DOE run 4 DOE run 8

Figure 5.167 Most well replicated 10 x 10 um polypropylene pillars

252



5. Polymer micro-injection moulding results

DOE run 3 DOE run 16

Figure 5.168 Least well replicated 10 x 10 um polypropylene pillars

10 x 10 um and 5 x 5 um holes were replicated on all design of experiment run
replicates examined. On some of the holes replicated a “lip” was observed at

the entrance to the hole (Figure 5.169).
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DOE 125 x 5 um DOE 155 x5 um

Figure 5.169 Irregularities in 10 x 10 um and 5 x 5 um polypropylene holes

5.2.6 Appearance of high density polyethylene features

None of the 2 x 2 um features were produced on any of the high density
polyethylene replicates. Slight indentations were found where the 10 x 10 um
pillars should have been replicated (Figure 5.170). But, no pillars (10 x 10 um or
5 x 5 um) were found to be replicated in the high density polyethylene

replicates.
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DOE 7

Figure 5.170 Indentations of 10 x 10 um high density polyethylene pillars

10 x 10 wum and 5 x 5 um holes were at least partially replicated in all high
density polyethylene replicates examined. Some of the holes appeared not as

deep as others (Figure 5.171).
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DOE 3 10 x 10 pm

DOE 3 5x5um DOE 4 5x5um

Figure 5.171 10 x 10 um and 5 x 5 um high density polyethylene holes

On some of the 10 x 10 um holes formed a “lip” was observed at the entrance to
the hole (Figure 5.172).
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DOE 2

Figure 5.172 Irregularities in 10 x 10 um high density polyethylene holes

5.3 Process window for polypropylene and high density
polyethylene using process-volume-temperature curves

The process windows used during the undertaking of the design of experiments
investigations are displayed on the pressure-volume-temperature (PVT) curves
in Figure 5.173 and Figure 5.174.
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Specific volume (cm’/g)

0 50 100 150 200 250
Temperature (°C)

Figure 5.173 Pressure-volume-temperature curve for polypropylene®?, with

process window and melt temperature used
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Figure 5.174 Pressure-volume-temperature curve for high density polyethylene®,

with process window and melt temperature used

5.4 Summary of polymer micro-injection moulding results

This chapter has presented the responses gathered through a design of
experiment approach examining the fabrication of polymer micro-injection
moulded replicates. The fabrication of polypropylene and high density
polyethylene replicates using two surface designs, micro-channels and 10 — 2

um, were examined. The responses of interest were part and buffer mass, pillar
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height and width and the variation of the replicate pillar dimensions from the

silicon mould insert.

The appearance of the surface of the replicates was also observed and the
most and least well replicated pillars were identified at each pillar size. Irregular

pillar formations, indentations, and feature deformations were also identified.
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6 Metal injection moulding results

The following chapter outlines the design of experiment approach used for the
examination of the fabrication of 316LS stainless steel replicates via metal-
injection moulding. The design of experiment approach used examined how
moulding temperature, cooling time, holding pressure and injection speed affect
the production of 316LS pillar features ranging from 80 x 80 um to 5 x 5 um.
Pareto charts and main effects plots were used to determine the most
significant factor for the various responses selected. The responses examined
were part mass, pillar width and height and the variation of the replicate pillar

width and height from those on the silicon mould insert.

In the following chapter section 6.1 Part mass will outline the results gathered
regarding the average part mass of the 316LS replicates from each design of
experiment run. The identification of significant factors and main effects on part
mass is also outlined. In section 6.2 Part dimensions the most significant factors
relating to the height and width of the replicate pillars is displayed. Due to the
large collection of feature sizes within the data section 6.2 has been divided into
three subsections relating to the following three size ranges: 40 — 80 um, 20 —
39 um and 5 — 19 um. In section 6.3 Dimensional variation of 316LS replicate
from silicon mould insert Pareto charts are used to display the most significant
factors with regards to the variation of the 316LS features from the original
silicon mould insert. As with section 6.2 the data has been divided into three
subsections relating to the three size ranges previously mentioned. The
recorded values for the pillar height and width as well as the variation of the
replicate pillar dimensions from the silicon mould insert are tabulated and
displayed within the appendix of this thesis. Section 6.4 Appearance of 316LS
replicate features outlines the variation in the replicate surface appearance
across the various design of experiment runs. Once again this section is divided
into three subsections relating to the three feature size ranges previously

mentioned.
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6.1 Part mass

The average part mass of 316LS replicates for the sixteen design of experiment

runs is displayed in Table 6.1.

Table 6.1 Average part mass of 316LS replicates

Average Part

DOE TN \1ass 316LS (g)
1 3.52198
2 3.54684
3 3.53531
4 3.53140
5 3.53715
6 3.50816
7 3.49235
8 351144
9 3.54073
10 351175
11 3.52308
12 3.52851
13 351982
14 3.51828
15 3.49977
16 3.51981
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6.1.1 Statistical analysis of part mass of 316LS stainless steel
replicates

Upon examination of the Pareto chart it was found that injection speed was the

most significant factor when considering part mass, followed by holding

pressure and then the interaction between cooling time and injection speed

(Figure 6.1). Injection speed was also found to be the factor with the main effect

on part mass upon examination of the main effects plot (Figure 6.2).

Pareto Chart of the Standardized Effects
(response is Average Part Mass - 316LS, Alpha = 0.05)

2.57
T

Factor Name
A Mould Temp (oC)
B Cooling Time (sec)
CH C Holding Pressure (bar)
D Injection Speed (mm/s)
BD |

B

T
AB
CD

AC -
AD A

Term

0 2 4 6 8 10 12
Standardized Effect

Figure 6.1 Pareto chart — Average part mass of 316LS replicates
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Main Effects Plot for Average Part Mass - 316LS
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Figure 6.2 Main effects plot — Average part mass of 316LS stainless steel

6.2 Part dimensions

The 316LS replicates were structured with micro-channel insert features. The
feature width dimensions ranged from 80 x 80 um — 5 x 5 um. In order to
simplify analysis the pillars have been separated into three groups according to
the pillar widths measured. The width ranges selected were 40 — 80 um, 20 —
39 um and 5 — 19 um (Table 3.5).
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Table 6.2 Pillar analysis ranges

Dimension
range Pillar dimensions (um)
(um)
80 x 80
53 x 80
43 x 80
40 —
0-80 80 x 29
53 x29
43 x 29
29 x 80
20 -39 29 x 29
19 x 80
5-19 19 x 29

6.2.1 Statistical analysis of 40 — 80 um pillar features

Using Pareto charts mould temperature was found to be the most significant
factor with regards to the height and width of 80 x 80 um pillars (Figure 6.3 and
Figure 6.4). Injection speed was found to be the most significant factor for the
height of 53 x 80 um pillars (Figure 6.5). Significant factors were not identified
for the height of 40 x 80, 80 x 29, 53 x 29 and 43 x 29 um pillars or for the width
of 53 x 80, 43 x 80, 80 x 29, 53 x 29 and 43 x 29 um pillars.
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Pareto Chart of the Standardized Effects
(response is 316LS 80 x 80microns height avg, Alpha = 0.05)
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Figure 6.3 Pareto chart — most significant factor for the height of 80 x 80 um
316LS pillars

Pareto Chart of the Standardized Effects
(response is 316LS Width Avg 80 x 80 microns, Alpha = 0.05)
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Figure 6.4 Pareto chart — most significant factor for the width of 80 x 80 um
316LS pillars
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Pareto Chart of the Standardized Effects
(response is 316LS 53 x 80 micron height Avg, Alpha = 0.05)
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Figure 6.5 Pareto chart — most significant factor for the height of 53 x 80 um
316LS pillars

6.2.2 Statistical analysis of 20 — 39 um pillar features

Using Pareto charts holding pressure was found to be the most significant factor
with regards to the height and width of 29 x 29 um pillars (Figure 6.6).Significant
factors were not identified for the height of the 29 x 80 mm pillars or the width of

the 29 x 80 and the 29 x 29 um pillars.
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Pareto Chart of the Standardized Effects
(response is 316LS 29 x 29 micron height Avg, Alpha = 0.05)
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Figure 6.6 Pareto chart — most significant factor for the height of 29 x 29 um
316LS pillars

6.2.3 Statistical analysis of 5 - 19 um pillar features

Using Pareto charts moulding temperature was found to be the most significant
factor followed by the interactions between mould temperature and cooling time
with regards to the height of 19 x 80 um pillars (Figure 6.7).Significant factors
were not identified for the height of the 19 x 29 mm pillars or the width of the 19
x 80 and the 19 x 29 um pillars
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Pareto Chart of the Standardized Effects
(response is 316LS 19 x 80 micron height Avg, Alpha = 0.05)
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Figure 6.7 Pareto chart — most significant factor for the height of 19 x 80 um
316LS pillars

6.3 Dimensional variation of 316LS replicate from silicon mould
insert

As with the previous section the pillars in this subsection have been separated

into three groups according to the pillar widths measured. The width ranges

selected were 40 — 80 um, 20 — 39 um and 5 — 19 um (Table 3.5).

6.3.1 Statistical analysis of 40 — 80 um pillar feature variation from
silicon mould insert

Using Pareto charts mould temperature was found to be the most significant
factor with regards to the variation in replicate pillar height and width from the
silicon mould insert of 80 x 80 um pillars (Figure 6.8 and Figure 6.9). Injection
speed was found to be the most significant factor for the variation in replicate
pillar height from the silicon mould insert of the 53 x 80 um pillars (Figure 6.10).
Significant factors were not identified for the replicate pillar dimension variation
from the silicon mould insert of the height of 40 x 80, 80 x 29, 53 x 29 and 43 x

269



6. Metal injection moulding results

29 um pillars or for the width of 53 x 80, 43 x 80, 80 x 29, 53 x 29 and 43 x 29

um pillars.

Pareto Chart of the Standardized Effects
(response is 316LS +/-Si height 80 x 80micro, Alpha = 0.05)
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Figure 6.8 Pareto chart — most significant factor for the height of 80 x 80 um
316LS pillars
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Figure 6.9 Pareto chart — most significant factor for the width of 80 x 80 um
316LS pillars

270



6. Metal injection moulding results

Pareto Chart of the Standardized Effects
(response is 316LS +/-Si height 53 x 80 mic, Alpha = 0.05)
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Figure 6.10 Pareto chart — most significant factor for the width of 53 x 80 um
316LS pillars

6.3.2 Statistical analysis of 20 — 39 um pillar feature variation from
silicon mould insert

Using Pareto charts holding pressure was found to be the most significant factor

with regards to the variation in replicate pillar height from the silicon mould

insert of 29 x 29 um pillars (Figure 6.11).Significant factors were not identified

for the replicate pillar dimension variation from the silicon mould insert of the

height of 29 x 80 um pillars or for the width of 29 x 80 and 29 x 29 um pillars.
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Pareto Chart of the Standardized Effects
(response is 316LS +/-Si height 29 x 29 micr, Alpha = 0.05)
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Figure 6.11 Pareto chart — most significant factor for the width of 29 x 29 um
316LS pillars

6.3.3 Statistical analysis of 5—19 um pillar feature variation from
silicon mould insert

Using Pareto charts moulding temperature was found to be the most significant

factor followed by the interactions between mould temperature and cooling time

with regards to the variation in replicate pillar height from the silicon mould

insert of 29 x 29 um pillars (Figure 6.12).Significant factors were not identified

for the replicate pillar dimension variation from the silicon mould insert of the

height of 19 x 29 um pillars or for the width of 19 x 80 and 19 x 29 um pillars.
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Pareto Chart of the Standardized Effects
(response is 316LS +/-Si height 19 x 80 micr, Alpha = 0.05)
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Figure 6.12 Pareto chart — most significant factor for the height of 19 x 80 um
316LS pillars

6.4 Appearance of 316LS replicate features

The following subsection presents observations of the replicated 316LS pillar
features and the surface substrate for the various pillar sizes. Once again the

data has been separated into three sections as displayed in Table 3.5.

6.4.1 Appearance of 316LS stainless steel 40 — 80 um pillar features

The 80 x 80 um pillars were observed on all DOE runs. Those observed to have
been most successfully replicated were found on the replicates from DOE runs
1, 3,5, 6 and 10 (Figure 6.13).
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DOE 5 DOE 6

DOE 10

Figure 6.13 Most well replicated 80 x 80 um 316LS pillars

Pillars observed on DOE run 11 were found to be least well replicated (Figure
6.14).

DOE 11

Figure 6.14 Least well replicated 80 x 80 um 316LS pillars
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The 53 x 80 um pillars were observed on all DOE runs. Those observed to have

been most successfully replicated were found on the replicates from DOE runs
3, 5, 6 and 9 (Figure 6.15).

Figure 6.15 Most well replicated 53 x 80 pm 316LS pillars

Pillars observed on DOE runs 11, 12 and 15 were found to be least well

replicated (Figure 6.16).
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DOE 15

Figure 6.16 Least well replicated 53 x 80 um 316LS pillars

The 43 x 80 um pillars were observed on all DOE runs. Those observed to have

been most successfully replicated were found on the replicates from DOE runs
9 and 10 (Figure 6.17).

DOE 9 DOE 10

Figure 6.17 Most well replicated 43 x 80 um 316LS pillars

276



6. Metal injection moulding results

Pillars observed on DOE runs 12 and 15 were found to be least well replicated
(Figure 6.18).

Figure 6.18 Least well replicated 43 x 80 um 316LS pillars

The 80 x 29 um pillars were found to have been at least partially replicated on
all DOE runs. None of the pillars produced were fully replicated however, of
those observed the least formed were those from DOE runs 2, 8, 11 and 15
(Figure 6.19).
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) —— 100 pm

Figure 6.19 Least well replicated 80 x 29 pm 316LS pillars

The 53 x 29 um pillars were found to have been at least partially replicated on
all DOE runs. None of the pillars produced were fully replicated however, of
those observed the least formed were those from DOE runs 12 and 15 (Figure
6.20).

Figure 6.20 Least well replicated 53 x 29 pm 316LS pillars
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The 43 x 29 um pillars were found to have been at least partially replicated on

all DOE runs. Of those observed the most well replicated were 9 and 10 (Figure
6.21). The least formed were those from DOE runs 12 and 15 (Figure 6.22).

DOE 9 DOE 10

Figure 6.21 Most well replicated 43 x 29 um 316LS pillars

Figure 6.22 Least well replicated 43 x 29 um 316LS pillars

6.4.2 Appearance of 316LS stainless steel 20 — 39 um pillar features

The 29 x 80 um pillars were observed on all DOE runs. Those observed to have
been most successfully replicated were found on the replicates from DOE runs
9 and 10 (Figure 6.23).
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DOE 9 DOE 10

Figure 6.23 Most well replicated 29 x 80 um 316LS pillars

Pillars observed on DOE runs 2, 4, 8 and 11 were found to be least well
replicated (Figure 6.24).

DOE 8 DOE 11

Figure 6.24 Least well replicated 29 x 80 pm 316LS pillars
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Of the 29 x 29 um pillars observed the most well replicated was DOE run 9

(Figure 6.25). Pillars were found to have not been replicated on replicates from
DOE runs 12 and 15.

Figure 6.25 Most well replicated 29 x 29 pm 316LS pillars

6.4.3 Appearance of 316LS stainless steel 2 — 19 um pillar features

The 19 x 80 um pillars were observed on all DOE runs. Those observed to have
been most successfully replicated were found on the replicates from DOE run 5
(Figure 6.26).

DOE 5

Figure 6.26 Most well replicated 19 x 80 um 316LS pillars
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Pillars observed on DOE runs 2, 8, and 11 were found to be least well

replicated (Figure 6.27).

The 19 x 29 um pillars were found to have been at least partially replicated on

all DOE runs except 12 and 15.

DOE 2 DOE 8

Figure 6.27 Least well replicated 19 x 80 um 316LS pillars

6.5 Process window for 316LS using process-volume-
temperature curves

The process window used during the undertaking of the design of experiments

investigation are displayed on the pressure-volume-temperature (PVT) curve in

Figure 6.28.
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Figure 6.28 Pressure-volume-temperature curve for 316LS%, with process

window and melt temperature used

6.6 Summary of metal injection moulding results

This chapter has described the responses gathered through a design of
experiment approach examining the fabrication of metal powder micro-injection
moulded replicates. The fabrication of 316LS stainless steel replicates with
micro-channels surface features has been presented. The responses of interest
were part mass, pillar height and width and the variation of the replicate pillar

dimensions from the silicon mould insert.

The appearance of the surface of the replicates was also observed and the
most and least well replicated pillars were identified at each pillar size. Irregular

pillar formations, indentations, and feature deformations were also identified.
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7 Droplet behaviour results

The following chapter discusses the behaviour of water droplets on the various
surfaces produced. Section 7.1 Droplet contact angles discusses the contact
angles of droplets observed on 10 - 2 um surface features. The droplet contact
angles were examined on polypropylene and high density polyethylene
replicates and silicon mould inserts. Section 7.2 Droplet channelling examines
the movement and “channelling” of 0.2 uL droplets on polyethylene, high
density polyethylene and 316LS stainless steel replicates and silicon mould
inserts structured with micro-channel surface features. Section 7.3 Droplet
evaporation discusses the behaviour of deionised water droplets during
evaporation on polypropylene, high density polyethylene and 316LS stainless
steel replicates and silicon mould inserts structured with micro-channel surface

features.

7.1 Droplet contact angles

The droplet contact angles of 1 uL deionised water droplets on 10 - 2 um
surface features were examined. The purpose for examining the droplet contact
angles was to determine the effect the different surface features had on the
wettability of the sample surface. The samples used were polypropylene and
high density polyethylene replicates and silicon mould inserts. Each droplet was
observed over a 5 minute period and contact measurements were taken at 1

minute intervals.

In the interest of simplicity the following subsections will examine the data
according firstly to surface material and secondly to contact angle
measurements i.e. highest and lowest contact angles and the largest and

smallest contact angle decrease.
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7.1.1 Polypropylene 10 - 2 um inserts

Of the sixteen micro-injection moulding design of experiment runs (Chapter 3
Methodology) examined the highest initial contact angle observed for the 10 x
10 um pillar features was from DOE run 1, on which an average contact angle
of 111 ° was recorded (Figure 7.1). The highest contact angle on 10 x 10 um
hole features was also found to be from DOE 1, on which an average contact
angle of 107 ° was recorded (Figure 7.1). With regards to the 5 x 5 um features
the highest contact angle observed for the pillar features was on the samples
from DOE run 7, 107 ° (Figure 7.2). For the 5 x 5 um hole features the highest
contact angle was observed for DOE run 6 on which an average contact angle

of 100 ° was observed (Figure 7.2).

DOErunl1l:111° DOErunl1:107°

Figure 7.1 Highest droplet contact angle on 10 x 10 um pillars (Left) and 10 x 10
pm hole features (Right)
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DOE run 7 : 107 ° DOE run 6 : 100 °

Figure 7.2 Highest droplet contact angle on 5 x 5 um pillars (Left) and 5x 5 um
hole features (Right)

The lowest initial contact angle examined for the 10 x 10 um pillar features was
found to be 91 ° on samples from DOE run 10 (Figure 7.3). For the 10 x 10 um
hole features the lowest initial contact angle was recorded as 83 ° for DOE run 5
(Figure 7.3). Regarding the 5 x 5 um features the lowest initial contact angle for
the pillar features was found to be 79 ° from DOE run 3 and 74 ° from DOE run

14 for 5 x 5 um hole features (Figure 7.4).

