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Abstract

Micro injection molding is a well-established manufacturing techniques for mass replication of
micro parts. However, a new product development requires a process optimization with respect
to the desired quality criteria. From the quality aspect, there has been demands for new
technologies for quality assessment of the micro products. X-ray computed tomography (CT) is
an emerging technology for industrial quality control. The current project focuses on application
based quality optimization of micro injection molded parts utilizing X-ray CT. Processing
parameters play a significant role in the final part quality; the most crucial parameters are: melt
temperature, mold temperature, cooling time, packing pressure etc. The influence of the process

parameters on the part quality is investigated by means of design of experiment approach.

X-ray CT is an extremely powerful tool which can used for different evaluations and analyses e.g.
dimensional metrology, internal porosity, fiber orientation etc. Within the framework of this

project, three different studies have been performed based on their critical quality aspects.

First study was focused on microfluidics where holistic dimensional quality control is desired. X-
ray CT was used for the overall part measurement related to shrinkage and warpage, whereas
conventional three dimensional optical profiler was employed used for the micro channel
measurements. CT based data fusion approach was applied for the holistic part measurements.
Moreover, the effect of electron beam alignment was also studied on the CT measurements of

micro molded parts.

Fiber-reinforced polymers are commonly used in micro injection applications where higher
mechanical properties are desirable e.g. in electronic connectors. Nevertheless, the use of fiber-
reinforced polymers affects the desired accuracy, which is attributed mainly to the orientation of
fibers in the final part. The non-destructive nature of X-ray CT allows to study the fiber orientation
and its effect on the dimensional accuracy of the parts. An experimental investigation was carried
out focusing the influence of process parameters (melt temperature, mold temperature, cooling

time and packing pressure) on the desired fiber characteristics (orientation, fiber volume content



etc.). A simulation based study was also performed to validate the CT based characterization of

fiber reinforced composites.

The last part was focused on a specific micro injection molding application where the internal
defects (voids) alter the quality adversely. A series of experimental investigations were made by
varying the critical process parameters. X-ray CT was used for the part characterization and
quality assessment considering the different quality criteria e.g. total void volume, part volume
(shrinkage) etc. Optimal set of process parameters was identified by performing the statistical

analysis.
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Chapter 1.
Introduction

This PhD work was performed as a part of a Marie Curie ESR Project INTERAQCT -
International Network for the Training of Early stage Researchers on Advanced Quality
control by Computed Tomography.

1.1 INTERAQCT

The INTERAQCT project [1] has been conceived as a pan-European industrial-academic
initiative that will provide the unique and encompassing training environment required, by
bringing together expertise from industry and academia in each of these domains (CT-
equipment, CT-software, NDT, dimensional metrology, additive manufacturing, micro-
manufacturing, composite manufacturing). INTERAQCT targets quantification and
improvement of the reliability of CT measurement results, by determining the probability
of detection of material defects as well as by achieving metrological traceability. In
addition, CT based quality improvement loops will be targeted for key emerging
manufacturing technologies. The details about the project are as follows:

- Project acronym: INTERAQCT

- Project full title: International Network for the Training of Early stage Researchers
on Advanced Quality control by Computed Tomography

- Grant agreement no.: 607817
- Grant agreement for: Initial Training Networks

- Funded by: European Union's Seventh Framework Programme (FP7-PEOPLE-
2013-ITN)

o

.F
off
: q

MARIE CURIE
Thisprojectis funded
by the European Union

INTERAQ X

Fig. 1.1: The logo of the INTERAQCT project
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1.1.1 Participants

The INTERAQCT consortium was formed consisting of various academic, industrial,
national metrology institutes spread across Europe.

Academic partners

Katholieke Universiteit Leuven, Mechanical Engineering Department, Belgium
Fraunhofer Institute for Integrated Circuits - IS, Germany

University of Applied Science Upper Austria, Research Group Computed
Tomography, Austria

Universita Degli Studi di Padova, Italy

Danmarks Tekniske Universitet, Denmark

RWTH Aachen, Laboratory for Machine Tools and Production Engineering - WZL,
Germany

Industrial partners

X-TEK Systems LTD, U.K.
Volume Graphics GMBH, Germany
Materialise NV, Belgium

National metrology institutions

Physikaltisch-Technische Bundesanstalt - PTB, Germany
National Physical Laboratory - NPL, U.K.

Associated Partners

LayerWise, Belgium

Novo Nordisk A/S, Denmark
Borealis Polyolefine GMBH, Austria
Eltek S.P.A., Italy

Argon Measuring Solutions, Belgium
Nuovo Pignone S.R.L., Italy

Kiekert AG, Germany

1.1.2 Objectives

The scientific objectives of the project were mainly divided into four work packages
(WP1, WP2, WP3 and WP4). WP1 covers research activities improving the various steps
required to obtain a CT voxel model, including the image acquisition on the CT machine
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and subsequent voxel model reconstruction and segmentation steps. Subsequently,
WP2 covers a series of interrelated challenges that need to be solved in order to
guarantee traceable dimensional metrology. This work not only complements, but also
supports enhancing material defect analysis in WP3. Both material and geometry
aspects merge again in WP4, which makes use of CT for establishing quality control
loops for innovative manufacturing technologies (Fig. 1.2). The numbers (1 to 13)
indicate the different PhD project defined within these four work packages.

The current PhD project corresponds to number 11 within the work package 4 entitled
as: “CT based quality optimization of micro injection molding”.

WP1: Fast & WP2:Traceable CT Metrology WPA4:
Accurate CT Models Integrated Quality Control
Equipment Calibration for Complex Products

CT Scanning Calibration Objects Additive Manufacturing
Parameter 9

. . Micro-Manufacturing
CT Model Equipment Task-Specific

Reconstruction Acceptance Uncertaintye

Composite

CT Model Manufacturing

Segmentation WP3: Reliable

- al Probability
ateria . of Detection Precision Assemblies
Defect Analysis @

Fig. 1.2: Scientific approach of INTERAQCT

1.2 The current PhD project

This part of chapter consists of the introduction about the topic of current research, the
objectives and the structure of the thesis.

1.2.1 Introduction

Innovation towards demand-driven customized and high-quality products is a necessity
in the competitive market. The Industrial Advisory Group of the Factories of the Future
highlighted the key technologies and enablers for this required transition [2]. These
comprise manufacturing technologies (e.g. micro injection molding, additive
manufacturing etc.), manufacturing with new and advanced materials (e.g. composite
materials), and micro-manufacturing including high-precision assemblies. However, the
availability of adequate quality control technologies is indispensable for a further
breakthrough of these key enabling technologies. Various industries such as medical,
aerospace, and automotive require certified reliability and guaranteed technical
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performance levels. This implies both accurate dimensional quality control as well as the
timely identification of material defects to ensure compliance to customer specifications,
to allow manufacturing process parameter adjustments whenever necessary, and to
avoid premature catastrophic component failure.

The integrated quality control is a major challenge as the performance of the workpieces
depends on internal structures and properties which are difficult to be measured by
conventional means. For micro applications, the major challenge concerns the geometric
quality control of complex parts, often with critically small internal holes that are
inaccessible with conventional means e.g. a touch trigger probe of a coordinate
measuring machine. For lightweight composite parts, the performance is dependent on
the critical fiber characteristics inside the workpiece e.g. the orientation, length, and
distribution of the fibers as well as the quality of the fibre-matrix interface.

For the last few years industrial X-ray Computed Tomography (CT) has been regarded
as a promising technology, which can evolve towards integrated quality control of
complex workpieces combining dimensional metrology and material defect analysis [3].
However, major challenges remain in order to exploit its full potential for fast and reliable
high-end quality control. For micro-parts, challenges evidently relate to the size of the
objects: at these sizes, CT equipment limitations including source drift and spot size
become important uncertainty contributors. In addition, standard reference objects
cannot be used at these sizes, hence conceiving, manufacturing and calibration of micro-
reference objects is required. Similarly, fibre-reinforced composite parts are important
materials for many industrial branches like the aeronautics, automotive, packing,
construction and leisure industries. For characterization of composites, the main
limitations are the limited spatial and contrast resolution and lack of CT data evaluation
methods that fulfil the need of industry concerning reproducibility and accuracy [4]. With
emerging methods like high resolution CT, phase contrast CT, multi-energy CT, and
guantitative CT (for evaluation of fibre length, orientation and distribution, as well as for
determination of porosity), CT bears the inherent capabilities to replace commonly used
non-destructive testing and quality control techniques [5].

Therefore, this PhD project aimed at developing methods for control and optimization of
micro injection moulding process using X-ray CT measurements and analyses of micro
parts as depicted Fig. 1.3. It further aims at going beyond the state-of-the-art of CT
technology for micro measurements by using new methods and approaches. The basic
approach of the current research is to identify general critical aspects of quality of micro
injection molded parts where X-ray CT can be applied in place of the conventional
methods of characterization. At the same time, new approaches are exploited for the
enhancement of CT based characterization of micro parts.
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Quality assessment

Fig. 1.3: The basic approach for the project

Three most important quality aspects were identify with respect to the micro injection
molding process which are:

1. Micro measurements, Fig. 1.4 (a)
2. Fiber characteristics, Fig. 1.4 (b)
3. Defects, Fig. 1.4 (c)

Yolds

Inner Pillar height
diameter (d) (H)

Fig. 1.4: Micro features measurement [6] (a), fiber orientation [7] (b) and void defects [8] (c) in different
injection molded parts

Depending on the application, one or more of the above mentioned quality aspects can
be applicable. In this project, new product development is source of motivation, thus,
each of the quality aspects has been addressed with a dedicated application based
product, where the optimization is the major concern.

1.2.2 Structure of thesis

The thesis is divided into seven chapters including this one as depicted in Fig. 1.5
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Chapter1
INTRODUCTION

Chapter 2
STATE-OF-THE-ART

Chapter3
METHODLOGY

Results and Discussion

Chapter 4 Chapter 5 Chapter 6
HOLISTIC QUALITY FIBER CHARACTERISTICS QUALITY CONTROL BY
CONTROL IN COMPOSITES DEFECT MINIMIZATION

Chapter 7
CONCLUSION AND
FUTURE WORK

Fig. 1.5: Thesis structure

The first chapter discusses general overview of the project definition and the issues to be
addressed in the proposed research work.

The second chapter includes the state-of-the-art review of technological advancements
in the field of both micro injection molding and X-ray computed tomography. It also
highlights the problems and challenges in the respective fields.

The different methodologies are discussed in third chapter. It includes the state-of-the-art
machines used for experimentation, their technical specifications and the different
materials used for experimentation. It further adds the design of experiment approach
and the various software tools used in this work.

The next three chapters include the main results and discussions:

Chapter 4: This chapter is based on the holistic quality control of microfluidics. It
describes the CT based measurements and their enhancement using data fusion
approach. In the second part of the chapter, the effect of beam alignment on the
measurements of micro molded parts is investigated. Conclusions based on this study
have been made at the end of the chapter.
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Chapter 5: CT base fiber characterization is the basis of this chapter. In the first part, a
simulation based approach is used to investigate the influence CT scanning parameters
and resolution on the fiber characterization. The next part, describes the effect of fiber
orientation on the dimensional accuracy of the micro molded parts.

Chapter 6: In this chapter the internal defects of micro injection molded parts are
highlighted. An application based investigation has been performed to minimize the void
defects in molded parts. The various results are included and discussed in this chapter.

The last chapter (Chapter 7) includes general conclusions and the proposed future work.
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Chapter 2.
State-of-the-art

The chapter includes the introduction about the micro injection molding process, the
machinery and challenges. The state-of-the-art techniques for quality assessment of
micro parts are also discussed. X-ray computed tomography (CT) is introduced and
various aspects have been highlighted.

