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ABSTRACT

This thesis investigates the use of micro-injection moulding (uIM), as a high-
volume process, for producing three-dimensional, integrated microfluidic devices. It
started with literature reviews that covered three topics: puIM of thermoplastic
microfluidics, designing for three-dimensional (3-D) microfluidics and functional
integration in uIM. Research gaps were identified: Designing 3-D microfluidics within
the limitations of pIM, process optimisation and the integration of functional elements.
A process chain was presented to fabricate a three-dimensional microfluidic device for
medical application by pIM. The thesis also investigated the effect of processing
conditions on the quality of the replicated component. The design-of-experiments
(DOE) approach is used to highlight the significant processing conditions that affect the
part mass taking into consideration the change in part geometry. The approach was also
used to evaluate the variability within the process and its effect on the replicability of
the process. Part flatness was also evaluated with respect to post-filling process
parameters. The thesis investigated the possibility of integrating functional elements
within pIM to produce microfluidic devices with hybrid structures.

The literature reviews highlighted the importance of quality control in high-
volume micromoulding and in-line functional integration in microfluidics. A taxonomy
of process integration was also developed based on transformation functions. The
experimental results showed that pIM can be used to fabricate microfluidic devices that
have true three-dimensional structures by subsequent lamination. The DOE results
showed a significant effect of individual process variables on the filling quality of the
produced components and their flatness. The geometry of the replicated component was
shown to have effect on influential parameters. Other variables, on the other hand, were
shown to have a possible effect on process variability. Optimization statistical tools
were used to improve multiple quality criteria. Thermoplastic elastomers (TPE) were

processed with pIM to produce hybrid structures with functional elements.

Keywords:

Micro-injection moulding, three-dimensional, statistical quality control, design-of-
experiments, functional integration
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Introduction

Microsystem technologies have evolved over the past decades from pure-
research fields to industrial applications. Since early starts within the semiconductor
industry, the increasing number of microfabrication techniques has contributed to the
production of various miniaturised products characterised by relatively light weight,
low cost and energy efficiency.

Microfluidic systems are one area of micro-components where a lot of
developments have been achieved in the recent years. Typical application areas cover
a wide range of sectors including pharmaceutical, chemical, household, personal care
and food sectors. A considerable amount of research has been done worldwide
focusing on design, manufacturing, assembly and testing of microfluidics, and several
companies currently produce relatively simple microfluidic systems on a commercial
scale. The volume of microfluidic products was estimated to be approximately
US$600 million in 2006, and the market was forecast to grow to US$1.9 billion by
2012 [1].

Due to the increasing demand for microfluidic systems that can perform
relatively complex operations, more research has been directed to integrated systems.
In such systems, also known as Lab-on-a-chip (LOC) devices or micro-Total Analysis
Systems (UWTAS), the microfluidic “chip” is capable of conducting a number of
integrated tasks beyond simple fluid manipulation.

In spite of considerable developments, integrated microfluidics are still far from
being fully commercialised, and most of the produced devices are limited to
prototyping stages. A major reason for this is that the available manufacturing routes
have not yet reached the maturity level required to mass-produce such complex
systems without considerable investments. It was therefore predicted that future mass-
market usage of microfluidic devices is dependent on finding methods which will
allow their manufacture in large volumes and at low costs [2].

Another obstacle for commercialising integrated systems is that processing
techniques had limitations in terms of possible manufacturable geometries, which
were usually limited to flat, so-called 2%2D, structures inherited from the silicon
industry. Such geometrical limitations put extra constrains on the design, fabrication

and packaging of the device.



Micro-injection moulding (uIM) is one of the most promising micro system
technologies for high-volume manufacturing of micro-components. Dimensional
accuracy, replication fidelity and potential for automation are some of the process
characteristics associated with uIM. These capabilities, combined by the wide range
of mechanical, thermal and optical properties of processable thermoplastic polymers,
make puIM the main candidate for high-volume, low-cost microfabrication.

The advantages of uIM, in addition to the considerable process developments
witnessed in the recent years and the inherited knowledge from conventional injection
moulding, made it an ideal candidate for producing micro-components for a wide
range of applications. Lenses, waveguides, micro-mechanical components, sensors,
integrated microelectromechanical systems (MEMS), minifluidic devices are a few
examples of micromoulded products used in applications, such as optical systems,
chemical analysis and medical diagnostics.

This project aimed at investigating the use of micro-injection moulding for the
production of three-dimensional integrated microfluidic devices. Three main issues
were addressed throughout this thesis:

Firstly, it discussed the possibility of overcoming the geometrical limitations of
uIM for producing truly 3D devices. This was addressed by laminating sections of the
microfluidic systems into a truly 3D structure. Secondly, it presented a statistical
approach for detecting and controlling processing parameters to improve replication
quality and process stability within a mass-manufacturing process. This approach was
selected to understand and predict the filling behaviour of polymers on the micro-
scale, because the currently available simulation packages used for conventional
injection moulding are not suitable on the micro-scale. Finally, the project
investigated the possibility of integrating functional elements within the pIM process.
Hybrid, multi-material, moulding was selected as an example for process integration.

A minifluidic demonstrator was used to illustrate the possibility of micro-
moulding a truly 3D microfluidic device for blood-plasma separation for medical
diagnostics. A design-of-experiments (DOE) approach was implemented to control
the process parameters for increasing filling quality and decreasing process
variability. Hybrid micro-injection moulding was presented as a possible technique
for integrating functional elements in micro-fluidic devices by micro-moulding.

This thesis is divided into 12 chapters: The first three are the literature review
which consists of three papers that collectively presents the state-of-the-art research in



uIM of 3D integrated microfluidics. They also present a taxonomy of microfluidic
functionalities in relation to integration method, and they present an assessment
approach of three-dimensional microfluidics produced by pIM. In Chapter 4, research
gaps are identified, problems are selected and the corresponding research
methodology is presented.

Chapter 5 presents the minifluidic demonstrator which is used as a case study
for three-dimensional microfluidics. The chapter discusses the design-for-
manufacturability approach used to turn the originally-designed 2%2D device into a
mouldable 3D device.

Chapter 6 investigates the effect of process parameters on the filling quality of
micro-parts, and how they interact with the geometrical shape of the component.

Chapter 7 investigates the variability of uIM and its effect on the replicability of
the moulding process. A statistical approach for process optimisation is implemented
and validated.

Chapter 8 develops the quality control method used in previous chapters by
presenting an optimisation technique for multiple responses, and how a compromise
in process conditions would be necessary to meet multiple quality criteria.

Chapter 9 presents a statistical approach to evaluate flatness of micromoulded
parts in relation to post-filling parameters.

Chapter 10 focuses on process integration, where micro-assembly injection
moulding was used to integrate interconnect elements as an example for functionality
integration within pIM.

The overall discussion of the project was summarised in Chapter 11, and main
conclusions and contribution to knowledge were presented in Chapter 12 together

with potential developments and future work.



1 Micro-Injection Moulding of Polymer Microfluidic
Devices

Abstract

Microfluidic devices have several applications in different fields, such as
chemistry, medicine and biotechnology. Many research activities are currently
investigating the manufacturing of integrated microfluidic devices on a mass-
production scale with relatively low costs. This is especially important for
applications where disposable devices are used for medical analysis. Micromoulding
of thermoplastic polymers is a developing process with great potential for producing
low-cost microfluidic devices. Among different micromoulding techniques, micro-
injection moulding is one of the most promising processes suitable for manufacturing
polymeric disposable microfluidic devices. This review paper aims at presenting the
main significant developments that have been achieved in different aspects of micro-
injection moulding of microfluidic devices. Aspects covered include device design,
machine capabilities, mould manufacturing, material selection and process

parameters. Problems, challenges and potential areas for research are highlighted.

1.1 Introduction

Microfluidics is a rapidly growing domain with many applications and a strong
potential for development. The volume of microfluidic products was estimated to be
approximately US$600 million in 2006, and the market was forecast to grow to
US$1.9 billion by 2012 [1]. Microfluidic devices are already used in a number of
domains, including chemistry, biotechnology and medicine. Prototype Lab-on-a-chip
(LOC) systems are developing rapidly in several areas.

However, future mass-market usage of microfluidic devices is dependent on
finding methods which will allow their manufacture in large volumes and at low costs
[2]. This is especially important for medical applications where, for safety
considerations, devices should be disposable to avoid cross contamination. In
addition, from an economical viewpoint, a disposable device would not require

maintenance or recalibration. Disposability is also useful in situations where there



might not be access to human or technical resources to retest or recalibrate a
microfluidic device for multiple usages, e.g. when devices are used in certain point-
of-care situations or in developing countries.

For such mass-market applications, polymers possess several advantages over
other materials, such as glass and silicon, which have previously been used in
constructing microfluidic devices (advantages and limitations of polymers discussed
later in section 1.1.4). They are obtainable at relatively low cost, require relatively
simple processing techniques and can exhibit accurate repeatability in mass-
production.

Several micromoulding techniques are available for the manufacturing of
microfluidic devices from polymers. Of these, micro-injection moulding is one
technique that offers mass-production capabilities with relatively low costs. Its other
advantages include short-cycle times, the potential for full-automation, accurate
replication and dimensional control as well as the existence of considerable know-
how, transferable from conventional injection moulding.

The introductory section briefly summarises the relevant basic concepts of
microfluidics, micromoulding and micro-injection moulding. Reviews of the
micromoulding of thermoplastics [3,4], polymeric microfluidic devices [5] and
fabrication of microfluidics and micro-Total Analysis Systems (uTAS) [6-8] can also
be found in the literature.

Section 1.2 discusses the design of microfluidic structures that are mouldable by
micro-injection moulding.

Sections 1.3 through 1.6 examine the challenges in mould and insert design,
materials selection, moulding machine design and moulding process parameter
optimisation for the micro-moulding of microfluidic components.

Section 1.7 discusses modelling and simulation of micro-injection moulding,
and Section 1.8 presents the state of the art in post-ejection processes, which is
particularly important for integrated systems. The outlook for micro-injection

moulding of micro-fluidic devices is discussed followed by a conclusion.

1.1.1 Micromoulding

Micromoulding is the process of transferring the micron or even submicron

precision of microstructured metallic moulds to moulded polymeric products [9,10].



Several micromoulding techniques are currently available for fabricating microfluidic
devices. They include micro-injection moulding, reaction injection moulding [11], hot
embossing [12] and thermoforming [13].

A precise definition for a micro-moulded part is usually controversial. Several
authors [14-16,16-19] mention a set of criteria for what is to be classified as a micro-
moulded part. Such a part has one or more of the following specifications:

® |t is weighs less than 1 mg, or it is a fraction of a polymer pellet, where a pellet
can be approximated to be spherical in shape with an average diameter of

approximately 3 mm.

® |t is a part with microstructured regions, or more specifically, with wall
thicknesses less than 100 um. Microfluidic devices usually fall in this category.

® It is a micro-precision part, which is a part that can have any dimensions, but has
tolerances in the micrometre range, or more specifically, between 2-5 um.

Due to the continuous developments, micro-moulded parts are soon expected to
exceed the limits specified in these literature criteria. In fact, advances in
micromoulding technology have already realized production of parts with masses of

the order of micro-grammes [17].

1.1.2 Micro-injection moulding

Micro-injection moulding is the process of transferring a thermoplastic material
in the form of granules from a hopper into a heated barrel so that it becomes molten
and soft. The material is then forced under pressure inside a mould cavity where it is
subjected to holding pressure for a specific time to compensate for material shrinkage.
The material solidifies as the mould temperature is decreased below the glass-
transition temperature of the polymer. After sufficient time, the material freezes into
the mould shape and gets ejected, and the cycle is repeated. A typical cycle lasts
between few seconds to few minutes. The process has a set of advantages that makes
it commercially applicable with potential for further developments in the future.
Advantages include the wide range of thermoplastics available and the potential for
full-automation with short cycle times [10,20,21], cost-effectiveness for mass-
production process, especially for disposable products [10,20,22-24], very accurate
shape replication and good dimension control [20-22], low maintenance costs of

capital equipment, when compared to lithographic methods, for example [21] and



applicability of the large amount of industrial information and ‘know-how’ available
from conventional injection moulding. Within certain limitations, this may be scaled
down to micro-injection moulding.

A comparison between micro-injection moulding and other techniques for
microfluidic ~ device manufacturing, such as hot-embossing and

microelectromechanical systems casting, is available in the literature [25].

1.1.3 Applications for polymeric microfluidics

Due to the rapid development in micro-injection moulding, it has been used for
producing parts suitable for a wide range of applications, which includes, for
example:

e Micro-optical applications, such as gratings, waveguides and lenses

[9,15,23,26-28].

e Micro-mechanical applications, such as micro-springs, gears and miniaturized
switches [9,15,26,27].
e Sensors and actuators, such as sensors of flow-rates [23,27].

When it comes to microfluidics, micro-injection moulding is one of the main
fabrication techniques to produce polymeric microfluidic devices for a number of
applications, the majority of which are for medical diagnostics. Examples of
polymeric microfluidics include components for micropumps, which are used for
medical, chemical and environmental technology [9,10,15,26-28]. In industry, Bartels
Microtechnik [29], for example, is specialized in micropumps for the delivery of
small amount of fluids for different applications, such as point-of-care platforms or
small fuel cells. The pumps are designed to be low in cost and disposable.

Reaction vessels and mixing structures are other commonly used microfluidic
systems that are currently being produced by micro-injection moulding [26,30]. On a
commercial basis, Thinxxs [31], for example, produces a lab-on-a-chip system for
blood diagnostics. It includes functions such as sample absorption, separation, mixing
with reagents, analysis and waste absorption. The “Snake” mixer slide is another
commercially-available microfluidic system comprising of a plastic chip with
meander-shaped mixers that can mix fluids possessing a range of viscosities and at

different flow rates.



DNA analysis systems such as [10,23]bio-MEMS, u-TAS and Integrated LOC,
which are typically manufactured of glass, are currently being manufactured in
polymers [10,23]. Such integrated systems usually combine an entire process chain,
such as storage and waste vessels, transport channels, filters, mixing and separating
structures, reaction chambers and detection points on a plastic substrate
[10,15,27,30,32,33]. Mass-producing such integrated systems in polymers rather than
glass would decrease their cost. Micralyne [34], for example, which is a company
specialized in MEMS-based products, has decided to expand its manufacturing
capabilities to include polymers as a lower-price alternative to glass [34].

Other producers, such as Abbott [35] and Microfludic ChipShop [36] produce
polymeric microfluidic platforms for medical diagnostics and point-of-care
applications.

Micro injection moulding was also reported in the literature to be used for
microfluidic applications, such as capillary electrophoresis (CE) platforms
[10,23,27,30,32], miniaturized heat-exchangers [26] and nanofilters [10].

Although several polymeric microfluidic systems have been made available
commercially, it should be noted that due to process limitations, to be discussed in the
following sections, the process is not fully implemented for relatively complex
microfluidic systems. Integration of external elements, such as electrodes or micro-
heaters, within a mass-production technique such as micro-injection moulding, still
poses a major challenge for the technology. One of the major reasons for this
limitation is the required price of the part compared with the costs of established

techniques of insertion or encapsulation by injection moulding [2].

1.1.4 Using polymers for microfluidic applications

Several materials have been used for producing micro-featured parts, for
example glass and silicon. Nevertheless, polymeric materials show superior properties
over glass and silicon for a number of reasons.

Polymers are relatively low in cost, especially for high-production disposable
devices [37,38]. In addition, costs are not greatly affected by the complexity of the
design, as design complexity mostly impacts on mould design rather than on the
moulding process itself [3,10,39-41]. More discussion about designing for

micromoulding is detailed in section 1.2.



Polymers have a wide variety of characteristic material properties, such as
mechanical strength, optical transparency, chemical stability and biocompatibility.
They are therefore relatively easy to tailor to obtain required properties for processing
and application [3,10,21,37,41-46].

Polymers have excellent replication fidelity, and if the optimum processing
conditions are applied a typical polymer can completely fill and accurately replicate
small features down to tens of nanometres. Due to the viscoelasticity of polymers,
increasing the shear-rate and maintaining the polymer temperature above its T4 during
the filling stage would usually ensure a low viscosity enough for the polymer to fill
the smallest mould details. Therefore, the quality of the moulded surface features is
almost completely dependent on the quality and precision of the mould [21].
Experiments have been reported on using injection moulding to successfully replicate,
for example, sub-micron test features [47,48], sub-micron grating optical elements
[22,49,50] and surfaces with nano-structured patterns [51,52] or nano-scale
topography [53].

Polymers offer good electrical insulation compared to silicon. For example, the
conductivity of silicon has proved problematic when applying high voltages necessary
for the generation of electro-osmotic flow (EOF) [21,30].

On the other hand, polymers have some limitations related to their properties or
processing techniques relative to glass. These include, for example, limited operation-
temperature range, higher autofluorescence and limited well-established surface
modification techniques. Table 1-1 presents a comparison between polymers and
glass for manufacturing microfluidic devices, where information is compiled from the
literature [5,21,30,34,43,54-57]. When it comes to processing, mass-production
processing techniques impose limitations on the mouldable geometry of the
microfluidic device. These geometrical limitations restrict the flexibility of integrating

external functional elements within a mass-manufacturing technique.



Polymers Glass
Manufacturing costs Low in cost relative to glass, | Higher in cost, especially for
especially for mass-production. relatively  large-area  substrates.

Higher costs are also associated with
clean-room facilities.

Fabrication complexity

Fabrication steps are simpler than
glass, and no wet chemistry is
needed.

Time consuming and expensive, and
wet chemistry is used.

Clean room facilities

Clean-room facilities are necessary
for applications where avoiding
contamination with dust is critical. In
certain cases, particles may become
pressed into the polymer during
processing without having an effect
on device functionality.

Clean-room facilities are needed to
avoid contamination.

Properties

Wide selection of polymers, hence
mechanical, optical, chemical and
biological properties can be tailored.

Less  variability in  available
properties relative to polymers.

Operation temperature

Limited for polymers because of
relatively low T, compared to glass.

Wider range of operation
temperature relative to polymers.

Optical  properties and

Optical transparency is lower than

Excellent optical properties;

fluorescence detection glass. Except for special grades, | autoflourecence levels do not affect
polymers also have higher | detection capabilities.
autofluorescence relative to glass.

Bonding Different  bonding options are | Time consuming relative to
available, for example: adhesives, | polymers. Bonding options include
thermal fusion, ultrasonic welding | thermal, adhesive and anodic
and mechanical clamping. bonding.

Surface treatment Surface treatment methods are | Established chemical modification

available for polymers, but routine,
well-established derivatization
techniques are not available.

procedures for glass are available
using organosilanes

Compatibility with organic
solvents or strong acids

Except for some special grades,
polymers are generally not
compatible  with  most organic

solvents and in some cases, strong
bases or acids.

Good resistance to organic solvents
and acids.

Joule heating

Subject to significant Joule heating
because of low thermal conductivity.

More resistant to Joule heating
relative to polymers.

Electro osmotic flow (EOF)

Smaller EOF produced relative to
glass, because of lack of ionisable
functional groups.

Higher EOF relative to polymers.

Geometrical flexibility

Polymer processing techniques offer

more flexibility for geometrical
designs, including for example
different cross-section (curved,

vertical or V-groove), high aspect
ratio square channels, channels with a
defined but arbitrary wall angle, or
channels with different heights.

Limited to 2%-D designs. Due to the
isotropic nature of the etching
process, only shallow, low aspect
ratio, mainly semicircular channel
cross-sections are possible in glass
substrates.

Permeability to gasses

Higher gas permeability relative to
glass.

Glass does not have the gas
permeability  required for some
biological applications, such as living
mammalian cells.

Table 1-1 A comparison between polymers and glass properties with respect to their use for

microfluidic applications
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1.2 Designing Mouldable Microfluidic Structures

Designing for conventional injection moulding takes into consideration a
number of manufacturability aspects, such as the part dimensions, the position and
shape of the parting line, the existence of undercuts, mould-cavity features in
addition to tolerances and surface finishing [58]. A number of studies have suggested
techniques to evaluate the complexity of injection-moulded shapes with respect to
replication and demoulding [59,60].

It should be noted that very little is mentioned in the literature about rigorous
criteria for designing microfluidic devices for manufacturability by microinjection
moulding. Most of design considerations focus on specific geometrical aspects such
as achievable aspect ratios. This section will therefore focus on design criteria
associated with the geometry of the moulded part rather than designing for
functionality. The following subsections will highlight some generic design
considerations for injection-moulding, which are also important for micro-scale
moulding (section 1.2.1). Design elements specific to micromoulding, such as aspect

ratios and mouldable micro-features will also be reviewed (section 1.2.2).

1.2.1 Shrinkage and shape stability in precision injection moulding

Different forms of shape change takes place due to the thermal history of the
injection moulded part. Volume changes due to part shrinkage, and shape distortions
such as warpage, are common examples.

Shrinkage occurs with the decrease in part volume due to the temperature
change between the demoulding temperature and the ambient temperature. The
contraction in part volume affects the demoulding of the part due to the stresses
induced upon contraction. One of the techniques to improve demoulding is by
controlling the processing parameters and, hence, the shrinkage performance.
Geometrical changes can also improve demoulding as will be shown in the following
section. Considering the feature placement, the further the features from the shrinking
centre, the harder demoulding becomes [3].

Another factor that affects demoulding is the orientation of the polymer being
injected, because this affects the direction at which shrinkage is most observed.

Therefore, a design consideration for microfluidic substrates, should consider the path
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of polymer injection inside the mould [3]. Examples of experiments investigating
flow direction are presented in section 1.6.

In addition to demoulding and feature replication, shrinkage affects shape
stability in the form of induced warpage. Warpage is produced due to the non-
uniformity of the shrinkage because of the residual stresses induced by the complex
thermal variation inside the mould [61]. Warpage, was investigated in parts
incorporating micro features using a laser profilometer, and was reported to have an
effect on micro-parts of the order of a few microns for a 3-mm length [61]. Warpage
prediction is important for parts with relatively large area compared to its thickness,
e.g. microfluidic chips. This is because the flatness of the chip is a demanding
requirement for polymeric microfluidic chips, considering that optimum sealing of a
polymer chip, with a quality level compared to glass, would not be achievable without
a minimum flatness level. Otherwise, costly intermediate layers would be needed
which compromises the economics of polymer mass-production. The flatness of the
polymeric chip is affected by different factors including the flatness of the replicated
mould [62], the processing parameters [61,63] and the ejection process. In comparison
to its importance, flatness and its control have received little emphasis in the
literature.

In injection moulding it is not always possible to design an ideal cooling
system, because the position of the cooling channel is dependent on part geometry,
cavity configuration and location of ejection mechanism. Thus, variation in
temperature across the moulded part should be expected depending on the geometry
[61]. Cooling the mould is not always required, especially when it is desired to keep
the mould temperature above the Ty of the polymer to ensure complete filling of the
mould cavity.

Different techniques have been suggested to decrease the effect of shrinkage.
One method is to increase the amount of holding pressure, which, on the other hand,
will also increase stresses inside the part [4]. Another technique is to have a long
cooling time (i.e. to allow the part to thermally equilibrate inside the mould cavity).
This allows the temperature to be approximately uniform. For precision moulding in
particular, the part is likely to distort because of lack of homogeneity in shrinkage,
which is likely to occur if the cycle is terminated before the thermal equilibrium is

reached, i.e. the part is ejected before its temperature is reduced to the ambient
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temperature [61]. Again, a trade-off of this technique would be an increased cycle
time.

It should be noted that shrinkage is not identical throughout long runs.
Therefore, moulded parts that need to be assembled in subsequent stages should be
placed on the same mould [3].

In addition to shape-changes, demouldability of injection-moulded components
is also affected by the geometrical structure of the component. Similar to conventional
moulding, micromoulded parts should be designed to allow for part ejection from a
two-half mould. Most microfluidic applications possess an undercut-free 2Y%-D
geometry that is relatively simple to demould. For more complex 3D shapes (or
shapes with integrated functional elements) injection moulding would not be
applicable unless significant changes are made to the mould structure or subsequent
assembly steps are integrated in the production process.

Another geometrical consideration for successful demoulding is the existence of
draft angles. Draft angles and side-wall roughness need to be considered to ensure that
the moulded plastic can be demoulded (Figure 1-1). A positive draft angle of greater

than %.° has been proposed for demoulding in plastic injection moulding [39].

Figure 1-1 A micro-channel with a positive draft angle (nominal dimensions and actual channel) [39]

1.2.2 Minimum channel dimensions and maximum aspect ratios
(AR) for microfluidics

Section 1.2.1 presented design-for-manufacturability criteria common for
injection-moulding processes. This section focuses on geometry-related design
criteria specific for injection-moulding microfluidic devices. Careful considerations

should be given to the channel dimensions to ensure the complete filling of the mould
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cavity. Polymeric melts can accurately fill microfeatures in the order of hundreds of
nanometres. Therefore, the minimum mouldable dimensions will be determined by
the tool-manufacturing capabilities. Because micromoulding is under continuous
development, it is not possible to specify a size limit below which microfeatures can
no longer be replicated successfully. Nevertheless, it has been reported in the
literature that it is possible to replicate surfaces with a squares pattern having widths
as small as 310 nm and heights of 220 nm [51]. In addition, optical grating elements
of parallel walls having a thickness of 200 nm and depth of 1600 nm has also been
fabricated [22].

The “hesitation effect” is a phenomenon that can occur during the filling of
polymers, and is common when an injection-moulded part contains different
thicknesses [20]. As shown in Figure 1-2, this effect takes place when high-aspect-
ratio microstructures (usually larger than 2) are placed on a relatively thick substrate,
which is the case for microfluidic devices.

The polymeric melt tends to flow more easily into mould cavities with relatively
lower resistance areas, i.e. areas of greater cross section. Thus, the melt tends to fill
the substrate completely before entering the micro-structured features (i.e. the flow
stagnates at the entrance of micro-structures). This results in premature freezing
because the filling time of the substrate is usually greater than the freezing time of the

micro-feature.

Hesitation

Figure 1-2 Hesitation effect in high-aspect-ratio micro-cavities [20]

Taking the hesitation effect into consideration, replication depends on the size
and aspect ratios of the structural features as well as the size of the area covered with
such structures and their density. The filling of the structures has to compete with the
filling of the underlying thicker substrate [40]. This could be the explanation for why
it was recommended in the literature that injection moulded parts with high-aspect-
ratio microstructures should have a thickness of at least 2 mm [62] so that a quick
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filling of the substrate can allow for filling the micro-cavities before solidification
starts. It was recently reported, however, that micro-structures of aspect ratios of 5
carried on a 1.5-mm- thick disk substrate were successfully filled with poly lactic acid
[64].

In addition, the effect of flow direction in either radial- and unidirectional
injection was investigated in the literature [39], and it was shown that in
unidirectional flow the depth of filling in microchannels is sensitive to the channel
width, such that doubling the channel width from 200 pm to 400 um causes the filling
depth to increase from 150 um to approximately 600 pm.

The concept of the so-called time to pressure (TTP) was introduced by
researchers [65] to explain the fact that the degree of filling depends on the distance
from the gate, which is the entrance of the polymer into the part cavity. Based on
experimental measurements of the pressure drop vs. the injection speed at sections
with different thicknesses, it was suggested that the shear stresses, and accordingly the
pressure drop, required to fill the feature is in general much higher than that to fill the
substrate.

Concerning achievable aspect ratios, it was suggested that there is a limitation
regarding the achievable aspect ratio [3], which is a function of the geometry of the
micro-features, its position on the sample, the polymer type and the process
parameters. Thus, there is no simple rule to give the maximum aspect ratio which can
be achieved in a particular case. Although it was not stated why these factors in
particular affect the achievable aspect ratio, the experimental work presented
throughout this section gives examples of how geometry and processing factors affect
the aspect ratio.

With the recent developments in machine capabilities it has been reported that
aspect ratios up to 20 can be filled [66,67]. Table 1-2 compares different experiments
performed for different structural dimensions and materials. Information reported in
this table is subject to change as more developments are continuously achieved in
machining and processing. In the context of Table 1-2, it should be noted that the

issue of dimensional tolerances is rarely addressed in the literature.
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Polymer Abbr. AR Min. structural Example of application Ref.
thickness [um]

Polymethyl methacrylate PMMA 20 20 Optical fibre connector [66]
7 350 Cell container [66]

Polycarbonate PC -
4-8 02-05 Optical element [22]
Polyamide PA 10 50 Micro gear wheels [66]
5 50 Filter with defined pore diameters [66]

Polyoxymethyleme POM -

10 80 Micro-rods [68]
Polysulfone PSU 5 270 Housings for microfluidic devices [66]
Polyetheretherketone PEEK 5 270 Housing for micro-pumps [66]
Liquid crystal polymers LCP 5 270 Microelectronic devices [66]
8 125 High aspect ratio squares 69
Polyethylene (High density) HDPE g d d [%9]
10 225 Micro-wells [20]
Cyclic Olefin Copolymer coc 0.02-2 0.1-0.9 Microfluidic patterns [47]
Conductively filled polyamide PA12-C 10 50 Housing for electrostatic micro valves | [66]

Table 1-2 Commonly used polymers for micro-injection moulding, maximum aspect ratios (AR),
minimum structural thickness and applications

It has been suggested in the literature that the critical minimum dimensions
which can be replicated successfully by injection moulding are mainly determined by
the aspect ratio. Although this has not been presented in a rigorous numerical relation,
experiments have shown that the sub-micrometer scale can be reached for aspect
ratios less than 1, for example in CD and DVD fabrication. Polymeric materials with
minimum wall thickness of 10 um, structural details in the range of 0.2 um, and
surface roughness of about R, < 0.05 um have been manufactured [66].

A few attempts have been made to find the relation between part geometry and
filling behaviour on the micro-scale by introducing standard micro-sized features for
testing. As suggested in the literature [70], standard testing shapes can be helpful in
comparing filling of structures with different wall thicknesses but the same aspect
ratio. This will help in investigating the relation between wall thickness and flow path
length and their limits. They can also be used for a wider range of polymers, since
material properties affect flow behaviour. In both cases, using a statistical method
(e.g. Design of Experiments) will be useful in optimizing the experimental procedure.

In one attempt [70] circle-shaped and wedged structures were used as testing
shapes (Figure 1-3)
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Figure 1-3 Circular and wedged insert-shapes for testing [70]

For the circle shapes, the wall thickness was varied in steps from 2.5 pum (inner
circle) to 20 um (outer circle) at a constant height of 50 um, whereas for wedges, the
tip radii were varied from 0.5 um to 5 um. POM was the material used for filling. The
authors chose these two shapes based on earlier studies [71] in which different
designs were compared, and guidelines were deduced for designing standardized
testing shapes.

For the circular shape, all the circles were filled completely, but the inner one
(2.5 um) was deformed during demoulding. For the wedged shapes, the shape with
radius 0.5 um was partially filled, whereas larger radii were completely filled.

In another attempt to investigate dimensional and aspect ratio limits, different
geometrical shapes with aspect ratios of 5 were tested for filling with Polylactic acid
(Figure 1-4). It was shown that square shapes were easier to completely fill without
premature freezing than cylindrical shapes.

The authors also reported that features that are farthest from the centrally
located gate fill more than those closer to the gate. This is because the farther features
have a lower thermal gradient and higher temperature that facilitates their filling. This
was Verified by numerical simulation, which showed that the polymer tends to fill the
relatively thick substrate before completely filling the features, so the farthest features
usually contain the hottest material and require less pressure during the holding stage

to fill than the features closest to the gate [64].
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Figure 1-4 Micro-cavities with different geometries used for testing the filling behaviour of
polymers [64]

The effect of geometric shape on demoulding quality has also been studied by
comparing the quality of circular, meander, microfluidic and ray shapes (Figure 1-5)
[72]. The ray shape proved to be optimum for demoulding conditions due to the

shrinkage pattern it takes.

Figure 1-5 Testing shapes for demoulding. (a) Circular (b) Meander (c) Microfluidic (d)
Ray [72]

1.3 Micro-Moulds & Inserts

1.3.1 Special features of moulds for micro-injection moulding

Moulds made for micro-injection moulding of microfluidic parts are in principle
similar to moulds made for conventional injection moulding. They usually consist of a
fixed part and one or more moving parts, depending on the design. Finished parts are
demoulded with ejector pins that are usually controlled hydraulically and electrically.
However, moulds made for microinjection moulding have special features [27,40].
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For example, moulds can be controlled by the Variotherm process. This process
permits heating rates of the order of several tens of Kelvins per second, and hence
imposes no significant change in the process time compared to conventional injection
moulding. The Variotherm process raises the mould temperature instantly above the
polymer Tg4 during injection to prevent early freezing. During cooling, the mould
temperature is decreased below the Ty to assist part solidification [27].

In addition to Variotherm, evacuation of the mould is done by air evacuation
with evacuation rates that can reach up to 25 m*h in some systems [73]. Air
evacuation is used rather than air vents used in conventional injection moulding. This
is because the vents used in conventional injection moulding are larger in size than
some of the cavity features in micro-injection moulding, i.e. they will simply be
clogged with polymer melt. In addition, micro-cavities may form air pockets that
cannot be released while the polymer is flowing in the mould, so the mould has to be
evacuated just before injection [3].

Due to the size of the mould cavity and features, adapted mould sensors are
used, because conventional sensors are not always suitable to micro-features. For
example, pressure sensors with front diameters down to 1 mm and pressure range up
to 2000 bar are currently available for measuring cavity pressures in micro-injection
moulding [74].

Special ejector/withdrawal design is important, so that microfeatures are not
deformed due to the induced friction between the mould and the part as discussed

earlier in section 1.2.

1.3.2 Inserts for micro-injection moulding

For moulds used in micro-injection moulding, especially for microfluidic
applications, micro-cavities are usually produced on an insert, which is then fitted in
the main mould body. While the mould is made of steel, as in conventional injection
moulding, inserts can be manufactured of other materials, depending on the
technology used. This is because hardened steel, which is the commonly used material
for mould-making, requires specialised, and hence expensive, tools for machining

micro-sized channels and features.

19



The use of insert moulds also reduces the over-all cost of process set up where
the finalised mould design is produced by a number of iterative steps in which parts

are moulded and the mould design is then changed.

1.3.2.1 Special considerations about manufacturing inserts

Some considerations are recommended for manufacturing/processing inserts for
micro-injection moulding [40]. An insert should exhibit extremely smooth side walls
to avoid friction during demoulding. Although suggested wall roughness have not
been reported in the literature, the inner walls of the insert should be smooth enough
to prevent form-locking, i.e. the case where the part cannot be demoulded or the
structures will be ripped or sheared off during demoulding [61]. A small inclination
angle, preferably greater than ¥%° [39], is also desirable, if this does no unduly impact
on the functionality of the microstructures to be moulded.

In addition, the mould insert should ensure replication of the micro-features
over many moulding cycles and withstand lateral and normal forces during injection
and demoulding. In practice this is achieved by choosing a material that is hard and
ductile enough for the mould insert.

The surface properties of the mould affect demoulding during micro-injection
moulding. The effect of surface treatment has been investigated in the literature,
where a tool coated with diamond-like carbon (DLC) was compared with an uncoated
identical tool [75]. Measurements of demoulding forces showed that surface treatment

significantly reduces demoulding forces.

1.3.2.2 Manufacturing inserts for micro-injection moulding

Several manufacturing techniques are used to produce inserts with micro-
cavities. The choice of the technique depends on the dimension/geometry of the
structure, the accuracy requirements and the fabrication costs. Manufacturing
techniques include e-beam writing, lithography, electroforming processes (e.g. LIGA
techniques, laser ablation) and precision engineering techniques (e.g. micromilling
and electro discharge machining (EDM)) [26]. Other advanced processes include laser
machining, ion machining and ultrasonic machining [18].

Some complex moulds require the combination of different processes in a
modular way by combining components made by LIGA or laser ablation with

components made by mechanical treatment [26].
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1.3.2.3 Capabilities of manufacturing methods

Summaries of the capabilities of different manufacturing techniques are readily
available in the literature [4,76]. Several comparison tables have been presented. For
example, Rotting, et al, tabulated different processes in terms of choice of geometry,
minimum feature size, height, total surface area, aspect ratio, life time, cost and
availability [62]. High-speed cutting (HSC) milling, grinding, erosion and UV-LIGA
have been compared in terms of reproducibility, minimum roughness, minimum
groove width, minimum step width and maximum aspect ratio [40]. An extensive
evaluation of the common manufacturing techniques, such as electroplating, EDM
and the developing processes, such as laser technology is available [40]. The
capabilities of precision manufacturing methods in terms of their geometric

limitations (2%-D vs. 3-D structures) have been compared [77].

1.3.2.4 Challenges facing mould and insert manufacturing

It has been pointed out that the wide range of technologies available makes it
practically impossible for any small or medium enterprise to have all technologies in
house. It is therefore required to solve the problem of the availability of mould inserts
on an industrial scale which includes comparatively short delivery times, a
reproducibility in the manufacturing process and the guarantee of certain quality
parameters of the mould insert [62].

Another challenge is the successful integration of pieces made with different
insert-manufacturing technologies to create a micro-mould [18].

In a recent study, hybrid tooling was presented, in which tools are manufactured
with combination of micro-machining techniques and tested by replication of several
polymers. Comparison criteria were feature size, aspect ratios and surface finish [78].

Concerning mould manufacturing, one of the main challenges is to modify the
mould design to allow for more complex processes versions of the micro-injection
moulding process. New mould designs have been tested to allow for micro assembly
injection moulding (LAIM), a process for combining two components in one process
step [79-81]. The mould was designed such that the cavity holding the insert was
interchangeable. This enabled some of the time-consuming steps of the moulding
process (i.e. demoulding the part, positioning the integrated elements inside the
cavity, heating the cavity) to be done out of the process cycle, while the other cavity

was being injected. Some of the process steps were automated, such as the cavity
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replacement process. This modification in the mould design enabled the process to
produce micro-parts with joint-like movable components, fluidic hollow structures by
lost-core technology and overmoulding of wires and optical fibres [82,83]

Some recent studies have focused on the problems caused by using ejector pins
for demoulding the parts. Other alternatives are under investigation such as vacuum or

ultrasonic ejection [72].

1.4 Material Selection for Polymeric Microfluidic Devices

Selecting the appropriate polymer to micro-inject microfluidic components is
one of the most challenging tasks in process design for microfluidics, because several
considerations have to be taken into account. These include the effect of polymer on

achievable part tolerance, costs and the meeting of material property requirements.

1.4.1 Material requirements for microfluidics

In the case of parts with microfeatures, like microfluidic devices, material
requirements have been discussed by several authors in the literature
[10,21,27,30,45]. For example, the material should possess appropriate mechanical
properties. Although microfluidic devices are not usually subject to severe mechanical
stresses, mechanical properties could be of interest if the chip is to be stacked with
other units or integrated within a larger cell. Thermal properties are also important,
especially when the microfluidic device is subject to elevated temperatures while in
service. In order to avoid softening of the device, and subsequent deformation in
features, glass transition temperature Ty, melt temperature Ty, and thermal expansion
coefficient will be critical. In addition, the ability of the polymer to dissipate heat is
important in order to avoid local high temperatures in the device when it is subject to
high temperatures while in service. In addition to thermal properties, chemical
resistance to certain solvents or strong acids can be required if chemical reactions are
taking place in the microchannels. Chemical resistances of several micro-mouldable
polymers to different chemical substances have been compared [30]. The authors
adopted a qualitative poor-to-excellent scale in comparing the polymers.

During the processing of the polymer, dimensional stability and accuracy are
key properties for microfluidic polymers. They include, for example, reproducibility,

tendency to shrinkage and warpage.
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If electrical connections are integrated with the microfluidic device, additional
attention should be paid to the electrical properties of the polymer. It should possess
good insulating properties, such that currents are allowed to pass only through the
microfluidic substance moving in the channels.

Biological applications require the polymer to be biocompatible, and
permeability could also be demanded if living cells are involved.

In addition to the previous conditions, optical properties might be significant if
optical monitoring is involved. Amorphous polymers are usually used in such cases.
For optical properties, charts comparing five common polymers (PMMA, COC, PC,
MABS, SBS) in terms of transmittance and replication quality have been produced
[47]. Transmittance was compared by the value of transmission percentage at a
wavelength of 590 nm, whereas replication quality was compared by the depth of
filling in nm.

Special microfluidic applications like micro-pumps require additional properties
for the polymer. Such properties include hardness, surface charge, molecular
adsorption and electro-osmotic flow mobility.