DOErun10:91° DOErun5:83°

Figure 7.3 Lowest droplet contact angle on 10 x 10 um pillars (Left) and 10 x 10
pm hole features (Right)
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DOErun3:79° DOErun14:74-

Figure 7.4 Lowest droplet contact angle on 5 x 5 pm pillars (Left) and 5 x 5 pm

hole features (Right)

Of those droplets examined on the 10 x 10 um pillar features it was observed
that the droplet placed on the sample from DOE run 1 decreased the most over
a 5 minute period, a decrease of 17 ° from 111 - 94 °. For the 10 x 10 um holes
features the droplet placed on DOE run 15 was found to decrease the most,
from 95 - 77 ° (Figure 7.5). A decrease of 15 ° was observed on DOE run 1 for 5
x 5 um pillar features, from an initial droplet contact angle of 91 ° to 76 °. The
contact angle of droplets on 5 x 5 um holes on DOE run 10 were observed to
decrease the most over the 5 minute observation period from an initial contact

angle of 83 - 69 °, a decrease of 14 ° (Figure 7.6).
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DOErun1:111-94°

DOErun15:95-77°

Figure 7.5 Largest decrease in droplet contact angle on 10 x 10 um pillars (Left)

and 10 x 10 um hole features (Right)
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DOErun1:91-76°

DOE run 10:83-69°

Figure 7.6 Largest decrease in droplet contact angle on 5 x 5 um pillars (Left) and

5x 5 um hole features (Right)

The droplets which exhibited the least decrease over time on 10 x 10 um pillar
features were found on DOE run 9. Droplets examined decreased by 6 ° over a
5 minute period from 105 - 99 °. For droplets on 10 x 10 um hole features a
contact angle decrease of 6 ° (105 - 99 °) was calculated for droplets on
samples from DOE run 8 (Figure 7.7). On 5 x 5 um pillar features the droplet
which exhibited the least change in contact angle over time was on a sample
from DOE run 5. An initial contact angle of 92 ° was seen to decrease to 85 °
over a 5 minute period, resulting in a decrease of 7 °. The lowest decrease in
contact angle on 5 x 5 um hole features was observed on samples from DOE
run 16. On which a decrease of 6 ° was recorded from an initial contact angle of

91 ° to a final contact angle of 85 ° (Figure 7.8).
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DOErun9:105-99°

DOE run8:105-99°

Figure 7.7 Lowest decrease in droplet contact angle on 10 x 10 um pillars (Left)

and 10 x 10 um hole features (Right)
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DOErun16:91-85°

Figure 7.8 Lowest decrease in droplet contact angle on 5 x 5 um pillars (Left) and

5x 5 um hole features (Right)

On an unstructured polypropylene surface the contact angle of a 1 uL water
droplet was found to decrease from 100 - 90 °. When initial droplet contact
angles from all polypropylene design of experiment runs were compared to that
of an unstructured PP surface it was noted that the presence of a structured
surface underneath the droplet did not always result in an initial contact angle
higher than that observed on the unstructured surface (Table 7.1). Ten of the
initial contact angles examined on 10 x 10 um pillar features were higher than
the initial contact angle recorded on an unstructured surface. Six of the initial
contact angle examined on the 10 x 10 um hole and 5 x 5 um pillar features
were higher than that observed on the unstructured surface. Only one of the
initial contact angles on the 5 x 5 um hole features was found to be higher than

that observed on the unstructured surface.

292



7. Droplet behaviour

Table 7.1 Design of experiment runs with initial contact angle higher than that

observed on an unstructured polypropylene surface

Features Design of experiment runs
10 x 10 um pillars 1,6, 7,9, 11, 12, 13, 14, 15, 16
10 x 10 um holes 1,6,8,9,11,12
5 x5 um pillars 7,8,9,11,12, 16
5 x5 um holes 6

7.1.2 High density polyethylene 10 — 2 um Inserts

Contact angles of 1 uL droplets were examined on high density polyethylene
samples from all 16 micro-injection moulding design of experiment runs
(Chapter 3 Methodology). The highest contact angle on the 10 x 10 um pillar
features was observed on the sample from DOE run 6, on which a contact
angle of 108 ° was recorded (Figure 7.9). On 10 x 10 um hole features the
highest contact angle was 105 °, observed on samples from DOE run 1 (Figure
7.9). On the 5 x 5 um pillar features the highest contact angle, 104 °, was found
on samples from DOE run 3. A contact angle of 90 °, on samples from DOE 6,
was found to be the highest contact angle observed on 5 x 5 um hole features
(Figure 7.10).
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DOE run 6 : 108 ° DOErun1:105°

Figure 7.9 Highest droplet contact angle on 10 x 10 um pillars (Left) and 10 x 10
pm hole features (Right)

DOE run 3:104 ° DOErun6:90°

Figure 7.10 Highest droplet contact angle on 5 x 5 um pillars (Left) and 5x 5 um
hole features (Right)

The lowest contact angle recorded on 10 x 10 um pillar features was 80 ° from
DOE run 13. A contact angle of 76 ° was observed on the sample surface from
DOE run 9 for 10 x 10 um hole features (Figure 7.11). With regards to the 5 x 5
um pillar features it was found that the lowest contact angle, of 75 °, was
observed on the surface of DOE run 11. The 5 x 5 um hole features on samples
from DOE run 13 were found to display the lowest contact angle, 74 ° (Figure
7.12).
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DOE run 13:80° DOErun9:76°

Figure 7.11 Lowest droplet contact angle on 10 x 10 um pillars (Left) and 10 x 10
pm hole features (Right)

DOErun11:75° DOErun13:74°

Figure 7.12 Lowest droplet contact angle on 5x5um pillars (Left) and 5x5um hole

features (Right)

The change in droplet contact angle was observed over a 5 minute period. The
greatest change in droplet contact angle on 10 x 10 um pillars was observed on
the sample from DOE run 2 (Figure 7.13). The contact angle decreased from
102 - 88 °, a decrease of 14 °. The surface on which the smallest change in
contact angle was examined for 10 x 10 um pillar features was DOE run 9
(Figure 7.15). A contact angle decrease of 8 ° was observed, from 85 - 77 °. On
10 x 10 um hole features the largest decrease in contact angle was observed
on the samples from DOE run 10 (Figure 7.13). The contact angle decreased

from 104 - 91 °, a total decrease of 13 °. The smallest decrease in contact angle
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on 10 x 10 um hole features was on samples from DOE run 1 on which the
contact angle decreased from 105 - 97 °, a total decrease of 8 ° (Figure 7.15). A
contact angle decrease of 12 ° from 104 - 91 ° was observed on 5 x 5 um pillar
features on the sample from DOE run 3 (Figure 7.14). The smallest decrease in
contact angle on 5 x 5 um pillars was from 80 - 74 °, a total decrease of 6 °,
observed on the sample from DOE run 8 (Figure 7.16). With regards to the 5 x 5
um hole features the largest decrease in contact angle was observed on the
samples from DOE run 4 where a decrease of 19 °, 88 - 69 °, was observed
(Figure 7.14). The smallest decrease in contact angle on 5 x 5 um hole features
was observed on the surface from DOE run 2. From an initial contact angle of
86 ° over 5 minutes the droplet contact angle decreased by 7 ° resulting in a

final contact angle of 79 ° (Figure 7.16).

DOErun2:102-88°

DOErun10:104-91°

Figure 7.13 Largest decrease in droplet contact angle on 10 x 10 um pillars (Top)

and 10 x 10 um hole features (Bottom)
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DOErun3:104-91°

DOErun4:88-69°

Figure 7.14 Largest decrease in droplet contact angle on 5 x 5 um pillars (Left)

and 5 x 5 um hole features (Right)
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DOErun9:85-77°

DOErun1:105-97°

Figure 7.15 Lowest decrease in droplet contact angle on 10 x 10 pm pillars (Left)

and 10 x 10 um hole features (Right)

DOErun8:80-74°

DOErun2:86-79°

Figure 7.16 Lowest decrease in droplet contact angle on 5 x 5 um pillars (Left)

and 5 x 5 um hole features (Right)
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On an unstructured high density polyethylene surface the droplet contact angle

was observed to decrease from 96 - 86 °.

Initial contact angles of droplets on surfaces from all design of experiment runs
were compared to the initial contact angle on the unstructured high density
polyethylene surface. It was noted that the presence of surface roughness
induced by the pillar and hole features did not always result in an increased
contact angle (Table 7.2). Droplet contact angles on 10 x 10 um pillar features
were observed to be higher than those on the unstructured surface on samples
from 7 DOE runs. With regards to the droplets on the 10 x 10 um hole and 5 x 5
um pillar features two were found to have an initial contact angle higher than
that recorded on the unstructured surface. None of the droplets measured on
the 5 x 5 um hole features were found to have an initial contact angle larger

than that of the unstructured surface.

Table 7.2 Design of experiment runs with initial contact angle higher than that
observed on an unstructured high density polyethylene surface

Feature Design of experiment runs
10 x 10 um pillars 1,2,3,5,6,7,15
10 x 10 um holes 1,2
5 x 5 um pillars 3,7
5 x5 um holes None

7.1.3 Silicon 10 - 2 um insert features

The contact angles of 1 uL water droplets were measured on 10 — 2 um surface
features which had been etched onto silicon wafers via deep reactive ion

etching. With regards to the 10 x 10 um pillar features the highest droplet
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contact angle (Figure 7.17) was found on the wafer from DOE run 7, 75 °, and
the lowest contact angle was found on the wafer from DOE run 4, 33 ° (Figure
7.19). On 10 x 10 um hole features the largest contact angle (Figure 7.17) was
observed on the silicon wafer from DOE run 7, 71 °, and the lowest contact
angle was found on the silicon wafer from DOE run 3, 54 ° (Figure 7.19) . The
largest droplet contact angle observed on the 5 x 5 um pillar features was on
the silicon wafer from DOE run 7, 61 ° (Figure 7.18) and the lowest contact
angle was found on the wafer from DOE run 1, 38 ° (Figure 7.20). With regards
to the 5 x 5 um hole features the largest contact angle was observed on the
silicon wafer from DOE run 7, 63 ° (Figure 7.18) and the lowest on the silicon

wafer from DOE run 1, 38 ° (Figure 7.20).

DOErun7:75° DOErun7:71°

Figure 7.17 Highest droplet contact angle on 10 x 10 um pillars (Left) and 10 x 10
pm hole features (Right)

DOErun7:61° DOErun7:63°

Figure 7.18 Highest droplet contact angle on 5 x 5 um pillars (Left) and 5x 5 um
hole features (Right)
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DOErun4:33° DOErun3:54°

Figure 7.19 Lowest droplet contact angle on 10 x 10 um pillars (Left) and 10 x 10
pm hole features (Right)

DOErun1:38° DOErun1:38°

Figure 7.20 Lowest droplet contact angle on 5 x 5 um pillars (Left) and 5 x 5 um
hole features (Right)

Each droplet was observed over a 5 minute period and contact angle
measurements made at 1minute intervals. On 10 x 10 um pillar features the
droplet which changes the most over the 5 minute period was observed on the
wafer from DOE run 6 which decrease from 53 to 33 ° (Figure 7.21). The droplet
which changed the least on 10 x 10 um pillar features was on the silicon wafer
from DOE run 4 which decreased from 33 to 26 ° (Figure 7.23). With regards to
the 10 x 10 um hole features the droplet which displayed the largest contact
angle decrease over a 5 minute period was observed on the silicon wafer from
DOE run 7 on which the droplet contact angle decreased from 71 - 49 ° (Figure

7.21). The droplet which decreased the least was observed on DOE run 2, on
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which the contact angle decreased from 42 - 30 ° (Figure 7.23). Upon
observation of droplets on the 5 x 5 um features it was found that the largest
decrease in contact angle was 45 - 28 ° on DOE run 8 for pillar features and 58
- 40 ° on DOE run 8 for hole features (Figure 7.22). The lowest decrease in
contact angle on the 5 x 5 um features was 38 - 30 ° on DOE run 1 for pillar

features and 38 — 30 ° on DOE run 1 for hole features (Figure 7.24).

DOErun6:53-33°

DOErun7:71-49°

Figure 7.21 Largest decrease in droplet contact angle on 10 x 10 um pillars (Left)

and 10 x 10 um hole features (Right)
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DOErun8:45-28°

\

DOErun8:58 -40°

Figure 7.22 Largest decrease in droplet contact angle on 5 x 5 um pillars (Left)

and 5 x 5 pm hole features (Right)

DOErun4:33-26°

DOErun2:42-30°

Figure 7.23 Lowest decrease in droplet contact angle on 10 x 10 um pillars (Left)

and 10 x 10 pm hole features (Right)
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DOErun1:38-30°

DOErun1:38-30°

Figure 7.24 Lowest decrease in droplet contact angle on 5 x 5 um pillars (Left)

and 5 x 5 um hole features (Right)

Droplet contact angles were also observed on unstructured silicon, over a
5minute period the droplets contact angle decreased from 64 - 41 °. When
comparing the initial contact angle of droplets on silicon wafers from all 8 design
of experiment runs it was noted that in only four cases the initial contact angle
was higher on a structured surface than on an unstructured surface. These
surfaces were 10 x 10 um hole features on DOE run 4, 10 x 10 um pillars on
DOE run 7, 10 x 10 um holes on DOE run 7 and 10 x 10 um holes on DOE run
8.

7.1.4 Droplet contact angle comparisons between sample material

The droplet contact angles were compared to examine the differences in
wettability between samples structured with the same surface features. Upon
comparison it was noted that the contact angles observed on the polypropylene

surfaces were higher than those observed on the corresponding high density
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polyethylene surfaces. Also the contact angles on both polypropylene and high
density polyethylene surfaces were found to be higher than those on the

corresponding silicon features.

7.2 Droplet channelling

The ability to control droplet movement via surface texturing of 0.2 uL droplets
was examined. The surfaces used during this examination were silicon mould
inserts, high density polyethylene and gold-palladium coated high density
polyethylene samples and high density polyethylene, polypropylene and 316LS

samples at tilt angles ranging from 30 — 90 °.

The samples used were structured with micro-channel insert features. As
explained in Chapter 3 Methodology micro-channel insert features were
designed to incorporate three different feature arrangements in both pillar and
hole forms (Figure 7.25 and Figure 7.26Figure 5.2). Squares 3 and 4 were
adapted from the work of Fang et al *® to produce micro-channels of varying
pillar size and spacing across the sample surface to produce a wettability
gradient. These features will be hence forth defined as 80 — 19 um micro-
channels’ when included in tables and graphs. Squares 5 and 6 used the
surface design proposed by Shastry et al 179, which used the variation of pillar
width and gap length to produce a superhydrophobic surface with a surface-
energy gradient. These features will hence forth be defined as 30 — 5 um
feature gradient’ when included in tables and graphs. Squares 1 and 2 were
designed by Morel'** by combining the design patterns proposed by Shastry et
al 1°® and Fang et al #8. These features will hence forth be defined as ‘30 — 5 um
micro-channels’ when included in a table or graph. The presence of micro-
channels was adapted from the work of Fang et al “8 and the pillar gradient
used by Shastry et al 7°. The features in squares 1, 3 and 5 resulted in hole

features. Whereas features in squares 2, 4 and 6 resulted in pillar features.
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1112 1112
3 4 3 4
5 6 5 6

Figure 7.25 Schematic of silicon inserts

2 1 2 1
4 3 4 3
6 5 6 5

Figure 7.26 Schematic of polymer and metal powder replicates

In the interest of simplicity the following subsections with examine and display
the data gathered firstly according to the surface material and secondly the tilt
angle of the surface. The data will then be examined according to the design of

the surface features i.e. 30 — 5 um micro-channels, 80 — 19 um micro-channels,

30 — 5 um feature gradient or unstructured.
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7.2.1 Silicon mould insert

A silicon mould insert was tilted to 30 ° and a 0.2 uL droplet of deionised water
was placed on each of the structured areas (Figure 7.27). Each droplet was
observed to the point of complete evaporation. No droplet movement was
observed at a tilt angle of 30 ° for any of the structured to unstructured areas.
The angle of the silicon mould insert was adjusted by 10 ° and the droplet
observation was repeated. This process continued until movement of the
droplet was observed or the sample tilt angle reached 90 °.
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30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels pillar features channels pillar features gradient pillar features

30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels hole features channels hole features gradient hole features

Unstructured surface

Figure 7.27 Silicon insert tilted to a 30 ° angle

At a tilt angle of 90 ° the droplet was observed to remain stationary until the
point of complete evaporation (Figure 7.28). This lack of movement was

observed on all structured and unstructured areas.
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30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels pillar features  channels pillar features gradient pillar features

30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels hole features channels hole features gradient hole features

Unstructured surface

Figure 7.28 Silicon insert tilted to a 90 ° angle

7.2.2 Micro-injection moulding polymer replicates

The surfaces of high density polyethylene replicate samples, coated with gold-
palladium and uncoated, produced during the micro-injection moulding
familiarisation stage (Chapter 5. Polymer micro-injection moulding results) were

examined for their ability to channel 0.2 uL droplets.
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An uncoated high density polyethylene replicate was tilted to 30 ° and a 0.2 uL
droplet of deionised water was placed on each of the structured areas (Figure
7.29). Each droplet was observed to the point of complete evaporation. No
droplet movement was observed at a tilt angle of 30 ° for any of the structured
to unstructured areas. The angle of the sample was adjusted by 10 ° and the
droplet observation was repeated. This process continued until movement of

the droplet was observed or the sample tilt angle reached 90 °.
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30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels pillar features channels pillar features gradient pillar features

30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels hole features channels hole features gradient hole features

Unstructured surface

Figure 7.29 Uncoated high density polyethylene sample tilted to a 30 ° angle

At a tilt angle of 90 ° the droplet was observed to remain stationary on the
uncoated high density polyethylene replicate surface until the point of complete
evaporation (Figure 7.30). This lack of movement was observed on all

structured and unstructured areas.

311



7. Droplet behaviour

30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels pillar features channels pillar features gradient pillar features

30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels hole features channels hole features gradient hole features

Unstructured surface

Figure 7.30 Uncoated high density polyethylene sample tilted to a 90 ° angle

As with the uncoated high density polyethylene replicate a high density
polyethylene replicate coated with gold-palladium was tilted to 30 ° and a 0.2 uL
droplet of deionised water was placed on each of the structured areas (Figure
7.31). Each droplet was observed to the point of complete evaporation. No
droplet movement was observed at a tilt angle of 30 ° for any of the structured
to unstructured areas. The angle of the coated high density polyethylene
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replicate was adjusted by 10 ° and the droplet observation was repeated. This

process continued until movement of the droplet was observed or the sample tilt

angle reached 90 °.

30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels pillar features channels pillar features gradient pillar features

e . e —
N IR e
R L ¢ ‘r!; o

30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels hole features channels hole features gradient hole features

Unstructured surface

Figure 7.31 Gold-palladium coated high density polyethylene sample tilted to a
30 ° angle
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At a tilt angle of 90 ° the droplet was observed to remain stationary on the
coated high density polyethylene replicate surface until the point of complete
evaporation (Figure 7.32). This lack of movement was observed on all

structured and unstructured areas.

30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels pillar features channels pillar features gradient pillar features

30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels hole features channels hole features gradient hole features

Unstructured surface

Figure 7.32 Gold-palladium coated high density polyethylene sample tilted to a
90 ° angle
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7.2.3 Micro-injection moulding design of experiment replicates

The surfaces of high density polyethylene, polypropylene and 316LS replicate
samples, produced during the design of experiment micro-injection moulding
examinations (Chapters 5 Polymer micro-injection moulding results and 6 Metal
injection moulding results), were examined for their ability to channel 0.2 uL

droplets.

high density polyethylene replicates from DOE run 3 (The least well replicated)
and DOE run 4 (The most well replicated) were tilted to 90 ° and a 0.2 uL
droplet of deionised water was placed on each of the structured areas (Figure
7.33). Each droplet was observed to the point of complete evaporation. No
droplet movement was observed at a tilt angle of 90 ° for any of the structured

to unstructured areas.
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30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels pillar features channels pillar features gradient pillar features
DOE 3 DOE 3 DOE 3

30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels pillar features channels pillar features gradient pillar features
DOE 4 DOE 4 DOE 4

Figure 7.33 High density polyethylene samples from design of experiment run 3

(Left) and design of experiment run 4 (right) tilted to a 90 ° angle

The polypropylene replicates from DOE run 3 (The least well replicated) and
DOE run 4 (The most well replicated) were tilted to 90 ° and a 0.2 uL droplet of
deionised water was placed on each of the structured areas (Figure 7.34). Each
droplet was observed to the point of complete evaporation. No droplet
movement was observed at a tilt angle of 90 ° for any of the structured or
unstructured areas.
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30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels pillar features channels pillar features gradient pillar features
DOE 3 DOE 3 DOE 3
30 — 5 um micro- 80 — 19 um micro- 30 — 5 um feature
channels pillar features channels pillar features gradient pillar features
DOE 4 DOE 4 DOE 4

Unstructured surface

Figure 7.34 Polypropylene samples from design of experiment run 3 (left) and
design of experiment run 4 (right) tilted to a 90 ° angle

The 316LS replicates from DOE run 12 (The most well replicated) and DOE run
5 (The least well replicated) were tilted to 90 ° and a 0.2 uL droplet of deionised

water was placed on each of the structured areas (Figure 7.35). Each droplet
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was observed to the point of complete evaporation. No droplet movement was
observed at a tilt angle of 90 ° for any of the structured to unstructured areas.