2.1 Micro injection moulding

Micro injection moulding (also known as Precision Injection Moulding) is a well-
established manufacturing process which is used on a large scale for replication of
micro-components. It provides additional advantages including design freedom, unique
geometrical features and sustainable economic benefits. From the metrological point of
view, it can be defined as the production of parts with micro features having dimensions,
functional features and tolerance requirements usually in the range of ym (10® m) down
to nm (10° m) depending on the applications [1].

Today, micro injection moulding is of the key technologies for micro manufacturing due to
its mass production capabilities and relatively low production cost. Starting from the
conventional injection moulding process, it has undergone major developments
especially in terms of machinery over the years. The first phase of development was
from mid-80s to mid-90s [2]; in that period, the production of micro features on macro
parts started from conventional injection moulding machines. Hydraulically driven
modified commercial units with a clamping force of usually 25 up to 50 tons, could be
applied for the subtle way of replicating micro structured mould insert with high aspect
ratios by injection moulding. In the late 90s, special micro injection units or even
completely new machines for the manufacturing of real micro parts were developed. The
aim was to reduce the minimal amount of injected resin, which is necessary to guarantee
a stable process and increase the replication capabilities of very small features (down to
20 ym).

Currently, there a number of machines equipped with special features for micro injection
have been produced by leading manufacturers. Minimum shot weights down to 25 mg
are now obtained, micro features can be replicated in a short cycle time. Three-
dimensional micro product are produced and have entered in a large number of
applications and the demand of miniaturization is growing [3].

As already outlined, the current micro injection moulding machines are very different than
to just scaling down the conventional Injection molding process. Giboz et al. [4]
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highlighted the differences between micro and conventional injection molding processes,
which have been listed in the Table 2.1.

Table 2.1: Comparison between the conventional injection moulding and microinjection moulding

Pr L . . o .
0Cess Injection moulding Micro injection moulding
component
- Hydraulic and electrical - Electrical or electro-pneumatic
Machine machines machines
- Clamping force >15t - Clamping force <15t
F.IOW , - 2¥4D calculation - 3D calculation required
simulation
Mould - CAD rules for the part geometry Simulation for the dimensions and the

development

- Injection gate diameter > 1mm

positioning of feeding channel (Gate
diameter <1mm)

Realization

- CNC machining
- EDM (Electrical Discharge
Machining)

- CNC machining or EDM for base
mould

- LIGA or LIGA-like, uEDM, ultra-short
pulse Electro Chemical Milling (ECM),
Laser ablation, Deep Reactive lon
Etching (DRIE)

Plasticization

- Screw (@>20mm) + thermal
heating
- Shear rates < 10%s?

- Plasticization screw (@ < 20mm) or
plunger

Injection

- Injection screw or plunger (& < 20mm)
- Shear rates > 10°s™?

Temperature

- Manufacturer’'s recommended

- Higher than manufacturer’'s
recommended
- Variotherm process for the mould

Holding

- Switchover set as function of
the pressure or the course

- Switchover based on the
plunger/screw position
- Rapid freezing of the injection gate

Cooling

- Generally few tenths of seconds

- Instantaneous cooling

Part control

- Parts masses and dimensions

- Dimensional tolerances, Part
functioning

2.1.1 pIM machine

The injection moulding process is a sequential operation that results in the
transformation of plastic pellets into a moulded part. The material melted is injected
under high pressure into the mould cavity for producing moulded parts. A conventional
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injection moulding process consists of three main phases namely plastification; injection,
filling and packing phase; and cooling and ejection; this is termed as an injection cycle
(see Fig. 2.1).

Moving  Nozzle

I -
hma(l)fu \d ‘ Hogter bande Screw rotation
|
Er— Screw
[ Tie movement
r _: == e
- ‘ - -
Non-return Injection unit
valve movement

Fig. 2.1: Schematic view of a hydraulic injection moulding machine with its main components [5]

The screw performs four functions in one single unit viz. plastification and
homogenization; metering; locking; and injection. When a conventional reciprocating
screw is employed on moulding micro parts, it may lead to the following issues [3]:

- it becomes difficult to control the melt metering accuracy as a result of the screw
structure and the limitation to reduce screw size.

- there is a melt back-flow when high injection pressure is applied to fill small and
micro cavities due to the channel configuration

Fig. 2.2: Screw and injection plungers for pIM [3] (a) and a screw for conventional injection molding [3] (b)

These issues have been taken into account and a new micro molding machine has been
developed. It has two different units for plasticizing and homogenizing; and for metering
and injection named as screw extruder and plunger injection unit respectively.
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Pressure sensor piston ;
Dosing sleeve

Mounting '
Nozzle plate a Extrusion screw
Sprue ~4
/ Shut-off valve
a
Molded part gm— ),

Injection piston

Heater

Fig. 2.3: Injection unit of a micro-injection molding machine [6]

The plastification takes place in a dedicated functional part of the machine, which is
separated from the injection unit:

- The very small amount of plastics needed is plasticized either by a plasticizing
small screw (diameter of 14 mm, see Fig. 2.3) or in an electrically heated cylinder,
and then fed into the injection cylinder by a plunger (diameter of 5 mm).

- A second plunger with a diameter of just 5 down to 2 mm, depending on the
machine configuration, injects the molten material into the cavity. It is driven by an
electric motor and a precise linear drive. Typically, the shot weight can be varied
between 5 and 300 mg.

The micro-injection molding process steps are the following (see Fig. 2.4):

a. Plastic pellets are plasticized by the fixed extruder screw and fed into the metering
chamber.

b. The shut-off valve closes in order to avoid backflow from the metering chamber.

c. After the set volume has been achieved, the plunger in the dosage barrel delivers
the shot volume to the injection barrel.

d. The injection plunger then pushes the melt into the mold.

e. Once the plunger injection movement is completed, a holding pressure may be
applied to the melt. This is achieved by a slight forward movement (max. 1 mm) of
the injection plunger.
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Fig. 2.4: Micro-injection molding steps [6]

2.1.2 Challenges in ulM technology

Injection molding is a complex nonlinear dynamic process during which the machine
parameters, material properties, and process variables interact with each other, as
depicted in Fig. 2.5. The qualities of the molded part, which can be characterized in
terms of dimensions, appearance, and mechanical properties, are strong functions of the
processing conditions [7]. There exist a number of challenges for micro injection
moulding technology which need to be considered for the improvement of the process.
The most important challenges [3] are briefly discussed here:
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MATERIAL FROPERTIES

Rheological Behavior
Thermal Properties

Composition

Density Y

Malecular Weight QUALITY ATTRIBUTES
PROCESS VARIABLES . ]

¢ [ Orientation
Nozzle Pressure Crystallinity
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Cavity Pressure Dimensions

Hydraulic Pressure ! Melt Temperature Tensile Strength

Back Pressure Melt Filling Rate Optical Properties

Screw RPM - Surface Quality

Screw Design

Barrel Temperature

Mold Temperature

T

DISTURBANCES

Fig. 2.5: Relationships among the machine, material, process variables and part quality [7]

- Injection moulding machine

As already mentioned that a conventional injection moulding machine can also be
employed for micro parts but it is neither a technically nor an economically viable
alternative. Dedicated machine is required, which should be equipped with special
metering and injection ram (pistons, plunger) and screws designs to accurately meter the
shot volume and to avoid problems associated with material degradation. Machine
requirements further include shut-off nozzle to avoid drooling from the nozzle due to high
melt temperature, precise alignment and gentle mould movement to avoid deformation of
delicate parts, and local clean room enclosure to avoid contamination of moulded parts.
The Variotherm process was introduced to control the mould-wall temperature; which
employs two fluid circuits at different temperatures to heat up and cool down the mould
at filling and cooling stages respectively.

- Process
Process optimization for reliable micro and sub-micro scale replication is still a challenge,
hence of utmost importance. There are limitations regarding the achievable aspect ratio
of columns, grooves, and walls which depend on the geometry, the polymer type, and
the process parameters. As of now the ejection is carried out by suction pads,
electrostatic charging, blowing out, or direct handling of the sprue still connected to the
actual moulded part. Given the size and the weight of the micro injection moulded parts,
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damages are witnessed quite often. To avoid such damages, new ejection techniques
are needed.

- Material characterization
Several limitations are associated with the determination of rheological properties of
polymers using conventional capillary rheometers, as sometimes it is difficult to replicate
the exact process (uIM) condition during the test. Also, AFM (atomic force microscopy)
and nano-indentation provide limited information about the mechanical properties.

- Tooling

Traditional methods of tooling, such as various machining processes (e.g. milling) and
electrical discharge machining (EDM) have already reached to saturation with
decreasing dimensions of mould inserts and cavities. Mould air evacuation is needed if
micro features’ thickness is down to 5 uym, the same order as the dimension of vent for
air escape. Overall size of sample or batch of micro structures that can be moulded in
one step is limited by the shrinkage of the polymer which is a function of the overall size
of the parts. The farther a delicate micro structure with high aspect ratio is placed from
the centre of shrinkage, the more difficult the demoulding is. Appropriate tooling and part
designs are required to overcome and/or compensate shrinkage issues.

- Simulation
In order to achieve industrial applications within short development times, simulation of
the micro injection moulding process is a valuable tool to be employed. Especially
dedicated software for polymer micro replication is not available yet and available
packages show limitations in terms of prediction accuracy.

- Quality control

Part quality is one of the most challenging aspects of process control. Part quality is
assessed mainly by the external quality and internal quality. External quality mainly
consists of dimensional accuracy and shrinkage/warpage. Whereas internal quality is
assessed by various internal aspects e.g. voids/sink marks and fiber characterization if
the composite material is used. The metrological aspect of the quality control is quite a
challenging task due to micro and nano range measurements. Furthermore, three
dimensional measuring capabilities are required, along with sub-uym or even nanometer
accuracy. On the other hand, for internal quality assessment a fully non-destructive
technology is needed. The mass production capability of uIM also demands for in-line
process control instrumentation.

2.2 Metrology in manufacturing

As defined in [8] Metrology is science of measurement and its application which includes
all theoretical and practical aspects of measurement, whatever the measurement
uncertainty and field of application.
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In the field of industrial manufacturing, metrology plays a significant role especially in the
product development and quality control since measurement is the basis for quality
control. The process control is achieved based on the measurands either defined on the
components or on some specific process characteristic; subsequently the parts are
described using absolute values combined with tolerances.
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Fig. 2.6: Dimensional variability of different micro and/or nano products [9]

The role of metrology gets bigger when the targeted measurements are in micro or nano
range. At the same time, the metrological tasks become quite challenging due to the
smaller absolute dimensions and increased complexities. However, nano-sensitive
techniques for thickness and surface roughness measurements of components with
micro features are available. The real metrological challenges arise for components with
high aspect ratios. In other words, when the lateral (X, y) dimensions of components
shrinks to micrometers (um) and the thickness dimension (z) increases and even
surpasses the lateral dimensions by large factors [10]. Fig. 2.6 provides basic information
of aspect ratios of application based micro/nano products.

2.2.1 Metrological tasks for p-components

Micro metrology includes measurement and calibration of dimensional features on
components with minimum one critical dimension and/or functional feature in um range.
Wilkening et al [11] provided a summarized overview of the typical measurements tasks
in concern to micro components. The complete list is provided below:
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- Distance is defined as the distance between two surfaces oriented in the same
direction, e.g. distance between two lines of a line grating or two planes in a
microstructure.

- Width is defined as the distance between two opposing surfaces, e.g. width of a
channel.

- Height is defined as distance between two surfaces of same orientation but placed
in a vertical direction, e.g. depth of microfluidic channel.

- Geometry/form is defined as the distance between the surface of the object and a
predefined reference, e.g. flatness of wafer.

- Texture and roughness is defined as geometries of surface structures whose
dimensions are smaller than that of the object under investigation. This poses a
particular challenge for micro sized objects because the surface becomes
dominant with respect to object volume.