1.4.2 Material requirements for manufacturability

Micro-injection moulding is a process that involves severe operation conditions
in terms of temperatures (up to few hundred degrees) and pressures (up to tens of
mega-Pascals). In addition, being a viscoelastic material, polymeric melts experience
shear-thinning, i.e. a decrease in viscosity with increase in shear rate. Thus, radical
changes in the material properties are expected due to high shear-rates resulting from
flow in to micro cavities. Therefore, the polymer selected should be appropriate for
micro-injection moulding. Generally speaking, all standard thermoplastic materials
suitable for conventional injection moulding can be used for micro-injection moulding
[9], provided that some manufacturability conditions are met [28,42,84,85]. For
example, the polymer should possess low viscosity and hence good flow properties.
Therefore, most of the materials used today in micro-injection moulding are low-
viscosity formulations of standard polymers.

High mechanical strength is also recommended in order for the moulded part to
resist mechanical stresses associated with demoulding friction or ejector forces. This

is especially important for high-aspect-ratio structures, where a larger surface of
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contact between the mould and the polymer imposes higher frictional resistance while
demoulding. Thus, small structures are often torn off at high-aspect ratios [42,86].

The polymer should be compatible with the mould material, as during
processing, polymers may have different effects on the mould material. Also the
material should not leave deposits in the mould. For example nickel mould inserts are
not affected by moulding PC even after 10,000 moulding cycles [28]. On the other
hands, it has been reported in the literature that polymers containing aggressive
chemicals can lead to corrosion in the inserts. This causes rough mould surfaces
leading to aggressive demoulding and damage to structural details in the sub-
micrometer range [28]. No list of specifically aggressive chemicals was available in
the literature covered in this review.

Taking into consideration the radical temperature changes in the Variotherm
process, it is recommended that the polymer has a narrow temperature interval
between free-flowing and solidification. Rapid solidification is thus required.

When it comes to the pellet size, The polymer pellets should be of size small
enough to fit within the flights of the smaller conveying screws generally required for
micromoulding, to ensure proper melting of the polymer [87]. In addition, if the
polymer is filled, the size of the filler particles should be less than the size of the

minimum microstructure; otherwise reproducibility will be affected.

1.4.3 Polymeric materials used in micro-injection moulding

A number of authors have reported on the mouldability of particular engineering
plastics. Table 1-3 summarises polymers that have been reported as mouldable by the
micro-injection moulding process. Most of the known engineering plastics appear on
this list.
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Among the listed materials, some have been specifically recommended for

medical applications, because they comply with the approval criteria of the European
regulatory agencies, such as POM, PPS, PBT and LCP [86].

Class Polymer Full name References
PMMA (Acrylic)  [Polymethylmethacrylate [9,27,28,30,37,42,47,69,72,88,89]
pC Polycarbonate [9,10,19,22,24,28,30,37,42,47,72,88-91]
PSU Polysulfon [9,10,28,42,88]
PS Polystyrene [9,19,37,42,92]
cocC Cyclic Olefin Copolymer [10,19,33,42,47,89,90]
z CoP Cyclic Olefin Polymer [93]
?%* PPE (PPO) Polyphenylene Oxide [9,10,26,42]
g PEI Polyetherimide [9,10,26,42]
PAI Polyamide imide [10,42]
MABS Methylmethacrylate Acrylonitrile-Butadiene-Styrene [47]
SAN Styrene Acrylonitrile [93]
SBS Styrene-Butadiene-Styrene [47]
ABS IAcrylonitrile-Butadiene-Styrene [91,94,94]
LCP Liquid Crystal Polymer [9,10,42,87]
PP Polypropylene [9,42,67,91,94,95]
PE Polyethylene [9,19,20,42,69]
POM (Acetal) Polyoxymethylene [9,10,19,26-28,42,67,68,70,72,84,88,94]
POM-C Polyoxymethylene (Carbon-filled) [28]
g PBT (Polyester) Polybutylene Terephthalate [9,10,19,26,42]
S' PBT-HI Polybutylene Terephthalate (filled with 15% glass fibre) [10]
& PA 6 (Nylon) Polyamide 6 [42]
§ PA 12 Polyamide 12 [9,10,28,88]
PA12-C Polyamide 12 (Carbon-filled) [28]
PVDF Polyvinylidene Fluoride [28,88]
PFA (Teflon) Perfluoroalkoxy [88]
PEEK Polyetheretherketone [9,10,26,28,42,87]
PLA (Polyester) Polylactic Acid (Polylactide) [64]
Table 1-3 Polymers for micro-injection moulding
In addition to the listed materials, thermoplastic elastomers, such as

polyurethanes, were recently reported to be injection mouldable with high-aspect-ratio
features [96].

1.4.4 Comparing the performance of polymers in micro-injection
moulding

Generally speaking, selecting the right polymeric material for micro-injection

moulding microfluidic devices is an issue that is still under investigation. The

available reported data have been collected through experiments done under different

processing conditions with different types of machines and microfluidic feature
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designs. Thus, it will be of great benefit to set a standard method by which polymer
materials can be compared objectively for micro-injection moulding.

Several comparisons of the performance of different polymers in micro-
injection moulding are now available in the literature. For example, commonly
available polymers have been compared in terms of structure quality, filling properties
and demoulding [28]. In this case, the authors adopted a qualitative approach in
comparison, which was dependent on experience rather than reported measurements.
Other authors have reported that the choice of materials can affect the quality of the
produced parts in terms of dimensional stability, shrinkage, warpage and filling high
aspect-ratios. For example, Weber, et al, tested six polymers for the manufacture of
micro-sized features [26]. The experiments indicated that PBT and PEEK gave the
best results for filling small VV-grooves. This was represented in complete filling of the
mould insert, minimum radius of curvature at the edges, and homogenous surface
profile. With respect to shrinkage, LCP experienced the minimum percentage
shrinkage of approximately 0.5%, whereas POM showed maximum percentage
shrinkage of approximately 2%.

It has been reported [42] that the best filling results for micro-injection
moulding were obtained with POM, PA and PBT for semicrystalline materials, and
PC and PMMA for amorphous polymers. Numerical measurements, however, were
not been reported by the authors.

In another filling experiment, it has been noted that PP and HDPE showed
unusual flow behaviour in filling high-aspect-ratio structures. For PP, SEM
micrographs of structures of aspect ratio 6 showed spherical or nipple-shaped
protrusions on the flow fronts. For HDPE, the moulded micro-walls were tilted, and
the surfaces at the base of the micro-walls were cambered [48].

Changing the processing parameters can affect the performance of the material.
For example, one experiment has shown that changing the melt-zone temperature Ty,
affects POM, but it does not affect other materials such as PP and ABS, from which it

was deduced that some materials are more sensitive to temperature than others [67].
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1.4.5 Ongoing developments in materials for micro-injection
moulding

1.45.1 Developing new materials

The demand for developing special materials tailored for micro-injection
moulding is increasing. However, although many developments have been achieved
in micromoulding in terms of machine and processing capabilities, development of
special polymers is lagging behind. The main reason for this is the small size of the
part, which causes the demand for the material to be relatively low. If the size of a
single part is between 0.001g and 1g, neglecting the weight of the sprue tree, the
production of a million parts requires, at the most, 1 ton of starting material [27].
Under such low-material-demand conditions, it is sometimes difficult to find a
supplier who is ready to deliver such small amounts of special polymers [28].

When parts with micro-structures are produced in larger quantities, the demand
for special materials will increase. Material suppliers may find it more feasible to
develop new materials when market consumption reaches several hundred tonnes per
year [42,84].

1.4.5.2 Filled polymers for microfluidics

Fillers can enhance polymer properties in terms of, for example, mechanical
properties, thermal properties and electrical properties. Filled polymers are currently
being tested for micro-injection moulding of microfluidic applications. Carbon-filled
POM and PA 12 have already being tested for microfluidics in addition to glass-fibre-
filled PBT [28]. It is important that the filler size is smaller than the micro-structures
of the part in order to maintain accurate reproducibility. New filler concepts are based
on small-dimensioned fillers that provide the micro structure with high stiffness and
strength while maintaining adequate reproduction fidelity compared with unfilled
polymers [42].

Another developing area within the use of fillers is the introduction of nano-
filled polymers. Filling polymers with nanoclay particles, for example, is a promising
area in research, and the nano-composite market is expected to grow to over 25% a
year to reach $250 million in 2008 [97]. Polymer nano-fillers, such as nanotalcs,
carbon nanotubes and graphite platelets, are currently used to enhance properties of
polymeric materials in applications such as food-packaging, automotive and

electronics, where nano-fillers are currently used to enhance material properties
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including lighter weight, added durability, dimensional stability, better temperature
resistance, enhanced surface finish and surface aesthetics and easier processing [97].
The amount of improvement achieved is dependent on the application and the nano-
filler used. It was not possible within the available literature covered in this review to
find details as to how nano-fillers can enhance the properties of micromoulded

microfluidic devices.

1.4.5.3 Two-component micro-injection moulding and hybrid microstructures

for microfluidics

Multi-component micro-injection moulding is a developing method allowing for
the possibility of connecting different materials within one part, thus combining
different material properties. Possibilities include connecting conductive/insulating,
hard/soft or magnetic/nonmagnetic combinations. For example, it has been reported in
the literature [98] that it was possible to micro-injection mould insulating macro-
structures over a conductive substrate. The part was then coated with a metal layer by
electroforming, and the two-component thermoplastic part was separated afterwards.

Another research group introduced the process of micro assembly injection
moulding (LAIM), which combines different materials by overmoulding. A set of
articles was published detailing the methodology of this process in terms of the
different materials combined, the investigation of the bonding strength and the

potential applications for such a technology [79-83].

1.5 Micro-Injection Moulding Machines

1.5.1 Introduction

Micro-features have always been a challenge for injection machines, because of
the requirement to completely fill cavities in the micro-range before the material starts
to solidify. This is specifically critical for microfluidic devices where there is a large
change in thickness between the substrate and the microfeatures. In fact, this
challenge appeared before the spread of micro-injection mounding, when the same
problem was to be solved for thin-wall injection moulding. At this stage it was
required to completely fill 2-D thin-walled geometries before the frozen layers begin
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to block the cavity. Such thin-walled parts were used in producing laptops and mobile
phones. Conventional machines were able to overcome this problem by changing
certain parameters such as injection pressure and speed [99]. Increasing the injection
pressure forces the material to flow into the thin cavities when its resistance to flow
increases due to premature freezing. This technique can, however, result in high
stresses and sink marks in the part. Increasing the injection speed enhances the filling
process because it decreases the viscosity of the polymer melt due to the shear-
thinning effect associated with viscoelastic materials [99].

The same approach was adopted to allow conventional injection machines to
produce 3-D micro-sized parts. Machines used for producing CDs proved to be
qualified for producing low-aspect-ratio structures [99]. In addition, injection
moulders produced large, but precise, sprues to achieve the necessary shot weights,
because the minimum shot weights were larger than the part size [100].

Structures with higher aspect ratios required further modifications [69]:

1. Applying vacuum to ventilate the mould.

2. Increasing the mould temperature to the melt temperature of the polymer to
avoid premature freezing.

3. Correctly timing the switchover between the injection pressure and holding
pressure, so that the holding pressure is applied to compensate for part
shrinkage before the materials is frozen.

Nevertheless, modifications in the machine design proved to be necessary,
especially after the increase in market demand for products with microfeatures of

complex design, higher aspect ratios (larger than 2) and sub-micron precision [26].

1.5.2 Modifications made for micro-injection moulding machines

Based on the set of problems discussed in the previous section, several technical
modifications were necessary to manufacture injection machines capable of producing

micro-parts:

1.5.2.1 Smaller injection (plastification) unit

In order to decrease the residence time to prevent material degradation, a

smaller plastification unit was introduced to provide a shot size of 5 cc or less.
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Because the most efficient operating range of most injection units is 20% to 80% of
the allowable stroke, a typical injection unit size would be 30 cc or smaller [101].

Decreasing the size of the plastification unit requires the reduction of the screw
size and also changes in its design parameters, such as residence time, length to
diameter ratio (L/D ratio), root diameter, and compression ratio. Strength is the
primary limitation to screw diameter, because the screw should withstand the torque
required to convey the solid material through the transition zone. In addition, the
standard pellet size imposes limits on the screw flight size. In micro-injection
moulding, typical injection unit diameters are 14 and 18 mm with L/D ratios of 15 to
18.

In addition, decreasing the screw size makes it important to increase the linear
injection speed in order to maintain the same filling rate. A target linear speed is
larger than 200 mm/s for a screw diameter of 18 mm or less to achieve a fill time less
than 0.2 seconds [101].

1.5.2.2 Lower tonnage

Injection moulding of small parts usually requires less projected area, which is
the area of the mould surface occupied by the part cavity. Therefore a clamping unit
with lower tonnage was required [102]. Both mechanical toggle systems and
hydraulic clamp mechanisms are suitable for micro-injection moulding. The former
system is less complicated, where as the latter is more accurate for small shot sizes
[101].

1.5.2.3 Advanced control system

An accurate control system was necessary to meter smaller shot sizes. The
accuracy depends on the control system response time and the resolution of the
positional indicator [101]. In addition, accurate parameter-control is required for
better reproducibility [10], especially in the changeover from injection to holding

pressure [27].

1.5.2.4 Variotherm system (temperature variation program) [26]

In this system the mould is heated up to nearly the melt temperature, and when
the mould is completely filled, it is cooled down rapidly using additional cooling lines

inside the tool [10,23]. This system is a basic requirement to decrease the cycle time
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for producing microfluidic parts with structural dimensions of several tens to several
hundreds of micrometers, from aspect ratios of three to five, or extreme precision
requirements of 1 um [84].

The use of a rapid thermal process (RTP) has been investigated, in which the

surface is heated with IR radiation using a high power halogen lamp [89].

1.5.2.5 Air evacuation

In order to avoid air vents that have sizes similar to some microstructures, the

mould cavity has to be evacuated using an external evacuation system [23,26].

1.5.2.6 Handling and inspection

This should be integrated into the machine system for correct positioned
removal of the part [27]. In addition, a robotized vacuum-suction system was
integrated in some machines to demould the part, handle it and quality-inspect it

against a video camera [19].

Several additional enhancements have been introduced to micro-injection
machines, including turning-tables to optimize the cycle time. A clean-room
environmental cell is sometimes added to create a controlled working environment. A
detailed description of machine developments is provided in the literature [103].

Future enhancements for micro-injection moulding focuses on decreasing the
sprue size and developing plastification units suitable for providing small amounts of
melt using, for example, ultrasonic energy [104,105].

It should be noted that microfluidic devices can still be produced using
conventional injection machines, provided that the optimum operational conditions
are selected. In fact, several of the reported experiments used in this review are
performed with conventional machines [48,51,106,107]. Conventional machines are
usually used when a large-area mould is required. This is particularly important for
the production of microfluidic devices with relatively large substrates, or where mass-
production demands multi-cavity design. As mentioned in section 1.5.1, using
conventional machines to produce microfluidic devices would require processing
principles similar to those used for thin-wall moulding, such as increased injection
pressure, increased melt temperature or high injection speed. Optimizing these

parameters results in a decreased melt viscosity that allows the polymer to fill
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relatively thin-walled, large-area cavities. Another option would be to implement
Variothermal process for the mould by locally heating specific areas of the mould and
maintaining the mould temperature above the Ty of the polymer during the injection
process.

In the recent years there has been a trend towards the development of electric-
hydraulic hybrid type machines or all-electrical machines [108]. It was reported in
2004 that all-electric machines hold a 75% share of the Japanese market and 30% of
the US market [109]. Electric machines use servomotors to drive processes, such as
injection, clamping and plasticating. The main advantages of electric machines vs.
hydraulic machines are higher precision, clean environment without hydraulic oil,
etc., low noise-level and energy efficiency [108-111]. A comparison between a
number of injection moulding machines was reported in the literature. Four machines,
two of which were electric, were compared in terms of performance factors, including
process variation and energy consumption [111]. It was shown that electric machines
are more reliable, in that they exhibit less variation over a number of process
measurements, which was reflected in better repeatability. In addition, it was shown
that hydraulic machines consume more power that electric machines by a factor of
3.6. On the other hand, electric machines are more expensive relative to hydraulic
machines [109,111].

1.5.3 Micro-injection machine manufacturers

Several manufacturers began to produce injection machines tailored specifically
for micro-parts. An example for this was a partnership project that was introduced to
produce machines with specifications suitable for micro-injection moulding, including
their design, styling and manufacture, as well as handling, testing and assembly [14].
The Austrian project group involved Battenfeld Kunststoffmaschinen GmbH, of
Kottingbrunn, HB-Plastic GmbH, of Korneuburg, Inocon Technologie, of Attnang
Puchheim and Zumtobel Staff GmbH of Dornbirn. In 1985 Battenfeld presented an
injection unit for micro-parts with weights of 0.5 to 4 g: the Micromelt unit. With
other partners, it could produce a unit capable of producing weights down to 0.1 g
know as the Microsystem 50 [14]. Another example is the cooperation project
between the Institute for Plastics Processing (IKV) at Aachen University of

Technology (RWTH) and Ferromatik Milacron Maschinenbau GmbH in Germany.

32



They were able to produce a plastification unit with a shot weight of 0.1 to 1 g [100].
A detailed description of the Milacron machine is in the literature [102].

Comparison between different machine types available in the market and their
capabilities are available in several references [4,84,112].

1.6 Optimization of Process Parameters

Common processing parameters usually include melt temperature, mould
temperature, injection speed, injection pressure, holding pressure, injection profile
controlled either by speed or pressure and cooling time, in addition to the possibility
of changing the material type. The part quality can be measured in terms of complete
filling, dimension stability, mechanical properties or any other parameter depending

on the product.

1.6.1 Early experiments

In initial studies made to investigate process-parameter effects, the main method
was by changing one parameter at a time and observing its effect on the part quality.
This method was useful for injection moulders in making some basic conclusions
about the role of each parameter by its own.

For example, low mould temperatures offer a short cycle time, but can cause
premature freezing [69]. Thus, the injection rates have to be high enough to allow for
complete filling before freezing. In addition, because of the viscoelasticity of
polymeric melts, high temperatures allow for complete penetration without the need
for high speeds. Thus, it was deduced that injection speed and melt temperature at
various stages within the process are the most important parameters of the injection
process.

In another experiment [22] the parts did not completely fill, except when the
mould was heated up to a temperature above the T4 of the polymer, which illustrates
that the mould temperature affected the filling depth of the polymer. This relation
between the mould temperature and the filling depth was also shown in another
experiment [20] where an attempt was made to overcome the hesitation effect caused
by the viscoelastic nature of the polymer melt, which was preventing the filling of
high-aspect-ratio cavities. It was concluded that the ideal situation will be reached

when having a hot mould during injection stage and a cold mould during the cooling
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stage. This concept has been adopted by several machine manufacturers in the form of
a Variotherm system.

The effect of holding pressure was also investigated [21]. Birefringence was
used to evaluate the effect of process parameters on the residual stresses in the
moulded parts. Holding pressure was shown to provide better replication by
eliminating material shrinkage, but at the expense of residual stresses. Recent
experiments showed that mould temperature significantly improves optical properties
of microstructured PC parts [113].

1.6.2 Design of Experiments (DOE) approach

The studies previously cited show that several parameters can affect the part
quality. In fact, the interaction of more than one parameter may affect both the filling
behaviour and the part quality. However, testing of all the possible combinations of
the different parameters is not practical in terms of time and resources. Therefore, it
was required to find a statistical method that has the capability of accounting for the
interaction between different parameters and at the same time optimizing the
experimental work so that only the important parameters were investigated. Hence,
the Design of Experiment approach has become widely used in experiment
assessments of micro-injection moulding.

Table 1-4 compares a number of designed experiments conducted by different
research groups. The experiments presented indicate that many parameters can play a
role in the part quality either independently or interactively. The table also shows that
the main results of each set of experiments are different. This indicates that that the
part quality is not only a factor of processing parameters. Other factors play a
significant role such as the material used (rheological behaviour), the geometry of the
mould, the selected response (quality parameter) and the surface finish of the mould.
It is therefore advisable to run a designed experiment to optimize the process
whenever an element is changed, such as the mould geometry or the polymeric

material. Further study and investigation is required in this area.
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Tested factors Response Materials Main results Ref.
Melt temp., injection pressure, holding | Filling quality of PC, SBS, Melt temp. and mould temp. are most significant | [47]
pressure, injection speed and mould | micro-featured MABS, COC | parameters.
temp. channels and PMMA
Injection time, injection pressure, | 3D numerical PS,PCand |The mould temp. is the most important| [114]
injection temp. and mould temp. simulation of part PMMA parameter. It must be higher than material T.
filling.
Injection speed, holding pressure time, | Part weight and PC and POM | Metering size and holding pressure are most | [115]
metering size, melt temp. and mould | dimensions significant. The interaction between both is also
temp. important
Injection speed, mould temp., melt | Complete filling of PSand PC | Injection speed and holding pressure are the most | [116]
temp. and holding pressure. donut-shaped parts influential, while melt temp. and mould temp.
have less influence.
Melt temp., mould temp., injection | Complete filling of PP, POM and | Melt temp. and injection speed are key factors for | [117]
speed, holding pressure, air evacuation | high-aspect-ratio ABS PP and ABS. Mould temp. is also significant in
and the size of features. rods. case of POM.
Injection speed, shot size, vacuum, | Micro-feature height. PC The diameter of the piston, shot size, injection | [24]
holding pressure, piston diameter speed and mould temperature are significant
parameters.
Melt temp., mould temp., injection | Complete filling of PP, POM and | Injection speed and melt temp. are influential in | [94]
speed and distance between micro- | micro-structures. ABS case of POM and ABS with some side effects.
features Mould temp. improves filling for some shapes.
Distance  between micro-features is not
influential.
Melt temp., mould temp., injection | Flow length along a PP, ABSand |The high levels of all processing parameters| [91]
speed and surface finish micro-channel into a PC result in better filling. Surface finish is related to
flat cavity. level of turbulence in melt flow.
Melt temp., mould temp., injection | Weld-line formation PS Injection speed and mould temperature have the | [118]
speed and holding pressure main effect on weld-line placement and
orientation.
Injection pressure, melt temp., mould | Flow length PP Melt temp. and injection pressure are the most | [119]
temp. And flow ratio significant factors.
Holding pressure, filling flow rate and | Filled volume cocC Flow rate found to be the most important| [120]
mould temperature fraction of processing parameter
microfilters

Table 1-4 A summary of designed experiments to identify significant processing parameters

1.6.3 In process monitoring of process parameters

Multiple-sensors and data-acquisition systems have been used to monitor the

change in processing parameters during the different stages of injection moulding. It

was reported in a series of articles that several additional sensors could be used to

monitor the change in, for example, injection pressure, cavity pressure, displacements

and velocity of the injection pin, temperature in both halves of the mould and the
injection force [16,121,122].
In addition, in-process rheometry has been used to monitor the change in the

strain rates during processing [86].
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Ultrasonic probes are currently used to evaluate the part quality in terms of

filling incompletion, polymer degradation and melt flow speed [123,124].

1.6.4 Summary

From the previous discussion, it can be deduced that determining the most
effective process parameters for micro-injection moulding is a topic that needs further
investigation. Although several experiments have been done, even with the same type
of machine, results are often different. This could be because studies were carried out
under different experimental conditions (e.g. different polymers or test part structures
were used) [94].

There is, however, a general agreement in the literature that the mould
temperature should exceed the no-flow temperature of the polymer, but the most
influential processing parameters are still a subject of debate.

This emphasises the idea that part quality is a factor of different parameters
interacting with each other. Processing conditions, materials used, geometrical shapes
and even the machine type are all significant in determining the quality of the final
product. In addition, the most significant parameters can vary depending on which
output parameter is chosen for evaluating the part quality. Output parameter may
include, for example, a specific dimension, a weight or a tolerance. How these
parameters interact together is an issue that needs further research.

It seems that the DOE approach is the most suitable strategy to deal with the
considerable amount of variables available. However, the experiments need to be well
planned, so that only the significant properties are identified without affecting the
resolution of the results.

Running a DOE requires a mould to have been designed and built, such that it is
ready for running the experiments. This is one limitation of the method, because the
results obtained for specific geometrical shape are not necessarily valid for another
shape. Thus, for design of moulds for microfluidic parts, it would be of great help if a
simulation package were to be available, where it was possible to simulate the effect
of changing processing parameters on the quality of parts of different geometrical
designs. With the existence of such a package, it would also be possible to investigate

post-ejection properties such as residual stresses, warpage, etc.
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1.7 Modelling and Numerical Simulation

This section illustrates the areas in which numerical simulation can be useful in
micromoulding of microfluidic devices, and it points out the simulation requirements
specific to micro-scale processing. Some simulation experiments are also presented,

in addition to the potential areas for improvement.

1.7.1 Applications of numerical simulation

The ability to numerically simulate micro-injection moulding would allow for

the following major goals to be achieved [98,125,126]:

1. To visualize the flow and predict the last-filled sections of the mould. This is
usually done by the short-shots method, where the mould is filled with different
amounts of the material to see how the flow proceeds during injection. This is
useful to identify defects that are usually associated with the last filled parts like
incomplete filling, weld lines and voids.

2. To economically optimize the design of the mould. Because it usually expensive
to manufacture injection-moulding moulds, it would be very useful to simulate
different geometrical designs, sprue and gating systems, flow-paths to determine
the optimum mould design before manufacturing.

3. To simulate the thermal conditions of the flow during filling and cooling which
would be useful in estimating the cycle time and determine the processing
bottlenecks.

4. To assist designed experiments in determining the most influential processing
parameters on the part quality.

5. To identify post-processing properties, such as residual stresses, shrinkages and

warpage.

1.7.2 Special considerations for simulating micro-injection
moulding
Simulating injection moulding has always been a challenge even at the macro-
scale processes. This is because many variables are involved in the process and also
because of the non-Newtonian nature of polymers. Micro-injection moulding poses an

extra challenge for simulation programs, because different physical concepts are
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involved on the micro-scale, which makes it unfeasible just to scale down the macro-

physics simulations [87].

Several factors affect the accuracy of modelling micro-injection moulding,

which include [125,127]:

1.

In conventional injection moulding, two-dimensional modelling is common,
which neglects the effect of side and end surfaces. This is not accurate for micro-
injection moulding because three-dimensional modelling becomes significant.
This is because on the micro-scale it is not possible to approximate the flow
shape to flow between two parallel plates. Thus, the Hele-Shaw approximation,
which has been used several times to simulate micro-injection moulding, is not
suitable for simulating micromoulding conditions such as fountain-flow and
transverse pressure gradients. In addition, this approximation simplifies the
modelling near corners, bifurcations and changes in the part thickness.

Some effects that are neglected in conventional injection moulding become
significant in the micro-scale due to the increased surface-to-volume ratio, such
as surface roughness, surface tension, heating of the melt by viscous friction and
cooling of the melt front due to increased heat loss. In addition, models should
account for the differences in dynamics of heat and mass transfer in the micro-
scale. The heat transfer coefficient, for example, was shown to be significant on
the micro-scale [107].

The viscoelastic nature of the polymeric melt becomes more significant at the
micro scale because of the high shear rates involved in, for example, narrow
gates. It has been mentioned in the literature that increasing the shear rate
decreases the melt viscosity to values that are different from those that may be
specified in data sheets. Experiments showed that reducing the gate sizes from
0.1651 to 0.0381 mm can decrease some physical properties by 5% to 7% [87].
Meshing elements should be chosen with particular care, because two-
dimensional elements conventionally used on macro-scale, for example shell
elements, give over-predicted filling.

Special processing conditions, such as the Variotherm processes, or evacuating

the mould prior to filling, should be considered in modelling.
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1.7.3 Examples of simulation experiments

Several attempts have been made to simulate micro-injection moulding using a
variety of packages for different purposes. One of the earliest attempts [127] was
undertaken using I-DEAS Master Series™ Thermoplastic Moulding version 1.3¢ to
optimize the design of the mould, runner and gates, to define and optimize the process
parameters and to predict problems associated with warpage and shrinkage during
cooling. It was noticed that on the micro-scale, an increase in the significance of some
factors appears which affects the accuracy of the software predictions. One factor, for
example, is the large surface-to-volume ratios of micro parts, which make surface
phenomena dominate the filling and cooling behaviour [127]. The Helle-Shaw
approximation was used with shell elements. The simulation over-predicted the length
of the short-shots. This was probably because of the two dimensional simplification of
the geometry. In which all the surface effects were calculated only for the top and
bottom of the mid-surface of the mesh element, whereas side and end effects were
ignored.

In another experiment [39] 2-D simulation software C-MOLD ver. 2000
(Moldflow Corp.) was used to determine the most influential processing conditions. It
was concluded that the injection speed, feature width and mould temperature were
important for mould filling.

ABAQUS has been used to simulate the temperature distribution in the tool
during the different steps of the cycle [66]. The filling was simulated by Moldflow. It
was observed that it was possible to predict qualitative properties such as welding
lines, but numerical values of filled volume, for example, could not be simulated as
precisely as required [128]. It was proposed that the packages designed for
macroscopic applications could not be relied for micro-scale processes, and it was
pointed out that the development of software tools specifically tailored to micro-
applications is one of the main future tasks.

The use of software such as C-MOLD to analyse the effect of different gate
geometries and locations on the final part has been discussed. In the particular
geometrical shape simulated, changing the size and position of the gate in addition to
changing the material eliminated the knit line and flow hesitation [85].

Complex shapes and high-aspect-ratio micro-features have also been simulated.
C-MOLD 2000 was used to simulate the filling of micro-gears [44]. A 2-D mid-plane
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mesh structure was applied to represent a 3-D melt flow. The simulation was in
agreement with the experimental design showing that the teeth of the gear were the
last parts to be filled.

The effect of micro-scale phenomena on micro-injection moulding has been
investigated [77]. These phenomena include size-dependent viscosity (i.e. the change
in the fluid viscosity from the wall to the middle of the flow stream in microchannels),
wall slip (i.e. the tendency of polymeric melts to slip over solid walls during flow in
microchannels when the shear stress becomes higher than a critical value) and surface
tension. Simulation was used to identify the most influential parameters in micro-
injection moulding [114]. The Navier-Stokes equations were used for modelling the
flow of PS, PC and PMMA, and the simulation showed that the mould temperature
was the most effective parameter on part quality. A finite element code with a 3D
solution approach was used[64] to simulate the filling of different shapes relative to
their positions to the gate, and it was shown that the features far from the gate
experienced more complete filling, because the material far from the gate required a
smaller pressure drop in order to fill the features.

Several other simulation experiments were also reported in the literature
[107,129-134].

1.7.4 Ongoing developments

As mentioned in section 1.7.3, it has been shown by different researchers that
commercial simulation programs for conventional injection moulding have drawbacks
when used in simulating micro-injection moulding. Some packages over-predict the
filling of the cavity. Other packages give acceptable qualitative simulation results, but
fail to give reliable quantitative values [46,90,98,125,126]. Therefore, two approaches
are currently followed:

The first approach is to develop finite-element codes specifically for simulating
micro-injection moulding, instead of using commercial packages. Attempts are made
to add the special modifications associated with scaling down the physics from the
macro-scale. For example, a finite element code was used to simulate three-
dimensional non-Newtonian non-isothermal flow in micro-injection moulding. This

was achieved by solving the momentum, mass and energy equations [125].
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The second approach is to try and develop the currently available packages, so
that they can simulate micro-injection moulding. An example of this is a combined
project [135] in which a code was written that enables Moldflow system to accurately
simulate the last place to fill in a micromoulded part. This replaces the method of

using progressively short-shots of a real micro part in a real micromould.

1.8 Post-Ejection Processes for Microfluidic Parts

It is normally desired to obtain the final product with the least number of
processing steps in order to limit time and error sources. Microfluidic devices,
however, usually need extra processes before they are ready for use. Such processes
may include, but are not limited to, sealing, coating, drilling holes and connecting
inlets and outlets, depending on the application. Other logistic problems are also
relevant to post-ejection processes, such as handling and inspection. Literature about
these processes is currently scarce, either because such processes are still being

researched or because they exist as in-house knowledge of commercial companies.

1.8.1 Handling the ejected parts

Given that the produced part can be very small in size, special care is required
when handling, especially if other processes are still in line. Part handling is
challenging given the sizes of micromoulded components. Micromoulders use
different handling techniques depending on the product. Many micromoulders use
edge-gated runners to carry parts from one location to another, and such runners are
used as part of the automation process. In other cases customized end of arm tooling,

vacuum systems, reel-to-reel take-up equipment and blister packs are used [18].

1.8.2 Inspection and metrology

The technique for evaluating the quality of the part varies depending on the
parts’ application. The quality parameter for microfluidic applications can be, for
example, the micro-channel width, the tolerances or the filled aspect-ratio. Inspection

can take place as a part of the process by using, for example, an in-line video camera.
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However, in-line quality control may not be enough for some purposes, such as
surface finish or material morphology within the component [16,136], and in this case
further inspection has to be done with specialized equipment. Inspection techniques in
measuring small micromoulded parts require customized vices, tweezers, and
fixturing [112]. Moreover, there is limited availability of inspection equipment that is
capable of measuring to sub-micron tolerances [18], and therefore most of the time
functional tests were performed.

Quality assurance with regard to specific processing issues may require the use
of specialized equipment. An example of this is the use of a laser profilometer to
check warpage by measuring deviation in the flat surface of the part [26]. A 3D-
measurement for the geometric dimensions of the part can be made by using a
confocal microscope with suitable image-processing software [62]. In addition,
Atomic Force Microscopy (AFM) has been used for surface inspection and
characterization, and Scanning Electron Microscopy (SEM) for observing 3-D details
and evaluating dimensions [16,136,137]. Although SEM is a standard imaging
technique, it is not the best method for measurement of three-dimensional features.
Contact-probe methods, such as micro-coordinate measurement machines (u-CMM)

have been commercially developed for three-dimensional dimensional metrology.

1.8.3 Measurement of mechanical properties

Due to the small sizes involved, conventional mechanical testing techniques
such as tension and bending tests cannot be readily applied to micro-features of
micro-fluidic parts. Nano-indentation can be used to investigate the mechanical
properties such as the modulus of elasticity. For example, the relation between the
processing conditions, the level of crystallization of the micromoulded part and the
modulus measured has been investigated and reported in a set of articles
[16,122,136,138,139].

1.8.4 Sealing the device

It is important to be able to seal the microfluidic device so that leakage is
prevented. Different techniques are being developed to find applicable sealing

techniques. Adhesives, different variants of welding or lamination are some examples.
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MILDENDO GmbH introduced a method that does not involve a third material,
which is useful for biocompatible applications [62].

Although sealing polymers is challenging, it is much easier than sealing silicon
or glass to other substrates [30], because most polymers have T, values between 120
and 180°C, so relatively low-temperature annealing could be used for assembly.
Using the same technique for glass or quartz, the temperature would be raised to
approximately 600°C [57]. A polymer with a lower Ty can be used to ensure that there
is no deformation in the micro-channels during sealing process. Elastomeric polymers
such as PDMS have excellent adhesion to a wide variety of substrate materials and
can be used to enclose micro-channels with a non-permanent seal. In cases where
permanent sealing is required, it can be performed by plasma oxidation of PDMS
surfaces.

Different sealing techniques were tested for biological microfluidic devices
[140]. For example, thermal diffusion bonding (TDB) results in low strength and
moderate distortion, when the device is bonded below Tg. In this case TDB at or very
near Ty results in increased bond strength but excessive deformation. Another
example is solvent-assisted bonding, which allows low distortion, high strength
bonding at low temperatures and pressures.

An economical approach to the sealing problem would be to find a method by
which micro-injection moulding and sealing can take place in the same process. A
method has been introduced in which it is possible to inject the microfluidic circuit
and cover it at the same process, which is known as in-line covering. It was done by
mounting both the microfluidic-substrate mould and the lid mould on a rotating table.
After moulding the substrate it is not ejected, but the table rotates such that the lid is
moulded and held at the fixed part of the mould. Finally, the table rotates again
bringing the substrate opposite to the lid, and they are pressed together using
temperature and ejected as one single part [40].

Most of the sealing techniques mentioned in the literature are associated with
specific cases. The choice of the optimum sealing technique is therefore dependent on
the application. Several gquestions have to be considered when attempting to seal a
polymer microfluidic device:

e Is it possible to bond the lid to the substrate without using a third material?
Examples include thermal-diffusion bonding [38,140-144], laser welding [5,145],
ultrasonic welding [146] and mechanical clamping [106,147,148].
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e |If a layer of a bonding material is to be used, how would this affect the cross-
sectional area of the micro-channel? Would excess bonding material flow into the
micro-channel areas?

e |f heating is involved in bonding, would this distort the micro-features on the
substrate or affect the mechanical properties of the polymer chip?

e Is the bonding technique only applicable for joining two parts of the same
polymeric material, or is it possible to use it with different polymers or a polymer
and another material?

e |s the bond strength high enough to resist the pressure caused by injecting
microfluids in the channels?

e |s the bonding material, if any, compatible with the microfluids biologically and
chemically?

e Can the existence of bonding material affect the flow of the microfluid (for
example by surface tension)?

e If bonding requires the use of solvents, are they compatible with the polymer of
the device?

e Will the bonding interfere with other “add-ons”, for example electrodes?

These are examples of questions that can pose a challenge in finding the right
bonding technique. The answers will depend on the product itself and its technical
requirements. Some sealing techniques for polymeric microfluidic devices are
reviewed in the literature [145,149].

1.8.5 Additional processes

Additional post-ejection processes are sometimes required, which, in addition to
inspection and sealing, are known as back-end processing. For example, holes can be
used to connect the part to a macro-sized substrate, or they can be used as reservoirs.
They can be drilled mechanically or by laser ablation, but problems may appear due
to the formation of burrs by the drilling process, which prevents the bonding between
the moulded part and the other piece. In addition to hole formation, dicing of
individual devices out of a wafer can be done easily and quickly using, for example, a
CO,-laser. Mechanical sawing can also be used, but it is slower and may restrict the

possible design. In some cases, additional activation of the polymer surface or
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deposition of biologically active molecules on the polymer-surface might be needed
[40].

1.9 Outlook for the micro-injection moulding of microfluidic
devices

Significant developments have been recently combined to make micro-injection
moulding a stable high-volume process for manufacturing disposable microfluidic
devices. Several problems have been successfully overcome by improvements made
to the process or to the equipment. Micro-injection moulding is currently used for
commercial microfluidic applications. However, challenges remain which require
further investigation and research, and for many of these challenges very little
information is available in the literature. This is because most of the current research
activities are driven by the needs of new products or specific applications, and,
furthermore, some of the achievements obtained are not published for commercial

reasons.

1.9.1 Design and geometry

Concerning the microfluidic circuit design and geometry, it was not possible
from the covered literature to identify a standardized approach for designing a
microfluidic circuit to be manufactured by micro-injection moulding. Most of the
design aspects discussed in the literature are concerned with individual problems,
such as gate-placing or “hesitation-effect” problems, or concerned with specific
products.

General design recommendations used in conventional injection moulding can
be useful in micro-injection moulding, such as uniform part thicknesses, gate and
runner positioning, cooling system distribution and ejection points. In addition, the
effect of shrinkage on part demoulding and shape stability becomes significant with
higher aspect ratios.

Special design recommendations need to be identified for microfluidic circuits,
such as the minimum channel dimensions, maximum aspect ratios, spacing between

channels, surface roughness, flow direction and position of the ejection points.
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A Dbroader challenge would be to set standards for designing integrated
microfluidic circuits, which more than one function is integrated into the chip. This
will involve significant changes in the process to take account of the
insert/capsulation technique.

Techniques for modifying the surface properties of polymeric microfluidic
devices are not well-established as the case in glass. Special techniques for improving
the surface properties of micro-featured polymer surfaces need to be investigated.

Micro-injection moulding of truly 3-D components is an open topic for
research. Most microfluidic devices currently produced by micro-injection moulding
are limited to 2%-D structures. This limits the design options of the system, and

necessitates the use of post processing assembly.

1.9.2 Moulds and Inserts

Developments in precision engineering have allowed for several techniques to
produce microfeatures. Laser ablation, LIGA and micro-machining are few examples
of commonly used methods

Insert fabrication techniques have different limitations in terms of achievable
minimum dimensions, fabrication time, economical feasibility, dimensional accuracy
or finishing quality. It may be required to integrate several fabrication techniques, i.e.
hybrid tooling, in order to overcome the limitations of each individual process. This
requires choosing a suitable insert material and a cost-effective fabrication procedure.

Changing the mould design enables micro-injection moulding to produce more
complex products. Micro-assembly injection moulding is an example for a process
that can be used for integrating elements into the plastic chip. A proper mould design
is required to allow for the assembly process to take place without significantly
affecting the total cycle time.