80 — 19 um micro- 80 — 19 um micro-
channels pillar features channels pillar features Unstructured surface
DOE 12 DOE 5

Figure 7.35 316LS samples tilted to a 90 ° angle

7.3 Droplet evaporation

The evaporation of 0.2 pL droplets was examined to determine what effect the
micro-channel surface features had on the droplets behaviour during
evaporation. The samples used and described in section 7.2 Droplet
channelling were also used to examine droplet evaporation. The 30 — 5 um
micro-channels and 80 — 19 um micro-channels designs in squares 1, 2, 3 and
4 contained two types of micro-channels. The two different micro-channels with

varying feature dimensions were used in each square (Table 3.5).
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Table 7.3 Feature dimensions in micro-channels

Square Micro-channel 1 (um) Micro-channel 2 (um)

30 x 30 30x 10

25x 30 25x 10

_ 20 x 30 20 x 10

30 — 5 um micro-channels 15 x 30 15 x 10
10 x 30 10 x 10

5x30 5x10

80 x 80 80 x 29

53 x 80 53 x 29

80 — 19 um micro-channels 43 x 80 43 x 29
29 x 80 29 x 29

19x 80 19 x 29

The evaporation of 0.2.uL deionised water droplets was examined on each

surface feature design.

In the interest of simplicity the following subsections will each examine firstly a
different surface feature and secondly, the “behaviour” of the droplets during
evaporation i.e. the change in shape and dimensions of the droplet. The surface
designs examined were fabricated in silicon, high density polyethylene, high

density polyethylene coated in gold-palladium, polypropylene and 316LS.

7.3.1 Unstructured surfaces

Droplets placed on unstructured polypropylene, gold-palladium coated high
density polyethylene and silicon surfaces were observed to evaporate evenly
until the last 30 seconds of evaporation with no channelling effects (Figure
7.36). Droplets placed on unstructured 316LS and high density polyethylene
surfaces were observed to evaporate more quickly from one side while the

other appeared to remain pinned to the surface (Figure 7.37).
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6sec 1min 8

3min 5 4min 13 5min 31

5min 36 5min 39 5min 41

5min 42 5min 43 5min 46

Figure 7.36 Unstructured polypropylene surface
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6sec 2min 58 3min 47

4min 27 4min 46 5min 6

5min 16 5min 26 5min 31

5min 35 5min 36 5min 38

Figure 7.37 Unstructured 316LS surface

7.3.2 30 = 5 um micro-channels surface design

Droplets observed on surfaces structured with the hole 30 — 5 um micro-

channels feature designs were noted to gradually evaporate without any
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channelling of the features being observed (Figure 7.38). However, on the pillar
features droplets were seen to evaporate from micro-channel two before micro-
channel one (Figure 7.39). The evaporation of the droplet was also observed to
occur from the smaller pillars first and then the larger pillars. This resulted in a
gradual evaporation across the droplet area. These observations were noted on

all samples structured with the 30 — 5 um micro-channels surface features.
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3sec 2min 56 3min 54
4min 53 5min 3 5min 22
5min 42 5min 52 6min

Figure 7.38 30 — 5 um micro-channels hole design on silicon mould insert
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Osec 4sec 3min 51

4min 20 4min 22

Figure 7.39 30 — 5 um micro-channels pillar design on high density polyethylene

replicate
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7.3.3 80 — 19 um micro-channels surface design

Droplets on surfaces structured with 80 — 19 um micro-channels hole features

were noted to evaporates evenly with no obvious channelling effects (Figure

7.40). This was also observed on surfaces with unsuccessfully replicated pillar
features
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Figure 7.40 80 — 19 um micro-channels hole design on high density polyethylene
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On the pillar features two different droplet behaviours were observed. The first
was a squaring of the droplet edges onto micro-channel two, followed by a
gradual evaporation of the droplet from the smaller pillars to the larger (Figure
7.41).
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Figure 7.41 80 — 19 um micro-channels pillar design on silicon mould insert

The second droplet behaviour observed on the pillar features was the
directional spreading of the droplet (Figure 7.42). The droplet was observed to
square off at the edges and spread along the micro-channels from the largest to

the smallest pillars (10 sec — 15 sec). The droplet was then seen to spread
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across the micro-channels before it began to evaporate from the smallest pillars
to the largest (17 sec — 1 min 4 sec).

17sec 1min 4 1min 49

kX

2min 9 2min 38 2min 48

Figure 7.42 80 — 19 um micro-channels pillar design on high density polyethylene
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7.3.4 30 — 5 um feature gradient surface design

Droplets placed on surfaces structured with 30 — 5 um feature gradient surfaces
hole features were observed to evaporate evenly without any channelling being
observed (Figure 7.43). This even evaporation was also observed on

unsuccessfully replicated pillar features.

4min 46 5min 4 5min 13

Figure 7.43 30 — 5 um feature gradient hole design on silicon mould insert

Droplets placed on the pillar features were observed to square off at the edges
along the rows of pillars (2 min 8 — 3 min 46). The droplets were then observed

to evaporate from the smallest to the largest pillars (Figure 7.44).
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5min 30 5min 40 5min 43

Figure 7.44 30 — 5 um feature gradient pillar design on silicon mould insert

7.4 Summary of droplet behaviour results

This chapter has presented the results gathered during the examination of
droplet behaviour on textured surfaces. Droplet contact angles on silicon,
polymer and metal surfaces structures with 10 — 2 um surfaces were described
and the effect of micro-channel surface features on droplet channelling and
evaporation was also detailed.
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8 Discussion

The following chapter presents a discussion of the results gathered during this
research. Section 8.1 Mould design and fabrication details a discussion of the
fabrication processes undertaken into the production of silicon and nickel mould
inserts. An examination into the results gathered from the design of experiment
investigation into the deep reactive ion etching process is also discussed.
Section 8.2 Polymer micro-injection moulding presents a discussion of the
design of experiment investigations into the fabrication of micro-channel and 10
— 2 um pillar arrays. An examination of the appearance of the surface features
is also discussed. Section 8.3 Metal micro-injection moulding discusses the
results gathered during the design of experiment investigations into the
fabrication of 316LS metal powder replicates and an examination of the
appearance of the surface features produced. Finally section 8.4 Droplet
behaviour discusses the effect of the various surface designs on the behaviour

of droplet contact angle, channelling and evaporation.

8.1 Mould design and fabrication

8.1.1 Fabrication of micro-channel insert features

Micro-channel pillar and hole features were fabricated onto silicon inserts via
photolithography and deep reactive ion etching. The dimensions of the pillar
and hole features ranged from 80 x 80 um to 5 x 5 um. An emulsion-on-polymer
photomask was used during the photolithograph process to pattern the silicon
wafers prior to etching. Upon completion of the etching process it was found,
through optical microscopy and SFEG-SEM, that the features below 10 x 10 um
were not successfully etching into the silicon substrate. Whereas, those greater

than 10 x 10 um were successfully etched into the substrate surface.

A possible mechanism for the unsuccessful etching of the features below 10 x

10 um would be the properties of the photomask used during photolithography.
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The emulsion-on-polymer mask used does not produce sub-10 um features with
as high a degree of accuracy as other photomasks, such as a chrome-on-glass
photomask %, which may result in less than optimal etching of the features
during the deep reactive ion etching process.

Another possible mechanism for the unsuccessful etching of the sub — 10 um
features could be the etch rate of the deep reactive ion etching process. If the
etch rate is too high the feature sidewalls could become slanted and eventually
produce feature undercuts. These undercuts could in turn cause the features to

break and separate from the silicon insert.

8.1.2 Fabrication of 10 — 2 um insert features

The photolithography and deep reactive ion etching of sub - 10 um insert
features was examined. The sub - 10 um features chosen for examination were
10 x 10 um, 5 x 5 um and 2 x 2 um. These dimensions were selected as they
are in the lower range limitations of both the emulsion-on-polymer and the

chrome-on-glass photomasks.

The sub- 10 um features were patterned onto the silicon wafer using a chrome-
on-glass photomask. Prior to etching the silicon wafer was examined using
optical microscopy. It was noted that the 2 x 2 um hole features were not
present. A possible mechanism for the absence of these features is the
capabilities of the photomask used. The chrome-on-glass photomask used can
produce a minimum feature size of 2 x 2 um. However, as this is at the lower

end of the masks capabilities it may not be as accurate as larger features.

During examination of the silicon wafers after etching, using optical microscopy,
the 10 x 10 um and the 5 x 5 um pillar and hole features appeared to have been

successfully replicated. However, the 2 x 2 um features were not present.

Upon further examination of the etched pillars using SFEG-SEM, it was found

that all the pillar features were undercut. In the case of the 5 x 5 um pillars,
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some were so severely undercut that they did not stand up-right but rather lay at
an angle across the surface of the wafer.

Due to the unsuccessful etching of the sub - 10 um features it was decided that
a design of experiment approach would be applied. The design of experiment
approach was used to determine which process factors had the greatest effect

upon the etching of the sub - 10 um pillar features.

The process factors examined for the deep reactive ion etching process were
platen power, CsFs gas flow in the passivation stage and switching times
between etching and passivation stage. The factors were selected due to their
effect on etch rate and undercut. The factor levels were selected by taking into
account the system limits and the minimum / maximum requirements of the

feature examined.

A full factorial design was used, which resulted in the completion of eight deep
reactive ion etching process runs. Upon examination, using optical microscopy,
it was found that the 2 x 2 um pillar features were not successfully replicated on
any of the design of experiment runs. A possible mechanism for the absence of
the 2 x 2 um features would be that the etch rate of the process is still too high
and therefore the pillar features are being completely removed during the

etched cycles.

Upon examination of the 5 x 5 um pillar features, using the SFEG-SEM, the
degree of feature undercut was found to vary across the design of experiment
runs. Some of the pillars suffered such severe undercutting that pillar were no
longer observed to be upright on these surfaces. Whereas, the pillars observed
on other samples possessed minimal undercuts. A possible mechanism for the
difference between the degrees of undercuts observed across the various
samples could be the switching times between the etching and passivation
stages during the deep reactive ion etching process. The pillars which displayed

the higher degrees of undercut underwent a longer etching phase (9 seconds
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etching and 5 seconds passivation) compared to those pillars with minimal
undercut (5 seconds etching and 5 seconds passivation).

During the examination of the 5 x5 um pillars the uneven etching of some of the

surfaces was also noted, where features are present between the pillars.

A potential mechanism for the uneven etching observed is the incomplete
removal of the passivation layer during the etching phase. In extreme cases this
can result in the ‘black silicon effect’. The ‘black silicon effect’ occurs when the
uneven etching of the sample causes the surface to become gradually rougher
during the etching cycles so that ‘black silicon’ is been formed. ‘Black silicon’ is
a needle-like surface structure comprised of silicon spikes which absorbs light

reducing the reflective properties of the silicon surface °*.

Using statistical analysis of the response data gathered during the design of
experiment investigation it was determined that the most significant factor with
regards to the 5 x 5 um pillars was the switching times between the etching and
passivation phases. A possible mechanism for this is that if the etching cycle is
longer than the passivation cycle then there is more time for the passivation
layer and underlying substrate to be removed before the next protective layer is

applied. Resulting in the eventual undercut of the pillar features.

Upon examination of the 10 x 10 um features it was found that the runs which
resulted in pillar features with undercuts were the same as those observed
during the examination of the 5 x 5 um pillars. Although it was found that none
of the 10 x 10 um pillar were detached from the sample surface due to the
undercuts. As with the 5 x 5 um pillars, the variation in the switching times
between the etching and passivation phases is assumed a possible mechanism

for the undercutting of the 10 x 10 um pillar features.

The incomplete etching of the wafer surfaces was also observed for the 10 x 10
um pillars on the same runs as those found for the 5 x 5 um pillars. And as with

the 5 x 5 mm pillars, the possible mechanism for this uneven etching is thought

336



8. Discussion

to be the partial removal of the passivation layer during etching. Resulting in the

roughening of the samples surface and the formation of ‘black silicon’.

Once again, the switching times between the etching and passivation phases
was found to be the most significant factor with regards to the 10 x 10 um
pillars. And as before, a possible mechanism for this would be the effect of the
length of the etching cycle in comparison to the passivation cycle.

8.1.3 Fabrication of micro-channel and 10 — 2 um pillar insert
features in comparison to the literature

As mentioned during chapter 2 Literature review, the use of the design of
experiment approach in the statistical analysis of deep reactive ion etching is
not very wide spread. Papers were identified which used statistical experimental
design to examine the effects of process factors on the angle of the feature
sidewall!® 137 150 Though the features examined in these papers were
predominantly trenches and the variation in size between the base and apex of
the feature (undercut) was not discussed. The paper identified to examine the
fabrication of 2 um pillar arrays also examined angle of feature sidewall as a
response'®’. However, they did not examine a surface containing several
varying pillar sizes. During this thesis general factor levels, which were suitable
for not just one pillar size but many, were of interest in an attempt to fabricate
surface gradient micro-channel features. whereas, factor levels specific to a

given feature size are examined within the literature.

8.1.4 Nickel mould insert fabrication

During the fabrication of nickel mould inserts two techniques were used for the
application of a conductive seed layer. This seed layer is required when
electroplating non-conductive materials. Silicon inserts underwent either

sputter-coating or electroless coating to deposit the conductive seed layer.
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During the sputter-coating process the silicon inserts were initially subjected to
sputter-coating for 20 minutes. This did not produce a conductive enough seed
layer, so the process duration was increased to 40 minutes. After 40 minutes
the silicon inserts were successfully coated with a conductive seed layer.
However, it was decided that the level of conductivity was not high enough for
use in the electroplating process. A possible mechanism for obtaining a seed
layer which is conductive enough for the silicon insert to undergo electroplating

would be to further increase the duration of the sputter-coating process.

During the electroless coating process the silicon inserts were coated with a thin
layer of nickel. However, over time it was noted that the nickel deposition began
to crack and detach from the silicon surface. A possible reason for this would be
that the silicon surface was not sufficiently clean prior to the electroless
process. In future the silicon inserts should undergo more thorough cleaning
with IPA prior to coating. The seed layer should also be make it thicker as layer
produced was not conductive enough for the silicon insert to be used in the

electroplating process.

8.1.5 Nickel mould insert fabrication in comparison to the literature

There were many papers identified within the literature, both with and without
the use of statistical experimental design, which used a nickel mould insert in
the injection-moulding process®: 8% 108 140; 160 However, no papers were
identified which examined the fabrication of nickel mould inserts using a
statistical experimental design. Of the papers which were identified to use nickel
mould inserts it was noted that the information presented regarding the
fabrication process was not as in-depth as can be found regarding the
photolithographic and deep reactive ion etching processes. Information
regarding the factor levels used during the deposition of the conductive seed
layer and the electroforming process is not widely found within the literature1?,
Also information regarding how the nickel inserts is separated from the silicon

mould after the electroforming process is rarely found within the literature!?,
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8.2 Polymer micro-injection moulding

8.2.1 Micro-channel pillar surface features

For each pillar dimension examined it was found that the most significant factor
was the same for the pillar dimension (height and width) and the variation of the
pillar dimensions from the silicon mould insert (£si). Therefore, to avoid
unnecessary repetition of the analysis of the results the following sections
(8.2.1.1 and 8.2.1.2) will incorporate a discussion of the results gathered for
both pillar dimension (height and width) and the variation of the pillar
dimensions from the silicon mould insert (xsi) and will be referred to in these

sections by the dimension in question i.e. height or width.

8.2.1.1 Polypropylene

Significant factor were not identified for the width of any of the polypropylene
pillar features with the exception of the 80 x 29 um pillars for which injection
speed (Is) was found to be the most significant. Injection speed was also found
to be most significant to the height of the 25 x 25 and 19 x 29 um pillars. With
regards to the height of the pillar features, cooling time (Ct) was found to be
most significant for the 30 x 10, 25 x 10, 20 x 10 and 15 x 10 um pillars. Mould
temperature (Mt) was found to be the most significant factors, with regards to
pillar height, for the 20 x 20, 15 x 15 and 10 x 30 um pillars. Holding pressure
(Hp) was found to be the most significant factor for the height of the 53 x 29 and
19 x 80 um pillars. The interaction between mould temperature and injection
speed (Mt/Is) was found to be most significant with regards to the 25 x 30 and
43 x 29 um pillars. No significant factors were found for the height of the 30 x
30, 29 x 80, 29 x 29, 20 x 30, 80 x 29, 80 x 80, 53 x 80, 43 x 80, 15 x 30 um
pillars. The 10 x 10, 5 x 30, 5 x 10 and 5 x 5 um pillars were not replicated (NR)

on any of the polypropylene replicate surfaces.
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Table 8.1 Significant factors for polypropylene pillar height and width and the
variation of the replicate features from the silicon mould insert in order of

surface area/volume ratio (SA/V)

Pillar Surface Volume
dimensions area (wm?) SA/V Ratio Height =£Si Height Width +SiWidth
(um) wm? W

80 x 80 25600 256000 0.100 - - - -
53 x 80 19120 169600 0.113 - - - -
43 x 80 16720 137600 0.122 - - - -

80 x 29 13360 92800 0.144 - - Is Is
29 x 80 13360 92800 0.144 - - - -
53 x 29 9634 61480 0.157 Hp Hp - -
43 x 29 8254 49880 0.165 Mt/Is Mt/ls - -
19 x 80 10960 60800 0.180 Hp Hp - -
30 x 30 6600 36000 0.183 - - - -
30 x 30 6600 36000 0.183 - - - -

29x 29 6322 33640 0.188 - - - -
25x30 5900 30000 0.197 Mt/Is Mt/Is - -

25x25 5250 25000 0.210 Is Is - -
20 x 30 5200 24000 0.217 - - - -
19 x 29 4942 22040 0.224 Is Is - -
20x 20 4000 16000 0.250 Mt Mt - -
15x 30 4500 18000 0.250 - - - -
30x 10 3800 12000 0.317 Ct Ct - -
15x 15 2850 9000 0.317 Mt Mt - -
10 x 30 3800 12000 0.317 Mt Mt - -
25x 10 3300 10000 0.330 Ct Ct - -
20x 10 2800 8000 0.350 Ct Ct - -
15x 10 2300 6000 0.383 Ct Ct - -
10x 10 1800 4000 0.450 NR NR NR NR
5x30 3100 6000 0.517 NR NR NR NR
5x10 1300 2000 0.650 NR NR NR NR
5x5 850 1000 0.850 NR NR NR NR
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When ordered according to the surface area/volume ratio (SA/V) (Table 8.1) it
can be seen that cooling time is more significant for the pillar features with a
higher SA/V. The same can be observed for the significance of mould
temperature. However, holding pressure and the interaction between mould
temperature and injection speed can be seen to be more significant for pillar
features within the lower end of the SA/V range. With this in mind a possible
reason for the increase significance of mould temperature and cooling time with
regards to the features with higher SA/V is that these features are more likely to
experience premature freezing of the polymer at the entrance to the feature
cavity. Therefore, altering the mould temperature and cooling time can improve

the rate of filling of these smaller cavities.