- Thickness of layers

- Aspect ratio as defined by the depth of a structure divided by its width, also
mentioned in previous section.

There can be single or a combination of any of the above mentioned tasks in real
applications according to the requirements. Some common applications and their
metrological tasks are given in Table 2.2.

Table 2.2: Typical micro injection molding applications and corresponding characterization tasks

Application Basic measurement tasks Source

- Critical Dimensions (CD) referring to the width of the
smallest structures in an integrated circuit
- Overlay referring to precision of mask repositioning [12]
- Film thickness and profile
- Line width roughness
- Width and height of channels
Microfluidics - Surface roughness
- Alignment accuracy
- 2D—-2¥%.D — 3D

Semiconductors

Fiber composite - Part quality (shrinkage, warpage)
parts e.g. Micro - Fiber orientation
connectors - Fiber content estimation
- Vacuum voids
Internal defects - Wall thickness analysis [13]

- Part shrinkage
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2.2.2 State-of-the-art techniques

Earlier, there were optical microscope and profile projector for micro-measurements.
Then, the emergence of semiconductor technology put high demands on film thickness
measurement and lateral resolution in mask fabrication. In 1980, the so-called first nano-
meter metrology tool (Talystep stylus profilometer equipped with an inductive probe) was
developed. It was mainly used for measurement of step heights of thin films using a
maximum trace length of 2 mm and maximum height range of 12 um [14]. Since then,
numerous metrological tools and technologies have been developed employing different
physical principles. The available tools for micro metrology are roughly divided into the
following categories [9]:

- Interferometers

- Surface profilers or topographic instruments
- Microscopy

- Micro and nano coordinate metrology

- Emerging techniques

2.2.2.1 Interferometers

Interferometry has now become a very important metrology tool due to the introduction of
modern electronics, computers and software to the basic technique. Scanning
interferometry is a very powerful tool for micro and nano surface metrology. It has the
ability to obtain step height, roughness and lateral dimension information from a single
non-contact measurement.

A schematic of a scanning interferometer system is shown in Fig. 2.7 (a). The upper
beam splitter directs light from the light source towards the objective lens. The lower
beam splitter in the objective lens splits the light into two separate beams. One beam is
directed towards the sample and one beam is directed towards an internal reference
mirror. The two beams recombine and the recombined light is sent to the detector. When
the path length to the sample and the reference are the same interference is observed.
The detector measures the intensity as the interferometric objective is scanned in Z. The
detector takes a series of snapshots as the sample is measured. This gives as series of
images of the intensity map of the light being reflected from the surface. The area of
interest for the measurement is the interference area. These intensity images are used to
create a 3D image of the surface being measured. Different techniques are used to
control the movement of the interferometer and also to calculate the surface parameters.
The accuracy and repeatability of the scanning white light measurement are dependent
on the control of the scanning mechanism and the calculation of the surface properties
from the interference data.
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Fig. 2.7: A typical interferometer setup [15] (a) and measurement of a MEMS device [15] (b)
2.2.2.2 Surface profilers

Other than interferometer, the principal methods of surface topography measurement are
stylus profilometry, optical scanning techniques, and scanning probe microscopy (SPM).
These methods, based on acquisition of topography data from point by point scans, give
guantitative information of heights with respect to position [16]; see Fig. 2.8.
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Fig. 2.8: Principle of stylus profilometry [17]

Table 2.3 shows a comparison of various surface measuring instruments.
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Table 2.3: Comparison of various surface measurement methods [9]

Principle Advantages

Drawbacks

- Traceability

Stylus - Large range

Mechanical contact
Tip geometry

Limited lateral resolution

Autofocus - Point by point probing - Max. detectable slope
approximately 15°

White light . Fast - Limited lateral resolution

interferometry - High vertical resolution Max. detectable slope

approximately 30°

- High aspect ratio
structures

Limited lateral resolution

Confocal - Max. detectable slope - Limited vertical resolution
approximately 75°
SPM - nm resolution - Slow limited range

2.2.2.3 Scanning electron microscopy

Scanning electron microscopy (SEM) provides high-resolution, large depth-of-field
imaging of solid materials, allowing visualization and metrology of 3-D features, surfaces
and cross-sections. Secondary- and backscattered- electrons are collected to build up
and composition- related contrast
respectively. The incident electrons also interact to produce fluorescent X-rays with

images dominated by surface topography-
element specific energies, see Fig. 2.9.
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Fig. 2.9: Principle of SEM technique [18]

Table 2.4 contains some advantages offered by SEM over other optical microscope
techniques and limitations. The use of SEM for accurate dimensional measurements is
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dependent upon the interpretation of the electronic representation of the SEM image
(micrograph). Any distortion of the image has a direct influence on the measurement
accuracy. For optimization of the measurement accuracy modelling of the electron gun
performance as well as the electron beam/sample interaction is required. SEM
micrographs are 2D images, therefore, contains no information regarding the 3™
dimension (height). However, SEM in combination of photogrammetry (3D SEM) can be
used for the reconstruction of the 3" dimension [19]. 3D information can be achieved by
reconstruction from stereo pairs or triplets of SEM image scan be used for the evaluation
of surface topography but is limited by a number of factors [9].

Table 2.4: Advantages and disadvantage of SEM [20]

Advantages Disadvantages
- magnification levels (100x to 100.000x) - high vacuum requirement
- resolution down to 2 nm (for highest magnification) - relatively low throughput
- large depth of field - potential for sample charging
- long working distance (allowing multiple positioning - electron beam/sample

measurement strategies) interaction
- Energy Dispersive X-ray Analysis (EDX) for local

elemental analysis
- minimum diffraction effects

2.2.2.4 Coordinate measuring machine

Coordinate measuring machine (CMM) is the most versatile and reliable metrological
tool. A CMM can efficiently perform very complex measurement tasks. A typical CMM
system consists of four main elements:

- Support system (3D movement)

The machine incorporates the basic concept of three coordinate axes so that precise
movement in X, y, and z directions is possible. Each axis is fitted with a linear
measurement transducer. The transducers sense the direction of movement and gives
digital display. Accordingly, there may be four types of arrangement namely cantilever,
bridge type, column type and gantry.

- Probing System

It is the part of a CMM that sense the different parameters required for the calculation.
Appropriate probes have to be selected and placed in the spindle of the CMM. Originally,
the probes were solid or hard, such as tapered plugs for locating holes. These probes
required manual manipulation to establish contact with the work piece, at which time the
digital display was read. Nowadays, transmission trigger-probes, optical transmission
probes, multiple or cluster probes, and motorized probes are available.
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Workpiece coordinate system

CMM coordinate system

Fig. 2.10: A schematic diagram of a CMM [17]

- Machine Control and Computer Hardware

The control unit allows manual measurement and self-teach programming in addition to
CNC operation. The control unit is microprocessor controlled. Usually a joystick is
provided to activate the drive for manual measurement.

- Software for 3D geometry analysis

In a CMM, the computer and the software are an inseparable part. They together
represent one system. The efficiency and cost effectiveness of a CMM depend to a large
extent on the software.

However, with the continuous miniaturization in mechanical and optical production there
is a new demand for highly accurate dimensional measurements on micro parts. The
configurational system requirements of a CMM for precise micro measurements are
considerably different from a Macro-CMM, see Table 2.5.

Table 2.5: Comparison of Macro and Micro-CMM [21]

Specifications Macro-CMM Micro-CMM
Size of machine, mm?3 1000 x 900 x 1200 300 x 300 x 400
Weight of machine, Kg 1000 40

Measuring range, mm? 600 x 500 x 400 20 x 20 x 10
Resolution, nm 1000 1

Accuracy, Nm 3000 30

Min. probe diameter, um 500 50

Min. contact force, mN 100 0.05
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2.2.3 Emerging techniques

- Computed tomography

Computed tomography is an X-ray 3D imaging technology which is based on the same
principle used in medical CT systems (which have resolutions of 1 to 2 mm); rather on a
small scale with much increased resolution. The state-of-the-art systems have resolution
down to 0.15 pm. It represents true 3D microscopy, where very fine scale internal
structure of objects is imaged non-destructively. This NDT technique offers great
advantages such as in particular no sampling preparation, fully 3D information, no
sectioning etc. In contrast to tactiie CMM, a CT scan of an object acquires all surface
points simultaneously — including all hidden features like undercuts which are not
accessible non-destructively using other methods of measurement; more information can
be found in [22, 23]. Within the framework of this project, the main focus is on this
technique, therefore, a detailed section is provided in this report.

- HR 3D X-ray Microscopes

ZEISS offers 3D X-ray microscopes (XRM) with advanced imaging solutions that have
removed major hurdles for 3D imaging by achieving high contrast and submicron
resolution imaging even for relatively large samples. These groundbreaking advances in
non-destructive, three-dimensional (3D) imaging empower a broad range of technical
disciplines. There are two variants: Versa and Ultra which provide true spatial resolution
of <700 nm and <50 nm respectively. The minimum voxel sizes are 70 nm and 16 nm for
Versa and Ultra respectively [24].
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Fig. 2.11: Conventional micro-CT architecture [24] (a) and ZEISS XRM 2 stage magnification architecture
[24] (b)

Xradia Versa solutions extend scientific research beyond the limits of projection-based
micro- and nano-CT systems. As shown in Fig. 2.11, it uses of a two-stage magnification
technique to uniquely achieve resolution at a distance (RaaD); sample images are
initially enlarged through geometric magnification similar to conventional micro-CTs. In
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the second stage, a scintillator converts X-rays to visible light, which is then optically
magnified. Reducing dependence upon geometric magnification enables Xradia Versa
solutions to maintain submicron resolution at large working distances. This enables the
widest range of sample sizes to be studied effectively, including within in-situ chambers.

2.2.4 Challenges in p-metrology

In the previous section, an overview of the available instruments for micro and/or nano
measurements has been provided. In addition, several emerging technologies have also
been discussed in brief. A classification with respect to structural dimensions and
complexity can been seen in Fig. 2.12 [25]. However, it is difficult to make a clear
contrast among them. The structural complexity termed as 2D, 2¥%2D and 3D are defined
as features with aspect ratios <1, aspect ratios =21 and with undercuts/ cavities/freeforms
respectively. As can be seen from the Fig. 2.12, there is an evident need of instruments
and/or technologies for measuring dimensionally small and complex objects. There are
several challenges and/or limitations associated with most of the measuring instruments,
which further justifies the need of new technologies. Few major challenging issues are
discussed here briefly.
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Fig. 2.12: Classification of equipment [25]
2.2.4.1 Measurement force

The force applied by the measuring probe in CMM becomes evident when a micro object
is under investigation. As highlighted by Mattsson [10, 26] that there is no way a
traditional CMM probing system can be used for the measurement of freestanding
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micrometer sized features. His statement is further supported by some calculation; For
example, a 100 ym tall pillar with a square section of 50 x 50 um? made of PMMA plastic
material. With a standard CMM probe force of 50 mN acting from the side at the top of
the pillar, the pillar will bend by approximately 10 ym (see Fig. 2.13), causing very
erroneous measurement results. If the pillar is made in silicon the displacement would be
about 0.3 pm.

50 mN

Fig. 2.13: Force applied by a CMM probe [26]

2.2.4.2 Probe access

Further limitation linked to CMM is the probe access, which is a well noticed issue
regarding measurement of micro products with CMM. As seen in Fig. 2.14 (a) the top
and side surface (A and B) are easily accessible by a contacting probe-tip or a non-
contacting optical probe; but inner sidewalls (C) narrow trenches/holes (D) and undercuts
in deep narrow trenches (E) are rather difficult or not-possible [26].

From Fig. 2.14 (b) and (c), it is clear that for both types of probing system, several
features are difficult to examine. The accessibility can be figured out easily in case of
tactile probe; but for optical probes, it is little difficult due to the lack of information
regarding their performance when the numerical aperture is strongly reduced in one
direction, as will be the case of the deep trench.

a. b. €.