1.9.3 Material selection

Generally speaking, most of the commonly known engineering plastics are
already used in micro-injection moulding. Thermoplastic elastomers have also been
used. Some challenges still exist with respect to polymer selection. Designed
experiments show that a single polymer can have different filling quality for different

part shapes or aspect ratios. In addition, for a specific geometrical shape, using
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different polymers results in different part qualities in terms of filling and shrinkage.
This interaction between the type of polymer moulded and the quality of the part
produced makes it a challenging task to determine a specific material for a certain
application without testing it under different conditions. Trial and error is usually the
standard method used to select the optimum material.

No standardized methodology has been adopted to test the behaviour of
different materials with respect to certain common microfluidic geometries, such as
channels or reservoirs for example. Filled polymeric materials have not been widely
tested for micro-injection moulding. Nano-clay particles, carbon nanotubes or
metallic fillers may be of use to enhance specific properties in the microfluidic circuit.
Considering the high shear rates involved in micro-injection moulding, problems such
as particle distribution or migration in micro-moulded filled polymers should also be

investigated.

1.9.4 Moulding Machines

Moulding Machines have been greatly developed during the past few years, and
several manufacturers are currently offering machines for industrial-scale production.
Screw-over-plunger design, small plastification units, advanced control, the
Variotherm system and clean-room environments are some of the enhancements made
specifically for micro-injection moulding. A major challenge would be the successful
integration of additional elements to the microfluidic chip. This would allow the
commercial use of microfluidic devices to cover more complex structures and

applications.

1.9.5 Process parameters

Several experiments and approaches have been adapted to determine the most
influential processing parameters, but the results are sometimes in conflict. There is
common agreement that heating the mould temperature above the Ty of the material
enhances the product quality considerably.

The interactions between the processing parameters, material properties and part
geometry are still largely to be investigated. The Design of Experiment (DOE)
approach seems to be the most appropriate strategy to investigate such complex

interactions. Nevertheless, being a statistical method, the accuracy of the results

47



depends on the number of runs allowed and the tolerance ranges specified. In
addition, a DOE is normally performed for certain circuit designs. Hence, the results
obtained might not be applicable for other designs because of the change in, for
example, surface properties or shear rates induced in the mould.

1.9.6 Post-Ejection processes

The function of the microfluidic device determines the number and type of post-
ejection processes required before the device is ready for use. Some processes are
common among most of the devices such as quality inspection, testing specific
properties and sealing. Special processes may be needed such as drilling holes or
metallization.

Sealing of microfluidic circuits is a factor of different interacting parameters.
Preventing leakage and ensuring compatibility of the lid and seal with the material
and the micro-fluid are some of the challenges that are subject to research. Integrating
the sealing process within a mass-manufacturing process would be a major

development in microfluidic manufacturing.

1.9.7 Integrated microfluidic devices

Integrating different components by micro-injection moulding is a potential area
for development. Integrating external functional elements within a mass-production
process like micro-injection moulding would allow for many complex microfluidic
prototypes to be realized on a commercial scale. Two component micro-injection
moulding is a developing field, and having it as an established process requires
changing the design of the mould and machine parameters to allow for an automated
process for series production. In addition, micro-assembly injection moulding is a
promising technology for producing hybrid microstructures. Movable parts, hollow
structures and overmoulded fibres are currently being developed. The technology has
not yet been applied for microfluidic applications as far as the literature covered in
this review is concerned, which makes it an open area for further investigation. A
number of integrated microfluidic devices were produced by mass-manufacturing
techniques, such as micro-injection moulding and hot-embossing, but this discussion

is beyond the scope of this paper.
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1.10 Conclusion

This review intended to present the state-of-the-art technology of micro-
injection moulding for microfluidic devices and to present potential developments and
research gaps. The recent decade has witnessed major developments in the technology
that made it one of the most preferred high-volume techniques for fabricating
microfluidics. The technology offers several advantages in terms of mass-
manufacturability, variety of materials and accurate replication of micro-scaled
features, and it is currently being used commercially for producing some types of
microfluidic systems. Further technologies are being developed to allow for precise
heating and metering of polymer for better control of the process.

A number of limitations, however, need to be overcome before the wide-scale
fabrication of microfluidic devices can be realized by micro-injection moulding. The
nature of end-shape processes puts limitations on the allowed geometrical designs to
ensure smooth demouldability. In addition, polymers in general have limitations in
terms of operation temperature and electrical properties that prevents them from
replacing glass or silicon in specific applications. The optimization of the process
parameters, especially for high aspect ratios, is essential for parts with acceptable
quality. Finally, taking into consideration the complexity of integrated microfluidic
systems, especially for applications like bio-MEMS, it is important to develop in-line
integration techniques to allow the mass-fabrication of polymeric microfluidic devices

that are economically feasible for commercial use.
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2 Integration of functionality into polymer-based
microfluidic devices produced by high-volume
micromoulding techniques

Abstract

Microfluidic devices with integrated functional elements have gained increasing
attention in the recent years. Many prototypes covering a wide range of applications
have been fabricated and tested, especially in the fields of chemical and biomedical
sciences. Nevertheless, integrated microfluidic devices are still far from being widely
used as cost-efficient commercial products, often because they are produced by
fabrication methods that are not suitable for mass production.

Several methods have been recently introduced for cost-efficient high-volume
production of micro-featured plastic parts, such as micro-injection moulding and hot-
embossing. These methods have been widely used for fabricating simple disposable
microfluidic chips on a commercial scale, but have not yet been similarly applied for
producing integrated microfluidic devices.

This review paper aims at presenting the state of the art in integrated microfluidic
devices produced by cost-efficient high-volume replication processes. It takes micro-
injection moulding and hot-embossing as its two process examples.

Several types of elements are classified according to their functions, defined
relative to their physical inputs and outputs. Their level of integration is reviewed. In
addition, elements are discussed from a manufacturing viewpoint, in terms of being
readily produced by replication techniques or by back-end processes. Current and future

challenges in integration are presented and discussed.

2.1 Introduction

Microfluidic systems have gained increasing interest in the past few years,
especially in chemical and biomedical applications, because these systems have

potential as easy-to-use, cost-efficient devices that can perform complex tasks. The
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market volume of microfluidic systems is forecast to grow from approximately US$600
million in 2006 to US$1.9 billion by 2012 [1]. Considerable developments have been
made in the manufacture of miniaturized microfluidic devices ranging from simple
microfluidic chips up to multifunctional integrated systems, such as lab-on-a-chip
(LOC) devices, also known as micro-Total Analysis Systems (LTAS).

Integrated microfluidic devices have been tested for a wide range of applications
and have showed high potential for applications such as point-of-care (POC)
diagnostics, where rapid clinical tests can be performed with relatively easy handling of
samples and minimum volumes of reagents. Relatively simple microfluidic systems are
currently being produced on a commercial scale using micromoulding techniques.
ThinXXS [31], Micralyne [34], Bartels Microtechnik [29], Abbott [35] and Microfluidic
ChipShop [36] are a few examples, and their products are mostly used for biomedical
and POC applications. Integrated and relatively complex microfluidic systems,
however, are not yet commercially used on a large scale, because the relatively high
fabrication costs do not allow for an economical mass-production process. In addition,
the complexity of some systems prevents them from being developed beyond lab-based
prototyping to the stage where they become suitable for commercial use, especially by
non-experts [56].

This review paper presents integration solutions proposed in the literature for
microfluidic devices manufactured by high-volume polymer replication processes,
namely micro-injection moulding and hot-embossing. The paper focuses on mass-
production replication technologies, because they provide a potential for low-cost
manufacturing solutions necessary for wider commercialization of integrated
microfluidics. This would particularly help in producing low-cost disposable systems
usually required in, for example, home health care, developing-country health care and
medical analysis microfluidics in general, where cross-contamination should be avoided
[38,150,151]. Thermoplastics offer a great potential for producing integrated
microfluidics. They are already being processed commercially at low-cost and fewer
manufacturing steps, relative to glass and silicon [5,37,142,143,152-154]. In addition,
the large number of thermoplastics currently available offer a wide range of properties

for different microfluidic applications [5,38,142,150,155]. Also, a number of integration
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techniques have been successfully tested for replication processes at the micro scale
including for example, overmoulding and insert moulding [156,157].

The structure of the paper is made to highlight the relation between the function of
the integrated elements and the available integration/manufacturing techniques. The
paper aims firstly to review the currently used device elements, categorized into a
taxonomy based on their functions. Secondly, the paper aims to identify current
potential challenges in developing integrated microfluidics, produced by cost-efficient
processes that are directly transferable to industry.

This review concludes with an evaluation of the progress made in integrated
microfluidic devices produced by polymer replication techniques in the light of the
literature covered within this review. Possible research gaps and potential research areas
will be highlighted.

Reviews of several areas, complimentary to the subject of this review paper, can
be found in the literature. Gravesen et. al, presented an introductory review of the early
stages of microfluidic developments with some examples of basic operations, such as
microvalves and micro-pumps [158]. At this stage, integration and mass-production
were still presented as potential developments. By the year 2000, polymers had shown
great potential for microfluidics, and since then several reviews have covered the
relation between polymer properties and microfluidic functions [5,45]. Microfabrication
of polymers has also gained special interest in several reviews [30,159,160] including
the microfabrication of polymeric microfluidics by micro-injection moulding [161].
More focus have also been directed towards integrated systems, such as lab-on-a-chip
and micro Total Analysis Systems [6,159,162] and comparing different materials and
production techniques [163,164]. In addition, the disposability of microfluidic devices
has also been reviewed [8] with focus on minimally instrumented diagnostic devices
[151]. Regarding applications of microfluidic devices, some reviews are available which
discuss applications from a general perspective [54], whereas other reviews focus on
specific applications of microfluidic devices, such as DNA analysis [165] and

amplification [7].
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2.1.1 Integrated microfluidic devices

Microfluidic devices can be identified as having one or more channels with at
least one dimension less than 1 mm [37]. The flow conditions are mostly laminar and
rarely turbulent [40]. Integrated microfluidic chips are often referred to as “lab-on-a-
chip” (LOC) devices or micro Total Analysis System (uTAS), because they are
designed to perform integrated functions of typical analysis labs. They usually perform
standard operations, such as sample preparation, flow control, reaction/mixing,
separation and detection [45]. The fluids used depend on the application, but they are
usually related to biotechnological applications and hence examples include whole
blood or blood components, bacterial cell suspensions and protein or antibody solutions.

A considerable number of microfluidic devices have been discussed in the
literature in terms of design, fabrication and testing. However, the majority of such
devices are simple in structure, i.e. containing single functions, and used for laboratory
prototyping. There is an increasing need for more complex and integrated systems for a
set of reasons:

1. To be able to perform a series of laboratory processes such as sample preparation,
fluid handling, reaction, analysis and detection on a single device [166].

2. To achieve automation and high processing speed [38,152,167,168].

3. To be able to use the new technology within the physical limits of the existing lab
equipment, for example standard holding frames and fluid-delivery systems [169].

4. To produce easy-to-use cost-efficient devices that can perform complex laboratory
analyses. This is especially important for, for example, point-of-care applications,
lab-on-a-chip and uTAS systems. Integration allows for rapid clinical diagnosis
tests, easy usage without complex fluid handling, fewer costly reagents, smaller
sample volumes, and shorter assay turnaround systems. In addition, such systems
eliminate the often slow, complex and costly preparation techniques of
conventional clinical laboratories, such as centrifugal techniques and membrane
filtration [38,147,153,167,168,170-174].

5. To give the microfluidic device the ability to interact with electronic, magnetic,
optic and chemical methods to have a chip with broad capabilities [170].

6. To connect microfluidic devices to the outer world by using micro-to-macro

interfaces such that an efficient system is obtained [170].
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7. To allow for the production of disposable and portable miniaturized devices with
potentially low manufacturing costs [152,168,174].

Considerable progress has been achieved in mass-producing relatively simple
microfluidic devices. However, similar progress has not yet been achieved for
integrated systems, i.e. microfluidic systems that are a combination of the basic, fluid-
handling elements of microfluidic chips with other functional units to perform more
complex analytical tasks [170]. A number of reasons have been suggested for this lag in
mass-production options for integration. For example, microfluidic devices are often
made only for prototyping purposes; so many projects were intended solely for research,
not taking into consideration the potentially high costs of commercializing the
developed systems. [2,175]. In addition, there are relatively high additional costs for the
currently established techniques of insertion of required functional elements and of
device encapsulation [2,155]. It has also taken a longer time than estimated for new
technologies to successfully compete with an existing, well-established, macro-scale
technology [169].

2.1.2 Review methodology

This paper aims to review the literature from the perspective of progress achieved
towards the manufacture of high volume, integrated microfluidic devices via cost-
efficient processes. In this regard, micro-injection moulding and hot-embossing were
chosen as the replication processes covered in this review. This is because they are
commonly used, high-volume, cost-efficient processes. They both have relatively short
cycle times, although it should be noted that the cycle time for hot embossing (few
minutes to 10 minutes) is generally longer than that for micro-injection moulding
(between seconds and minutes). In addition, both processes are similar in terms of
polymeric materials used.

Within the context of manufacture by these potential high volume production
routes, the review discusses the integration of elements of a microfluidic device. For
the purposes of this review, these elements are classified according to their functions,
where the selected definition of a “function” is any mechanism of transformation from

one basic ‘constituent,’ to another, in response to environmental stimuli [176]. The three
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basic ‘constituents’ are defined as, mass (M), energy (E), or information (I). In this
definition, a function is neither the designed purpose of an element, nor the affect of the
element on the environment. Instead it is a transformation mechanism [177]. The aim
of using this classification system is allow comparison of the state of the art of
integration at a fundamental level. This definition results in a set of 9 functions based
on the type of input and output constituents as shown in Table 2-1:

e.g. motion of one

e.g. burning fuel

Outputs
M E |
To move: To power: To activate:

e.g. closing a

gear causes another | gives off energy. switch sends a
gear to move. signal.
To energize: To convert: To detect:
% e.g. the volume of | e.g. a wire carrying | e.g. a photocell
E‘ a heated fluid | a current radiates | responds to light
increases. heat with a signal.
To actuate: To regulate: To transfer:
e.g. controller | e.g. amplifier | e.g.  digital to

signal a robot to | output is controlled | analog conversion.

move. by received signal.

Table 2-1 Types of transformation functions [176]

For the purposes of this review, some of these classifications were considered too
broad. For example, the “mass to mass” transformation function is described in Table
2-1 as a motion function “to move”, whereas mass-to-mass functions can take different
forms such as “to store”, “to regulate”, “to mix”, etc. These forms are referred to here as
“function descriptors” and are used as classifiers in the review.

As a second classification, functional elements in micro-fluidic devices are also
classified in this review into integrated or non-integrated elements. Integrated elements
are defined as elements manufactured as a part of the microfluidic chip, regardless of
whether they are fabricated within the micromoulding process itself or added afterwards

in a post-moulding process. Non-integrated elements are those external to the
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microfluidic chip, and therefore generally are those which are, in practise, non-
disposable and high in cost.

The complete classification scheme adopted in the review is tabulated in Table 2-
2. The first four columns detail the classification scheme, showing transformation
function, input, output and “function descriptor.” The fifth column lists categories of
microfluidic functional elements which have a particular transformation function.
Columns six and seven describe the techniques, noted in the literature, by which these
device elements can be integrated into microfluidic devices, either by micromoulding or
hot embossing (column 6) or by post-processing (column 7). Columns 8 and 9 describe
the techniques by which transformation functions are achieved by functional elements
as yet not integrated onto microfluidic chips. Column 8 is allocated for elements
associated with the input functions to the chip (e.g. fluid delivery), whereas column 9 is
allocated for output functions (e.g. detection and analysis).

The remainder of this review follows the structure of Table 2-2. Techniques for
achieving integrated transformation functions are reviewed in Section 2.2. Section 2.3
reviews the literature for non-integrated transformation functions of micromoulded

devices.
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Trans- Function How element are integrated Non-integrated
formation Input Output Descrintor Elements Micromoulded Post-processed Chip-input Chip-output
Functions P (Injection or embossing) P elements elements

Interconnects are moulded with the Interconnects are added in post-
u « Fluid . chip (2.2.1.1.1): moulding steps (2.2.1.1.2):
to connec Fluid connection - Moulded ports. E.g. commercial ports, drilled holes with
deliver elements - Capillary features are replicated to glued tubes, removable silicon adapters,
deliver the fluid to the chip. etc.
Features are machined in the mould Post-processing is needed after - -
M->M fluid fluid LD e 1 « Fluid ioulati and replicated directly on a single replication (2.2.1.2.2):
SIS, U0 1S Fluid manipulation chip (2.2.1.2.1): E.g. stacked and bonded, fixed as a
to divide, to elements - E.g. channels, reservoirs, mixers, module on a standard frame,, etc.
regulate, etc. dispensers, passive/capillary valves, etc.
Sealing takes place during moulding Sealing is done after moulding - -
to contain * Sealing elements (2.2.1.3.1): (2.2.1.3.2):
- E.g. “in-line” sealing. E.g. bonding, adhesives, etc.
M—>E - - - - - - - -
M-I - - - - - - - -
- A miniaturized source of energy is Fluid-delivery -
added to the moulded chip (2.2.2.1): (2.3.1):
e . - E.g. Pressurized-air pump, chemical E.g. syringes or
E—-M Energy/ fluid to move Fluid delivery propellant, gas mixture, etc. pipettes, pumps,
force elements. .
high voltage,
centrifugal forces,
etc.
Voltage/ « Energy- conversion (I:Erl‘??fzngssai)e_dlrectly moulded on the (on;tépzr)o_cessmg a replicated chip (Czosr’wg)ef:tmg the chip to a power source
E—E = e Temp./_ to convert AIEE T G e, E.g. overmoulding, insert moulding, E.g. Sputtering, pressing, mounting, etc. | E.g. Power supply, batteries, Peltier
current Magnetic electrodes, electro- : - !
" micro-assembly moulding, embossing, controller for temperature control, etc.
field, etc. magnets, etc.) etc
- Detection device is mounted on the - Detection
Electric moulded chip: equipment (2.3.3):
signal/ . * Data collection - E.g. thermocouple, PCB, micro- E.g. optical
E—1 temp./ info. to detect elements ammeter, etc. detection
etc. instruments,
fluorescence, etc.

I-M = = = = = = =

I—-E - - - - - - - -

-1 Info. Info. to analyse - Data analysis - - - - Analysis

elements

device/software

Table 2-2 Types and categories of functional elements currently applied in replicated microfluidic devices (relevant section numbers of the review in brackets)
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2.2 Integrating Functional Elements in Micromoulded

Microfluidics

Integration in polymer processing represents the ability to combine different
functional elements on a polymer chip. This can directly be done during the fabrication
of the chip, such as in the case of ducts and passive valves. Integration can also be
carried out after the production of the plastic chip, particularly if it is difficult to achieve
integration in-process, owing to limitations in the replication process. In this case, post
processes, sometimes called back-end processes [40], are applied.

This section reviews the current situation of integrated elements for polymer-
based, replicated microfluidic devices. Sections 2.2.1 to 2.2.4 present integrated
elements currently reported in the literature. Following the sequence shown in the first
column of Table 2-2, each section discusses one category of transformation function.
For each functional category, sub-sections will compare integration by micromoulding
or hot embossing to integration by post-processing. For ease of reference, in Table 2-2
the different categories of transformation function are marked with the corresponding

section numbers of the review.

2.2.1 Integrated elements involving mass-to-mass transformation

functions

Section 2.2.1 presents the main microfluidic components that perform mass-to-
mass functions. They include fluid delivery and fluid manipulation elements, in addition

to sealing.

2.2.1.1 Fluid connection elements

Delivering fluids to a microfluidic chip (or taking them out after processing)
requires an interconnection system that allows for a secure and easy-to-plug input and
output system. The interaction between the micro and macro world affects the
efficiency of the microfluidic systems [170]. In fact, one of the main obstacles that

prevents microfluidics from spreading further commercially is the lack of standard
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interconnects for interfacing the macro-scale environment with the microfluidic
channels within the chip [141].

Some requirements for an ideal interconnection system have been mentioned in
the literature such as being leak-proof for fluids and gases, possessing minimal dead
volume, ease of use, standard geometry to facilitate interfacing with commercially
available devices, reversibility, reliability, lack of contamination and ease of fabrication
[141,166].

As an alternative to conventional interconnection, capillary systems are also used
in some applications to deliver the fluid sample to the device. The physical phenomena
on which they depend are governed by a relationship between surface tension, fluid
density, contact angle and the channel size. Therefore, they require the design of the
inlet channels to the optimum dimensions in order to deliver the fluid inside the

microfluidic chip. Examples are reviewed in the next section.

2.2.1.1.1 Fluid connection elements produced by micromoulding

Mounting interconnections by post-processing (discussed in the next section) is
the commonly used method for most prototypes. There is, nevertheless, an increasing
trend towards producing interconnection systems as an integrated part of the moulded
chip. An example of micromoulded interconnections has been reported, where a micro-
injection moulded chip was sealed by a plastic lid in which connection ports were
integrated as one part [141] (Figure 1). The ports are made of a hollow boss with ANSI
standard internal 6-32 threads located at each fluid entry point. The use of micro-
injection moulding makes the cycle time almost independent of the number of ports.

Tube fittings were fitted in a later stage.

Figure 2-1 Concept of microfluidic chip featuring integrated ports (A) and a 4-port chip with
commercial male fittings threaded integrated ports of an injection moulded chip (B) [141]
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Moulded ports were also produced by injection moulding using moving mould-
inserts that are shaped like pillars and can be adjusted in length to determine the final
depth of the moulded connection port [178].

As mentioned earlier, capillary actions can be used as an alternative fluid-delivery
system for interconnects. In an injection-moulded device for monitoring DNA
migration, capillary action made the polymer fluid spread in the system, and the
subsequent gentle centrifugation flushed the channels [148]. In a similar experiment, a
hot-embossed microfluidic device for analysing human sweat applied a propulsion
system in which the device was set to collect 600 pl of sweat from human body using
capillary action. Afterwards, centrifugation was used to spin the sample out into an
analytical container. The sample was finally collected by centrifugation in a standard

bench-top swing-bucket centrifuge modified to accommodate the device [173].

2.2.1.1.2  Fluid connection elements produced by post-processing

Several post-processing connection techniques were mentioned in the literature.
For example, access ports were used to connect modular chips together within a frame
[170] (more details about modular designs in section 2.2.1.2.2). For connecting the
chips to the outer world, Luer and Luer-Lok fittings were used, which have gluing

edges allowing them to adhere on to the lid surface [169] (Figure 2-2):

&8

Figure 2-2 Nanoports used for fluid delivery [179]

In another modular device, where chips were laminated together, a special layer
dedicated to connecting the system to the outside world was used. It had a standard
format irrespective of the other layers, possessing interface connectors to liquids and

electrical/electronics. It also formed the mechanical basis for alignment of the
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subsequent layers [170]. Self-aligning microfluidic interconnects were also designed
and tested for polymer microfluidics that are produced by micro-injection moulding or
hot-embossing [180].

For some microfluidic devices, holes are manually drilled in the lid to fit the
connection tubes, which are typically connected with glue [106,141,147,181]. In other
devices, Luer-Lock syringes were used both as a fluid propulsion system and
connection system [140]. Since most devices are produced for prototyping purposes,
fluid delivery is usually achieved by manual delivery with syringes or pipettes or with
syringe-pumps when flow-rate is an important consideration (section 2.3.1 for non-
integrated methods). Removable silicon adapters were used to connect standard pipette
tips into an injection moulded microfluidic chip [146].

Overmoulding was recently tested as a mass-production technique for both
packaging and fluidic interconnection [156,182]. The method was applied as a generic
interconnection system for microfluidic devices and also for post-packaging of a
specific commercial pressure sensor module. This technique provides leak-proof
connection between the chip and the fluid-delivery system. However, it requires an
extra manufacturing steps in which a chip, with features already produced by a prior
process step, is inserted in a special mould and overmoulded by the selected polymer.

2.2.1.2 Fluid manipulation elements

In medical diagnostics, as a common example for microfluidic applications,
complex bodily fluids (e.g. blood) need to undergo a set of preparation steps before
being suitable for analysis. Most of the currently demonstrated microfluidic device
components pursue single functionality and use, for example, purified DNA as an input
sample. Therefore, in the majority of the cases, sample preparation is still performed
off-chip [172]. If real samples of bodily fluids are to be inserted directly to the device,
e.g. in POC applications, the device has to perform several steps in a single integrated

microfluidic system.

2.2.1.2.1 Micromoulded fluid manipulation elements

Mass-production of integrated subsystems by replication has the advantages of
minimizing the cycle time, avoiding post-processing assembly, eliminating

opportunities for fluid leakage between different microfluidic stages and reducing
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fabrication costs. Nevertheless, this method does not have the flexibility of changing the
microfluidic feature-shapes or sequences after manufacturing, because this requires the
fabrication of a whole new insert. In addition, it is currently limited mostly to “flat”,
2Y%-D geometries in order to facilitate part demouldability.

An example for fully integrated circuits is a microfluidic device used for blood
typing (Figure 2-3) [33]. The disposable chip, which was micro-injection moulded of
COC, comprised a number of fluid-manipulation steps, including flow splitting
microchannels, chaotic micromixers, reaction microchambers and detection microfilters.
The flow splitter divided the blood sample into four equal amounts, so that several
agglutination tests could be performed in parallel, whereas the serpentine laminating
micromixer was used to promote efficiency of reactions. The large reaction chambers
were introduced to hold the reactant during the reaction time before filtering. Finally,

the microfilters are used to effectively filter the reacted agglutinated red blood cells.
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Figure 2-3 Schematic diagram of a blood-typing chip with integrated functional circuits [33]

Another attempt to integrate several circuits on a single plastic chip was presented
in the form of a PMMA CD-like platform [155,183]. Functions integrated included flow
sequencing, cascade micro-mixing, and capillary metering (Figure 2-4).
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Figure 2-4 Integrated microfluidic CD platform [183]

In another example, an integrated microfluidic device was fabricated by hot-
embossing polycyclic olefin. The device was for bacterial detection, and it integrated
PCR, valving and electrophoresis on a single plastic chip (Figure 2-3) [174]. Also, a
microfluidic device containing a cross-junction channel was used to produce micro-
sized beads of Calcium Alginate [106]. The CD-like device was produced by injection
moulding PC, and by changing the flow rates of the inputs, the cross-junction was used
to produce beads of 20-50 um in diameter with narrow size distribution (<10% variation
in diameter). Micro-injection moulding was also used to produce an integrated
disposable microfluidic device for detection of agglutination. The device which was
moulded of COC included micro-wells, passive micro-valves and a serpentine micro-
mixer [184]. All features were replicated from a nickel mould insert and the device
layers were thermally bonded.

Flow control elements, such as valves and dispensers, are usually an essential
fluid manipulation element in microfluidic systems. Two main fluid control systems are
usually available for microfluidic applications: passive and active. Passive valves
operate without the need for physical actuation, by utilizing energy from the flow and
are typically used as check valves [185,186]. Active valves require more sophisticated
control systems involving, for example, actuation, which means that multiple inputs,

namely mass and information/energy, are involved.

63



More attention has been recently directed towards passive fluid control systems,
such as passive valves, mixers, diffusion-based extractors, passive filters and
membranes. Passive systems have several advantages, including the need for no
external power requirement (mass-to-mass function), ease of integration, continuity in
substrate material, low cost and, by definition, possibility of use without active control.
Nevertheless, some challenges still face passive systems. They are usually application
specific and cannot be easily reconfigured. They are strongly dependent on variances in
the fabrication process (as will be shown next section) and not suitable for several
fluidic mediums [171].

Several types of passive vales have been fabricated and tested. Mechanical valves,
such as flap or membrane check valves, and non-mechanical valves, such as capillary
valves, have been used for microfluidic devices [187].

The advantages of the passive control systems make them a preferable system for
flow control, especially for plastic chips produced by replication techniques, because no
back-end processes are needed. For example, in the microfluidic CD platform presented
earlier, which was produced by both injection-moulding and hot-embossing [183], a
passive capillary-valve that relies on the capillary force to stop the flow in micro-
channels, was used [155]. The principle of operation was based on a “pressure barrier”
that develops when the cross-section of the capillary expands abruptly. The fluid moves
through this valve when the capillary forces are overcome by the centrifugation forces
(Figure 2-5). As shown in Figure 2-5, the sequence of the fluid flow initiation from each
chamber was planned to go in the order of calibrant 1, wash 1, calibrant 2, wash 2 and
the sample.

/,\\ Center of CD
AV
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Figure 2-5 (A) Passive capillary valve system. (B) A schematic illustration of fluid propulsion [155]
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Passive valving was also applied in a microfluidic device for point-of-care clinical
diagnostics [171]. In this device, a special sequence of flow was required in the
microchannels, so the flow was controlled using a so-called ‘structurally
programmable” microfluidic system (sPROMs). sPROMs technology allows fluids to
move through a set of valves in designed stages with only an on-chip pressure source. It
consists of passive valves and flow conduits, which have different pressure drops

depending on the structure and surface properties of the fluidic path [188] (Figure 2-6).
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Figure 2-6 SPROMs system [188]

Other types of passive systems can also be found in a variety of fluid handling
applications. Capillary metering, for example, is used for delivering precisely metered
fluids from one reservoir to another in a controlled sequence. Bubble snap-off is one
technique that has been presented in the literature for sample metering [155]. Here, a
gas bubble in the liquid-gas flow passes through a constriction and breaks up into a
number of equally-spaced small bubbles (Figure 2-7). Although metering is not a
valving technique, it is still a passive flow-manipulation technique that is dependent on

the same principles of geometry change and fluid-surface interaction.
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Bubble e

Figure 2-7 A micro-channel design for bubble snap-off [155]

This mechanism can be used in sample metering of microfluidic systems, because
a fixed amount of liquid is trapped between two bubbles that are snapped off.

Other fluid control elements have also been tested, such as micro-dispensers in
which sample fluid volumes were loaded into a fixed volume micro-dispenser, which in
turn dispensed an exact volume of liquid for further biochemical analysis. This was
done by designing the geometry of the chamber to contain a specific volume of the
liquid between inlet and outlet valves. When the pressure source is released, the metered
volume is pushed through the outlet passive valve [171].

As shown in the previous examples, passive fluid-control systems, including
valves and dispensers, are a promising technique for fluid manipulation in microfluidic
devices. Considering that such systems do not need external actuation or feedback, and
that they are readily manufactured as an integrated feature of the substrate, this makes
them practical solutions for on-line fluid control systems. The operation principles of
the systems are similar, in that they depend on the geometry of the valve (hydrodynamic
radius), the fluid properties (viscosity) and the interaction between the fluid and the
surface (contact angle and surface tension). Their relative simplicity of principles of
operation makes them easy to integrate into devices produced by high-volume
replication techniques, as their operation depends primarily on the existence of abrupt
change in the geometry of a channel. As the market demand increases for cost-efficient
complex systems, more attention is expected to be directed towards passive control

systems.
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A recently introduced concept of passive fluid control systems is the so-called
"lotus surfaces"”, where sub-um structures were directly replicated into microfluidic
surfaces by hot-embossing [189]. The replicated surfaces had structural gradient that

generated driving forces to move liquids in microfluidic channels.

2.2.1.2.2 Post-processed fluid-manipulation elements

Connecting separate subsystems has been widely used in prototyping microfluidic
devices. This is due to the flexibility this allows for modifying of the overall device
design. Furthermore, separate chips can be integrated in standard laboratory equipment,
or they allow, by stacking 2.5-D chips for example, for 3-D designs to be realized.

Several connection techniques have been described in the literature. Stacking, for
example, is one well-known technique. In a published experiment, a modular design
concept with standard interfaces between each functional module was introduced to
present a chemiluminescence experiment [170]. Each module was a discrete
microfluidic chip fabricated by hot-embossing for dedicated tasks such as sample
preparation, mixing, analysis, etc. Consequently, any new microfluidic design could be
incorporated into the system for a specific function as long as some fundamental design
rules were adhered to. Elastic averaging, which involves the constraints of the layers

using dowel pins, was used to align the different chips together (Figure 2-8).

Figure 2-8 Two stacked chips aligned using elastic averaging with V-grooves and dowel pins [170]

The elastic properties of the material and the constraint structure cause

deformations in each individual contact feature to average out over the sum of contact
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features throughout the solid body. The alignment offset measured was between 10 to
20 pum. Better accuracy (10 pm or less) was required for this method [170].

A second example of post-processed integrated subsystems connected from
separate chips was a lab-on-a-chip for POC clinical diagnostics, namely a micro
biosensor [171,190]. The device was designed for detecting and identifying three
metabolic parameters: Partial pressure of oxygen, lactate concentration, and glucose
concentration in human blood. The chips were produced by injection moulding using a
replaceable insert with micro-features [191], and they were stacked and laminated
together using thermal fusion (Figure 2-9). The same lamination approach was used to
integrate injection moulded layers of an integrated microfluidic device for magnetic
immunoassay [192].

The integrated functions included chambers and buffer reservoirs, multiplexing
channels and a dispenser. Valves and other functional elements were also integrated,
and they will be mentioned in more details in the corresponding sections.
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Figure 2-9 Multilayer disposable plastic biochip consisting of laminated microfluidic chips [171]

Stacking was also used to fabricate a pneumatically actuated microfluidic device
for bio-analytical applications [193] (Figure 2-10).
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Figure 2-10 Pneumatically actuated microfluidic device [193]

Modular structures have been proposed as an alternative method for stacking as a

method for both integration and standardization. A microfluidic construction kit was

presented, based on modern plastic production technology such as micro-injection

moulding and hot-embossing [166]. Chips of different microfluidic functions could be

fabricated to the size of a standard microscope slide and connected in a standard frame,

used for e.g. POC diagnostics (Figure 2-11). Modular designs with integrated

interconnects were also produced by micro-injection moulding for continuous PCR

[194].

Figure 2-11 Modular microfluidic construction kit [166]

LOC devices integrated modularly can join several laboratory processes, such as

sample preparation, fluid handling, reaction, analysis and detection. Since miniaturized

systems are likely to be used in parallel with standard laboratory equipment, a modular
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standard kit has been produced as a method for standardizing microfluidic chips with
laboratory equipment [169].

A microfluidic system for DNA sequencing was also reported in the literature in
which a set of functional circuits was integrated with micro-fabricated connects. The
functional chips were manufactured by hot-embossing PMMA and PC chips. They
performed the following functions: PCR amplification of DNA, purification of the PCR
products, cycle sequencing using dye-terminator chemistry, purification of sequencing
products, solid-phase reversible immobilization and DNA electrophoresis [167]. COC
was also injection moulded to produce a laminate-type microfluidic device for PCR
application [144].

Both micro-injection moulding and hot-embossing were used to produce an
integrated chip for protein analysis [195]. Micro-injection moulding was used to
fabricate the COC substrate with micro-channels, while hot-embossing was used to
fabricate a polymeric piezoelectric micro-diaphragm. The two parts were bonded
together using UV adhesive bonding in a subsequent step.

When it comes to valving, some integrated solutions were presented for
micromoulding. Pinch valves, for example, have been recently used as disposable on-
chip fluid control elements. A number of designs have been successfully tested for
micromoulded integrated chips applied for point-of-care testing of metabolic parameters
[196] and PCR analysis [144].

2.2.1.3 Sealing elements for microfluidic devices

Due to the constraints imposed by the replication processes on the geometrical
design of the part, microfluidic devices are replicated as open channels that need to be
closed to prevent leakage. From a functional point of view, sealing can be considered as
a mass-to-mass function, where the functional descriptor would be to “contain” the
fluid. Sealing takes place, either, during fabrication as an integrated step in the
processing, or, by post-processing sealing techniques. Section 2.2.1.3.1 reviews sealing
by micromoulding, whereas post-processing sealing techniques will be presented in
section 2.2.1.3.2.
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2.2.1.3.1 Sealing by micromoulding

In the literature covered within this review, a single experiment was reported in
which sealing took place as an integrated fabrication step [40]. In this experiment the
covering step was integrated as part of the injection moulding process known as in-line
covering. Both the substrate and the cover are injected at the same time with the same
material, such that the cover part is attached to the nozzle side of the mould, while the
micro-structured substrate is attached to the ejector side. The index plate carrying the
cover rotates 180° causing the two parts to be aligned, and the surfaces of the two parts
are warmed up, and after renewed closing of the mould the covering process follows.
When the mould is opened, the covered part falls finished from the machine after 40

seconds.

2.2.1.3.2 Sealing by post-processing

Bonding lids to microfluidic substrates is the commonly used post-processing
method to close microfluidic channels. The major challenges for bonding are to join the
lid to the substrate without clogging the channels, changing their physical parameters or
altering their dimensions [5,145]. Several techniques have been developed to seal
polymeric microfluidic devices, and they can be grouped into three major categories:
Sealing with the use of intermediate material, sealing with the use of energy and
mechanical sealing.

Sealing with the use of intermediate material is commonly used for post-
processing micromoulded microfluidic systems. Adhesives, for example, have been
reported in the literature as intermediate sealing agents for micromoulded microfluidic
systems, such as conventional glues [5,38], UV-curable adhesives [153], thermally
activated adhesives [168] and copolymer adhesives [152]. In addition to adhesives,
polymeric foils, such as PET, have also been tested as intermediate materials to
laminate microfluidic substrates together [5]. Solvent-assisted bonding is another
technique where microfluidic substrates are wetted with, for example, mixed organic
solvents [154] or acetyl acetone [197] and joined permanently under pressure [140,198].

Sealing with energy is based on using one or more types of energy to join the
micromoulded devices without the use of an intermediate material. The literature reports
a few examples of micromoulded microfluidic devices that were bonded using energy,

such as induction heating [145], laser welding [5,145] and thermal-diffusion bonding
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[38,140-144]. Ultrasonic welding and UV-bonding are other available energy-based
techniques for bonding polymers, but very little is mentioned in the literature about
using them for microfluidics.

Mechanical sealing is commonly used as a sealing technique, especially for
prototyping purposes. A number of examples were mentioned in the literature, where
screws [106,147,148] or snap-fit systems [173] were used to seal polymeric
microfluidic devices. A polyethylene/thermoplastic elastomers (PE/TPA) film was used
to seal and injection moulded CE chip made of PMMA and PC [178].

Selecting an appropriate packaging technique for polymeric microfluidic devices
depends on a number of factors, such as the substrate material, the temperatures
involved, compatibility with fluids used and channel size. In addition, the cost of the
process is significant to the feasibility of the process for mass-production. A more
detailed comparison between packaging techniques for disposable microfluidics is
available in the literature [193,199]. A recent review has also been published addressing

bonding of thermoplastic polymer microfluidics [200].

2.2.2 Integrated elements involving energy-to-mass transformation

functions

A propulsion force, such as mechanical pressure or centrifugal force is needed to
pump fluids throughout the microfluidic channels. Generating forces is usually done by
interaction between on-chip elements, e.g. pressure reservoir or capillary channels, and
off-chip elements, such as a motor for rotation or a pressure pump. Fluid propulsion
systems can, therefore, be considered as “interfacial” integration tools, in the sense that
they connect on-chip micro-components to off-chip macro-components.

The amount of energy needed to pump liquids in microfluidic channels vary
depending on application. For example, a microfluidic device for chemical analysis was
made in which deionised water was pumped at a rate of 730 nl/min with a fixed power
of 500 mW [201]. In another application, a microfluidic chip was designed to have a
power supply from a commercially available 12V-type MN21 battery [202]. The power
consumed for transferring a liquid across the chip ranged between 145 mW initially

down to 71 mW after 40 cycles of operation, because the battery was unable to maintain
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the supply voltage above 75% of the initial output. The experiment revealed, however,
that only 8% of the power consumed was consumed in the chip, while the rest was
consumed by the electric converter and control circuitry.

Several techniques have been developed for fluid propulsion. In the literature,
three main propulsion methods were discussed: mechanical, electrical and thermal
[155].

For mechanical propulsion systems, a mechanical pump is often used to provide
the driving pressure. It can be as simple as a roller in the blister pouch design, or as
complicated as a miniaturized syringe or acoustic pump [155].

For electrically-driven systems, electro-kinetic techniques such as electro-osmosis
or electrophoresis, electrodynamics and electrowetting have the advantage that they
scale favourably for miniaturization. In electro-osmosis or electrophoresis, the driving
forces for flow are generated by the interaction of applied electric fields with ionic
species in the fluids. In electrodynamics, the flow is generated by the interaction of
electric fields with induced electric charges in the fluids. Electrowetting is based on the
principle that the contact angle between a liquid and a solid surface can be changed
through the application of an electrical potential. This change may result in capillary
forces that provide a driving pressure in small flow channel.