When comparing the heights of the intended pillar design, the silicon mould
insert features and the replicate pillars. It was found that there was little
variation between the feature heights of the intended design and the silicon
mould insert. However, there was significant variation observed between the
replicate pillar height and both the designed and silicon mould insert feature
heights. A possible mechanism for this variation is the incomplete filling of the

mould features.

8.2.1.2 High density polyethylene

Upon examination of the significant factors identified for height of high density
polyethylene pillars mould temperature (Mt) was found to be the most significant
for all pillars, with the exception of the 80 x 80, 53 x 80 and 43 x 80 um pillars.
For which no factor was found to be significant. Mould temperature was also
identified as the most significant factor with regards to pillar width for the 30 x
10, 25 x 10, 20 x 10, 19 x 80, 19 x 29, 15 x 30, 15 x 10, 15 x 15 and 10 x 30 um
pillars. As discussed in the previous sub-section, a high mould temperature can
prevent premature freezing of the polymer at the entrance to high aspect ratio

features and improve mould cavity filling. The 10 x 10, 5x 30, 5x 10 and 5 x 5

341



8. Discussion

um pillars were not replicated (NR) on any of the high density polyethylene

replicates surfaces.
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Table 8.2 Significant factors for high density polyethylene pillar height and width
and the variation of the replicate features from the silicon mould in order of

surface area/volume ratio (SA/V)

Pillar Surface Volume
dimensions  area (um?) SA/V Ratio Height =£Si Height Width +SiWidth
(um) wm?y W

80 x 80 25600 256000 0.100 - - - -
53 x 80 19120 169600 0.113 - - - -
43 x 80 16720 137600 0.122 - - - -

80 x 29 13360 92800 0.144 Mt Mt - -
29 x 80 13360 92800 0.144 Mt Mt - -
53 x 29 9634 61480 0.157 Mt Mt - -
43 x 29 8254 49880 0.165 Mt Mt - -
19 x 80 10960 60800 0.180 Mt Mt Mt Mt
30 x 30 6600 36000 0.183 Mt Mt - -
29x29 6322 33640 0.188 Mt Mt - -
25x30 5900 30000 0.197 Mt Mt - -
25x25 5250 25000 0.210 Mt Mt - -
20x 30 5200 24000 0.217 Mt Mt - -
19 x 29 4942 22040 0.224 Mt Mt Mt Mt
20x 20 4000 16000 0.250 Mt Mt - -
15x 30 4500 18000 0.250 Mt Mt Mt Mt
30x10 3800 12000 0.317 Mt Mt Mt Mt
15x 15 2850 9000 0.317 Mt Mt Mt Mt
10 x 30 3800 12000 0.317 Mt Mt Mt Mt
25x10 3300 10000 0.330 Mt Mt Mt Mt
20x 10 2800 8000 0.350 Mt Mt Mt Mt
15x 10 2300 6000 0.383 Mt Mt Mt Mt
10 x 10 1800 4000 0.450 NR NR NR NR
5x30 3100 6000 0.517 NR NR NR NR
5x10 1300 2000 0.650 NR NR NR NR
5x5 850 1000 0.850 NR NR NR NR
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When ordered according to the surface area/volume ratio (SA/V) (Table 8.2) it
can be seen that mould temperature is the most significant factor regarding
height and £Si height for all factor sizes except those with the lowest SA/V and
the highest, which were not successfully replicated. A possible mechanism for
this is that altering the mould temperature can influence cavity filling i.e.
increasing the mould temperature can prevent premature freezing of the
polymer so smaller features can be filled. Regarding width and £Si width, mould
temperature was found to me significant for features in the larger end of the
SA/V range. As before, a possible mechanism for this would be the influence
mould temperature has on cavity filling.

8.2.1.3 Comparison of pillar features fabricated

The pillars fabricated in both polypropylene and high density polyethylene were
compared, in terms of average pillar width and height, and are displayed in
Figure 8.1. It can be seen from the distribution of the data points that the pillars

fabricated were within the same working range for both polymer melts.
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Figure 8.1 Comparison of average pillar height and width for polypropylene and
high density polyethylene pillars fabricated

8.2.1.4 Discussion of significant factor for the dimensions and variation
from the silicon mould insert of micro-channel surface features

A possible mechanism for the significance of injection speed is that at’’

171

161,164,162 high injection speed decreases the polymer melt viscosity which
results in the improved filling of the mould features cavities. The significance of
mould temperature is due to the temperature difference between the polymer
melt and the mould. The closer to the melt temperature the mould is the less
likely it is that the polymer melt will experience premature freezing at the
entrance to the mould cavities and result in improved filling of the cavities. A

possible mechanism for the significance of holding pressure would be that it
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reduces shrinkage of the polymer and also prevents the back-flow of polymer
from the mould, resulting in better mould cavity filling. A possible reason for the
significance of the interaction between mould temperature and cooling time is
that a higher mould temperature would require a longer cooling time to
adequately reduce the temperature of the sample and prevent the deformation
of the replicate features. In the cases where significant factors were not
identified it is possible that the factor levels selected do not cater closely
enough for the specific polymer in question, as the factor levels were chosen to
be suitable for both polymer specification. Therefore, if the factor levels were
refined to more closely encompass the specifications of the individual polymer

more significant factors may be identified.

A possible mechanism for the failure of the 10 x 10, 5x 30,5 x 10 and 5 x5 um
pillars to replicated is the premature freezing of the polymer melt at the entrance
to the mould cavity. Another possible mechanism would be the quality of the
mould cavities. If the features are not fully formed on the mould then they will

not be present in the replicate samples.

8.2.2 Feature dimensions and variation from silicon mould insert
micro-channel surface feature replicates in the literature

During the review of the literature undertaken as part of this research it was
found that many papers examined the fabrication of pillar arrays via micro-
injection moulding®”: 117 143 168; 173, 174 214 There were also many papers
identified to have used statistical experimental analysis, both design of
experiment and Taguchi, to examine the effect of process factors on the micro-
injection moulding process® 7 59 79 88:155 However, only one paper!’® was found
to have used statistical experimental design, in this case design of experiment,
to examine the fabrication of pillar arrays via micro-injection moulding. This

paper examined pillar features with diameters of 100 and 150 um.
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A direct dimensional comparison between the replicate sample and the mould

used during fabrication was not found within the literature.

8.2.3 Appearance of pillar features on micro-channel surface feature
replicates

During the examination of both the polypropylene and high density polyethylene

replicate features it was also noted that some pillars were not completely

formed and possessed curved edges (Figure 8.2 and Figure 8.3). A possible

mechanism for this the incomplete filling of the silicon mould insert due to

premature freezing of the polymer during injection.

Figure 8.2 Curved polypropylene 53 x 80 um pillars
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Figure 8.3 Curved 80 x 29 um high density polyethylene pillars

As well as the incomplete filling of the pillar features, deformities were also
observed on some of the pillars. In some cases the pillars were slanted rather
than upright (Figure 8.5 and Figure 8.6). A possible mechanism for the
occurrence of slanted pillars could be that the polymer wasn’t completely cool
and set prior to demoulding. However, on comparison of the pillars produced it
was found that those pillars which experienced the most pronounced slanting
had both the high mould temperature and high cooling time. Whereas the pillars
which experienced the least slanting had a high mould temperature but a low
cooling time (Figure 8.4). Therefore it can be deduced that the mould

temperature alone doesn’t influence the formation of slanted pillars.
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Figure 8.4 High density polyethylene 30 x 30 um pillars, a and b) High mould
temperature and high cooling time, ¢ and d) high mould temperature and low

cooling time
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Figure 8.5 Slanted polypropylene 30 x 30 pm pillars

Figure 8.6 Slanted high density polyethylene 19 x 19 um pillars

In other cases the far side of the pillar top appeared to have been extended,
resulting in the pillar edge being taller than the cavity of the silicon mould insert
(Figure 8.7 and Figure 8.8). A possible mechanism for these observed
deformities is the forces inflicted on the pillar features during the demoulding

process. The extension of the pillar is only observed on the replicates with had

350



8. Discussion

a high mould temperature but a low cooling time. If the polymer replicate is still
too warm when removed from the mould the pillar features could, momentarily,

remain in the mould cavities resulting in the deformations observed.

Figure 8.7 Extension at back edge of 53 x 80 um polypropylene pillars

Figure 8.8 Extension at back edge of 43 x 80 um high density polyethylene pillars

8.2.3.1 Polypropylene

An optical examination of the polypropylene pillars replicated was made. It was
found that the features produced using the factor levels from run 4 of the design
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of experiment were the most well replicated. While the least well replicated were
produced using the factor levels from run 3 (Table 8.3). This was found for both
the largest and smallest SA/V ratio pillars (Figure 8.9), despite different process
factors being found significant for each. No significant factor was identified for

the 80 x 80 um pillars, while cooling time was identified as the most significant

factor for the 15 x 10 um pillars.

Table 8.3 Design of experiment runs resulting in the most and least well

replicated polypropylene pillar features

DOE Mould temperature Cooling time Holding pressure Injection speed
Run 3 - + + -

Run 4 + - + +

15 x 10 um DOE run 4 15x 10 um DOE run 3

Figure 8.9 Comparison of most and least well replicated polypropylene pillars
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Upon examination of the factor levels used in these two runs it was noted that
they were different from each other for three of the four factors. From the
variations between these two runs it could be assumed that the improved
feature replication could be due to (a) a high mould temperature, (b) a low
cooling time or (c) a high injection speed, as these are the factors which differ
between the two runs. However, when a more general examination of the
surface features was made it was noted that the design of experiment runs
which produced the most well replicated features all had a high mould
temperature. Whereas the runs which results in the production of less
accurately replicated pillars had a low mould temperature. Therefore, it can be
assumed that a high mould temperature is possible mechanism for obtaining

replicate pillar features with a high level of accuracy.

8.2.3.2 High density polyethylene

An optical examination of the high density polyethylene pillars replicated was
made. It was found that the features produced using the factor levels from runs
4 and 8 of the design of experiment were the most well replicated. While the
least well replicated were produced using the factor levels from run 13 (Table
8.4). It should be noted that of the entire variety of pillar dimensions fabricated
only one was produced when using the factor levels from run 13, the others
were not fabricated at all.
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Table 8.4 Design of experiment runs resulting in the most and least well

replicated high density polyethylene pillar features

DOE Mould temperature Cooling time Holding pressure Injection speed

Run 4 + - + +
Run 8 + - - +
Run 13 - - - -

Upon examination of the factor levels used in these three runs it was noted that
the design of experiment runs which produced the most well replicated features
all had a high mould temperature and injection speed. Whereas the runs which
results in the production of less accurately replicated pillars had a low mould
temperature and injection speed. Therefore, it can be assumed that a high
mould temperature and injection speed is a possible mechanism for obtaining

replicate pillar features with a high level of accuracy.

8.2.3.3 Comparison of appearance of pillar features

When the process factors of the most and least well replicated pillars were
examined it was found that the most well replicated pillars were all fabricated
using the high mould temperature level. Whereas the least well replicated pillars
were fabricated using the low mould temperature level. This was found for both
the polypropylene and high density polyethylene replicates. No clear pattern
was identified with any of the other process factors. This would indicate that a
high mould temperature is preferable to a low mould temperature with regards

to the appearance of pillar features.
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8.2.4 Appearance of pillar features on micro-channel surface feature
replicates within the literature
The occurrence of micro-channel pillar features is not prevalent within the
literature®. Papers found, which detail the use of a design of experiment
approach of other surface features, presented images of the most well
replicated features, but not the least well replicated* © 7: 35 88 130; 202 223~ Ap
optical comparison between the replicates produced was found to have been
made.by Sha et al'’6. However, in some cases images of the fabricated

samples were not presented®®.

8.2.510 — 2 um pillar surface features

8.2.6 Part and buffer mass of 10 — 2 um surface feature replicates

Using statistical analysis, of the data gathered during the design of experiment
investigation, injection speed was identified as the most significant factor with
regards to the part mass of polypropylene and high density polyethylene
replicate samples. A possible reason for this would be that a high injection
speed aids with the filling of the mould features, thereby filling the mould with a

greater portion of the polymer melt shot.

None of the factors examined were found to be significant to the buffer mass.
However, holding pressure was found to have the main effect on the buffer
mass of polypropylene replicates, using a main effects plot. The holding
pressure used during the injection moulding process is meant to prevent
polymer flowing out of the mould and increasing the size of the buffer. With
regards to the high density polyethylene replicates, injection speed was found to
have the main effect on buffer mass. A possible reason for this is that a high
injection speed aids with the filling of the mould cavities resulting in more

polymer being forced into the mould rather than being in the buffer.
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8.2.7 Part and buffer mass of polymer micro-injection moulded
replicates within the literature

Within the literature examined part and/or buffer mass were not found to have

been examined for surfaces containing pillar arrays. However, when the part

and/or buffer mass was measured as a response it was noted that melt

temperature, holding pressure and injection speed were all identified as

significant factors® 5 8 154, 222,223

8.2.8 Feature dimensions and variation from the silicon mould insert
of polymer 10 — 2 um injection moulded replicates

As previously mentioned the most significant factor was found to the same for
both the pillar dimension (height and width) and the variation of the pillar
dimensions from the silicon mould insert (xsi). Therefore, to avoid unnecessary
repetition of the analysis of the results this section will incorporate a discussion
of the results gathered for both pillar dimension (height and width) and the
variation of the pillar dimensions from the silicon mould insert (£si) and will be

referred to in this sections by the dimension in question i.e. height or width.

Significant factors were not identified for the width of the 10 x 10 um pillars or
the variation of these pillars from the silicon mould insert. However, mould
temperature was found to be the most significant factor with regards to the
height of the 10 x 10 um pillars and the variation of these pillars from the silicon
mould insert. As previously mentioned a high mould temperature can aid the
filling of mould cavities. Thereby, producing a more accurate replicate of the

mould features.

No pillars were found to have been replicated for the 5 x 5 or 2 x 2 um pillars. a
possible mechanism for this would be the premature freezing of the polymer at

the entrance to the mould feature cavities.

No pillars were found to have been replicated in the high density polyethylene

replicates. A possible reason for this could again be the premature freezing of
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the polymer within the mould. However, it could be that the factor levels
examined need to be adjusted to better suit the requirements of the high density
polyethylene melt.

8.2.9 Feature dimensions and variation from the mould insert of 10 —
2 um pillar features within the literature
As previously discussed in section 8.2.2 a direct dimensional comparison
between the replicate sample and the mould used during fabrication was not
found within the literature. Also, as previously discussed, only one paper was
identified within the available literature which used the design of experiment
approach to examine the effect of factors on pillar arrays. This paper examined
pillars with diameters in 100 and 150 um'’6. No papers were found within the
literature which used a statistical experimental design to examine the fabrication

of 10 — 2 um pillar arrays.

8.2.10 Appearance of pillar features on 10 — 2 um polymer replicated

During the optical examination of the replicate features it was noted that the
most well replicated 10 um polypropylene pillars were produced using runs 4
and 8 from the design of experiment investigation. While the least well

replicated pillars were produced by runs 3 and 6 (Table 8.5).
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Table 8.5 Design of experiment runs resulting in the most and least well

replicated polypropylene 10 um pillar features

DOE Mould temperature Cooling time Holding pressure Injection speed

Run 4 + - + +
Run 8 + - - +
Run 3 - + + -
Run 6 - + + +

Through an examination of the factor levels used during these runs it can be
seen that the most well replicated pillars were moulded using a high mould
temperature and a low cooling time. A high mould temperature would prevent
the premature freezing of the polymer resulting in more accurately replicated

pillars.

Examination of the 5 um polypropylene features found that the pillars had not
been replicated on any of the samples. A possible mechanism for this is that the
polymer underwent premature freezing during the moulding process and the

mould cavities were not filled.

8.2.11 Appearance of pillar features on 10 — 2 um polymer replicated
within the literature

The fabrication of 10 — 2 um pillar features via a design of experiment approach

was not found within the available literature. However, papers discussing the

fabrication of sub — 10 um pillars via micro-injection moulding (but not using a

design of experiment approach) were identified. These papers however only

display images of the final product and not comparisons between fully and

incomplete replicated features® 125 164,
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8.2.12 Pressure-Volume-Temperature data

One of the main issue identified from the results gathered regarding the micro-
injection moulding of high surface area/volume ratio features is the premature
freezing of the polymer melt. In sections 5.3 and 6.5 the process windows used
during the micro-injection moulding process were displayed using PVT data

curves.

8.3 Metal micro-injection moulding

8.3.1 Part mass of 316LS metal-injection moulded replicates

Using statistical analysis of the data gathered during the design of experiment
investigation it was found that the most significant factor affecting the part mass
of the 316LS replicate samples was injection speed. A possible reason for this
would be that the speed at which the feedstock is forced into the mould effects

the filling of the features and therefore the final weight of the sample.

8.3.2 Part mass of 316LS metal-injection moulded replicates
comparison to the literature

During the examination of the literature the examination of the papers found

which examined part mass of metal powder replicates of other features melt

temperature, mould temperature and holding pressure were identified as

significant factors® 113 114 However, analysis of metal powder replicate mass

via a statistical experimental analysis approach could not be found for surfaces

with pillar arrays.
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8.3.3 Feature dimensions of 316LS micro-channel metal-injection
moulded replicates

Once again the most significant factor was found to the same for both the pillar

dimension (height and width) and the variation of the pillar dimensions from the

silicon mould insert (£si). Therefore, this section will discuss the results

gathered for both pillar dimension (height and width) and the variation of the

pillar dimensions from the silicon mould insert (£si) and will be referred to in this

sections by the dimension in question i.e. height or width.

An examination of the 316LS pillars revealed that no significant factors were
identified for the majority of the pillars examined. Significant factors were
identified for the height of four of the pillars and for the width of one pillar.

Mould temperature (Mt) was identified as the most significant factor for the
height and width of the 80 x 80 um pillars and for the height of the 19 x 80 um
pillars. A possible mechanism for the significance of mould temperature on pillar
replication is that the metal powder melt may experience premature freezing at
the entrance to the mould cavities if the temperature difference between the

mould and metal powder melt is too great.

Injection speed (Is) was found to be the most significant factor with regards to
the 53 x 80 um pillars. A possible reason for the significance of injection speed
on the replication of 316LS pillar features is that injection speed can influence
the viscosity of the metal powder melt viscosity which can affect the filling of the
mould features cavities. With a higher injection speed resulting in improved

filling of the mould cavities.

While holding pressure (Hp) was found to be the most significant factor for the
29 x 29 um pillars. Holding pressure can prevent back flow of the metal powder
melt which could be a reason why it is a significant factor to the replication of

features and the filling of mould cavities.

The average pillar width and height of the fabricated 316LS were compared and

are displayed in Figure 8.10 which outlines the distribution of pillars fabricated.
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Figure 8.10 Distribution of 316LS pillar fabricated

When ordered according to the surface area /volume ratio (SA/V) (Table 8.6) it
can be seen that significant factors were not identified for the pillar features with
SA/V within the mid-range. Whereas, holding pressure was found to be
significant for features in the higher SA/V range, injection speed was significant
in the low SA/V range and mould temperature was found to be significant at

both the higher and lower ends of the SA/V range.
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Table 8.6 Most significant factor for the height and width and the variation of the
replicate features from the silicon mould insert of the 316LS pillar features in

order of surface area/volume ratio (SA/V)

Pillar Surface Volume
dimensions  area (um?) SA/V Ratio Height =£Si Height Width +SiWidth
(um) wm?y W
80 x 80 25600 256000 0.100 Mt Mt Mt Mt
53 x 80 19120 169600 0.113 Is Is

43 x 80 16720 137600 0.122 /
29 x 80 13360 92800 0.144 /
80 x 29 13360 92800 0.144 /
53 x 29 9634 61480 0.157 /
43 x 29 8254 49880 0.165 /

19 x 80 10960 60800 0.180 Mt Mt
29x29 6322 33640 0.188 Hp Hp
19x 29 4942 22040 0.224 / /

~ N N N NN NN NN N~
~ N N N N NN NN N~

8.3.4 Feature dimensions of 316LS micro-channel metal-injection
moulded replicates in comparison to the literature

There were several examples of 316LS pillar arrays being fabricated using

metal powder injection moulding noted within the literature examined®®: 57 123,

However, none examined the fabrication process of pillar arrays using statistical

experimental analysis. It was also noted that the smallest pillar size found within

the literature to have been fabricated using 316LS was 40 um®’. whereas in the

course of this research pillars ranging from 19 — 80 um were fabricated.