0:
C:

Fig. 2.14: An object with micro features (a) difficult to assess by ball probe (b) and an optical probe (c) [26]
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2.2.4.3 Multi material object

It is not only CMM which has limitations, optical profilers based on interferometry also a
specific problem when a multi material object has to measurement e.g. metal surfaces
and dielectric surfaces. As the analysis programs of interferometers interpret phase
changes as height variations; the phase change upon reflection will be different for the
two types of materials resulting into an output topographic map showing height variations
of up to 50 nm despite being perfectly flat [27]. Optical profilometers relying on surface
scattering may have severe problems with locally tilted but smooth surfaces, as they do
not back-reflect sufficient amount of light into the microscope objective.

2.2.4.4 Calibration and traceability

Fig. 2.15: Various reference artifacts available for micro scale measurements (see Table 2.6)

There have been numerous standards for uncertainty and tolerances, when it comes to
measurements of macro products. Nevertheless it is also dependent on the measuring
instrument. For calibration and traceability, a number of standard artefacts are available:
scales, laser interferometers, step-gauges, ball plates, straight edges, optical flats etc.
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The scarcity of standards in microscopic world makes the measurement tasks far more
challenging. There are some standards available for micro scale measurements which
are shown in Fig. 2.15. The first two i.e. the fiber gauge [28] and calotte cube are [29]
most widely used reference artifacts for micro measurements, there is very little
information available about the other objects. Table 2.6 contains the details of these
artifacts. It is important to note that the available standards are applicable mostly for
products with low aspect ratios; so theoretically, there is no standard for real 3D micro
measurements. Therefore, there is an extreme need of physical standards with nm
accuracy as well as standard procedures.

Table 2.6: Specifications of the reference artifacts shown in Fig. 2.15

Object

Specifications

Source

a. Fiber gauge

Nominal Diameter: 125 ym (Tolerance: £0.3 uym)

Non circularity: <0.3%

Residual ovality: <0.07%

Young modulus: ~67 GPa

Non parallelism: <0.3 degs

Roughness: Rq-16-142 nm (top); Rq-3.5 nm (flank); Rq-
190 nm (base)

[28]

b. Calotte cube

Calottes manufacturing by eroding EDM

Cube features 3 facets with 5x5 calottes

Calotte: @ 0.8mm

Form deviation: nominal <2um

Used for testing of optical, tactile and uCT sensors

[29]

c. Calibration pyramid

made through gas assisted FIB
features steps of ~ 6um in width and
length and 3um in height

[30]

d. Assembled 1.5 ym
silica beads

[17]

e. Tetrahedral of four
spheres

Ball grade: Alumina (grade G10)
Variation of ball diameter: 0.25 pum
Deviation from spherical form: 0.25 pym
Surface roughness: 0.02 pm

[31]

f. Micro-contour
reference standard

See Fig. 2.15 (d)

[32]

2.2.4.5 Tolerancing and specification

Tolerancing is linked closely together with metrology since a general rule of thumb
indicates that the measurement uncertainty should be 1/10 of the specified tolerance. It
is very hard to comply with this rule when the absolute dimensions are in the um range,
and therefore exact knowledge about the measurement uncertainty is crucial. As
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discussed previously very few calibration artefacts and methods exist at this scale and
therefore a sound evaluation of measurement uncertainty is difficult. However, a
prerequisite is that it is possible to specify a tolerance, and there still is a long way to go
with respect to this issue. The ISO GPS-system is set-up with the traditional workshop
dimensional metrology in mind. This means that at many places measuring elements are
defined as mm sized, so measuring smaller sizes is not directly possible when
interpreting these standards strictly. This goes for surface roughness as well as for
dimension, position and form. Some attempts to introduce a function-oriented tolerancing
concept for monolithic integrated systems (e.g. MEMS) is given in [33, 34]. This concept
is however based on the fact that a layer-by-layer manufacturing methodology is applied.
If micro mechanical systems are considered within the usual 4M domain, then a
complete lack of guidelines exists.
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Fig. 2.16: Measurement instruments for dimensional micro and nano metrology [35]
In a summarized way the challenges discussed above can be concluded as follows:

- Probe manufacturing and probe-sample interaction need further improvement for
micro parts.

- Micro scaled components constitute a very heterogenic group including a large
range of different materials, different measurands and of course a large
dimensional span. New measuring devices are needed that integrate different
measuring principles.
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- High aspect ratio applications do exist, but many applications are still with aspect
ratios below 2. Nevertheless, small absolute dimensions (< 1 ym) pose difficulties
for dimensional metrology also with aspect ratios around 1.

- The need for 3D analysis exists and is increasing.

- No real solutions exist for rendering 3D results in a scale below 1-10 pym.

- In-process capability of the measuring equipment will become extremely important
as micro manufacturing is being industrialized.

Another simple comparison of measuring instruments with dependence on aspect ratio
was made by De Chiffre et al [35] in a Stedman-like diagram, see Fig. 2.16. Industrial
computed tomography is one such technique which could be foreseen as an effective
solution. The next is focused on industrial CT.

2.3 Industrial Computed Tomography

The first CT scanner was invented by Hounsfield in 1969; for which he received a Nobel.
The term CT remained associated only with medical field till the early 80s and then it
found applications in material analysis and non-destructive testing (NDT) [36]. CT further
widened its scope in 90s when it entered the field of dimensional metrology [37, 38].
Today, CT is an established technology which is widely used in manufacturing industries
for non-destructive 3D analysis of defects and dimensional measuring of samples which
accelerate development cycles leading to control and optimization of production
processes.

2.3.1 Basic principle

Industrial CT utilizes the same principle as medical CT, with the following basic
differences:
- X-ray source and detector are stationary in the industrial CT system unlike
medical CT
- Object rotates whereas in medical CT patient is kept stationary during scanning
- Rotational axis is vertical in industrial CT
- 2D flat panel detector or 1D linear detector
- Industrial CT system has considerably higher power/voltage compared to the one
in medical

X-rays are emitted when the electron beam hits the target material. The x-rays or emitted
photons pass through the object, reach the detector and create cross sectional image
through one plane from a defined angle position. Multiple images are taken at different
angle positions, performing one full revolution of the object; which is achieved with the
help of the rotating table. A fraction of x-rays is also scattered and absorbed while
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passing through the object, which results in a reduced intensity termed as attenuation.
Only the transmitted photons are collected on the detector.

cone beam detector

measuring
object

X-ray
source

rotary = e
table

90°
a. Data Acquisition b. 2D Projections

c. 3D View (Rconstruction)
Fig. 2.17: CT reconstruction [21, 33]

The basic approach of producing a 3D image of an object with the help of an infinite
number of projections, led Radon to develop the mathematical model used for
reconstruction in CT in 1917; also known as ‘filtered back-projection. However, the
mathematical part is out of the scope of this work. The reconstruction, based on the 2D
projections, is carried out using the mathematical algorithms. A schematic diagram of the
work flow is shown in Fig. 2.17.

In order to perform dimensional analyses with the help of CT, some additional steps are
required; Fig. 2.18 shows a flow chart of measurements via CT. The different steps are
discussed in the subsequent sections.
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Fig. 2.18: Dimensional CT measurement process
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2.3.2 Type of industrial CT systems

Based on the detector section, two types of CT systems are available:

2D-CT system

(fan beam)

3D-CT system (cone beam)

As shown in the Fig. 2.19 (a) and (b), a 2D-CT system has an x-ray fan beam which is
achieved with a use of line detector; whereas a cone beam is attributed with an array or
a flat panel detector. Line detector is considered to be of better accuracy than that of flat
panel/array detector due to the fact that it uses collimated X-rays, which yields to less
scattering and pixels interaction. The better signal to noise is due the fact that line
detectors make use of thicker scintillators, which allows them to detect more X-rays. Line
detectors are more resistant, which enables the operator to use more power, therefore,
allows to scan thicker objects. Despite the advantage of better accuracy than that of flat
panel; line detectors are not commonly used in industrial CT systems which can be
attributed by the higher scanning time [22, 39].

Fan beam

Line detector

-

Zz Cone beam
o X ®
X-ray source “S~o T TTTS=enll
y Sample S

Array detector

Array detector

Fig. 2.19: Line detector (a), array detector (b) and helical scanning (c) [40]
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The helical scanning approach is the most recent development and it offers the biggest
advantage in terms of length of the objects. Theoretically, any length object can be
scanned along the rotational axis, Fig. 2.19 (c).

Another way of classifying industrial CT systems is on the basis of their achievable
resolution, measuring range and spot size. These are: macro, micro, nano and
Synchrotron. As the name suggests, macro and micro CT systems are used for large
objects and objects with micro features respectively. Macro or conventional CT system
typically has a focal spot size = 0.1 mm. Micro CT is attributed by a small focal spot size
(down to 1 or few um) and by positioning the object close to the focus. In this way a
higher geometrical magnification is achieved. It is important to note that higher
magnification is combined with an undesirable effect which causes blurring; will be
discussed later in this report. Nano-CT system should have a focal spot size typically <
lpm. e.g. 0.4 um has been achieved in [41]. Synchrotron CT (sCT) can reach 0.2 um
resolution; can go down further to 0.04 pum with the application of Kirkpatrick—Baez (KB)
optics [42].The achievable resolution is plotted against measuring range in the Fig. 2.20.
It is clear that scanning smaller parts enhances to achieve smaller resolution.

4 Spatial resolution

100 ym
CT
10 ym g
1
sCT
100 nm
Object size
10 nm —

10pum  100pm  1mm 10mm  100mm 1m

Fig. 2.20: Typical spatial resolutions and object sizes (diameter) for macro, micro, nano, synchrotron and
synchrotron CT with KB mirrors (sCT + KB) [23, 41]

2.3.3 Influencing factors

It has been outlined earlier that the industrial CT has two major application: non-
destructive testing and dimensional metrology. The typical tasks performed under these
application areas are given in Table 2.7.

In comparison to the medical and material analysis applications, CT has additional
system requirements. Depending of the size and material characteristics of the object,
the penetration power (voltage) is needed e.g. metal generally need higher power due to
large attenuation. In addition to 3D reconstruction software, it needs additional software
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tools for various analyses. Typically, extraction of geometrical features and calculation of
geometrical data (e.g. position, orientation, dimension, length, diameter, angle, form
errors, measurement uncertainty, etc.) are the tasks to be performed by the software tool
[22].

Table 2.7: CT capabilities

Non-destructive testing Dimensional metrology
- Defect/failure analysis - CAD comparison
- Crack detection and measurement - Inner and outer
- Assembly inspection measurements
- Porosity and void detection and - Reverse engineering
analysis - 3D volume analysis
- Density discrimination- material - First-Article Inspection
composition

Measurement uncertainty and traceability have always been a matter of concern in the
field of dimensional metrology. The concern gets bigger when the system is not tactile
including CT. There are set of guidelines and standards for uncertainty measurement
[43, 44] and for achieving traceability; but it is sometimes difficult to identify the sources
of uncertainty and subsequent quantification. In case of CT, there is still a lack of
international standards and only available set of guidelines national from VDI (Verein
Deutscher Ingenieure) is VDI/VDE 2630. However, a significant progress has made
towards international standards (ISO) in the last few years. The part two of VDI/VDE
2630 describes the influencing factors and recommendations for dimensional
measurements in CT [45]. The sources of uncertainty are broadly categorized as: the
system (hardware, software), surroundings, the work piece and the operator. Table 2.8
contains information about the possible error sources during measurements through CT.
The important factors have been discussed in details in the next section.
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Table 2.8: Sources of uncertainty during measurements via CT [45]

- X-ray source: spectrum, focus properties, stability
Detector: stability/thermal drift, dynamics, scattering, contrast sensitivity,
pixel variance, noise, lateral resolution

- Mechanical axis: geometrical errors, mechanical stability

- 3D reconstruction
Threshold determination and surface generation

- Data reduction

- Data corrections: scale errors

- Temperature

Surroundings - Vibrations

- Humidity

- Surface roughness

- Penetration depth (attenuation), dimension and geometry
Work-piece - Beam hardening

- Scattered radiation

- Material composition

- X-ray source current

- Acceleration voltage

- Magnification
Operator - Object placement and orientation

- Number of views/projections

- Spatial resolution: relative distance between source, object and detector

- Detector exposure time

Hardware

System

Software

2.3.3.1 X-ray source

The most important variables which determine the quality of X-ray emission spectrum
are: focal spot size; spectrum of generated x-ray energies and x-ray intensity. Among all,
the focal spot size plays an important role in quality of the projections; which becomes
more significant in during micro measurements. The focal spot is basically the spot
where the electron beam hits the target material and generates x-ray photons (Fig. 2.21).