For thermally driven propulsion, it is possible to manipulate the contact angle
between a liquid and a solid surface by changing the local fluid temperature. The

resulting capillary force is used to drive the fluid as in electro-wetting [155].

2.2.2.1 Post-processed fluid propulsion elements

The recent trend towards further integration has resulted in the development of
techniques in which the off-chip assistance is minimized. One example is a
microinjection moulded device used for medical diagnostics applications, which had an
integrated air-bursting detonator as a fluid-driving source. This eliminated costly, non-
disposable, active microfluidic pumps. As soon as the membrane is broken, the
pressurized gas is released pushing the fluid samples into the microchannel through the
ruptured membrane [171,190] (Figure 2-12). The detonator was powered by a 40 mW
pulse to power the microheater for 700 ms, which resulted in the release of 650 pJ of

stored pneumatic energy to drive a 500 nl sample through microchannels [203]. This
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technique allows for a relatively higher degree of integrity, since the pressure pump is a
cheap and disposable part of the microfluidic device.

Pressurized gas Thermoplastic membrane

= \

Localized microheater

Air-
bursting
detonator

Disposable
biochip
l T

Gas bursting after trigger Liquid sample on biochip

Figure 2-12 Air-bursting detonator [171]

On-chip propulsion was also achieved using a chemical propellant, where
azobisisobutyronitrile (AIBN) was used as an actuator that releases N, gas. The gas
pressure can then be controlled to accurately control the fluid flow [196].

In another application, a microfluidic system was designed for medical diagnosis,
and fluid propulsion takes place using a hydrogen-oxygen gas mixture generated by a
sodium polyacrylate-based hydrogel. The gas is created by applying an electric voltage
to the water in the hydrogel stored on the chip [204].

Developing integrated energy-to-mass elements will greatly affect the production
of integrated microfluidic devices. They have the advantages of mass-to-mass delivery
systems in the sense that they are integrated as on-chip, power-source elements. At the
same time they have the potential of supplying relatively large amounts of power
comparable to what is offered by non-integrated elements, such as syringe pumps and
pipettes.

2.2.3 Integrated elements involving energy-to-energy transformation

functions

Several applications of energy conversion have been used in microfluidic devices,
such as microheaters and electromagnets.
Electrically conducting structures such as wires and electrodes are the most

commonly used elements, especially for applications such as resistive or capacitive
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sensing, electrophoresis, integrated heaters and electro-hydrodynamic pumping [205].
Magnetic, optical or thermal elements may also be used depending on the application.

The majority of devices with elements performing energy-to-energy
transformation functions reported in the literature have external elements that are added
by post-processing by, for example, ink-printing or sputtering. Very few devices have
been reported having functional elements integrated within the same micromoulding
process of the plastic substrate, because integrating such elements requires an additional
step of placing them in the mould or the insert. This additional step elongates the cycle
time unless a design modification is made in the machine or the mould to integrate and
automate the process.

The following sections review integrated elements fabricated by micromoulding

and post-processing.

2.2.3.1 Energy-conversion functional elements fabricated by micromoulding

One of the advantages of micromoulding is the possibility of embedding elements
into the plastic during moulding [206]. Conduction paths have been integrated into
device structures by hot-embossing a composite polymer/metal material. Paths were
first applied to the unstructured substrate and then pressed into the polymer layer during
hot embossing so that embedded conduction paths are obtained following the embossed
topology [142]. A hybrid structure was also manufactured by integrating a metal insert
inside a polymer matrix by hot embossing [157]. In a recent application, conductive
polymer electrodes coated with metal were integrated by micro-injection moulding into
a polystyrene substrate using over moulding [206]. A similar technique was used to
directly emboss a gold nanoelectrode ensemble film into a PMMA based microchip for
CE [207]. Hot-embossing was also used to fabricate electro-fluidic polymer microchips
[205]. In this application, electrical wires were integrated by a single-step method into
an embossed polymeric microfluidic chip. Using this method, wires could be placed in
contact with the flowing fluid or embedded in close proximity to the fluid channels.

For micro-injection moulding, a developing approach for integrating energy-to-
energy elements is micro-assembly injection moulding. This process is suitable for
producing hybrid micro-structures by injection moulding, such as movable joints,
hollow structures and overmoulding wires and optical fibres [79,80,82,208,209]. In this
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process, electronic connections or optical fibres can be overmoulded within the injection

moulding cycle (Figure 2-13).

Figure 2-13 Overmoulded optical fibre [80]

In order not to affect the cycle time, the micro-structured cavity is allowed to be
exchanged during the machine cycle such that the process steps of demoulding,
positioning of insert and heating the cavity for Variothermal processing can be done at
an external station. In other words, an external cycle is allowed to take place parallel to
the main cycle of the machine.

In order to ensure dimensional stability, the behaviour of different materials for
both the insert and the polymer in the injection process should be considered.
Additionally, the influence of the flow direction of the polymer is also significant for
dimensional stability.

2.2.3.2 Energy-conversion functional elements fabricated by post-processing

2.2.3.2.1 Electrodes

Electrodes are commonly used in microfluidic applications, either for electrical
measurements or for voltage application. They are particularly important for
microfluidic applications that use electroosmotic flow or electrochemical detection
[186]. Electrodes are classified as energy-to-energy elements, since they are used to
generate voltages in applications such as electrophoresis.

Several post-processing techniques have been used for integrating electrodes onto
replicated polymer-based microfluidic devices. Conventional deposition methods such

as sputtering and thermal or electron beam evaporation can be used [210]. However,
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there is limitation on the electrode dimension due to the shadow mask used, which
restricts the electrode width to 40 pm and above. Alternatively, laser ablated
microchannels can be filled with a conducting ink and act as electrodes [5,174,211,212].
It should be noted that not all metals are equally easily applied to polymer materials, as
some problems might appear such as formation of metal clusters instead of uniform
films and formation of micro-cracks in the metal film [186].

For an injection-moulded device used for insulator-based dielectrophoresis
(iDEP), platinum-wire electrodes were inserted directly into the syringes used for fluid
delivery. A programmable high-voltage sequencer was used to apply voltage [213]. In
another micro-injection moulded device for monitoring DNA migration, four holes were
drilled in the lid, and platinum electrodes were inserted in the chambers afterwards and
fixed in narrow slits [148]. Sputtering by using adapted shadow masks was used to
generate electric thin-film electrodes of gold in an injection-moulded electrophoresis
separation device [198]. Furthermore, in an injection-moulded device for DNA
separation, electrodes of 76-um-diameter wire were routed to each of the four reservoirs
available and terminated at one edge of the chip with a four-prong 2.54-mm-pitch
electric header [168]. Gold electrodes were also patterned over a hot-embossed
polymeric diaphragm as a part of an integrated microfluidic device for protein analysis
[195].

An example for the use of conductive ink printing is a hot-embossed microfluidic
device for bacteria detection. Electrodes, with contact pads, function as capillary-
electrophoresis driving electrodes. They were integrated by connecting them to high
voltage via “pogo” pins. They were manufactured by screen-printing silver/graphite
inks onto the polycyclic olefin support film. After being cured at 95°C for 2 hours, the
ink pattern on its supporting film was aligned and thermally laminated onto the cover
film of the device [174].

2.2.3.2.2 Microheaters

A common application for energy conversion is microheaters, where localized
elevated temperatures are needed in specific places on the microfluidic chip, such as in
the case of polymerase chain reaction (PCR) devices. In these devices, thermal cycles

consist typically of two steps: a “denaturing” step at 95°C and an “anneal/extend” step

at 60°C [211].
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Installing a microheater on a microfluidic chip is currently done by post
processing techniques, since it is technically difficult to integrate microheaters into
micromoulding processes. This is because insert-moulding a microheater requires
accurate alignment in each cycle, and there is possibility of malfunction in the
microheater due to the high pressures associated with micromoulding.

Two examples were reported in the literature. The first example is the microheater
used in the air-bursting detonator discussed in the previous section (Figure 2-12 above),
where electric pulses were applied to heat the thermoplastic membrane causing it to
melt and release pressurized gas [171].

The second example for using microheaters is PCR devices, where integrating
thermal elements is essential for the function of the device. Heaters were integrated in
PCR microfluidic devices produced by hot embossing by mounting electrical resistance
heaters to the chip (Figure 2-14) [181,214].
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Figure 2-14 A schematic diagram of a microfluidic system with resistance heaters [214]

2.2.3.2.3 Electromagnets and optical fibres

Examples of integrating functional elements other than electrical parts also appear
in the literature. For example, in a magnetic bead-separation device, an external

electromagnet was integrated to produce the magnetic fields required for separation.
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The magnetic forces acting on the beads were different depending on the bead size. For
example, for a bead diameter in the order of tens of microns, the magnetic forces were
in the order of thousands of pico-Newtons. Magnetic beads in the size of 2-9 um could
be separated from an aqueous solution at the flow rate of 3-7 pl/min [215].

Post-processed elements may also include optical fibres used for fluorescence
excitation light. The optical fibre inserted was coupled to a laser fibre that was
connected to a diode laser. The laser produced approximately 2.5 mW of power at a
wave length of 750 nm.

Integrating detection fibres was used for a hot-embossed DNA separation device,
where a dual fibre detector was inserted into the assembled device. The fibres were
etched and sealed with epoxy [152]. Optical fibres were also integrated into a hot
embossed microfluidic device for CE [216,217].

2.2.4 Integrated elements involving energy-to-information

transformation functions

Few examples for integrated detection and measurement systems are presented in
the literature. Thermocouples, for example, can be used to monitor the temperature
variation on the microfluidic chip for PCR applications [181,214]. Micro-ammeters, of
resolution down to 0.1 pA, were also reported to be used for current monitoring in
micro-injection moulded devices for DNA separation [168]. However, the complexity
of the detection process requires interaction between on-chip sensing elements, e.g. a
thermocouple, and external, non-integrated, devices for recording and analysis.
Therefore, energy-to-information elements should probably by identified as
“interfacial” elements between what can be integrated on-chip and what is external to

the system. More about non-integrated elements is discussed in the following section.

2.3 Non-integrated Functional Elements

This part of the review is concerned with presenting functional elements that are
commonly used with microfluidic devices, yet not integrated on the chip. Non-
integrated elements, often expensive and non-disposable, are connected to microfluidic
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chips to perform relatively complex functions. Such functions are usually related to the
input or output elements of the microfluidic system. Input elements, in turn, are usually
associated with delivering the fluidic sample to the chip, and include inlet tubes and
relevant connections. These input elements are tabulated in column 8 of Table 2.
Output elements are associated with the outcome of the microfluidic system, such as
detection and data analysis. These input elements are tabulated in column 9 of Table 2.
A few non-integrated elements are used for both inputs and outputs, such as a power
supply.

These types of elements are usually a source of the high costs often currently
associated with microfluidic applications, a fact that limits many microfluidic devices to
lab prototyping experiments rather than high-volume commercial purposes. The

following sections present some of the commonly used elements.

2.3.1 Non-integrated elements involving energy-to-mass

transformation functions

These elements are usually used for fluid propulsion systems, especially when
energy is required for the fluid to either be able to balance capillary forces or to flow
into different chambers in a specific sequence.

Several integrated devices covered within this literature review depend on
external mechanical pumping equipment, e.g. syringes or pipettes. For example, a hot-
embossed microfluidic device for magnetic bead separation was equipped with a
syringe pump to deliver the beads in the form of an aqueous solution containing
magnetic beads of three different sizes [215]. The same system was applied for an
injection-moulded integrated microfluidic device for blood-typing, where the blood and
the serum streams were pumped with two separate syringe-pumps to allow for different
flow rates [33] (Figure 2-15).

80



Salne
—
_aFlexible plastic
| % twbmg

Saline /
4 /Reservons
e e
'i e Reagent
SIEINGS PrRkp | Saple :-{IT"I fluidic by ‘lul\l
Micro dic bioc

Figure 2-15 Schematic diagram for fluid propulsion system using syringe pumps [33]

In an injection-moulded device, syringe pumps were also used to control flow
inlets in a microfluidic cross-junction to produce beads [106]. Computer-controlled
syringe pumps were also used to control the flow of the sample in a micromoulded chip
for monitoring of microarray hybridizations [146].

Vacuum pumping was also pointed out in the literature as a possible mechanical
fluid propulsion system, where a vacuum-driven system was used in a modularly
integrated hot-embossed device [170]. In another hot-embossed device for bacteria
detection, vacuum was used to move the sample throughout the device [174]. In
addition, vacuum pumping was used for moving blood cells across micro-channels in a
micro-injection moulded device used for monitoring DNA fragments [148].

Centrifugation is a developing method for fluid propulsion, where reagents are
preloaded in the chip, and centrifugal forces are used to trigger the fluid flow
throughout the channels. In centrifugal pumping, fluid propulsion is achieved through
rotationally induced hydrostatic pressure. It uses a single low-cost motor, and is capable
of fine flow control through proper design of the location, dimensions and geometry of
channels and reservoirs based on fluid properties. A device works by spinning a CD-
format chip such that the centrifugal forces overcome the capillary forces and the fluid
is pumped throughout the channels [155]. However, it should be noted that
centrifugation is not only dependent on energy, because the design of the channels
themselves play a role in the propulsion of the fluid. The usually-radial configuration of
the channels (see Figure 2-4) in addition to the sizes of the different channels/reservoirs
determines how the fluid will proceed.

An electric field has been applied through integrated electrodes in order to control
voltage changes leading to particle separation by electrophoresis [153,218] or electro-

osmotic flow [167].
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2.3.2 Non-integrated elements involving energy-to-energy
transformation functions

Power supply sources are commonly used to deliver electrical power to different
functional elements on the chip. As mentioned previously, with integrated elements for
energy-to-energy transformation (section 2.2.3), an external power source is needed to
supply high voltages or to operate heaters. Electrophoresis microfluidic devices
reviewed in this paper needed a source of high voltage either from lab-scale power
supplies [148,150,152,154,168,174,219] or a voltage-control unit adjusted by an
accompanying software [143]. Electric field values can be in the order of few tens up to
few hundreds of volts depending on the application [220,221].

Power supply is also associated with temperature control, where microfluidic
systems are required to operate under constant temperature. This can be done by a

Peltier controller, for example [146].

2.3.3 Non-integrated elements involving energy-to-information
transformation functions

Device elements performing energy-to-information transformation functions are
usually associated with detection and inspection. As an example of a relatively
advanced detection element, a detection system was designed in which a circuit
converted the output signal from the biosensors to a voltage signal, which in turn was
amplified, and the peak value detected and displayed [171] (Figure 2-16).
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Figure 2-16 Biochip cartridge inserted into analyzer module for multi-parameter detection [171]
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Inspection is essential for the majority of microfluidic applications, because it is
usually required to observe the micro-scale motion of the fluid or to count specific
particles.

Conventional microscopes are used to optically observe specific processes inside
the microchannels. They can be used, for example, for monitoring cell movements
[148]. CCD cameras were also used for monitoring sample movement in channels
[154].

In other applications, especially in DNA separation processes, fluorescence is the
most popular optical detection method for microfluidics due to its excellent sensitivity
down to measuring single molecules [186]. A sensitive technique is often required
because of the small sample volumes involved [8,173]. Off-chip fluorescence detection
is typically accomplished through the use of lasers for the excitation of fluorescent
molecules and CCD cameras or photomultiplier tubes for detection of the emitted
fluorescent light [8]. Usually confocal microscopes are used for this purpose
[148,150,181,219]. Laser induced confocal microscopes have been used in several
microfluidic experiments mentioned in the literature [143,153,154,174,222].
Contactless conductivity detection was also proposed as a detection technique that
overcomes some of florescence limitations. It was used within an injection-moulded

system for measuring small ions in foodstuff [210].

2.4 Discussion

2.4.1 An overview of the current state of integrated micro-moulded

microfluidics:

In this review paper, the current state of research was presented for integrated
polymeric microfluidic devices produced by two micro-moulding techniques, namely
micro-injection moulding and hot-embossing.

The classification system used in this review was intended to link the functional
aspects of microfluidic devices together with the degree of integration allowed by
current device fabrication techniques. It allowed the review of integrated microfluidic
devices from a taxonomical perspective, by combining a physical functional
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perspective, represented in the nine types of “transformation functions”, with a
manufacturing perspective, represented in integration technologies. This approach was
summarised in Table 2-2.

The approach used in this paper gave an indication of the level of difficulty
involved in integrating each of these generic components and the relationship of this to
the elements' transformation function. For example, Table 2-2 showed that elements of
relatively “simple” transformation function, e.g. mass-to-mass, are likely to be directly
micro-mouldable (column 6), whereas other transformation functions appear to be
currently not-integrated (columns 8 and 9). Most of the elements used for moving or
storing masses of liquids, essentially the fluidic subsystem, are able to be incorporated
into the chip as part of the operation of micro-moulding, though manifold designs for
connection of the devices to the outer world still generally require off-chip integration.

It can be noticed that the majority of non-integrated elements are associated with
energy-driven elements (fluid propulsion, for example) and with data collection and
analysis. When energy or information are involved as inputs or outputs, the system
becomes more complex in structure, because the current level of technology does not
easily allow elements involving energy or information transformations to be
incorporated into polymer-based chips. Therefore, non-integrated, non-disposable
elements are usually needed to ensure the successful overall performance of the chip,
with consequences in higher manufacturing complexity and higher costs. This is one of
the major reasons why much of the current state of art of microfluidic chips is mainly
confined to prototypes that are not easily mass-manufacturable.

Table 2-2 offered an overall summary of the current state of integrated, replicated,
microfluidic devices based on thermoplastic high-volume processes. Hence, the blanks
in Table 2-2 represent examples of one of two possibilities: either research gaps, or
applications that are not yet needed. It is possible to separate the two by noting whether
the application is currently achieved by non-integrated means. An example of the
former is the mass-production of a fluid-propulsion system (energy-to-mass) that is
fully integrated in a microfluidic system. This requirement is currently met only by non-
integrated syringe pumps and centrifugal forces. An example of the latter is the mass-
production of a mass-to-energy system, where there is no indication in the literature of a

non-integrated system having been developed.
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In this regard, several transformation functions were not discussed in the review
as no integrated or non-integrated examples were found in the literature. These are
highlighted by the blank rows in Table 2-2. These were mass-to-energy (as noted
above), mass-to-information, information-to-mass, information-to-energy and
information-to-information.

The classification method was limited to the transformation from one basic
element to another. Therefore, elements that have multiple inputs or outputs were not
presented in Table 2-2. Very few examples of multiple input and output functions exist
in the literature. However, those that do exist are worth highlighting, because of their
relatively level of sophistication. The main example is that of active micro-valves.

The classification method, represented in Table 2-2, was mainly directed to the
viewpoint of a “designer” wishing to design a microfluidic system consisting of a set of
integrated functions, which, at the same time, would be producible by high-volume
polymer replication processes. However, for a manufacturer, the focus might be mainly
on the integration technique, i.e. how to integrate an external element by high-volume
processes.

To attempt to satisfy such a requirement, Table 2-3 tabulates the literature using
integration techniques rather than integrated functions as the basis of tabulation. (It
therefore, does not include the literature on non-integrated techniques.)

If the volume of literature references can be taken as a guide, then post-processing
appears to dominate integration techniques. On-machine assembly is relatively
common, followed by direct integration, with modular integration represented by a
small portion of the literature.

However, it should also be noted that some integration methods that are used as
established techniques for conventional injection moulding have not yet been developed
for micro-moulding. Three-component moulding, for example, is used on the
conventional scale to integrate a number of elements in a single moulding cycle using a

special mould system fitted with a robotic system [223].
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Integration Technique

Applications

Ref.

* Direct integration of fluid-
manipulation functions within the
mould design

Integrating microfluidic systems, CD-like
designs, passive valves and moulded
interconnections.

[33,155,171,174,183]

Passive valves

[155,171]

Moulded interconnects

[141]

* Modular integration Integrating  microfluidic  systems by | [166,170,171,193]
lamination or modular kits
* On-the-machine assembly [157]:
- Micro-assembly Integrating  movable  joints, hollow | [79,80,82]
injection moulding structures
- In-line sealing Sealing the microfluidic system directly | [40]

during micro-moulding

- Micro-overmoulding

Integrating fibres and wires or integrating
interconnects.

[80,156,157,182,206]

* Post processing

Sealing the microfluidic device

[5,38,106,145,152,15
4,168,198]

Interconnections by ports or drilled holes

[106,140,169,170,179
181]

Adding external functional elements, such
as electrodes, micro-heaters, magnets and
optical fibres.

[148,152,168,174,181
,198,213-215]

Table 2-3 An example of a classification method based on integration technique

2.4.2 Potential developments from a low cost, mass manufacturing

viewpoint:

As has been shown in this review, micro-moulding techniques have gained

increasing interest as low cost manufacturing solutions for integrated microfluidics.

Figure 2-17 shows a schematic diagram of the degree of integration in micromoulded

microfluidics based on the reviewed literature. The figure, which presents Table 2-2

from another viewpoint, shows that micromoulding technologies are still far from

realizing fully integrated microfluidic systems capable of covering the required range of

transformation functions. This is due to a number of challenges that are discussed

below.
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Figure 2-17 A schematic diagram showing current state of technology regarding the production of
integrated elements within micromoulded microfluidic devices

2.4.2.1 Geometrical constraints for microfluidic subsystems

Micromoulding has become an established technique for producing microfluidic
chips with generally passive integrated functions, such as channels, passive valves and
dispensers. However, it is noted from the reported examples discussed in this review
that almost all the devices are based on a 2%2-D design, which is the simplest geometry
producible by injection moulding or hot embossing. This is due to the conventional
parallel-movement design of the two platens typical for net-shape manufacturing
techniques, which limits the complexity of the manufacturable geometry. In order to
produce true three-dimensional geometries with cavities or undercuts, modular
lamination is the currently used method. Despite of the number of advantages that such
“modular” designs might offer, such systems require additional fabrication steps for
bonding or connection. Accurate alignment of different stacked layers can also be
challenging. In addition, there is an added cost arising from using frame systems and

inter-layer connections.

2.4.2.2 Energy-conversion functional elements

Post-processing is currently the dominant technique for integrating such elements,
but this is time consuming and a considerable bottleneck in mass-production. In
addition, they are main sources of raised manufacturing costs, knowing that back-end
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processing steps can make up to 80% of the device manufacturing cost [160]. In order
for microfluidic devices to perform more sophisticated processes, more functional
elements will need to be integrated in an efficient manufacturing process. Micro-
overmoulding and micro- insert-moulding are solutions currently under investigation.
However, these techniques would require considerable automation to place, accurately,
the inserted element in the mould each cycle.

2.4.2.3 Sealing micro-fluidic devices

Sealing is usually attempted by face-to-face bonding or by adhesives. Several
techniques are being established for connecting polymers to similar or dissimilar
polymers or to other materials. Nevertheless, sealing is also a process bottleneck from
an industrial perspective, because of the time consumed in sealing individual devices
and the difficulty encountered in bonding polymers.

In-line sealing has been described, very briefly, within the literature for micro-
injection moulding, and remains a challenge for further research. The main advantage of
this technique is that it integrates the sealing process in the fabrication cycle making the
manufacturing cycle time of the whole device acceptable. The automation of the process
can result in accurate alignment and control over bonding parameters such as time and
force. In addition the process eliminates the use of external adhesives or back-end
processes.

Nevertheless, this technique uses special machine designs and setups in order to
undertake the covering process. Furthermore, in cases where it is desired to have the
substrate and the lid from different materials, the process will be more complex: two
different injection units will be required. This is perhaps the reason why this technology

has not yet seen wider adoption.

2.4.2.4 Fluid delivery to the device

Most of the available interconnection solutions are either not suitable for mass-
production, for example drilling and gluing, or too expensive, for example self-adhesive
ports. Fluid delivery can be improved by designing a fitting system that can be moulded
together with the device substrate (or lid) to allow standard tubes to be attached more
easily and securely. However, it is relatively challenging to replicate ports with internal

or external threads via plastic replication techniques because of geometrical complexity
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associated with undercuts and because of the elongated cycle time. Overmoulding is
currently being tested as an interconnection technology, and it has the potential of
producing a microfluidic substrate where tubes are inserted in the mould and the

polymer is injected over them, sealing in place by overmoulding.

2.4.2.5 Fluid propulsion

Fluid pumping is generally still performed by off-chip sources or at least with the
interaction of external elements, because energy-to-mass functions currently require
external sources of energy. Pre-installing the required reagents and using capillary
motion are suggested alternatives, unless a continuous-flow system is required for
specific applications. In mass-production environment, a fluid propulsion element could
be manufactured externally, such as air-pressure pumps, and then integrated as an insert

within a moulding process.

2.4.2.6 Fluid control

With regard to fluid regulation, many valving options have been developed for
fluid control in microfluidic devices. Active valves form the majority of types and
mechanisms, but very little is available in the literature about using active valves within
micro-injection moulding or hot-embossing techniques. Passive valves are more
promising in terms of manufacturing integration and cost, since several types of them
can readily be produced by micromoulding. Passive valves, nevertheless, are not
suitable for all applications, and they need further development for applications where

more complex flow patterns are required.

2.4.2.7 Data collection and analysis

Some innovations have been achieved in detection techniques for POC
applications [224]. However, detection and analysis systems are likely to remain as non-
disposable elements, for the near future, because of the cost and manufacturing
complexity associated with them within the currently available technology.

A current trend to overcome this limitation is to integrate relatively-cheap
disposable chips with non-disposable, but portable, analysis elements. Several research

groups are currently testing the use of a “cartridge” approach, where a disposable chip,
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either micromoulded or glass-etched, is inserted and operated within a non-disposable,
but portable, analysis system [171,225].

The “wristwatch” example is a step forward in this direction. In this system, a
disposable chip is inserted and accessed by a portable watch-like analysis device (see
Figure 9). The disposable chip is designed to be inserted into the analyser unit where the
microfluidic sequencing is initiated by a trigger signal from the electronic controller.
The electrochemical detection circuitry on the analyser is used to determine the
concentration of different analytes [171]. The same principle has been recently
developed for testing metabolic parameters in human blood with a micromoulded
disposable chip and a portable analyser [196].

This approach to integration, despite being a practical solution within the
currently available technology, has some limitations. It makes use of the disposability
and low-cost offered by micromoulding, but it still requires the availability of relatively
costly equipment to analyse the collected data. Moreover, very precise positioning and
alignment is required between the chip and the analyser system in order to ensure robust
contact between their interactive elements, such as electrical components and valves. As
suggested in the literature, having the microfluidic chip as just a small part of system in
which sample introduction and detection are much more complicated than the chip’s
operation may be appropriate in some circumstances, but does detract from the potential

advantages of microfluidic devices [56].

2.4.2.8 Power Sources

Some examples of power source solutions were presented in sections 2.2.2 and
2.3.2. The majority of the review literature presented conventional sources of power,
either main power-supply or batteries. Some examples have been shown where air-
pressure or chemical reaction can be used as powers source for fluid propulsion, but
even these systems require the existence of an external power source, like a battery, to
trigger the release of air or chemical reagents. Power generation is, therefore, likely to
remain a non-integrated functional element until more convenient integrable solutions

are developed.
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2.5 Conclusion

This paper aimed to critically review the state-of-the-art of technology for
producing integrated polymeric microfluidic chips by high-volume micromoulding
techniques. In this regard, micro-injection moulding and hot-embossing were chosen as
the replication processes covered in this review.

The current state-of-the-art of integration of functional elements into moulded
polymer microfluidic devices was assessed. Levels of integration were classified by two
methods. Firstly, by “transformation function” of the element, i.e. transformations
between mass, energy and information. Secondly, by the current level of integration of
these elements into microfluidic devices, whether integrated via moulding, by post-
processing or, as yet, not integrated. The review gave detailed examples of elements
used to perform the transformation functions and their current level of integration.

The review showed considerable differences between the level of integration of
elements, dependant on the elements’ transformation function. In particular, non-
integration was found for elements with either energy-driven, or data collection and
analysis transformation functions. At the present time, analysis systems with disposable
microfluidic cartridges, represent the state of the art for the latter. Certain
transformation functions, for example mass-to-energy showed no elements currently
under development.

The review also assessed the options for integration of elements by such high
volume processes. Post-processing appeared relatively common, followed by on-
machine assembly, direct integration and then modular integration.

Potential developments in several key areas were assessed. Overmoulding, insert-
moulding and in-line sealing all have potential for improving the direct integration of

elements.

91



3 Micro-injection moulding: A review of process
capabilities and limitations as a three-dimensional
microfabrication technique

3.1 Introduction

Since its early development more than a decade ago, micro-injection moulding
(WIM) has evolved to be one of the most promising 3-D microfabrication technologies.
High-volume capacity, dimensional accuracy and replication fidelity are some of the
process advantages. In addition, the wide range of mechanical, chemical and optical
properties of polymers provide extra opportunities for industries working in different
applications (Please refer to section 1.1 and subsections for more details).

The ability of the process to produce 3-D features and structures is particularly
important as it adds more potential to the process as a technique for mass-producing
disposable micro-scaled or micro-featured components with relatively complex
geometries.

Three-dimensionality, in particular, is a significant aspect for microfabrication for
a number of reasons:

e Three-dimensional features offer a higher degree of design flexibility beyond the
limited conventional 2-%2D structures. Free-form shapes for example are possible to
produce, unlike, for example, lithographic techniques.

e Three-dimensional structures increase the interface area between the component
and the outer world. For microfluidics, for example, 3-D structures have more
flexibility in terms of interconnection with surrounding equipment.

e Three-dimensional structures optimise the use of space to integrate more
functionality or increase throughput. This is evident in, for example, microfluidics,
where transforming conventional 2%2-D designs into truly 3-D devices could render
higher throughput within a constrained volume [226].

This paper aims at assessing the capabilities of uIM as a microfabrication
technique for producing 3-D features and structures. The paper reviews the two basic

stages of the process chain: mould fabrication and polymer replication.
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Section 3.2 aims at addressing design and manufacturing consideration for 3-D
micro-structured moulds. The concept of 2%-D versus 3-D structures is discussed, and
the essential requirements for designing micro-structured mould inserts in presented.

Section 3.3 focuses the scope of 3-D manufacturing on injection moulding as a
well-established, net-shape manufacturing technique. Designing for pIM is addressed,
where the main differences between micro- and conventional injection moulding are
highlighted. The discussion covers design guidelines for both 3-D features and

structures on the micro-scale.

3.2 Mould design and manufacturing for pyIM

Injection moulding belongs to a category of processes known as net-shape
manufacturing (NSM), where the geometry of the part is produced by setting a specific
volume of material to replicate the shape of a die. Similar to other NSM techniques, the
manufacturing chain of uIM starts with fabricating the mould. The capability of uIM to
produce 3-D features is dependent on introducing these features into the mould using a
3-D microfabrication method. The following sections address critical issues for

designing and manufacturing moulds for uIM of 3-D components.

3.2.1 Microfabrication of three-dimensional features
3.2.1.1 Background

In the literature that deals with microsystems technology, it is not uncommon to
find authors describing their designs or manufacturing techniques as “three-
dimensional”. This is usually mentioned in the context of highlighting a development in
a design or technology beyond the conventional “flat”, also called 2%-D, systems rooted
to the silicon industry. However, what three-dimensional manufacturing in general
actually indicates is rarely discussed, as is whether it refers to specific “features” or a
whole component. Features were defined in different ways, which can be accessed in
the literature [227-229]. In this context, they refer to prototypical shapes with some
engineering significance or meaning [229]. A structure or a component refers rather to a
combination of features that constructs a whole, self-contained system.
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In dictionary definitions, two-dimensionality refers to flatness [230] or the state of
lacking the illusion of depth [231]. Three-dimensionality refers to the state of having
length, depth and height [230] or generally having three dimensions [231]. Two-and-a-
half dimensionality (2'2-D) is a term that was introduced in the machining field to help
in classifying shapes and cutting processes as discussed in the following sections.

The term “2)-D” originated in the machining industry to refer to what was
apparently the simplest geometrical shape to be fabricated with basic machining
capabilities in terms of the number of motion axes and the shape of cutting tools. In
spite of the fact that the term has been used by a number of researchers to define the
geometric domain of the parts, its precise definition is not complete [232] and the
available definitions are sometimes unclear [233].

The increasing interest in computer-aided manufacturing (CAM) demanded more
rigorous criteria for classifying geometrical shapes into 2%-D and 3-D, so that computer
codes can be generated for machining steps and sequences [232].

3.2.1.2 Geometrical classification of conventional, “macro” features

Machined parts are sometimes classified as rotational or prismatic [232]. The
latter type are parts machinable on milling type machine tools, and they can be further
classified as 2%-D or 3-D, based on geometrical complexity and the machining
requirements of the part [232].

An early definition of 2%-D parts was published describing them in general terms
as “a class of components which have planar and cylindrical faces as orthogonal sets,
such that features are a product of a 2-D profile swept through a linear distance along an
axis normal to their plane” [234]. Despite appearing detailed enough to cover all classes
of 2%-D geometries, this definition did not specify issues such as whether, for example,
a multi-faced part will be defined as 2%2-D.

A more elaborate classification highlighted that fact that the characteristics of 2%2-
D components are related to the approach direction of the cutting tool, which needs to
be determined early enough to select the setup of the component. This implied that
specifying whether a specific component is 2%-D or true 3-D is a factor of its
orientation [233].
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Later literature sources attempted to specify a more rigorous definition of 2%-D
components, which can be used as a base for knowledge-based systems (KBS) used in
computer-aided engineering applications. A proposed classification specified 2%2-D
components as “components that can be produced on a 3-axis NC milling machine
using three pairs of orthogonal tool approach directions. Such components consist only
of planar and cylindrical faces in orthogonal sets such that all machining features are a
product of a 2-D profile swept along the tool approach direction. It is possible to extend
the definition to cover components comprising of a number of 2%-D facets, i.e. “multi-
faced 2%-D” [235].

This definition sets four conditions for 2%-D geometries. Hence, if any of them is
violated, the component is a true 3-D one. Violations can be one or more of the
following:
¢ Any sloping faces to the approach direction. The approach direction is the direction

in which the tool approaches the part (usually —z direction in CNC machines). The
component must consist of only planar faces either perpendicular or parallel to the
approach direction.

e Any cylindrical faces with their axes not parallel to the approach direction. Inclined
cylindrical faces are not possible to for a machine with three orthogonal axes.

e Any other non-planar faces. This means that free-form faces, for example, are not
allowed.

e Any blind horizontal faces. Blind faces refer to undercuts or overhanging features,
and the horizontal face in this context is the face perpendicular to the approach
direction (undercuts are discussed in more detail in section 3.2.2).

The above 4 conditions implied that, firstly, multi-faced 2¥2-D components are not
considered as 3-D components (Figure 3-1 [a] and [b]). Secondly, the shape of the
cutting tool does not affect the classification of the component as a 2%2-D component, so
slope-faced components produced by the shape of the cutting tool still belong to the 2%%-
D category. Thirdly, true 3-D components can be realized by assembling different 2%2-D
components. Finally, 2%2-D shapes are based on rotational cutting tools, so internal
sharp corners parallel to the approach direction of the tool violates this condition
(Figure 3-1 [c] and [d]).
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Figure 3-1 (a) One-sided 2%-D component. b) Double-sided 2%-D component. (c) A true 3-D
component due to the two side sharp-cornered “windows”. (d) A true 3-D component due to the
sharp corners of the two inclines slots. [235]

A more recent definition of a 2%-D component was developed for automatic
shape recognition [232]. It specified 2%-D parts as “a range of objects that can be
machined on a three-axis CNC milling machine from a maximum of three mutually
orthogonal tool approach directions and their opposites (also called aspect vectors), and
by using standard flat-bottomed end-milling cutters and standard clamping devices such
as vice-clamp, a strap clamp and a bolt clamp” [232]. The definition, in principle, is
similar to the previous one except that it excludes the inclined faces produced by the
tool shape from the 2Y%-D category.

3.2.1.3 Geometrical classification of microfabricated features

Classifying geometries on the micro scale is, in some aspects, different from
conventional components. Geometrical classification of conventional “macro”
components originated essentially from three-axis machining. For micro-components,
on the other hand, classification was based on microfabrication methods widely used in
the silicon industry, where lithographic techniques were used for fabricating
semiconductors. Such microfabrication techniques resulted in “flat”, chip-like
components, which are essentially two-dimensional planar features extruded over a

certain thickness in a direction normal to the plan.
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Unlike conventional manufacturing methods, microfabrication techniques are not
necessarily based on rotating cutting tools for material removal. Instead, other chemical
and thermal principles are widely applied. This makes defining 2%2-D microfabrication
processes rather flexible relative to conventional machining. For example, such
processes are sometimes defined as ones capable of producing any 2D structure that has
a finite depth [236].

Based on this understanding of 2%2-D structures, any process that can overcome
the limitations of semiconductor-rooted techniques, by producing free-form or
contoured surface features for example, is a three-dimensional process [237]. Figure 3-2
shows an example of a microfluidic device carrying both 2%-D (prismatic) and true 3-D

(pyramidal) features.

3D pyramidal

Figure 3-2 A microfluidic device with 2%-D and 3-D microfeatures [76]

Micro-scaled 3-D structures were realised when processes from the precision
engineering domain where introduced [238]. The variety of energy sources involved in
removal or addition of materials include [239] mechanical, chemical, thermal,
electrochemical and electrothermal sources, a range that resulted in various
microfabrication methods with different geometrical capabilities. For example, 2%2-D
processes, such as photolithography, etching and electro-disposition are limited to
producing flat, straight-walled structures. 3-D processes, on the other hand, such as
laser machining, micro-electrodischarge machining (u-EDM), micromilling and micro-
grinding [76,240] produce relatively more complex geometries. Table 3-1
[76,239,241,242] compares the capabilities of common micro-manufacturing techniques

with respect to the type of geometries they can produce and common materials.
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Process Geometry Typical material
Micromilling 3-D Metals, polymers
Diamond turning 3-D Aluminium, copper, gold and silver
Ultrasonic micromachining (USM) 2Y-D Fragile and porous, e.g. silicon and glass
Laser micromachining 2Y-D Metals, polymers, ceramics and glass
lon and electron beam 2Y-D Polycrystalline Silicon
Micro-stereolithography (u-STL) 3-D Specialised polymer resins
Micro Electrodischarge machining 3-D Hard and brittle materials for tool making
(w-EDM)
Chemical forming (deposition) 2%-D Silicon and copper
LIGA 2%-D Nickel, gold and ceramic
Photoresist 2%-D SU-8, polyimide
Advanced Silicon Etching (ASE) 2%-D Silicon

Table 3-1 A comparison between common microfabrication techniques in terms of geometry

It should be noted that the geometrical classification in Table 3-1 is based on the
common, well-established capabilities of the processes. Some of the 2%-D processes are
under development to produce 3-D features, for example LIGA and electron-beam
lithography [243], but the process is not yet established for this purpose. Hybrid tooling
[78], i.e. the combination of more than one microfabrication method, is another
approach for producing 3-D features making use of the advantages provided by
individual microfabrication techniques. Reviews of three-dimensional microfabrication
processes could be found in the literature [239,242,244].

3.2.2 Ejection considerations in mould design for ulM

Ejection or demouldability refers to the separation of the plastic part from the
mould. It is a basic design challenge in injection moulding, since it affects the design of
both the plastic part and the mould. Fundamental examples of such design
considerations include the location of the parting line of the mould relative to the
mould-opening direction, tapering of vertical surfaces that need to be separated from a
core and possible undercuts that might prevent the separation of the part from the mould
[245].

A number of references and handbooks offers design guidelines for part ejection
of conventional injection moulding [245-247]. The same design principles are usually
applicable for pIM. For example, draft angles of '4° were suggested as a method to
facilitate demoulding of micro-structured channels [39]. Another recommendation for

demouldability in uIM is the development of extremely smooth side walls to avoid
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friction of form-locking (shearing or ripping of the part) during demoulding [61]. It
should be noted, however, that introducing draft angles requires either a three
dimensional process or a cutting tool that is shaped to the required inclination.

In addition to draft angles, recent research has started focusing on the effect of
surface properties on ejection in pIM. For example, the effect of process parameters on
ejection forces in pIM under different surface-treatment conditions was investigated
[75]. The surface properties of micro-moulds affects not only the ejection forces but
also the flow behaviour of the polymer during the injection process, as will be discussed
in the next section.

Recent developments have been achieved in designing an ejection system for pIM
that are based on ultrasonic vibrations [248]. The new system is claimed to overcome
the limitation of conventional ejection pins, such as limited spacing and surface
markings. In addition, a number of techniques were developed for demoulding in pIM,
such as guided retraction, vacuum assisted and ultrasonic assisted demoulding [249].