8.3.5 Appearance of pillar features on 316LS micro-channel metal-
injection moulded replicates

During and optical examination of the 316LS pillars replicated it was found that

the most well replicated pillars were produced during run 9 of the design of
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experiment. With the least well replicated observed on the replicates produced
using run 15 (Table 8.7). However, it should be noted that as many of the
316LS replicate pillars were not fully formed and therefore the ‘most well

replicated’ pillars are still in need of improvement.

Table 8.7 Design of experiment runs resulting in the most and least well

replicated 316LS pillar features

DOE Mould temperature Cooling time Holding pressure Injection speed

Run 9 + - + -
Run 15 + + - +

Upon examination of the factor levels of these two runs it was noted that the
same mould temperature was used for both. Therefore, it can be assumed that
the mould temperature does not influence the replication quality of metal
powder features as much as it does when a polymer feedstock is used. From
the difference between these two runs it would also appear that a low cooling
time, high holding pressure and low injection speed produce more well

replicated pillar features.

The pillar features on the 316LS replicate samples fabricated also appeared to
be rough and pitted. A possible reason for the rough appearance of the
replicate surface would be the metal particles used in the metal powder
feedstock. Unlike a polymer feedstock the metal powder consists of metal
particles within a polymer binder. It is possible that these metal particles may be
large enough to cause the surface of the features to appear rough and pitted
when not sufficiently compacted within the mould (Figure 8.11). Another
possible mechanism for the rough appearance and incomplete filling of the
316LS features would be that the separating of the polymer binder from the

metal particles resulting in the rough appearance due to the metal particles
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filing the feature cavity but not the polymer binder. The mould insert was
examined after the completion of replicate production to ensure that the
features remained intact. It was confirmed that the surface features were intact

after the moulding processes and no metal powder residue was found.

Figure 8.11 Surface roughness of 80 x 29 um 316LS pillars DOE run 1

The uneven formation of the pillar features was also observed. Where it was

found that some pillars varied in height (Figure 8.12).

Figure 8.12 Uneven heights of pillars of the same widths
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A possible reason for the uneven pillar heights observed could be the
incomplete filling of the mould feature. Possibly due to the premature freezing of
the feedstock in the mould. Another possible mechanism which could cause the
variation in height of the pillars is the demoulding process. If the metal powder
was not sufficiently cool prior to ejection from the mould, the features may have
been deformed and stretched by the demoulding forces.

Observations of the smaller pillars found that several of the pillars were slanted
rather than upright (Figure 8.13).

29 x 80 um 29 X 29 um

Figure 8.13 Slanting of 316LS pillars

A possible mechanism for the slanting of the pillar features would be the forces
exhorted on the features during demoulding. As previously mentioned, if the
metal powder wasn’t cool enough prior to demoulding the ejection forces could

cause the deformation observed.
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8.3.6 Appearance of pillar features on 316LS metal-injection

moulded replicates within the literature
During a review of the literature, discussed in Chapter 2 Literature review, two
papers were identified which discussed the production of 316LS pillar features
via metal injection moulding®® 7. In both cases images are presented which
display both incompletely filled and completely filled pillar features. Images of

the pillar features after the sintering and debinding processes is also presented.

8.4 Droplet behaviour

8.4.1 Droplet contact angles

The contact angles of 1 uL droplets was observed on polypropylene, high
density polyethylene and silicon samples structured with 10 — 2 um pillar and
hole surface features. No distinct pattern was observed for the droplet contact
angles. However, the highest initial contact angles were observed on the
polypropylene surfaces. While the lowest initial contact angles were observed
on the silicon surfaces. A possible reason for this would be that of the three
surface material examined polypropylene is the most hydrophobic, while silicon

is the most hydrophilic.

8.4.2 Droplet contact angles in the literature

The measurement of droplet contact angles has been used extensively
throughout the literature to examine the effect of surface texturing on the
wettability of the surface. It has been demonstrated that increase surface
roughness can increase the contact angle of a droplet making the surface more

hydrophobic42 49: 62; 169; 226
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8.4.3 Droplet channelling

During an examination of the effect of surface texturing on droplet movement
silicon inserts, high density polyethylene and polypropylene replicates were
structured with micro-channel features. The effect of structured micro-channels
on the directional movement or ‘channelling’ of droplets was examined on each
surface at tilt angles ranging from 30 — 90 °. It was found that none of the
surfaces examined displayed the ability to ‘channel’ the droplets at any of the tilt
angles. A possible mechanism for this lack of movement could that the three-
phase-line of the droplet is being pinned to the surface features. Thereby,

preventing the droplet from moving across the surface of the sample.

8.4.4 Droplet channelling in the literature

There have been several examples within the literature of surface structuring to
aid and manipulate the movement and channelling of droplets33 48 62 100; 226
Surface gradients have been used to direct the movement of droplets in a
specific direction upon vibration of the surface. One such example is the paper
upon which one of the designs used in this research was adapted from*’°, In
which the authors succeeded in using vibrational energy to move the droplet
along the surface gradient. However, this surface did not assist in the
movement of the droplets examined during this research. A possible reason for
this would be that no external vibrational energy was exhorted on the sample
during this research.

8.4.5 Droplet evaporation

An examination into the effect of surface features on the evaporation behaviour
of 0.2 uL deionised water droplets was conducted. Polypropylene, high density
polyethylene, Ag-Pd coated high density polyethylene, 316LS stainless steel

and silicon surfaces were structured with pillar and hole surface designs: 30 — 5
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um micro-channels, 80 — 19 um micro-channels and 30 — 5 um feature

gradients.

On unstructured PP, Si and Ag-Pd coated HDPE surfaces the droplets were
observed to evaporate evenly with no channelling effects. However, slight
pinning of the droplets was observed on 316LS and HDPE unstructured

surfaces.

Examination of droplet evaporation on hole 30 — 5 um micro-channels, 80 — 19
um micro-channels and 30 — 5 um feature gradients found that the three-phase-
line of the droplets receded gradually. No identifiable pinning effects were

observed for any of the sample substrates.

Examination of the 30 — 5 um micro-channel surface designs found that the
droplets evaporation was affected by the underlying surface features. The rate
of evaporation of the droplet was found to be higher on the micro-channels
containing the smaller pillars. This resulted in the splitting of the droplet during
evaporation (Figure 8.14). This splitting of the droplet during evaporation was
observed on the 30 — 5 um micro-channel surface design on all sample

substrates.

Figure 8.14 Droplet evaporation on 30 — 5 um micro-channel surfaces
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Droplets observed on the 80 — 19 um micro-channel surface designs were
found to become square during evaporation. The droplet edges appeared to
recced in-line with the micro-channels so that the orientation of the three-phase-
line became parallel to the surface features (Figure 8.15).
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Figure 8.15 Squaring of droplet three-phase-line on 80 — 19 um micro-channel

surface

The droplets were also observed to spread along the micro-channels (from the
largest to the smallest pillars) upon placement on the surface. Once the droplet
had covered the length of the micro-channel it then began to spread across
them until the edge of the structured surface was reached (Figure 8.16). The
droplets were then observed to evaporate gradually. With evaporation occurring
from the smallest pillar first and the largest pillars last.
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Figure 8.16 Spreading of droplet on 80 — 19 um micro-channel surface

Droplets on the 30 — 5 um feature gradient pillar surfaces were displayed an
evaporation gradient. The droplets three-phase-line receded from the smaller

pillar to the largest (Figure 8.17).

Figure 8.17 Evaporation gradient of 30 — 5 um feature gradient surfaces

On all pillar surface feature an evaporation gradient was observed. The three-
phase-line of the droplets was found to recede from the pillars with the smallest
dimensions first. With the point of complete evaporation occurring once the

three-phase-line reached the pillars with the largest dimensions.

A possible reason for the droplet pinning and evaporation gradients observed is

the effect the surface design is having on the droplets free-energy barriers. In
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order for the droplet three-phase-line to move it must possess enough energy to
overcome the effect of surface pinning. In altering the structure of the surface at
the droplets three-phase-line the energy required for the droplet to move is also
changing. When this is considered with the presence of micro-channel/gradient
pillars the energy required for a droplet to move will be different for each micro-
channel and/or pillar size. This will result in the evaporation of the droplet from
one micro-channel and/or pillar size before the other as the droplet will take the

path of least resistance during movement of the three-phase-line.

8.4.6 Droplet evaporation in the literature

Many papers within the literature observed droplet evaporation on surfaces
structured with pillar arrays where the pillars are all of the same dimensions*®
147: 206 The evaporation of droplets on/or straddling micro-channels of pillars
was not found within the available literature. The directional evaporation,
caused by a surface gradient, of droplets observed during this research was
also seen within the literature???. Although within the literature the directional
evaporation micro-channels are not used and no splitting of the droplet during

evaporation due to the surface features is observed.

8.4.7 The Wenzel and Cassie-Baxter debate

As discussed during Chapter 2 Literature review, Section 2.4 Behaviour of
droplets on micro-textured surfaces, there is an on-going debate regarding the
use and application of the Wenzel and Cassie-Baxter equations. There are
those who feel that the surface area under a droplet determines droplet contact
angle!?% 132156 and therefore advocate the use of the Wenzel and Cassie-
Baxter equations. There are also those who feel that it is instead the structure of
the surface at the three-phase-contact line which influences the contact angle of

a droplet®®.
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During the course of this thesis it has been noted that the pinning of the three-
phase-line appears to have a large effect on droplet shape and contact angle
i.e. the observed pinning of the droplets during ‘channelling’. It can also be seen
from the examination of droplet evaporation that the surface area under a
droplet does have some effect on droplet behaviour. However, with regards to
the effect of surface area on the behaviour of droplets during evaporation, it is
assumed that the surface structure merely decreases the de-pinning energy

required to move the three-phase-line.

Using the observations made during the course of this thesis it would appear
that the effect of the three-phase-contact line is greater than the effect of

surface area when examining droplet behaviour.

372



9. Conclusion

9 Conclusions

The research undertaken within this thesis was done so in an attempt to realise
the research aim, “to identify the effects of process factors on the fabrication of
micro-textured surfaces and the effect of such surfaces on droplet behaviour”,
by addressing four objectives. This chapter presents a realisation of the
research aim and the conclusions drawn from the research objectives

examined.

9.1 Research objectives compared with research achievements

Objective 1:

‘To understand the state-of-the-art in the statistical experimental analysis

of micro-scale pillar fabrication’

A review of the available literature was undertaken to investigate the state-of-
the-art in statistical experimental analysis. The literature search focused on the
deep reactive ion etching, polymer micro-injection moulding and metal powder

micro-moulding techniques.

The following conclusions have been made during the undertaking of this

objective

e Limited literature regarding the application of statistical experimental
design to deep reactive ion etching process

e Lack of examination statistical experimental design in the production of
sub — 100 um pillar features using deep reactive ion etching — only one
paper found

e Examination of feature undercut not examined within literature but

sidewall and profile angle are.
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e The use of statistical experimental design in the fabrication of pillar
arrays via metal powder injection moulding is not found within the
available literature

e The production of sub — 40 um pillar features using a metal powder

feedstock were also not present within the literature.

Objective 2:

‘To identify the effect of process factors on the design and fabrication of

silicon and nickel mould inserts’

The second objective was investigated using the available literature and the
results gathered during the course of this research. The results of which are
outlined in chapter 4 mould design and fabrication results. This objective was
partially realised as an examination into the effect of process factor on the
fabrication of nickel mould inserts could not be undertaken due to issues

encountered during the fabrication process.

The following conclusions were drawn from an examination of the fabrication of

silicon mould inserts:

e For the fabrication of sub — 10 um features a chrome-on-glass
photomask rather than an emulsion-on-polymer mask as it produces
features of this size with a greater accuracy.

e Design of experiment analysis of the deep reactive ion etching process
identified switching times as the most significant factor with regards to

pillar undercut.
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Objective 3:

‘To identify the effect of process factors on the micro-moulding of

polymer and metal powder feedstocks’

Using the silicon mould inserts, fabricated during the realisation of objective
two, the effects of process factors on the micro-injection moulding of polymer
and metal powder feedstocks was investigated. The realisation of objective
three incorporated examination of the available literature and the results
discussed in chapters 5 polymer micro-moulding results and 6 metal powder

micro-moulding results.

The following conclusions were drawn regarding the effect of process factors on

the micro-injection moulding of polymer and metal powder feedstocks:

e Mould temperature was identified as the most significant regarding the
high density polyethylene pillar features.

e Mould temperature and cooling time were identified as the most
commonly occurring significant factors for the polypropylene pillar
features.

e Significant factors were identified for the largest and smallest of the
316LS pillars with regards to the pillar height and £Si height.

e Mould temperature was found to be the most commonly occurring
significant factor for the 316LS pillars.

e Injection speed was found to be the most significant factor affecting the
part mass of 316LS replicate samples.

e Injection speed was found to be the most significant factor affecting the
part mass of polypropylene and high density polyethylene replicate
samples.

e Holding pressure was found to have the main effect on buffer mass for
the polypropylene replicate samples.

¢ Injection speed was found to have the main effect on buffer mass for the
high density polyethylene replicate samples.
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Objective 4:

‘Examine the effect of surface texturing on droplet behaviour’

The investigation into the effect of surface texturing on droplet behaviour was

conducted through a review of the literature and an examination of the work

undertaken during this research. The findings of which are outlined in chapter 7

droplet behaviour results.

The following conclusions have been made during the undertaking of this

objective

Highest initial contact angles observed on polypropylene replicates
Lowest initial contact angles observed on silicon inserts

No droplet channelling was observed on any of the micro-channelled
surfaces even when tilted to a 90 ° angle.

Droplets were observed to evaporate evenly on all unstructured surfaces
and all hole patterned features.

Droplets on pillar patterned surfaces exhibited an evaporation gradient.
Evaporating from the smallest to the largest pillars prior to the point of
complete evaporation.

Droplets were observed to spread along the micro-channels (from the
largest to the smallest pillars) when placed on the structured surfaces
before spreading across the micro-channels and evaporating.

Droplets on micro-channel patterned surfaces were observed to
evaporate from the micro-channel containing the smallest pillar first, in
some cases splitting the droplet in two. The droplets were then observed
to follow an evaporation gradient on the remaining micro-channel,

evaporating from the smallest to the largest.
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10 Future work

Upon completion of this research into the micro-texturing of surfaces for fluid
control, via a design of experiment approach, several aspects were identified as
possible avenues for future work. This chapter will discuss these avenues in the
following four subsections. 10.1 Mould fabrication discusses the proposed
future work with regards to the fabrication of silicon and nickel mould inserts for
use in micro-injection moulding. 10.2 Polymer micro-injection moulding outlines
the possible avenues which could explore in the extension of the polymer micro-
injection moulding work previously discussed in this thesis. 10.3 Metal injection
moulding discusses aspects of metal powder injection moulding which can be
further developed from the work undertaken. 10.4 Droplet behaviour outlines
the future work which can be undertaken in the examination of droplet contact

angles, ‘channelling’ and evaporation.

10.1 Mould fabrication

Upon examination of the work presented during this thesis several points
relating to possible extensions in the work undertaken into the fabrication of

silicon and nickel mould inserts were identified.

¢ Identification of the effects of process factors on the fabrication of 2 x 2
um pillars via deep reactive ion etching: it was noted during the present
work that 2 x 2 um pillars were not produced using the factor levels
examined. Therefore, further research into the required factor levels for
the production of features of this scale is required as they are still not

discussed within the available literature.

e Further development of the processes used to fabricate a nickel mould
insert: The exact details as to how nickel mould inserts for micro-injection
moulding are fabricated is scarce within the available literature. The
deposition of a conductive seed layer during the present work was

unsuccessful and as such a nickel mould insert was not constructed.
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Increasing the deposition time during the sputter-coating process and
more extensive cleaning of the silicon surface prior to electroless are two
possibilities recommended to improve the deposition of a conductive
nickel seed layer. Once a successful nickel seed layer has been
constructed the production of a nickel electroform for use as a mould
insert should be examined.

10.2 Polymer micro-injection moulding

In addition to the work presented during this thesis into polymer micro-injection

moulding several opportunities for future work were identified.

Identify the effects of process factors on the fabrication of polypropylene
replicates via micro-injection moulding: During the present work
significant factors were not identified for the majority of the polypropylene
features. Therefore, it is recommended that further research into the
factor levels examined should be undertaken to better explore the
limitations of the feedstock when used in the moulding of 80 — 2 um pillar

features.

Identification of the effect of process factors on the replication of 10 — 2
um features in both polypropylene and high density polyethylene
replicates via micro-injection moulding: In the present work the
replication of sub - 10 um features was found to be problematic, with
some failing to be successfully replicated. It is recommended that in
future the factor levels used be altered to focus on the production of
these sub - 10 um features as pillars for this scale are not examined

within the literature by a design of experiment approach.

Identify the effects of process factors on the fabrication polymer micro-
textures surfaces using a nickel mould insert in micro-injection moulding:

The use of a nickel mould inserts in the replication of 80 — 2 um features
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should be examined and the performance of the two types of mould
insert (silicon and nickel) compared. The use of nickel inserts in micro-
injection moulding design of experiment investigation is limited within the
literature and a comparison of the two types of inserts was not found

within the literature.

¢ Identify the effect of process factors on the fabrication of micro-textured
surfaces with a variety of different polymer feedstock: Further
examination of the effect of process factor on the production of pillar and
hole features should be undertaken using a variety of other polymers
including polymethyl methacrylate (PMMA), cyclic olefin copolymer
(COC), polycarbonate (PC), acrylonitrile butadiene styrene (ABS) and
polyoxymethylene (POM). By extending the examination to other
polymers a more comprehensive and detailed view of the effect of factors

on pillar and hole replication at the sub — 80 um scale can be obtained.

e Examination of process factor effects using computer simulations:
Undertake an examination of the process factors using simulations
software, such as Autodesk® simulation Moldflow® plastic injection
moulding simulation software, and compare the simulation data to the

experimental data gathered.

e Utilise conditions monitoring to further analyse the micro-injection
moulding process: Further analysis of the effect of process factors can
be undertaken using conditions monitoring. This will enable the natural

variations within the moulding cycle to be quantified.

10.3 Metal powder injection moulding

The work presented during this thesis into metal powder injection moulding

identified several opportunities for a further extension of the work undertaken.
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Investigation into the effect of process factor levels on the replication of
micro-textured surfaces and the life-span of the mould in the metal
powder injection moulding process: Further examination of the moulding
process and the factor levels used is required to improve not only the life-
span of the mould insert but also the replication of the features on the
mould surface. The use of a nickel mould insert in the fabrication of metal
powder replicates should also be examined as nickel mould inserts are
more durable than silicon mould inserts. The use of nickel mould inserts
in the replication of sub — 80 um pillars is also not present within the

literature.

Examine the use of other metal and ceramic powder feedstock in the
metal powder injection moulding process: Further examination of the
effect of process factor should be undertaken in order to obtain a more
thorough understanding of the effect of factors on replication of sub - 80
um pillar and hole features using a variety of other metal and ceramic

powders as this area is limited within the literature.

Examination of process factor effects using computer simulations:
Undertake an examination of the process factors using simulations
software, such as Autodesk® simulation Moldflow® plastic injection
moulding simulation software, and compare the simulation data to the
experimental data gathered.

Utilise conditions monitoring to further analyse the micro-injection
moulding process: Further analysis of the effect of process factors can
be undertaken using conditions monitoring. This will enable the natural

variations within the moulding cycle to be quantified.
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10.4 Droplet behaviour

In relation to the work undertaken in this thesis relating to droplet behaviour

several points were identified which could be examined further in order to gain a

more thorough understanding of the behaviour of micro-scale droplets.