- Focal spot size

The focal spot should be as small as possible, ideally approaching zero. As the spot size
increases the sharpness/blurriness of edges decreases/increases. This effect of blurring
is termed as penumbra effect. This effect gets more prominent with increasing
magnification; Fig. 2.22 (a) makes it clear. For micro measurements, this contributes
towards considerably bigger errors. The spot size is connected with the power/voltage in
an inverse proportion; which is limited due to system specification. The disadvantage
associated with smaller spot (or higher voltage) is the concentrated heat produced at the
spot on the target inside the X-ray tube, requiring cooled targets and limiting the
maximum applicable voltage [46].
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Fig. 2.21: Schematic of an x-ray tube and focal spot [22]

- Focal drift
The increased temperature due to high voltage in the X-ray tube further causes a drift in
the electron beam; and it results into a local shifting of the focal spot. The whole
phenomenon is called as focal drift. Weiss et al [47] reported that a focal drift is
responsible for a scaling error or a geometrical form error depending on the drift
direction. Drift perpendicular to the detector plane causes a scaling error (voxel size
error) in the reconstructed volume, whereas a drift parallel to the detector plane causes
geometrical form errors in the calculated CT model. Fig. 2.22 (b) depicts the drift of the

electron beam due to the increase of temperature [47].
a. b.
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Fig. 2.22: Penumbra effect due to increase of the focal spot (a) and focal spot drift due to the increase of
temperature (b) [47]
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In his works, Hiller [48] stated that a focus drift can be seen as a (dynamic) misalignment
problem. The drift effect can be compensated by either of the following:
- application of a mean scaling factor for the CT dataset [47] or,
- by determining the specific focus position (in x, y, z) for each single projection
image

This information can be incorporated in the reconstruction algorithm for the drift
compensation.

2.3.3.2 Rotary table and Detector

During the scan, the object is temporarily fixed on a table which is mounted on the
rotating platform. An ideal alignment is when the central ray intersect the center of the
detector (point O); the rotation axis is perpendicular to the mid-plane and the mid-plane
cuts the detector in the central row (Fig. 2.23) and any deviations from the ideal
(misalignment of one or more of the detector, X-ray source and rotary table) can
introduce artefacts in the scanned data. The results obtained from Sun et al [49] are
shown in Fig. 2.24 and 2.25.

Fig. 2.23: Ideal system alignment [49]

Fig. 2.24 shows artefacts in the image arising when the detector shifts along the
horizontal transverse direction (X axis); while Fig. 2.25 shows examples of artefacts
caused by a tilt of the detector around its central row (X axis), a twist of the detector
around its central column (Y axis) and a skew of the detector around the central ray.
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a. CT image of a dot without b. CT image of a dot with a
misalignment misalignment of 10 pixel

Fig. 2.24: Misalignment effect due to horizontal transversal off-center shift along the detector column
direction [49]

Sun et al [49] further concluded that the worst among all is skewed alignment of detector
from the central ray in Fig. 2.25 (d), as effective width and height of the detector used in
the reconstruction algorithm becomes smaller, which makes the reconstructed images
get flattened. It is possible to compute CT system misalignment parameters through a
calibration of the system; details about the calibration method can be found in.

a. CT image without b. CT image with a

misalignment misalignment with a tilt
around X axis of the detector

OO

c. CT image with a twist b. CT image with a skew
around Y axis of the detector around the central axis

OO CxD

Fig. 2.25: Misalignment effect due to horizontal transversal off-center shift along the detector column
direction [49]
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2.3.3.3 Software related issues

The following two steps are the major contributors towards accurate measurements,
therefore, care has to be taken while performing these actions.

- 3D reconstruction

The output of the reconstruction step is a 3D volume of grey value integers that describe
the material distribution of the scanned workpiece; the relative spacing of volume-
elements (voxels) is termed voxel size and influences all dimensional information
evaluated from a CT data-set. The size of the voxel is a function of the pixel size and the
distance between the source-object and source-detector. However, the voxel size is
corrected by measuring rather a simple calibrated object e.g. two sphere on a bar/plate,
a gauge block or stepped pyramid etc. This procedure helps in identifying a global
correction factor which links the voxel size to the unit of length [22].

3D Volume
Fig. 2.26: Definition of voxel [22]

Other than voxel size, reconstruction algorithm, identification of the rotational axis, beam
hardening and surface detection are the influencing factors towards an accurate
reconstruction. Details can be found in the subsequent sections.

- Thresholding and surface determination

Surface determination is one of the most critical factor in consideration to the
measurement accuracy and traceability. Thresholding is used for accurate image
segmentation and surface data determination which influence the resulting reconstructed
geometry of the scanned object [50]. Threshold converts a gray value image into a binary
one; it determines the boundary between the object and the air and assigns a surface to
the scanned object. The determination of the threshold takes place within each of the
voxels the 3D model consists of, see a green line in Fig 2.27.The resulting image is a
compromise between the background (e.g. black) and the object (e.g. white).
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Background
Grey value =0 ‘
= 90%

=

.- 77% voxel grid
.n real surface
Material
50% Grey value = 100

Fig. 2.27: Thresholding and edge detection [51]

It is evident from the procedure of surface detection that it may influence the
measurement results drastically, if the selection of threshold is erroneous as presented in
Fig. 2.28, the influence of threshold selection on measured results [52]. The diameter is
calculated by Gaussian fitting of an ideal cylindrical surface to the resulting CT point
cloud. He also showed in his results that with the use of a reference object (e.g. hole-bar)
and calibrated values obtained from CMM, the accuracy of threshold determination can
be increased.
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Fig. 2.28: Variation in diameter measurements of a cylindrical part for different threshold values [52]
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2.3.3.4 Object characteristics

As previously mentioned, when a beam of X-rays passes through homogeneous
material, the intensity of the rays is decreased due to attenuation i.e. scattering and
absorption. According to the Lambert—Beer’s law, the attenuated intensity (1) is defined
as a function of the incident intensity (lo) for monochromatic radiation and sample of
thickness (s).

| =167 (2.1)

where, H is the linear attenuation coefficient (units 1/length).

The number of photons transmitted through a material, corresponding to the linear
attenuation coefficient, depends on the thickness, density and atomic number of the
material and the energy of the individual photons. The attenuation is basically loss of
intensity, thus minimized. As presented in Fig. 2.29, in case of smaller atoms, (b) and/or
low density, (c) the penetration/attenuation will be increased/decreased. In addition,
penetration is also dependent on the dimensions (thickness) and geometry of the object.
However, any complex geometry can be scanned but the thickness poses certain
limitations. Nevertheless, care should be taken during the placement on the object on
rotary table. In particular, some calibrated objects can also be used for analyzing
material specific attenuation [39].
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Fig. 2.29: A schematic view of influence of material characteristics on attenuation [39]
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Other than the material’s atomic structure the composition also affect the CT results,
especially in concern to the beam hardening effect. Multi material measurements often
exhibit problems related to artifacts, noise, surface determination, and measuring
strategy.

2.3.3.5 Beam hardening

Polychromatic x-ray sources are used universally in CT to obtain adequate intensity of
photons. While travelling through the object, the low energies’ x-ray beams are
preferentially attenuated and the higher energies x-rays undergo full penetration and
reach the detector. This effect is termed as beam hardening which is due to the fact that
only high energies’ photons or hard x-rays are able to penetrate the object. Object with
higher penetrating thickness are more prone to this effect. Beam-hardening results into
an artifact, which produces false line integrals due the photon-energy dependence of the
attenuation co-efficient. The threshold determination and the measurements of density
and resolution are further affected by the beam hardening. Consequently, higher
measurement errors are witnessed in lack of beam hardening correction. Fortunately,
methods are available for reduction and/or elimination of the beam hardening artifacts.

- Use of filters
With the use of specially designed filters made up of Al/Cu/brass, the of low energies’
photons are eliminated before reaching the object thus only high energies’ x-ray beams
are allowed to penetrate the object. The following figure shows the improved results by
using physical filtering.

No filter Al/Cu filter

Fig. 2.30: Physical filtering applied for minimizing beam hardening effect (Hollow cylinder: outer g 6, inner
2 0.6 mm) [22, 53]

- Linearization
Herman [54] provided another technique for correction of beam hardening which is
limited to single material objects. It requires a reference object of the same material as
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object’'s e.g. step wedge. The basic approach is establishing a relation between a
propagated path length within the work-piece and the lowered intensity by means of
various estimation algorithms. A characteristic line is determined by using the reference
and subsequently, used to compute corrected intensity due to beam hardening. The
characteristic line can also be determined from the reconstructed CT image. A
binarization has to be performed for this purpose; the details can be found elsewhere
[36].

The other possibilities for beam hardening correction is an iterative artifact reduction
(IAR) method [55]; and use of different reconstruction algorithms (software) to
numerically correct the bear hardening [22].

2.3.3.6 Surface roughness

In general, material surfaces are not perfect. The roughness of the surface causes
difficulties in determining threshold during edge detection. Schmitt et al [56] in their work
used the following equation for the assessment of uncertainty due to surface roughness.
It is important to note that this is just preliminary form of as it is still under investigation
[39].

2
0, = ('OR%} (2.2)

where, Rzmean IS the mean value of surface roughness measurements taken at various
spots on the workpiece surface and b is assumed as 0.6 for the standard uncertainty
based on error margins a rectangular distribution.

2.3.3.7 Operator

Measuring strategy plays a crucial role in any kind of measurement irrespective of the
applied method. There is no procedure to quantify the error related to measurement
strategy (operator) and the best approach is to minimize it as much as possible. There is
nothing like “the best strategy”; only based on the skills and experience of the operator a
task based strategy is designed. During CT measurements, several steps are taken by
the operator which may have an influence on the final results. The steps susceptible to
measurement strategy are:

- selection of magnification,

- placement and orientation of the object on the rotary in order to avoid any

vibrations the whole scan,

- determination of voxel size and correction using reference artifact,

- optimizing the source current and voltage,

- decision about number of projections.
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The post processing of the CT data may also have an influence from the operator.
Thresholding and beam hardening correction are the most prone step.

2.4 Conclusions

The first part of the chapter reviews micro injection moulding, need of metrology in micro-
manufacturing and the available technologies and accompanying limitations/challenges.
From the perspective of micro metrology, tolerances are being scaled down whereas the
geometrical complexities of objects are being increased; therefore, the available
measurement technologies seem to be insufficient. New technologies are welcomed and
computed tomography is one such technology.