A critical aspect of demouldability is the existence of undercuts (also referred to
as overhangs or blind faces). Undercuts are defined as elements that prevent either the
core mould half from being extracted after the component has been formed, or the
component from being ejected out of the cavity. Undercuts are either external, i.e.
surfaces of the component project onto one another, or internal, i.e. surface of one half
of the mould project onto one another. Undercuts can either be simple or compound
(Figure 3-3) [60].

Mold Closure  Simple Undercus
/ Direction
Tabs * Rib1
- Tab2 é Z
Tapi |~ Compound Undercut " 02
wallt Wald
Wali2 Corner2

Corner

Figure 3-3 Simple and compound undercuts [60]
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For conventional moulding, the use of sliding cores or complex parting surfaces,
for example, is a common practise for moulding shapes with undercuts. With special
design and material considerations, undercuts might be introduces into moulds and be
overcome by the demoulding forces of the ejection system [246].

On the micro-scale, such approaches are not yet developed as established
methods, and will significantly add extra costs to the manufacturing process. A few
experiments were reported on micro-moulding complex 3-D shapes using, for example,

lost-core technology [79,80], but this method is still in its early stages.

3.2.3 Mould surface properties in ulM

A basic difference between conventional and micro-injection moulding lies in the
principles governing the filling of the mould cavity during processing. While the
general viscoelastic polymer-melt behaviour is similar in both cases, more surface-
related factors appear to interfere with flow behaviour on the micro-scale.

Surface roughness, for example, started to receive more attention in the literature
as a factor for better mould filling. The effect of surface roughness on cavity filling
during pIM was investigated [250]. It was shown that increasing the mould roughness
whiles keeping the process parameters constant reduces cavity filling. In addition,
increasing the mould temperature resulted in decreasing the effect of surface finish.

In another experiment, the effect of mould surface finish on melt flow in pIM was
investigated for PP, ABS and PC [91]. It was shown that the flow length for PP was less
susceptible to tool surface quality than PC and ABC. It was also shown that suface
finish affects the turbulence of flow for all the materials.

Numerical simulation attempts were also made to investigate the effect of surface
roughness on mould filling in uIM [251]. It was shown that cavity roughness does resist
polymer melt flow during the filling process, but the significance of roughness is
dependent on other parameters, such as mould and melt temperatures, cavity thickness
and injection velocity.

The effect of other surface-related properties, such as surface tension [252] in nIM
was also investigated. Although relatively little information is currently available in the

literature about surface properties in uIM, it is gaining more research interest.
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3.2.4 Dimensions, tolerances and aspect ratios

Producing moulds with microfeatures requires careful investigations of the
required geometry in terms of dimensions, tolerances and aspect ratios. The selection of
a microfabrication technique affects not only the type of the geometry (in terms of being
2%-D or 3-D), but it also limits the selection of dimensions and aspect ratios.

Table 3-2 presents a comparison of common microfabrication techniques

compiles from different sources [76,239,244].

Process Feature Accuracy Min. Max. Max. Roughness
[pm] channel channel Aspect ratio | Ra (um)
X-Y Z width [pm] | depth [pm]

Photoresist 2 1-5 5 200 20 -
processes
ASE 5 1-5 10 500 10 -
Micromilling Depends on 3-10 20-200 Dependson | 7.5 for holes 0.3

material the tool and pins; 10-

and feature diameter 15 for

channels
Laser 1-20 3-10 20-200 - 75 0.1
micromachining
Micro-EDM 1-3 - 50-150 - 10-50 0.4-0.5
LIGA 1 - - 100 uptol 100 0.02
cm

Electrochemical 2 - 0.2-10 - 10 -
milling

Table 3-2 A comparison of microfabrication techniques in terms of dimensional properties

When it comes to tolerances, designing the mould dimensions should take into

consideration possible changes in shape due to e.g. shrinkage.

3.3 Part design for yIM

Injection moulding of both macro- and micro-components, similar to other net-
shape processes, replicates the features made into the mould, which include 2%2-D and
3-D features. It is classified as a 3-D process in the sense that it can replicate 3-D
features of a mould, such as free-form shapes, which are usually fabricated by one or
more of the fabrication processes listed in Table 3-1. Figure 3-4 shows an example of
injection moulded 2%-D and 3-D models for a self-locking orthopaedic fastener [253].
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The 2%-D design consisted of the 2-D shape extruded over a vertical distance, whereas
the 3-D design has inclined walls and possible internal undercuts.

Figure 3-4 2%%-D and 3-D models for a self-locking fastener produced by conventional injection
moulding [253]

3.3.1 uIM of 3-D features: designing for manufacturability

Being a variant of conventional injection moulding, uIM follows similar design
rules to the conventional process. As discussed earlier for moulds, design issues related
to part demouldability, such as parting-line location and undercuts are essentially
common on both scales. Some design aspects are, however, specific to uIM due to the
manufacturing scale of the component. The following sections discuss part-design

element specific to pIM.

3.3.1.1 Flow behaviour

The essential difference lies in the principles governing the filling of the mould
cavity during processing. While the general viscoelastic polymer-melt behaviour is
similar in both cases, more factors appear to interfere with flow behaviour on the micro-
scale. Surface tension [252], mould surface roughness [91], high shear rate in micro-
scale cavities [87] and wall-slip [77] are examples of physical parameters that become
of more significance to flow on the micro-scale [254]. For this reason commercial
simulation packages developed for conventional moulding lack accuracy when
describing the filling behaviour on micro-scale [107,125,127]. These differences in
filling behaviour between conventional and micro-moulding also affect the

morphological structure of the produced parts [255].
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3.3.1.2 Minimum dimensions and maximum aspect ratios

Section 3.2.4 discussed the limitations of microfabrication techniques in terms of
dimensions and aspect ratios. The same issue is important when considering replications
of such features, because pIM has limitations in terms of the filling of micro-scaled
features. In addition to the actual dimensions and aspect ratios of the mould, factors
such as the process parameters and material type play a significant role in the filling
process. Section 1.2.2 presented a detailed discussion about the capabilities of uIM in

terms of minimum dimensions and maximum aspect ratios.

3.3.1.3 Shrinkage and shape stability

Sources of shape changes, such as shrinkage and warpage, are due to the thermal
history of the moulded part. They affect the part dimensions and, hence, could influence
the tolerances of feature dimensions. Shrinkage not only affects the part dimensions but
also the demoulding of the part due to stresses induced upon contraction [3]. Some
experiments focused on minimising shrinkage in micro-moulding by, for example,
increasing holding pressure [4] or increasing cooling time.

Warpage, on the other hand, results from non-uniform shrinkage of the
component due to residual stresses induced by the cooling of the polymer [61]. For
components with large substrates relative to features, such as microfluidics, warpage
becomes an important consideration to ensure part flatness, for example for subsequent
sealing. The flatness is usually affected by, for example, the flatness of the replicated
mould itself [62] and the processing parameters [61,63].

3.3.2 uIM of 3-D structures: overcoming process limitations

The previous discussion about three-dimensionality was mainly focused on
“features”. Increasing demand for complex micro-components, however, puts
requirements on 3-D “structures” rather than just features, where truly 3-D structures or
devices can be made by pIM containing, for example, integrated functional elements or
a number of 3-D features, such as hollow cavities or complex channel networks.

For such requirements, extra integration processes would be required beyond the

conventional replication. pIM would be useful in terms of its high-volume and
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dimensional accuracy capabilities to produce “building blocks” of a 3-D structure.
Subsequent assembly processes would be needed to join the replicated process into full
3-D structures.

A number of examples of such a 3-D assembly approach were reported in the
literature, focusing basically on lamination of replicated layers to construct true 3-D
microfluidic structures out of 3-D or 2%-D featured layers. This multi-layer approach
was adopted not only for micro-injection moulded polymeric devices but for 3-D
devices of different materials and via different processing technologies. 3-D
microfluidic laminates were constructed out of, for example, paper and tape [256],
laser-cut thin-film plastics [257], by soft-lithography of elastomers [258] and as multi-
material layered microfluidics [259,260].

When it comes to puIM, a few 3-D laminate structures have been tested for
different applications. For example, a lab-on-a-chip (LOC) device was designed for
detecting metabolic parameters [171,190], where layers of micro-moulded
thermoplastics were fabricated and joined by thermal fusion (Figure 3-5). A number of
design considerations for 3-D multilayered polymer structures were discussed in the
literature [199].
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Figure 3-5 Multilayer disposable plastic biochip consisting of laminated microfluidic chips [171]
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Lamination has proved to be an effective approach to overcome the geometrical
limitations of pIM. As mentioned in section 3.2.2, new approaches have been developed
to realise 3-D structures, such as hybrid micro-moulding and lost-core techniques, but

such technologies are still in their early stages.

3.4 Discussion

Micro-injection moulding has the capability of producing 3-D features and
structures at mass-production scale. The similarity between conventional and micro-
injection moulding makes it possible to generalise most of the design principles on both
scales. Some design aspects are as yet specific to pIM due to the physical effects that
interact with the moulding process at the micro-scale.

Being a relatively new microfabrication process, pIM is continuously developing
in both areas of tool making and replication. Rigorous design rules for moulding 3-D
micro-components have not been developed yet. Most of the design recommendations
available in the literature are specific to particular case studies, and they focus on
individual aspects of design rather than presenting generic design-for-manufacturing
rules.

The following discussion will focus on developing basic design guidelines for
uIM of 3-D components. The guidelines are presented in the form of a flowchart, which
aims at assessing the feasibility of producing a specific 3-D component by pIM. The
outcome of the chart would be to decide whether the component is directly
manufacturable by pIM, the component can be manufactured by pIM but will require
considerable post-processing or an alternative process should be sought.

As discussed in sections 3.2 and 3.3, assessing the manufacturability of a 3-D
component involves two main “checkpoints”:

- A conventional two- or three-plate mould can be made for the component.

- The component is replicable by pIM.

The proposed flow chart aims at ensuring that the two conditions are fulfilled. If

both are fulfilled, the component is directly manufacturable by pIM. If one or both
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requirements are not fulfilled, modifications on mould design and/or part design are
necessary.

Modifications in mould design could be on the feature level, such as changing
dimensions and aspect ratios, or they could be on the mould mechanism level, such as
introducing cores or moving parts. Modifications related to the replication process
involve, for example, changing dimensions, aspect ratios, optimising process parameters
or changing the material.

If the geometry of the component is too complex to mould in spite of suggested
modifications, it might be necessary to consider producing the component as an
assembly of relatively simple mouldable constituents. This would require considerable
post-processing, which should add extra time and cost to the production process.

Figure 3-6 presents a flowchart that could be used as a guideline for assessing the

manufacturability of a specific 3-D component by puIM.
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Figure 3-6 A flowchart for design considerations for pIM of 3-D components

The chart starts with at the top right corner, where a 3-D component is under
consideration for manufacturing by pIM. The assessment result should decide whether
the component is directly manufacturable by pIM, is manufacturable by pIM with
considerable post processing or is not manufacturable by uIM. The assessment process
is based on two basic criteria: demouldability and replicability by pIM. These two
criteria are shown in the grey diamonds of Figure 3-6. If both are satisfied, the

component can be directly manufactured by pIM. If one or more conditions are not met,
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the decision process is based on modification “loops” that suggest possible changes to

fulfil the requirements.

If the challenge is in demouldability, the alternative loops are either to change the
geometry of the component (diamond [1]) or to change the mould mechanism (diamond
[2]). If none is possible, the alternative would be to simplify the geometry by dividing it
into relatively simple, components (dashed diamond). These components could either
be joined during the moulding process by, for example, overmould, or they could be
assembled by post-processing. This approach will overcome the demoulding
complications but will need considerable post-processing, which is the available
alternative to direct uIM. If this approach is not applicable, then another processing
route should be considered for this particular component.

If the challenge is in replication, the alternative options would be to change the
processing conditions or the material to achieve better replication (diamond [3]). If this
is not possible or not sufficient, it would be necessary to modify the features that causes
filling problems (diamond [4]). If none of the options are possible, then another
processing route should be considered.

A number of issues should be noted about this chart:

- The chart focuses on manufacturability aspects and does not take cost or time into
consideration. In mass-production environments, these are decisive factors that
could influence the decision about the use of uIM.

- That chart is generic in the sense that it presents a bird’s-eye view of the process
without going into details. In a more detailed chart, some decision “diamonds”
could be replaced by minor flow charts of their own.

- Designing the component and the mould are dependent on each other, which
implies that changes introduced in one will affect the other. Therefore, it might be
necessary to go through the whole chart again after each introduced modification to
recheck that all requirements are fulfilled.
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3.5 Conclusion

This chapter addressed the issue of designing for micro-moulded 3-D
components. It presented the main design consideration for both the mould and the
replicated part.

For the mould, geometrical classification approaches for micro-fabricating three-
dimensional features were presented. Design consideration for mould-making included
demouldability, dimensions and surface properties.

For the replication stage, design considerations and guidelines specific to pIM
were discussed for manufacturing both 3-D features and structures. These included flow
behaviour, dimensions and shape stability.

A flowchart was proposed as a generic guideline of assessing the
manufacturability of a 3-D component by uIM. The chart investigates the component

based on evaluating both mould-making and cavity-filling requirements.
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4 Research Gap and Methodology

Chapters 1, 2 and 3 aimed at critically reviewing the state-of-the-art technology
in uIM of integrated 3-D microfluidic devices. Chapter 1 reviewed the process itself
in terms of its advantages and limitations, design and manufacturing aspects, quality
control and potential areas of development. Chapter 2 focused on integration of
functionalities within high-volume micro-replication techniques. Both uIM and hot-
embossing were reviewed because of the similarity in the process principles and
design aspects. Integrated elements were classified in terms of their functionalities
and integration technique. Chapter 3 discussed the manufacturability of three-
dimensional micro-components by nIM. It aimed at identifying the concept of three-
dimensionality in micro-manufacturing with special focus on pIM. Design-for-
manufacturing guidelines were proposed in a chart format for how 3-D features and
structures should be assessed for pIM.

Based on these reviews, potential research gaps were identified, and a number
of research questions were selected to be the focus of this thesis. The following
sections present the selected research problems and the methodology used to

investigate them throughout the chapters of this thesis.

4.1 Problem Definition:

The aim of this thesis was to assess the feasibility of high-volume
manufacturing of three-dimensional, disposable and integrated microfluidic devices
using uIM. These requirements can be identified into the following specific goals:

e Mass manufacturability: High-volume, low-cost processes are of particular

importance to applications, where disposable components are produced to, for
example, prevent cross-contamination in medical diagnostics or to avoid the need
for maintenance or device-recalibration facilities in resource-limited areas. The
research aimed at demonstrating a method to predict the performance of the puIM
process and to evaluate and control the quality of the produced parts in terms of

accuracy and repeatability required for miniaturised components.
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e Three-dimensionality: More research interest is currently directed towards
geometrically complex 3-D microfluidics, where higher throughput and volume
optimisation could be achieved. It was required to demonstrate the ability of uIM
to produce components with relatively complex, truly 3-D geometries, and to
investigate design requirements in light of the process possibilities and
limitations.

e Integration of functionality: Microfluidic devices are required to perform more

demanding tasks than simple fluid-manipulation. In the fields of medical analysis
and diagnostics, for example, relatively complex operations are required within
the limited size of the device. This requires integrating functionalities within the
microfluidic device, either during the fabrication process or by post-processing. It
is required to demonstrate the ability of uIM to integrate functionalities without

significantly compromising the cost or manufacturing time of the device.

4.2 Research strategy

Tackling the research problems was conducted through a number of stages,
starting with the literature review presented in the previous three chapters. The second
stage was to identify research areas that covered the main requirements of the
research problem definition, namely three-dimensionality, quality-controlled mass-
manufacturability and potential for integration. A step-by-step approach was applied,

where each problem was dealt with independently.

4.2.1 Micro-moulding of three dimensional structures

It was evident from Chapter 3 that research work in microfabrication of 3-D
structures in general was at its early stages. Specifically for replication techniques,
very little was presented about how to use high-volume processes to generate
relatively complex geometries, or how conventional 2%-D “chips” might be
transferred into “true” 3-D structures.

To investigate this issue, a case study of a 2%2-D microfluidic device for medical
application was selected, where it was required to redesign and fabricate it in 3-D to
increase the device throughput. Chapter 5 covers the whole process chain starting

from conceptual design up to assembly and testing.
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The purpose of this step was to present a novel method of designing and
producing 3-D microfluidic devices by a high volume process, in light of the design
considerations stated in Chapter 3, and to demonstrate a practical example of how a
design could be adapted such that the fabrication technology could produce products

beyond its usual capabilities.

4.2.2 Statistical quality control and process optimisation of ulM

The second step was to investigate and control the process parameters that
affect the replication quality. Numerical simulation would usually be the first
approach to predict the effect of process parameters on the quality of the parts.
However, it was shown from the review in Chapter 1 that conventional simulation
packages were not valid on the micro-scale due to the change in physical principles
that govern polymer flow behaviour on this scale. An alternative method was to use
statistical quality control, where the relation between process factors and part quality
can be quantified from measured samples. The results could then be used to predict
filling behaviour for other process parameters combination.

The moulded components of the 3-D microfluidic device were used as test
samples for quality-controlling and optimising the micro-moulding process itself.
Chapters 6, 7, 8 and 9 investigated controlling quality parameters such as part mass,
process variability, and multi-response optimisation. A design-of-experiments (DOE)
approach was applied to explore the relationship between the process parameters, part
geometry and the quality criteria of interest. The analysis results were used to aid in

optimising the process such that desired quality criteria were met.

4.2.3 In-line integration of functional elements

The third research gap investigated in this thesis was the potential for
integrating functional elements within uIM, which was presented in Chapter 10. The
minifluidic demonstrator was used as a test sample for two-material hybrid micro-
moulding. The purpose of this work was to apply micro-injection moulding to directly
integrate interconnects to the outlets of the microfluidic device.

A novel interconnection approach was used by overmoulding a thermoplastic
elastomer over the PMMA substrate, making use of the elastic properties of the

elastomer to seal the connection tubes.
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After addressing the three research questions, the main results and contribution

to knowledge were summarised, followed by potential developments and future work.

Figure 4-1 shows a schematic structure of the research problems and corresponding

thesis structure.

3-D design Quality control Integration Result
esults,
Literature (3-D Microfluidic ~ |wp} (DOE for controlling |wp| (Assembly micro- discussion
review device by assembled mass, variability, moulding for and
structures) flatness and multiple connection ports) conclusion
responses)
Chapters 1-3 Chapter 5 Chapters 6 - 9 Chapter 10 Chapters 11-12

Figure 4-1 Research plan of the thesis
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5 A process chain for high-volume manufacturing of
three-dimensional microfluidic devices for medical
applications by micro-injection moulding

5.1 Introduction

The demand for low cost, high quality miniature parts in the medical technology
sector is rapidly growing. The ability of introducing new micro-parts into the market is
dependent on finding methods for the manufacture of parts in high-volume and at low
cost albeit ensuring high product reliability. These characteristics are particularly
important for those medical products where devices should be disposable for safety
considerations.

Micro-injection moulding (uIM) is a micro-replication technique that offers mass-
production capabilities of polymer parts at relatively low cost, short-cycle times (a few
seconds), and the potential for full-automation, accurate replication and dimensional
control. Hence, micro-injection moulding is currently commercially used for the
production of a number of biomedical miniaturised devices. Similar to conventional
injection moulding, pIM is a technology in which a thermoplastic material is fed in the
form of granules into the plasticating unit and then injected at high pressure into a
mould, which is the inverse of the desired shape. The molten polymer freezes into the
mould becoming a solid part and is then released from the mould by opening the mould
and ejecting the plastic part with a set of ejection pins. The whole process is normally
very fast with production cycles of a few seconds.

In uIM, the mould cavities contain features in the micrometre range which need to
be completely filled by the polymer melt. In many cases this requires the process to be
adapted by removing the air entrapped in the small features and by using additional
heating elements to account for the very fast cooling of the injected melt into the small,
cold mould micro-features. Moreover, in order to ensure proper cavity filling, high
injection speeds and pressures are required. The machines for performing
microinjection moulding need to possess the following characteristics:
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- Small plasticating units to avoid prolonged residence of the polymer melt which
could result in material degradation.

- Precise and repeatable shot volume control to carefully meter the volume of
material required. No material cushion resides in the injection unit to ensure
material uniformity.

- Adjustable injection speed and pressure.

- Precise mould alignment and gentle open/close mould movements to avoid
deformation of the small mould features.

In order to achieve these characteristics, recent designs of micro-injection
moulding machines have featured separate plasticating, metering and injection units.
These functions were typically performed by a single screw in conventional injection
moulding. Separating these functions allows for accurate dosing of the material and
control over injection speeds. Figure 5-1 presents a typical structure of such a dedicated

micro-injection moulding unit:

Pressure sensor piston .
Dosing sleeve

Mounting plate

Nozzle Extruder screw

Sprue
Shut-off

/valve
) , \
Molded part e |

Injection piston

Heater

Machine
Mold

Figure 5-1 Micro-injection moulding unit (Image courtesy of Battenfed SMS Group)
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One of the focal points of the work currently ongoing within the Precision
Engineering Centre at Cranfield University is the investigation of uIM as a potential
technology for high-volume manufacture of a specific category of biomedical devices,
commonly called microfluidic devices or lab-on-a-chip (LOC) devices. LOC is a term
for devices that integrate multiple laboratory functions on a single chip of only
millimeters to a few square centimeters in size. The devices are capable of handling
extremely small fluid volumes, down to less than pico-liters. This category of products
is being widely investigated at a prototype level. However the examples of integrated
polymer microfluidic devices successfully introduced in the market are very few.

Since the introduction of LOC devices in the early 1990s, glass has been the
dominant substrate material for their fabrication [261] because of its material properties
and because the fabrication methods were well established by the semiconductor
industry. However, the cost of producing systems in glass is driving commercial
producers to seek other materials. Commercial manufacturers of microfluidic devices
see many benefits in employing plastics. Polymers are, in fact, a group of materials
showing several advantages over other conventional materials such as glass, silicon or
various metals [30]. The wide varieties of properties which are tuneable, the relatively
low costs, relative simplicity of processing and accurate repeatability in high-volume
production are some of their attractive characteristics (Please refer to Chapter 1 for
advantages and limitations of uIM).

As part of the EPSRC-funded project 3D-Mintegration (EP/C534212/1) [262] a
multidisciplinary team based at Cranfield University and Herriot Watt University has
identified and designed a versatile, generic module for use in the preparation of blood
samples necessary for a number of LOC diagnostic devices based on blood analysis.

The element under consideration is a blood/plasma separator aimed at producing
high-speed and high-efficiency plasma separation in the simplest designs to compete
with conventional plasma extraction such as centrifugation, blood filtration or CD-like
platforms [263]. Different biomechanical separation principles such as Fahraeus and
Zweifach-Fung effects are combined to produce a separation between blood cells and
plasma within microchannels without the help of external forces aside from pressure on

the fluid. No filtration is used at any stage of the process which results in a clog-free
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system. The method benefits from the natural plasma skimming effect in microchannels
of dimensions below 300 um [264-266].
This paper describes the design and the manufacturing process chain for

producing a three-dimensionally structured microfluidic device for blood/plasma

separation.

5.2 Microfluidic device design

5.2.1 Device functionality and conceptual design

The device is an integrated diagnostic system for detecting foetal genetic
disorders in samples of a mother’s blood. This novel approach to prenatal diagnosis was
designed to replace the currently used invasive methods, which have the risk of harming
the foetus in a way that might lead to miscarriage or growth abnormalities.

The device functional design, which was developed at Heriot-Watt University,
consists of a number of analysis stages starting with blood-sample delivery and ending
with analysis output results. Figure 5-2 presents a simplified schematic diagram of the
device structure,

The device was planned to be designed and manufactured in a modular format,
such that each major “box” in Figure 5-2 is developed and tested as a separate module.

Afterwards, the developed modules would be put together as an integrated diagnostics

system.
Blood—pla_lsma Foetal + Preparation Pure Analysis

Maternal separation maternal Foetal +
blood | T DNA in Maternal |
sample | & plasma DNA s | R
—> & > > > o 2

< Pure 3 7

3 Foetal Foetal =

cells r cells |

Figure 5-2 Schematic diagram of a diagnostic microfluidic system
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5.2.2 Three-dimensional blood-plasma separator

The demonstrator resented in this paper focuses on the first major stage, or
module, of operation, which is blood-plasma separation. The initial design proposed by
Heriot Watt [267] was based on a 2%2-D structure (Figure 5-3) characterised by a 25 pm
constriction in the whole blood inlet channel, followed by several bifurcating plasma
sub-channels 20pum wide and deep.

The separation of the whole blood (which in first approximation can be seen as a
suspension of red blood cells (RBC) in plasma) into its basic components, red blood
cells and plasma, is made possible in the micro-channel structure by the presence of
biomechanical effects. When passing through the bifurcation region, the RBS tend to
flow with the main-stream channel, which has the largest cross section, whilst the
plasma tends to flow into the side junctions with the smallest cross section.

The separation yield is mainly dependent on the ratio of the cross sections of the
main channel and the side channels. The performances of the systems are believed to be
governed by the channel width ratios and the constrictions’ lengths; however there is
currently no definite design rule for determining the exact channels dimensions required

for achieving efficient separation.
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Figure 5-3 Design of a 2%2-D microfluidic device for plasma/blood separation (All dimensions in
mm. Image courtesy of Maiwenn Kersaudy-Kerhoas, Heriot-Watt University)
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The initial 2%-D design concept was reconsidered and a new 3-D design was
proposed. The 3-D conceptual design was developed by revolving the set of separation
channels around the main inlet channel. This approach rendered an axial design, where
the central 2%-D RBC channel became a 3-D tube, and the side 2%-D plasma channels
became 3-D discs. Separation in this case would take place across surfaces rather than
channels. A drawing of the 3-D device half-cross section is shown in Figure 5-4.

The initial dimensions as proposed by the designers in the 2%2-D model were
modified considering the available micro-moulds manufacturing processes and the
relative lack of clear design guidelines for what concerns the absolute dimensions of the
microchannels. The dimensions of the 3-D system took into consideration both mould
manufacturability by micro-milling, in addition to dimensional requirements for
separation. Initial numerical simulation tests were made at Greenwich University to
evaluate the separation efficiency of the 3-D design, and additional simulation
experiments are currently under investigation. The new proposed critical dimensions

were as depicted in Figure 5-4.

119



RBC output port

Plasma output port

Disc-shaped
separation surfaces

Constriction

|
| Whole blood sample
| input port

Figure 5-4 Half-cross sectional image of a 3-D microfluidic device for plasma/blood separation
obtained by revolving the 2%-D device around the main blood channel

5.2.3 Designing for manufacturability by ulM

The design shown in Figure 5-4, in spite of its apparent simplicity, poses serious
challenges for manufacturability by puIM. As discussed in Chapter 3, the 3-D geometry
of the structure, considering its complex hollow cavities, would not be producible by
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uIM as a single part. It would be necessary to adapt the design to the geometry-
limitation of the process, and the approach followed in this case was to produce the
device as a number of parts that could be assembled in subsequent assembly process.
The device was redesigned as a laminate of mouldable layers, which is a common
approach in producing 3-D microstructures (Please refer to examples in Section 3.3.2).
The 3-D structure of Figure 5-5 was achieved by lamination of 5 mouldable PMMA
discs, all of which had the same external dimensions (10 mm in diameter and 1 mm in
thickness). The parts are labelled from A to E for convenience. For dimensioned

drawings please refer to Appendix Al.

PART E
PART D
‘ PART C
\ — ¢
N\ PART B
PART A

Figure 5-5 Laminated structure of the 3-D microfluidic device
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In the design shown in Figure 5-5, layers A and E are interconnection interfaces
for fixing tubes that connect the device to the surrounding environment. Layer B carries
the 100-150 um-constriction responsible for the flow-focusing effect, in addition to the
first plasma separation circular 50 um-depression. Layer C is a dedicated separation
element with a circular depression similar to B. Layer E is a collection layer to combine
the flow of the separated plasma into a single outlet.

Layer C was designed as an independent separation layer such that stacking a
number of its replicates would add extra separation layers and, hence, increase the
efficiency of separation. Adding more layers of C would be analogous to adding extra
separation channels in the 2%-D design in Figure 5-3. Figure 5-6 shows a half-cross

sectioned, front view of a device with 5 layers of C.
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Figure 5-6 An expanded version of the 3-D blood/plasma separator

5.2.4 Designing for assembly

The 3-D device was designed such that joining the layers could take place using

ultrasonic welding. This was taken into consideration by the following design elements:

- All the layers were designed with axially symmetric features, such that no
specific axial orientation was required between adjacent layers.

- The diameter of the layers was increased beyond the features required for

separation to allow for enough area for ultrasonic welding to take place.
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- The outer diameter of the layers was selected as the alignment edge, when the
parts would be stacked for welding. The most critical part for alignment is the
100 pm constriction. However, this was designed so that it lies completely on
one side of layer B and does overlap with a much larger feature (the large inlet
channel which has a diameter of 400 um in layer A).

- As will be shown in more details when discussing mould-manufacturing, all the
five layers were produced from a single polymer shot, such that 1 complete set
was produced per machine cycle (Figure 5-7). This would ensure that possible
dimensional changes, particularly shrinkage, produced by the process parameters
would be induced in all the layers, such that possible differences between the

diameters of the five discs that construct a single device would be minimised.

Figure 5-7 A CAD model of the micro-moulded 5 layers attached to their gate and runner system

5.3 Micromould manufacture

The mould insert was designed as a set of 5 interchangeable elements. Figure 5-8
shows a top view of the assembled mould (Engineering drawings of the mould
constituents are available in Appendix A2). The 5 micro-structured inserts, the carrying
holder and the mould housing all fit together within tight tolerances.

This reconfigurable structure was selected to allow for the flexibility of changing
the design and/or re-machining the features when deemed necessary. The time and cost

involved in machining moulds, especially with micro-features, makes it a high risk to
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machine the whole mould as a single piece. This manufacturing path was selected as an

alternative approach for prototyping purposes.

Mould housing
(Hardened steel)

Replaceable
insert with
microfeatures
(Aluminium)

Runner system

Replaceable
insert holder

(Hardened steel) _ .
Ejector pins

Figure 5-8 Top view of the assembled micro-mould structure

While the insert-holder was fabricated in hardened steel, the micro-structured
inserts were fabricated in Alumold 1-500 (Alcan). From a functional point of view, this
type of aluminium was selected because it is commonly used in injection-moulds. From
a machining point of view, Alumold 1-500 was selected because it is a highly
machinable type of Aluminium and is suitable for micromilling, polishing and, if
required, for subsequent diamond turning processes.

All the five inserts were fabricated by micromilling with a Kern micromilling
centre (Figure 5-9) using a CAD/CAM software, Cimatron E7.1. This software package
supports the micromilling functions, and produces optimal tool paths and the CNC

programme for making the precise mould inserts.
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Figure 5-9 A KERN, 5-axis micromilling machine (Image courtesy of Rianford Precision Machines)

Figure 5-10 (a) and (b) shows a photo of the disassembled and assembled mould

structures, respectively.

Figure 5-10 Reconfigurable micro-injection mould (a) disassembled and (b) assembled
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The cutting strategy for each insert consisted of a roughing step and a subsequent
finishing step to remove the top 0.1 mm layer. Both roughing and finishing steps were
performed using tungsten carbide flat-end milling cutters. For insert A, due to its full
rotational symmetry, an additional finishing step by diamond turning was used. Figure

5-11 shows SEM micrographs of the five inserts.

500 pm

500 pm

500 pm

Figure 5-11 SEM micrographs of the five aluminium micro-structured mould inserts
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Table 5-1 presents typical micromilling parameters for machining the inserts:

Roughing Finishing
Tool Feed | Rotational | Feed | Rotational
diameter rate speed rate speed
(mm) (mm/s) (rpm) (mm/s) (rpm)
2 200 5000 / /
15 200 8000 150 8000
1 (4 slots) 200 8000 200 8000

Table 5-1 Micro-milling process parameters

The holes visible in the mould inserts for Parts C, D and E (Figure 5-11) were
machined for the ejection system. Once completed the inserts outside diameter was

machined to fit the insert holder with a H7/h6 sliding fit (clearance of approximately 15

pm).

5.4 Replication with yIM

The polymer layers were moulded with a Battenfeld Microsystems 50 pIM
machine (Figure 5-12). The material used was Polymethylmethacrylate (PMMA) of the
grade Altuglas® VS-UVT. The grade was selected for its ease of flow (MFI = 24 g/10
min), optical transparency (light transmittance 92%) and compatibility with medical

applications involving blood.

Raw material feeder

Metering
unit
Plasticating (vertical
unit piston)
(screw)
Mould
Injection (mpvmg side
unit in open
(horizontal position)
piston)

Figure 5-12 Micro-injection moulding machine (Image courtesy of Battenfeld, SMS Group)
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The main restrictions posed by the replication process were taken into
consideration during the design phase: firstly, the maximum shot volume of the machine
was 1.1 cm®. Secondly, all the features were put on one side of the mould platen, since
in the available two-plate mould the injection side would not be available for
machining. Finally, the overall allowable area for features was about 25x25 mm?. The
process conditions were selected as shown in Table 5-2, and the cycle time for the one

moulding operation was approximately 5 seconds.

Parameter T,[°C] Tw[°C] | Vi[mm/s] | Pu[bar] t.[s]
Value 250 84 200 300 3

Table 5-2 Processing parameters for a five-part micro-moulded component

Figure 5-13 shows a photo of the moulded parts, while Figure 5-14 shows SEM

micrographs of the parts features.

Figure 5-13 Micro-injection moulded plastic components
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Figure 5-14 SEM micrographs of PMMA micro-moulded components

5.5 Metrology and quality control

As a first approach to characterise the filling quality, the dimensions of the part
were measured using SEM and compared to the ones of the insert. The initial
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measurement attempts showed that SEM did not produce repeatable measurement data,
and hence, a relatively large standard deviation (SD) was recorded for each set of
measurements.

As a second approach, the parts were measured with a micro-coordinate
measurement machine (u-CMM) available at the National Physical Laboratory (NPL).
The Carl Zeiss F25 system was used to obtain measurements using a touch probe of

300-um in diameter within an uncertainty of 250 nm (Figure 5-15).

Figure 5-15 Part A being measured with n-CMM using a 300-pm touch probe (Image
courtesy of Alan Wilson, NPL)

The recorded data showed much better repeatability relative to SEM. To illustrate
this difference, Figure 5-16 shows the dimensions that were assessed for Part A. Table
5-3 compares the dimensions measured of insert A using both SEM and p-CMM. The
standard deviation values were based on 5 repeated measurements for each feature.

Figure 5-16 Measured dimensions in Part A
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Designed

SEM

p-CMM

Err. % SD Err. % SD

[pm] [pm] [nm]
D1 400 392 2.0 14.8 410.7 10.7 1.2
D2 1800 1730 3.9 42.4 1803.3 3.3 0.02
L1 500 450 10.0 68.4 496.5 0.7 0.05
L2 500 492 1.6 17.5 500.7 0.1 1.64

Table 5-3 Measurements of micro-milled Insert A by SEM and pCMM

In spite of the high accuracy and repeatability of u-CMM, it was not suitable for
the type of experiments needed in this research for a number of reasons. Firstly,
measuring internal features (channels and holes) was limited by the diameter of the
probe (probe diameter was 300 pm while some holes were 100 um or less). Secondly,
the statistical approach used in this research requires measuring a large number of
samples, which it was not possible to do at NPL within the available time and resources.

As an alternative approach to evaluating the complete filling of the mould, part
mass was adopted as a quality parameter rather than dimensions. Quality control tests
conducted using control charts showed that it was possible to control the mass of the
injection moulded part within an average standard deviation of 0.2 mg. The inspected
samples under the microscope showed that part mass could be used to represent the
filling of the microfeatures in the replicated parts.

In order to control and optimise processing conditions for filling quality of all the
five inserts, a design-of-experiments (DOE) approach was used to investigate the effect
of processing conditions on filling quality. The detailed description of the technique and

its outcome is discussed in Chapter 6.

5.6 Assembly and testing

The device was designed to be assembled using ultrasonic welding. The
microassembly group at the University of Nottingham are in the process of developing a
welding technique using a commercial plastics assembly system (private
communication). The equipment used is a Sonics 40 kHz ElectoPress™ machine that
has a stepper motor drive that produce weld depths with tolerances of 0.008 mm. Figure

5-17 shows initial successful welding attempts of 2 layers.
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Figure 5-17 Two PMMA layers welded by ultrasonic welding (Image courtesy of Daniel Smale,
University of Nottingham)

A preliminary assembly attempt was performed at Cranfield University using a
commercial PMMA-compatible adhesive. The layers were assembled using an
assembly fixture (Figure 5-18). The assembled device is then immersed in a resin to
ensure complete sealing of the system. Figure 5-19 presents an image of an assembled

device while being tested with water.

Figure 5-18 An assembly fixture for assembling device layers
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Figure 5-19 An assembled device being tested with water

After testing the device with water to ensure a leak-proof system, horse blood was
used to test the functionality of the device (Figure 5-20).
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Figure 5-20 Blood flow throw an assembled separator

Diluted samples of horse blood were pumped into the device at a rate of 0.35
ml/min to avoid clogging. Separation was achieved through the device, which contained
3 separation layers. Separation efficiency was characterised by plasma selectivity (o)

defined as:

Cplasma .
0=1001———— |% .o (Equation 5-1)

input

In Equation 5-1 Cpasma and Cinpue are the concentrations of RBC in the sample
collected at the plasma outlet and in the whole blood sample, respectively. A plasma
selectivity of 100% implies that the plasma is completely free of red blood cells. The

selectivity measured for this particular experiment was 79.9%.

5.7 Discussion

The process chain presented in this chapter aimed at utilising high-volume micro-
fabrication methods to manufacture microfluidic systems with 3-D structures. The

process chain is shown in Figure 5-21.
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Figure 5-21 A process chain for manufacturing 3-D microfluidic devices

The work presented in this chapter has shown that this process chain functions as
a feasible fabrication route for 3-D microfluidics. It is suitable for industrial high-
volume fabrication since all the equipment used was commercially available. The
following sections discuss the different design and manufacturing stages and assess the

feasibility of the process chain.

5.7.1 Designing for manufacturability

The blood separator demonstrator was used as a case study for designing 3-D
micro-components for manufacturing by uIM. The device was adapted for
manufacturability by laminating microstructured layers, which is an approach that was
previously demonstrated in pIM for LOC applications (please refer to section 3.3.2 in
Chapter 3 for a review of such applications). This separator design is different in the
sense that previous injection-moulded systems were based on laminating layers with
independent 2%2-D microfluidic structures, while the separator system presented here
consists of a truly 3-D microfluidic structure built across all the layers. The conceptual
3-D design had a number of benefits compared to the 2%-D:

e Overall size optimisation which allows a more compact product.
e Use of 2 of the functional layers, namely A and E, to act as a top and bottom lid for

the device; therefore no need for manufacturing the lid in a separate process.
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e Optimisation of the area involved in the separation (small channels in the 2%-D
design which become thin discs in the 3-D).

e Possibility of adding units, namely of Part C, in the module to incorporate extra
separation channels if required.

e Potential for integration of other modular units in series with the blood separation
module (for example, mixing units, detection etc).

On the other hand, the 3-D design posed a number of challenges in terms of
manufacturability:

e The assembling approach was necessary to produce such a complex shape by uIM.
The high-volume capabilities of the process allowed for replicating a complete
device set every 5 seconds. However, the subsequent assembly steps add extra time
to the overall time of the process chain. Automated handling and assembly systems
would be necessary to minimise post-processing time.

e As presented earlier, assembling micro-devices requires accurate alignment and
leak-proof joining methods. In this research, simple alignment and joining methods
were enough for the tolerances required for this particular application. For more
complex applications, where tight tolerances are typical for micro-structures, more
accurate alignment techniques would be necessary, which might add to the cost and
time of the process chain.

In spite of the manufacturability and assembly challenges, the 3-D concept
demonstrated was capable of yielding separation during the preliminary experiments
with animal blood. This shows a great potential for improvements in the 3-D design
concept, taking into consideration the possibility of integrating automated, high-
precision handling and assembly systems within the process chain.