Identify the effect on droplet ‘channelling’ behaviour when the droplet is
placed on a single micro-channel rather than straddling two micro-
channels: In the presented work droplet ‘channelling’ was examined on
surfaces on which the droplet spanned more than one micro-channel.
Further examination is required to observe the behaviour of the droplet
when placed on a single micro-channel to determine if this had any effect

on the ‘channelling’ of the droplet.

Identify the effect of a droplet being placed on a single micro-channel
rather than straddling two micro-channels on droplet behaviour during
evaporation: As with the examination of droplet ‘channelling’ in the
presented work droplet evaporation was examined on surfaces on which
the droplet spanned more than one micro-channel. Further examination
is required to observe the effect on droplet evaporation when the droplet
is initially placed on a single micro-channel rather than several.

Contribute to the Wenzel and Cassie-Baxter debate: A comparison of the
theoretical contact angles, calculated using the Wenzel and Cassie-
Baxter equations, and the experimental contact angles should be
undertaken to further the understanding of the application of the Wenzel
and Cassie-Baxter equations.
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APPENDICES

Appendix A — Feedstock selection literature

Table A 1 Feedstock selection Literature Search Papers
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injection molding, Chao Guo et al, Journal
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micro Fresnel lenses, G Tosello et al,
CIRP Annuals - Manufacturing
Technology
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Influence of rapid mold temperature
variation on surface topography replication
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Manufacturing Technology
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Fabrcation of ceramic micro-scale hollow
components by micro-powder injection
moulding, U M Attia & JR Alcock, Journal
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Effects of processing parmeters on the
micro-channels replication in microfluidic
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molding, G Fu et al, Microsyst Technol
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Flatness optimisation of micro-injection
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Cavity air flow behaviour during filling in
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micro-channels replication in microfluidic
devices fabricated by micro injection molding,
G Fu et al, Microsyst Technol

Flatness optimisation of micro-injection 2011 130
moulded parts: the case of a PMMA
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2007
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187
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178

The effects of tool surface quality in micro-
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2003

223
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181
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Table A 3 Powder feedstock selection literature

Fabrication of hollow, 3D, micro-scale 2012
metallic structured by micro-powder
injection moulding, Usama M Attia, Jeffrey
R Alcock, Journal of Materials Processing
Technology

12

Powder injection moulding of metallic and 2011
ceramic micro parts, V. Piotter et al,
Microsyst Technol

159

A review of micro-powder injection moulding 2011
as a fabrication technique, Usama M Attia,
Jeffrey R Alcock, J. Micromech Microeng

Elaboration of PIM feedstock with 316LS 2011
fine stainless steel powders for the
processing of micro-components, C.
Quinard et al, Powder Technology

165

Powder injection moulding of premixed 2011
ferritic and austenitic stainless steel
powders, M.E. Sotomayor et al, Materials
Science and Engineering

182

Replication and characterization of 316LS 2010
stainless steel micro-mixer by micro powder
injection moulding, Junhu Meng et al,
Journal of Alloys and Compounds

135

Master Decomposition Curve for Binders 2007

Used in Powder Injection Molding, Gaurav

Aggarwal et al, Metallurgical and Material
Transactions A

Effects of injection molding parameters on 2005
the production of microstructures by
micropowder injection molding, G. Fu et al,
Materials and Manufacturing Porcesses

55

The mechanical properties, dimensional 2004
tolerance and microstructural
characterization of micro-molded ceramic
and metal comonents, T.J.Garino et al,
Microsystem technologies

72
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moulding by combination of numerical

74
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simulations and experiments, J-C Gelin et
al, J Engineering Manufacture

Experimental and numerical analysis of the 2001
effects of process parameters on the
properties of components in metal injection
molding, Th. Barriere et al, J. Phys IV
France

18
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Appendix B — Design of experiment response data

Table B-1 Average part and buffer mass of high density polyethylene,
polypropylene and 316LS replicates

Average Average Average Average Average
DOE PartMass Buffer Mass  Buffer Mass Part Mass  Part Mass
316LS (g) HDPE (g) PP (9) HDPE (g) PP ()
1 3.52198 0.00371 0.00355 0.5288 0.5408
2 3.54684 0.00383 0.00381 0.5348 0.5510
3 3.53531 0.00649 0.00373 0.5328 0.5452
4 3.53140 0.0044 0.00464 0.5332 0.5424
5 3.53715 0.00491 0.00565 0.5337 0.5464
6 3.50816 0.00391 0.00524 0.5278 0.5479
7 3.49235 0.00416 0.00341 0.5261 0.5459
8 3.51144 0.00562 0.00424 0.5291 0.5497
9 3.54073 0.00405 0.00408 0.5344 0.5471
10 3.51175 0.00586 0.00502 0.5299 0.5476
11 3.52308 0.00581 0.00464 0.5351 0.5542
12 3.52851 0.00407 0.00373 0.5355 0.5514
13 3.51982 0.00513 0.00355 0.5321 0.5484
14 3.51828 0.0044 0.00396 0.5265 0.546
15 3.49977 0.00409 0.00330 0.5315 0.5467
16 3.51981 0.00485 0.00378 0.5351 0.5505

418



Table B-2 Average height and width of pillar on polypropylene replicates and
variation between polypropylene replicate and silicon mould insert with Type B

insert features

DOE = SiPitch % SiWidth Type B Features Height Type B Features Width

1 -5.61 0.783 8.84 10.783
2 1.809 3.661 16.259 13.661
3 -8.742 2.226 5.708 12.226
4 -0.538 0.8 13.912 10.8

5 -8.206 0.494 6.244 10.494
6 -5.689 1.225 8.761 11.225
7 -1.225 3.819 7.225 13.819
8 -0.75 1.129 13.7 11.129
9 -2.633 1.204 11.817 11.204
10 -2.631 1.302 11.819 11.302
11 -4.422 2.378 10.028 12.378
12 -8.916 1.686 5.534 11.686
13 -3.882 0.878 10.568 10.878
14 -5.516 1.667 8.934 11.667
15 -4.016 1.493 10.434 11.493
16 -8.858 2.05 5.592 12.05

419



Table B-3 Height of 40 — 80 um polypropylene pillar feature on Type A inserts

80 x 80 53 x 80 43 x 80 80 x 29 53x29 43x29
DOE um um um um pm pum

1 34.258 32.06 30.192 31.074 31.73 42.39
2 30.854 34.366 34.036 31.18 33.158 35.026
3 47.192 14.268 9.608 16.296 9.88 7.838
4 34.28 33.818 31.95 27.978 27.67 27.01
5 36.74 61.156 55.448 28.9 19.542 18.996
6 37.51 69.502 56.106 16.602 17.348 13.066
7 37.662 28.548 29.426 29.36 33.598 23.716
8 33.974 31.95 30.194 27.208 29.316 26.682
9 34.28 32.28 32.72 23.214 26.79 23.278
10 34.126 33.82 34.898 34.126 32.39 31.84
11 35.51 33.598 33.71 35.354 35.462 36.014
12 34.742 31.84 32.28 37.292 40.188 37.222
13 36.122 32.126 35.906 29.514 32.588 28.658
14 31.514 33.93 32.17 31.972 33.27 32.61
15 33.818 33.16 32.72 32.282 31.73 32.72
16 33.512 40.188 37.968 34.894 31.95 29.024
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Table B-4 Width of 40 — 80 pm polypropylene pillar features on Type A inserts

80 x 80 53 x 80 43 x 80 80 x 29 53 x 29 43 x 29
DOE um um um um pm pum

1 79.848 53.928 44.26 79.406 53.16 28.986
2 79.188 52.72 35.686 77.98 51.62 41.842
3 82.414 50.852 41.592 76.572 51.95 41.672
4 79.344 54.034 43.93 78.112 51.73 41.186
5 79.34 52.83 43.272 77.342 50.74 41.404
6 79.188 54.916 45.58 82.262 54.4764 42.612
7 78.112 51.18 42.062 79.496 51.51 41.186
8 77.804 54.148 44.48 77.85 50.19 40.6366
9 78.42 54.254 44.15 77.188 49.424 41.408
10 78.572 51.73 41.624 78.266 49.972 40.966
11 78.882 51.73 42.282 76.88 51.29 41.734
12 80.724 51.29 42.72 78.112 51.18 42.94
13 77.342 52.432 41.736 78.728 51.356 42.062
14 79.802 51.84 42.172 78.878 51.84 41.952
15 79.034 52.388 41.516 77.958 50.96 41.076
16 79.188 49.422 41.054 76.418 50.41 41.134
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Table B-5 Height of 40-80-um high density plyethylene pillar feature on Type A

inserts
80 x 80 53 x 80 43 x 80 80 x 29 53 x 29 43 x 29
DOE um um um um pm pum

1 22.004 17.722 16.57 0 0 0
2 37.134 36.126 33.628 19.068 14.746 10.522
3 34.256 27.44 27.67 9.178 9.376 8.762
4 33.05 32.358 33.878 30.74 33.38 33.27
5 56.546 47.04 39.352 6.92 5.456 5.916
6 47.27 43.426 49.036 13.294 10.99 7.992
7 53.954 59.642 46.652 14.064 11.914 11.296
8 34.972 33.004 35.414 33.588 33.816 32.754
9 35.51 36.044 38.504 36.896 27.514 30.514
10 35.244 34.696 34.806 33.05 34.696 33.82
11 31.782 35.356 30.964 34.038 40.296 38.65
12 33.598 37.222 34.918 32,5 37.99 33.376
13 0 0 0 0 0 0
14 44.358 28 18.884 13.616 11.416 6.48
15 34.148 34.918 35.248 33.71 33.82 32.5
16 0 0 0 0 0 0
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Table B-6 Width of 40 — 80 pm high density polyethylene pillar feature on Type A

inserts

80 x 80 53 x 80 43 x 80 80 x 29 53 x 29 43 x 29

DOE um um um um pm pum
1 77.552 51.796 41.224 0 0 0
2 78.512 52.856 43.294 77.36 51.122 41.32
3 80.284 54.276 45.514 77.312 54.276 39.754
4 76.33 51.204 40.866 74.354 49.75 39.43
5 79.298 50.972 40.36 74.79 50.128 39.976
6 79.404 50.974 41.822 75.65 50.124 39.442
7 78.88 51.892 41.5 74.42 48.742 39.518
8 78.492 52.278 42.046 77.492 50.664 40.984
9 78.188 51.356 40.668 77.342 50.818 40.826
10 76.55 52.17 43.272 76.44 49.312 38.33
11 79.862 52.828 44.37 77.54 52.28 42.064
12 77.648 49.42 42.066 75.892 50.85 40.968
13 0 0 0 0 0 0
14 76.77 51.4 42.174 75.89 49.422 40.308
15 78.31 52.17 42.61 76.77 50.52 41.736
16 78.572 52.1 42.168 0 50.326 41.692
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Table B-7 Height of 40 — 80 um 316LS pillar feature on Type A inserts

80 x 80 53 x 80 43 x 80 80 x 29 53 x 29 43 x 29
DOE um um um um pm pum

1 36.892 42.602 37.444 30.13 26.13 30.414
2 47.804 42.052 42.382 * 23.934 19.122
3 37.508 38.276 38.43 35.664 27.67 39.854
4 41.196 53.142 40.116 35.356 26.462 30.304
5 35.356 37.99 39.528 28.746 35.686 42.054
6 40.274 42.162 38.32 27.364 30.524 38.21
7 37.352 36.892 47.19 27.514 33.51 37.662
8 53.332 55.648 62.108 * 53.326 49.496
9 38.89 41.812 43.702 40.736 43.812 52.374
10 41.656 41.064 45.788 44578 35.356 52.814
11 45.922 36.782 34.698 20.174 19.434 23.498
12 42.736 35.816 * 27.36 22.136 *
13 38.278 39.662 39.198 28.9 24.288 37.112
14 38.43 38.758 38.1 29.822 30.304 34.146
15 45.96 48.268 41.724 25.978 19.366 *
16 37.044 40.276 42.162 33.972 28.9 31.18
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Table B-8 Width of 40 — 80 pm 316LS pillar features on Type A inserts

80 x 80 53 x 80 43 x 80 80 x 29 53 x 29 43 x 29
DOE um um um um pm pum

1 80.262 49.454 39.758 79.032 51.18 40.53
2 80.262 48.566 38.988 * 50.74 40.856
3 77.19 47.972 37.01 77.65 49.97 38.22
4 79.648 50.742 40.418 77.342 51.07 40.418
5 79.032 49.2 38.88 77.956 51.07 39.76
6 77.646 50.19 37.012 79.958 50.52 39.318
7 78.42 49.202 38.286 77.804 51.818 39.21
8 81.492 50.278 39.672 * 49.664 39.672
9 79.186 49.356 38.77 78.724 49.356 38.77
10 81.23 47.996 37.782 81.186 50.96 39.43
11 81.416 50.19 37.452 78.994 50.302 37.56
12 81.492 46.28 * 71.652 48.74 *
13 78.726 47.818 37.672 80.416 50.124 39.76
14 80.57 48.432 38.11 80.262 50.74 37.67
15 79.648 50.896 40.636 76.418 52.588 *
16 79.032 46.898 37.45 79.65 48.278 38.55
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Table B-9 Height of 20 — 39 um polypropylene pillar features on Type A inserts

30x30 25x30um 20x30 30 x 10 25x 10 20x 10
DOE um 2 um um um pm

1 33.356 29.054 21.282 6.456 7.918 7.034
2 31.402 23.596 22.212 6.37 6.148 4.996
3 28.742 9.606 19.83 5.996 5.84 7.532
4 29.284 26.946 25.902 15.986 14.372 11.068
5 14.14 12.22 12.374 4.536 6.302 5.84
6 12.066 10.762 8.1 3.842 4.306 3.016
7 40.076 31.82 29.44 6.15 6.072 5.61
8 30.36 24.902 19.57 17.756 18.676 10.17
9 27.966 29.012 27.902 18.522 15.834 11.606
10 25.472 22.95 34.124 5.82 6.26 5.888
11 25.36 29.13 25.518 6.81 5.916 5.532
12 31.184 23.056 13.682 5.49 4.998 5.456
13 32.06 20.366 19.096 6.04 6.454 5.972
14 27.23 31.592 33.972 7.684 5.996 5.61
15 28.284 26.47 25.824 6.608 7.38 6.688
16 15.676 14.372 14.122 5.918 5.686 5.52
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Table B-10 Height of 20 — 39 um polypropylene pillar features on Type A inserts

DOE 29x80um 29x29pum 30x30pum 25x25pum 20Xx20 pum

1 29.974 39.858 35.356 21.446 13.716
2 30.964 23.604 20.338 12.414 9.404
3 5.918 5.304 15.296 8.394 4.56

4 31.18 25.472 29.976 29.59 27.73
5 12.758 6.84 7.922 7.51 6.584
6 37.276 10.222 12.22 10.644 8.218
7 35.586 26.67 35.046 24.122 13.598
8 30.976 27.21 31.284 29.208 31.336
9 31.62 22.508 26.21 19.332 19.51
10 325 34.256 27.516 28.616 19.392
11 33.744 27.668 37.65 22.466 21.24
12 31.206 30.358 20.058 13.656 11.174
13 47.104 23.608 13.362 14.07 9.034
14 32.59 30.978 38.814 32.358 18.564
15 32.128 29.972 31.514 30.51 30.154
16 43.196 20.83 27.138 21.816 17.05
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Table B-11 Width of 20 — 39 pm polypropylene pillar features on Type A inserts

30x30 25x30um 20x30 30x10 25x 10 20x 10
DOE um 2 um um um pm

1 32.136 30.522 24.09 21.606 17.606 14.252
2 34.048 32.06 27.37 23.614 18.758 14.994
3 29.524 23.68 19.68 22.374 17.452 13.07
4 29.29 23.6 19.068 23.598 18.144 14.226
5 34.672 27.292 21.988 24.14 19.296 14.376
6 35.518 33.826 24.544 22.756 19.602 13.6
7 28.01 28.442 26.294 21.308 18.682 12.608
8 29.37 24.448 24.782 23.064 19.528 14.666
9 30.06 24.834 19.222 25.062 19.066 14.144
10 28.446 23.94 20.448 25.15 19.55 15.76
11 30.752 24.448 19.756 25.042 19.684 15.682
12 41.404 35.9 27.908 23.282 19.3 14.146
13 31.084 27.292 24.248 24.16 18.834 13.896
14 30.202 23.678 17.99 25.92 19.526 15.146
15 28.908 23.6 19.604 26.756 23.91 17.99
16 36.21 29.908 27.34 24.446 21.296 15.09
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Table B-12 Width of 20 — 39 um polypropylene pillar features on Type A

inserts

DOE 29x80um 29x29pum 30x30pum 25x25pum 20Xx20 pm

1 29.32 29.432 29.828 26.214 21.17
2 28.884 41.842 29.06 26.768 21.054
3 28.524 28.37 29.52 24.956 12.874
4 32.29 29.654 28.446 24.526 19.338
5 28.444 28.446 31.046 25.546 19.988
6 37.824 30.83 32.596 25.844 20.564
7 29.136 29.138 30.678 26.85 23.894
8 31.368 27.676 28.83 24.128 19.22
9 30.862 27.02 27.832 23.418 18.51
10 28.334 28.556 28.138 23.952 18.926
11 29.368 28.984 30.22 24.07 19.508
12 28.678 29.214 30.136 26.554 23.362
13 29.324 30.31 34.654 25.074 18.74
14 28.756 29.37 29.368 22.296 18.806
15 28.752 28.674 28.978 24.13 18.982
16 29.212 28.062 28.192 24.78 18.164
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Table B-13 Height of 20 — 39 um high density polypropylene pillar features on

Type A inserts

30x30 25x30um 20x30 30x 10 25x 10 20x 10
DOE um 2 um um um pm
1 7.498 6.26 * * * *
2 15.034 12.97 9.3 2.64 2.544 *
3 8.938 * * * * *
4 32.72 31.29 32.568 8.234 7.686 7.264
5 5.908 4.992 * * * *
6 8.506 7.738 9.13 * * *
7 7.392 * * * * *
8 30.984 31.278 30.212 12.01 10.666 8.34
9 25.838 22.292 13.498 5.28 4.944 3.728
10 29.666 31.218 35.414 5.974 6.244 4.992
11 34.148 27.14 20.692 5.38 4.848 4.196
12 29.82 15.678 14.128 5.452 3.074 4.316
13 * * * * * *
14 9.082 7.018 7.112 2.536 2.448 2.46
15 30.154 29.914 36.242 6.244 5.474 4.192
16 * * * * * *
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Table B-14 Height of 20 — 39 um high density polypropylene pillar features on

Type A inserts

DOE 29x80um 29x29pum 30x30pum 25x25pum 20Xx20 pum

0
25.892
4.078
31.808
6.384
28.734
22.288
34.352
30.804
34.696
37
40.2
0
0
35.134

0
8.794
0
32.39
5.912
6.8
10.23
32.932
21.992
32.612
28.768
23.75

36.12

4.992
15.034
11.146

31.16

5.616
10.042

6.198
26.948
26.544
31.284
29.864

22.82

0

6.976

28.668
0

4.464
13.834
6.436
30.096
0
9.706
4.992
36.132
19.098
34.278
21.52
18.152
0
4.61
28.208
0

3.6
7.69
4.496
24.3
0
4.176
3.936
30.79
14.074
21.522
16.37
11.468
0
4.038
19.452
0
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Table B-15 Width of 20 — 39 pm high density polyethylene pillar features on Type