Therefore, the next part is focused on computed tomography consisting basic principle,
applications, metrology via CT and hurdles in measurement accuracy. CT is gaining
popularity due to its non-destructive way to assess the internal features and intricacies of
micro parts. This project aims to utilize the potential of CT in order to develop controlling
strategies with respect to the process variables for the micro injection moulding process.
CT will be applied to micro moulded parts. Nevertheless, CT has its own limitations,
which become more visible when the measurements are of micro scale, therefore, new
strategies and approaches are required which can enhance the CT based quality control
of micro molded parts.
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Chapter 3.
Methodology

This chapter includes the different methodologies employed during the work. The details
about the micro injection molding machine and various materials used for
experimentation are provided. The various technologies used for characterization are
briefly explained including CT. In addition, the statistical approach of experiments is also
included.

3.1 Micro injection molding machine

In this work, a state-of-the-art micro-injection moulding machine (MicroPower 15 from
Wittmann-Battenfeld) was used for most of the moulding experiments. The machine is
characterized by a maximum clamping force of 150 kN and a maximum injection speed
of 750 mm/s. The plasticizing screw has a diameter of 14 mm and the injection plunger
has a diameter of 5 mm (Fig. 3.1). A state-of-the-art Wittman-Battenfeld MicroPower 15
micro injection moulding machine was used to mould the test specimens. As previously
mentioned, this machine uses a screw to meld and mix the polymer and a separate
plunger to inject it into the mould cavity. Both the injection unit and the clamping unit are
electrical. The main characteristics of the machine can be seen in table 5.3.

Fig. 3.1: Micro injection molding machine: MicroPower 15 from Wittmann-Battenfeld (Source: Wittmann-
Battenfeld)
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Table 3.1: Wittmann-Battenfeld Micropower 15 technical data sheet

Properties Unit Value
Clamping unit
Clamping force kN 150
Opening stroke / Opening force mm/kN 100/15
Ejector stroke / Ejector force mm/kN 40/5
Injection unit
Dosing screw diameter mm 14
Dosing screw stroke mm 26
Screw L/D ratio 20
Injection plunger diameter mm 8
Max injection volume cm? 1
Specific injection pressure bar 2500
Max. screw speed min-t 200
Max. plasticizing rate als 1.7
Max. screw torque Nm 90
Nozzle stroke b / Contact force mm/kN 230/40
Injection speed mm/s 750
Injection rate into air cmd/s 38
Barrel heating power, nozzle inc. kW 2.45
Drive
Electrical power supply kVA 9

3.2 Materials

The polymeric materials used for injection molding experiments are available in the form
of pallets. Depending on the application, a specific polymer/composite material was
used. The following four materials were used for the task specific experimentation:

a. COC: Cyclic Olefin Copolymer (TOPAS® 5013L-10)
b. PC: Polycarbonate (Makrolon® Rx2530)

c. PBT: Polybutylene terephthalate reinforced with short glass fibers (10% in weight)

(BASF, Ultradur B4300 G2)

The material undergoes drying operation according to the supplier's specifications before
starting the experiments. More details about the materials are included in the specific

chapters.

50



METHODOLOGY

Fig. 3.2: Different polymeric material in the form of pallets: COC (a), PC (b) and PBT (c)

3.3 Design of experiment approach

Design of experiments (DoE) is an approach used in nhumerous industries for conducting
experiments to develop new products and processes faster, and to improve existing
products and processes. When applied correctly, it can decrease time to market,
development and production costs, and improve quality and reliability [1]. There are
several DoE strategies, the most commonly used are:

¢ One factor-at-a-time approach;
e Factorial experiments.

The one factor-at-a-time approach consists of selecting a starting point or baseline set of
levels for each factor, then successively varying each factor over its range with the other
factors kept constant at the base level. After all the tests are performed, a series of
graphs are usually constructed showing how the response variables are affected by
varying each factor with all other factors held constant. The major disadvantage of this
strategy is that it fails to consider any possible interaction between the factors. An
interaction is the failure of the one factor to produce the same effect on the response at
different levels of another factor. Interactions between factors are very common, and if
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they occur, the one-factor-at-a-time strategy will usually produce poor results. The
correct approach to dealing with several factors is to conduct a factorial experiment. This
is an experimental strategy in which factors are varied together, instead of one at a time.
This experimental design helps in investigating the individual effects of each factor (or
the main effects) and to determine whether the factors interact. One very important
feature of the factorial design is that it makes the most efficient use of the experimental
data.

3.4 X-ray computed tomography

A metrological micro CT system (Nikon Metrology, MCT225) was used for all the CT
analyses carried out during this work, see Fig. 3.3. The system features a micro-focus X-
ray source, a temperature controlled enclosure, laser corrected linear and rotary guides
and high resolution detector as the main components.

Temperature controlled enclosure High resolution
Thermally stable to 20°C £1°C 4 Megapixel detector
Accuracy 9+L/50pum 150x magnification
Pre-calibrated and certified
accuracy according
to VDI/VDE 2630 = - 25
XTEE MCT225
Dual it ﬁ :
ual monitors
Full screen image =— J a—
and software controls — E\_
l L “
. 4 >
; : > P C]
& = S
\ 8 Large capacity
G Samples sizes
= up to 450mm

L
\ Protective enclosure
No risk of radiation exposure
Nikon Metrology X-ray source
Variable voltage 225kV ﬂ
micro-focus reflection source -
w - W
Low cost of ownership Precision manipulator
Serviceable open-tube source Laser corrected linear and

rotary guideways
Fig. 3.3: X-ray CT system from Nikon (Source: Nikon Metrology)

MCT225 is pre-calibrated using accuracy standards traceable to the UK’s national
measurement institute (NPL) and verified using VDI/VDE 2630 guidelines for Computed
Tomography in Dimensional Measurement. Absolute Accuracy guarantees measurement
accuracy without time consuming comparative scans or reference measurements,
samples are simply placed on a rotary table inside the enclosure and measured. Several
key metrology features provide long term stability and enable the MCT225 to achieve an
impressive accuracy specification of (9+L/50) ym:
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¢ Nikon Metrology developed micro-focus X-ray source.
e Temperature controlled enclosure.

e High precision linear guide ways.

e Axis travels error corrected.

e Liquid cooled X-ray source.

e High resolution optical encoders.

e High resolution 4Megapixel detector.

e Finite Element Analysis (FEA) optimized manipulator.

The technical specifications of MCT225 are listed in Table 3.2.

Table 3.2: Nikon Metrology MCT225 system specifications

Properties Value

Max. permissible error (MPE) 9+L/50 pm (L in mm)

Diameter 250 mm

Height 450 mm

50 kg (Max)

5 kg (for metrology applications)
(X) 400 mm x (Y) 300 mm x (2)
730 mm x R 360° continuous

Sample size (maximum)
Sample weight (maximum)

Manipulator travel

Source to detector 1175 mm

Detector 1§ bit 4 Mpixels (2000 x 2000
pixel)

Magnification 1.6x to 150x

X-ray source X-ray source

X-ray spot 3um micro-focus

Enclosure temperature 19to0 21° C

Radiation protection (DIN <1 uSvihr

54113-2, IRR99)

. . Plastics: 170 mm; Aluminum: 75
Material penetration

mm; Iron: 15 mm

2414 mm X 1275 mm x 2205

Cabinet dimensions (WxDxH) mm

3.5 3D optical profiler

The 3D optical profiler uses both confocal microscopy and interferometry to measure the
surface topography of a workpiece. The instrument is installed on an isolated table (no
vibration of the workpiece and the instrument) and there’s also a motorized and tiltable
clamping system for the workpiece as shown in Fig. 3.4 (a).
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Fig. 3.4: S neox optical profiler Sensofar (a) and principle of confocal microscopy (b) (Source: Sensofar)

Confocal microscopy is an optical imaging technique for increasing optical resolution and
contrast of a micrograph by means of adding a spatial pinhole placed at the confocal
plane of the lens to eliminate out-of-focus light. It enables the reconstruction of three-
dimensional structures from sets of images obtained at different depths (a process
known as optical sectioning) within a thick object. Different light sources have different
wave lengths, e.g. red 630 nm, green 530 nm and blue 460. The shorter is the
wavelength the higher is the achieved lateral resolution®. For this reason, the blue light is
suited for those applications where the highest lateral resolution is required.

Technical characteristics of the instrument depends in particular on:
- Movement of the z axes
- Installed optics

The instrument is scanning along the z axis using a piezoelectric system: in this way the
vertical positioning accuracy is very high however with limited vertical range. A “linear
stage” is available to enlarge it, however with decreased positioning accuracy. In the
Table 3.3 below main technical characteristics of the instrument are reported. These
characteristics depends on different optics.
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Table 3.3: Technical characteristics of the profiler

5X 2.5X 20X 100X
Interferometry Confocal Confocal Confocal
Working Distance (mm) 9.3 6.5 4.5 1.0
NA? 0.15 0.075 0.45 0.9
FOV? (um) 2546x1909 7016x5280 636x477 127x95
Spatial Sampling* (um) 3.32 5.16 0.83 0.17
Optical Resolution® (um) 0.93-1.11 1.87 0.31 0.15
Maximum Slope 8° 3° 21° 51°
Vertical Resolution® (nm) <0.1-1 300 8 2

Lateral resolution is defined as the ability of the system to distinguish two points in the direction
perpendicular to the direction of the beam.

2The numerical aperture (NA) indicated the angular aperture of a microscope and is a measure of
its ability to gather light and resolve fine specimen detail at a fixed object distance.

SMaximum field of view (FOV)
4Spatial sampling = Pixel size on the surface

*Optical resolution = half of the diffraction limit according to the Raleigh criterion (Values for blue
light)

®Vertical resolution = system noise measured as the difference between two consecutive
measures on a calibration mirror placed perpendicular to the optical axis.

3.6 Software tools

A number of software tools were used for various data analysis and simulations during
the work. The most commonly used software tools are briefly described here:

Autodesk Moldflow

Moldflow is commercial software which provides simulation tools for injection mold
design, plastic part design, and the injection molding design process. It helps in reducing
the need for costly physical prototypes, avoids potential manufacturing defects, and
helps bring innovative products to market faster. Within this, it has been used for different
simulation studies according to the needs. More information can be found in [2].

VGStudio MAX
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It is the high-end software for the visualization and analysis of industrial CT data. It
provides a number of tools for measurement and analysis e.g. porosity, fiber
characteristics and CAD comparison etc. It has been used for processing CT data and
subsequent analyses performed within this framework. More information can be found in

[3].
Minitab 17

It is a statistical program designed for data analysis. It is used for the design of
experiment and statistical analysis. More details about the software can be accessed in

[4]
aRTist

(Analytical RT Inspection Simulation Tool) for CT simulations It is software tool for
simulation CT acquisition process, which generates realistic radiographs on the basis of
virtual part representations and well defined radiological parameters [5].

In addition, several other tools e.g. GOM Inspect, SPIP were also used for some task
specific needs.
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Chapter 4.
Holistic quality control

This chapter consists of two parts. In the first part, a microfluidic based study has been
carried out which includes micro molding of the parts, their subsequent characterization
using X-ray CT and microscopy. A data fusion approach is used for the holistic
measurement of such microfluidics. In the second part of the chapter, influence of
electron beam alignment is studied of the CT measurements of the micro molded parts.

4.1 Holistic quality control of microfluidics

In last decade, there have been significant developments 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, there a number of challenges, which
require further investigation and research. One of the most important challenges is
acquiring holistic and accurate 3D measurements which is needed during the process
optimization stage before the mass replication. The increasing complexity of features and
miniaturization make the task of holistic 3D data acquisition difficult. For the last few
years, industrial computed tomography (CT) has emerged as a promising coordinate
measuring technology, which enables integrated quality control of complex workpieces
combining dimensional metrology and material defects analysis. In this work, CT is used
for macro measurement and combined with other sensor data to provide a complete
quality information.