Another issue that would enhance the capabilities of pIM for producing 3-D
structures is the development of process variants, similar to conventional injection
moulding. Multi-material micro-moulding and micro-lost-core techniques would open
the way for improvement and design innovations for 3-D microstructures.
Developments in the mould design would also be necessary for realising relatively
complex structures. The use of 3-plate micro-moulds, for example, offer alternative

design options in terms of feature design, flow direction and part ejection.
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5.7.2 Mould manufacturing

A mould configuration based on replaceable inserts such as the one proposed here
has potentially a number of advantages, particularly during the prototyping and pre-
production stages. It allows for more design flexibility of the microfluidic device. This
is crucial in particular for blood microfluidic devices where the support from
simulations or modelling is relatively limited because of the lack of practical data on the
blood rheology in microchannels and because of the difficulties in simulating complex
fluids such as blood.

A similar issue also exists for the simulation of the polymer flow behaviour in
microstructured inserts. Flow simulation software programs have proved very
successful with conventional mouldings and allow for investigating the feasibility of a
micromoulding process for component manufacture without a costly R&D moulding
trial. However these software packages cannot generally be applied to micro moulding
as they lose predictive accuracy when considering micro-scale flows [268]. (Please refer
to Chapter 1 Section 1.7 for detailed discussion about simulation of uIM).

To overcome these limitations micromoulders typically rely on the feedback from
the moulders to optimise the mould tools. This requires measuring the properties of the
first runs of polymer parts and checking them against predictions. Because of the
complexity of the manufacturing processes and the dimension of the cavity it is
normally impossible to modify an existing micromould. This means that it typically
takes more than one micromould to obtain a plastic part manufactured according to the
required specifications.

Developing a mould in which the cavities are replaceable is therefore highly
desirable, especially in the prototyping stages. On the other hand, this poses new
challenges during the micromould manufacture because of the tight tolerances required
between the inserts and the insert-holder to prevent polymer flash, which may occur
because of the high pressure, high speed conditions of the puIM process. Also the
ejection system needs to travel a more complex path through the various parts. This
creates new requirements during the micro-mould manufacturing and assembly steps to
ensure a smooth ejection process.

In a normal industrial environment, reconfigurable systems could be used for

prototyping purposes until all the process parameters are determined throughout the
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process chain. Afterwards, a “production” mould would preferably be micro-
manufactured directly into the mould body to avoid misalignments and also the use of
mould materials with different thermal properties.

In the set of experiments discussed here, micromilling was used as the main tool
fabrication method, and diamond-turning was used as a finishing step for one of the
inserts. Micromilling offered good capabilities in terms of three-dimensional machining
and the relative speed of the process. On the other hand, some cutting tests were needed
to determine the appropriate cutting parameters. For some of the machined inserts, the
software was unable to determine cutting paths to produce perfectly cylindrical shapes.
In addition, the surface finish of the micro-milled parts was not uniform in general, so
diamond turning was used for one of the parts to obtain a uniform surface finish and
accurate dimensions. Figure 5-22 shows an example of two inserts machined by

micromilling with and without finishing by diamond turning.

N .
Figure 5-22 A micrograph of Part B machined by micromilling (A) finished by diamond
turning, and (B) without diamond turning

Diamond turning was not available on regular basis, so it was not used as standard
part of the process chain, and all replicated inserts, except for Part A, were machined

used micro-milling only.
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5.7.3 Replication by uiM

The device was successfully replicated by pIM using PMMA at a cycle time of 5
seconds. Initial replication trials produced some defects such as incomplete filling and
void marks.

Initial measurements of the machined and replicated parts showed that SEM was
not suitable for dimensional quality control due to its relatively low repeatability. This
was because measurements depended on magnification scale, screen resolution and
human interaction in determining the measured distances. These factors posed a
combination of error-sources that increased the amount of uncertainty in the measured
data. Another limitation of SEM is the difficulty in measuring in the z-direction
perpendicular to the imaging plane. This required tilting or reorienting the part, which
contributed to the measurement error sources.

u-CMM proved to be a much reliable measurement system because it is a
contact-based technique with high resolution relative to SEM. It also has the capability
to measure in three-dimensions. u-CMM was not available at Cranfield University as a
standard measurement system, so another quality parameter was necessary to reflect the
filling of the moulded part.

Part mass was proposed as an alternative quality parameter rather than
dimensions. Process control charts showed that uIM can produce parts in a continuous
process within an average standard deviation of 0.2 mg (Please refer to Appendix A3
for mass measurement technique). Therefore, changes in process conditions that
produce changes in part mass beyond this range could be detected. Changes in part mass
were usually associated with incomplete filling and voids.

Designed experiments were used to correlate process conditions to part mass and
to optimise the processing conditions for complete filling, at the parameters set shown
in Table 5-2. Chapter 6 presents a detailed discussion about optimising process
conditions taking the geometrical differences of the mould into consideration.

Subsequent chapters present changes in part mass due to process replicability.
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5.8 Chapter conclusions

This paper concerns the design and manufacture process chain of a micromould
for the manufacture of a polymer 3D microfluidic device. The 3D polymer device was
designed for functioning as a blood/plasma separator for a lab-on-a-chip diagnostic
device and was obtained by lamination of 5 layers.

The micromould was designed as a set of replaceable inserts to allow for
adaptations in the microfluidic design during the prototyping stage. The mould cavities
were manufactured using a micromilling centre by adapting a two plate mould designed
to fit onto a Battenfeld Microsystem 50 micro-injection moulding machine.

The concept of replaceable inserts for micro-mould fabrication can be applied for
the manufacture of all those polymer devices that still require a degree of design
optimisation which can be only achieved by a trial and error process.

The designed layers were replicated by uIM of PMMA, and designed experiments
were used to optimise processing condition for complete filling. Part mass, rather than
feature dimension, was selected as the quality parameter to present degree of filling.

Initial separation tests of diluted animal blood samples were done using manually
assembled devices. These showed successfully separation of red blood cells and plasma
to a 79.9% efficiency.
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6 An evaluation of process-parameter and part-
geometry effects on the quality of filling in micro-
injection moulding

Abstract

This paper addresses the use of micro-injection moulding for the fabrication of
polymeric parts with microfeatures. Five separate parts with different micro-feature
designs are moulded of Polymethylmethacrylate. The design-of-experiments approach
is applied to correlate the quality of the parts to the processing parameters. Five
processing parameters are investigated using a screening half-factorial
experimentation plan to determine their possible effect on the filling quality of the
moulded parts. The part mass is used as an output parameter to reflect the filling of
the parts. The experiments showed that the holding pressure is the most significant
processing parameter for all the different shapes. In addition, the experiments showed
that the geometry of the parts plays a role in determining the significant processing
parameters. For a more complex part, injection speed and mould temperature became
statistically significant. A desirability function approach was successfully used to

improve the filling quality of each part.

6.1 Introduction

Micro-injection moulding (uIM) is a polymer replication process of high
potential for the mass-production of polymeric parts with microfeatures. Mass-
production capabilities, high replication fidelity and the ability to process polymers of
a wide range of properties are some of the advantages associated with uIM.

For some time the main approach to identify influential processing parameters
in uIM was by changing one parameter at a time while keeping the others constant
and then observing the effect of this parameter [20-22]. This approach was inherited
from conventional injection moulding, as it was useful in drawing basic conclusions
about how each parameter affects the filling quality of the moulded part.

This approach, however, has two main limitations [269]: the first limitation is

that it is relatively time consuming when many parameters are being investigated. The
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second drawback is that it does not take into consideration the effect of the interaction
between two or more parameters, which is a relevant consideration in complex
processes such as micromoulding.

The design-of-experiments (DOE) approach was introduced into this research
domain as a useful alternative to this conventional method. A number of research
groups have used a variety of DOE experimentation plans to investigate the relation
between processing parameters and part-filling quality. A summary of the main DOE
experiments is available in the literature [161].

The responses chosen for the experiments have included, filling quality of
micro-sized channels [47], part dimensions [24,94,115-117], flow length [91,119],
weld-line formation [118], demoulding forces [75] and filled volume fraction [120].
This is a reflection of the main research challenge in micro-moulding, which is the
filling of small cavities. The choice of response is informed by such considerations as:
is a specific dimension (or dimensions) critical for the part functionality, e.g. the
depth of a channel or the diameter of a hole?, or is the order of magnitude of the part
mass suitable for measurement?, e.g. variations in the part mass may be too small to
be separated from experimental noise. DOE has also been used to minimise injection
time, pressure and temperature distribution using a three-dimensional simulation
package [114].

Results presented in the literature show that different DOE designs yield
different outputs. For example, there is disagreement about the importance of holding
pressure and injection speed. Furthermore, certain experiments have highlighted
interactions between processing parameters which have not been seen in other work.
These differences in experimental results may be due to the different geometrical
shapes, polymers and experimental set-ups used in each experiment. It would,
therefore, seem reasonable to claim that, at present, significant processing parameters
in uIM are indentified on case-by-case basis and cannot be generalized for all
situations.

This paper addresses the effect of processing parameters on the filling quality of
uIM through a design-of-experiments (DOE) approach. In order to focus on the issue
of general applicability highlighted above, the most influential processing parameters
of five differently micro-structured parts were each investigated. The parts were of
high enough mass to allow part mass to be used as the response. The polymer type
(Polymethylmethacrylate (PMMA)) and grade were kept constant over the five micro-
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parts. Optimized processing conditions were calculated and tested for each of the five
parts. They were then compared, so that the effect of the part geometry on the filling
behaviour of the polymer could be discussed.

It is worth noting in more detail the prior work which is closest to that of this
present study. Whilst some DOE-based experimental data are available, in which part
geometries have been deliberately varied within a single moulding [117], no prior
work exists which assesses geometrically-different whole micro-moulded parts
produced using a particular polymer. In the literature [44,115], part mass was used as
the response for two different micro-parts, but the moulding polymer was also varied:
a polyoxymethylene (POM) micro-gear and a polycarbonate (PC) lens array. The
micro-gear consisted of a gear-and-shaft arrangement, where the gear diameter was
2.5 mm and the shaft length was 5 mm. It was produced with a three-plate mould with
a gate diameter of 0.6 mm. The lens component had overall dimensions of 12x3x2
mm carrying lens surfaces of radii 0.35 and 0.5 mm with a gate diameter of 0.3 mm.
Five processing parameters were evaluated, namely mould temperature, melt
temperature, injection speed, metering size, hold pressure time and cooling time. For
the gear structure, the holding pressure time and metering size were highlighted as
significant parameters. For the lens array, metering size, injection speed and mould

temperature were identified as most significant parameters.

6.2 Experiment

6.2.1 Methodology and equipment

In this experiment, five parts (a to e) with micro-scaled features were
investigated. The parts, which were components of a microfluidic device, were
designed to have the same external dimensions but different sets of features, both on
the surface of, and through the component. Different definitions of micromoulding are
in the literature [161], so the scope of micromoulding in this experiment was “macro”
components with micro-structured regions.

The polymer chosen for this study was Polymethylmethacrylate (PMMA) (VS-
UVT, Altuglas®). The grade was selected for its ease of flow (MFI = 24 g/10 min)
and its optical transparency (light transmittance 92%). The micro-injection moulding

machine was a Battenfeld Microsystems 50.
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Five processing parameters were investigated as input factors: polymer-melt
temperature (T,), mould temperature (Tr), injection speed (V;), holding pressure (Pp)
and cooling time (tc). The response (quality parameter) in all experiments was the part
mass (W).

The experimental programme was conducted in three stages following the
protocol laid out in Eriksson et al.: familiarization, screening, and optimization [269].
These are detailed in Section 6.2.4. Weighing of the moulded parts was done using a
sensitive scale with a readability of 0.01 mg. Experimental data were processed and
analysed using Minitab® 15 [270].

6.2.2 Part Geometry

The five moulded parts used in this study were all disc-shaped with a diameter
of 10 mm and a thickness of 1 mm. The parts were designed to be building elements
in a microfluidic device for a medical application. Each of the five components has a
different set of micro-features, the majority of which are in place in order to form
through-hole features in the final device. Figure 6-1 presents a schematic half-cross-
section diagram of the five part designs (denoted by letters from a to €) with some of

their critical dimensions.

®100 - 150 pm _k\<7
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Figure 6-1 Half-cross-section diagrams of the five parts a to e with some of the main dimensions
highlighted

6.2.3 Mould manufacturing

Each part was moulded by an individual aluminium mould that was housed
within a main steel micro-mould body. A detailed description of the mould design and
machining process for the mould inserts can be found elsewhere [271]. Figure 6-2

shows SEM images of two of the mould-inserts.

100 pm  fm——]

Figure 6-2 SEM micrographs of the micro-features of mould inserts
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6.2.4 Experimentation stages

6.2.4.1 Familiarization stage

In the familiarization stage, a set of experiments were conducted in which the
selected input parameters were assessed in order to determine the most extreme levels
at which the experiment successfully yielded a response. This process window of
parameters was then translated to become the high and low levels of the input
parameters used in the screening experiments. The metering volumes of the parts
were determined experimentally. The volume of each part was selected such that the
polymer amount is enough to fill the cavity space without applying any holding
pressure. The metering volumes are then kept constant throughout the experiments.

The sampling range was also determined, i.e. the number of moulding cycles
after which the process is considered to become stable. Stability was defined as
having been achieved when each of the moulded parts possess the same mass within a
given tolerance.

The sampling range of the moulding process was determined using statistical
control charts. The average mass of the produced parts become stable within the upper
and lower limits of the chart after 30 to 40 continuous cycles depending on the mould
insert used. As a standard practice, for each set of experimental conditions, samples
were randomly collected after 50 cycles.

Table 6-1 shows the criteria used for selecting the upper and lower values for
each parameter.
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Factor Selection criteria
Lower level Higher level

T,[°C] The minimum value for this level | This was selected by
was the recommendation of the | experimentation as a safe high
material supplier (around 200°C). | limit, above which signs of
Based on experimentation, | degradation appeared.
relatively higher temperatures were
selected, such that the injection
process ran continuously.

Tm[°C] The minimum temperature was | The high level was selected close
selected as the temperature | to, but below, the Tg of the
recommended by the material | polymer (approx. 86°C).
supplier.

Pn [bar] The minimum holding pressure | The higher holding pressure value
value was obtained from the | was selected not to cause the
literature [245]. material to flash.

Vi[mm/s] | This value was selected based on | This value was selected based on
experimentation. experimentation.

t.[s] The minimum value was calculated | The maximum was selected as
as the no-flow time, which is the | approximately twice the minimum.
time by which the gate was actually
frozen.

Table 6-1 Criteria for selecting the upper and lower levels of the experiment

Table 6-2 shows the upper and lower parameter levels selected for each of the

five parts in addition to the metering volume selected for each part (including the

runner system):

Meter. T,[°C] Tm[°C] V; [mm/s] P [bar] tc[s]
A Volume | Low | High | Low | High | Low | High | Low | High | Low | High
~ | [mm?] | level | level | level | level | level | level | level | level | level | level
GO .0 O O I .0 O & I .0 O O & I .0 I A & I A )
a 179 240 | 255 | 70 81 | 200 | 300 | 250 | 500 4 7
b 178 230 | 250 | 72 80 | 200 | 300 | 100 | 300 4 7
C 177 230 | 250 | 72 84 | 200 | 300 | 100 | 300 3 6
d 177 230 | 250 | 72 84 | 200 | 300 | 100 | 300 3 6
e 177 230 | 250 | 70 84 | 150 | 300 | 100 | 300 3 6

Table 6-2 Higher and lower levels for the five tested parameters for the five parts

6.2.4.2 Screening stage

The screening stage consisted of the execution of the set of designed

experiments. The number of samples and the levels of the input variables were

obtained from the familiarization stage. Statistical software and regression models
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were used to analyse the data. Significant processing parameters and interactions were
determined.

The data obtained from the familiarization stage were used in the selected
experimentation design. The DOE scheme used was a two-level, half-factorial 16-run
(2°1) design.

This design was selected because it is a resolution-V design, which offers two
advantages. Firstly, the number of experimental runs required is half that of a full
factorial design. Secondly, this reduction in runs does not affect the results
significantly. This is because the main effects are not confounded with other main
effects or with second-order interactions and the second-order interactions are not
confounded with each other.

The levels of the experimental runs are tabulated in Table 6-3. For each set of
experiments, the order in which the experimental runs were conducted was

randomized using a built-in randomization function in Minitab.

Standard o o Pn Vi
Order To[°Cl | T [°C] [bar] | [mm/s] te[s]
1 - - - - +
2 + - - - -
3 - + - - -
4 + + - - +
5 - - + - -
6 + - + - +
7 - + + - +
8 + + + - -
9 - - - + -
10 + - - + +
11 - + - + +
12 + + - + -
13 - - + + +
14 + - + + -
15 - + + + -
16 + + + + +

Table 6-3 A half-factorial, two level 16-run (2°") experimentation design

After stabilisation, ten samples were randomly collected for each run. The
average mass of the samples was recorded as the experiment response. The
experimental data collected was processed with Minitab® 15 and main-effects plots

and Pareto charts were plotted.
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One technique for correlating the factors to the response is by regression
models. Similar to conventional regression models used to correlate two variables, a
regression model can be used to fit the obtained responses to the input factors. The
model can be linear, interaction, quadratic or even cubic, depending on the number of
experiments conducted [269]. In this particular screening design, an interaction model
was selected since it takes into consideration the effect of possible interactions on the

response value. The selected regression model takes the following format:

Y =C+ B X + BoXy + LoXg + LBuXy + PXe + PoX Xy + BraX Xg + L% X, + ... (6-1)

In equation (6-1): y is the response, c is a constant,  values are the model-term
coefficients and x; to Xxs are factors. The values and signs of the regression
coefficients, g, represent the magnitude and the relation of each model term,
respectively. Once the coefficients of equation (6-1) are determined, the response y of
any set of given factors can be calculated.

The accuracy of the fit was evaluated by comparing the values of responses
calculated from the model, based on the obtained coefficients, to the corresponding

actual experimental values.

6.2.4.3 Determining optimum processing conditions

One approach to optimize the data obtained from the screening stage is to run
another round of full factorial designs involving the influential parameters obtained
during the screening stage. This approach is usually used when there are a number of
influential factors with relatively close effects. A full factorial design would be
implemented in this case to optimize the factors with a design that has no confounding
factors. In this set of experiments, however, only one or two significant parameters
are already identified from the screening stage, so optimization will basically focus on
obtaining a suggested set of processing parameters that gives a required value of the
response within specified limits.

Optimization was carried out using the desirability function approach to
calculate optimum values of the input parameters [272,273]. This approach searches
for a combination of values for input factors to satisfy a requirement for an output
response (or multiple responses). The pre-set requirement of the function would be
either to hit a target value within an upper and lower limit, to minimize the response

value or to maximize the response value. Another pre-set value of the function is the
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weight r, which specifies the function shape and emphasises (or deemphasises) the
target value relative to the limit values.

In case of one response being optimized, the individual desirability can be
represented by the equation [270]:

d; = fiy)" (6-2)

In equation (6-2), Wi is the weight of the response, in this case equal to 1, and
the function fi(y) depends on whether the purpose of the optimisation is to hit a target,
minimize or maximize. In this case, the function is desired to hit a target value T
within upper and lower limits, so it can be represented by the following equation,

where U and L are the upper and lower limits, respectively [273]:

0 y=<L

(%} L<y<T
fi(y) = U_—

(Jj T<y<U

Uu-T

0 y>U

(6-3)

The function in equation (6-3) is linear because the weight r is set to 1.
Otherwise, the bracket terms would have been raised to the power ry and r, that define
the weights of the lower and upper limits, respectively.

For each of the five parts investigated in this set of experiments, the target,
upper and lower values were selected based on the filling quality of the produced
samples. This was undertaken as follows. For each part, after each set of experiments,
samples of the 16 runs were inspected under the microscope to check their filling
quality. Although each run had a different average mass, one or more runs (i.e. one or
more combinations of factors) could have produced completely-filled samples. All the
completely filled samples were weighed and an average mass was calculated. The
filled samples that had the smallest and the largest masses were also identified. The
average mass calculated from all of the filled samples was set as the target weight for
the desirability function. The masses of the filled samples with smallest and largest
mass values were used as the pre-set lower and upper limits of the desirability

function, respectively.
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6.3 Results

6.3.1 Responses from the screening experiments

Table 6-4 shows the average masses in milligrams of the 10 samples collected
for each of the five parts:

Standard Mass [mg] averaged from 10 samples
order | 1 | Tm | Pn | Vi| & a [ gE) gc d : e
1 - - - - + 91.0 86.4 84.8 88.3 86.9
2 + - - - - 91.2 87.3 85.2 88.5 88.0
3 - + - - - 91.9 87.8 84.9 88.6 87.5
4 + + - - + 91.2 87.4 85.3 88.8 89.6
5 - - + - - 92.5 88.4 87.0 90.0 91.6
6 + - + - + 93.4 87.9 86.7 89.8 91.6
7 - + + - + 93.6 88.3 87.2 89.9 91.6
8 + + + - - 93.8 88.7 87.2 90.5 92.1
9 - - - + - 90.6 86.6 84.8 87.4 89.3
10 + - - + + 90.4 86.7 85.0 87.7 88.1
11 - + - + + 90.7 86.5 85.2 87.8 88.1
12 + + - + - 91.3 87.3 85.8 88.4 90.7
13 - - + + + 92.8 88.2 86.5 89.4 90.6
14 + - + + - 93.2 88.2 87.1 89.6 92.2
15 - + + + - 93.2 88.0 87.1 89.8 91.0
16 + + + + + 93.0 88.3 87.3 89.8 92.5

Table 6-4 Average masses in mg for each of the five parts

Figure 6-3 shows a number of SEM micrographs of the replicated plastic parts.

500 pm 500 pm
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Figure 6-3 SEM images of some of the replicated plastic parts

Figures 6-4 to 6-8 show the Main-effects plots and Pareto charts of standardized
effects plotted for the five moulded parts. A main-effect plot for a particular factor is a
plot of the average of the data points at the low factor setting and the average of the
data points at the high factor setting. The larger the slope of the line that connects the
two averages, the more important the effect is. A Pareto chart is a bar chart where bars
are ordered in decreasing magnitude. The greater the bar magnitude, the more effect
its corresponding factor (or interaction) has on the response. In the Pareto chart the
following symbol set is used: polymer-melt temperature (A), mould temperature (B),
holding pressure (C), injection speed (D) and cooling time (E).

In figure 6-4 (a) main effect are plotted for each of the input parameters, with
mass as the output parameter. Hence, for example, the first graph of figure 4a is a
plot of mass against melt temperature (A).

In figure 6-4 (b) factor effects are plotted as a bar chart, which are related to the
averages of the main-effect plots. Briefly, if A is the difference between the two
averages of the response points for a particular factor, i.e. the difference between the
two points connected by the sloped line, then the effect bar corresponding to that
particular factor is the absolute value of half the effect, i.e. |A/2| [272].

Figure 6-4 (b) plots both the main input parameters, for example, C the holding
pressure, and the interactions between input parameters, for example, BE, the
interaction between the mould temperature and the cooling time. The vertical line on
the figure corresponds to the threshold beyond which factors become statistically
significant at the significance level determined by the value of alpha. This value is
determined from the t-distribution, where t is the 1-(alpha/2) quantile of the
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distribution [270]. The significance of the effect can be found by the relationship of
the histogram value to this line. The alpha value, also referred to as the level of
significance, is a measurement of risk in detecting effects, and is expressed as a
probability between 0 and 1. An alpha value of 0.05 indicates that the chance of
finding an effect that does not exist is only 5% (a confidence limit of 95%).

Figures 6-5 to 6-8, representing the screening experiment data for parts b to e,

are plotted using the same approach.

[a] Main Effects Plot for WT-R1 [b] Pareto Chart of the Effects (Part A)
Data Means (response is WT-R1, Alpha = 0.05)
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Figure 6-4 Screening results for part a: [a] Main effects plot, and [b] Pareto chart
[a] Main Effects Plot for Part B [b] Pareto Chart of the Effects for Part B
Data Means (response is part mass, Alpha = 0.05)
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Figure 6-5 Screening results for part b: [a] Main effects plot, and [b] Pareto chart
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Main Effects Plot for Part c

87.04

86.54

86.0

85.54

Mean

87.04

86.54

86.0

85.54

Data Means
Melt T Mould T Hold P
) " /
— —— /
230 %0 7 ) 160 3%0
Tnj. V. Coolt
. -
—
T T T T
200 300 3 6

Term

[b] Pareto Chart of the Effects for Part c

(response is part mass, Alpha = 0.05)
0.442

0.0 0.5 1.0 15
Effect

2.0

Factor Name
A Melt T
Mould T
Hold P
Inj. v
Cool t

moo®

Figure 6-6 Screening results for part c: [a] Main effects plot, and [b] Pareto chart

[a]

Main Effects Plot for WT-R1 (Part d)

[b] Pareto Chart of the Effects for Partd
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Figure 6-7 Screening results for part d: [a] Main effects plot, and [b] Pareto chart
[a] Main Effects Plot for Part E [b] Pareto Chart of the Effects (Part E)
Data Means (response is Wt2 (3), Alpha = 0.05)
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Figure 6-8 Screening results for part e: [a] Main effects plot, and [b] Pareto chart
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6.3.2 Desirability function processing conditions

Table 6-5 tabulates desired part mass, the calculated optimum values of the
process parameters to achieve these mass values and actual part mass obtained
experimentally at these processing conditions.

The desired part masses were derived from the screening experiments. The
moulded samples are inspected, and the completely filled samples are identified and
weighed. The average mass of the complete samples is used as the “target” mass for
the desirability function. The minimum and maximum masses of the completely filled
samples are input as the lower and upper limits for the target mass, respectively. They
are tabulated in Table 6-5 as the target mass and a minimum and maximum acceptable
mass value.

The experimental conditions, i.e. the levels of the input parameters, predicted to
achieve those masses are outputs of the desirability function. These are tabulated in
table 6-5 for each of the five input variables (denoted as “required levels™).

In Table 6-5, the “experimental mass” is the average mass of ten samples
collected randomly after the moulding machine had reached stability. The minimum
and maximum values are the mass of the samples with lowest and highest mass

magnitude within the ten samples, respectively.

- Desired mass [mg] Required levels of process parameters Expenr&qu';al mass
QD
—~ . T T Vi Pn [ .

Target | Min. Max. [ é] °C] | [mmis] | [oar] [sec] Avg. Min. Max.
a | 931 92.6 93.6 250 81 200 416 4 93.1 92.9 93.3
b | 88.6 88.2 89.0 250 80 200 300 4 88.7 88.4 88.9
c | 865 86.0 87.0 250 81 300 170 3 86.7 86.2 86.9
d | 90.0 89.6 90.4 250 84 200 300 3 90.1 89.9 90.3
e | 925 92.0 93.0 243 84 300 300 3 92.0 91.8 92.2

Table 6-5 Required masses and limits, calculated optimum parameters and corresponding
experimental results
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6.4 Discussion

6.4.1 Screening stage

Figures 6-4 to 6-8 show a significant effect of holding pressure for all the five
parts, with four parts, a, b, ¢ and e, showing it as the only significant effect. This
substantial effect was also visible during the experiments, as all samples that were
produced at a lower level of holding pressure exhibited evidence of incomplete filling,
regardless of the levels of the other four parameters. In contrast, cooling time had no
effect for any of the parts.

For Part d, three significant effects were observed: holding pressure, injection
velocity and mould temperature. However, aside from Part d, mould temperature and
injection velocity had no apparent effect on the mass of other parts.

The importance of holding pressure lies in the fact that it overcomes the
tendency of the polymer melt to prematurely freeze before the injection process is
complete. Premature freezing is likely to be exacerbated by the relatively high rate of
heat transfer between the polymer and the mould walls for parts with micro-scaled
dimensions. In prior work [44,115], metering volume and holding pressure time were
used as factors. In this work, metering size was kept constant, as it was determined
from the familiarization stage (Section 6.2.4.1), and the holding pressure value was
used rather than the holding pressure time. It is possible that both the holding pressure
magnitude and time (or their interaction) would be significant if they are used
together as factors in a more extended DOE plan.

The lack of significance of cooling time is consistent with previous work
[44,115]. This is because the effect of cooling in injection moulding is usually
associated with changes in the component geometry (e.g. shrinkage, warpage) [245],
but the cooling scheme does not have the same effect on the part weight as its effect
takes place after the cavity is already filled.

The lack of significance of mould temperature may lie in the selection of the
two levels at values below the Ty of the polymer. This is consistent with the data
presented in [114] where increasing the mould temperature improved the filling
quality, although all the experiments were performed while the mould temperature
was below the T4 of the PMMA. It is less consistent with the numerical simulation
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data of [115] which predicted short shots unless the mould temperature was raised
above the T4 of the PMMA.

The general tendency found here of the lack of significance of melt temperature
was also found in prior work. For small part volumes, like those found in micro-
moulding, the melt temperature decreases at a very high rate once the polymer
contacts the cavity walls, as long as the mould temperature is kept below the melt
temperature of the polymer [254]. In the work presented here, both the high and low
levels of the mould temperature were kept below Tg. Hence, by the time the polymer
filled the part cavity it would have seen a significant reduction in its temperature.

The lack of significance of the injection velocity as a parameter may lie in the
relatively small change of shear rate associated with changing between the two levels
of injection velocity. The relation between shear rate and injection velocity can be
approximated by [245]:

F=—% (6-4)

In equation (6-4), Qis the volume flow rate, and r is the radius of the flow path
cross section (in this case the part gate). The flow rate is a function of the injection
speed V;j, so equation (6-4) can be rewritten as:

. 4VR?
V=

(6-5)

In equation (6-5), R is the radius of the injection plunger.

Since the gates have a rectangular cross section (1x0.5 mm), the equivalent
hydraulic diameter may be used in equation (6-5) to estimate the value of r. The
calculated shear rates based on low-level and high-level value for injection velocity
both have an order of magnitude of 10° s™. Shear rate vs. viscosity data for the
PMMA grade used indicates that these shear rates correspond to viscosities in the
order of 10" Pa.s at 230°C at which no significant shear-thinning behaviour would be

observed.

6.4.2 Desirability function processing conditions

Table 6-5 presented the suggested processing parameters for improved filling,
which are obtained by meeting the conditions listed in equation (6-3). It should be

noted that the desirability function cannot recommend parameter values outside the
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lower and high levels of the factors. Whilst certain parameter values in Table 6-5 lie
between the high and low levels, the majority lie either at the high level or the low
level. This is indicates that the desirability function might have recommended an even
higher or lower level of the parameter, had the original levels been more widely
spread.

Table 6-5 shows also that the average masses of the parts produced under the
conditions predicted by the desirability function lie within 0.5% of the specified target
values. All the produced parts were within the mass upper limit pre-set in the
function, but for Parts b and e, some of the produced samples were under the lower
limit by approximately 0.2 mg.

Figure 6-9 shows an example of how the desirability function improved the
filling quality of the parts. Figure 6-9 (a) shows a view of a sample of Part d from the
screening stage (run 5) where some areas of the edges that are close to the last filled
point are incomplete. Voids can also be seen on the surface around the cylindrical
hole. Figure 6-9 (b) shows the same part after application of the desirability function,
where the edges are completely filled and voids are no longer apparent on the part

surface.

Figure 6-9 SEM micrograph of samples of Part d. 4(a) an example before applying the
desirability function (T, = 230°C, T,,=72°C, V;= 300 mm/s, P, = 100 bar and t; = 3 s); 4(b) after
applying the desirability function (T,= 250°C, T,,=84°C, V;= 200 mm/s, P,,= 300 bar and t. = 3)

Table 6-5 shows the data from applying the desirability function independently
to each part. However, an individual-part desirability function approach is difficult to
extend to a prediction of any compromise parameters which would be result in
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relatively high filling quality for all the five parts if they were produced by a single
mould in one shot.

One method to achieve such a compromise might be to discern if there were
general trends that could be observed when comparing the desirability function to the
screening parameters, and then apply these trends in required process parameters to
establish compromise conditions. In effect, this means comparing the required levels
of process parameters in Table 6-5 with the envelope of parameter high and low levels
of Table 6-2. Such a comparison does show that general trends are present,
independent of the part shape. The desirability function predicts that setting the melt
temperature, mould temperature and holding pressure to their high levels would
generally result in better filling, as does, with a few exceptions, setting the injection
velocity and cooling temperature to their low levels.

Table 6-6 shows a set of compromise processing conditions constructed
following these general trends in desirable process parameters. To test this prediction,
the micro-mould was reconfigured such that all the five parts are injected through a
common runner system, and parts processed using the conditions of Table 6-6.

Parameter | T,[°C] | Tm[°C] | Vi[mm/s] | Pn[bar] tc [S]
Value 250 84 200 300 3

Table 6-6 Processing parameters for a five-part micro-moulded component

The produced part is shown in Figure 6-10, where all the parts were checked

under the microscope to be completely filled.

Figure 6-10 A photograph of a completely filled, five-part plastic component produced under
compromise conditions
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6.4.3 Effect of part geometry

The results shown in Figures 6-4 to 6-8 provide some information on the effect
of the mould geometry on the filling quality of the part.

As noted in section 6.4.1, for Part d, other effects, in addition to the holding
pressure, were of significance in filling quality. It seems likely that this is owing to
the relatively high geometrical complexity of this part in comparison to the other
parts. This complexity is generated from the four micro-scaled flow paths that exist in
Part d, which represent a rapid change in part thickness that imposes ‘extra resistance’
on the flow of the material to completely fill the cavity. Figure 6-11 presents
photographs of mouldings of Parts a and d, as being at the two extremes of
geometrical complexity amongst the five moulded parts. The mouldings are ‘short

shots’ produced to visualise the difference in filling sequence between the two parts.

Gate location /'

Figure 6-11 (a) Short shot of Part a. (b) Short shot of Part d

In Part a the last filled point is located at the far end of the flow path, whereas in
Part d the last filled point is located close to the centre. Such differences are expected
as a consequence of the ‘hesitation effect’” commonly seen in polymer flow, where, in
cavities with varying thickness values, polymer melts tend to fill areas with larger
thickness before they flow into smaller thicknesses. In Part a, where the part thickness
is uniform, the polymer fills the cavity gradually as the flow path is divided at the
central “pin” of the mould and then rejoins afterwards forming a weld line. In Part d,
the rapid change in thickness causes the polymer flow to experience hesitation during
the filling process, and a higher injection pressure will be required for the polymer to
flow through these features. Larger flow-path cross-sections, for example the
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perimeter of the shape in Part d, are filled before the polymer starts to pass through
the four “openings” at the centre area of the part (see Figure 6-1 Part d).

Owing to the relatively small dimensions of each of the four openings (500 x
600 pum) a high possibility of premature freezing would be expected at these locations.
Similarly to conventional injection moulding, the cooling time of the polymer during
micromoulding is dependent, among other factors, on the part thickness squared
[254]. This indicates that the cooling process in Part d, where, in the four opening
areas, the minimum thickness is 500 um, is much faster than, for example, Parts a and
b, where the minimum thickness is 950 um to 1 mm.

The rapid decrease in thickness does not only affect the freezing process, but it
also influences other parameters. As suggested in the literature [254], as the part
thickness decreases to fractions of a millimetre, a drastic increase is observed in the
injection pressure required to fill the cavity, and a higher possibility of incomplete
filling is expected. This is particularly observed for cold-mould filling, i.e. when
mould temperature is lower than the melt temperature, as is the case in this work. This
explains why mould temperature becomes significant at such rapid changes in
thickness as seen in Part d. Part thickness also affects the role of injection speed on
the required filling pressure. As the thickness decreases, the variation in injection
speed becomes more significant in affecting the injection pressure required to fill the
mould cavity [254].

6.5 Conclusions

In order to investigate the effect of part geometry on moulding parameters, this
paper investigated the moulding parameters of five different micro-parts using mass
as an experiment response. Parts differed in the through-hole and surface geometries,
but had a constant outer radius and similar thicknesses. The same polymer, a PMMA
grade, was used throughout the experiments.

A three-stage design of experiments approach consisting of feasibility,
screening and desirability function, was undertaken to evaluate the filling quality in
micro-injection moulding and correlate it to the processing parameters. It was shown
that holding pressure was the main influential processing parameter for all of the part

geometries.
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A comparison of desirable moulding parameters for different part geometries,
showed the influence of geometry on processing conditions. Sharp changes in
thickness within a part correlated with an increase in the number of significant
moulding parameters. For a complex part, injection speed and mould temperature
became statistically significant.

For each part, a desirability function was used to specify a combination of
processing conditions that would improve filling quality. The produced parts had
average masses that were within 0.5% of the target values.

Comparing the desirability function predictions with the high and low parameter
values of the screening stage showed, with some exceptions, that regardless of part
geometry, desirability function predictions for a particular process parameter
exhibited clustering behaviour. These trends in clustering behaviour were used to
produce a set of compromise moulding conditions to micromould a multi-part
component. Multi-part components moulded using these parameters exhibited

complete filling in each of the five parts.
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7 Evaluating and controlling process variability in
micro-injection moulding

Abstract

An important quality aspect of micro-injection moulding is to ensure the
consistency of replicated components by minimising process variability. This paper
implemented a design-of-experiments approach, where five process parameters were
investigated for possible effects on the process variability of two components. The
variability was represented by the standard deviation of the replicated part mass. It was
found that melt temperature was a significant source of variability in part mass for one
of the components. Optimisations tools such as response surfaces and desirability

functions were implemented to minimize mass variability by more than 40%.

7.1 Introduction

Micro-injection moulding, a key technology in high-volume micro-
manufacturing, requires accurate control of quality parameters to ensure the replication
fidelity and consistency of produced components.

The design-of-experiments (DOE) approach has been used in the recent years to
evaluate and control the effect of processing parameters on the replication quality of
micro-injection moulding (uIM) [161]. DOE allows the correlation of process inputs
and outputs whilst using less experiments compared to the conventional approach of
changing one parameter at a time. It is also used to detect interactions between input
factors.

Typical processing parameters (factors) include polymer-melt temperature, mould
temperature, holding pressure, cooling time, injection velocity and metering volume.
Quality parameters (responses) are usually associated with evaluating the replication
fidelity of the processes associate with the complete filling of the mould cavity. Typical
responses include filling quality of micro-sized channels [47], feature dimension
[24,94,116,117], part mass [44,115,274], flow length [91,119], filling volume fraction
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[120], weld-line formation [118], demoulding forces [75] and minimising injection
time, pressure and temperature distribution using a three-dimensional simulation
package [114].

However, a processing aspect that is rarely addressed in the literature is the
possible influence of process parameters on the variability of the response in micro-
injection moulding.

Variation occurs normally in industrial processes, which means that measuring a
specific output value from the process will reveal differences in measurements between
experimental runs even if the processing conditions are kept the same [275]. However,
an important element of understanding the effect of processing conditions on the
process output is to be able to distinguish between variations that are attributed to
changes in factors and those that result from other causes. The former variations are
usually referred to as the signal [276], or systematic variability [269], which is the
change of response that the experimenter is seeking to detect. The latter is usually
referred to as the noise, scatter or unsystematic variability of the response that occurs
during standard operation conditions. Hence, a fairly high signal-to-noise ration, for
example from 4 to 10 [275], is favourable, because it indicates that the effect of
changing the factors can be distinguished from experimental noise.

A concept relevant to experimental signal and noise is the difference between
replicates and repeats. Replication is the process of conducting experimental trials in a
random order, such that factor combination is kept the same, while each experimental
trial is done independently [273,275,276]. Repetition, on the other hand, is the process
of running experimental trials under the same setup of machine parameters. Replicates
are useful for improving the chance of detecting statistically significant factors (signals)
from within the natural process variation (noise). The more replicates undertaken, the
higher are the chances of accurately identifying signals from process noise.

This paper investigates controlling process variability in micro-injection
moulding. It compares the “natural” process variation to variations attributed to specific
factors. Two micro-moulded Polymethyl Methacrylate (PMMA) components were
experimentally tested to determine process variability and its effect on the produced part
mass. Optimisation tools such as response curves and desirability functions are applied

to minimize process variation.
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7.2 Experiment

7.2.1 Component geometries

The two components, denoted as Part 1 and Part 2, were assembly elements of a
microfluidic device. (A description of the device functionality and process chain is
available in the literature [271]). The components were of the same radial dimension
and both contained through-section holes. However, the shape complexity and the
dimensions of the micro-features varied between components. Part 1 consisted of
simple cylindrical features with a relatively large surrounding space for polymer melt to
freely fill the cavity. Part 2, on the other hand, contained more complex features that
would pose relatively “challenging” flow paths for polymer flow. Figure 7-1 shows
SEM micrographs of the mould inserts and corresponding PMMA replicates for both

components.