A inserts
30x30 25x30um 20x30 30x 10 25x 10 20x 10
DOE um 2 um um um pm

1 28.062 21.418 17.684 * * *
2 32.77 24.266 20.298 21.524 16.388 *
3 29.454 23.444 18.98 * * *
4 29.872 22.186 18.26 19.88 15.16 12.266
5 30.078 23.156 19.62 * * *
6 30.264 23.782 19.268 * * *
7 29.154 23.736 19.144 * * *
8 29.51 24.248 18.932 21.38 17.204 12.724
9 30.988 24.7 19.124 22.58 18.212 13.376
10 29.904 24.838 20.992 22.828 19.988 15.818
11 31.3 24.188 18.122 22.402 17.328 14.666
12 39.594 28.446 22.474 21.682 17.068 13.186
13 * * * * * *
14 28.398 23.3 18.164 20.99 16.916 12.764
15 28.564 24.128 18.866 22.294 17.78 12.84
16 * * * * * *
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Table B-16 Width of 20 — 39 pm high density polyethylene pillar features on Type

A inserts

DOE 29x80um 29x29pum 30x30pum 25x25pum 20Xx20 pum

1 27.774 0 27.87 23.06 19.124
2 28.782 28.302 30.174 23.446 18.164
3 29.214 28.14 29.022 25.806 20.604
4 27.44 27.13 28.508 21.232 17.446
5 27.262 27.202 28.388 22.886 18.39
6 31.816 27.44 30.51 24.12 18.02
7 28.8 27.264 29.502 23.398 21.316
8 28.21 28.27 28.638 24.272 19.268
9 27.736 27.44 29.452 22.886 18.164
10 28.116 27.24 28.598 24.372 18.836
11 29.98 28.118 28.884 24.16 17.53
12 27.708 28.906 28.268 24.188 19.754
13 0 0 0 0 0

14 29.292 28.138 28.562 22.864 18.334
15 28.446 27.57 29.754 23.912 18.274
16 0 0 0 0 0
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Table B-17 Height and Width of 20 — 39 pm 316LS pillar features on Type A

inserts
Height Height Width Width
DOE 29x80um 29x29um 29x80um 29 x29 um

1 49.518 39.75 24.712 25.37
2 43.26 21.41 30.532 26.248
3 40.186 37.222 25.26 25.15
4 45.59 38.758 27.238 27.02
5 38.87 37.002 26.47 24.93
6 39.418 37.332 23.722 25.59
7 46.776 33.16 26.36 26.36
8 52.418 35.968 27.678 27.678
9 40.846 46.224 25.26 25.26
10 43.262 50.728 23.83 26.36
11 38.102 30.964 27.13 26.03
12 * * * *
13 39.088 30.522 24.93 26.468
14 43.482 34.806 26.25 25.26
15 * * * *
16 43.04 33.268 24.38 25.92
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Table B-18 Height of 5—- 19 um polypropylene pillar features on Type A inserts

15x 30 10 x 30 5x 30 15x 10 10 x 10 5x10
DOE um um um um pum pum
1 19.332 7.878 / 4.376 / /
2 11.606 6.856 / 3.304 / /
3 16.02 / / * / /
4 24.712 22.676 / 8.16 / /
5 8.988 6.1 / 4.314 / /
6 6.03 5.184 / 2.66 / /
7 17.974 11.338 / 4.612 / /
8 26.84 18.688 / 8.16 / /
9 25.66 18.976 / 7.508 / /
10 27.132 9.706 / 4.168 / /
11 21.756 8.746 / 3.192 / /
12 11.352 6.148 / 3.606 / /
13 12.358 7.254 / 4.73 / /
14 25.954 11.646 / 4.552 / /
15 29.898 13.354 / 5.534 / /
16 10.618 9.082 / 4.896 / /
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Table B-19 Height of 5— 19 um polypropylene pillar features on Type A inserts

DOE 19x80um 19x29um 15x15um 10x10um 5Xx5 um

1 34.82 28.132 9.082 / /
2 13.142 15.142 6.146 / /
3 * * * / /
4 28.33 21.52 19.924 / /
5 9.07 5.994 6.608 / /
6 8.686 7.302 5.714 / /
7 25.828 20.058 6.766 / /
8 28.59 25.286 22.244 / /
9 29.204 31.4 11.194 / /
10 30.742 27.78 7.786 / /
11 35.816 20.06 11.002 / /
12 31.67 21.444 8.646 / /
13 30.668 11.836 12.634 / /
14 35.202 32.666 7.21 / /
15 30.592 31.514 15.492 / /
16 23.212 12.142 9.914 / /
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Table B-20 Width of 5 — 19 pm polypropylene pillar features on Type A inserts

15x 30 10 x 30 5x 30 15x 10 10 x 10 5x10
DOE um um um um pum pum
1 19.872 8.802 / 8.692 / /
2 22.216 12.95 / 10.072 / /
3 14.842 / / * / /
4 15.908 9.166 / 9.346 / /
5 16.262 9.562 / 10.052 / /
6 16.56 11.05 / 8.814 / /
7 19.28 13.212 / 8.576 / /
8 13.544 7.258 / 8.22 / /
9 14.074 7.45 / 9.284 / /
10 15.762 18.308 / 13.3 / /
11 14.842 10.762 / 9.878 / /
12 18.572 8.17 / 9.698 / /
13 18.864 11.194 / 10.286 / /
14 15.14 13.494 / 9.758 / /
15 15.914 9.082 / 14.84 / /
16 17.924 11.914 / 9.994 / /
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Table B-21 Width of 5 — 19 pm polypropylene pillar features on Type A inserts

DOE 19x80um 19x29um 15x15um 10x10um 5Xx5 um

1 18.144 17.374 14.128 / /
2 18.374 19.604 13.21 / /
3 * * * / /
4 20.65 18.23 12.772 / /
5 18.448 18.912 13.416 / /
6 19.298 20.298 12.538 / /
7 18.53 19.374 14.374 / /
8 19.45 16.452 11.146 / /
9 17.572 16.364 10.954 / /
10 18.12 17.9 18.02 / /
11 17.45 17.914 13.644 / /
12 17.99 17.066 13.282 / /
13 20.526 23.446 12.876 / /
14 20.51 17.99 13.684 / /
15 17.374 18.066 13.602 / /
16 17.836 19.22 13.072 / /
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Table B-22 Height of 5—- 19 um high density polyethylene pillar features on Type

A inserts

15 x 30 10 x 30 5x30 15x 10 10 x 10 5x10

DOE um um um um um pum
1 * 0 / 0 / /
2 7.418 5.858 / / /
3 * 0 / / /
4 24.932 0 / 5.07 / /
5 * 0 / / /
6 * 0 / / /
7 * 0 / / /
8 31.32 14.334 / 4.88 / /
9 7.304 0 / / /
10 23.78 9.764 / 0 / /
11 15.514 8.994 / 3.216 / /
12 10.878 0 / 0 / /
13 * 0 / 0 / /
14 5.574 0 / 0 / /
15 30.406 9.608 / 2.844 / /
16 * 0 / 0 / /
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Table B-23 Height of 5—- 19 um high density polyethylene pillar features on Type

A inserts

DOE 19x80um 19x29um 15x15um 10x10um 5Xx5 um

1 0 0 0 / /
2 21.908 7.45 4.56 / /
3 0 0 0 / /
4 32.516 21.738 9.032 / /
5 0 0 0 / /
6 0 0 0 / /
7 5.382 6.858 0 / /
8 35.646 32.46 14.41 / /
9 6.486 15.322 11.002 / /
10 37.002 27.854 8.314 / /
11 32.99 19.83 7.066 / /
12 20.982 14.374 6.342 / /
13 0 0 0 / /
14 0 0 0 / /
15 42.712 17.566 8.338 / /
16 0 0 0 / /
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Table B-24 Width of 5 - 19 pm high density polyethylene pillar features on Type A

inserts

15 x 30 10 x 30 5x30 15x 10 10 x 10 5x10

DOE um um um um um pum
1 * 0 / 0 / /
2 14.646 7.642 / / /
3 * 0 / / /
4 14.66 0 / 7.536 / /
5 * 0 / / /
6 12.876 0 / / /
7 * 0 / / /
8 14.416 7.534 / 8.418 / /
9 14.684 7.88 / 0 / /
10 14.85 7.686 / 0 / /
11 16.192 10.032 / 8.458 / /
12 14.664 0 / 0 / /
13 * 0 / 0 / /
14 14.106 8.19 / 0 / /
15 13.836 12.88 / 10.148 / /
16 * 0 / 0 / /
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Table B-25 Width of 5 - 19 pm high density polyethylene pillar features on Type A

inserts

DOE 19x80um 19x29um 15x15um 10x10um 5Xx5 um

1 0 0 0 / /
2 18.932 17.684 11.578 / /
3 18.762 17.53 0 / /
4 16.44 22.514 14.452 / /
5 0 0 11.578 / /
6 17.862 16.912 13.26 / /
7 18.628 18.038 0 / /
8 18.308 17.506 12.416 / /
9 15.81 19.268 11.674 / /
10 17.9 18.67 17.54 / /
11 18.528 16.376 14.366 / /
12 17.37 18.3 12.058 / /
13 0 0 / /
14 0 0 / /
15 18.45 17.132 16.914 / /
16 0 0 0 / /
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Table B-26 Height and width of 5 - 19 pm 316LS pillar features on Type A inserts

Height Height Width Width
DOE 19x80um 19x29um 19x80um 19 x29 um

1 38.122 17.444 15.914 16.558
2 23.058 13.758 17.682 18.682
3 42.712 24.156 15.378 15.706
4 42.492 13.284 19.55 19.55
5 37.582 21.364 15.144 15.452
6 44.03 26.9 14.17 15.048
7 54.79 25.804 17.9 17.9
8 37.112 12.078 19.66 17.132
9 44.028 27.778 15.268 15.268
10 41.616 32.94 15.926 16.256
11 34.146 34.148 17.682 16.034
12 * 0 * 0
13 38.978 16.91 15.598 17.352
14 43.81 19.214 16.364 16.584
15 * 0 * 0
16 40.736 21.632 16.474 15.268
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Table B-27 Variation of pillar height from silicon mould insert of 40 — 80 pm

polypropylene replicates on Type A inserts

80x80 53x80 43 x 80 80 x 29 53 x 29 43 x 29
DOE um um um um pm pum

1 -6.7224  -9.0264 -10.82 -9.9064  -9.3564 1.378
5 10. 1'26 4 67204 -6.976 -9.8004 -7.9284 -5.986
3 6.2116 -26.8184  -31.404 -24.6844 -31.2064 -33.174
4 -6.7004  -7.2684 -9.062  -13.0024 -13.4164  -14.002
5 -4.2404  20.0696  14.436  -12.0804 -21.5444  -22.016
6 -3.4704 28.4156  15.094  -24.3784 -23.7384  -27.946
7 -3.3184 -12.5384  -11.586  -11.6204  -7.4884  -17.296
8 -7.0064 -9.1364  -10.818  -13.7724 -11.7704  -14.33
9 -6.7004  -8.8064 -8.292  -17.7664 -14.2964  -17.734
10  -6.8544  -7.2664 -6.114 -6.8544  -8.6964 -9.172
11  -5.4704  -7.4884 -7.302 -5.6264  -5.6244 -4.998
12 -6.2384  -9.2464 -8.732 -3.6884  -0.8984 -3.79
13 -4.8584  -8.9604 -5.106  -11.4664  -8.4984  -12.354
14  -9.4664  -7.1564 -8.842 -9.0084  -7.8164 -8.402
15  -7.1624  -7.9264 -8.292 -8.6984  -9.3564 -8.292
16  -7.4684  -0.8984 -3.044 -6.0864  -9.1364  -11.988
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Table B-28 Variation of pillar width from silicon mould insert of 40 — 80 pm

polypropylene replicates on Type A inserts

80 x 80 53 x 80 43 x 80 80 x 29 53 x 29 43 x 29
DOE um um um um pm pum

1 -0.152 0.928 1.26 -0.594 0.16 -14.014
2 -0.812 -0.28 -7.314 -2.02 -1.38 -1.158
3 2.414 -2.148 -1.408 -3.428 -1.05 -1.328
4 -0.656 1.034 0.93 -1.888 -1.27 -1.814
5 -0.66 -0.17 0.272 -2.658 -2.26 -1.596
6 -0.812 1.916 2.58 2.262 1.4764 -0.388
7 -1.888 -1.82 -0.938 -0.504 -1.49 -1.814
8 -2.196 1.148 1.48 -2.15 -2.81 -2.3634
9 -1.58 1.254 1.15 -2.812 -3.576 -1.592
10 -1.428 -1.27 -1.376 -1.734 -3.028 -2.034
11 -1.118 -1.27 -0.718 -3.12 -1.71 -1.266
12 0.724 -1.71 -0.28 -1.888 -1.82 -0.06
13 -2.658 -0.568 -1.264 -1.272 -1.644 -0.938
14 -0.198 -1.16 -0.828 -1.122 -1.16 -1.048
15 -0.966 -0.612 -1.484 -2.042 -2.04 -1.924
16 -0.812 -3.578 -1.946 -3.582 -2.59 -1.866
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Table B-29 Variation of pillar height of 20 — 39 um pillars from silicon mould

inserts for polypropylene replicates on Type A inserts

30x30 25x30 20 x 30 30 x 10 25x10 20x 10
DOE um um um um um pum

1 -6.285 -10.548 -18.535 -33.1852  -31.7232  -32.7828
2 -8.239 -16.006 -17.605 -33.2712  -33.4932  -34.8208
3 -10.899  -29.996 -19.987 -33.6452  -33.8012 -32.2848
4 -10.357  -12.656 -13.915 -23.6552  -25.2692  -28.7488
5 -25.501  -27.382 -27.443 -35.1052  -33.3392 -33.9768
6 -27.575 -28.84 -31.717 -35.7992  -35.3352  -36.8008
7 0.435 -7.782 -10.377 -33.4912  -33.5692  -34.2068
8 -9.281 -14.7 -20.247 -21.8852  -20.9652  -29.6468
9 -11.675 -10.59 -11.915 -21.1192  -23.8072  -28.2108
10 -14.169 -16.652 -5.693 -33.8212  -33.3812 -33.9288
11  -14.281 -10.472 -14.299 -32.8312  -33.7252  -34.2848
12 -8.457 -16.546 -26.135 -34.1512  -34.6432  -34.3608
13 -7.581 -19.236 -20.721 -33.6012  -33.1872  -33.8448
14  -12.411 -8.01 -5.845 -31.9572  -33.6452  -34.2068
15 -11.357 -13.132 -13.993 -33.0332  -32.2612  -33.1288
16  -23.965 -25.23 -25.695 -33.7232  -33.9552  -34.2968
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Table B-30 Variation of pillar height of 20 — 39 um pillars from silicon mould

inserts for polypropylene replicates on Type A inserts

DOE 29x80um 29x29pum 30x30pum 25x25pum 20X 20 pm

1 -10.4032 -0.5192 18.9556 5.1032 0.0392
2 -9.4132 -16.7732 3.9376 -3.9288 -4.2728
3 -34.4592 -35.0732 -1.1044 -7.9488 -9.1168
4 -9.1972 -14.9052 13.5756 13.2472 14.0532
5 -27.6192 -33.5372 -8.4784 -8.8328 -7.0928
6 -3.1012 -30.1552 -4.1804 -5.6988 -5.4588
7 -4.7912 -13.7072 18.6456 7.7792 -0.0788
8 -9.4012 -13.1672 14.8836 12.8652 17.6592
9 -8.7572 -17.8692 9.8096 2.9892 5.8332
10 -71.8772 -6.1212 11.1156 12.2732 5.7152
11 -6.6332 -12.7092 21.2496 6.1232 7.5632
12 -9.1712 -10.0192 3.6576 -2.6868 -2.5028
13 6.7268 -16.7692 -3.0384 -2.2728 -4.6428
14 -7.7872 -9.3992 22.4136 16.0152 4.8872
15 -8.2492 -10.4052 15.1136 14.1672 16.4772
16 2.8188 -19.5472 10.7376 5.4732 3.3732
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Table B-31 Variation of pillar width of 20 = 39 pm pillars from silicon mould

inserts for polypropylene replicates on Type A inserts

30 x 30 25x 30 20 x 30 30 x 10 25x10 20x 10

DOE um um um um pm pum
1 2.136 5.522 2.09 -8.394 -7.394 -5.748
2 4.048 7.06 7.37 -6.386 -6.242 -5.006
3 -0.476 -1.32 -0.32 -7.626 -7.548 -6.93
4 -0.71 -1.4 -0.932 -6.402 -6.856 -5.774
5 4.672 2.292 1.988 -5.86 -5.704 -5.624
6 5.518 8.826 4.544 -7.244 -5.398 -6.4
7 -1.99 3.442 6.294 -8.692 -6.318 -7.392
8 -0.63 -0.552 4.782 -6.936 -5.472 -5.334
9 0.06 -0.166 -0.778 -4.938 -5.934 -5.856
10 -1.554 -1.06 0.448 -4.85 -5.45 -4.24
11 0.752 -0.552 -0.244 -4.958 -5.316 -4.318
12 11.404 10.9 7.908 -6.718 -5.7 -5.854
13 1.084 2.292 4.248 -5.84 -6.166 -6.104
14 0.202 -1.322 -2.01 -4.08 -5.474 -4.854
15 -1.092 -1.4 -0.396 -3.244 -1.09 -2.01
16 6.21 4.908 7.34 -5.554 -3.704 -4.91
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Table B-32 Variation of pillar width of 20 = 39 pm pillars from silicon mould

inserts for polypropylene replicates on Type A inserts

DOE 29x80um 29x29pum 30x30pum 25x25pum 20X 20 pm

1 0.32 0.432 -0.172 1.214 1.17
2 -0.116 12.842 -0.94 1.768 1.054
3 -0.476 -0.63 -0.48 -0.044 -7.126
4 3.29 0.654 -1.554 -0.474 -0.662
5 -0.556 -0.554 1.046 0.546 -0.012
6 8.824 1.83 2.596 0.844 0.564
7 0.136 0.138 0.678 1.85 -3.894
8 2.368 -1.324 -1.17 -0.872 -0.78
9 1.862 -1.98 -2.168 -1.582 -1.49
10 -0.666 -0.444 -1.862 -1.048 -1.074
11 0.368 -0.016 0.22 -0.93 -0.492
12 -0.322 0.214 0.136 1.554 3.362
13 0.324 131 4.654 0.074 -1.26
14 -0.244 0.37 -0.632 -2.704 -1.194
15 -0.248 -0.326 -1.022 -0.87 -1.018
16 0.212 -0.938 -1.808 -0.22 -1.836
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Table B-33 Variation of pillar height from silicon mould insert of 5 - 19 pm pillar

features on polypropylene replicates on Type A inserts

15 x 30 10 x 30 5x30 15x 10 10x 10 5x10

DOE um um um um pum pum
1 -18.713 -28.727 / -33.6688 / /
2 -26.439 -29.749 / -34.7408 / /
3 -22.025  -36.6048 / -38.0448 / /
4 -13.333 -13.929 / -29.8848 / /
5 -29.057  -30.5048 / -33.7308 / /
6 -32.015  -31.4208 / -35.3848 / /
7 -20.071  -25.2668 / -33.4328 / /
8 -11.205  -17.9168 / -29.8848 / /
9 -12.385  -17.6288 / -30.5368 / /
10 -10.913  -26.8988 / -33.8768 / /
11 -16.289  -27.8588 / -34.8528 / /
12 -26.693  -30.4568 / -34.4388 / /
13 -25.687  -29.3508 / -33.3148 / /
14 -12.091  -24.9588 / -33.4928 / /
15 -8.147 -23.2508 / -32.5108 / /
16 -27.427  -27.5228 / -33.1488 / /