4.1.1 Introduction

Microfluidic devices have wide number of applications, the majority of which are for
medical diagnostics. Some of the common examples of polymeric microfluidics are
components for micropumps, which are used for medical, chemical and environmental
technology [1, 2]. The function of such micropumps is the delivery of small amount of
fluids for different applications, such as point-of-care platforms or small fuel cells; they
are designed to be low in cost and disposable. Other commonly used microfluidic
systems are reaction vessels and mixing structures which are currently being produced
by micro-injection moulding [3, 4]. Lab-on-a-chip system for blood diagnostics is widely
used which includes functions such as sample absorption, separation, mixing with
reagents, analysis and waste absorption. The “Snake” mixer slide is also a type of
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microfluidic system comprising of a plastic chip with meander-shaped mixers, which
mixes fluids possessing a range of viscosities and at different flow rates [5]. DNA
analysis systems (bio-MEMS, |-TAS and Integrated LOC) which are typically
manufactured of glass, are currently being manufactured in polymers. 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 [2, 4, 6, 7].

Mass-producing such integrated systems in polymers rather than glass would decrease
their cost; therefore, polymeric microfluidic systems have very popular in last decade.
Although several polymeric microfluidic systems have been made available
commercially, it should be noted that due to process limitations, 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.

Micro-injection moulding has become one of the main fabrication techniques used to
produce polymeric microfluidics due to several advantages that makes it commercially
applicable with potential for further developments in the future. The various advantages
include:

- Wide range of thermoplastics available and the potential for full-automation with
short cycle times [6, 8, 9];

- Cost-effectiveness for mass-production process, especially for disposable
products [7,10],

- very accurate shape replication and good dimension control [8,11];

- Low maintenance costs of capital equipment as compared to lithographic methods
[9] and

- Applicability of the strong ‘know-how’ available from conventional injection
moulding. Within certain limitations, this may be scaled down to micro-injection
moulding.

In addition to the knowledge transfer from conventional injection molding to micro
injection molding; it also require very dedicated control procedures for micro molding
machines. 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 micro features. There is an evident
need of process optimization with respect to the desired part quality. Common
processing parameters are melt temperature, mould temperature, injection speed, and
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
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part quality can be measured in terms of complete filling, dimension stability, mechanical
properties or any other parameter depending on the product.

The technique for evaluating the quality of the part varies according to the specific
application of the part. The quality parameters for microfluidic applications can be the
micro-channel width, the tolerances or the filled aspect ratio. Inspection can also take
place as a part of the process by using in-line video cameras. However, in-line quality
control may not be enough for some purposes, such as surface finish or material
morphology within the component [12, 13] and in this case further inspection has to be
done with specialized equipment. Inspection techniques for measuring small micro
moulded parts may require additional customized vices, tweezers and fixturing [14].
Quality assurance with regard to specific processing issues may require the use of
specialized equipment. Weber et al [3] reported the use of a laser profilometer to check
warpage by measuring deviation in the flat surface of the part. A 3D measurement for the
geometric dimensions of the part can be made by using a confocal microscope with
suitable image-processing software [15]. In addition, atomic force microscopy (AFM) has
been used for surface inspection and characterization, and scanning electron
microscope (SEM) for observing 3D details and evaluating dimensions [13, 16]. Although
SEM is a standard imaging technique, it is not the best method for the measurement of
3D features. Contact-probe methods, such as micro coordinate measurement machines
(CMM) have been commercially developed for 3D dimensional metrology. A
classification with respect to structural dimensions and complexity was introduced by
Bariani [17], which was modified by Hansen et al [18]. As shown in Fig. 1, the structural
complexity termed as 2D, 2%D and 3D are defined as features with aspect ratios <1,
aspect ratios 21 and with undercuts/cavities/freeforms respectively. As the structural
dimension is lowered and the complexity is increased there is a lack of
instrument/technology which can provide a measuring solution singlehandedly.
Multisensor data fusion could be a step towards filling the void to some extent [19].

Light optical
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-+ Coordinate measuring |
machine (CMM)
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Scanning Electron
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Structural Dimensions [m]
2
o
1
T
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10'9 i microscope (SPM)

2D . 2uD | 3D

Structural Complexity

Fig. 4.1: Classification of dimensional measuring equipment, adapted from [19]

60



HOLISTIC QUALITY CONTROL

As already highlighted, X-ray computed tomography has been proposed as a successful
non-destructive technique for dimensional metrology in recent years. Nevertheless,
measurement traceability is still challenging and there exist several influencing factors
contributing to the measurement uncertainty, which are difficult to quantify [20]. When it
comes to measurements of micro features, the resolution becomes significantly a limiting
factor for typical industrial CT systems with micro- or nanofocus tubes. Using data from
other sensors in addition to CT data can provide holistic geometrical measurement
information, even for complex objects, thus complementing the CT data set.

The term data fusion is quite broad in itself and used in different fields, more information
can be found in [19, 21, 22]. As defined by Weckenmann et al [20] “Multisensor data
fusion in dimensional metrology can be defined as the process of combining data from
several information sources (sensors) into a common representational format in order
that the metrological evaluation can benefit from all available sensor information and
data. This means that measurement results can be determined, which could not — or only
with worse accuracy — be determined solely on the basis of data from an individual
source (sensor) only.” For example, Bartscher et al [23, 24] used multisensor data fusion
for measuring a cast cylinder segment. The outer and inner geometries were measured
with fringe projection system and 2D-CT system respectively. Both the data sets were
fused together and the results were compared with tactile measurements; the reported
deviations were less than + 0.38 mm (of the order of voxel size of CT measurement). In
this study, the potential of CT is utilized for quality assessment of a microfluidics; in
addition, data from confocal microscopy is used for enhancement of the CT result by
data fusion.

4.1.1.1 Examples of microfluidics

Microfluidics are used wide range of applications and thus manufactured accordingly with
desired features. Metallic mold inserts are designed depending on the applications,
which are used for the mass replication of that specific design. A number of different
microfluidic designs have been tested within this work, which are shown in Fig. 4.2. They
contain different type of micro channels, which have different critical aspects such as
channel height, channel width, spacing etc. The feature details shown in Fig. 4.2 have
been obtained from confocal microscopy. The part shown in Fig 4.2 (a) has been used
for this current study.
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Fig. 4.2: Examples of microfluidics
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4.1.2 Materials and methods

This section contains the details of the part geometry, different materials used, the micro
injection molding machine and molds. The CT scanning set up and parameters are also
included.

4.1.2.1 Experimentation

As shown in Fig. 4.3, the part is squared shape (20 mm x 20 mm) with a width of 2 mm.
It contains a micro channel which has a height of 20 um and smallest width of 30 um at
the centre, the other dimensions are provided in Fig. 4.3 (b). Two different materials:
Cyclic Olefin Copolymers (COC) and Polycarbonate (PC), have been used for
manufacturing. They are used in the form of pallets as shown in Section 3.2. It is of
interest to see which material produces better replication quality.

a. b.

Fig. 4.3: Nominal part geometry (a) and micro channel dimensions (b) [25]

Table 4.1: Material properties

Cyclic Olefin Copolymer (COC) Polycarbonate (PC)

Grade name TOPAS® 5013L-10 Makrolon® Rx2530
Melt temp., °C 240 - 300 280 - 320

Mold temp., °C 95-125 80 -100

Injection speed, mm/s 50 - 150 200

Drying temperature, °C 100 120

Drying time, h 4-6 2-4

Packing pressure, bar 500 -1100
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The material properties are listed in Table 4.1. The machine used for these experiments
is Arburg 270 M (350-90); which is characterized by a Clamping force: 350 kN and screw
diameter: 25 mm. The mold assembly is presented in Fig. 4.4, a two plate mould was
used in this work. The cavity was located on the moving half of the mould, whereas the
fixed half was flat to close the cavity. The mold insert plate was produced from
lithography, which is shown in Fig. 4.5 (a). Since the mold contains the features, it will be
interesting to measure the mold insert.

Fig. 4.5: Mold insert (a) and manufactured parts with a channel width of 30 um (b)

Multiple test specimens were moulded for each of the materials. When changing from
one material to another, the first few test specimens were discarded to stabilize the
process. As shown in Fig. 4.5 (b), the parts look different in appearance due to the light
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violet color of polycarbonate; which also makes it easier to identify. For each of the
materials, two randomly selected parts were used for the measurements.

4.1.2.2 X-ray CT scanning

Nikon MCT 225 x-ray computed tomography system was used for scanning the micro
molded part. The aspect ratio of the part and the micro details make the CT scanning a
challenging task. In order to optimize the CT measurement results, several preliminary
scans were performed varying the parameters: mainly the voltage, current and exposure
time. The set of optimal scanning parameters is provided in Table 4.2. The magnification
achieved for the complete part scan was 15x; in addition a partial scan (only the micro
channel) was made at a magnification of 20x. The placement of part for CT scanning is
shown in Fig. 4.6.

Fig. 4.6: Part placement inside the CT system

Table 4.2: CT scanning parameters

Parameter Value
Voltage, kV 90
Current, pA 56
Exposure time, s 4
Number of Projections 2000

15x (full scan)
20x (partial scan)
~14 (15x)

~10 (20x)
Repetitions 3

Magnification

Voxel size, um
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4.1.2.3 Confocal microscopy

In order to measure the micro channel with sufficient resolution, another non-contact
measuring technique is needed, such as confocal microscopy as described in Section
3.5. In order to have a larger area scan, extended topography measurement was
performed, by stitching a number of single small areas to cover the desired measuring
area with a specified overlap (default overlap is 10%). The drawbacks of this procedure
for extended topography measurement are the long scanning time, stitching errors and
the limited z-range; for instance, one extended topographic measurement was over 4
hours long. Due to these drawbacks, measurement of the entire surface of the part (20 x
20 mm) is not feasible by extended topography using confocal microscopy only (in
particular, stitching errors on such large areas would increase to values that are not
acceptable for accurate evaluation of overall part geometry).

Fig. 4.7: The specimen measurement (a) and the stitching procedure with extended topography (b)
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Table 4.3: Acquisition settings

Parameter Value
Objective 20x

Optical resolution, um 0.31
Stitching overlap, % 25 %
Correlation XYZ (slower)
Field of view (FOV), pm? 636 x 477
Acquired area, mm? 15.94 x 4.58
Stitching Grid 29x11

4.1.2.4 Moldflow simulation

In injection molding process simulation is widely used for predictions. Autodesk®
Moldflow Insight 2013 was used for simulation in the current work. The part geometry
along with the feeding system (STEP or IGES format) was imported. Meshing is the most
crucial aspects of the simulation which affects the accuracy of prediction. Solid 3D mesh
usually gives better results when the part is free-shaped and has changes in thickness,
though it takes more computational time. Dual domain mesh is better suited for parts with
2D geometry (i.e. with two dimensions significantly bigger than the third, thickness). Dual
domain meshing consists of dividing the surfaces of the part in finite triangular elements.
It is important that triangles on the two surfaces match in order to give accurate
simulation. For good warp results at least 90% match is required.

a. b. C.

0

Fig. 4.8: Moldflow simulation procedure model of the mold cavity and feeding system (a), meshing (b) and
analysis (c)

The analysis type is then chosen. A cool + fill + pack + warp analysis was selected in this

work. The injection location is set accordingly to the mould design. It is important to cover

the whole area by setting multiple injection locations, see Fig. 4.8 (b). The material was

selected from the in-built database and the process setting were incorporated. The

cooling channels were according to the actual injection moulding process.
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4.1.3 Results and discussion

In this section, the results obtained from both the methods i.e. CT and confocal
microscopy are reported and discussed. The simulation results are also discussed in
comparison to CT from the point of view of warpage of the final part. Lastly, the data
fusion results have been presented and discussed.

4.1.3.1 Scan quality and shrinkage measurement

The projections obtained from the CT scanning are reconstructed into a 3D volume for
performing measurements and analyses. Subsequently the volumetric data is imported
into VG StudioMax. The next step is the surface determination using ISO-50 [21];
followed by the desired measurements. The scan obtained at 15x contains the entire part
while the scan at 20x contains only the central part with the micro channel due to the
limited field of view (cone beam CT) [21]; the voxel sizes are 14 and 10 um respectively.
The results for the both the scans are provided in Fig. 4.9.

a. b.