Part 1 - mould Part 1 - PMMA

Part 2 - PMMA

Figure 7-1 SEM micrographs of mould-inserts and replicated PMMA parts of the two tested
components
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7.2.2 Methodology and equipment

Five processing parameters were investigated: Polymer-melt temperature (T),
mould temperature (Tn,), holding pressure (Py), Injection velocity (V;) and cooling time
(t.). The data collected was the component mass (W).

A 2-level, half-factorial design of Resolution-V (2°%) was selected for this
application. In this design the main effects are not confounded with other main effects
or with second-order interactions, and the second-order interactions are not confounded
with each other. This allowed for a relatively small number of experiments to be
undertaken without significantly compromising the accuracy of the results.

The micro moulding machine used is a Battenfeld Microsystems 50. The PMMA
grade was VS-UVT from Altuglas®. This particular grade was selected for its ease of
flow (MFI = 24 g/10 min) and its optical transparency (light transmittance 92%). A
sensitive weighing scale with a readability of 0.01 mg was used to weigh the parts. Data

analysis and optimization was conducted with Minitab® 15 [270].

7.2.3 Experimentation design and procedure

The low and high levels of the factors were determined by several different
methods. For T, and Tm, the levels were determined by polymer supplier
recommendations. For the Py, the levels were determined from the literature [245].
Injection velocity and cooling time levels were selected based on initial experimental

tests. Table 7-1 presents the levels of the five factors for the tested components.

Metering | Tol°C] Tn[°C] Vi [mmis] Ph [bar] to[s]
Part | Volume | Low | High | Low | High | Low | High | Low | High | Low | High
[mm®] level | level | level | level | level | level | level | level | level | level
() (+) () (+) ) (+) ) (+) ) (+)
1 179 240 | 255 70 81 200 | 300 | 250 | 500 4
2 177 230 250 72 84 200 300 100 300 3

Table 7-1 Higher and lower levels for the five factors for Part 1 and Part 2

Table 7-2 presents the half-factorial design in its standard order. All runs were
randomised using a built-in randomisation function in Minitab. For each run, the

moulder was left to operate for 50 cycles to ensure process stability, and then 10 parts

166




are collected to represent the samples of the process “repeats” for that particular run. An
average mass (W) was obtained from 10 samples for each run. Each set of designed
experiments was repeated 3 times, R1 to R3, where runs are conducted in a random

order in each replicate, such that 3 “replicates” are obtained for each experimental run.

stendard | 1,1°Cl | Twl°Cl | Pulbar] | Vilmmis] | t[s]
1 - - - - +
2 + i : i i
3 - + - - -
4 + + - - +
5 - - + - -
6 + - + - +
7 - + + - +
8 + + + - -
9 - - - + -
10 + - - + +
11 - + - + +
12 + + - + -
13 - - + + +
14 + - + + -
15 - + + + -
16 + + + + +

Table 7-2 A half-factorial, two level 16-run (2°%) experimentation design

The purpose of the experiment was to detect potential influential process
parameters that affect the variability in part mass rather than the mass of the part itself.
Therefore, the response of the experiment design was required to be a parameter that
reflects variability in mass rather than the mass magnitude. Standard deviation (SD) of
the process replicates would be such a measure. However, as SD does not follow a
normal distribution, an assumption in DOE, it could not be used as a direct response to
the experiments. Hence, the natural logarithm of the SD was used as the experimental
response [273,276]. Specifically, the response of the factorial design was set as In (SD)
of the 3 replicates. The possible influences of the processing parameters on the response

were detected and analysed.
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The experimental data is presented below in a series of Pareto charts, where the
magnitude of each bar was calculated from the half the difference, i.e. |A/2], of the
responses obtained for the average masses measured at the low and high levels of a
specific factor (or interaction). Alpha represented a measurement of risk, the value of
0.05 indicating a confidence limit of 95%. The vertical line on each Pareto chart
corresponded to the threshold beyond which factors become statistically significant,
where the significance threshold was determined by the chosen value of alpha. The
value of the line was determined from the t-distribution, where t is the 1-(alpha/2)
quantile of the distribution [270].

7.2.4 Minimising process variability

As noted above, if the DOE design revealed no significant effect of any factor on
the process variability, this would indicate that variation in part mass could be attributed
to the “natural” noise of the process, and that none of the chosen input factors had
played a role in this variation. If, on the other hand, one or more factors were shown to
be statistically significant in process variation, this would indicate that a certain “signal”
was detectable from particular factor(s). In this latter case there would be a possibility to
minimize or at least decrease this variability using an optimization tool.

In this paper, two methods were used to provide guidance on minimising detected
variability. Firstly, surface plots were used to visualise and minimize the effect of
influential factors. Secondly, a desirability-function tool was also implemented to
predict a combination of factor values that would render a target T, where that target
was to minimise the response beyond a pre-set upper limit U.

For the example of one response being optimized, the individual desirability can

be represented by the equation [273]:

1 y=<L
U-y)
f(y)=4| —=| T<y<U 7-1
w={g=2] Ty (7-)
0 y>U

The response, y, varies over a range between 0 and 1, where 1 corresponds to

achieving the target and 0 where the function is outside the pre-set limits. In Equation
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(7-1), the function weight, r, determines the shape of the function, which was set to be
linear in this set of experiments, the simplest use of the function.

7.3 Results

7.3.1 Part mass data

Table 7-3 shows the measurements of mass obtained from the produced parts. R1
to R3 represent the three “replicates” of each experimental run. Each mass reported in
the table was the average mass of 10 repeats. The table also presents the average of part
mass for the 3 replicates of each run, Wy and W, respectively, the standard deviation of

the replicate masses and the In (SD) of the replicate masses.

Part1 Part 2
Average masses of Average masses of
To | Tm | Pnf Vi) & repli%ates mg] | Wi | In repli%ates mg] | Wz | In

RL | R2 | ra | M9 GD) "oy TRy [ R3 |[mal|(SD)
1] - - - - + (911912913 |91.2|-2.61|88.3|88.1|88.9 | 884 |-0.78
2| + - - - - 1913|918 |927|919 |-0.33| 88.5 | 88.8 | 88.6 | 88.6 |-2.76
3| - + - - - 19201922924 |922 |-159| 88.6 | 89.4 | 89.3 | 89.1 |-1.68
4| + + - - + [91.2|92.0|92.8 | 92.0 |-0.24| 88.8 | 89.1 | 89.1 | 89.0 | -2.49
5| - - + - - 1926|941 |952|939|0.28 |90.0|90.8|90.2|90.3 |-1.67
6| + - + - + [ 935934949 |94.0 |-0.16| 89.8 | 90.2 | 89.9 | 90.0 | -2.53
7| - + | + - + [ 937942 | 952|944 |-0.31|89.9|90.3|905]|90.2|-211
8| + + | + - - 1939|941 |945|94.2|-1.20| 90.5 | 90.8 | 90.8 | 90.7 | -2.62
9 - - - + - 1907|916 |922|915|-0.26| 874|879 | 879 | 87.7 |-2.02
10| + - - + + [90.590.7|91.1|90.8 |-1.24| 87.7 | 87.8 | 88.0 | 87.8 |-2.71
11] - + - + + [90.8 915|913 |91.2|-097|87.8|87.9| 883|880 |-2.11
12| + + - + - 1914|916 |926|919 |-046| 88.4 | 88.2 | 88.2 | 88.3 | -2.83
13| - - + + + (929|943 |93.6 | 93.6 |-0.38| 89.4 | 90.0 | 90.0 | 89.8 | -1.86
14| + - + + - 1934 |935|950|939|-0.10| 89.6 | 90.2 | 90.1 | 89.9 | -2.06
15| - + | + + - 1933|941 |952|94.2|-0.08|89.8|90.4 | 90.0 | 90.1 |-2.05
16| + + | + + + [93.1|93.6|94.0|93.6 |-0.82| 89.8|90.2 | 90.1 | 90.0 |-2.29

Table 7-3 Average masses of measured repeats for each of the three replicates (R1 to R3)

Figures 7-2 and 7-3 plot graphically the data of Table 7-3 for Part 1 and Part 2,
respectively. The points represent the ten-part average part-mass data for each of the
three replicates. The vertical lines represent the standard deviations of the corresponding
10 repeats.

169



Average Masses and SD for 3 DOE Rounds
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Figure 7-2 Part 1: Average masses of three replicates and their corresponding standard deviations
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Figure 7-3 Part 2: Average masses of three replicates and their corresponding standard deviations
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7.3.2 DOE analysis and results
7.3.2.1 Partl

Figure 7-4 is a set of Pareto charts of the magnitude of the effect of a specific
experimental factor, or of the interactions of such factors, on the output response,
In(SD). The factors were: polymer-melt temperature (A), mould temperature (B),
holding pressure (C), injection speed (D) and cooling time (E). In Figure 7-4, plots (a),
(b) and (c) correspond to individual experimental responses of R1, R2 and R3
respectively. Figure 7-5 presents a Pareto chart for the average weight of the three
replicates (W»).

(a) Part 1 - R1 - Pareto Chart of the Effects
(response is R1, Alpha = 0.05)
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(b) Part 1 - R2 - Pareto Chart of the Effects
(response is R2, Alpha = 0.05)
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(c) Part 1 - R3 - Pareto Chart of the Effects
(response is R3, Alpha = 0.05)
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Figure 7-4 Pareto charts of effects for Part 1 of (a) Replicate 1, (b) Replicate 2 and (c) Replicate 3

Part 1 - Pareto Chart of the Effects (average of 3 replicates)
(response is W1 - Ave 3, Alpha = 0.05)
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Figure 7-5 Pareto chart of effects for Part 1, where response is average mass W1

Figure 7-6 present the Pareto chart for variability in the mass of Part 1, where the

response used to assess variability is In (SD).
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Part 1 - Pareto Chart of the Effects
(response is In (SD) - Ave3, Alpha = 0.05)
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Figure 7-6 Pareto chart of effects for variability in mass for Part 1, where Response is In (SD)

7.3.2.2 Part?2

Figure 7-7 presents the Pareto chart for part mass, where the three replicated
experiments are analysed individually. As with Part 1, the factors were: polymer-melt
temperature (A), mould temperature (B), holding pressure (C), injection speed (D) and

cooling time (E).

(a) Part 2 - R1 - Pareto Chart of the Effects
(response is R1, Alpha = 0.05)
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(b) Part 2 - R2 - Pareto Chart of the Effects
(response is R2, Alpha = 0.05)
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(c) Part 2 - R3 - Pareto Chart of the Effects
(response is R3, Alpha = 0.05)
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Figure 7-7 Pareto charts of effects for Part 2 of (a) Replicate 1, (b) Replicate 2 and (c) Replicate 3

Figure 7-8 presents the chart corresponding to the overall average of part masses
(W) listed in Table 7-3.
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Pareto Chart of the Effects for average mass (W2)
(response is W2, Alpha = 0.05)
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Figure 7-8 Pareto chart of effects for Part 2, where response is average mass W2

Figure 7-9 presents the Pareto chart for mass variability in Part 2.

Pareto Chart of the Effects for 3 replicates
(response is In SD (3), Alpha = 0.05)
0.3551
A4 * | Factor Name
A Melt T
CD A | B Mould T
AD 4 C Hold P
ACB i E Icncio\llt
D -
g BD-
™ DE.
[ AB 4
c -
AE -
BE
BC -
CE
E -
T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Effect

Figure 7-9 Pareto Chart for In (SD) for average part mass of three replicates
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7.4 Discussion

7.4.1 Replication

Figure 7-4 presents the three Pareto plots corresponding to R1, R2 and R3 as
responses. The plots show that in each case holding pressure was identified as the most
influential parameter on the mass of the part. The magnitude of the bar reveals that its
effect is considerably larger than any other factor (or interaction between factors).

The order and magnitude of other factors differ from one plot to another, but they
are not statistically significant, and their variation can be attributed to process noise.
The similarity between the three plots of Figure 7-4 indicates that process replicability
does not affect the mass, and hence the filling quality, of Part 1. The half-factorial DOE
design is also shown to be sufficient for rendering reproducible results. Figure 7-5, the
Pareto chart of the average mass for Part 1 (W), shows that, again, holding pressure is
the only statistically significant process parameter for part mass.

Figure 7-7 shows the effects of the individual replicates of Part 2. Where average
masses in replicates R1 or R3 were the responses, the most influential parameters were,
in order, holding pressure, injection velocity and mould temperature. However, when
R2 was used as a response, holding pressure followed by injection velocity were
influential parameters, whereas other factors were evaluated to be statistically
insignificant. This discrepancy suggested that process variability was high enough that
it affected the replication of the part.

The Pareto chart of the average mass (W) is plotted in Figure 7-8. Similar to the
individual plots of R1 and R3 of Figure 7-7, holding pressure, injection velocity and
mould temperature are highlighted as the main effects influencing part mass. However,
a borderline effect of interaction between holding pressure and injection velocity is also
detected. This “disturbance” in effects for the average-mass plot arises from the

inconsistency in results for the individual replicates.

7.4.2 Evaluating parameters that influence variability

Figures 7-4 and 7-5 showed similar results for analysing individual replicated data

and average data. This similarity suggests that the process replicability was not
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influenced by specific factors). The three plots of Figure 7-4 were similar in showing
that holding pressure is a statistically significant factor. On the other hand, they showed
discrepancies in the position of the threshold line and the significance and order of other
factors and interactions. These variations may be attributed to the noise of the process
that made the three replicates slightly different, without affecting the overall main
output of the analysis. Hence, Figure 7-5, which combined the data points of all the
three replicates, revealed the same significant factor.

In order to confirm the lack of influence of a specific factor on variability, process
variability was investigated as the experimental response, represented by In (SD).
Figure 7-6 showed the Pareto chart for variability of Part 1. The main effects and
interactions lie below the threshold of statistically significant effects. Changes between
process replicates could not be attributed to any particular factor or interaction.

In contrast Figures 7-7 and 7-8 indicated process variability was high enough that
it affected the replication of Part 2. Figure 7-9 showed the Pareto chart for variability of
Part 2. It shows that melt temperature was the statistically significant source of variation
between the three replicates.

The results in Figure 7-9 show an example of how DOE may be used to detect a
specific source of variation in micro-injection moulding. They further show that the
factor (or factors) that are significant for process variation may not necessarily the same
as those that affect the part quality parameters. For Part 2, for example, variation in part
mass was affected by melt temperature, whereas part mass itself was affected by

holding pressure and injection velocity, as shown in Figures 7-7 and 7-8.

7.4.3 Minimizing variability

Detecting a particular source of variability makes it possible to control it, and
hence minimise it, by studying the relation between the factor and the response.

Figure 7-10 comprises surface plots illustrating the behaviour of variability versus
melt temperature and the other factors.
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Figure 7-10 Surface plot of In (SD) for three replicates versus melt temperature combined with (a)
injection velocity (b) mould temperature (c) holding pressure and (d) cooling time

The four surface plots in Figure 7-10 show that decreasing the process variability
would be achieved by increasing melt temperature. It should be noted that the surfaces
are linear in shape, because of the preset assumption in the applied 2-level design that
the relation between the factors and the responses followed a linear model. On average
the plots in Figure 7-10 indicate that setting the melt temperature to its high level
(250°C) would decrease In (SD) to approximately -1.9, a standard deviation of
approximately 0.15.

A more quantitative approach to control the relation between the standard
deviation and process factors was applied by using a desirability function that, by
iterating over Equation 7-1, suggested a combination of factor values to reach a pre-set
target. The pre-set condition of the desirability function was to minimize In (SD) with a

maximum acceptable value of -1.9, as noted from Figure 7-10.
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Table 7-4 lists the set of processing conditions suggested by the desirability
function and the predicted value of the response.

Melt T [°C] 250
Mould T [°C] 84
Factors Hold P [bar] 300
Inj. V [mm/s] 200
Cool t[°C] 3
Response In (SD) -2.05

Table 7-4 Processing conditions and predicted response values by desirability function

The values shown in Table 7-4 agree, in general, with the trends shown in Figure
10, where the statistically significant factor, melt temperature, is maximized to its upper
level, and the other factors, although not statistically significant, are set to minimize the
response following the trends calculated from the DOE analysis and presented in the
plots of Figure 7-10. The predicted response of -2.05 corresponds to a standard
deviation of 0.13.

A set of experiments was conducted to attempt to validate the recommendations
of the desirability function. The process conditions in Table 7-4 were applied to produce
parts for three replicates. The standard deviation of the three replicates was calculated
and compared to the value of 0.13 predicted by the desirability function. The
experimental value of In (SD) following the setup recommended by the desirability
function was -1.90 (SD of 0.15).

It should be noted, however, that the recommended factor values listed in Table 7-
4 are limited by the original setup of the experimental design, which sets the upper limit
of the melt temperature to 250°C. The trends shown in Figure 7-10 suggest that
increasing the melt temperature beyond the upper limit of 250°C would render lower
values of In (SD) and, hence, less variability. Hence, the same set of experiments was
repeated while increasing the melt temperature from 255°C to 270°C by increments of 5
degrees.

Figure 7-11 presents the standard deviation of the replicates at each value of melt

temperature (where the datum at 250°C is from the conditions described in Table 7-4).
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Part 2: SD of 3 replicated experiments vs. melt temperature
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Melt Temperature [°C]

Figure 7-11 Standard deviation vs. melt temperature at recommended setup (mould T of 84°C,
injection V of 200 mm/s, holding P of 300 bars and cooling t of 3 sec). Average mass noted for each
data point

Figure 7-11 shows that increasing the melt temperature resulted in a significant
decrease in standard deviation of the replicated runs from approximately 0.09 at 255°C
down to approximately 0.04 at 260°C — a decrease in variability by approximately 44%.
Above 260°C, increasing the melt temperature had little effect on the variation of the
process. In addition, Figure 7-11 shows that altering the factors to decrease variability
induced no significant change in average part mass, and hence filling quality.

It has been shown above that DOE can be used as an effective tool not just to
quantify the influence of factors on part quality in micro-moulding, but to quantify the
influence of factors on part reproducibility. Furthermore, with the addition of response
surfaces and the use of a desirability function it has been shown that DOE can be used
as a tool to minimise process variability in micro-moulding.

However, DOE cannot give information on causal mechanisms, i.e. why melt
temperature affects process variability. In this respect, it can be noted that Parts 1 and 2
showed different responses to process variability, although the same experimental
design, machine setup and material were used. This suggests a possibility that the
complexity of the geometry plays a role in process variability in micro-injection
moulding. The flow behaviour of molten polymer is highly influenced by the material

viscosity, which changes with temperature. The variability observed in Part 2 could be
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associated with the flow resistance posed by the relatively complex cavity geometry.
Increasing melt temperature may result in better flow behaviour and, hence, consistency

in replicated parts.

7.5 Conclusion

This paper aimed at investigating possible effects of processing parameters on
process variability in micro-injection moulding. The design of experiments (DOE)
approach was shown to be an effective tool to quantify the influence of factors on part
reproducibility. DOE was used to analyse the effect of five processing parameters on the
variability of part mass for two components. In one component no factor was identified
as a source of variability, whilst for the other component melt temperature was
identified as a statistically significant factor affecting the replicability of the process.

It was shown that a combination of DOE with response surfaces and a desirability
function could be used as a tool to minimise process variability in micro-moulding.
Response surfaces were used to illustrate the inverse relationship between standard
deviation of part mass and melt temperature. Desirability functions were used to
calculate a possible combination of factors that minimized standard deviation within the
preset limits of the experimental design. The reduction in variation achieved
experimentally displayed a close match with the prediction of the function

It was shown that increasing the melt temperature beyond the limits of the
experimental design decreased standard deviation by more than 40%. These results
suggested that the complexity of the moulded geometry may be related to the variability

of the process.
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8 Optimizing process conditions for multiple quality
criteria in micro-injection moulding

Abstract

This paper presents a statistical technique to optimise process conditions for
multiple quality requirements in micro-injection moulding. A sample hierarchical
component with micro-features was replicated, where it was required to improve the
process conditions for both complete mould filling and variability in mass. A design-of-
experiments approach was used to investigate the effect of five processing parameters
on both responses. It was found that holding pressure, melt temperature and injection
velocity were statistically significant for part mass, whereas injection velocity alone was
significant for mass variation. Desirability functions were used to predict processing
conditions that improved both requirements within pre-set conditions. The technique
was validated by experiment and it was shown to be applicable for process parameters

for multiple responses.

8.1 Introduction

Micro-injection moulding (uIM) is a key technology in mass-producing micro-
scaled components. High-volume production, replication fidelity and high precision are
some of the features that promote the use of uIM for applications such as medical
diagnostics and chemical analysis.

Quality parameters (responses) in pIM are usually associated with the ability to
completely fill the micro-size cavities in the mould cavity during processing. For
example, experimental responses include filling quality of micro-sized channels [47],
feature dimension [24,94,116,117], part mass [44,115,274], flow length [91,119], filling
volume fraction [120], weld-line formation [118], demoulding forces [75] and
optimisation of part-filling 3D simulation [114].

The work summarised above has focused on using design-of-experiment (DOE)

approach to study the effect of a set of process parameters on a single response.
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However, micro-manufacturing processes such as uIM may often require a number of
quality criteria to be met simultaneously. These could be, for example, a specific feature
dimension and a maximum acceptable variability in part mass. In such cases, an
optimisation process would be required to attempt to meet both requirements within the
“process window” that was available.

Process variability, in this context, refers to variations that occur normally in
industrial processes. Such variations are usually attributed to changes in process
parameters (factors), i.e. those which can be varied in a controlled manner, and/or
changes that result from other causes, which have not been or cannot be controlled. In
experimental terms, the former variations are usually referred to as the signal [276], or
systematic variability [269], which is the change of response that the experimenter is
seeking to detect. The latter is usually referred to as the noise, scatter or unsystematic
variability of the response that occurs during standard operation conditions.

This paper presents an example of a micro-injection moulded part, where DOE
was used to investigate the effect of processing parameters on two responses, namely
complete mould filling, as represented by part mass and variability in part mass in
replicated experiments. A desirability function approach was then used to attempt to
optimise process conditions for both responses.

8.2 Experiments

8.2.1 Overview of statistical methodology

The aspect of variability that was investigated in this paper was that of
replicability. Replication, in this context, is the process of running experimental trials in
a random order, such that resetting is done after each experimental trial [275,276].
Hence, investigating variability using DOE requires that each set of DOE experiments is
replicated as part of the experimental methodology. This is in contrast with repetition,
which is the process of running experimental trials under the same combination of
machine parameters during a single machine run [276].

DOE assumes that responses follow a normal probability distribution, which is not

the case for standard deviation. Hence, variability was represented here using the natural
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logarithm of the standard deviation, In (SD), which transforms the data closer to a
normal distribution [273,276].

To improve both replicability and part quality a statistical tool was required to
optimise factors for multiple responses [272,273]. Here, desirability functions were used
to predict a combination of processing parameters that fulfilled the two requirements.
Each response y; is individually converted into a desirability function di that ranges
between 0 and 1, where di=1 represents being at the target and di=0 lies outside the
target range. The factors are calculated to maximise the overall desirability, D, where D
= (dy.da. ... .dm)Y™, and m is the number of responses.

Objectives of the desirability functions can be either to meet a target within
specified range, to minimize or to maximize responses. In this paper, the target T was to
produce parts within a specific mass range and to minimize variability in part mass. The
individual functions for meeting a target and minimising the response are represented in

Equations (8-1) and (8-2), respectively.

0 y<L
(LL) L<y<T
d = T-L
1 r,
(uj T<y<uU
Uu-T
0 y>=U
(8-1)
1 y=<T
d, = (uj <y<U
U-T
0 y>U
(8-2)

In both equations U and L are the upper and lower limits, respectively, and r-
values are the function weight (liner or non-liner), which in this case are all set to be
equal to 1.

For Equation (8-1) the target, upper and lower values were selected based on the
filling quality of the produced samples. Briefly, after each set of experiments, samples

of the 16 runs were inspected under the microscope to check their filling quality. The
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completely filled parts were weighed and their average mass was calculated and set as
the “target” mass for the desirability function. The filled samples that had the smallest
and the largest masses were also identified, and their weights were selected as the lower
and upper limits, respectively.

A similar approach was followed for Equation (8-2), except that no lower limit
existed, since the purpose of the function was to minimise the response (variability).

8.2.2 Component geometry

The component chosen for this study was a Polymethyl Methacrylate (PMMA)
assembly element of a microfluidic device for use in medical diagnostics. More details
about the manufacturing process-chain and device design are available in the literature
[271]. The component possessed several micro-scale geometries, including a central,
conically shaped through-hole that was 100 um to 150 um in diameter, and a disk
impression on the component surface, which had a depth of 50 um. Figure 8-1 shows

SEM micrographs of the mould insert and an example of a replicated PMMA part from

a fully-filled moulding.

Figure 8-1 SEM micrographs of (a) mould insert and (b) replicated PMMA part

8.2.3 Equipment and process parameters

Five process parameters (factors) were investigated: Polymer-melt temperature
(Tp), mould temperature (Tw), holding pressure (Pp), Injection velocity (Vi) and cooling
time (tc).

The micro moulding machine used was a Battenfeld Microsystems 50. The
PMMA material was VS-UVT from Altuglas®. This particular grade was selected for its
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ease of flow (MFI =24 g/10 min) and its optical transparency (light transmittance 92%).
A sensitive weighing scale with a readability of 0.01 mg was used to weigh the parts.

Data analysis and optimization was conducted with Minitab® 15 [270].

8.2.4 Experimental design and procedure

A two-level, half-factorial (2°) design was used to test the effect of process
parameters on the two selected responses. The resolution-V design decreases the
number of required experiments to half of that of a full-factorial one (16 runs per
experiment instead of 32). In addition, in this particular design main effects are not
confounded with second-order interactions, and second-order interactions are not
confounded with each other. This allowed for fewer experimental runs without
compromising the accuracy of the results.

Table 8-1 presents the levels of the five factors tested in the experimental design.

Metering To[°C] Tm[°C] Vi[mm/s] Py [bar] te [s]
Volume | Low | High | Low | High | Low | High | Low | High | Low | High
[mm?] level | level | level | level | level | level | level | level | level | level
(@I I ) N B A . A B . . A B B )
178 230 250 72 80 200 300 100 300 4 7

Table 8-1 Higher and lower levels for the five factors

Table 8-2 presents the half-factorial design in its standard order. The experiments
were performed following a randomised order of the runs using a built-in randomisation
function in Minitab. For each run, the machine was left to finish 50 continuous cycles
(repeats) and then 10 parts were collected for inspection. This was done to ensure that
the process reached stability before sample collection. The experimentation setup shown

in Table 8-2 was replicated three times in randomised run sequences.

186



stendard | 1,1°Cl | Twl°Cl | Pulbar] | Vilmmis] | t[s]
1 - - - - +
2 +
3 +
4 + + +
5 +
6 + + +
7 + + +
8 + + +
9 +
10 + + +
11 + + +
12 + + +
13 + + +
14 + + +
15 + + +
16 + + + + +

Table 8-2 A half-factorial, two level 16-run (2°*) experimentation design

Two outputs (responses) were evaluated: filling quality and process variability.
The former response was represented by the average mass calculated from the three
replicates (W), where producing a part that has a mass within a specific tolerance
indicates that it is completely filled. Inspecting the replicated parts under the
microscope showed that completely filled parts had average mass of 88.6 mg within a
range of approximately +0.5%. The latter response was represented by In (SD),
calculated from the standard deviation of the three replicates.

As outlined above, desirability functions were used to optimise factors for part
mass and variability. The filled part mass tolerance was used to pre-set the conditions
used in the desirability function to a target mass of 88.6 mg, a lower limit of 88.4 mg
and an upper limit of 89 mg, based on the 0.5 percentage point limits. The target for
process variability was set to minimise the value of In (SD), such that its maximum
value would not exceed -1.9, corresponding to SD of 0.15. This set the upper limit not
to exceed the average of the SD found from the previous 16 runs of the DOE.
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Table 8-3 presents the combination of factors calculated from Equations 8-1 and
8-2 to meet both these requirements. The responses show the expected values for both
mass and variability. The values of d; and d; represent the individual desirabilities of
each response from Equations (8-1) and (8-2). D represents the combined desirability,
which is a measure of how the factors combination recommended by the function was

able to meet both response requirements.

Factors
Melt T [°C] 250
Mould T [°C] 80
Hold [bar] 300
Inj. V [mm/s] 285
Cool t [sec] 4
Responses
Part mass [mg] 88.5
d; 0.72
In (SD) -2.0
d; 0.97
D 0.83

Table 8-3 Factors combination suggested by desirability function for multiple responses

8.3 Results

Table 8-4 lists the measured masses of the replicated parts for the three replicated
experimental sets R1, R2 and R3. The average mass (W) of the three replicates and In

(SD) are listed as the first and second response of the DOE, respectively.
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Average mass [mg]
Ty | Tm P \V/ t. W [mg] SD In (SD)
R1 R2 R3

1 - - - - + 87.7 86.5 86.2 86.8 0.77 -0.26
2 + - - - - 88.5 87.4 87.6 87.8 0.54 -0.61
3 - + - - - 88.6 87.9 87.4 88.0 0.58 -0.54
4 + + - - + 88.0 87.5 87.5 87.7 0.31 -1.18
5 - - + - - 88.9 88.5 88.0 88.5 0.44 -0.81
6 + - + - + 89.0 88.4 88.2 88.5 0.38 -0.98
7 - + + - + 88.8 88.4 87.9 88.4 0.49 -0.71
8 + + + - - 89.3 88.8 88.9 89.0 0.26 -1.34
9 - - - + - 86.7 86.7 86.4 86.6 0.17 -1.77
10 + - - + + 87.1 86.8 86.9 87.0 0.14 -1.94
11 - + - + + 86.6 86.6 86.4 86.5 0.09 -2.39
12 + + - + - 87.9 87.7 87.5 87.7 0.23 -1.47
13 - - + + + 87.8 88.3 88.0 88.0 0.24 -1.41
14 + - + + - 88.6 88.3 88.5 88.4 0.13 -2.04
15 - + + + - 88.8 88.1 88.3 88.4 0.35 -1.04
16 + + + + + 89.1 88.7 88.1 88.6 0.48 -0.74

Table 8-4 Average masses of measured repeats for each of the three replicates (R1 to R3)

Figure 8-2 plots the average masses listed in Table 8-4 in addition to interval lines

that represent the standard deviation of the repeated cycles for each of the 16 runs. The

interval lines represent the repeatability of the process whilst the three average-mass

points represent the replicability of the process.
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Figure 8-2 Average masses of three replicates and corresponding SD interval lines

189




The results of the experimental design are presented in the form of main-effect
charts and Pareto Charts. The former correlates the factors to the response by taking the
average response values for each factor at its high and low levels. The difference,
denoted as A, is then plotted as a line (linear for 2-level designs) for each factor, where
the slope represents the significance of the factor effect. The bars of the Pareto charts
represent a factor, or interaction between factors, with the bar length reflecting its effect
on the response. The effects are calculated by taking the absolute value of half the
difference between averages, i.e. |[A/2|.

Figures 8-3 and 8-4 show the main-effect charts and the Pareto Charts for mass
and variability, respectively. The five tested factors are denoted by letters: polymer-melt
temperature (A), mould temperature (B), holding pressure (C), injection speed (D) and

cooling time (E).

a Main Effects Plot for average mass (W)
Data Means
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Figure 8-3 Analysis result for average part mass (W) (a) Main effect chart and (b) Pareto chart
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a Main Effects Plot for In (SD) of three replicates
Data Means
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Figure 8-4 Analysis result for variability (In SD) (a) Main effect chart and (b) Pareto chart

In Figures 8-3 (b) and 8-4 (b) the alpha value represents the risk of finding an
effect that does not actually exists, where an alpha value of 0.05 means confidence limit
of 95%. The vertical lines represent the threshold value beyond which the effect
becomes statistically significant within the pre-set confidence limit of alpha. The
position of the line is determined from the t-distribution, where t is the 1-(alpha/2)
quantile of the distribution [270].

Polymer parts were replicated following the factor values shown in Table 8-3.
Table 8-5 presents the data for the replicated experiments. Each replicated value (R, R
and Rj3) represents the average from 10 repeats. The standard deviation is calculated for
the three replicates.
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Part mass [mg] Average
RL | R2 | R3 | [mg] | P |Ln(SD)
88.9 89.0 88.8 88.9 0.10 -2.33

Table 8-5 Results of validation experiments for the desirability function

8.4 Discussion

The plots in Figure 8-3 showed that three influential parameters affect the
magnitude of the part mass, namely holding pressure followed by melt temperature and
injection velocity. No significant interactions were detected

Concerning part-mass variability, Figure 8-4 indicated that a single experimental
factor was a significant source of mass variation in replicated parts, in this case the
injection velocity. Hence, the main significant factor that affected the mass magnitude
(holding pressure) was not the same as the one that affected mass variation (injection
velocity).

Figure 8-4 (a) indicated that increasing injection velocity, the identified
significant effect, leads to a decrease in In (SD), i.e. a decrease in process variation. On
the other hand, Figure 8-3 (a) showed that increasing injection velocity led to a decrease
in part mass. This indicates that if a combination of factors is to be found to fulfil both
response requirements, i.e. a decrease in variability and an increase in part mass, a
compromise would be necessary for the value of injection velocity.

The values shown in Table 8-3 indicate how the desirability function took into
consideration the trends discussed above. The holding pressure and melt temperature
were set to their upper limits to satisfy the part-mass requirement. For the injection
velocity, the selected value was at a point closer to the upper limit (to satisfy variability
requirement) but not at the upper limit in order not to violate the velocity requirement
for part mass.

This compromise in injection velocity affected the predicted responses, as shown
in Table 8-3. The predicted part mass was 88.5 which was slightly lower than the target
mass of 88.6 but still within the pre-set tolerance of £0.4 mg. The predicted In (SD) was

-2.0 (corresponding to SD of 0.14) which was lower than the upper limit set to -1.9.
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Since a compromise had to be made between two responses, the individual
desirability d; and d, of mass and mass-variability, respectively, are less than 1. The
overall desirability, D, is therefore calculated to be 0.83.

Table 8-5 presents the results of the validation experiments, where average mass
was 88.9 mg and SD was shown to be 0.10. Hence, the average part mass was higher
than predicted by approximately 0.3%, although it still lay within the pre-set tolerance
of £0.4 mg, whereas the standard deviation obtained was lower than predicted by the
desirability function. Comparing the obtained SD of 0.1 to the original run standard
deviations listed in Table 8-4 shows that it was possible to achieve variability, when
optimising for both mass magnitude and mass variability, which fell within the lowest

quarter of the original experimental data.

8.5 Conclusion

This paper aimed at presenting a methodology for optimising process conditions
for multiple quality requirements in uIM. Five processing parameters were investigated
for their effect on part mass and mass variation. It was found that holding pressure
followed by melt temperature and velocity were significant for part mass, whilst
injection velocity alone was significant for mass variation. Hence the main significant
effect differed between part mass and mass variation. Further, injection velocity was
found to be a parameter of a different effect on the two responses, its effect proportional
to mass variation but inversely related to part mass. Hence, for some micro-moulded
components, attempting process optimization for part quality alone may lead to an
unintended consequence of increases in mass variation.

Desirability functions were used to find a combination of factors to meet a
specific mass requirement and to minimise variability simultaneously. The function
produced a set of values that took into consideration the contradicting effect of injection
velocity on both responses. The suggested conditions were tested, where the average
mass deviated by only 0.3% and the variability was better than what was predicted by
the functions. Both responses were within the pre-set requirements and the method was

shown to be useful in optimising multiple responses.
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9 Improving surface flatness of micro-injection
moulded substrates

9.1 Introduction

Micro-injection moulding (uIM) has developed to be one of main technologies for
producing microfluidic devices. The advantages of the process include high-volume
manufacturing, replication fidelity and a wide variety of mouldable materials.

A Dbasic step in fabricating microfluidics is to seal the open channels by attaching
a lid over the replicated substrate. This can be achieved by several different polymer
joining techniques, the advantages and limitations of which are compared in the
literature [193,199,200].

For most bonding techniques, the flatness of the mating surfaces is an essential
requirement to achieve efficient and leak-proof sealing [277]. The flatness of the
polymeric chip is affected by different factors, such as the flatness of the replicated
mould [62], the processing parameters [61] and the ejection process. Flatness and its
control have, however, received little attention in the literature. In one previous
experiment, a microfluidic device for clinical diagnostics was replicated by micro-
injection moulding. It was possible to replicate a PMMA, disc-shaped substrate, which
had a diameter of 300 mm. The produced flatness was 100 um edge to edge [278].

This paper addresses one possible contribution to the flatness of substrates: the
effect of post-filling process conditions. As an example, the flatness of micro-injected
discs was investigated. A design-of-experiment approach was used to investigate the
effect of process conditions on part flatness. Three post-filling parameters were
investigated: cooling time (t.), ejection force (F¢) and ejection velocity (Ve). A 2-level,
full factorial design was selected for this application.

The results are then validated with a set of extra experiments at conditions

designed to improve the flatness.
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9.2 Experimental Method

9.2.1 Parts and part geometry

The investigated part was a disc-shaped PMMA substrate, which was designed to
form a layer in a laminated microfluidic device, which would be ultrasonically welded
to a mating layer of the same external dimensions. The welding would take place across
a ring-shaped area close to the circumference of the parts.

An example of the polymer substrate is shown in Figure 9-1. The disc was 10 mm
in diameter and 1 mm in thickness. The substrate carried simple micro-scaled features at
the centre of the geometry. Further details of the functionality of the complete
microfluidic device and its fabrication process chain are available in the literature [271].

The substrates were produced using a Battenfeld Microsystems 50 micro-injection
moulding machine. The PMMA grade was VS-UVT from Altuglas®. Optimised process
conditions for completely filling the part cavity, have been derived in previous
experiments [279]. These were used to form the initial experimental process conditions

for the substrate, which are given in Table 9-1

N

Figure 9-1 A photograph of the tested substrate and an SEM micrograph of the micro-features on
the patterned side of the substrate
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Melt T. [°C] 250
Mould T. [°C] 81
Holding P. [bar] 416
Injection V. [mm/s] 200
t. [S] 4

Ve [Mm/s] 300
Fe [KN] 0.8

Table 9-1 Initial process conditions. The first five factors were optimised for part filling in prior
experiments

9.2.2 Experimental design

Table 9-2 shows the two levels of the variable factors and fixed processing

conditions for the experimental design to investigate effects on part flatness.

Variable Factors
Levels (-) (+)
Ve [mm/s] 150 300
Fe [KN] 0.4 0.8
t. [S] 4 8
Fixed process conditions

Melt T. [°C] 250
Mould T. [°C] 81
Holding P. [bar] 416
Injection V. [mm/s] 200

Table 9-2 Levels of variable factors and fixed process conditions

The levels of the ejection velocity and ejection force were selected to be the
minimum and maximum allowable values in the machine.

For the cooling time, the low level was selected as the minimum time necessary to
cool the part for ejection to be achieved (based on previous experiments [279]). The
high level was selected as twice the low level. As before, the fixed process conditions
were selected as the optimised process conditions for completely filling the part cavity,
as obtained from previous experiments [279].

A DOE plan was used to investigate the effect of three post-filling parameters:
cooling time (t;), ejection force (Fe¢) and ejection velocity (V). A two-level, full
factorial design (2%) was selected for this purpose. Table 9-3 lists the standard order of

the experiment plan. The sequence of runs was conducted in a random order. 3 parts
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were produced for each experimental run. The flatness measurement protocol was
undertaken for each part 3 times, yielding a total of 9 flatness measurements for each

run. The average of these values was taken as the experimental response.

Stendard | vemmis] | FelkN] te [s]
1 - - -
2 + - -
3 - + -
4 + + -
5 - - +
6 + - +
7 - + +
8 + + +

Table 9-3 A two-level full factorial experimentation design

Experimental data were processed and analysed using Minitab® 15 [270].

9.2.3 Flatness measurement protocol

Flatness measurements were recorded using a micro-coordinate measurement
machine (u-CMM) of type F25 from Zeiss, based at the National Physical Laboratory
(NPL). The machine uses a tactile scanning probe of diameter 300 um, which is coupled
with a visual inspection system, and the measurement uncertainty is 250 nm.

Flatness measurements were taken at different points across the “welding surface”
of the substrate (approximately 100 points for each disc). A software package
(CALYPSO) was used to interpolate between the measured points, and a visual
representation of the surface shape was produced.

The following protocol was used to measure the samples’ “flatness”:

1. The polymer discs were detached from the gate, cleaned and located on a
ceramic reference platen (flatness < 50 nm). The sample was fixed in position
using double-sided carbon tape. The platen with the fixed sample was them
placed in the u-CMM. Figure 9-2 illustrates the measurement setup.