450



Table B-34 Variation of pillar height from silicon mould insert of 5 - 19 pm pillar

features on polypropylene replicates on Type A inserts

DOE 19x80um 19x29um 15x15um 10x10um 5Xx5 um

1 -4.434 -11.122 -1.2098 / /
2 -26.112 -24.112 -4.1458 / /
3 -39.254 -39.254 -10.2918 / /
4 -10.924 -17.734 9.6322 / /
5 -30.184 -33.26 -3.6838 / /
6 -30.568 -31.952 -4.5778 / /
7 -13.426 -19.196 -3.5258 / /
8 -10.664 -13.968 11.9522 / /
9 -10.05 -7.854 0.9022 / /
10 -8.512 -11.474 -2.5058 / /
11 -3.438 -19.194 0.7102 / /
12 -7.584 -17.81 -1.6458 / /
13 -8.586 -27.418 2.3422 / /
14 -4.052 -6.588 -3.0818 / /
15 -8.662 -1.74 5.2002 / /
16 -16.042 -27.112 -0.3778 / /
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Table B-35 Variation of pillar width from Silicon mould insert of 5 =19 pum pillar

features for polypropylene replicates of Type A inserts

15 x 30 10 x 30 5x30 15x 10 10x 10 5x10

DOE um um um um pum pum
1 4.872 -1.198 / -6.308 / /
2 7.216 2.95 / -4.928 / /
3 -0.158 -10 / -15 / /
4 0.908 -0.834 / -5.654 / /
5 1.262 -0.438 / -4.948 / /
6 1.56 1.05 / -6.186 / /
7 4.28 3.212 / -6.424 / /
8 -1.456 -2.742 / -6.78 / /
9 -0.926 -2.55 / -5.716 / /
10 0.762 8.308 / -1.7 / /
11 -0.158 0.762 / -5.122 / /
12 3.572 -1.83 / -5.302 / /
13 3.864 1.194 / -4.714 / /
14 0.14 3.494 / -5.242 / /
15 0.914 -0.918 / -0.16 / /
16 2.924 1.914 / -5.006 / /
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Table B-36 Variation of pillar width from silicon mould insert of 5 =19 pm pillar

features for polypropylene replicates of Type A inserts

DOE 19x80um 19x29um 15x15um 10x10um 5Xx5 um

1 -0.856 -1.626 -0.872 / /
2 -0.626 0.604 -1.79 / /
3 -19 -19 -15 / /
4 1.65 -0.77 -2.228 / /
5 -0.552 -0.088 -1.584 / /
6 0.298 1.298 -2.462 / /
7 -0.47 0.374 -0.626 / /
8 0.45 -2.548 -3.854 / /
9 -1.428 -2.636 -4.046 / /
10 -0.88 -11 3.02 / /
11 -1.55 -1.086 -1.356 / /
12 -1.01 -1.934 -1.718 / /
13 1.526 4.446 -2.124 / /
14 1.51 -1.01 -1.316 / /
15 -1.626 -0.934 -1.398 / /
16 -1.164 0.22 -1.928 / /
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Table B-37 Variation of pillar height from silicon mould insert of 40 — 80 um pillar

features on high density polyethylene replicates of Type A inserts

80 x 80 53 x 80 43 x 80 80 x 29 53 x 29 43 x 29
DOE um um um um pm pum

1 18.9-764 -23.3644  -24.442 -40.9804 -41.0864  -41.012
2 -3.8464  -4.9604 -7.384 -21.9124  -26.3404 -30.49
3 -6.7244  -13.6464  -13.342 -31.8024  -31.7104 -32.25
4 -7.9304  -8.7284 -7.134 -10.2404  -7.7064 -7.74
5 15.5656  5.9536 -1.66 -34.0604 -35.6304  -35.096
6 6.2896 2.3396 8.024 -27.6864  -30.0964 -33.02
7 129736  18.5556 5.64 -26.9164  -29.1724  -29.716
8 -6.0084  -8.0824 -5.598 -7.3924 -7.2704 -8.258
9 -5.4704  -5.0424 -2.508 -4.0844  -13.5724  -10.498
10 -5.7364  -6.3904 -6.206 -7.9304 -6.3904 -7.192
11 -0.1984  -5.7304 -10.048 -6.9424 -0.7904 -2.362
12 -7.3824  -3.8644 -6.094 -8.4804 -3.0964 -7.636
13 40.9-804 -41.0864  -41.012 -40.9804 -41.0864  -41.012
14 3.3776  -13.0864  -22.128 -24.3644  -29.6704  -34.532
15 -6.8324  -6.1684 -5.764 -7.2704 -7.2664 -8.512
16 40.9-804 -41.0864  -41.012 -40.9804 -41.0864  -41.012
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Table B-38 Variation of pillar width from silicon mould inserts of 40 - 80um pillar

features for high density polyethylene replicates of Type A inserts

80 x 80 53 x 80 43 x 80 80 x 29 53 x 29 43 x 29

DOE um um um um pm pum
1 -2.448 -1.204 -1.776 -80 -53 -43
2 -1.488 -0.144 0.294 -2.64 -1.878 -1.68
3 0.284 1.276 2.514 -2.688 1.276 -3.246
4 -3.67 -1.796 -2.134 -5.646 -3.25 -3.57
5 -0.702 -2.028 -2.64 -5.21 -2.872 -3.024
6 -0.596 -2.026 -1.178 -4.35 -2.876 -3.558
7 -1.12 -1.108 -1.5 -5.58 -4.258 -3.482
8 -1.508 -0.722 -0.954 -2.508 -2.336 -2.016
9 -1.812 -1.644 -2.332 -2.658 -2.182 -2.174
10 -3.45 -0.83 0.272 -3.56 -3.688 -4.67
11 -0.138 -0.172 1.37 -2.46 -0.72 -0.936
12 -2.352 -3.58 -0.934 -4.108 -2.15 -2.032
13 -80 -53 -43 -80 -53 -43
14 -3.23 -1.6 -0.826 -4.11 -3.578 -2.692
15 -1.69 -0.83 -0.39 -3.23 -2.48 -1.264
16 -1.428 -0.9 -0.832 -80 -2.674 -1.308
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Table B-39 variation of pillar height from silicon mould insert of 20 — 39 um pillar

features for high density polyethylene replicates of Type A inserts

30x30 25x30 20x30 30x10 25x10  20x10
DOE  um um um pm pm um

| apq43p -333812 -39.8168 -30.6412 -39.6412 -39.8168
s oae07p -266712 -305168 -37.0012 -37.0972 -39.8168
3 30703p 396412 -30.8168 -30.6412 -39.6412 -39.8168

6.9212 83512  -7.2488  -31.4072 -31.9552 -32.5528
£ 33733, -34.6492 308168 -39.6412 -39.6412 -39.8168
6  a11asp 319032 306868 -39.6412 -39.6412 -39.8168

30 oq0p -39-6412 -30.8168 -39.6412 -39.6412 -39.8168

-8.6572 -8.3632  -9.6048 -27.6312 -28.9752 -31.4768
o  13g03p -l73492 263188 -34.3612 -34.6972 -36.0888
10 99752 -8.4232  -4.4028 -33.6672 -33.3972 -34.8248
11 -5.4932 -125012 -19.1248 -34.2612 -34.7932 -35.6208
12 98212 -23.9632 -25.6888 -34.1892 -36.5672 -35.5008
13 30641p 396412 -39.8168 -39.6412 -39.6412 -39.8168
14 30859p 326282 -327048 -37.1052 -37.1932 -37.3568
15 -9.4872 -9.7272  -35748 -33.3972 -34.1672 -35.6248
16 30641p -39-6412 -39.8168 -39.6412 -39.6412 -39.8168
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Variation of Pillar height from silicon mould insert of 20 — 39 um pillar features

for high density polyethylene replicates of Type A inserts

DOE 29x80um 29x29pum 30x30pum 25x25pum 20X 20 pm

1 -40.3772 -40.3772 -11.4084 -11.8788 -10.0768

2 -14.4852 -31.5832 -1.3664 -2.5088 -5.9868
3 -36.2992 -40.3772 -5.2544 -9.9068 -9.1808
4 -8.5692 -7.9872 14.7596 13.7532 10.6232
5 -33.9932 -34.4652 -10.7844 -16.3428 -13.6768
6 -11.6432 -33.5772 -6.3584 -6.6368 -9.5008
7 -18.0892 -30.1472 -10.2024 -11.3508 -9.7408
8 -6.0252 -7.4452 10.5476 19.7892 17.1132
9 -9.5732 -18.3852 10.1436 2.7552 0.3972

10 -5.6812 -7.7652 14.8836 17.9352 7.8452

11 -3.3772 -11.6092 13.4636 5.1772 2.6932

12 -0.1772 -16.6272 6.4196 1.8092 -2.2088
13 -40.3772 -40.3772 -16.4004 -16.3428 -13.6768
14 -40.3772 -40.3772 -0.4244 -11.7328 -9.6388
15 -5.2432 -4.2572 12.2676 11.8652 5.7752

16 -40.3772 -40.3772 -16.4004 -16.3428 -13.6768
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Table B-40 Variation of pillar width from silicon mould inserts of 20 — 39 um pillar

features for high density polyethylene replicates of Type A inserts

30 x 30 25x 30 20 x 30 30 x 10 25x10 20x 10

DOE um um um um pm pum
1 -1.938 -3.582 -2.316 -30 -25 -20
2 2.77 -0.734 0.298 -8.476 -8.612 -20
3 -0.546 -1.556 -1.02 -30 -25 -20
4 -0.128 -2.814 -1.74 -10.12 -90.84 -7.734
5 0.078 -1.844 -0.38 -30 -25 -20
6 0.264 -1.218 -0.732 -30 -25 -20
7 -0.846 -1.264 -0.856 -30 -25 -20
8 -0.49 -0.752 -1.068 -8.62 -7.796 -7.276
9 0.988 -0.3 -0.876 -7.42 -6.788 -6.624
10 -0.096 -0.162 0.992 -7.172 -5.012 -4.182
11 1.3 -0.812 -1.878 -7.598 -7.672 -5.334
12 9.594 3.446 2.474 -8.318 -7.932 -6.814
13 -30 -25 -20 -30 -25 -20
14 -1.602 -1.7 -1.836 -9.01 -8.084 -7.236
15 -1.436 -0.872 -1.134 -7.706 -7.22 -7.16
16 -30 -25 -20 -30 -25 -20
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Table B-41 Variation of pillar width from silicon mould inserts of 20 — 39 um pillar

features for high density polyethylene replicates of Type A inserts

DOE 29x80um 29x29pum 30x30pum 25x25pum 20X 20 pm

1 -1.226 -29 -2.13 -1.94 -0.876
2 -0.218 -0.698 0.174 -1.554 -1.836
3 0.214 -0.86 -0.978 0.806 0.604
4 -1.56 -1.87 -1.492 -3.768 -2.554
5 -1.738 -1.798 -1.612 -2.114 -1.61
6 2.816 -1.56 0.51 -0.88 -1.98
7 -0.2 -1.736 -0.498 -1.602 1.316
8 -0.79 -0.73 -1.362 -0.728 -0.732
9 -1.264 -1.56 -0.548 -2.114 -1.836
10 -0.884 -1.76 -1.402 -0.628 -1.164
11 0.98 -0.882 -1.116 -0.84 -2.47
12 -1.292 -0.094 -1.732 -0.812 -0.246
13 -29 -29 -30 -25 -20

14 0.292 -0.862 -1.438 -2.136 -1.666
15 -0.554 -1.43 -0.246 -1.088 -1.726
16 -29 -29 -30 -25 -20
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Table B-42 Variation of pillar height from silicon mould insert of 5 - 19 pm pillar

features for high density polyethylene replicates of Type A inserts

15 x 30 10 x 30 5x30 15x 10 10x 10 5x10

DOE um um um um pum pum
1 -38.0448 -33.5996 / -38.0448 / /
2 -30.6268 -27.7416 / -38.0448 / /
3 -38.0448 -33.5996 / -38.0448 / /
4 -13.1128 -33.5996 / -32.9748 / /
5 -38.0448 -33.5996 / -38.0448 / /
6 -38.0448 -33.5996 / -38.0448 / /
7 -38.0448 -33.5996 / -38.0448 / /
8 -6.7248  -19.2656 / -33.1648 / /
9 -30.7408 -33.5996 / -38.0448 / /
10 -14.2648 -23.8356 / -38.0448 / /
11  -22.5308 -24.6056 / -34.8288 / /
12 -27.1668 -33.5996 / -38.0448 / /
13  -38.0448 -33.5996 / -38.0448 / /
14  -32.4708 -33.5996 / -38.0448 / /
15 -7.6388  -23.9916 / -35.2008 / /
16  -38.0448 -33.5996 / -38.0448 / /
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Table B-43 Variation of pillar height from silicon mould insert of 5 - 19 pm pillar

features for high density polyethylene replicates of Type A inserts

DOE 19x80um 19x29um 15x15um 10x10um 5Xx5 um

1 -39.254 -39.254 -10.2918 / /

2 -17.346 -31.804 -5.7318 / /
3 -39.254 -39.254 -10.2918 / /
4 -6.738 -17.516 -1.2598 / /
5 -39.254 -39.254 -10.2918 / /
6 -39.254 -39.254 -10.2918 / /
7 -33.872 -32.396 -10.2918 / /
8 -3.608 -6.794 4.1182 / /
9 -32.768 -23.932 0.7102 / /
10 -2.252 -11.4 -1.9778 / /
11 -6.264 -19.424 -3.2258 / /
12 -18.272 -24.88 -3.9498 / /
13 -39.254 -39.254 -10.2918 / /
14 -39.254 -39.254 -10.2918 / /
15 3.458 -21.688 -1.9538 / /
16 -39.254 -39.254 -10.2918 / /
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Table B-44 variation of pillar width from silicon mould insert of 5 =19 pum pillar

features for high density polyethylene replicates of Type A insert

15 x 30 10 x 30 5x30 15x 10 10x 10 5x10

DOE um um um um pum pum
1 -15 -10 / -15 / /
2 -0.354 -2.358 / -15 / /
3 -15 -10 / -15 / /
4 -0.34 -10 / -7.464 / /
5 -15 -10 / -15 / /
6 -2.124 -10 / -15 / /
7 -15 -10 / -15 / /
8 -0.584 -2.466 / -6.582 / /
9 -0.316 -2.12 / -15 / /
10 -0.15 -2.314 / -15 / /
11 1.192 0.032 / -6.542 / /
12 -0.336 -10 / -15 / /
13 -15 -10 / -15 / /
14 -0.894 -1.81 / -15 / /
15 -1.164 2.88 / -4.852 / /
16 -15 -10 / -15 / /
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Table B-45 Variation of pillar width from silicon mould insert of 5 - 19 pm pillar

features for high density polyethylene replicates of Type A insert

DOE 19x80um 19x29um 15x15pum 10x10um 5x5 um

1 -19 -19 -15 / /
2 -0.068 -1.316 -3.422 / /
3 -0.238 -1.47 -15 / /
4 -2.56 3.514 -0.548 / /
5 -19 -19 -3.422 / /
6 -1.138 -2.088 -1.74 / /
7 -0.372 -0.962 -15 / /
8 -0.692 -1.494 -2.584 / /
9 -3.19 0.268 -3.326 / /
10 -1.1 -0.33 2.54 / /
11 -0.472 -2.624 -0.634 / /
12 -1.63 -0.7 -2.942 / /
13 -19 -19 -15 / /
14 -19 -19 -15 / /
15 -0.55 -1.868 1.914 / /
16 -19 -19 -15 / /
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Table B-46 Variation of pillar height from silicon mould insert of 40 — 80 um pillar

features for 316LS replicates of Type A inserts

80 x 80 53 x 80 43 x 80 80 x 29 53 x 29 43 x 29
DOE um um um um pm pum
1 -4.0884 1.5156 -3.568 -10.8504 -14.9564  -10.598
2 6.8236 0.9656 1.37 -40.9804 -17.1524 -21.89
3 -3.4724  -2.8104 -2.582 -5.3164  -13.4164 -1.158
4 0.2156 12.0556 -0.896 -5.6244  -14.6244  -10.708
5 -5.6244  -3.0964 -1.484 -12.2344  -5.4004 1.042
6 -0.7064 1.0756 -2.692 -13.6164 -10.5624 -2.802
7 -3.6284  -4.1944 6.178 -13.4664  -7.5764 -3.35
8 12.3516 14.5616 21.096 -40.9804  12.2396 8.484
9 -2.0904 0.7256 2.69 -0.2444 2.7256 11.362
10 0.6756 -0.0224 4.776 3.5976 -5.7304 11.802
11 4.9416 -4.3044 -6.314 -20.8064 -21.6524  -17.514
12 1.7556 -5.2704 -41.012 -13.6204 -18.9504  -41.012
13 -2.7024  -1.4244 -1.814 -12.0804 -16.7984 -3.9
14 -2.5504  -2.3284 -2.912 -11.1584  -10.7824 -6.866
15 4.9796 7.1816 0.712 -15.0024  -21.7204  -41.012
16 -3.9364  -0.8104 1.15 -7.0084  -12.1864 -9.832
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Table B-47 Variation of pillar width from silicon mould insert of 40 — 80 um pillar

features for 316LS replicates of Type A inserts

80 x 80 53 x 80 43 x 80 80 x 29 53 x 29 43 x 29

DOE um um um um pm pum
1 0.262 -3.546 -3.242 -0.968 -1.82 -2.47
2 0.262 -4.434 -4.012 -80 -2.26 -2.144
3 -2.81 -5.028 -5.99 -2.35 -3.03 -4.78
4 -0.352 -2.258 -2.582 -2.658 -1.93 -2.582
5 -0.968 -3.8 -4.12 -2.044 -1.93 -3.24
6 -2.354 -2.81 -5.988 -0.042 -2.48 -3.682
7 -1.58 -3.798 -4.714 -2.196 -1.182 -3.79
8 1.492 -2.722 -3.328 -80 -3.336 -3.328
9 -0.814 -3.644 -4.23 -1.276 -3.644 -4.23
10 1.23 -5.004 -5.218 1.186 -2.04 -3.57
11 1.416 -2.81 -5.548 -1.006 -2.698 -5.44
12 1.492 -6.72 -43 -8.348 -4.26 -43
13 -1.274 -5.182 -5.328 0.416 -2.876 -3.24
14 0.57 -4.568 -4.89 0.262 -2.26 -5.33
15 -0.352 -2.104 -2.364 -3.582 -0.412 -43
16 -0.968 -6.102 -5.55 -0.35 -4.722 -4.45
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Table B-48 Variation of pillar heigh and width from silicon mould insert of 20 — 39

pm pillar features for 316LS replicates of Type A insert

Height Height Width Width
DOE 29x80um 29x29um 29x80um 29x29um
9.1408 -0.6272 -4.288 -3.63
2.8828 -18.9672 1.532 -2.752
-0.1912 -3.1552 -3.74 -3.85
5.2128 -1.6192 -1.762 -1.98
-1.5072 -3.3752 -2.53 -4.07
-0.9592 -3.0452 -5.278 -3.41
6.3988 -7.2172 -2.64 -2.64
12.0408 -4.4092 -1.322 -1.322
0.4688 5.8468 -3.74 -3.74
2.8848 10.3508 -5.17 -2.64
-2.2752 -9.4132 -1.87 -2.97
-40.3772 -40.3772 -29 -29
-1.2892 -9.8552 -4.07 -2.532
3.1048 -5.5712 -2.75 -3.74
-40.3772 -40.3772 -29 -29
2.6628 -7.1092 -4.62 -3.08
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Table B-49 Variation of pillar height and width from silicon mould insert of 5 - 19

pm pillar features 316LS replicates of Type A inserts

Height Height Width Width
DOE 19x80um 19x29um 19x80um 19 x29 um

1 -1.132 -21.81 -3.086 -2.442
2 -16.196 -25.496 -1.318 -0.318
3 3.458 -15.098 -3.622 -3.294
4 3.238 -25.97 0.55 0.55
5 -1.672 -17.89 -3.856 -3.548
6 4.776 -12.354 -4.83 -3.952
7 15.536 -13.45 -1.1 -1.1
8 -2.142 -27.176 0.66 -1.868
9 4.774 -11.476 -3.732 -3.732
10 2.362 -6.314 -3.074 -2.744
11 -5.108 -5.106 -1.318 -2.966
12 -39.254 -39.254 -19 -19
13 -0.276 -22.344 -3.402 -1.648
14 4.556 -20.04 -2.636 -2.416
15 -39.254 -39.254 -19 -19
16 1.482 -17.622 -2.526 -3.732
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