Fig. 4.9: Reconstructed volumes at a magnification of 15x (a) and 20x (b)

While the overall scan quality is good, the quality at the micro channel region is affected
by the noise and the limited resolution especially, as visible in Fig. 4.9 (b). The arrows
show the areas of the CT data at the micro channel region that are more affected these
limitations. For better resolution, the magnification can be increased but it introduces
negative effects, e.g. blurring depending on the X-ray spot size [21].

As explained in Fig. 4.10, the linear shrinkage was measured on the volumetric data in X,
Y and Z directions around the centre and the measured values are Dx, Dy and D:
respectively. The measurement was performed on all three repetition scans for two parts
of each material and the corresponding values are reported in Table 4.4 and 4.5.
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¢,

Fig. 4.10: Linear shrinkage measurement on CT volumetric data [25]

The measurements of two parts for each material are very similar, which shows uniform
behavior of that material. The variations in the measurements of the two parts are less
than 0.02 mm for both COC and PC except for a variation of around 0.04 mm for Dy for
PC. The standard deviation of the three scans is also very low, which shows a good

repeatability of scanning.

Table 4.4: Shrinkage measurement results COC

Scan-1 Scan-2 Scan-3 Mean Std. Dev.

Part-1 19.9270 19.9320 19.9240 19.9277 0.0033
Dx [mm] Part-2 19.9190 19.9220 19.9080 19.9163 0.0060

Variation 0.0080 0.0100 0.0160 0.0113

Part-1 19.9530 19.9540 19.9530 19.9533 0.0005
Dy[mm] Part-2 19.9490 19.9580 19.9470 19.9513 0.0048

Variation 0.0040 -0.0040 0.0060 0.0020

Part-1 1.9403 1.9402 1.9400 1.9402 0.0001
Dz [mm] Part-2 1.9403 19400 1.9399 1.9401 0.0002

Variation 0.0000 0.0002 0.0001 0.0001
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Table 4.5: Shrinkage measurement results PC

Scan-1 Scan-2 Scan-3 Mean Std. Dev.

Part-1 19.8700 19.8670 19.8610 19.8660 0.0037
Dx [mm] Part-2 19.8630 19.8640 19.8640 19.8637 0.0005

Variation 0.0070 0.0030 -0.0030 0.0023

Part-1 19.9280 19.9280 19.9280 19.9280 0.0000
Dy[mm] Part-2 19.8890 19.8890 19.8880 19.8887 0.0005

Variation 0.0390 0.0390 0.0400 0.0393

Part-1 1.9287 19298 1.9297 1.9294 0.0005
D: [mm] Part-2 1.9263 1.9298 1.9290 1.9284 0.0015

Variation 0.0024 0.0000 0.0007 0.0010

The shrinkage percentage from the nominal values was calculated using the mean
values of three scans. The results are plotted in the Fig. 4.11.

It can also be seen in Fig. 4.11, that the two part of the same material underwent almost
similar amount of shrinkage is each of three directions; which indicates the process was
stable. The shrinkage is x and y directions is lower than 0.5% for COC and slightly higher
than 0.5% for PC. In z direction, the COC part exhibits 3% shrinkage whereas PC
exhibits 3.5%. Therefore, it can also be concluded that the part with PC witnesses more
shrinkage compared to the COC. It is also evident that the shrinkage is not uniform in all
the directions. The differential shrinkage results into the warpage of part, which is
discussed later is this chapter.

4.00%
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3.00%
2.50%
2.00%
1.50%
1.00%

Shrinkage percentage [%

0.50%

0.00%
X Y z

COC-1 =COC-2 mPC-1 =PC-2

Fig. 4.11: Average linear shrinkage of the part
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The CT results are advantageous for the macro quality assessment of the part but the
resolution and noise limit the reliability of the CT data for micro measurements of this
particular case. There arises a need of other measuring instrument/technology for the
micro channel quality assessment; therefore, confocal microscopy was used for this
purpose.

4.1.3.2 Warpage/geometry deviation
- Simulation

The warpage results of the simulation is in the form of deflection considering all the
effects e.g. the shape of part, packing pressure, cooling etc., shown in Fig. 4.12. The
simulation results very almost identical for both the materials, therefore, only one of them
is presented here. The Fig. 4.12 (a) and (b) show the deflection in x and y components
and Fig. 4.12 (b) shows in z component alone. The section in yellow/red shows the
highest warpage defect corresponding to the high deflection. The scale factor used here
is 10 for better visualization. The results are useful for observing the warpage behavior of
the part.

a. b.
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Fig. 4.12: Representative deflections for warpage considering all effects in x-direction (a), y-direction (b)
and z-direction (c) (for better visualization, a scale factor of 10 is used here) [25]
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- From CT data

The simulation results are just the initial predication which may not hold accurate
especially for micro injection molding parts. It was possible to utilize the CT volumetric
data to perform geometry deviations from the CAD model or the nominal geometry. The
nominal-actual comparison was used in VGStudio Max. The best fit alignment was
performed; the results are provided in Fig. 4.13 for both COC and PC parts. The part with
PC material shows larger deviations than that of COC part; which could also be
interpreted from the quantitative shrinkage results.

a. b.
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Fig. 4.13: Nominal-actual comparison performed on CT data for COC (a) and PC (b) [25]

It should be noted that the comparison has been performed with respect to the injection
plane (dotted black line) as the part shows tendency to shrink towards that direction
which is clearly visible from the simulation results in Fig. 4.12.

4.1.3.3 Micro-channel measurements

In addition to the specimen, the mold insert (Fig. 4.5 (a)) was also measured with
confocal microscopy to compare the quality of replication. A plane form removal operator
was used to level out a tilt (linear form), an inherent spherical component, or that exhibit
or possess an unwanted polynomial term. The obtained extended topographies along
with the 2D views are shown in Fig. 4.14.

The topographies are basically high density point clouds which are plotted with respect to
the x, y and z coordinates, where z coordinate shows the height/depth of the micro
channel. In general, the surfaces of both COC and PC appear to be similar qualitatively
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with significant local height variations especially at the two circular regions. There is a
strong curvature at the circular region where the height variation are huge. Bending is
also visible in the mold insert (Fig. 4.14 (a)); which could be due to the fact that it was
measured in the released state. The most insert is thin metallic plate which is fitted
against the fixed half of the mold; therefore, it possess a slight bending even visible with
naked eyes. More detailed information about the height variations can be acquired from
the linear profiles along the axes.

Zlpm]
30.0

-30.0

Fig. 4.14: Surface data obtained from 3D optical profiler: mold insert (a), COC (b) and PC (c)

As explained in Fig. 4.15, four profiles (A, B, C and D) were obtained along the y axis for
estimating the channel width. Furthermore, another profile in the along the x axis was
acquired to see the curvature which results into a large variation in the channel height.
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Fig. 4.16: Linear profiles obtained along the x axis (a) and y axis for COC (b) and PC (c)

From Fig. 4.16 (a), the 2D profiles along the x axis show a large curvature; which shows
a local height variation of as big as 10-12 um. Nevertheless, the curvature is replicated
from the mold insert. In comparison to PC, COC has a bit falter profile. The curvature is
also present along the y axis; the wider the channel the bigger the curvature is. Important
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to note that the height varies roughly within a range of 10 to 20 um; which makes CT
data quite unreliable for measuring the micro channel features, as the CT resolution is
also of the same order.

The measured average heights for mold insert, COC part and PC part are 18.17, 17.88
and 17.93 pum respectively; and the average widths are 30, 28.5 and 30.7 pum
respectively; as presented in Fig. 4.17.
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Fig. 4.17: Measured height and width of the channel

4.1.3.4 Data fusion

The data obtained from the each of sensors/techniques (CT and confocal microscopy)
can be represented in the form of point cloud (defined by X, Y, and Z coordinates
representing the external surface of an object). The density of the point differs according
to the settings and resolution. When extracting the point cloud from CT data, the density
can be varied according to the requirements. High density point clouds contain more
details about the part surface. As shown in Fig. 4.17, the point density is considerably
higher for the confocal microscopy data (the best point density was selected for CT
data). For this comparison only a small ROl was used. The quality of the point cloud is
the most important factor for data fusion techniques.
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Fig. 4.18: Point cloud density of the data from CT at magnification of 15x (a), 20x (b) and confocal
microscopy (c)

The purpose of using data fusion here is to combine the individual information (point
clouds) and merge them together in a single dataset including both the complete
geometry scanned by CT and the high density data for the micro channel area scanned
by confocal microscopy. State-of-the-art ICP (Iterative Closest Point) algorithm was used
for registration of 3D point clouds. This standard approach performs a fine registration of
two overlapping point clouds by iteratively estimating the transformation parameters, and
assuming that good a priori alignment is provided. A data fusion procedure was
implemented using the software package GOM Inspect V8.

As already highlighted the goal of this activity is to have a single data set with the best
information in terms of point cloud which can be utilized for the holistic quality
assessment of such parts where both macro and micro details are important. The full
part CT scan at the magnification of 15x was used at the base model. Although the
density of points is lower here, but for the macro analysis it is significantly good.
Therefore, the area containing micro channel is replaced with a high resolution data (i.e.
CT partial scan at 20x and optical profiler scan). Thus, there are two possibility to employ
the data fusion procedure:

- F1: Low resolution CT scan (CT15x) + high resolution CT scan (CT20x);
- F2: Low resolution CT scan (CT15x) + high resolution profiler scan (Pro).

The original CT dataset (CT15x) and the fused datasets, i.e. F1 and F2, are then
compared with the CAD and the results are provided in Fig. 4.19 (a), (b) and (c)
respectively. F1 does not show significant changes in the results as compared to the
CT15x which is due to the fact the resolutions for both datasets were limited by CT
constraints. F2 shows improvements at the micro channel region in the local height
distribution compared to the CT15x.
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Fig. 4.19: CAD comparison obtained for CT15x (a), CT15x + CT20x (b) and CT15x + Pro (c) [25]
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Fig. 4.20: Surface quality as resulted from the fused datasets CT15x (a), CT15x + CT20x (b) and CT15x +
Pro (c)

C.

The results were also compared qualitatively from the obtained single raw datasets as
presented in Fig. 4.20. It can be seen in Fig. 4.20 (a) that the first fusion result (F1) show
small improvement in the surface quality at the micro channel region as compared to
original CT data, which is due to the fact that the difference in the resolution/point density
is not really considerable. On the other hand, the second set of fused data (F2) shows
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significant improvement at micro channel region owing to the higher resolution of the
profiler data.

4.1.4 Conclusions

One of the most important applications of micro injection molding is microfluidics, which
demands for holistic quality control for mass replication. X-ray CT as an emerging
technology provides a significant improvement in quality control and reverse engineering
due to its non-destructive nature. Within this work, a specific microfluidic system was
selected as a case study which was manufactured with two materials: COC and PC. X-
ray CT provided significantly important results as far as the part quality is concerned. The
CT based measurement of the overall linear shrinkage of part revealed that the
shrinkage is x and y directions is lower than 0.5% for COC and slightly higher than 0.5%
for PC. In z direction, the COC part exhibits 3% shrinkage whereas PC exhibits 3.5%.
Therefore, it can also be concluded that the part with PC withesses more shrinkage
compared to the COC. The non-uniform shrinkage resulted into warpage of the part,
which was also possible to quantify from the CT results.

When it comes to the measurement of the micro channel, the resolution became the
limiting factor of CT, therefore, confocal microscopy was used for this task. Thanks to the
high resolution data, the local variations in the channel height were examined. The
height varies from 5 pm 