2. The platen was probed to generate the z-datum plane. The sample was then

further probed in a point pattern of concentric circles ranging from 6 to 9 mm in
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diameter. The circles covered the area that was allocated for welding to take
place. Figure 9-3 shows a snapshot of the measurement software with the
measurement locations highlighted close to the sample circumference.

Height measurements were collected at designated points, and a graphical
representation is generated for the surface shape.

A simple measurement of “sample flatness” was obtained by calculating the
difference between the highest and lowest points on the part surface relative to

the Z datum plane.

+—

erence platen

Figure 9-2 Measurement setup for part flatness (Image courtesy of Alan Wilson, NPL)
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Figure 9-3 A snapshot from the measurement software, CALYPSO. The sample circumference is
shown in white, whilst the X-marks along the yellow circles designate the measurement points
(Image courtesy of Alan Wilson, NPL)

9.3 Results

Figure 9-4 shows a graphical representation of flatness of the mould insert used to
mould the polymer substrate. The flat grey concentric circles are the measurement
locations, and the superimposed blue circles represent the measured shape of the
surface. Whilst the X and Y directions are to scale, the Z-scale is magnified relative to
X and Y in order to clarify the general shape of the part surface. The measured flatness

was of the order of 1 pm.
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2.2um

Figure 9-4 A graphical representation of the flatness of the mould insert (Image courtesy of Alan
Wilson, NPL)

Figure 9-5 illustrates a typical graphical representation of part flatness for parts
moulded at the conditions shown in Table 9-1. For reference, the figure also shows the
location of the gate, where the material enters the mould cavity.

Highest point

Lowest point

Figure 9-5 A graphical representation of the part surface flatness (Image courtesy of Alan Wilson,
NPL)
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Table 9-4 shows the flatness measurements and their averages on the patterned
and plain sides of the substrate.

Substrate side
Flatness [um] Patterned Plain
Measurement A 47 55
Measurement B 50 59
Average 48 57

Table 9-4 Initial measurements of surface flatness

Figure 9-6 presents the measurement locations where the minimum and maximum
flatness levels were located. Locations of ejector pins are highlighted in red circles. The
moulded substrate is struck on its plain side by the ejector pin.

Highest

Gate points

Lowest
points

Lowest
points

Highest
points !

Patterned side Plain side

Figure 9-6 Locations of highest and lowest deviation from flatness on the patterned and plain
sides of the sample

Figure 9-6 shows that the locations of the highest and lowest points, as measured
on both sides of the substrate, corresponded, but were opposite, i.e. the lowest point on
the patterned side corresponded to the highest point on the plain side, and vice versa.
This indicated that the substrate as a whole was skewed into a “saddle” shape.

The correspondence of the locations of the highest points of the patterned side to
the location where the part would be struck by the ejector pins on ejection, indicates that

post-filling process conditions affected part-flatness. The design shown in Table 9-3
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was implemented to investigate such possible post-filling effects. Table 9-5 tabulates

the chosen experimentation response, the average flatness

Stg?gg‘lfd Ve[mmis] | Fe[KN] t [5] F'["J‘lf;‘l"i‘ss
1 i i i 100
2 + - - 98
3 § " 5 101
4 + + - 89
5 i - ¥ 47
6 + - + 46
7 i ¥ ¥ 16
8 ¥ ¥ ¥ 45

Table 9-5 Flatness measurements for the DOE runs

Figures 9-7 and 9-8 shows the main effect plot and the Pareto chart, respectively.

Main Effects Plot for Flatness
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Figure 9-7 Main effects plot of surface flatness
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Pareto Chart of the Effects
(response is Flatness, Alpha = 0.05)
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Figure 9-8 Pareto chart of surface flatness

The DOE analysis indicated a significant effect of cooling time on this
measurement of surface flatness, where flatness decreases as cooling time increases.
To further test this effect, parts were produced at different cooling times ranging

from 8 seconds to 40 seconds. Figure 9-9 plots surface flatness versus cooling time.

100

90

80

70

60

50

40

Flatness [um]

30 L 4

20

10

0 T T T T T T T 1
0] 5 10 15 20 25 30 35 40

Colling time [s]

Figure 9-9 Surface flatness versus cooling time
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9.4 Discussion

9.4.1 Initial measurements

Flatness measurements of the mould insert shown in Figure 9-4 confirmed that
deviation in sample flatness was not because of the mould geometry.

Figure 9-6 shows a correspondence between the points where the deviation from
flatness was the greatest at the locations of ejector pins. Hence, these deviations from
flatness, of approximately 5-6% of the part thickness, were likely to be related to the
post-filling ejection process.

During original optimisation of processing conditions, complete filling of the part
was the measured response. To achieve complete filling, a mould temperature of 81°C
was assigned. However, this lies close to the glass transition temperature (Ty) of the
polymer. As the cooling time was relatively short (4 seconds), after the elapse of the
cooling time, the part was ejected at a temperature still relatively close to the Tg. It is
likely therefore, that the temperature of the part was close enough to T for the part to be
deformable by the stresses associated with ejection.

As the moulding temperature could not be changed without compromising the
optimised filling, this suggested that improved control of the ejection system (force and
speed) and the cooling time might improve the flatness of the part.

Figures 9-7 and 9-8 showed that cooling temperature was the only statistically
significant parameter to affect part flatness. The main-effects plot showed that the
flatness decreased by more than 50% with increasing the cooling time from 4 to 8
seconds. This result confirms the effect of part temperature during ejection, as discussed
above.

Figure 9-8 shows the relationship between the cooling time and substrate flatness.
They are inversely related, as suggested by the main-effect plot, but do not have a linear
correspondence. The figure shows that a substantial increase in cooling time would
decrease the deviation from flatness down to a plateau level. For this particular
substrate moulding, this flatness was approximately 15 pm, with an improvement in

flatness of more than 80%.
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However, in an industrial environment it would probably be impractical to
increase the cooling time to such high values, as this would considerably increase the
cycle time. One alternative would be to select a shorter cycle time and constrain the
ejected part in a flat jig while still warm until it reaches the room temperature. Changing
the number, size and distribution of the ejector pins, to reduce ejection stresses, also has

the potential to improve the flatness of the part.

9.5 Conclusions

Flatness of micro-moulded substrates is rarely investigated in the literature,
though it can be of key importance to post-moulding sealing and lamination processes.
Here, a PMMA substrate of a microfluidic device was used as a case study to
investigate the effect of three post-filling processes on sample flatness.

- Flatness deviation in a substrate for which optimisation of mould filling had been
undertaken was measured to be approximately between 50-60% of the part
thickness. This was attributed to the ejection impact from the pins.

- A DOE analysis showed that flatness was exclusively affected by cooling time. It is
likely that at short cooling times the temperature of the part was close enough to the
T, of the polymer for the part to be deformable by ejection stresses.

- Increasing the cooling time significantly improved the flatness up to a plateau

value. For this substrate, flatness was improved by more than 80%.
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10 A process chain for integrating functional elements
by micro-overmoulding of thermoplastic elastomers

Abstract

This paper presents a process chain for integrating functional elements by a
variant of micro-injection moulding (uIM). A SEBS-based thermoplastic elastomer
(TPE) was moulded over polymethylmethacrylate (PMMA) to produce a hybrid
microfluidic structure. The process chain implemented micromilling for fabricating
micro-structured tool inserts, and pIM and micro-overmoulding was used for
replication. A two-plate mould was used for moulding the substrate, whilst a three-plate
mould with a replaceable insert was used for TPE overmoulding. The presented

application was an interconnect system for a microfluidic device.

10.1Introduction

Micro-injection moulding (uIM) has evolved during the past decade to be one of
the most important processes for high-volume fabrication of micro-components.
Advantages of the process include replication fidelity, dimensional accuracy and wide
variety of processable materials. Due to the increasing demand for micro-components
with relatively complex structures or integrated functionalities, process variants are
being developed.

A developing variant of puIM is micro-assembly injection moulding (LAIM),
which is a process that allows for the assembly of hybrid micro-structures [80]. Similar
to conventional moulding, nAIM combines different processing aspects, such as
movable elements, hard/soft combinations and hollow structures [79]. The process can
involve a combination of different polymers or polymers with other materials [209,280].

Combining polymers with elastomers is a well established process in macro-scale

injection moulding, where the mechanical properties of elastomers (e.g. low tensile
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strength, high elongation at break and range of hardness values) make them suitable for
applications such as gripping elements, gaskets, insulations and part aesthetics.

Unlike the case with macro-scale moulding, very little is available in the literature
about uIM of elastomers. A single experiment has been reported were thermoplastic
polyurethanes were micromoulded as non-hybrid into high-aspect ratio structures [96].
In another paper, TPE was used for packaging an injection-moulded microfluidic device
[281]. Here, a TPE foil was welded to Polypropylene (PP) substrates by post-
processing. In these two cases, TPE was either micromoulded alone or assembled by
post processing, but no prior work exists where micro-overmoulding was done with a
TPE.

The presented process chain involves the use of a 3-plate mould for
overmoulding. Micro-moulding by a 3-plate mould has been reported in one experiment
[44,115] to fabricate a polyoxymethylene (POM) micro-gear and a polycarbonate (PC)
lens array. The micro-gear mould had a gate diameter of 0.6 mm, whilst the lens
component had a gate diameter of 0.3 mm. No prior work exists where 3-plate moulds
with replaceable inserts where used for micro-over moulding.

This paper assesses the feasibility of a process chain for integrating functional
structural elements in uIM. A micro-overmoulding process was used to micromould a
TPE over a PMMA substrate using a 3-plate mould with replaceable inserts. The case
study used to assess the process chain regards an interconnection system for attaching
tubes into a 3-D microfluidic system.

Interconnection systems are usually produced by post-processing techniques, such
as using adhesives or commercially available, usually expensive, ports. The selected
case study is an example of how direct integration within micromoulding could
decrease the time and cost of post-processing step, which can sometimes make up to
80% of the device manufacturing cost [160]. A review is available in the literature about
current integration methods of interconnection elements by high-volume polymer

replication methods [282].
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10.2 Experiments

10.2.1 Case study

The case study presented in this paper is a building block in a laminated 3-D
microfluidic device for blood/plasma separation. It consists of a substrate that has two
outlets, one for a cell-rich phase and the other for the plasma-rich phase. A detailed
description of the device functionality is available in the literature [271].

The original substrate was designed such that tubes are interconnected into outlets
by adhesives in post-processing steps. A modified design, presented here, integrates an
interconnection element by uIM, into which tubes would be directly press-fitted. Figure
10-1 shows the original and modified designs.

Tubes

Interconnection
element

Adhesive

PMMA Substrate

Figure 10-1 Two substrates with post-processed and integrated interconnection systems

10.2.2 Part design

The interconnection element was fabricated by micro-overmoulding, where TPE
was moulded over a substrate made of PMMA. Figure 10-2 shows a half cross-section
of the sample. The substrate had outer dimensions of 10 mm in diameter and 1 mm in

thickness. One interconnect port is fully cylindrical along the thickness of the TPE

208



element, whilst the other port is partially cylindrical along half the thickness. This was
done to avoid interference between the mould cavity of partially-cylindrical port with

the gate cavity which is adjacent to the port.

TPE
PMMA Substrate element

Figure 10-2 Half cross section of the interconnection system

Each port has a thickness of 500 pum and a depth of 1.3 mm, which makes the
aspect ratio (AR) of the corresponding cavity in the mould equals to 2.6.

Figure 10-3 presents a CAD image of the PMMA substrate alone. The part was
designed to receive the fluidic sample from the other layers of the device through 400-
um-diameter channels, which delivered the fluidic samples to the ports, where tubes
were connected.

Some features have been introduced to the surface of the part to allow mechanical
interlocking with the overmoulded TPE. They consist of channels of dimensions of 100
pum width x 200 um depth (AR = 2). Also, positioning marks were introduced to
accurately position the substrate during overmoulding and restrict possible motion in the

mould.
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Figure 10-3 A CAD drawing of the PMMA substrate

10.2.3 Mould design

The moulding process took place in two stages, the first of which was the
moulding of the PMMA substrate, whilst the second was the overmoulding of the TPE
interconnection element. The first stage was done with a 2-plate mould, while the
second stage was done with a 3-plate mould as detailed in the following sections.

10.2.3.1 Substrate mould design

The substrate mould consisted of a reconfigurable system, where micro-features
were micro-milled in an aluminium insert, whilst the mould body was made of steel.
This allowed for more flexibility in mould design and reduced micro-milling time and
cost. The other side of the 2-plate mould was a flat steel plate. Figure 10-4 shows a
diagram of the insert and Figure 10-5 shows an SEM image of the micro-milled insert.

The micromilling sequence consisted of a roughening and finishing steps. Cutting
tools of different diameters were used, the least of which was 100 pm. All cutting tools

were tungsten-carbide, flat-end milling cutters.
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Aluminium insert Steel body

Ejection pins
Runner system

Figure 10-4 A CAD diagram of the reconfigurable mould

Figure 10-5 An SEM micrograph of the aluminium insert

10.2.3.2 TPE mould design

The overmoulding design was relatively more complex in that the substrate and
required features on both sides of the parting surface. A 3-plate mould with a

replaceable insert was therefore implemented, where the PMMA substrate was
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positioned on the moving half of the mould, whilst the overmoulding took place on the
middle (third) plate. The mould was designed with two cavities. Figure 10-6 presents a
schematic diagram of the system, where, due to size limitations, only the reconfigurable
parts are shown without the surrounding mould body (ejector pins were eliminated from
the figure for simplicity). Detailed dimensioned drawings are available in the Appendix
A3.

Third-plate Third-plate
insert insert
(back side) (front side)
\ B Substrate
L] (PMMA)
Gate \ N
Functional
/
L —] element
Injection - (TPE)
direction P 4 {
7 Insert holder
Runners // (steel)
Injection / .
direction - A \ | ___— Mould insert
L (aluminium)
Cores —_| — |
[qV] E -
2 2.
2! 2!
R Bl
Fixed plate E Middle E Moving plate
v (third) |
plate

Figure 10-6 Cross-section of the 3-plate micromould

212



In Figure 10-6, two parting lines define the 3 plates of the mould, namely a
moving plate, a fixed plate and a middle, third plate. All parts were made from hardened
tool steel except for the replaceable aluminium inserts. The third and moving plates
were both two-cavity moulds.

The third plate was also designed with a replaceable steel insert, where features
were produced by micro-milling. Due to the required geometry of the interconnection
system, two cores were required for each part to form the cylindrical cavities, where
interconnection tubes would be fitted into the port. As shown in Figure 10-6, the four
cores protruded beyond parting line 1 into the PMMA substrate. The standard steel
inserts of the third plate had a thickness that made them flush with the parting surface
(parting line 1). Therefore, the insert was redesigned into two halves, where the front
half is thicker than the rest of the third plate, allowing for the milling of the protruding
cores, as shown in the figure.

Figures 10-7 and 10-8 show the moving side and the third plate side of the 3-plate

mould, respectively.

PMMA substrate cavity

Ejector pin

Figure 10-7 Moving-plate side of a 3-plate mould: cavities for holding PMMA substrates.
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Gate
(¢ =300 pm)

Figure 10-8 Third plate side of a 3-plate mould

Some features in Figure 10-8 had to be redesigned in terms of their aspect ratios
to be machinable by standard cutters. The gate holes shown in the figure were done by

bespoke cutters with extended lengths to reach the required depth of cut.

10.2.4 Micromoulding of hybrid components

The micro-moulding process was undertaken as two stages. The first was the
moulding of the PMMA substrates, and the second was the overmoulding of TPE to
form the interconnection element. A high-flow PMMA grade was used in this
experiment (VS-UVT from Altuglas). The TPE was a Styrene-Ethylene-Butylene-
Styrene (SEBS) copolymer. The grade used (MEGOL SV/P from API) was selected for
its adhesion compatibility with polar polymers, such as PMMA. This particular TPE
grade has a tensile strength of 0.015 GPa and elongation at break of 450%. The micro-
injection moulding machine was a Battenfeld Microsystems 50 and the micromilling
machine was a KERN Evo. The following sections present the two stages of the
process.

Table 10-1 shows the process conditions for the two stages: polymer-melt
temperature (T,), mould temperature (Ty), injection speed (V;), holding pressure (Ph)

and cooling time (t).
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T,[°C] Tm[°C] Vi [mm/s] Py [bar] te [s]
Micro-moulding of PMMA 260 84 200 300 4
Micro-overmoulding of TPE 200 65 200 400 10

Table 10-1 Processing conditions for PMMA and TPE

The cycle times for pIM of PMMA and micro-overmoulding of the TPE were

approximately 5 and 12 seconds, respectively.

10.3 Results

Figure 10-9 shows an SEM image of the replicated PMMA substrate.

Figure 10-9 An SEM micrograph of the PMMA substrate

Figures 10-10 and 10-11 show images of the top view of the hybrid component

and the tube connections, respectively.
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PMMA substrate

TPE element

Figure 10-10 A top view of the PMMA-TPE hybrid component

PMMA

Figure 10-11 A view of the outlet tubes fitted inside the interconnection element
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It is noted from Figure 10-10 that there is a misalignment in the y-direction by
approximately 200 um. Figure 10-11 show that standard 1.6-mm tubes fits well in the
interconnection element.

As a preliminary leakage test, the hybrid component was joined to a PMMA
substrate with a single microfluidic channel. The system was tested with water-diluted
ink at a number of flow rates starting with 0.32 ml/min (the flow rate at which plasma
separation takes place with diluted blood) up to double this value. No leakage was

observed in this range. Figure 10-12 shows the testing setup.

Figure 10-12 A leakage test with water-diluted black ink

10.4 Discussion

This paper presented a novel process chain for functional integration in pIM. The
approach was based on micro-overmoulding of TPE using a 3-plate mould with a
replaceable insert. The approach used depended on developing a hybrid structure that
benefited from different polymer properties. PMMA was used as a low-shrinkage, rigid
and transparent polymer for the microfluidic substrate, whilst TPE was used as a low-
tensile-modulus polymer for interconnect fittings. The process chain involved two main
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steps: mould manufacturing and replication, where the latter was done through two

moulding stages.

10.4.1 Mould microfabrication

Concerning mould manufacturing, micro-milling was used to machine the features
of the reconfigurable moulds: 2-plate and 3-plate moulds. For the 2-plate mould,
Figures 10-5, 10-7 and 10-8 showed that micromilling was suitable for producing the
required features within specified tolerances using roughening and subsequent finishing
stages. The micro-milling process used Tungsten-carbide cutters with diameters down
to 100 um.

However, the figures also show some of the micro-milling limitations, such as
irregular surface finishes and burrs, for example figure 10-5. In addition, micro-milling
cutters have limitations in terms of their cutting length relative to their diameter.

Bespoke cutters were used to machine some features to the required depth.

10.4.2 Replication by uiM

With regard to replicating the PMMA substrate, Figures 10-9 showed a complete
replication of all the substrate features, including the channels that had an aspect ratio of
2. A weld-line could also be observed along the centreline of the features.

Concerning the micromoulding of TPE, Figure 10-10 shows that TPE completely
filled the cavities around the cores, leaving the required space for tubes to be fitted as
shown in Figure 10-11. This shows the feasibility of using TPEs in micromolding of
relatively high-aspect ratio applications. The use of the 3-plate mould offered the
advantages of automatic separation of gates and the existence of features on both sides
of the mould cavity.

A unidirectional shift of approximately 200 pm was, however, observed between
the PMMA and the TPE layer. This unidirectional shift indicates the existence of a
misalignment between the moving plate and the third plate. The misalignment did not
affect the functionality in this particular case, since it did not block the microfluidic
channels. However, for application with tighter tolerances, further positioning
calibration would be required.

In addition to mould positioning, two areas of improvement would be useful to

achieve a well established process. Firstly, the runner system should be redesigned to
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decrease its volume relative to the parts. Figure 10-13 shows the relative size of the
runner system with respect to the replicated parts. This is a typical challenge in pIM,
where runners consume a large volume fraction of processed material per shot. Another
alternative would be to increase the number of cavities in the mould to produce more

parts per shot.

Figure 10-13 A runner system compared to replicated parts.

Initial leakage tests were conducted using water-diluted ink, where no leakage
was observed in the flow rate range between 0.32 and 0.62 ml/min. This indicated that
the TPE ports were efficiently gripping the tubes.

A mass-manufacturing consideration of the presented process chain is the ability
to automate the process, such that 2-component integration is done in a single stage.
One approach to automation is the use of two-component machines, commonly used in
conventional moulding. Two-component micro-injection moulding machines have been
recently introduced into the market, such as FormicaPlast 2K from DESMA [283].

10.5 Conclusion

This paper presented a process chain for integrating functional elements by micro-
overmoulding. A hybrid structure was produced by micro-moulding TPE over PMMA

to produce integrated interconnection ports. The process chain was based on using
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micromilling for producing micro-structured replaceable moulds, followed by
replication with uIM. A 2-plate mould was used for producing the PMMA substrate
using a reconfigurable aluminium insert. A 3-plate mould with a replaceable insert was
used to mould TPE over the PMMA substrate. The required cavities (AR of 2.6) for
tube fittings were successfully produced. A shift of about 200 um was detected due to
mould-halves misalignment. This did not affect the functionality of the system since it
was within acceptable tolerance. A leakage test showed that the system was leak-proof

within a range of flow rates between 0.32 and 0.62 ml/min.
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11 General Discussion

The work presented throughout this thesis aimed at addressing the research gaps
identified from the literature review (Chapters 1 to 3).

Chapter 1 highlighted the main developments that have been achieved in
different aspects of pIM of microfluidic devices. Areas covered included device
design, mould manufacturing, material selection, process parameters, numerical
simulation and post processing. The main outcome of this chapter was to identify key
areas of improvement that would lead uIM to be an established high-volume
technology in microsystem applications, especially microfluidics. A major research
gap was to develop methodologies to control the process parameters and optimise
process conditions in uIM for particular quality requirements.

Chapter 2 focused on functional integration in high-volume replication methods.
Functional elements were classified according to their transformation functions
defined relative to their physical inputs and outputs (mass, energy and information).
Functions were categorised according to their degree of integration, i.e. in-line, post-
processed or not-integrated. This taxonomy gave an overall picture of the state of the
art in integration by high-volume micromoulding. It was clearly shown that direct, in-
line integration is usually associated with mass manipulation, whilst post-processing
or non-integration was likely to occur when energy or information were involved. The
chapter highlighted the importance of developing in-line integration methods in order
to advance high-volume micromoulding techniques for fabricating relatively complex
microfluidics.

Chapter 3 aimed at assessing puIM as a technique for producing 3-D
components. In spite of the major advantages of uIM as a mass-fabrication method,
its capabilities could be limited by relatively complex geometries. The chapter
discussed the main elements to be considered when designing for puIM, namely
demouldability and replicability by uIM. Based on these criteria, a flow chart was
proposed as a general guideline on how to evaluate a particular 3-D component for
manufacturability by pIM.

Based on the work presented in Chapters 1, 2 and 3, three research gaps were
identified, namely (1) micro-injection moulding of three-dimensional microfluidics,

(2) quality control and process optimisation and (3) In-line functional integration. The
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three issues were tackled as follows: A process chain for producing three-dimensional
microfluidic devices produced by uIM for medical applications was developed and
assessed. Statistical quality control was used to identify influential process parameters
and optimise the micro-moulding process for filling quality, process stability and part
flatness. The process was then adapted to enable functionality integration within the
high-volume process chain. This was achieved by micro-assembly injection moulding
(LAIM) and a three-plate micromould design. Figure 11-1 shows a schematic diagram
of the main outcomes of the thesis. The following sections present a general

discussion of the thesis outcomes.

3D-Design for
high-volume

Statistical

! Quality Control
analysis of

micro-fabrication Laminated significant
system for 3D- parameters and
microfludics. process
optimisation.

Research
Gaps

Hybrid micro-
moulding for
functionality
integration (3-
plate mould).

High-volume
integration

Figure 11-1 A schematic diagram of the basic research outcomes

11.1 Assessment of the process chain

The process chain presented in Chapter 5 illustrated the feasibility of producing
3-D microfluidic structures using high-volume processes. The assessed route was
based on combining micromilling with micro-injection moulding (uWIM) to produce a

laminated 3-D blood-separator.
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The lamination approach was shown to be successful in producing 3-D
microfluidics. Similar in principle to rapid prototyping, the 3-D lamination approach
offers a relatively higher level of design flexibility within a defined space. For
example, the blood-separator case study consisted of a system that occupied a total
volume of less than 400 mm?, including spaces for welding and tube interconnections.
For demonstration purposes, the system contained a single fluid-manipulation task,
namely flow separation. However, future iterations of the design could include more
functionalities, e.g. dosing or mixing, within the unused spaces of the same volume by
redesigning the individual layers.

The process chain was also used for functionality integration. Tube
interconnection and sealing were designed to be part of the device structure. The
reconfigurable design of the mould proved to be an efficient approach to produce
micro-featured inserts economically and with considerable flexibility in geometrical
structure. It is recommended, however, to limit this approach to prototyping stages in
which the desired shape is being iterated. For mass-manufacturing purposes, it is
advisable to machine the required features directly into a monolithic mould. This
would eliminate the potential errors of fitting tolerances and simplifies the mould-
assembly process.

It was possible using this process chain to produce a 3-D microfluidic-based
blood/plasma separator for medical analysis. Initial experiments using diluted horse
blood, resulted in separation efficiency of 80%.

In addition to design flexibility and integration, the process chain provided
high-volume capabilities in terms of time and cost. Machining a single mould insert
takes less than one hour by micromilling. Once the mould inserts are produced,
thousands of plastic parts could be replicated in a single shift. For the blood-separator
case study, the five building elements of a complete device could be replicated every
10-12 seconds. This shows the great potential of the process chain in an industry
environment.

On the other hand, the process chain had a number of limitations in terms of
design and manufacturing. Considering the design process, uIM limits the design of
the replicated parts to demouldable shapes, as reviewed in Chapter 3. This requires
careful consideration from the designer on how a complex 3-D structure should be
“sliced” into demouldable layers. For the blood-separator case, five layers were

required for separation. If more functionalities are to be included, extra partitioning
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might be required, and hence, a longer process chain. The type of the mould, 2-plate
or 3-plate, is another consideration when designing the individual layers.

Another design limitation is related to layer alignment, since accurate alignment
of the layers is crucial for the functionality of the device. In the case study, alignment
was achieved based on the outer circumference of the layers, which was a suitable
approach for the dimensional tolerances. In other applications, where dimensional
tolerances might be tighter, registration marks might be necessary to secure accurate
alignment.

Considering manufacturing aspects, micromilling is limited in terms of feature
size and surface quality it can produce. Commercially available micromilling tools
have minimum diameters in the order of tens of microns. Feature sizes of a few
microns or less would be unsuitable for micromilling. The tool diameter also affects
the cutting length of the tool and, hence, the maximum aspect ratio of the machined
feature.

Surface quality is governed by the cutting parameters and is usually irregular
across the machining surface. Controlling the surface roughness (e.g. to achieve a
required hydrophobicity) would require an extra finishing process.

Automation is an important aspect of the process chain, since post-processing
assembly is required. Both micromilling and uIM are automated processes, but
additional automation, by robotics for example, would be necessary for post-ejection
processes, such as sample handling, sprue and runner separation, alignment and
joining. This is likely to increase the efficiency of the process chain but will add to its

cost.

11.2 Effect of process parameters and part geometry on part
filling

The experiments presented in Chapter 6 aimed at identifying and controlling the
process parameters to achieve complete filling in uIM. A three-stage DOE approach
was applied comprising familiarisation, screening and optimisation, where part mass
was used as a representation of part filling.

Familiarisation was useful in determining the levels of the investigated

parameters between which it was possible to detect statistically significant changes.
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This stage was also used to investigate the change in part mass during the process
cycles, which sets the process-stability conditions of the experiment.

The five PMMA layers presented in Chapter 5 were used as case studies for
quality control. Results obtained illustrated the significance of holding pressure on
part mass. The measured masses of the five tested samples were all dependent on
holding pressure as the primary, and in most cases the only, significant process
parameter. These results highlighted the important role of holding pressure in
overcoming premature freezing, which is typical in uIM, at the final stages of the
injection process.

In agreement with previous work, cooling time and melt temperature were both
found insignificant to part mass. This is because the cooling process tends to affect
the shape of the part rather than its mass. Melt temperature was insignificant, because
all the experiments took place at a mould temperature below T4, which practically
causes the melt temperature to decrease instantly once the polymer comes into contact
with the mould walls.

The injection velocity was insignificant because the two levels of the
experiment were high enough to make any change in polymer viscosity insignificant.

In the optimisation stage, desirability functions were used to control the process,
such that a set of process parameters is calculated to achieve preset target masses. The
technique was validated for all the five tested samples, where the maximum and
minimum masses where within 0.5% of the target masses.

The desirability function technique proved to be useful in optimising the
process, and the filling process was improved based on its suggested values. It was
also possible to use the optimised results to obtain a set of compromise conditions for
filling all the five parts in one single shot.

The effect of part geometry was investigated in this set of experiments. All the
parts had the same outer dimensions but different micro-features, which offered an
opportunity to investigate the effect of geometry by comparing the significant
parameters identified for all the parts.

Unlike the rest of the parts, Part d showed a significant effect of mould
temperature and injection velocity, in addition of holding pressure. This combination
of parameters was due to the relatively complex geometry of the part. Complexity was
represented here by the minimum thickness along the flow path, which was
significantly smaller in part d that the other four parts.
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Experiments with short shots showed that the flow path of the polymer inside
Part d, as compared for example to Part a, was affected by premature freezing
occurring at the small-thickness areas. The last-filled point was located at the middle
of the part, rather than the far edge from the gate due to hesitation effect caused by the
small-thickness areas. As the thickness decreases, the effect of injection speed and
mould temperature becomes more significant in affecting the injection pressure

required to fill the cavity.

11.3 Process variability in pIM

Chapter 7 focused on another quality aspect of uIM, which is process
variability. This aspect is particularly important for high-volume production
environments, where changes in, for example, material batches, production shifts or
operators might affect the stability of the process. In this set of experiments,
variability was assessed by replicating experiments for two different parts, namely
Parts a and d. Variability was measured by the standard deviation of part masses
measured for three identical experiments performed at different times and in different
run orders.

The results showed that for Part a, similar to the original DOE results of
Chapter 6, holding pressure was the only significant parameter for the three sets of
designed experiments. Some discrepancies were observed for the non-significant
parameters, which were due to the process noise. The DOE was unable to detect a
particular parameter for variation, which indicates that the process was only affected
by noise due to cycle repeatability.

Unlike the case for Part a, Part d showed different analysis results for the three
replications. Holding pressure and injection velocity were significant parameters for
all experiments, but mould temperature for only one of them. The analysis for
standard deviation showed that injection velocity was the source of variability for this
particular part.

Surface plots and desirability functions were used to decrease variability by
controlling the melt temperature. This approach resulted in a decrease in variability by
approximately 40%.
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The main outcome of these experiments is that process variability plays a role in
the filling quality in uIM. Previous work with DOE has assumed the process to be
invariant, which is not necessarily the case. Another important aspect is that the factor
that affects variability of a particular quality parameter is not necessarily the same
factor that affects the parameter itself. Once a source of variability is detected, it is
possible to decrease it using statistical optimisation tools such as surface plots and

desirability functions.

11.4 Optimising process conditions for multiple quality
criteria

Optimising more than one quality parameter is a common requirement in
industry, where functionality specifications require a combination of outputs to be
optimised. Chapter 8 discussed the issue of multiple-criteria optimisation in pIM,
where targeting a specific part mass and minimising variability were required.

Part b was investigated as a case study, where significant parameters affecting
part mass were found to be holding pressure, melt temperature and injection velocity.
These results were based on the average of three replicated DOE experiments. Earlier
DOE experiment for Part b (presented in Chapter 6) revealed that its mass was only
affected by holding pressure. The inclusion of melt temperature and injection velocity
in the averaged data of three replications indicated the influential presence of process
variability.

A DOE to test variability, as represented by the standard deviation of part mass,
showed that injection velocity was the source of variability. The quality requirements
to be met were to meet a specific target mass and to minimise variability. Desirability
functions were used for this purpose.

Due to the different effect of injection velocity on both requirements, it was
necessary to reach a compromise value. Therefore, the overall desirability D was 0.83,
less than the ideal value of 1.

The parameters suggested by the function were validated, and the measured
mass lay within the preset tolerance of £0.4 mg. The variability was decreased to
within the lowest quarter of the original data set.
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11.5 Evaluating part flatness

Part flatness of micro-moulded samples was evaluated using a micro-coordinate
measurement machine (ui-CMM). Chapter 9 presented a DOE approach, which was
used to investigate post-filling process parameters. It was shown that cooling
temperature significantly affected part flatness.

By increasing the cooling time, it was possible to decrease deviation in flatness
by more than 80%, which came at the expense of the cycle time. In an industrial
environment, it would be required to optimise all process conditions to reach both

complete filling and part flatness.

11.6 Integration of functional elements

The process chain assessed in Chapter 10 offered a new approach for integrating
functional elements within uIM. Micro-overmoulding was used to mould TPE over
PMMA to produce a press-fit interconnection element. The process was done by
firstly moulding the PMMA substrate using a 2-plate mould, and then overmoulding it
with TPE using a 3-plate mould with a replaceable insert.

The interlocking features at the top of the PMMA had an aspect ratio of 2, and
the cylindrical ports had an aspect ratio of 2.6. Both were fully filled with TPE.

The process chain was shown to be feasible for integration of interconnection
elements. A leakage test was performed using water-diluted ink, and the system was

shown to be leak-proof up to 0.62 ml/min.
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12 Conclusions and future work

The research presented in this thesis aimed at assessing the feasibility of micro-
injection moulding (uIM) as a mass-production technique for producing 3-D integrated
microfluidic devices. Three research gaps were identified from the literature review:
designing 3-D microfluidics within the limitations of uIM, quality control and process
optimisation in high-volume micro-moulding and the process integration of functional
elements.

In order to address these research questions, the research activities passed through
three main stages. The first stage was to design and fabricate a three-dimensional
microfluidic system using a process chain involving pIM. This stage required an
understanding of the capabilities and limitations of uIM (Chapter 3). The developed
design guidelines were implemented in the case study of a 3-D blood/plasma separator
(Chapter 5), where a lamination approach was implemented to overcome design and
fabrication limitations of pIM.

The second stage was to develop quality control techniques suitable for high
volume manufacturing in pIM as a microsystem technology. These techniques were
investigated as an alternative assessment method to commercial simulation packages
that were reported to be inaccurate on the micro-scale (Chapter 1). This stage involved
the implementation of design-of-experiments (DOE) to investigate the effect of process
parameters on certain quality criteria (Chapters 6 to 9). A systematic approach
consisting of familiarisation, screening and optimisation was implemented to control
cavity filling, process variability and part flatness.

The third stage focused on process integration of functional elements in
microfluidic systems. As reviewed in Chapter 2, microfluidic functional elements are
mostly integrated by post processing or used as non-disposable elements, which implied
considerable investments in cost and time. Chapter 10 presented a process chain for
functional integration by micro-assembly injection moulding of thermoplastic
elastomers (TPEs). A 3-plate mould was used to integrate TPE with PMMA to form

interconnect elements for a microfluidic system.
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The following items indentify the contribution to knowledge achieved through the

three research stages:

1) 3-D design for pIM:

a.

b.

C.

A flow chart was developed for evaluating 3-D micro-components for
manufacture based on the capabilities and limitations of uIM.

A high-volume process chain was developed and assessed to produce 3-D
microfluidics by lamination of micro-moulded substrates produced by
reconfigurable moulds.

A three-dimensional blood/plasma separator was designed, fabricated and

tested using the developed process chain.

2) Quality control and process optimisation:

a.

—h

The literature review evaluated the state-of-the-art advances in puIM of
microfluidics. It highlighted key areas of improvement for uIM to be an
established technology in the microfluidics industry. Special emphasis was
directed to statistical quality control and process optimisation in high-volume
micromoulding as an alternative approach for simulation methods.

A systematic DOE approach based on familiarisation, screening and
optimisation was implemented for quality control in uIM. Part mass was shown
to be a reliable representation for part filling to an accuracy of 0.2 mg.

The relation between process parameters and part geometry was investigated

using multiple-geometry inserts.

. Process variability was assessed, and was shown to be related to process

parameters. Desirability functions were used to minimise variability.
Desirability functions were used to optimise multiple quality criteria in pIM by

reaching compromise conditions.

. A DOE approach was implemented to investigate part flatness measured by p-

CMM and to highlight the relation between flatness and post-filling process

parameters. Sample flatness was improved down to 15 um.
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3) Functional integration:

a. A taxonomy of process integration in pIM was developed based on
functionality (mass, energy and information) in relation with integration level
(in-line, post-processed or not-integrated).

b. A novel process chain was developed and tested for integrating press-fit
interconnection elements by micro-assembly injection moulding.

c. A SEBS-based TPE was successfully micro-overmoulded with PMMA to form
interconnect elements.

d. Reconfigurable inserts were designed, fabricated and tested in a 3-plate mould

for functional integration in pIM.

Future work

A number of research aspects presented in this project could be explored further:

- New three-dimensional design concepts could be implemented to overcome the
design limitations of pIM and maintain high-volume production. One approach is to
use ‘“‘origami” concept, where all the layers could be produced as modules
connected by flexible hinges to ensure alignment between layers (Figure 12-1).
Another 3-D approach would be to use micro-scaled sacrificial “lost cores” made of

a material with a lower Ty than the device polymer.

Figure 12-1 A CAD image of a 3-D design concept for pIM where micro-hinges are implemented
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The designed 3-D blood/plasma separator could be further developed to reach
separation efficiency higher than the measured 80%. This could be done by
investigating the relation between the number of separation layers, input flow rate
and dilution percent.

Recent simulation results from project partners at the University of Greenwich
(private communication) showed that higher separation efficiency is achieved when
the separation layers are formed into channels rather than open-space discs. Figure
12-2 presents a CAD image of this change could be implemented to the current

design.

Figure 12-2 A CAD image showing how separation layers could be modified for higher efficiency

With regard to quality control and process optimisation, designed experiments
could be conducted to give a more detailed understanding of the processing
parameters that were investigated in this thesis. This could include, for example, the
effect of modifying the three heating zones of melt temperature, the effect of
holding pressure time or the effect of changing injection speed over a profile.

The effect of material type is another factor that could compliment the geometry
effect presented in this thesis. The performance of semicrystalline polymers versus
amorphous polymers is one example. The behaviour of filled polymers would also
be of interest.

For a better understanding of the relationship between factors and responses, a
three-level DOE would be useful to explore possible nonlinearity.

With regard to process integration, modified designs could better utilise the use of
TPE in micro-assembly injection moulding. One common challenge in

microfluidics design is to produce a leak-proof system, and TPE could be used to
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injection mould micro-gaskets. Figure 12-3 presents a half cross section of a
substrate, where TPE is used as both an interconnect element (from top) and a
sealing gasket (from below).

Figure 12-3 A CAD image of a PMMA substrate with TPE moulding for interconnect and sealing

- Another area of improvement with regard to elastomeric interconnections is to
test the bonding between the TPE and PMMA using, for example, peel or
pressure tests. In addition, leakage tests should be performed to test the efficiency
of the interconnection beyond at higher flow rates and with different fluids.
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APPENDICES

APPENDIX Al: Dimensioned drawings of the five layers of the blood/plasma
separator
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APPENDIX A2: Dimensioned drawings of the blood separator mould and inserts
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APPENDIX A3: Dimensioned drawings of the 3-plate mould with replaceable
insert
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APPENDIX A3: Measuring the mass of micro-injection moulded samples

The masses of the micro-injection moulded samples shown in Figure 5-13 were
measured using the following procedure:

1. The moulded samples are manually separated from the common runner system
using pliers. Different techniques were tested for separating the samples at
their respective gates, such as manual cutters. It was shown that pliers gave the
most uniform cut at the gate without causing cracks at the cut sample.

2. After separating the samples, the attached remains of the gates were manually
removed using a file. This method was used because it had no significant
effect on the sample mass. This was tested by filing 10 randomly selected
samples and weighing them before and after filing. The mass change due to
filing the gate was in the order of 0.01 mg, which is an order of magnitude
below the mass tolerance of 0.2 mg that could be detected by the implemented
designed experiments. This meant that variations in mass due to manually
removing the remaining of the gates would be statistically insignificant in the
analysis of the designed experiments and would, therefore, not affect the final
results.

3. When all the gate remains were removed, 10 repeats of each sample were
weighed using a sensitive scale with a readability of 0.01 mg. The averages of

the measured masses were recorded and analysed using Minitab® 15.
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